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Over the last ten years, scientists from varying backgrounds have rallied around a
versatile new method for the synthesis of thin films. Because the layer-by-layer as-
sembly method provides opportunities for creative design and application of func-
tion-specific films, the field has experienced an initial period of exponential
growth. This book, the first on the topic, contains many insightful contributions
from leaders in the field that will enable novices and experts to understand the
promises and premises of multilayers.

Readers will instantly identify with a particular aspect of the technology,
whether it is the design and synthesis of new polymeric or nanoparticulate build-
ing blocks, understanding the polymer physical chemistry of multilayers, or char-
acterizing their optical, electrical or biological activities. The reasons for the in-
tense interest in the field are also clearly evident: multilayers bridge the gap be-
tween monolayers and spun-on or dip-coated films, and they provide many of the
aspects of control found in classical Langmuir-Blodget (LB) films, yet multilayers
are more versatile, in many respects, and easier to create.

This book is an essential and welcome addition to the literature on thin films.
Readers with interests in self-assembled systems, supramolecular chemistry, nano-
composites or polymers will find themselves fascinated by the diversity of topics
herein. The message that multilayers are making significant inroads into numer-
ous aspects of chemistry, physics and biology is made clear. The editors and
authors are to be commended for creating a comprehensive yet readable volume.

Jean-Marie Lehn
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When a new field is growing exponentially, as judged by the number of publica-
tions, presentations and patents, when is the “right” time to assemble a volume of
contributed chapters from some of the acknowledged leaders in the field? What if
every potential contributor is incredibly busy, following up an ever-expanding
plethora of ideas and experiments? It was in this harried atmosphere that our col-
leagues carved out the time to write their contributions. We are extremely grateful
to them for gathering their thoughts and accomplishments into chapters.

The idea for this book came together following a very successful symposium at
the ACS in San Francisco 2000, which we organized. No volume on the topic had
yet been published, but there was already a large store of knowledge that had
been created as groups had responded enthusiastically to the promise of the first
few papers appearing in the early 90’s. Multilayers had gathered a great deal of
momentum, flourishing in the more “informal” space of papers, preprints, talks
and word-of-mouth. By 2000, the field had simply outgrown informality.

We had been riding the wave of this activity, enjoying a growing number of col-
leagues. We were fully aware of the infectious nature of multilayers research,
which is like a good mystery novel – hard to put down once you start. We are ho-
nored to have been in the thick of things during the early years. Every experiment
was significant and the results suggested several more experiments. This dizzying
atmosphere pervades even today: ask any multilayerer!

We are pleased to have edited this book. Our object was not only to document
what is known about multilayers, but also to promote the potential of these versa-
tile thin films and to facilitate the adoption of the technology by others. The field
is new. We are proud of its ability to catalyze interdisciplinary thought and action.
In this regard, multilayers represent a model platform for promoting modern re-
search. Also, the intellectual distance between concept and application is minimal.
Commercial applications have already been realized.

We hope the message of abundant research opportunities is made loud and
clear. It is easy to get started. Easy to get “hooked.” This book is essential in show-
ing you how. We look forward to more elegant and complex multilayered architec-
tures and functionalities, as well as significant expansion at the biological/biome-
dical interface.
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Finally, we would like to express our thanks to Jean-Marie Lehn for his support
in writing the forword. His “big-picture” viewpoint is sincerely appreciated.

August 2002 Gero Decher

Joe Schlenoff
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1.1
Why is the Nanoscale so Interesting?

In our research team, we strongly believe that the functionality of any object (on any
length scale) arises from the intricate interplay of its constituents. In complex sys-
tems, new properties appear that are not observed for each individual component.
While it is trivial that electrons and nuclei form atoms (sub-ångstrom scale), that
atoms form molecules (ångstrom scale) or that monomers can be transformed into
polymers (early nanometer scale), we are just beginning to explore the potential of
supramolecular assemblies or of large multifunctional objects (e.g. copolymers of
complex architecture). While nature plays with the full range of objects on the
length scale from femtometers to parsecs, mankind is somewhat limited to the
length scale between subatomic particles and the size of our planet. Although the
range accessible to man is already reduced, we hardly master more than a fraction
of what is available to us. A particularly interesting length scale is, of course, the
nanoscopic organization of matter. Taking life as the most fascinating and complex
property of matter, nature clearly shows that the minimum size of a lifeform (in the
definition of life as we know it) is of nanoscopic to microscopic dimension. It is ex-
actly this length scale that is just being touched but not mastered by either bottom
up (chemical synthesis) or top down (miniaturization) approaches. Fig. 1.1 sum-
marizes our philosophy and motivation for working on the synthesis, properties
and fabrication of complex nanoorganized and nanocomposite materials.

1.2
From Self-Assembly to Directed Assembly

Suppose you do not like the way materials end up being arranged after carrying
out a self-assembly experiment and obtaining equilibrium. The obvious pathway
for improvements seems to be to re-engineer the chemical structure of the mole-
cules involved and to hope to obtain a more suitable structure with the new mole-
cules. This is often time-consuming as several optimization cycles are frequently
required.
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Another possible route to a desired target structure is to use an assembly proce-
dure that prevents equilibrium by trapping every compound kinetically in a prede-
termined spatial arrangement. At present there are only very few approaches in
this direction. Most of the work has been carried out for the simplest case, in
which different materials are put in one-dimensional order in a multilayer film.
For about 65 years the molecularly controlled fabrication of nanostructured films
has been dominated by the conceptually elegant Langmuir-Blodgett (LB) tech-
nique, in which monolayers are formed on a water surface and subsequently
transferred onto a solid support [2, 3]. The pioneering work on synthetic nanos-
cale multicomposites of organic molecules was carried out by Kuhn and collea-
gues in the late 1960s using the LB technique [4]. His experiments with donor
and acceptor dyes in different layers of LB films provided direct proof of distance-
dependent Förster energy transfer on the nanoscale. These were also the first true
nanomanipulations as they allowed for mechanical handling of individual molecu-
lar layers such as separation and contact formation with ångstrom precision [5].
Unfortunately the LB technique is rather limited with respect to the set of molec-
ular components suitable for LB deposition, and molecules are often not firmly
trapped and frequently rearrange after or even during deposition.
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Fig. 1.1 Complexity as a function of length
scale. Materials Science is not yet as far ad-
vanced as the evolutionary developments pre-
sent everywhere in nature. The photosystem

is just one example of the precise spatial as-
sembly of a functional molecular machine.
The drawing is adapted from [1].



1.3
The Layer-by-Layer Deposition Technique

The so-called layer-by-layer (LbL) deposition technique [6–14] (Fig. 1.2) also falls
into the category of template assisted assembly. Template assisted assembly is
much faster than self-assembly/chemical modification cycles whose outcome is of-
ten uncertain or difficult to predict. For the case of LbL-deposition, it can be tai-
lored to even allow multimaterial assembly of several compounds without special
chemical modifications [15–19], thus giving access to multilayer films whose com-
plex functionality can fall into the two following categories:

1. Tailoring of surface interactions: Every object interacts with its environment
via its surface. Thus all properties depending on this interaction are dictated by
surface functionality which can be tailored for many needs (e.g. corrosion protec-
tion [20], antireflective coatings [21], antistatic coatings, stickiness or non-sticki-
ness [22], surface induced nucleation [23–26], antifouling [27–29], hydrophilicity or
hydrophobicity, biocompatibility [30, 31], antibacterial properties, molecular recog-
nition, chemical sensing or biosensing [32–46], microchannel flow control [47,
48] . . .).

2. Fabrication of surface based devices: The sequence of deposition of different
materials defines the multilayer architecture and thus the device properties. One
may call this knowledge based (or programmed, or directed, or controlled, or tem-
plate assisted) assembly, in contrast to self-assembly. It leads to property engineer-
ing by controlling the mostly one-dimensional spatial arrangement of functional-
ity in multimaterial layered nanocomposites (membrane reactors [49–51], photo-
nic devices such as light emitting diodes [52–75] or complex waveguides, compart-
mentalized films with barrier layers or separation membranes [34, 44, 75–83], . . .).

The fabrication of multicomposite films by the LbL procedure means literally
the nanoscopic assembly of hundreds of different materials in a single device
using environmentally friendly, ultra-low-cost techniques. The materials can be
small organic molecules or inorganic compounds [7, 61, 84–99], macromolecules
[12, 39, 53, 55, 76, 86, 100–116, 117–125], biomacromolecules such as proteins or
DNA [15–18, 30, 32, 49, 50, 126–151] or even colloids (metallic or oxidic colloids
or latex particles) [18, 21, 75, 79, 98, 108, 121, 142, 152–198]. The technique can
be applied to solvent accessible surfaces of almost any kind and any shape, the
more exotic ones being microcapsules, colloids or biological cells [104, 122, 199–
206].

Note that the list of references above is intended to give some introductory in-
formation on some recent developments of layer-by-layer assembly. Since many
groups have provided reviews of their excellent work for this book, a complete ref-
erence list to all of their work is not needed in this overview chapter. A more de-
tailed history of LbL deposition, the principle of which was apparently first de-
scribed by Iler [207], is found in a recent review [208]. In the last eight years the
field has been reviewed on several occasions outlining the concepts behind and
the potential of the LbL technology [208–215]. The approach has spread from our
laboratory to the international community and kindled research of physicists, che-
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mists and of scientists in the biomedical field, because it is extremely powerful
yet simple to use and because it challenges theory at the level of polyelectrolyte
adsorption.

1.3.1
LbL Deposition is the Synthesis of Polydisperse Supramolecular Objects

For most cases an LbL film has a unique layer sequence that depends strictly on the
deposition sequence. This points to the fact that LbL deposition should be consider-
ed as an analogue to a chemical reaction sequence (Fig. 1.3). While a chemical reac-
tion takes place between different synthons and typically yields a unique molecule
after each synthetic step, layer-by-layer deposition involves the adsorption of a single
species in each adsorption step and yields a multilayer film with a defined layer
sequence. While molecules are synthesized in several consecutive reaction steps,
a multicomposite film is fabricated in several adsorption steps.

The reagents in classic synthesis are typically molecules, in layer-by-layer deposi-
tion they can be chosen from a wide range of materials. This is represented sche-
matically in Fig. 1.4. While today most of the multilayer films have been fabri-
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Fig. 1.2 Top: Simplified molecular concept of
the first two adsorption steps depicting film
deposition starting with a positively charged
substrate. The polyion conformation and layer
interpenetration are an idealization of the sur-
face charge reversal with each adsorption
step which is the basis of the electrostatically
driven multilayer buildup depicted here. Coun-
terions are omitted for clarity. Bottom:
Schematic of the film deposition process

using glass slides and beakers. Steps 1 and 3
represent the adsorption of a polyanion and
polycation respectively, and steps 2 and 4 are
washing steps. The four steps are the basic
buildup sequence for the simplest film archi-
tecture (A/B)n where n is the number of de-
position cycles. The construction of more
complex film architectures requires additional
beakers and an extended deposition se-
quence.



cated using mainly electrostatic attraction as the driving force for multilayer build-
up, this is by no means a prerequisite. There are many other interactions that
have been used successfully for multilayer deposition including: donor/acceptor
interactions [216-218], hydrogen bonding [173, 219–224], adsorption/drying cycles
[225, 226], covalent bonds [11, 14, 45, 227–238], stereocomplex formation [239–
241] or specific recognition [6, 17, 126, 128, 132, 139, 242–246].

In general one needs just any interaction (this may be one or several different
interactions) between two species “reagents” in order to incorporate them into a
multilayer film. The interaction can easily be tested in solution prior to carrying
out the deposition if both film constituents are soluble in the same solvent. When
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Fig. 1.3 Analogy of chemical multistep synthesis and multilayer
deposition, both leading to a unique molecular and supramole-
cular species (multilayer film).

Fig. 1.4 Reagents for layer-by-layer deposition. Some details on composition and structur-
al properties are shown for polymers and colloids. To keep the schematic simple, this level
of detail is not carried through for the last three types of reagents. One should also note
that small molecules and complex ions are sometimes more difficult to incorporate into
multilayer films in a regular way than, for example, charged macromolecules.



both solutions are mixed and flocculation occurs it is a good sign that multilayer
fabrication will be possible. This is only a very crude test: multilayer formation
may also be possible in the absence of flocculation.

Given the large set of materials which are easily incorporated into multilayer
films, layer-by-layer deposition is a rather general approach for the fabrication of
complex surface coatings. It combines several advantages as shown in Fig. 1.5. It
is possible to coat almost any solvent-accessible surface starting with sub-micron
objects [104, 122, 199-202, 204–206] up to the inside of tubings or even objects
with a surface of several square meters. Like a chemical reaction, the precise
structure of each layer depends on a set of control parameters such as concentra-
tion, adsorption times, ionic strength (e.g. [9]), pH (e.g. [247]), or temperature
(e.g. [248]), but in general the processing window is rather broad.

1.3.2
Reproducibility and Deposition Conditions

The question of reproducibility arises immediately when we draw the analogy be-
tween a chemical reaction and layer-by-layer adsorption. At first sight one may say
that molecules are unique species and multilayer films are “only” ill-defined su-
pramolecular objects. This is essentially the same argument that has downgraded
macromolecular chemistry for years in comparison to organic chemistry. Today it
is generally accepted that “ill-defined” macromolecules are also unique species
that can indeed be well described by distributions and average properties like poly-
dispersity or degree of polymerisation. The situation is similar for multilayer
films as they are characterised by a sequence of layers in which each layer has its
individual structure and properties. While the sequence of layers is as strict as the
arrangement of atoms in a molecule, the properties of each layer can only be de-
scribed as an average over a certain area. The most obvious property of an individ-
ual layer is its thickness, which is dependent on the nature of the underlying sur-
face and on the deposition conditions. Parameters presumed to be important with
respect to the underlying surface are, for example, the nature and density of
charged groups, their local mobility (in the case of a polymeric surface) and the
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Fig. 1.5 Summary of some of the advantages of layer-by-layer deposition.
While the structure and properties of each layer depend on certain control
parameters as mentioned above, the deposition is highly reproducible if
these parameters are maintained strictly constant.



surface roughness. The most important reaction parameters or deposition condi-
tions are mentioned in Fig. 1.5. However, the list is somewhat longer including:
solvent, concentration of adsorbing species, adsorption time, temperature, nature
and concentration of added salt, rinsing time, humidity of the surrounding air,
drying, agitation during adsorption or rinsing, dipping speed and so forth. While
the LbL technique generally works very well due to the fact that the processing
window is rather large, it is highly recommended to keep the deposition condi-
tions as constant as possible in order to get highly reproducible results. If this is
done rigorously, one obtains films composed of tens of layers whose thickness for
example, differs by about one percent. When comparing data, one should not
overlook that it is not sufficient only to maintain the deposition conditions exactly,
but also the conditions under which the measurements were taken. Fig. 1.6 shows
an example of how the film thickness of a (PSS/PAH)8 multilayer film, for which
both polyions were deposited from solutions containing 2 M sodium chloride, de-
pends on the temperature and on the relative humidity at the time of the mea-
surement.

Often it is said that polyelectrolyte multilayer films are independent of the un-
derlying substrate. This is an oversimplified statement, of course there is a depen-
dence on the underlying surface as stated above. However, since polyanion and
polycation adsorption is repeated consecutively, each polyanion adsorbs onto a
polycation-covered surface and vice versa. This means that, after a few layers, the
structure and properties of each layer are governed by the choice of polyanion/
polycation pair and by the deposition conditions and that the influence of the sub-
strate is typically lost after a few deposition cycles. The issue of the substrate is ex-
amined again when discussing soft and rigid materials later.

1.3.3
Monitoring Multilayer Buildup

1.3.3.1 Ex-situ Characterisation
The easiest way to follow multilayer buildup is probably by UV/Vis spectroscopy,
which works for all colored materials. Fig. 1.7 is an example for poly(styrene sulfo-
nate)/poly(allyl amine) (PSS/PAH) films which constitute probably the best char-
acterised system at present.

Equivalent to measuring the optical absorbance, one can also determine the
film thickness by ellipsometry or X-ray reflectometry as shown in Fig. 1.8. The re-
flectivity traces on the left were taken on a dry specimen at various stages of mul-
tilayer buildup. Each trace corresponds to a single data point in the diagram on
the right. In this case PSS was deposited from aqueous solutions containing dif-
ferent amounts of salt, while PAH was deposited from pure water. One clearly
sees that the film thickness is slightly, but very precisely, increased with increas-
ing salt concentrations [9]. This effect would be much stronger if both polyions
were deposited from solutions containing salt. The fact that only interference
fringes resulting from the total film thickness are observed in such samples will
be discussed in the section on the structure of multilayer films. The salt concen-

1.3 The Layer-by-Layer Deposition Technique 7



tration is not the only parameter that allows one to control the thickness of indi-
vidual layers. Rubner has shown that, for the case of weak polyelectrolytes, layer
thickness can be precisely controlled by pH [247].

While the two methods above are simple but sufficient to get some preliminary
ideas on the deposition behaviour, there are numerous additional characterization
methods described in the other chapters of this book. Very recently, nuclear mag-
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Fig. 1.6 Top: Film thickness of the same
multilayer specimen as a function of tempera-
ture and of relative humidity (r.h.). The differ-
ences in thickness at identical temperatures
are entirely due to a difference in water con-
tent within the film and not due to a negative
thermal expansion coefficient. This difference
becomes less pronounced at elevated tem-
perature, when the water is driven out of the

film. Bottom: The same data as above, but
normalised with respect to the initial film
thickness. It becomes obvious that even small
differences in temperature or humidity can
easily account for changes in film thickness of
the order of 5–10% depending on the swell-
ability of the film. (G. Sukhorukov, J. Schmitt
and G. Decher, unpublished results.)



netic resonance (NMR) was added to the “toolbox” of multilayer research [249,
250], and this deserves special attention as it gives access to important new data.

1.3.3.2 In-situ Characterisation
The characterisation methods described above are straightforward and widely
available, but they require one to interrupt the deposition process to take the mea-
surement. Not only are the measurements an interruption, they also have to be
taken in the dry, which may not be desirable in some cases. An obvious conse-
quence of different deposition regimes is, for example, that the film thicknesses
are different for identical numbers of layers. Of course it is to be expected, and it
is observed, that films deposited from identical solutions with identical adsorption
times for identical temperature show a different film thickness for the same num-
ber of layers depending on whether they have intermittently been dryed and char-
acterized or not. Depending on the dose of X-rays we have even observed an effect
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Fig. 1.7 Upper: UV/Vis spectra
taken after different adsorption
cycles (k) during the prepara-
tion of a PSS/PAH multilayer.
The bands at 195 nm and
226 nm originate from the aro-
matic chromophore of the sty-
rene monomer unit of PSS. The
absorbance increases regularly
with the number of PSS layers.
Lower: Plot of the absorbance
of the PSS band at 225 nm ver-
sus the number of layers de-
posited. The numerical fit to
the data (solid line) shows that
the increase of absorbance per
layer is constant. The absor-
bance per layer is less than in
the case on the left because the
salt concentration in the de-
position solutions was differ-
ent. The slight deviation from a
straight increase after 26 layers
is due to the interruption of the
deposition overnight. A change
in the deposition protocol such
as standing overnight is quanti-
tatively described in Fig. 1.17.



of the irradiation on film growth (J. Schmitt and G. Decher, unpublished data).
In-situ methods are thus necessary in order to compare results for samples that
cannot be dried. Depending on their time resolution, such methods also allow
one to follow the kinetics of adsorption and/or multilayer reorganisation. Besides
measurements of the zeta potential and results obtained by quartz crystal micro-
balance (both of which are shown below), typical in-situ methods include surface
plasmon spectroscopy [113, 251, 252], optical waveguide lightmode spectroscopy
(OWLS) [149, 253, 254], optical reflectometry in stagnation point flow cells [109],
scanning angle reflectometry (SAR) [23, 143, 255], ellipsometry [78, 256–258], in-
situ atomic force microscopy (AFM) [254, 259], attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) [148, 260], surface forces measure-
ments [261, 262], X-ray and neutron reflectometry [263–265] or second harmonic
generation (SHG) [266], but the latter are not widely available. The quartz crystal
microbalance is ideally suited for screening the adsorption kinetics for new com-
ponents and for optimizing the adsorption conditions (see, for example, [43, 46,
120, 149, 267–269]). A prerequisite, however, is that the multilayer being depos-
ited should be rather rigid in order to evaluate frequency displacements as ad-
sorbed mass using the Sauerbrey equation. If the multilayer has to be treated as a
viscous film, a more sophisticated QCM instrument and data evaluation are
needed. The data in Fig. 1.9 on the consecutive deposition of poly(styrene sulfo-
nate) and poly(allyl amine) were taken with a so-called QCM-D instrument, that
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Fig. 1.8 X-ray reflectometry of multilayer
films of the architecture (PSS/PAH)n, n rang-
ing from 6 to 25. Left: raw data obtained from
a single specimen at different n in the dry

state. Right: plot of film thickness versus
number of layers for three sets of curves as
the one on the left.



also registers viscoelastic components of adsorbed films (data not shown). It is
seen nicely that adsorption kinetics are rather fast (about one minute per layer),
that the thickness of each monolayer is autolimited (plateau) and that there is no
visible desorption after rinsing (plateau). In this plateau region the QCM cell was
rinsed three times for each adsorption step, once with the solution containing the
polyion and twice with the buffer in which the polyions were dissolved. The small
frequency displacements at about 30, 60, 95, 130 and 170 min correspond to the
adsorption of PAH, the large frequency shifts correspond to the adsorption of
PSS. The diagram shows that the film buildup is very regular.

When we started layer-by-layer deposition around 1990, there was just the idea
of layer buildup driven by electrostatics, the surface potential of polyelectrolyte
covered surfaces was only discussed to some extent, mostly in colloid science.
Since then, several Zeta potential measurements have been published (for exam-
ple [109, 122, 270–274]). The diagram shown in Fig. 1.10 results from a measure-
ment using a quartz capillary that was carried out in collaboration with the
groups of Schaaf and Voegel [255]. It demonstrates nicely that the adsorption of
each polyelectrolyte layer leads to an overcompensation of the previous surface
charge, just as we had assumed earlier on and drawn schematically in illustra-
tions such as Fig. 1.2.

Today the theoretical description of the charge overcompensation process has
progressed considerably [275–279], Chapter 3 by Joanny is devoted to theoretical
approaches concerning this problem. However, measurements such as shown in
Fig. 1.8 are not proof that multilayer buildup is entirely driven by electrostatic
attraction (incoming layer) and electrostatic repulsion (autolimitation to a single
layer). Such measurements only show that there is a contribution of electrostatics
in the case of multilayer buildup using positively and negatively charged compo-
nents. Depending on the chemical nature of the polyions and/or colloids em-
ployed for deposition, the importance of the electrostatic contribution should vary
and other interactions such as van der Waals, hydrogen bonding or charge trans-
fer may more or less be involved as well.
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Fig. 1. 9 Continuous QCM-trace of the third
harmonic at 15 MHz (raw data) during the
deposition of PSS (large displacements) and

PAH (small displacements) during 11 adsorp-
tion steps.



1.3.4
Multilayers by Solution Dipping, Spraying or Spin Coating

In a variation of the deposition by adsorption from solution, the application of
layers by spraying was introduced by Schlenoff [280] and the use of spin-coaters
was demonstrated by Hong [281, 282] and also by Wang [283]. Both spraying and
spin coating have the advantage that only small amounts of liquids are needed to
coat large surface areas. Fig. 1.11 shows the comparison of these new methods
with solution dipping.

As is also evident from Fig. 1.11, the deposition conditions play an important
role with respect to the final film characteristics. Spraying and spin coating ex-
tend the parameter space of LbL deposition even further. However, it is to be ex-
pected that both methods will contribute to the general acceptance of the technol-
ogy.

1.3.5
Post-preparation Treatment of Multilayer Films

1.3.5.1 Annealing
As already seen in Fig. 1.6, there is a strong influence of environmental condi-
tions on the film properties. A dedicated post-preparation treatment can in fact be
used to modify the film properties in a controlled way. For the case of multilayer
films composed of polyelectrolytes, one could expect to open and close salt
bridges between positively and negatively charged ions located on the correspond-
ing polyanion and polycation chains by immersing a multilayer sample in solu-
tions containing salt and in pure water respectively. A similar influence of salt on
polyion complexes in bulk is already known. In Fig. 1.12 we show the consecutive
swelling of a multilayer film in salt solution and the deswelling in pure water
over a total of three treatment cycles [284]. The film thicknesses after each treat-
ment were obtained by X-ray reflectometry in the dry state. Fig. 1.12 also shows
the influence of the salt concentration on the swelling effect. Interestingly, the ef-
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Fig. 1.10 Streaming potential measure-
ment showing the surface charge reversal
during multilayer buildup in situ. The first
layer was poly(ethylene imine) (PEI) fol-
lowed by 5 deposition cycles PSS and PAH
[255].
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Fig. 1.11 Upper: Ellipsometric monitoring of
the growth of a multilayer film composed of
poly(diallyldimethylammonium chloride) and
poly(styrene sulfonate), both deposited from
1.0 M NaCl. Circles represent data on a film
prepared by solution dipping, squares are
from spraying. In both cases the contact time
was about 10 s. Triangles were also obtained
by solution dipping, but with a contact time
of 5 min. The solid lines are a guide to the
eye. All data are taken from the original work

by Schlenoff [280]. Lower: Comparison of
spin-coated and solution-dipped films with re-
spect to optical absorbance and film thick-
ness. The films are composed of poly(((4,4�-
bis(6–dimethylammonio)hexyl)-oxy) azoben-
zene bromide) and �-carrageenan, they were
deposited on a precursor film composed of 5
layer pairs of poly(allyl amine) and �-carragee-
nan. All data taken from the original work of
Hong [282].



fect of salt is negligible at small concentrations and levels off again at high con-
centrations. This indicates that a certain concentration of salt is required for the
salt to penetrate into the film and that even high salt concentrations do not com-
pletely dissociate the polyions within the multilayer. Obviously, this depends on
the chemical structure and deposition conditions as the group of Schlenoff has
noted that some multilayers can actually be deconstructed at high ionic strength

1 Polyelectrolyte Multilayers, an Overview14

Fig. 1.12 Film thicknesses of a film com-
posed of 12 alternating layers ((PSS/PAH)6)
which was adsorbed from solutions contain-
ing 0.5 M NaCl. Error bars are estimates tak-
ing into account that the films are sensitive
to small changes in humidity and tempera-
ture and do not represent the actual experi-
mental scatter, the lines connecting the data
points are guides to the eye. All data were
obtained by X-ray reflectivity in the dry state.
Top: Film thickness over 3 treatment cycles in

solutions of 0.1 M NaCl and pure water. The
filled diamond denotes the thickness of the
initial film, open circles denote the thick-
nesses after immersion in a solution of 0.1 M
NaCl and filled circles denote the thicknesses
after treatment in pure water. Bottom: Film
thickness as dependent on the concentration
of NaCl in the solutions used for the swelling
treatment. The thickness is normalized with
respect to the thickness of the film in pure
water.



[285]. The degree of swelling also depends on the fabrication conditions of the
multilayer, films prepared in pure water swell considerably less than films ad-
sorbed from solutions containing salt. In the dry state the maximum swelling of a
(PSS/PAH)n film is about 5% when the polyelectrolytes are deposited from pure
water and up to about 20% when the film is prepared in solutions of high ionic
strength. Of course this comparison refers to films of equal total film thickness,
the smaller thickness increment per layer in the case of films deposited from
pure water was compensated by an appropriately higher number of layers in or-
der to arrive at a matched film thickness.

The swelling and deswelling in solutions of salt and pure water may have an
annealing effect on the film. When salt is diffusing into the film then presumably
some of the interchain ionic bonds open up. These bonds would close when the
salt diffuses out of the film again, but the closure may take place with different
counterion partners, thus removing some strain as the polyion chains can adapt
to a “more equilibrated” structure. The idea is that, in the presence of salt, the lo-
cal mobility of the chains is enhanced and the “more equilibrated” structure is sta-
bilized again after rinsing with water. There is only indirect evidence for this “an-
nealing”, it was observed that the surface roughness of multilayer films of “poor
quality” can be improved by cyclic immersion in salt and water to values typically
observed with samples of “good quality” (data not shown). The smoothing of poly-
electrolyte multilayer films was recently demonstrated by Schlenoff using in-situ
AFM [259].

1.3.5.2 Photopatterning
Of course it is attractive to create order not only along the layer normal but also
within the plane of the film. Chapter 10 by Hammond, who leads these efforts at
present, gives detailed insight into the possibilities of patterning [222, 286–289].
She has developed the lateral structuring of polyelectrolyte multilayer films to a
remarkable degree using mostly microcontact printing, which itself originates
from the laboratory of Whitesides [290], who has also used this technique to
synthesise geometrically well-defined, molecularly thin polymer films [231, 234,
291]. Another patterning method is ink jet printing, adapted to multilayer pattern-
ing by Rubner [292]. It should not be forgotten, however, that classic methods like
photocrosslinking [293] or photoablation can also be applied to polyelectrolyte
multilayers. This is also intensively discussed in Chapter 11 by Shen and Zhang.
The example shown in Fig. 1.13 is an early example from our group [17]. This flu-
orescence micrograph shows in the bright areas the fluorescence of FITC-labeled
streptavidin that was adsorbed onto a photopatterned multilayer which terminates
with a layer containing biotinylated poly(l-lysine). The pattern arises from placing
a copper electron microscope grid onto a homogeneous multilayer sample and
subsequently irradiating with a penray mercury lamp. The dark areas in the mi-
crograph represent areas to which the streptavidin does not bind. These are the
areas that were exposed to irradiation and where the multilayer was photode-
graded. It is interesting that there is very little unspecific protein adsorption in

1.3 The Layer-by-Layer Deposition Technique 15



the irradiated part of the film. The bright areas correspond to regions that were
protected from irradiation by the copper grid. In these regions the biotin surface
remains intact which is demonstrated by the fluorescence of the bound protein.
Of course a copper grid is a rather crude mask, we have not attempted to improve
the resolution further using better masks. With conventional light sources such as
the mercury lamp used here, the resolution would be limited to somewhat below
one micron as the shortest wavelength is 185 nm.

The effect of UV-light on a polyelectrolyte multilayer is more directly seen in a
photoablation experiment using X-ray reflectometry. In Fig. 1.14 the film is ex-
posed to the UV-light from a distance of a few cm for increasing time intervals
and the X-ray reflectograms are registered after each exposition. Depending on
the intensity and on the conditions of film preparation, typical photodesorption
rates are in the range of about 1 nm per minute of UV-exposure [17].

1.4
Multilayer Structure

A consistent picture of film growth and structure has been rather difficult to ob-
tain. The combination of data from X-ray and neutron reflectivity, X-ray photoelec-
tron spectroscopy (XPS) (for example [118, 251, 294, 295], radioactive labelling of
counterions [116, 296], zeta potential measurements (for example [109, 297]), ellip-
sometry and related techniques (for example [258, 297]), quartz crystal microba-
lance, classic polyelectrolyte complexes in bulk and from other sources over the
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Fig. 1.13 Fluorescence micrograph showing
area-selective binding of FITC-labeled strepta-
vidin on an in-plane photostructured precur-

sor film. Dark areas represent photodesorbed
film, bright areas correspond to protein
bound to the intact biotinylated surface.



last years has finally led to a coherent view, which is discussed in the following
section. Basically it integrates the observations of layer interpenetration, individual
layer profiles, charge stoichiometry, surface charge, and counterion content in a
consistent way. All this is only valid for simple, flexible, highly charged homopo-
lyelectrolytes, other systems are not discussed at this point.

1.4.1
The Zone Model for Polyelectrolyte Multilayer Films

Our current picture of a multilayer film composed of two simple polyelectrolytes,
an anionic homopolyelectrolyte and a cationic homopolyelectrolyte, is that of a
film subdivided into three distinct zones (Fig. 1.15) [297, 298]. Zone I is com-
prised of one or a few polyelectrolyte layers close to the substrate. In this zone the
multilayer is influenced by the nature of the substrate. Zone III is comprised of
one or a few polyelectrolyte layers close to the surface of the film. In this zone the
multilayer is influenced by the interface to the solution or to air. Zone II is “bulk”
film, in this region the multilayer is not influenced by either interface.

Zones I, II and III would normally differ in both chemical composition and in
structure. In the very coarse and simple picture, Zone II is neutral and the Zones
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Fig. 1.14 X-ray determination of the film
thickness of a (PSS/PAH) multilayer film after
different irradiation times with a mercury
lamp at short distance. Left: X-ray reflecto-
grams taken after 2 min intervals of UV-irra-
diation. Individual traces are displaced along
the, Y-axis for better viewing. The reduction in
the depth of the interference minima is either

due to increasing roughness with irradiation
time or to the inhomogeneous irradiation at a
close distance. Right: Film thicknesses after
different irradiation times (data points) as cal-
culated from the traces on the left. The line
corresponds to an exponential fit with an ini-
tial reduction of film thickness of about
0.7 nm min–1 of irradiation.



I and III are charged. Depending on the charge density of the substrate and on the
substrate roughness, varying amounts of small counterions may be present in Zone
I. Even polyelectrolytes that form a 1 : 1 stoichiometric complex in Zone II might not
be able to adsorb in a conformation that would allow for 1 : 1 charge compensation
with the substrate and the next layer. There is also experimental evidence (e.g. upub-
lished XPS data, F. Brand and G. Decher) that some small counterions might be
present in Zone I. Whereas the presence of small counterions is only optional in
Zone I, they are probably ubiquitous in Zone III. This is evident from both the con-
struction principle and from measurements of the surface potential. As the adsorp-
tion of every layer leads to an overcompensation of the original surface charge, the
newly created excess charge must be accompanied by the presence of small counter-
ions. This does not mean that the excess charge is exclusively associated with the
polymer molecules deposited as the very last layer, it is well established that individ-
ual polymer layers are often strongly intermingled with neighboring layers. Thus it
is to be expected that layers further away from the surface will also contribute to the
surface charge excess. A more detailed description of charge compensation and layer
growth was given recently by Schlenoff [279].

Note that the borders between Zones I and II and between Zones II and III are
not sharp but gradual. At present it is not known how many layers actually con-
tribute to Zones I and III, but this should be a function of the substrate, of the
chemical structure of the respective polyion pair used for the deposition and of
the deposition conditions. It should be understood that the situation outlined here
is expected to be valid only for simple and relatively flexible polyions, it may be-
come more complicated, especially if polymers are employed that are not capable
of forming a 1 : 1 stoichiometric complex. Such a case will be described later.

The model of three more or less distinct zones is only valid once a sufficient
number of layers has been deposited. Initially, for the first few layers, there will
probably exist a situation in which Zones I and III will not have reached their fi-
nal thickness and the transition between them may occur directly (without form-
ing a Zone II). Polyion pairs that do form a 1 : 1 complex will form a Zone II
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Fig. 1.15 The zone model for polyelectrolyte multi-
layers. Zone I is adjacent to the substrate, Zone II
forms the “bulk” of the multilayer and Zone III is adja-
cent to the film/solution or film/air interface [297, 298].
The interface between the zones is diffuse rather than a
sharp plane which is indicated here for clarity.



when Zones I and III have reached their final composition and thickness. When
more layers are added to the film, Zones I and III are expected to keep their re-
spective thicknesses and character and Zone II will increase in thickness. This
should proceed in the following way: A new layer is adsorbed to the surface of
Zone III, but this will not increase the number of layers in this zone as the layer
closest to the (diffuse!) interface between Zones II and III will now be so far away
from the surface that it will no longer be influenced by it and must be counted as
belonging now to Zone II rather than Zone III. Thus new layers added to Zone
III make the interface between Zones II and III move up rather than increase the
thickness of Zone III itself (Fig. 1.16). A more detailed model for multilayer
growth was recently proposed by Schlenoff [279].

It is also interesting to speculate on differences in the physicochemical behavior
of Zones I, II and III. While details are hard to predict due to insufficient data on
the exact structure and composition of the three zones, one can use the assump-
tions outlined above to predict certain effects. Let us assume charge neutrality
(1 : 1 complex of polyanions and polycations) in Zone II and small gradients of ex-
cess charge (neutralized by small counterions) in Zones I and III. The gradient of
increasing excess charge in Zone III will begin at the interface of Zones II and
III, which represents the last plane coplanar with the surface and substrate in
which charge neutrality exists, and will end at the plane of maximum charge ex-
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Fig. 1.16 The zone model for polyelectrolyte
multilayers. The part of the schematic above
the arrow shows the development of zones
during film deposition. The first layer pair is
shown on the left and a film consisting of
several layers is shown on the right. Note that
once all three zones are established only
Zone II grows with increasing numbers of

layers [298]. On the very right is depicted how
the three zones can be correlated with a mod-
el consisting of individual but strongly over-
lapping layers. In this model layers of equal
charge overlap at 50% relative chain segment
concentration, a prerequisite for the forma-
tion of neutral (1 : 1) polyion complexes [208,
213].



cess, the surface. In this definition a plane is not infinitely sharp but somewhat
fuzzy as interfaces are not discontinuous borders but rough. The gradient of in-
creasing excess charge in Zone I will begin at the interface between Zones I and
II and probably end at the surface of the substrate. This gradient is expected to be
smaller than the gradient in Zone III, but might also be zero.

However, there should be pronounced differences in physicochemical behavior
between the neutral Zone II and that with excess charge, namely Zone III. Zone
II is essentially charge compensated and should therefore behave similarly to a
polyzwitterion, while regions of the film in which there is a charge excess should
behave more like a polyelectrolyte. The differences between both behaviors should
depend on the number and length of polyion segments that carry small counter-
ions. One of the most pronounced differences between both species might be
their tendency to swell/deswell in the presence of salt. While polyions swell in
pure water, they collapse in salt solutions due to the screening of electrostatic re-
pulsion between the charges along the polymer backbone. The behavior of a neu-
tral polyelectrolyte complex should be closer to that of polyzwitterions which swell
in the presence of salt and deswell in pure water. However, one should not forget
that there will be differences arising from the fact that in a polyzwitterion both
charged groups are connected to the same polymer chain, while in a polyelectro-
lyte complex anionic and cationic groups are connected to different polymer
chains, thus intrachain electrostatic interactions are repulsive and interchain inter-
actions are attractive. In polyzwitterions intra- and interchain interactions should
be approximately the same. The swelling behavior of polyelectrolyte multilayer
films in salt solutions has already been described above.

1.4.2
Layered or Amorphous: What Makes Multilayers Unique Supramolecular Species?

Simple X-ray reflectometry scans of multilayer films such as those shown in
Fig. 1.8 or 1.14 can be explained by a model consisting of a single homogeneous
film with a constant electron density along the layer normal. At first sight this
seems to indicate that the interior of multilayer films is structureless, as in the
corresponding bulk complexes. The same was suggested by the first neutron re-
flectivity experiments [12] in which every PSS layer of a conventional (PSS/PAH)n

film was replaced by perdeuterated PSS (PSS-d7). Again, only interference fringes
from the solid/film and film/air interfaces were observed and no signals were de-
tected that would point to a layered structure. Only when the PSS-d7 layers were
placed further apart, replacing every second or every third PSS-h7 layer, did Bragg
peaks show up [12, 299]. Similar data have been reported by us and several other
groups [110, 300–303]. It became immediately clear that the layer structure is only
picked up in neutron reflectivity experiments if the two deuterium labeled layers
do not overlap with each other. This condition is only reached for the majority of
simple polyelectrolytes if the labeled layers are at least four layers apart, although
other examples are known [304]. Examples of some of these reflectometry experi-
ments are given in Fig. 1.17.

1 Polyelectrolyte Multilayers, an Overview20



1.4 Multilayer Structure 21

Fig. 1.17 Neutron reflectivity scans and layer
profiles of 4 multilayer samples with different
film structure [299]. Individual traces are dis-
placed along the, Y-axis for better viewing. The
layer numbers are different, but all four sam-
ples contain 8 deuterated layers. The thinnest
film was deposited from 0.5 M NaCl (traces at
the bottom), the thickest film was deposited
from 3.0 M NaCl (traces on the top). The two
intermediate traces correspond to films de-
posited from 1.0 M NaCl and 2.0 M NaCl. The
two traces at the bottom correspond to films

comprised of a total of 80 layers the film ar-
chitecture being ((PSS-h7/PAH)4/PSS-d7/
PAH)8. The two traces at the top correspond
to films comprised of a total of 64 layers the
film architecture being ((PSS-h7/PAH)3/PSS-
d7/PAH)8. Upper: Neutron reflectivity scans
and numerical fits leading to the layer profiles
shown on the right. Lower: Scattering length
density profiles of the 4 reflectometry scans
on the left. Each of the eight deuterated
layers is clearly picked up in every multilayer
sample.



What results such as those reported in Fig. 1.17 suggest is that there exist mul-
tilayer films in which the components are kinetically trapped in their positions.
Certainly (PSS/PAH)n films are an example of films with a layered structure,
although the equilibrium structure of polyion complexes in general, which is
most likely the bulk structure of such complexes, does not represent a layered
structure. What this means is that polyelectrolyte multilayer films can in most
cases be described as layered structures in which each layer is trapped at the posi-
tion where it was originally deposited. Thus each layer is confined with a certain
spread to a plane which is represented by the highest segment concentration of a
given material. This plane is represented in Fig. 1.17 for the case of the deuter-
ated layers as the maximum scattering length density in any of the 32 maxima in
the multilayer profiles in the diagram on the right. The spread around the center
of the plane arises from the two factors: 1. the distribution of the concentration of
chain segments averaged over all existing conformations of polymers that belong
to the same layer and 2. the distribution of the positions of individual polymer
chains along the film normal. The combination of both distributions is observed
experimentally as a segment concentration profile, whose maximum corresponds
to the plane which represents the center of each layer. As clearly seen in Fig. 1.17,
the position and spread of an individual layer depends strongly on the deposition
conditions. If one defines the spread of an individual layer as the FWHM (full
width at half maximum) of a given layer profile and the average layer thickness as
the total film thickness divided by the total number of layers, one sees that both
values have the same dependence on the salt concentration. For a NaCl concentra-
tion of 0.5 M the average spread is 0.41 nm, about 2.4 times the average layer
thickness of 0.17 nm, for a NaCl concentration of 3.0 M the average spread is
0.84 nm, also about 2.3 times larger than the average layer thickness of 0.37 nm.
However, this is only a crude estimate not taking into account that the layer pro-
files are not deconvoluted from the contributions of the surrounding non-deuter-
ated layers and that the average layer thicknesses are the average of the contribu-
tions from polyanions and polycations. However, these results agree well with our
measurements on streptavidin binding and with recent conductivity measure-
ments that indicate that a single polymer layer penetrates no further down into
the surrounding film than about 4–7 layers. Both of the latter types of measure-
ments look at the farthest penetrating chain ends that represent the tailing part of
the segment density distribution. Such experiments represent a minority of chain
segments that cannot even be detected in conventional reflectivity experiments.

The conclusion of this discussion is that the segment concentration profiles of
individual layers of identical charge in simple multilayer films with (A/B)n archi-
tecture overlap roughly at 50% relative segment concentration. This allows for a
1 :1 stoichiometry between polyanions and polycations in Zone II of a film and a
well defined, albeit somewhat “fuzzy”, layer structure at the same time. This is
true for multilayers of any material that is kinetically trapped during deposition.
The absence of reflections typical for a “layer structure” does not indicate that the
layers are not confined to planes during deposition. It is in most cases due to a
lack of “contrast” between layers arising either from insufficient labeling or from
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insufficient spacing between labeled layers. Polyelectrolyte multilayers and related
multimaterial assemblies indeed represent nanoscopically ordered species whose
unique layer sequence and layer spread are characteristic for a given deposition
sequence and for given deposition conditions. They are thus polydisperse supra-
molecular objects, similar to polymers being a polydisperse molecular species.

1.4.3
Soft and Rigid Materials

In multimaterial films one should pay attention to the nature of the individual
components. While the above discussion focuses mostly on rather flexible homo-
polymers that can adapt to the surface when they are being deposited and that
can adapt to the next incoming layer, this is different for more rigid materials. We
have already shown that the steric demand for multilayer growth using the specif-
ic recognition between the protein streptavidin, a small globular object, and biotin
bound to a polycation is much higher than in conventional multilayer films [132].
Thus film growth using non-electrostatic interactions and non-flexible objects
might proceed differently or be more difficult than in the classic case. An interest-
ing example in this respect is the comparison of the deposition of (PSS/PAH)n

multilayers and of a monolayer of gold colloids on two different substrates. The
substrates to be compared are silica wafers either aminofunctionalized by covalent
attachment of classic aminosilanization reagents or coated with a layer of
poly(ethylene imine) (PEI) a branched polymer that strongly promotes adhesion
on various surfaces. In the case of (PSS/PAH)n deposition, the only difference ob-
served on both substrates is a slightly increased amount of the first adsorbed PSS
layer on the PEI coated surface (data not shown, J. Schmitt and G. Decher unpub-
lished results). This is easily understood as the surface roughness and thus also
the surface charge of the PEI coated surface is expected to be somewhat higher
than the roughness and surface charge of the aminosilane coated surface. After
the first PSS layer the multilayer deposition becomes independent of the original
surface as for example the UV spectra or the growth increments per layer are the
same for both systems. However, the situation is quite different when non-flexible
objects are deposited on both kinds of substrates. It is advantageous to employ
gold colloids (obtained by classic reduction with citrate) for this purpose as they
are not only rigid objects, but they also act as a marker reporting colloid/colloid
interactions as a color shift in the UV/Vis spectra [305]. The negatively charged
gold colloids repel each other on the rather flat aminosilane surface leading to a
monolayer of gold colloids whose absorbance spectrum indicates that all the col-
loids are well isolated [306]. In contrast, it seems that dangling chains of the
branched PEI can cause bridging between individual colloids thus bringing col-
loids into close contact. The absorbance spectrum of a gold monolayer on the PEI
surface indicates strong lateral aggregation [306]. This is only a simple case that
demonstrates nicely that factors like the flexibility or rigidity of an object to be de-
posited in a multilayer need to be taken into account when planning target archi-
tectures of multilayer films.
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1.4.4
Deviation from Linear Growth Behaviour

Many combinations of strong polyelectrolytes yield a growth behavior that be-
comes linear after the first few layers, typical examples are shown in Fig. 1.7 and
1.8. However, we [132, 258] and others (e.g. [30, 269, 307]) have noted that a lin-
ear regime is never reached or only after the deposition of a large number of
layers. In collaboration with the groups of Schaaf and Voegel, we have very re-
cently reported on multilayers composed of weak polyelectrolytes that show strong
superlinear growth [149, 254]. In order to explain the data that were observed, we
have proposed a model in which polyions are not kinetically trapped in the posi-
tion where they were originally deposited, but diffuse inside the film [254].

1.5
Multimaterial Films

What is unique to layer-by-layer deposition in comparison with other film deposi-
tion techniques is the broad range of materials that is available for incorporation
into polyelectrolyte multilayers. As observed throughout this book, already men-
tioned above and shown in Fig. 1.4, multilayer depostion can be carried out using
small molecules, complex ions, polymers, proteins, DNA or various colloids.

The simple case of two monofunctional materials is depicted in Fig. 1.3 for the
case of polycations and polyanions. Fig. 1.18 shows how the use of bi-functional
polymers allows one to functionalize the surface of the film with groups –F. An
example for –F groups could be a fluorescent label or a functional group that pro-
motes cell adhesion. Such a surface can now adsorb molecules interacting with
either –F groups or positive charges or both types of molecules at the same time.
This could be useful in cases when the synthesis of a certain bi-functional materi-
al would be difficult.

In a second step these –F groups can be used to change to another interaction
of deposition (for example from ionic to covalent or to donor/acceptor) or to vary
the material for the next layer. An even simpler case than the one depicted is the
case of conventional polyamines. The cationic nature of amino groups allows de-
position with a polyanion, however, the chemical reactivity of most amino groups
also allows co-deposition with poly(anhydrides) or, as shown in Fig. 1.19, the co-
deposition with fullerene C60.

Fig. 1.19 shows a simplified drawing in which fullerenes C60 and poly(ethylene
imine) were used to fabricate films by covalent interaction. The fullerenes are in-
teresting because they are chemically reactive species with a spherical shape. It is
well established that C60 can react up to six times with nucleophiles, depending
on the nature of the nucleophilic group and of the steric requirements of the nu-
cleophile. The combination of six-fold reactivity with the spherical shape leads to
a situation in which some of the reactive sites will react with a surface, exposing
amino groups, in such a way that some of the reactive sites will always remain in-
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tact and will be oriented toward the solution. Thus C60 acts as a “connecting
agent” for covalent multilayer deposition as seen in Fig. 1.19 [209]. The formation
of C60 monolayers by covalent attachment of C60 to amino functionalized surfaces
was first described by Mirkin [308].

C60 is not only useful due to its nature as a “connecting agent”, but also be-
cause it is a molecule containing only carbon atoms. This makes fullerenes inter-
esting as markers for X-ray or neutron reflectivity measurements. The absence of
other elements in the fullerene layers creates contrast gradients for the C60 layers
that are easily detected by either technique. However, as in the case of perdeuter-
ated polymers, a film with (A/B)n architecture shows too much layer interpenetra-
tion for such an experiment. If the fullerene layers are put at a larger distance
with respect to each other, the reflectivity signals arising from the high concentra-
tion of a carbon rich species in a layered arrangement are easily detected.
Fig. 1.20 shows unpublished data for electron and scattering length densities ob-
tained from the same fullerene containing film with the architecture sub-
strate(SiO2)/PEI/((PSPMA/PEI)3/C60/PEI)6. PSPMA is an alternating copolymer of
styrene and maleic anhydride that easily reacts with PEI by forming amide bonds.

Fig. 1.20 shows the layer profiles of a multilayer sample containing 6 fullerene
layers as obtained by neutron and X-ray reflectivity. With the exception of the full-
erene layer at the surface of the film both traces agree very well, layer positions
and spread appear identical in both techniques. The reason for the absence of the
last fullerene layer in X-ray reflectivity is due to the combination of two factors, a
slightly higher roughness of the film/air interface as determined by X-ray reflectiv-
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Fig. 1.18 Schematic depicting the situation in
which a polymer equipped with two different
functional groups (positive charges and func-
tional groups –F) is deposited onto a nega-
tively charged substrate. Thus the surface of a
multilayer film can easily be functionalized de-
pending on the chemical nature of –F. There

is another advantage of bifunctional materi-
als: in the next layer one can either adsorb a
polyanion or a polymer capable of binding to
–F. Depending on the nature of –F, one can
switch from electrostatic multilayer buildup to
another interaction.



ity and only a small difference in the electron densities of the fullerene layer and
the crosslinked PSPMA/PEI layers.

Since C60 is a monodisperse sphere with a diameter of about 1.0 nm, the
spread of the fullerene layer, about 3 nm as estimated from the FWHM of the
layer profile, is entirely due to the displacement of the fullerene molecules from
the plane representing the maximum fullerene concentration. Interestingly, the
spread of a fullerene layer is about 2.5–3.0 times bigger than the layer thickness
(= fullerene diameter), only slightly larger than the value obtained for deuterated
poly(styrene sulfonate) layers.

1.6
Toward Compartmentalized Films: Barrier Layers and Nanoreactors

In the context of this chapter compartmentalization is referred to as a temporary
concentration difference between two environments which is imposed by a de-
signed barrier. Of course there is enormous potential for compartmented systems
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Fig. 1.19 Schematic showing a multilayer film
composed of C60 and poly(ethylene imine)
(PEI) [209]. The PEI can be replaced by other
polynucleophiles as the reaction between C60

and nucleophilic groups is quite general. The
drawing is drastically simplified for reasons of
clarity, only some of the amino groups of the
PEI are drawn and the covalent bonds be-

tween the amino groups and the C60 are
omitted. A film architecture like the one
drawn here would not show layer signals in
X-ray or neutron reflectivity. However, if the
fullerene layers are spaced over a larger dis-
tance by depositing more polymer layers be-
tween them, signals corresponding to the
C60-layers appear.



on the nanoscopic scale. This includes, for example, studying reactions involving
only a few molecules or controlling the function of transport based devices. Sim-
ple transport based devices are, for example, separation membranes, more sophis-
ticated ones are, for example, light emitting diodes.

The incorporation of materials into multilayers that can limit transport allows
one to create confined environments that may be interesting for certain devices or
for the creation of nanoscopic reaction spaces. Such materials include lipid bi-
layers, mineral platelets or two-dimensional sol-gel layers and others. Lipid bi-
layers would act as a barrier separating aqueous compartments, mineral platelets
and sol-gel layers could have various transport limiting characteristics.

The first multistep membrane reactor based on LbL-multilayers was introduced
by Kunitake [49, 50]. In this device, the separate reaction environments for the
two consecutive enzymatic reactions were not separated by a barrier layer, it was
the transmembrane flux which allowed this device to function as nanoreactor. It
should be noted that devices of this type are very potent as such and compartmen-
talization would not necessarily improve their function.

It is obvious that spherically closed polyelectrolyte multilayers, also called multi-
layer capsules [309], are compartmentalized systems themselves in which the mul-
tilayer membrane itself acts as the barrier between the inside and the outside of
these hollow spheres. One can already imagine multilayer films comprised of dif-
ferent layers of such capsules, each layer containing capsules with different liquid
content.

In terms of compartmentalization within the multilayer film itself, we will
briefly describe two examples from our own group. The first example concerns
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Fig. 1.20 Layer profiles as obtained by neu-
tron (scattering length density, solid line) and
X-ray (electron density, dotted line) reflectivity
(J. Schmitt, G. Decher, unpublished data). The

film contains 6 layers of fullerenes and is
comprised of a total of 49 layers, the film
architecture being PEI/((PSPMA/PEI)3/C60/
PEI)6.



compartmentalization induced by a barrier layer of montmorillonite that limits
the transport of ions along the layer normal [79]. The effect was studied in two
ways, by neutron reflectivity in films of PSS and PAH and by selective ion bind-
ing in films of PAH and Calcium Green. In the latter case the negatively charged
chromophore Calcium Green was incorporated in a multilayer film using
poly(allyl amine) as cationic partner. Onto this multilayer assembly, montmorillon-
ite platelets were deposited from an aqueous suspension and a layer of PAH was
put on as a terminal layer. When films of this type were immersed into solutions
containing different concentrations of CaCl2, the films containing the montmoril-
lonite barrier layer showed considerably less uptake of Ca2+ ions as compared to
films without a mineral layer. Since Calcium Green is a calcium sensitive dye,
one can describe the control of the binding of Ca2+ to the Calcium Green as a re-
action in a confined environment.

The second example concerns the control of the transport of electrons and/or
holes in multilayer based light emitting diodes (LEDs) [75]. It demonstrates how
powerful layer-by-layer deposition is with respect to obtaining different high preci-
sion devices just by switching beakers in the deposition sequence. The fabrication
and investigation of the multilayer, L.EDs based on the classic semiconducting
polymer poly(p-phenylene-vinylene) (PPV) was pioneered by Rubner in the mid-
nineties [52, 59, 62], our devices are compartmentalized variations of those he de-
scribed earlier.

Our device of choice was a LED composed of 20 layers of PPV co-deposited
with poly(methacrylic acid) (PMA) as anionic partner polymer, sandwiched be-
tween conventional ITO and aluminum electrodes. The photo on the left of
Fig. 1.22 shows a typical device of this type with a homogeneously emitting sur-
face of about 2 cm2 and a thickness of the active layer of 8.3 nm.

The idea is that any of the PMA layers can easily be replaced with a layer of
montmorillonite by simply changing the deposition sequence. This would allow
one to shift the position of the barrier layer effortlessly by substituting any of the
21 different PMA layers with a layer of the anionic montmorillonite. Given the
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Fig. 1.21 Schematic depicting a “classic” film
of poly(allyl amine) (PAH) and Calcium Green
(CG) on the left and a very simple compart-
mentalized form of the same film on the
right. The barrier layer in the case depicted
here is obviously not perfect as it is com-

posed of somewhat overlapping montmoril-
lonite platelets. Nevertheless films of this pri-
mitive kind do already show that they are sub-
divided by barriers purposely put into the film
[79].



total thickness of the device of 8.3 nm, this means that the barrier layer could be
moved through the whole device with raster steps of about 0.4 nm. The diagram
on the right of Fig. 1.22 shows the effect of 3 different positions of the mineral
layer on the performance of a LED device in comparison with a LED without a
clay layer. The 3 positions were 1. close to the ITO electrode, 2. in the center of
the device and 3. close to the aluminum electrode, all three cases showing a clear
enhancement of the electroluminescence by the montmorillonite layer. If several
barrier layers are put into a LED, the luminescence increases more than 50-fold
with respect to the device without a clay layer (data not shown). There are several
different hypotheses by which one may explain the barrier effect of a mineral
layer in LEDs, but all of them suggest that shifting the position of the montmoril-
lonite layer also shifts the position of the recombination zone within the device.

Clearly, these experiments were not intended to compete in the race for the
most brilliant LED, it is evident that PPV-based devices would not even stand a
chance here. These experiments are intended to underline that even LED ama-
teurs (like us) are able to contribute interesting results to the field by putting the
power of LbL-technology to work. It should be underlined that homogeneously
emitting devices with large active areas such as that in Fig. 1.22 were prepared
with success rates of 90% or more, completely avoiding vacuum techniques or
clean rooms, with a cost for the coating of a few cents per device.
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Fig. 1.22 Left: Photograph of a, LED with an
active area of about 2 cm2. Right: Lumines-
cence vs. current density characteristics of dif-
ferent, LEDs showing the greatly enhanced
performance of, LEDs containing a montmo-
rillonite layer. The device without a clay layer
(line without symbols) has a somewhat lower

relative efficiency than those with a barrier
layer. Device efficiency is further increased
when the isolating inorganic layer is close to
the ITO anode (filled circles). The lumines-
cence is reported as raw output of the photo-
diode in V. Data points and solid lines are
data from different samples [75].



1.7
Commercial Applications

As outlined in Fig. 1.1, multimaterial composites are key elements for the molecu-
lar machinery of nature herself. Layer-by-layer assembly is a low-cost, environmen-
tally friendly, wet-bench technique that allows one to fabricate very simple, mostly
one-dimensionally ordered nanocomposites. After the failure of the Langmuir-
Blodgett technique to transfer its elegance and usefulness from academia into the
commercial sector, the big question was whether the polyelectrolyte multilayer
technology could become a “real world” industrial process.

While we have seen for quite a while that several startup companies have been
created out of academic environments, it was only at the 223rd ACS National
Meeting, held April 7–11, 2002 in Orlando, that an established company an-
nounced the first commercial product that is today available on the market.
Fig. 1.23 shows the package of a contact lens from CIBA-Vision that has a layer-
by-layer based coating on its surface. While the name of the product is likely to
change in the future, we are happy that Focus® ExcelensTM demonstrates that a
new coating process can overcome all the initial counterarguments often asso-
ciated with new technologies. With respect to LbL, we often heard: 1. it cannot
work, 2. the previous layer should desorb upon deposition of the next one, 3. mul-
tilayer coatings cannot be stable, 4. LB did not work out for applications so why
should LbL. Luckily, CIBA-Vision did not listen to arguments of this kind or did
not find them valid. This first product will encourage all the authors of this book
to continue their activities and hopefully will also convince new research teams to
pick up on layer-by-layer deposition to realize devices in their own field of inter-
est.
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Fig. 1.23 After 12 years of steadily
growing research in academia, all of
us were happy to see CIBA-Vision
announce the first commercially
available product that is equipped
with a multilayer coating. Photo
courtesy of L. Winterton of CIBA-Vi-
sion: it was presented at the 223rd,
ACS National meeting on April 7–11,
2002 in Orlando. Focus® Exce-
lensTM, a contact lens, Copyright
CIBA-Vision.
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Abstract

Interpolyelectrolyte coupling reactions resulting in the formation of insoluble stoi-
chiometric or soluble nonstoichiometric interpolyelectrolyte complexes (IPEC)s,
and IPEC interchange reactions are discussed in the light of their thermody-
namics, kinetics and mechanisms. It is shown that the solution behavior of equili-
brated nonstoichiometric IPECs is similar to ordinary polyelectrolytes on the one
hand, and to segmented polymers on the other. Transformations of IPECs in ex-
ternal salt solutions include redistribution of electrostatically coupled chains and
phase separation. These processes are substantially dependent not only on electro-
static interactions but also specific interactions of small ions with IPEC forming
polyelectrolyte counterparts. They are important for understanding the essence of
IPECs as a special family of polymeric substances. In particular, the formation of
polycation–polyanion alternating layers by consecutive surface deposition of oppo-
sitely charged polyelectrolytes is dependent on the above mentioned transforma-
tions. The same is true for the complexation of polyelectrolytes with oppositely
charged hydrogels. Factors controlling the interpenetration of linear polyions into
highly swollen oppositely charged networks may play an important role in deter-
mining the morphology and thickness of polyelectrolyte layers. Finally, data on
the conformations of polyelectrolyte chains in the bulk IPECs and the thermome-
chanical behavior of slightly swollen IPECs are considered.

2.1
Introduction

Interpolyelectrolyte complexes (IPECs) form a special class of polymeric com-
pounds [1–6], consisting of oppositely charged polyions. Depending on their com-
position, IPECs can be either insoluble but swellable, or soluble in water solution.

Investigations of IPECs have a quite lengthy history. As early as the 1930s, the
attention of colloid chemists was attracted by the fact that upon mixing aqueous
solutions of oppositely charged natural polyelectrolytes, characterized by a rela-
tively low charge density on the macromolecules (e.g. gelatin and gum arabic), un-
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der certain conditions, a phase separation and the formation of liquid coacervates
takes place [7–9]. These studies were later developed mainly in terms of the de-
scription of the conditions of phase separation [10, 11].

Insoluble IPECs have also been known for many years [1, 12–14] at least since the
beginning of the 1960s when a number of synthetic polyelectrolytes with a high linear
charge density became available. Some practical applications have been reported. In
particular, insoluble IPECs show unique efficiency as hydrophilic soil binders, pre-
venting wind and water erosion. Such an IPEC composition was used, for example,
after the Chernobyl accident to suppress the formation of radioactive aerosols in con-
taminated dusty areas. On an industrial scale, insoluble IPECs were also demon-
strated to be much more effective than the individual polyelectrolytes in coagulating
colloid dispersions, particularly slag wastes in metallurgy, see for example [15]. They
have been also reported as biocompatible coatings for hemosorbents and other med-
ical items in contact with blood and other biological fluids, see for example [16]. There
are also some other promising applications. One of them is the formation of ultra-
thin multilayer polymer coatings by complexation of polyelectrolytes at interfaces.

Finding soluble IPECs as isolated examples [17, 18] and then establishing the
general conditions of soluble IPEC formation, valid for most pairs of oppositely
charged polyelectrolytes [3, 5, 19, 20], marked a significant breakthrough in the
field. It brought studies to a qualitatively new level, owing to the application of
modern techniques commonly used for studying macromolecules in solution
(light scattering, analytical ultracentrifugation, viscometry, GPC etc.). The funda-
mental data obtained with these methods led to a deeper understanding of the
structural organization and specific behavior of IPECs, not only in solution, but
also in concentrated phases. At the same time, these studies opened up a new
range of prospective applications of IPECs, related primarily to biomimetics, bio-
technology and medicine [21–25].

2.2
Interpolyelectrolyte Reactions and Solution Behavior of Interpolyelectrolyte Complexes

The simplest way to prepare IPECs is to mix two aqueous solutions, one of which
contains a polyanion and the other a polycation. The degree of conversion � in
Scheme I is defined as the ratio of an existing or equilibrium number of interpo-
lyion salt bonds (ion pairs) to their maximum number (�= x/m, when n�m, and
�= x/n when n < m). Complexation of weak polyelectrolytes can be conveniently
controlled by varying the pH [3, 6], see Scheme II. In these cases, IPECs can be
prepared under equilibrium conditions by gradually acidifying the reaction mix-
ture or making it more alkaline.
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The value of � can be calculated from the data of potentiometric titration [3, 6]

� � mb�V � �H�� �
���������
Kac0

�� �
�c0 �weak polyacid) � �1�

� � ma�V � �OH�� �
���������
Kbc0

�� �
�c0 (weak polybase) , �2�

where ma or mb is the molar amount of added acid or base, V is the volume of
the reaction mixture, Ka and Kb are intrinsic dissociation constants of polyacid
and polybase, and c0 is the concentration of one of the polyelectrolytes.

Fig. 2.1 shows typical � versus pH plots (solid lines) calculated from experimental
titration curves of weak polyelectrolytes in the presence of oppositely charged poly-
ion counterparts. The plots enclose the pH region in which IPEC can be formed in
the absence of an external salt. If one of the interacting polyelectrolytes is weak while
the other is strong, such a region is defined by a single plot only. The dashed lines in
the same figure show the pH versus the degree of ionization � of the individual poly-
electrolytes. In other words, polyacids and polybases whose ionization is pH con-
trolled show respectively either stronger acidity, or stronger basicity in the presence
of oppositely charged polyions, compared to their individual behavior.

The quantity �pH(�,�) is a measure of the free energy, �Gcs, providing the
driving force for complexation and characterizing multisite interaction of the op-
positely charged repeating units at a specified � =�

�pH��� �� � ��G��� � �G�����2�3RT � �Gcs��� ���2�3RT �3�

Here, �G (�) and �G (�) are the free energies of ionization of a weak polyelectro-
lyte in the absence and in the presence of the oppositely charged polyion respec-
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Fig. 2.1 Typical dependences of degree of
conversion, �, in the weak polyelectrolytes
coupling reaction (1, 2) and their individual
degrees of ionization, �, (1�, 2�) on pH in
aqueous solution.
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tively. Equation (3) was derived on the assumption that each ionized group of a ti-
trated polyelectrolyte component forms a salt bond (ion pair) with an oppositely
charged polyion. It is close to reality if the ratio between ionizable groups of the
components Z = m/n= 1, or at Z�1, if the total number of ionizable groups of a ti-
trated weak polyelectrolyte is smaller than the degree of polymerization (DP) of
the completely ionized counterpart.

The free energy decrease responsible for shifting an equilibrium as in Schemes I or
II to formation of IPECs is basically due to an entropy gain caused by release of coun-
terions originally localized in the vicinity of the polyelectrolyte coils. However, depend-
ing on the polyelectrolyte composition and structure other attraction factors such as
hydrophobic interaction, hydrogen bonding, charge-transfer etc. may also contribute.

In terms of conventional classification, Schemes I and II describing the forma-
tion of IPECs represent ionic exchange and neutralization reactions, respectively.
However, with respect to polyion interaction these processes may be considered as
polyion coupling reactions.

IPECs can also result from polymerization of ionic monomers on oppositely
charged polyions, which act as templates [26]. Then the total free energy change
�Gtp may be treated as consisting of two components

�Gtp � �Gp � �Gcs �4�

where �Gp is the free energy of polymerization in the absence of a template. The
negative value of �Gcs functions as a thermodynamic factor promoting formation
of the polymer. This factor can be decisive when polymerization of the free mono-
mer is thermodynamically disfavored (�Gp > 0). In this case �Gtp is still negative,
if |�Gcs| > |�Gp|. In other words, as a potential component of IPECs, a templating
polyion may shift a polymerization–depolymerization equilibrium towards forma-
tion of the oppositely charged polyion counterpart.

In principle, the same factor (i.e., �Gcs) is responsible for clustering of protein
globules by oppositely charged polyions upon polyelectrolyte–protein complexation
[27–29] and aggregation of ionic surfactants occurring in polyelectrolyte solutions
and hydrogels at surfactant concentrations markedly lower than the intrinsic
c.m.c. values [30–36]. Both of these processes amount to “polymerization” of pro-
tein globules or surfactant ions on oppositely charged polymer templates.

For a given structure of polyelectrolyte components the ability of IPECs to dis-
solve or swell in water is controlled by Z, � and the ratio of DP of oppositely
charged polyions, as well as by the composition of the aqueous phase (nature and
concentration of external salts, pH, organic additives, etc.). If Z = 1, and � is close
to unity, stoichiometric IPECs are formed as the product of an interpolyelectrolyte
reaction. Such IPECs are always insoluble, but swell to a limited extent in water.

Under certain conditions, water-soluble IPECs can be prepared using most
pairs of oppositely charged polyelectrolytes [3, 5, 19, 20]. At Z = 1, solubility may
be achieved only at �< 1, that is, for the products of an incomplete Scheme II
[19]. Then, free units of polyelectrolytes which have not formed interchain salt
bonds act as hydrophilic fragments “holding” IPEC species in solution.
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However, IPECs may be soluble in water at � equal or close to 1, but only at
Z�1 and if the DP of an excess polyion component is higher (host polyelectro-
lyte, HPE), than that of a deficient one (guest polyelectrolyte, GPE). Then the ra-
tio of GPE to HPE repeating units within IPEC species is �= [GPE]/[HPE] <�c <1
(at uniform distribution of GPE by HPE �= Z). The critical value �c determines
the ultimate population of HPE by GPE chains above which the hydrophilicity of
the excess single-stranded segments is no longer sufficient to meet the lowest free
energy minimum to hold all the IPEC species in solution. For the majority of sys-
tems studied, �c is predominantly controlled by the chemical structure of polyelec-
trolyte components and lies between 0.6 and 0.2.

In the pH range confined by potentiometric titration curves 1 and 2 (Fig. 2.1) the
cooperative character of multisite electrostatic bonding ensures very high stability of
IPECs with respect to their individual components. The effective dissociation constant
at � close to 1 sharply decreases while the length of GPE increases and approaches
close to zero even for relatively short oligomers. For example, in the case of
quaternized linear ethyleneimine oligomers (Structure 1) interacting with
poly(methacrylate) (PMA) polyanions, the degree of dissociation of the corresponding
IPECs becomes negligible starting from about the octamer and higher [4, 37]. Similar
behavior was reported for oligo(phosphate)s interacting with poly(N-dimethylami-
noethyl methacrylate) (PDMAEMA) [38] and for oligo(2,5-ionene)s interacting with
poly(acrylate) (PA) polyanions [39]. Therefore, after attaining a certain critical length of
polyions, IPECs formed practically do not dissociate to initial polyion components.

If polyelectrolytes have one or more ordered conformations in solution, such as
ionic polypeptides or DNA, oppositely charged polyelectrolyte counterparts are
able either to stabilize or destabilize these conformations on complexation [6, 23].
For example, free poly(lysine) (PL) having �-helical conformation in strongly alka-
line media transforms into a random coil on protonation of the amine groups in
water–ethanol mixed solvent even at pH 9–8.5. At the same time PL being fully
protonated within PL–PMA IPEC retains its helicity over a broad pH range. The
helix–coil transition occurs only at pH 4–3.5 when the IPEC is decomposed as a
result of protonation of –COO– groups in PMA [6]. In other words the PL �-helix
is stabilized by complexation. However, this is not the case for poly(glutamic acid)
(PGA). The PGA �-helix being stable in acidic water solutions transforms into a
random coil at pH 6.0–6.5. At the same time helix–coil transition occurs at pH 3–
4 in the presence of linear poly(ethylene imine) (PEI) polycations, when PGA–PEI
IPEC is formed. The conclusion is that ion pairing of the PGA �-helix with PEI is
less favorable thermodynamically in comparison with the PGA random coil [6].
Another example relates to DNA. It is known that free native DNA in aqueous so-
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lution has the B-form of the double helix. Complexation with polycations results
in transformation of the B-form into the more compact C- or A-forms [23].

2.2.1
Kinetics and Mechanism of Polyelectrolyte Coupling and Interchange Reactions

As is obvious from Scheme I the course of polyelectrolyte coupling reactions between
strong polyelectrolytes may be monitored by any experimental technique capable of
measuring the amount of released counterions, such as elemental analysis, conduc-
tometry, ion-specific potentiometry etc. Methods applicable to salt free polyelectrolyte
solutions cannot always be used at relatively high concentrations of external salts.

If one of the polyelectrolytes is a weak polyacid or polybase, the extent of the re-
action may be determined by measuring pH [6]. However, this method is valid
only for the pH range where � does not exceed 0.4–0.5 [23].

Luminescence quenching measurements are very useful for quantitative studies
of the formation and transformations of soluble IPECs, if one of the polyelectro-
lytes carries a luminescence group and the counterpart is a luminescence quench-
er. Then the extent of oppositely charged polyion in contact with each other with-
in IPEC species can be monitored at any pH, either in the presence or in absence
of external salts, simply by measuring luminescence intensity.

Using this technique, the kinetics of some typical polyelectrolyte coupling reac-
tions has been studied. In parallel with this, the IPECs ability to take part in poly-
ion interchange reactions [40–43] has been revealed. The evidence of such inter-
change with respect to complexation of DNA with poly(N-ethyl-4-vinylpyridinium-
bromide) was noted earlier [17]. The general scheme of an interchange reaction
can be represented as shown in Scheme III where n or x is the number of GPE
chains in the IPEC species. If HPE1 is identical to HPE2, Scheme III with respect
to IPEC–polyion interaction represents the polyion self-exchange reaction. If HPE1

and HPE2 are chemically different Scheme III can be considered as a polyion sub-
stitution reaction. GPE exchange can also proceed as intra-IPEC rearrangement in-
volving various segments of HPE within the same IPEC species. This is equiva-
lent to migration of GPE inside the HPE coil. The fact that such a migration is
possible gives an opportunity for internal rearrangements in IPEC particles and
their optimization for interaction with their surroundings.

Most studies [40–47] were conducted using fluorescence tagged poly(methacrylate)
(PMA�) [48] containing one anthryl or pyrenyl tag per 350–1500 repeating units
(Structure 2) and (N-ethyl-4-vinylpyridinium)-vinylpyridine co-polymer polycations
(PVP) (Structure 3) prepared by quaternization of the fractions of poly(4-vinylpyri-
dine) with ethyl bromide [49]. The content of quaternized units was controlled by
the degree of quaternization �(%) = [m/(m+ n)]100. Hereafter most of the described
experiments have been performed with PVP of close to 100%, except the cases
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specially noted. Vinylpyridinium (VP) units are quenchers of the fluorescence of
anthryl and pyrenyl groups.

The kinetics of a representative polyion coupling reaction were studied using
pyrenyl tagged Na PMA� and PVP [44, 46]. Formation of the PMA�–PVP complex
results in a decrease in the fluorescence intensity, I, of the pyrenyl tags attached
to PMA� chains due to quenching by bound PVP. The reaction mixture was pre-
pared by quick injection of 0.02 ml of aqueous PVP solution into the cell contain-
ing 1.5 ml of Na PMA� under continuous stirring, so that the mixing time did
not exceed 2–4 s. The data of Fig. 2.2 show that mixing the reagents in the ab-
sence of an external salt is accompanied by an immediate drop of I to a constant
level corresponding to a certain number of rapidly formed contacts between
PMA� and PVP (curve 1). However, the observed decrease is smaller than ex-
pected in the case of the equilibrated system containing PMA�–PVP IPEC of the
same composition (curve 1�). Moreover, mixing of the same reagent solutions but
at [NaCl]=0.03 M resulted in a much larger fall in the I value and its gradual de-
crease tending to the equilibrium level (cf. curves 2 and 2�).

Stop-flow measurements have shown that the fast stage of the polyion coupling
reaction, corresponding to the falls on the kinetic curves is actually characterized
by the rate constant of the order 109 1 mol–1 s–1) that is close to the bimolecular rate
constant expected for diffusion collisions of the polyelectrolyte coils in dilute solu-
tion [44, 46]. Such collisions between the oppositely charged polyions result in the
formation of random salt bonds. Polyanion–polycation associates formed remain
“frozen” in a non-equilibrium state while the concentration of a simple salt is very
small (Fig. 2.2, curve 1). In contrast, in the presence of an external salt, the non-equi-
librium association initially formed appears not to be frozen: intramolecular and in-
termolecular rearrangements of the interacting polyions are not restricted. Appar-
ently, due to such rearrangements, the number of salt bonds between the polyions
increases, so that primary associates gradually transform into the equilibrated
PMA�–PVP IPEC species (Fig. 2.2, curve 2). The above rearrangements occur via
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polyion exchange reactions involving segments of oppositely charged chains. Curve
3 in Fig. 2.2 demonstrates the pure case of a polyion exchange. Pyrenyl tags attached
to PMA� chains contribute an additional hydrophobic interaction stabilizing the
PMA�–PVP IPECs as compared to the PMA–PVP IPEC species. Therefore, PMA�
replaces PMA in the complex. Hence, curve 2 may be considered qualitatively as
the superposition of kinetic curves 1 and 3. In other words, the occurrence of a sin-
gle pyrenyl tag per several hundred monomer units in PMA� is sufficient for PVP to
prefer the tagged PMA chain to the ordinary PMA.

For soluble IPECs, it has been shown [45, 46] that the polyion exchange reac-
tion involving transfer of a single GPE chain (PVP) from HPE1 (PMA) to HPE2

(PMA�) in dilute solution is of second order kinetics with respect to the concen-
trations of interacting polymer species (IPEC and PMA�) (Scheme III�).

The experimental kinetic curves are perfectly linearized in coordinates of Eq. (5)

q��1 � q� � k2�PMA��0t �5�

where q is the degree of conversion in Scheme III�, and [PMA�]0 = [PMA]0 = [IPEC]0
are initial molar concentrations of the reacting species. This makes it possible to de-
termine the absolute rate constant, k2, for GPE transfer from one HPE chain to an-
other under various conditions. The data are listed in Tab. 2.1.

One can see that, in agreement with Eq. (5), k2 values are independent of the
concentration of the reacting species (runs 1–3 and 6). It is also important that k2
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Fig. 2.2 Typical kinetic curves of polyion cou-
pling and exchange reactions. I and I0 are the
current and initial PMA� fluorescence intensi-
ties (�ex = 342 nm, �reg = 395 nm) (1) Na
PMA� (DPw = 4.4�103, 1 label per 600 mono-
mer units)+ PVP (DPw = 2.0�102, �= 95%) in
the absence of an external salt; [Na PMA�] =
8.6�10–8 mol l–1(as calculated per polyion),

Z= [PVP]/[Na ����] = 0.2. (2) The same reac-
tion in the presence of [NaCl]= 0.03 mol l–1.
(3) (PMA-PVP) IPEC+ Na ����, [Na
����]= [IPEC]= 8.6�10–8 mol l–1, Pw =
4.4�103, �= 0.2, T= 20 �C, pH 10, ��1. (1�)
is the equilibrium limit for curve 1, (2�) is the
equilibrium limit for curves 2 and 3 [46].

Scheme III�



is independent of HPE (PMA) degree of polymerization (runs 8 and 9) but de-
creases sharply with increasing degree of polymerization of GPE (PVP) (runs 10–
13). Under the conditions used, k2 is of the order of 104–106 1 mol–1 s–1), i.e. 3–5
orders less than the estimated value of the rate constant of diffusion collisions of
the reacting species. The scope of these data suggests that the process occurs via
formation of a short-lived intermediate ternary (PMA · · · PVP–PMA�) complex re-
sulting from interpenetration of the original IPEC and Na PMA� coils upon their
random collisions in solution. This complex acts as a “transition state” in a bima-
cromolecular reaction of polyion exchange as is illustrated in Scheme IV. Under
the specified conditions, not every collision is productive. Approximately 103–105

collisions are required for a single event involving transfer of PVP from PMA to
PMA�. The strong dependence of k2 on the external salt concentration (runs 4–7)
and on the linear charge density of PVP chains (runs 14–18) is consistent with
the suggested reaction mechanism.

Reactions of polyion exchange, which involve IPEC species incorporating more
than one GPE chain, are described by more complicated polychronous kinetics.
However, the general trends controlling these reactions are qualitatively similar to
those discussed above [42]. For example, their rate depends strongly on the con-
centration of external simple salts as illustrated by the data in Tab. 2.2.
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Tab. 2.1 Rate constants of the polyion exchange reaction between (PMA–PVP) IPEC and
PMA�Na (pH 10, ��1, T = 20 �C)

Run
No.

[PMA�Na] 109/
mol l–1

Pw�103 � (%) [NaCl]/
mol l–1

k2�105/
mol–1 s–1

PVP PMA

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

3
7

15
40
40
40
40
33
33
28
28
28
28
23
23
23
23
23

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.1
0.1
0.6
0.32
0.2
0.1
0.2
0.2
0.2
0.2
0.2

3.9
3.9
3.9
3.9
3.9
3.9
3.9
4.4
1.0
4.4
4.4
4.4
4.4
2.8
2.8
2.8
2.8
2.8

95
95
95
95
95
95
95
95
95
95
95
95
95
89
80
69
62
55

0.08
0.08
0.08
0.06
0.07
0.08
0.09
0.04
0.04
0.07
0.07
0.07
0.07
0.035
0.035
0.035
0.035
0.035

5.1
5.0
4.7
1.2
2.6
5.1
8.7
2.0
2.0
1.5
6.0

11.0
23.0
0.2
0.7
2.6

16.2
36.1

The [PMA�]0 = [PMA]0 values are given as calculated per polyion; Pw(PMA) = Pw(PMA�), PMA� con-
tains one pyrenyl label per 350 units.



External salts also strongly affect the rate of polyion substitution reactions [38,
39, 43, 47, 50–52]. For example, the rate of the reaction between PMA�–PVP
IPEC and poly(potassium vinylsulfate) (K PVS) shows the most dramatic depen-
dence on concentration of a simple salt (Tab. 2.3).

It was also found that in the case of polyion substitution reactions not only the
kinetics but also the position of the equilibrium depends strongly on the structure
of the polyion counterparts. In particular, polyanions containing a sulfonate or
sulfate group in a repeating unit such as PVC, poly(ethylenesulfonate), poly-
(styrenesulfonate), heparin etc. usually replace poly(carboxylate)s, such as PA or
PMA in original IPECs containing a poly(amine) or poly(ammonium) component
[39]. The substitution reaction is driven by the specific affinity of the sulfonate or
sulfate groups to protonated or quaternized amine groups.

The dramatic impact of the degree of polymerization of competing polyelectro-
lytes and the nature of the external salt on the equilibrium degree of conversion
(qe) in polyion substitution reactions was reported [47] for IPECs consisting of
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Tab. 2.2 Effect of an external salt on polyion exchange reaction, when IPEC containing more
that one GPE chain is involved

[NaCl]�103/M 0 35 70 100
Half-conversion time No reaction 240 6 < 1.5

DPw(Na PMA�) = DPw(Na PMA)=3�103, DPw(PVP) = 2�102; [Na PMA�] = [Na PMA]=[IPEC] = 4�10–3

base-mole, �= 0.33; pH 10, T = 20 �C.

Tab. 2.3 Effect of an external salt on polyion substitution reaction

[NaCl]�103/M 0 2 4 6 8 10
Half-conversion time No reaction 600 60 13 5 < 1.5

DPw(Na PMA�) = 3�103, DPw(K PVS) = 1.3�103; DPw(PVP) = 2�102; [IPEC(PMA�-PVP)] = 4�10–3

base-mole, �= 0.2; [K PVS] = [PVP]; pH 10, T = 20 �C.

Scheme IV



PMA� (HPE) tagged with anthryl groups and PVP (GPE) when interacting with
poly(phosphate) (PP) fractions with different DPs. (Scheme V.)

Fig. 2.3 shows qe plots versus concentration of the external salts in the mixture of
Scheme V. It is noteworthy that the patterns of the plots in Fig. 2.3 differ from each
other depending on the DP of PP (Fig. 2.3 (a)) or the nature of the external salt ca-
tions (Fig. 2.3 (b)), other conditions being identical. At sufficiently high concentra-
tions of salt, differences are significant. For example, in a 0.3 M aqueous solution
of NaCl, the equilibrium of Scheme V is completely shifted to the right when PPs
with the longest chains (230 repeating units) are used, whereas it is shifted to the
left in the case of short PP chains (20 repeating units), with the concentration of
all polymer components being fixed. For PPs of intermediate DPs, qe in Scheme
V is also intermediate. For PP of a fixed chain length (70 repeating units), the equi-
librium is completely shifted to the right in a 0.3 M solution of LiCl, whereas in a
0.3 M solution of KC1 it is completely shifted to the left. In 0.3 M solution of NaCl
qe acquires intermediate values. The phenomena described do not have analogs in
nonpolymer systems. Moreover, they seem to mimic biologically important rearran-
gements in cells involving oppositely charged biological polyelectrolytes. Both IPECs
involved in Scheme V virtually do not dissociate to the initial counterparts. There-
fore, the transformation described by Scheme V does not affect the total excess of
free nonblocked charged groups in the competing PMA� and PP polyanions.
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Fig. 2.3 Equilibrium conversion in polyion
substitution reaction between IPEC (PMA�–
PVP) and PP as a function of concentration
(a) of NaCl and (b) of other alkali metal
chlorides. [PMA�] = [PP]= 1.5�10–3 mol l–1 (as

calculated per monomer unit of polyion),
�= [PVP]/[����]= 0.33, T= 25 �C, pH 10. (a)
The degrees of polymerization of PP are: (1)
230, (2) 70, (3) 50, (4) 20. (b) 70; (1) LiCl,
(2) NaCl, (3) KCl [47].

Scheme V



Thus, the sensitivity of the equilibrium to a concentration of external salt reveals a
difference in concentration dependences of apparent binding constants for the sim-
ple salt cations involved, with respect to PMA or PP.

A qualitative thermodynamic explanation for these at first glance amazing ef-
fects was first given in [47]. The essence of the explanation is as follows: the total
free energy change, �Gt, in Scheme V may be written as the sum of two terms

�Gt � �Gp � �Gci �6�

Here, �Gp pertains to substitution of the contacts between PVP and PMA� for the
contacts between PVP and PP, whereas �Gci gives the difference in free energies
of the interaction of positive counterions with PMA� and PP.

Consider first the case of Scheme V when the DP of both polyanions (e.g. 4100
for PMA�and 230 for PP) is greater than the degree of polymerization of PVP
(e.g. 170). This is illustrated by Scheme V�. In this case, the total number of poly-
mer species in the system is independent of the shift of the equilibrium in both
directions. As follows from the above experimental data in NaCl solutions, the
equilibrium in Scheme V� is shifted to the right. This means that the total free en-
ergy change �G	

t in this particular case is negative (�G	
t =�G	

p +�G	
ci < 0). How-

ever, a decrease in the DP of PP shifts the equilibrium to the left.

This means the total free energy change in Scheme V�� becomes positive
(�G		

t =�G		
p +�G		

ci > 0). Because the total number of electrostatic contacts between
oppositely charged polyelectrolytes remains constant (under the experimental con-
ditions � is close to 1 for both IPECs), �Gci does not depend on the DP of the in-
volved polyelectrolytes, that is, �G	

ci =�G		
ci. Hence, the effect must be attributed

to the increase in �Gp, that is, �G		
p � �G	

p. Indeed, it is qualitatively clear that
shifting of the equilibrium in SchemeV�� from left to the right, compared to that
in Scheme V�, results in a decrease in the number of polymer species in the sys-
tem and therefore is entropically less favorable.

2 Fundamentals of Polyelectrolyte Complexes in Solution and the Bulk58

Scheme V�

Scheme V��



Consider now the case when the DPs of the polyions are fixed, but the nature
of the alkali metal counterions is varied. Then �Gp is constant. Therefore the �Gt

sign reversal on replacing Li+ by K+ is caused by a change in the �Gci value asso-
ciated with the free energy difference of interaction between polyanions and posi-
tive counterions. Clearly, this difference is due to specific interaction superposed
on a nonspecific Coulomb attraction between opposite charges. Indeed, the criti-
cal salt concentration, at which PMA–PVP IPEC dissociates into individual poly-
electrolyte components (see below), increases in the order LiCl < NaCl < KC1,
whereas for the PP–PVP IPEC the order is reversed [53].

Similar phenomena were observed with IPEC incorporating DNA as a polya-
nion [50–52]. The substitution reaction involving IPECs formed between DNA or
PMA� and PVP was studied (SchemeVI). This reaction is fully reversible and
equilibrates with any order of mixing the reagents. Here also the reaction rate and
position of the equilibrium are strongly controlled by the concentration and the
nature of the external salts (Fig. 2.4). For example, changing the concentration of
NaCl from 0.125 to 0.25 M almost completely shifts the equilibrium to the right
[ from IPEC(PVP–PMA�) to IPEC(PVP–DNA)] (Fig. 2.4(a)). Moreover, the half-con-
version time of the reaction decreases from tens of minutes to several seconds.
Fig. 2.4(b) shows the effect of concentration and of the nature of positive counter-
ions on qe. In the series Na+ > K+ > Li+ the equilibrium shifts more and more from
the right to the left [ from IPEC(PVP–DNA) to IPEC(PVP–PMA�)]. It is note-
worthy that, in contrast to Na+ and K+, the effect of Li+ depends on whether
Scheme VI involves native or denatured DNA. Indeed, in the case of native DNA,
the equilibrium is completely shifted to PVP–PMA� IPEC over the entire range of
LiCl concentrations studied, whereas in the case of denatured DNA the equilib-
rium shifts significantly to the right with increase in LiCl concentration. This dif-
ference may be related to a higher affinity of Li+ cations to the native than to the
denatured DNA revealing another example of specific interactions superposed on
general electrostatic attractions.

Not only linear but also dendritic polyelectrolytes (dendrimers) [21–23], proteins
[27, 28] and other compact globular species such as poly(silicic) acid sols [54–59]
may act as GPEs in forming IPECs, if their diameter is much smaller than the
HPE contour length. Such IPECs are formed by coupling and are equilibrated by
interchange reactions akin to those described above. The IPEC species may exist
in aqueous solution as long as the occupancy of HPEs by globular guests does
not exceed certain critical values. It is noteworthy that linear polyions with a rela-
tively high charge density usually replace globular species, e.g. proteins in the ini-
tial IPEC [28] (see Scheme VII).

In addition it should be noted that polyion interchange reactions playing a critical
role in equilibration of IPEC systems may be hindered or fully prohibited even in the
presence of external salts. This happens if the interpolyion electrostatic attraction is
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dominated by other interactions such as hydrophobic or donor–acceptor bonding
etc. A typical example is provided by the different solution behavior of two closely
related nonstoichiometric IPECs. Both are based on the same polyanionic HPE com-
ponent: Na PA or Na PMA, but one contains linear PEI and the other poly(tert-bu-
tylaziridine) (PTBA) as a cationic GPE counterpart, equal to PEI in linear charge
density. (See Structure 4.) Both IPECs are able to exchange GPEs at room tempera-
ture. However, at elevated temperatures (40–60 �C) when hydrophobic interactions
becomes more substantial, PTBA chains, in contrast to PEI, are fixed within IPEC
species and do not transfer from one species to another [60].

Some other examples demonstrating critical effects in interchange restriction
will be given below.
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Fig. 2.4 Kinetics of substitution reaction of
Scheme VI between IPEC (PVP–PMA�) and
DNA at [NaCl]= (1) 0.25, (2) 0.20, and (3)
0.125 mol l–1 (a). The effect of simple salt on

the equilibrium of the reaction of Scheme VI
involving native and denatured DNA. Solid
lines refer to native DNA, dashed lines to de-
natured DNA (b) [30].

Scheme VII

Structure 4



2.2.2
Solution Properties of Equilibrated Nonstoichiometric Interpolyelectrolyte Complexes

A nonstoichiometric IPEC may be considered to be a block-copolymer containing
free hydrophilic segments of HPE chains and relatively hydrophobic GPE–HPE
domains [3, 5]. Such IPECs, if water soluble and equilibrated (see above), behave
in dilute solution to some extent like ordinary polyelectrolytes. The procedures for
preparing soluble equilibrated non-stoichiometric IPECs from a number of var-
ious GPE–HPE pairs were described in detail some time ago [61–63] and thor-
oughly reviewed in ref. [3].

It has been shown by analytical ultracentrifugation [53, 61, 62], light scattering
[3, 5, 28, 63] and GPC [64], that equilibrated water soluble nonstoichiometric
IPECs, prepared from rather narrow HPE and GPE fractions in dilute solutions,
are actually individual polymer species, characterized with a high composition
homogeneity and narrow size distribution. Characteristics of the IPEC consisting
of PDMAEMA and PP prepared via different routes are tabulated in Tab. 2.4.
Fig. 2.5 (a) represents a typical Zimm diagram, one of a series of those plotted to
handle light scattering data. As may be seen from the values presented in the ta-
ble, the preparation route has essentially no effect on either measured molecular
mass (Mw), or radius of gyration (Rg), or second virial coefficient (A2), or sedimen-
tation coefficient (Sc). However, the above characteristics (except Mw compensated
due to counterions release) are acutely sensitive to IPEC composition. The data ta-
bulated in Tab. 2.5 show that Rg and A2 decrease, while Sc increases with increas-
ing GPE/HPE ratio, i.e. the lowering of the HPEs effective charge in the range
0 <�<�c. It is remarkable that in dilute solution the IPECs listed in Tab. 2.5, at
�<�c exist in the form of “unimer” complex species: each one contains one HPE
polyion carrying a certain number of GPEs. However, the situation changes drasti-
cally in the vicinity of �c. First of it is manifested by a dramatic change in the
Zimm diagram, which takes on a pattern characteristic for scattering by polymers
in poor solvents. A2 decreases sharply and reverses sign while the molecular mass
of the dissolved species increase indicating formation of IPEC aggregates not dis-
sociated on dilution (Fig. 2.5 (b), Tab. 2.5, run 8).

The tendency toward aggregation of nonstoichiometric IPEC species in dilute
solutions naturally depends on the HPE and GPE chemical structure. In particu-
lar it builds up when the hydrophobicity of the initial polyelectrolytes increases.
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Tab. 2.4 Characteristics of the interpolyelectrolyte complex obtained using different experimental
procedures

Route of IPEC preparation (Mw)/105 (Rg
2)/nm (A2)�104

Titration of HPE with GPE solution 7.7 38 3.3
Titration of GPE with HPE solution 7.7 39 2.9
Titration of HPE–GPE mixture with HCl 7.2 37 2.8

HPE is PDMAEM, Mw = 6.3�105; GPE is PP, Mw = 6.6�104, �= 0.33, 0.1 M NaCl. PH 4.0.



The behavior of IPEC formed by NaPA as HPE, and 5,6-ionene bromide (IB) as
GPE may be referred to as a representative example [66]. Each repeating unit of
IB polycation (Structure 5) contains 5.5 methylene and 2 methyl groups per
charge. These hydrophobic groups are not sufficient to suppress the water solubil-
ity of the individual IB. However, being ion-paired with PA segments IB units ap-
parently enhance the affinity of binary IPEC domains to each other. The data of
Tab. 2.6 show that at � 
0.2, which is still considerably lower than �c, PA–IB
IPEC species aggregate, in contrast to the IPECs tabulated in Tab. 2.5. It is likely
that binary domains in such aggregated IPECs segregate to form a water insol-
uble core while excess PA segments exposed in water form a corona providing sol-
ubility of the species as a whole.
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Fig. 2.5 Zimm diagrams for PDMAEMA–PP IPEC solution; (a) �= 0.33
(see run 6 in Tab. 2.5); (b) �= 0.56 (see run 8 in Tab. 2.5).
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Turning back to the experimental A2 values decreasing with increasing �, let us
recall that according to Donnan–Guggenheim theory [67] the contribution of the
electrostatic repulsion of polyion charges to the total value of A2 can be expressed as

A2 el � 1000z2
e �

2�4M2I �7�

where ze is the total charge of a polyion, � is the degree of binding of counterions
by free HPE segments, M is the polyion molecular mass, I is the ionic strength,
equal to the concentration of a simple salt in the solution. The effective charge of
nonstoichiometric IPEC species in the pH range corresponding to complete ioni-
zation of HPE depends on � as follows

ze�M � �1 � ���M0 �8�

where M0 is the molecular mass of the HPE repeating unit. From Eq. (7) and (8)
we obtain

A2 el � �1 � ��2�I �9�

Fig. 2.6 (a) shows the plot of the experimental A2 values at fixed I, vs. (1–�)2,
which fits correlation (8) quite well. Fig. 2.6(b) shows that correlation (8) is also
valid for variation of I when � is fixed. On the other hand, assuming that Rg of a
polyelectrolyte coil is directly proportional to the radius of the equivalent sphere,
and the charge in the vicinity of a polyelectrolyte chain is mainly compensated
with counterions, the excluded volume theory gives the correlation

A2 � R3
g�M2

w �10�
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Tab. 2.6 Characteristics of the interpolyelectrolyte complex formed by NaPA (HPE),
Mw = 1.2�105 and 5, 6-ionene bromide (GPE) Mw = 1.4�104 (pH 7.2 in 0.025 M NaBr, 20 �C)

N � Mw�10–5 of IPEC n A2�103

HPE GPE

1
2
3
4
5

0.07
0.10
0.13
0.20
0.33

1.8
1.8
1.8
2.6
3.8

1
1
1
2
3

1.4
1.8
2.4
7.3

18

11.8
10.3
7.4
3.8
1.9

Structure 5



Fig. 2.7 shows that the data taken from Tab. 2.5 nearly meet this correlation.
The above correlations, experimentally observed, all contribute to the conclusion

that a soluble equilibrated IPEC of composition in the range 0<�<�c in dilute so-
lution actually behaves like a series of ordinary polyelectrolytes of various charge
densities.

The solution behavior of nonstoichiometric IPECs formed by complexation of
linear HPE polyions with relatively small oppositely charged globular species play-
ing the role of GPEs, is similar to IPECs made of linear polyions. This is true
either for cationic dendrimers [21–23], or proteins [27–29], or negatively charged
sols of poly(silicic acid) [54–59] interacting with linear polyelectrolyte partners of
sufficiently high DP.
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a)

b)

Fig. 2.6 The second virial coefficient, A2, of
solutions of IPEC formed by PDMAEMA
(Mw = 6.3�105) and NaPP (Mw = 1.7�104) as
a function: (a) of its composition at fixed ion-

ic strength I = [NaCl]= 0.1 M and (b) of ionic
strength at fixed composition �= 0.33; pH
4.0, 20 �C.



However, it should be emphasized that the above behavior is not typical for
IPECs formed from polyelectrolyte partners which are not favorably disposed to-
wards interchange, even if they are taken in nonstoichiometric ratio with an ex-
cess of the polyions of higher DP. Such is the case for mixing poly(amines) with
poly(sulfates) or poly(sulfonates), when pairing of oppositely charged ionic groups
is substantially aided by specific interactions. Then, complexation results in for-
mation of relatively large IPEC aggregates containing a large number of comple-
mentary polyions. An example is poly(sodium styrenesulfonate) (NaPSS) interact-
ing with poly(N-dimethyl-N-diallylammonium chloride) [68–71].

2.2.3
Transformation of Interpolyelectrolyte Complexes in External Salt Solutions

Fig. 2.8 (a) represents typical ionic strength dependences of reduced turbidity, �/�max,
for HPE–GPE mixtures in water at Z <�c, � close to 1, and HPE content below its
crossover concentration range. Homogeneity region I corresponds to dilute solu-
tions of the equilibrated nonstoichiometric IPECs in which IPEC species behave
similarly to individual polyelectrolytes. Region I is important, where Z=� is broader
the lower is �, i.e. an occupancy of HPE by GPEs. Homogeneity region II corre-
sponds to the solution of the individual polyelectrolyte components, released as a
result of IPEC decomposition caused by shielding of paired ionic groups by small
counterions. A series of inhomogeneity regions observed for various Z at intermedi-
ate salt concentrations corresponds to phase separation. Fig. 2.8 (b) depicts sedimen-
tograms of the HPE–GPE system at various salt concentrations compared with those
for the individual HPE and GPE (patterns 4 and 5). Patterns 1 and 2, characterized
by a single sedimentation mode, relate to homogeneity region I. Pattern 3, revealing
two sedimentation modes, relates to the inhomogeneity region [3, 72].
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Fig. 2.7 Second virial coefficient (A2) plot in coordinates of Eq. (9)
(see Tab. 2.5).



Detailed studies of phase behavior of nonstoichiometric mixtures of oppositely
charged polyelectrolytes in external salt solutions accomplished by using light
scattering, analytical and preparative ultracentrifugation, fluorimetry in the sys-
tems containing fluorescent tagged HPEs and GPE quenchers, the composition
analysis of separated phases etc. [72–79] have led to an understanding of the
whole picture.

Increasing salt concentration within homogeneity region I (Fig. 2.8 (a)) de-
creases the thermodynamic quality of the solvent, resulting in a decrease in the
size of the dissolved IPEC species. At the same time the ultimate extent of HPE
populated by GPE chains, �c(I), which, to maintain IPEC homogeneity, should
not be exceeded, also decreases. This means that the higher the original � value,
�0 = Z, the lower is the critical ionic strength, Ic, sufficient to reduce �c(I) to �0,
and the broader is region I (Fig. 2.8 (a), curves 1–4). To minimize the free energy
of the whole system at I> Ic IPEC species should lose some GPE chains. This oc-
curs due to their disproportionation via GPE interchange and redistribution result-
ing in formation of stoichiometric IPEC, which phase separates, while nonstoi-
chiometric IPEC species of �	 =�c(I) < Z remain in solution. A further increase in
salt concentration within the inhomogeneity region (Fig. 2.8 (a)) results in an in-
crease in the amount of phase separated stoichiometric IPEC in equilibrium with
soluble IPEC species of decreasing �	. It is clear that under conditions when � is
close to 1, �	 cannot become smaller than the ratio of GPE to HPE degrees of po-
lymerization, DPGPE/DPHPE. Under this condition, on stoichiometric IPEC separa-
tion at �c(I) < DPGPE/DPHPE the free HPE remains in the supernatant as shown in
Scheme VIII [80]. The ultimate HPE concentration in the supernate may reach
[HPE]�= [HPE]0(1–�), where [HPE]0 is its initial concentration.

It is noteworthy that the above phase behavior of IPECs in external salt solu-
tions is not uniquely determined by ionic strength. The Ic value for a given IPEC
substantially depends on the nature of HPE counterions [72]. Fig. 2.9 shows the
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Fig. 2.8 Phase behavior of Na PMA
(Mw =2.6�105)–PVP (Mw = 6.0�104) mixtures
on ionic strength varied by adding NaBr,
pH 7.5, 20 �C [70]. (a) Ionic strength
(I = [NaBr]) dependences of reduced turbidity
(�/�max) at Z: (1) 0.40, (2.2�) 0.33, (3) 0.25,

(4) 0.20. (b) Sedimentograms of the mixture,
at Z= 0.14, C= 0.3 wt.%, w =56 100 rpm, sedi-
mentation time 60 min at various I = [NaBr]:
(1) 0.2 M, (2) 0.35 M, (3) 0.48 in comparison
with free Na PMA (4) and free PVP (5) at
[NaBr]= 0.48 M.

a)

b)



turbidimetric titration curves of Na PA (HPE)–IB (GPE) IPEC (�= 0.33) with var-
ious salts with different cations or anions. Comparing curves 1–4 one can see that
for the series of cations: (CH3)4N+, K+, Na+, Li+, Ic decreases in parallel with an
increase in their affinity to –COO– groups [80]. At the same time Ic does not de-
pend on the nature of the HPE co-ions, in particular F–, Cl– and Br– (Fig. 2.9,
curves 2�–2���). The above data correlate with more recent measurements of ionic
strength dependences of sedimentation coefficients, Sc, for PMA (HPE)–PVP
(GPE) IPEC (�= 0.37) and free Na PMA at low external salt concentrations, i.e. un-
der conditions of full IPEC stability [76]. It was found that in the ionic strength
range 0< I< 0.1 M addition of NaCl resulted in a substantial Sc increase either for
the IPEC (from 1.7 to 4.35 Sv), or for free Na PMA (from 1.3 to 2.5 Sv) indicating
their compaction due to binding of Na+ counterions to negatively charged PMA
repeating units. However, the same increase in ionic strength accomplished by
adding tetramethylammonium (TMA) chloride affected the measured Sc values
only slightly. Similar effects might also be expected for nonstoichiometric IPECs
formed by cationic HPEs and anionic GPEs but with respect to the nature of ex-
ternal salt anions. In fact, it has been shown that IPEC (�= 0.33) consisting of
poly(N-ethyl-4-vinylpyridinium fluoride) separates at [NaF]c = 0.2 M, [NaCl]c =
0.03 M and [NaBr]c = 0.01 M. This order corresponds to increasing affinity of ha-
lide anions to HPE pyridinium rings. At the same time Ic is not dependent at all
on the nature of the alkali metal cations [81].

The salt concentrations at which phase separated IPEC systems homogenize
again (region II in Fig. 2.8) due to IPEC splitting with release of the original poly-
electrolytes depend on the nature of both shielding counterions [77, 78]. Fig. 2.10

2.2 Interpolyelectrolyte Reactions and Solution Behavior of Interpolyelectrolyte Complexes 69

Fig. 2.9 Ionic strength dependences of reduced turbidity (�/�max) at titra-
tion of IPEC formed in Na PMA (Mw = 1.8�105)–IB (Mw = 1.4�104) mixture
(Z=�= 0.33) with different salt solutions: (1) LiCl; (2�–2���) NaX, where X is
F– (2�), Cl– (2��) Br– (2���); (3) KCl; (4) (CH3)4NCl. The concentration of
IPEC in solution is 0.01 wt.%; pH 8.5, 20 �C [72].



shows reduced fluorescence intensity of pyrenyl tagged PMA� (HPE) originally in-
corporated in soluble nonstoichiometric PMA�–PVP IPEC, vs. the concentration
of various external simple salts. The fluorescence intensity of the initial IPEC is
small because of quenching by GPE pyridinium rings. The increase in fluores-
cence on titration of the IPEC solution by the salt solutions presumably indicates
dissociation of the IPEC to the constituent polyelectrolytes. Fig. 2.10 (a) shows the
fluorometric titration curves of PMA� (HPE)–PVP (GPE) solution with solutions
of various alkali metal chlorides and tetramethylammonium chloride. A compari-
son of these curves demonstrates that the ability of cations to induce IPEC disso-
ciation tends to decrease in the following order: Li+ > Na+ > K+�(CH3)4N+. As men-
tioned above, a similar trend has been observed for the affinity of cations to
poly(carboxylic) polyanions [80]. Fig. 2.10 (b) depicts the fluorometric titration
curves of the same IPEC with solutions of various TMA halides. As seen, in the
case of bromide, the salt concentration (ionic strength) required for IPEC decom-
position is the lowest, while decomposition was not observed at all even at very
high salt concentration in the case of fluoride. We note that the affinity of halide
anions to PVP polycation decreases in the same order [81].

The above fluorometric titration curves reveal the salt concentration dependence
of the fraction of HPE fluorescent tags, contacting with GPE repeating units, each
one a fluorescence quencher. Each HPE chain contains only one pyrenyl tag per
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Fig. 2.10 Reduced fluorescence intensity
(I/I0) of the solution of IPEC formed by
Na PMA� (DPw = 2150) and PVP
(DPw =390) vs. concentration of different
salts, Z=�= 0.3, [PMA�]= 2�10–3 base-
mol l–1, pH 9.5, 20 �C (I0 is the fluores-
cence intensity of free HPE in the same
salt solution) [76]; (a) Cat. is: Li+ (1), Na+

(2), K+ (3) and (CH3)4N+ (4). (b) X is: Br–

(1), Cl– (2) and F– (3).



few hundred units. In support of the fluorescence studies, sedimentation studies
of Na PMA�–PVP IPEC behavior in corresponding salt solutions using high
speed analytical centrifugation with selective UV detection have shown that the
curves of Fig. 2.10 in fact quantitatively describe the extent of IPEC decoupling
[79]. Fig. 2.10 (a) also shows substantial fluorescence intensity decrease at concen-
trations of alkali metal halides which are still far from those sufficient for IPEC
decomposition. It is likely that compaction of IPEC species upon specific binding
of alkali metal ions by excess of PMA repeating units facilitates intra-IPEC
quenching. Such a decrease is not observed in the case of TMA salts because of
the much lower affinity of (CH3)4N+ cations to –COO– groups [78].

The threshold concentration of a given external salt required for IPEC decompo-
sition, independent of DP for HPE, sharply increases with increasing DP for GPE
oligomers, but then approaches a limit for sufficiently long GPE chains (Fig. 2.11)
[79]. It is noteworthy, however, that clarification of IPEC systems due to dissolu-
tion of a stoichiometric IPEC phase does not necessarily mean complete separa-
tion of GPE and HPE chains, especially for GPEs of a high molecular mass.
Some of them may retain a certain number of dynamic contacts even in solution
above the clearing point as shown by sedimentation analysis. Such contacts fully
dissociate only at higher concentrations of external salts [77].

We stress that phase separation in nonstoichiometric IPEC solutions upon addi-
tion of external salts does not occur if GPE interchange is restricted for some rea-
son. In particular, the above-mentioned PA (PMA)–PTBA IPEC solutions were
phase separated on adding NaCl at room temperature, but remained homoge-
neous at 40–60 �C where GPE interchange was suppressed by hydrophobic interac-
tions [58]. PA (HPE)–PE (GPE) IPECs solutions do not phase separate even at
high concentrations of an external salt, if HPE–GPE electrostatic binding is super-
imposed with a covalent link [73–76]. At salt concentration sufficient to break in-

2.2 Interpolyelectrolyte Reactions and Solution Behavior of Interpolyelectrolyte Complexes 71

Fig. 2.11 Threshold sodium chloride concentration required for dis-
sociation of PVP–PMA� IPEC vs. PVP degree of polymerization; DPw

of PMA� is 3.9�103, �= 0.30, 20 �C.



terpolyelectrolyte ion pairs such IPECs behave just as graft co-polymers in a com-
mon solvent for a main chain and grafts.

Recently a novel family of soluble IPECs based on block copolymers containing
ionic and nonionic water soluble blocks has been described [82–85]. Such IPECs
termed as “block ionomer complexes” (BIC) may retain solubility even at Z =�= 1,
where Z relates to polyelectrolyte entities. An example is the BIC formed between
diblock copolymer consisting of Na PMA, DP=188, and poly(ethylene oxide)
(PEO), DP=176 blocks, and PVP, DP=100 [82]. At Z=�= 1 this BIC contains hy-
drophobic domains of PMA neutralized with PVP (i.e. stoichiometric PMA–PVP
IPEC), and hydrophilic free PEO segments. So it essentially represents an amphi-
philic polymer species revealing a typical c.m.c. behavior. Indeed, at concentra-
tions above c.m.c. these BICs microsegregate and form polymeric micelles with
an insoluble core and PEO corona providing their solubility in water and stability
with respect to further aggregation. At the same time the micellar species formed
undergo polyelectrolyte interchange reactions with Na PSS or Na PMA homopoly-
mers, and in contrast to any other polymeric micelles dissociate upon adding ex-
ternal salts. The dissociation occurs due to decoupling IPEC domains similar to
the phenomena above describing ordinary IPECs [82].

Finally, polyelectrolyte adsorption on large oppositely charged surfaces may also be
considered in terms of IPEC formation. Adsorption of PVP on carboxylated
poly(styrene) latex species has been studied from this point of view [86–91]. The la-
tex particles had a diameter of 5�102 nm; much higher than a polyelectrolyte con-
tour length. The surface carboxyl groups density was ca. 5 nm–2, their pKa = 6.8.
The initial electrophoretic mobility (EPM) of the latex species at pH 9 when all car-
boxyl groups were ionized, had a negative sign. Fig. 2.12 demonstrates the depen-
dence of EPM on Z= [PVP]/[–COO–]. One can see that the surface charge decreases
with increasing Z and approaches 0 at Z = 1. However, it is likely that in this case a
substantial number of constituent ionic sites at the surface and in PVP chains re-
main unpaired at the isoelectric point because of steric limitations, in contrast to
equilibrated stoichiometric IPECs formed by fully ionized linear polyions. These sur-
face sites, as well as those in loops and free tails of adsorbed PVP, are neutralized by
corresponding low molecular weight counterions. Therefore, an interface formed at
the isoelectric point retains a resource for adsorbing either excess polycations
(charge reversal) or polyanions, if they are added.

At Z > 1 charge reversal is observed, indicating adsorption of some excess PVP
polycations. At the same time the EPM vs. Z plot does not depend on the concentra-
tion of latex species, indicating a strong binding of PVP to the surface. Indeed, free
PVP is not detected on titration of the latex with PVP solution until the surface is
fully saturated. Nonetheless, the latex particles easily interchange adsorbed polyca-
tions on collisions. This was proved by mixing the original negatively charged latex
(arrow a in Fig. 2.12) with the same latex but by first charge reversed with adsorbed
PVP (arrow b in Fig. 2.12). Such a mixing is followed by aggregation of oppositely
charged latex species. Then these aggregates dissociate again to form the “unim-
ers” of the original size. However, the EPM of the redispersed species takes the inter-
mediate value (arrow c in Fig. 2.12) indicating PVP chain redistribution (Scheme IX).
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Similar behavior has been observed for negatively charged small unilamellar liq-
uid liposomes (SUL)s, upon interaction with PVP [91, 92]. Addition of PVP solution
to a suspension of the SULs formed by the zwitterionic lipid, phosphatidylcholine
(or dipalmitoylphosphatidylcholine) and anionic lipid, cardiolipin is followed by
strong adsorption of the polycation on the surface of the SULs. However, addition
of Na PA solution results in a fast PVP removal from the surface of the SULs due
to the formation of a stronger (PA–PVP) IPEC. Addition of external salts (e.g.
NaCl) leads to dissociation of the SUL–PVP complex. In both the above cases trans-
formations are accompanied by complete regeneration of the original SULs.

The examples cited above demonstrate “ideal” behavior of polyelectrolytes inter-
acting with oppositely charged surfaces unique to such systems with nearly pure
electrostatic adsorption. If some other attraction forces (hydrogen binding, hydro-
phobic interaction, charge transfer etc.) are substantially involved neither polyion
interchange, nor replacement, nor desorption in salt solutions occurs. For exam-
ple, the SULs mentioned above do not desorb PVP copolymers containing hydro-
phobic sites in contrast to PVP with a � value exceeding 90% [92].

It is probable that nonideal electrostatic or strong nonelectrostatic adsorption of
soluble polyelectrolytes on surfaces leads to formation of an initial interface favor-
able for consecutive deposition of IPEC nanolayers to obtain multilayer compo-
sites. At the same time the factors restricting polyelectrolyte interchange reactions
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Fig. 2.12 Electrophoretic mobility of latex–PVP system vs. its interface
composition, Z. Latex particles concentration: 1.8�1012 l–1 (1), 1.8�1011 l–1

(2), 9.0�109 l–1 (3), pH 9.0, 20 �C (a, b, c see explanation in the text).

Scheme IX



apparently favor preservation of the integrity of the layers already formed and the
reproduction of a “sticky” interface for every successive deposition.

2.3
Complexation of Polyelectrolytes with Oppositely Charged Hydrogels

This topic was introduced with the absorption of linear polyelectrolytes by macro-
scopic pieces of lightly cross-linked oppositely charged polyelectrolyte hydrogels
(# PE) from aqueous solutions to form crossed-linked interpolyelectrolyte complexes
(# IPECs) [93, 94]. The hydrogels had 1–2 chemical crosslinks per 200 repeating units.
Their initial equilibrium degree of swelling was of the order of 103. The interpolye-
lectrolyte reaction is thermodynamically controlled by the same factors as complexa-
tion between oppositely charged linear polyelectrolytes. In the case of weak polyelec-
trolyte counterparts the pH region of # IPEC stability is shown in Fig. 2.1.

It has been shown that absorption causes a sharp decrease in the volume of a
reacted hydrogel by 2–3 orders of magnitude. In the course of interpolyelectrolyte
reaction a distinctly differentiated weakly swollen # IPEC shell coexists with a
highly swollen original # PE core as shown in Scheme X.

The mechanism is based on two independent interpolyelectrolyte reactions. The
rate determining stage is a “relay-race” transfer of polyion segments from one
fragment of the # PE network to the other initially vacant via interpolyelectrolyte
exchange reaction similar to those described in Section 2.2.1 (Scheme XI).

Each transfer step occurring at the shell/core interface and directed towards the
# PE hydrogels phase produces a vacancy in the # IPEC shell available for another
polyion segment to transfer in the same direction (Scheme XII) etc.

As a result the shell/core interface moves taking up the original # PE hydrogel,
while vacancies move outward, finally reaching the outer solution/#IPEC shell in-
terface where interpolyelectrolyte coupling with dissolved polyions occurs (Scheme
XIII).This reaction provides the driving force for polyions to migrate into the op-
positely charged # PE hydrogel. In other words, the free energy of Scheme XIII is
consumed for polyion transport within the hydrogel phase pushing forward
Scheme XI [93]. This means that # IPEC formation is thermodynamically con-
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trolled by Scheme XIII occurring only under the conditions (pH or degree of ioni-
zation of the polyelectrolyte components, �, ionic strength), when the equilibrium
of Scheme XIII is shifted to the right. Correspondingly, already-formed # IPEC
dissociates when the equilibrium of Scheme XIII is shifted to the left, so that lin-
ear polyions are released to the surrounding solution and the original # PE gel
completely recovers. The composition of the final # IPEC is also controlled by �.

# IPEC formation can be stopped at any intermediate stage by termination of
linear polyion supply from the environment. Then the shell/core sharp boundary
structure of the hydrogel composite shown in Scheme X is fixed and remains
stable for an infinitely long time if the conditions of IPEC stability are met. So
the thickness of the # IPEC shell can be easily controlled. At the same time for-
mation of # IPEC is kinetically controlled by Scheme XI [94]. It is faster for higher
ionic strength (in the range of IPEC stability) and for lower degree of polymeriza-
tion of a linear polyion. If the interpolyelectrolyte exchange reaction is restricted
by some specific factors, linear polyions do not interpenetrate into the # PE hydro-
gel. In that case only a thin # IPEC skin (of a polyion size) is formed on the origi-
nal hydrogel surface [95]. Tab. 2.7 represents a manner of complexation of various
# PE hydrogels with various linear counterparts. One can see that the entities re-
stricting interchange reactions in linear polyelectrolyte systems (hydrophobes, sul-
fate or sulfonate groups) also restrict an unbounded interpenetration of linear
polyions into the investigated hydrogels.

# PE are also able to absorb oppositely charged globular proteins to form corre-
sponding # IPEC. This was first reported for highly cross-linked poly(sodium acry-
late) hydrogel (# Na PA) interacting with lysozyme [96], then extended to cyto-
chrome c and protamine, and studied in detail [97, 98]. In salt-free systems the
number of salt bonds formed between –COO– groups of # Na PA and amine
groups of complexed protein as well as the equilibrium composition of final
# IPECs at excess of protein is determined by the pH and coincides with the com-
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position of the corresponding IPEC formed by titration of linear Na PA solution
with the protein. Absorption of proteins from salt-free water solutions proceeds so
that the distinctly differentiated contracted zone of # IPEC formed surrounds the
highly swollen # Na PA hydrogel core. However, in contrast to # PE/linear poly-
electrolyte systems considered above, addition of external salts influences not only
the kinetics but also drastically changes the distribution of a protein within the
partly converted hydrogel from fully inhomogeneous to nearly uniform [98].

2.4
Structural and Mechanical Properties of Interpolyelectrolyte Complexes in the Bulk

Initial analysis of the equilibria in polyelectrolyte coupling reactions led to a con-
cept of IPECs as polymers with a structure in which more or less lengthy se-
quences of oppositely charged polyelectrolyte repeating units form tight, interpo-
lyelectrolyte ion pairs alternating with loops and tails containing separate units.
The latter may be considered as structural defects [99]. The fraction of paired do-
mains is more the higher is � (see Fig. 2.1). The fraction of unpaired hydrophilic
units included in loops and tails determines the ultimate degree of swelling of
IPECs in water, which is limited by cooperatively stabilized ion-paired sequences.

Nonsoluble stoichiometric complexes, even those formed in dilute aqueous solu-
tions, in contrast to equilibrated nonstoichiometric IPECs aggregate into compact
globular species, of size usually no less than tenths of a micron [100–102].

The presence of defects in stoichiometric IPECs may be caused by “freezing” of
random interchain contacts occurring in the early stages of the rapidly proceeding
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Tab. 2.7 Manner of complexation between cross-linked polyelectrolyte hydrogels and oppositely
charged linear polyelectrolytes (20 �C)

Hydrogel Linear polyelectrolyte Mw Character of complexation

# Na PA PVP 3�105 Interpenetration
1.5�105 Interpenetration
0.5�105 Interpenetration

PDMAEM 6�104 Interpenetration
PEI (linear) 6�104 Interpenetration
chitosane 2�105 Interpenetration
PVPD a) 1.7�103 Surface adsorption

# PDMAEM Na PA 3.5�105 Interpenetration
Na PMA 2.7�104 Interpenetration

1.6�104 Interpenetration
Na PSS 3.0�105 Surface adsorption
Na PVS b) 4.4�103 Surface adsorption
heparine 1.0�105 Surface adsorption

a) N-ethyl-4-vinylpyridinium/N-dodecyl-4-vinylpyridium copolymer 70/30.
b) Poly(sodium vinylsulfate).



coupling reaction. Then, in the phase separated IPEC, subsequent rearrangements
required for defects “healing” proceed very slowly, especially in the absence of an
external salt. Slow relaxation of the nonequilibrium IPEC structure formed upon
neutralization of strong polyacids by strong polybases was observed in [14, 102]. If
the cause of formation of nonequilibrated IPEC structure is eliminated, e.g. by using
polymerization of ionic monomers on oppositely charged polyelectrolyte templates to
prepare IPECs, the resulting products may be rather highly ordered [103–106].

In general, however, one should keep in mind that the major factor determining
the defectiveness of IPECs is the absence of steric conformity between the polyelec-
trolyte counterparts. Most known IPECs are the products of coupling of sterically
irregular polymer chains. Such IPECs are amorphous by X-ray diffraction. They con-
tain at least 20–30% of pairs of separate units as has been shown by ion-exchange
equilibria studies [107]. In particular, even the product of complete reaction between
linear PEI and atactic PAA, whose macromolecules are characterized by quite a good
steric fit to each other, is amorphous by X-ray. About 20% of carboxyl and imine
groups are not ion-paired in this IPEC obtained at Z= 1, i.e. located in structural de-
fects as shown by IR spectroscopy [108]. On the other hand, the ion-paired domains
in PEI–PA IPEC are fairly close. This is indicated by the fact that interpolyelectrolyte
salt bonds quantitatively transform to amide bonds upon heating the dry IPEC film
to form a ladder structure as shown in Scheme XIV. Carboxyl and amine groups lo-
cated in defects do not participate in this reaction [108–110].

The aforesaid does not mean that all IPECs obtained by the direct mixing of op-
positely charged polyelectrolyte components cannot be crystallized. The IPECs
formed from the ionene (Structure 6) and isotactic Na PA [106] or Na PP [111,
112] have been described as highly crystalline materials. In any event, one may as-
sume that stereoregularity and a certain steric conformity of the polyelectrolyte
counterparts are the necessary conditions for IPEC crystallization.

Important data on single chain conformations in the bulk of IPECs consisting
of high molecular mass PMA and chitosan (Mw = 1.9�105) at Z = 1 were obtained
by small angle neutron scattering (SANS) measurements [113]. A mixture of ordi-
nary PMA (PMA (H), Mw = 3�105) with 2% of deuterated PMA (PMA(D),
Mw = 1.1�105, Mw/Mn = 1.25) was used as a polyanionic component. The IPEC
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samples in the form of homogeneous films, 0.1 mm thick, were prepared from
formic acid (3.5%) water solution of the polyelectrolytes, thoroughly washed after
solvent evaporation and dried in vacuum as described in [114]. A reference PMA
sample was also prepared in the form of a film from aqueous solution, containing
2 mol%. PMA(D) and 98 mol% PMA(H). This was used for measuring the unper-
turbed dimensions of PMA(D) chains, while a PMA(H) film served as a back-
ground sample. The SANS measurements were carried out in the range of scatter-
ing vectors, Q, 4�10–5 � Q � 8�10–4 nm–1, where Q= 4�sin	/�, 2	 is the scatter-
ing angle, �= 3.03�10–2 nm is the average wavelength of the incident neutron
beam. The half-width of the spectra was ��/�= 0.35.

In the case of PMA(D) highly “diluted” with PMA(H) the intermolecular inter-
ference from the contrasting PMA(D) component may be neglected. Then for coil-
like chains the Debye approximation

I�Q��1 � I�0��1�1 � Q2R2
g�3� �10�

is valid at QRg < 1, where I(Q) is the scattering intensity at Q�0, I(0) is the scat-
tering intensity at 	= 0.

From Eq. (10) the Rg of PMA(D) chains in the IPEC has been determined in so
far that chitosan and PMA(H) have practically equal scattering length densities.
Fig. 2.13 shows I(Q)–1 vs. Q2 plots for the IPEC and the reference PMA samples
in the range of small Q values. The observed equality of extrapolated I(Q)–1 values
for the both samples evidences that contrasting PMA(D) macromolecules are uni-
formly distributed and not aggregated. In fact the Rg = 10.2± 0.3 nm obtained for
PMA(D) in a PMA(H) matrix exactly corresponds to the expected unperturbed
size. By contrast the Rg = 17.5 ± 0.5 nm obtained for PMA(D) in the IPEC matrix
indicates a substantial extension of PMA coils interacting with chitosan. However,
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Fig. 2.13 The initial parts of SANS curves: PMA(D) in PMA(H) matrix
(1); PMA(D) in PMA–chitosane IPEC matrix (2).



their shape only slightly deviates from a Gaussian coil. The treatment of the ex-
perimental neutron scattering data (Fig. 2.14, curves 1 and 2) at QR > 5 gives
I(Q)�Q–2 for PMA(D) in a PMA(H) matrix that exactly corresponds to Gaussian
behavior, and I(Q)�Q–2.2 for PMA(D) in the IPEC matrix.

Unfortunately, the above study is the only example of SANS application for in-
vestigation of IPEC structure in the bulk known to the author. There is no ques-
tion that further systematic investigations in this field would be most beneficial.

Air-dry amorphous IPECs in the bulk represent transparent brittle materials.
Water is a common plasticizer for most of these materials. Slightly water swollen
(tens of per cent at Z = 1) IPEC films are flexible elastic bodies. A homogeneous
IPEC film can be formed from a solution of the corresponding polyelectrolytes ini-
tially protected from electrostatic coupling. In the case of a pair of strong polyelec-
trolytes a mixed water–organic solvent should be used containing a shielding salt,
such as NaCl or NaBr, and a volatile organic component, such as acetone or dioxane
to avoid salting out the polymers. After solvent evaporation the formed film should
be repeatedly washed with water to remove inorganic salts [1, 14, 115].

In the case of weak polyelectrolytes their premature interaction can be prevented
simply by shifting the pH to either the acidic or alkaline region outside the region of
IPEC stability (see Fig. 2.1). This can be done by using a volatile acid, such as formic
or acetic acid, or a volatile base, such as ammonia or trimethylamine [114].

The mechanical properties of IPECs consisting of pairs of strong polyelectrolytes
have never been investigated systematically. However, it was noted that the strongest
water swollen IPEC films studied as potential membranes for ion exchange and salt
separation, could be prepared at Z = 1, i.e. at a maximum content of interpolyelectro-
lyte salt bonds [1].
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Fig. 2.14 Full experimental SANS curves: PMA(D) in PMA(H) matrix (1);
PMA(D) in PMA–chitosane IPEC matrix (2).



The relationship is more complicated in the case of IPEC membranes
consisting of weak polyelectrolytes [114] in particular the IPEC formed from
poly(ethylenepiperasine) (PEP, M
= 3�105) (Structure 7) and PAA (M
= 3�105),
whose mechanical behavior was thoroughly investigated in [116]. The IPEC films
of various composition Z = [PAA]/[PEP] were cast from 50% water solution of
formic acid. The stress–strain curves for equilibrium swollen PAA–PEP IPEC
films measured in water environment are presented in Fig. 2.15 (a). These curves
reveal a visco-elastic behavior of the investigated samples in the broad range of
Z�1. Such behavior is typical for most water swollen IPECs. However, in contrast
to IPECs formed from strong polyelectrolytes the highest yield stress (Fig. 2.15 (a))
and elastic moduli (Fig. 2.15 (b)) are observed not at Z= 1, but at Z= 1.5 i.e. for the
PAA–PEP IPEC films somewhat enriched with PAA. This IPEC composition also
corresponds to a minimum swelling (about 35%). At Z < 1 the films are still
weaker. Undoubtedly intermolecular salt bonds play an important role here
reinforcing the film structure as well as in the case of strong polyelectrolytes. In
particular, it follows from the stress-strain curves represented in Fig. 2.15 (c). One
can see that the sample originally exposed in NaCl solution and then tested in the
same environment has substantially lowered initial modulus and yield stress. This
is due to shielding of intermolecular ion pairs. At the same time replacing water
by water–dioxane mixtures and pure dioxane one can observe a considerable
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strengthening of the IPEC films due to increasing stability of ion pairs with
decreasing environmental polarity. Nevertheless the effect of excess PMA suggests
that hydrogen bonding contributes markedly to the IPEC mechanical behavior.
The contributions of interpolymer salt bonds and hydrogen bonds apparently
become optimum at Z= 1.5. Fig. 2.16 demonstrates the decrease in IPEC strength
with increasing temperature, which is much sharper and looks more cooperative
in the case of the IPEC enriched with PAA (Fig. 2.16 (b)).
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Fig. 2.15 Visco-elastic behavior of PAA–PEP IPECs. (a) Stress–strain curves
of PAA–PEP IPECs of various composition in water environment, pH 6.0,
20 �C. (b) Initial elastic modulus of PAA–PEP IPECs vs. their composition Z.
(c) Stress–strain curves for PAA–PEP IPECs (Z= 1) in water (1), 5 wt.% NaCl
water solution (2), pH 6.0, 10 �C; and dioxane (3).

b)

c)



2.5
Conclusion

Vitally important functions of biology, except precisely designed building blocks,
are provided by self-assembly and rearrangements. The structure of supramolecu-
lar biological entities form on balancing various superimposing multisite interac-
tions (hydrogen, hydrophobic and donor–acceptor bonding, electrostatic attraction
and repulsion etc.), some of them opposing. Hence, hand in hand with an extra-
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Fig. 2.16 Effect of temperature on visco-elastic behavior of PAA–PEP
IPECs in water environment, pH 6.0. (a) Stress–strain curves measured at
various temperatures: 10 �C (1), 20 �C (2), 30 �C (3), 40 �C (4). (b) Initial
electric modulus vs. temperature; Z= 1 (1), Z= 3 (2), Z= 5 (3).



ordinary stability over a certain range of conditions, a possibility of substantial
structural rearrangements arises with only slight changes in the environment.
These peculiarities are also characteristic to some extent of the behavior of syn-
thetic IPECs. The trends and considerations set forth in this chapter may be use-
ful for controlling the synthesis, structure and properties of various IPECs includ-
ing those forming interfaces between polyelectrolyte nanolayers in multilayered
composites.
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Abstract

In this chapter, we review our recent theoretical work on the formation of poly-
electrolyte multilayers. The first layer is obtained by polyelectrolyte adsorption on
a surface with an opposite charge. The adsorbed polyelectrolyte charge is suffi-
cient to invert the charge of the surface. Each subsequent layer is bound to the
previous one by the formation of a polyelectrolyte complex. Using a Debye-Hü-
ckel-like theory to describe the complexation, we obtain the adsorbance (the ad-
sorbed amount) of each layer and the thickness of the layers.

3.1
Introduction

Recent experiments on polyelectrolyte multilayers, formed by consecutive adsorp-
tion of negatively charged and positively charged polyelectrolytes, have shown
that, upon addition of a new layer, the number of charges carried by the incorpo-
rated polymer is large enough to neutralize the charge of the previous layer and
even to invert the sign of the zeta potential (or the global charge of the layer).
Neutron experiments also clearly indicate that the newly incorporated layer
strongly interpenetrates the previous layer and even the one before but that there
is not complete mixing between the layers, each layer keeping its identity [1].

All these results raise a number of theoretical questions that we try to address
briefly in this chapter. The first question concerns the first layer of the assembly.
It is obtained by adsorption of polyelectrolyte chains on an oppositely charged sur-
face; the adsorption must overcompensate the charge of the surface and the layer
must be “strongly anchored to the surface” so that in many cases a polymer such
as polyethyleneimine that is different from the polymer used for the following
layers is used. Polyelectrolyte adsorption has been studied extensively over recent
years and we will summarize the conditions under which charge inversion can oc-
cur and the influence of ionic strength on polyelectrolyte adsorption [2].

Starting from the second layer, the new adsorbing layer is formed by adsorption
of polyelectrolyte chains of a given charge, interacting with the polyelectrolyte
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chains of the previous layer that have an opposite charge. When they are mixed
in solution in water, oppositely charged polyelectrolytes form polyelectrolyte com-
plexes and in most cases precipitate. There is a vast literature on polyelectrolyte
complexes, in particular due to the Russian school of Kabanov [3]. Theoretical
models have appeared recently that give some predictions for the phase diagram
of the complex [4, 5]. We will assume here that polyelectrolyte complexation is the
driving force for multilayer formation and that the polymer density inside the
multilayer is the density in the dense phase of the polymer mixture (the com-
plex).

An important step in the formation of multilayers is the rinsing step between
two consecutive adsorptions. This step is aimed at eliminating the non-adsorbed
(or the weakly adsorbed) polyelectrolyte. In many experiments, the properties of
the multilayer depend for example on the duration of the rinsing step. This indi-
cates that the formation of the multilayers is not an equilibrium process and that
one should build a kinetic theory which does not seem to be available at the pres-
ent time. We will thus limit ourselves here to a thermodynamic theory and im-
pose a constrained equilibrium; for example, polyelectrolyte adsorption is as-
sumed to be irreversible in the sense that the amount of adsorbed polymer re-
mains constant, even in contact with pure solvent during the rinsing step, and
that there is no desorption; however we allow for free equilibration of the chain
conformations at each step under this constraint that the adsorbed amount is con-
stant. Another important problem that is not discussed here is the interdiffusion
between the layers. It certainly plays a major role in defining some of the proper-
ties of the layers when they are used for applications.

The properties of polyelectrolyte multilayers are controlled by many parameters
such as ionic strength, temperature, pH, the electrostatic charges and the stiff-
nesses of the two polymers etc. At each step of the formation, parameters such as
the ionic strength can be changed allowing a fine tuning of the multilayer proper-
ties. The layer properties also strongly depend on the experimental procedure. In
many experiments, the layer is dried at each step, the polymers in the multilayer
become glassy and their conformation is frozen. For simplicity, we will assume
here that all parameters are fixed during the multilayer formation: there is no
change in the salt concentration or in the temperature during the various steps of
the formation and that there is no drying of the layers at each step, so that the
polymers remain in a liquid state and that a thermodynamic or a constrained
thermodynamic equilibrium can be reached. This condition is not fulfilled in
most experiments but has been carefully imposed in some recent experiments
probing the structure of the monolayers [6].

This short review is organized as follows. In the next section, we give a short
summary of the properties of flexible polyelectrolyte in solution. Polyelectrolyte
adsorption is considered in the following section and the formation of polyelectro-
lyte complexes in Section 3.4. All these results are used in Section 3.5 to give a
rather rough discussion of the structure of polyelectrolyte multilayers. The last
section gives some concluding remarks and discusses some open issues.
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3.2
Polyelectrolytes in Solution

In this section, we very briefly summarize the solution properties of polyelectro-
lytes [7]. We first consider a very dilute polyelectrolyte solution in water that we
assimilate to a � solvent. Each chain comprises N monomers of size a and a frac-
tion f of the monomers are charged. If the charge is very low, the electrostatic in-
teractions do not play any role and the chain is Gaussian, its end to end distance
is R0 � N1�2a. If the charge is higher, it is stretched by the repulsive electrostatic
interactions between monomers. In the presence of a concentration n of added
salt, the coulombic interaction between two charges at a distance r is given by the

Debye-Hückel potential � �r� � kTlB
r

exp � �r where lB � q2

4��kT
is the so-called

Bjerrum length (q is the elementary charge and � the dielectric constant of water)
and ��1 � �8�nlB��1�2 is the Debye screening length. In the absence of added
salt, the Debye-Hückel interaction reduces to the standard Coulomb interaction.

In the absence of added salt, the interaction is long ranged and the chains are
highly stretched; their size R is given by [8]

R � Na�f 2
B �a�1�3 � �1�

A weakly charged polyelectrolyte chain is not fully stretched but it can be viewed
as an elongated chain of Gaussian electrostatic blobs of size �el � a

�f 2 lB
a

��1�3
con-

taining each gel �
�f 2 lB

a

��2�3
monomers as sketched in Fig. 3.1). The size of the

blob is such that the electrostatic interaction inside a blob is of the order of kT. As
salt is added, the local blob structure of the chain is not affected but if the screen-
ing length is smaller than the size of the chain, the chain is no longer fully elon-
gated and bends. It is in general characterized by a persistence length lp which is
the length over which it remains stretched.

Depending on the theoretical approach, the persistence length is predicted to
decrease with the salt concentration as ��1 or ��2. Experimental results have not
allowed us to discriminate between these two results. At very high ionic strength,
the electrostatic interaction is short range and is equivalent to an excluded volume

interaction, the corresponding excluded volume parameter is �el � 4�lB
f 2

�2.
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When their concentration is increased, polyelectrolyte chains interact strongly
and eventually overlap. The electrostatic interaction between chains is much larg-
er than the thermal excitation when the concentration is close to overlap (i. e.
when the distance between the chains is of the order of their size). This could in-
duce an ordering of the chains but there is no clear evidence for that experimen-
tally. We will thus assume here that semi-dilute polyelectrolyte solutions are a dis-
ordered and isotropic liquid. We will view them as interpenetrated chains of blobs
that have a local structure identical to that of isolated polyelectrolyte chains shown
in Fig. 3.1.

The most prominent feature of a polyelectrolyte solution in a scattering experi-
ment is a strong peak in the structure factor S�q� that measures the concentration
correlations. At large values of the scattering vector q, the structure factor probes
the internal structure of the chains that is roughly the same as in a dilute solu-
tion, it thus decays as S�q� � 1�q2 if q�el �� 1 (characterizing the Gaussian chain
structure inside the electrostatic blobs) and S�q� � 1�q if q�el � 1 (characterizing
the elongated structure). At zero wave-vector the structure factor is obtained from
the global electroneutrality constraint from the Stillinger-Lovett sum rule
S�q � 0� � 1�f . At intermediate wave-vectors the structure factor shows a peak at
a wave-vector q�; as for neutral polymers in a semidilute solution, the correspond-
ing wave-length 2��q� is the mesh size of the temporary network formed by the
overlapping chains. The wave-vector q� can be obtained by a scaling argument
from the radius of a chain in a dilute solution (1) q� � �ca�1�2�f 2lB�a�1�6.

In a concentrated polyelectrolyte solution �q��el � 1 or ca3 � �f 2lB�a�1�3� the
mesh size of the solution is smaller than the electrostatic blob size; the chains are
no longer stretched and have Gaussian statistics at any length scale. The effect of
the electrostatic interaction is small and the chain structure factor can be calcu-
lated from the so-called Random Phase Approximation used for neutral polymers;
the position of the peak in the structure factor is given by [9, 10]

q� � �48 �f 2lBc�a2�1�3 � �2�

When salt is added to a semidilute or a concentrated polyelectrolyte solution, the
peak in the structure factor shifts to lower wave-vector and disappears when
� � q�. At this point, the electrostatic interactions are sufficiently screened and
can be considered as short range. The polyelectrolyte solution behaves as a neu-
tral polymer solution (the polymers having eventually an electrostatic persistence
length [7]). The structure factor decreases monotonically with the wave-vector.

3.3
Polyelectrolytes at Interfaces

We now discuss the adsorption of a polyelectrolyte solution on a solid surface that
carries an electrical charge per unit area q� with a sign opposite to that of the
polymer [2]. The electric field in the very vicinity of the surface is
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E � �kT�q��4��lB�. The field created by the surface decays with the distance from
the surface because of the screening by the surface counterions and by the salt
molecules. In a first approximation, the electric field can be calculated from the
Poisson-Boltzmann equation. In the absence of salt, the screening is due to the
counterions. The counterions are confined in the vicinity of the surface within a
length � � 1��2��lB� which is called the Gouy-Chapman length and the electric

field decays with the distance z as E � 2
z � �

. If a sufficient amount of salt is

added (so that ��1 � �), screening becomes dominated by the salt and
E � 2

� exp � �z.
In a very low ionic strength solution, a single polyelectrolyte chain is attracted

by the electric field of the surface and gets confined within a distance � from the
surface. If the surface charge is large enough � � � and the chain feels the sur-
face field. The balance between the electrostatic force and the confinement force
for a Gaussian chain gives [11]

� � �a2�f �lB�1�3 �

This thickness is independent of the chain molecular weight and decreases
weakly with the surface charge; it is, in most cases, in the range of a few nano-
meters. Note that we have considered here flexible chains and that the thickness
of a rigid polyelectrolyte chain adsorbed on an oppositely charged surface would
be even smaller [12].

When salt is added to the solution, the structure of the adsorbed chain is not
changed as long as the screening length ��1 is smaller than the chain thickness
�. At higher ionic strength, if there is no short range non-electrostatic attraction
between the chain and the surface, the chain desorbs. Adsorption can be induced
by a sufficient short range attraction of the chain to the surface.

When a dilute polyelectrolyte solution is put in contact with a surface of oppo-
site charge, even if the bulk concentration is rather low, adsorbed chains on the
surface overlap. Polyelectrolytes in an adsorbed layer at thermal equilibrium do
not develop large loops at very low ionic strength and the thickness of the ad-
sorbed layer is of the order of the thickness � of a single adsorbed chain, as
shown by a mean field calculation [13]. The adsorbed chains however have a
strong electrostatic interaction between them and it is not clear whether they
form a two-dimensional isotropic solution or whether the strong interaction in-
duces liquid crystalline or even crystalline order in the direction of the adsorbing
plane. Most existing theories predict an overcompensation of the charge of the
surface by the adsorbed polymer i. e. the electric charge per unit area due to the
adsorbing polymer is larger than the bare charge of the solid surface by �� � 0.
The global charge is small in the limit of low ionic strength, a mean field theory
based on the Edwards equation for the chain conformation [13] predicts
���� � ���1 � �2

el��
2�. This theory is expected to be valid at the scaling level.

In the limit of large ionic strength, the polymer behaves as a neutral polymer
with excluded volume interactions in the bulk. If the adsorbing surface is a pure
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hard wall with no attractive interactions, there is no adsorption; the adsorption of
the monomers to the wall is strongly screened and is not sufficient to compensate
the hard wall constraint. If there is a strong enough short range attraction be-
tween the adsorbing surface and the monomers, the polymer adsorbs like a neu-
tral polymer. All the results obtained for the adsorption of neutral polymers can
be used. The thickness of the layer is the size of the largest loops and is of the or-
der of the size of a polyelectrolyte in dilute solution at the same ionic strength.
The monomer concentration profile decays as a power law of the distance z from
the solid surface. In a mean field approach

c�z� � �2a2

12�lBf 2�z � deff �2 �4�

where deff measures the interaction of the polymer with the surface (both electro-
static and non-electrostatic). A large charge overcompensation is then expected. If
the short range attraction exactly compensates the hard wall constraint, the mean
field theory predicts on overcompensation ���� � 1; for stronger attraction, the
overcompensated charge increases as ���� � �2.

One should however keep in mind that the mean field theory based on the Ed-
wards equation for the chain conformations ignores the excluded volume correla-
tions and that this result should be only qualitatively correct (one expects a strong
overcompensation of the charge that increases with an unknown power of ionic
strength). Another limitation of the mean field theory is that it neglects the in-
plane concentration fluctuations; other theories [12, 14] that overestimate these
fluctuations by assuming that the chains form an ordered array on the surface
also predict a strong charge inversion.

3.4
Polyelectrolyte Complexes

When two polyelectrolyte solutions of opposite charges (a polyanion and a polyca-
tion) are mixed, the polymers have a tendency to form a dense phase and to sepa-
rate from the solvent. The dense phase is called a polyelectrolyte complex. Poly-
electrolyte complexes have been studied extensively experimentally and show a
rich variety of behavior depending on the stoichiometry (the relative molecular
weights and charge contents of the two polymers), ionic strength, temperature [3]
etc. For simplicity we consider here only symmetric complexes where the two
polymers have the same molecular weight N, the same charge fraction f and the
same concentration c. We also only consider very large molecular weights; in this
limit the two polyelectrolytes precipitate and form a dense complex in equilibrium
with pure water; the critical concentration for complex formation is extremely low.
Even in this simplified limit, the phase diagram of the polymer mixture in water
is not very simple [15, 16]. In general, the backbones of the two polymers are not
compatible and repel each other. The repulsion is characterized by a Flory interac-
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tion parameter 	. When the charge fraction is low, the backbone repulsion is
dominant and the solution separates into two phases each containing mostly one
of the polymers. At high charge fraction, the attractive electrostatic interactions be-
tween the polymers dominate and they precipitate to form a complex. In an inter-
mediate range of charge fraction, the equilibrium state can be a mesophase where
the two polymers only separate microscopically. A tentative theoretical description
of the phase diagram is given in reference [5]. If the two polymers are asym-
metric in charge or in mass, more complex structures such as aggregates can
form.

We only consider here the properties of the complex phase for symmetric poly-
electrolyte mixtures in the limit of high ionic strength, which corresponds to most
of the experimental results on polyelectrolyte multilayers. The complex is in equi-
librium with a very dilute phase (containing salt however and therefore the osmot-
ic pressure of the complex is equal to the osmotic pressure of the simple electro-
lyte forming the dilute phase). The osmotic pressure difference between the two
phases �
 has two contributions, an excluded volume contribution and an elec-
trostatic contribution. We will consider here that the two polymers are in a � sol-

vent and the excluded volume osmotic pressure is written as �
ev � kT
3

w2c3

where c is the total polymer concentration. It is dominated by three body interac-
tions and w2 is the third virial coefficient; w is a volume of the order of the mono-
meric volume a3. At the mean field level, the average charge in the polyelectrolyte
complex vanishes and the electrostatic energy also vanishes. In order to calculate
the electrostatic free energy of the polyelectrolyte complex one must take into ac-
count the concentration fluctuations, as one does for example in the classical De-
bye-Hückel theory of simple electrolytes [4]. The fluctuation free energy is how-
ever different from that of a simple electrolyte because the charges are connected
along the polymer chains. An important point is that, in a polyelectrolyte com-
plex, there are free ions due to the added salt but there are also counterions asso-
ciated with the two polyelectrolytes. We will suppose that these ions are identical
and consider them as added salt. Note however that, in certain experiments, the
counterions can be dialyzed out. In the limit where the salt concentration is large,

the electrostatic pressure can be written as �
el � � kT

�3
c

where �c �
�a

�4�lBf 2c�1�2

� ��q�2 is the relevant correlation length inside the complex (q� is the wave-vector
characteristic of the charge fluctuations in a dense polyelectrolyte solution given
by Eq. (2). The polymer concentration in the complex is then [17]

cc � f 2

nw4�3a2
� �5�
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3.5
Multilayer Formation

We now use the results presented in the previous sections on polyelectrolyte ad-
sorption and polyelectrolyte complexation to build up a theory for multilayer for-
mation [17]. We start from a positively charged surface. The first layer is obtained
by adsorbing a solution of negatively charged polyelectrolyte at high ionic
strength. As explained above, there is a strong inversion of the charge and this in-
version is higher if there exists a short range non electrostatic attraction between
the polymer and the surface. A strong adsorption of the first layer is necessary to
anchor the polymer on the surface and in most experimental cases, the first layer
is made with a different polymer known for its good adsorption properties. We
call �1 the adsorbance of this first layer. If the short range attraction of the mono-
mers to the surface is large �1 �� 2��f .

The layer is then rinsed. We will suppose that the layer is not dried in any of
the rinsing steps and that it is rinsed in water at the same ionic strength as the
adsorbing solution. We moreover will make these assumptions for all the follow-
ing rinsing steps. This ensures that the multilayer is always liquid and never be-
comes glassy and that it is always in contact with water at the same ionic
strength. These restrictions are usually not necessary when multilayers are pre-
pared for various applications but they largely simplify the theoretical analysis and
they correspond to the recent experiments of Ladam and coworkers [6]. We will
also consider that polyelectrolyte adsorption is irreversible, in the sense that when
the adsorbed layer is put in contact with the simple electrolyte solution, no poly-
mer desorbs. The amount of polymer in the first layer remains equal to �1 even
after the rinsing step. We therefore ignore for the first layer (and for all the conse-
cutive layers) the small desorption that may occur during the rinsing step. We do
not however consider the adsorbed layer as frozen and we allow for reequilibra-
tion of the local chain conformation during the following steps of the multilayer
build-up. Multilayer formation is a non-equilibrium process; we treat here the
multilayer as a thermodynamic system under constrained equilibrium: the quan-
tity of adsorbed polymer in each layer remains fixed.

After the rinsing step, the surface with the first layer is put in contact with a so-
lution of positively charged polyelectrolytes. The positively charged polyelectrolyte
is excluded from the vicinity of the solid surface that has the same electrostatic
charge over a layer of thickness �c (the correlation length of the polyelectrolyte
complex). It complexes all of the available negatively charged polyelectrolytes of
the first layer by forming a complex of concentration cc given by Eq. (5). The
thickness of this complexed layer is L1 � 2�1�cc. The surface carries only a quan-
tity �1 of negatively charged polymer and the concentration of negatively charged
polymer decays rapidly to zero from the value cc/2 over the complex correlation
length �c at the edge of the layer. The positively charged polymer is in equilib-
rium with a bulk solution and can form loops anchored in the complex and dan-
gling into the electrolyte solution. The loop structure is the same as in an ad-
sorbed polyelectrolyte layer and is given by Eq. (4) where the cut-off length is cho-
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sen by imposing that at z � 0 (at the edge of the complex layer), the concentra-
tion matches to that in the complex cc�2. The quantity of polymer in these loops
is obtained by integration

�� � 1
w2�3

1 � f 2

n3�2l1�2
B a2w2�3

� �
� �6�

The first term is readily obtained from the results on polyelectrolyte complexation
of the previous section. It is however independent of ionic strength and the de-
pendence on ionic strength is due to the first correction to this result that re-
quires a more detailed analysis of the polyelectrolyte complexes. The loops in the
electrolyte solution create an overcompensation of the charge of the multilayer
(with an effective surface charge f �� ). They serve to anchor the next layer by
complexation with negatively charged polyelectrolyte. A qualitative plot of the con-
centrations in the first two layers is sketched in Fig. 3.2. The build-up process can
then be iterated. Each consecutive layer has an adsorbance of order �� and the
thickness of all the layers starting from the third one is

L3 � ���cc � w2�3na2

f 2 � �7�

In this picture the effective surface charge of the multilayer oscillates between the
values f �� and �f �� after deposition of the successive layers (starting from the
second layer) and the amount of polymer per unit area in each layer (starting
from the third one) increases very weakly with the ionic strength as given by
Eq. (6). This is in agreement with the experiments of reference [6].
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3.6
Concluding Remarks

We have summarized in this short review a model for polyelectrolyte multilayer
formation which is based on the complexation between consecutive layers. This
model is clearly valid for flexible polyelectrolytes only. Even in that case it is
rather rough and makes important approximations.

The model has been presented for high ionic strength only. Experimentally, the
structure of a polyelectrolyte multilayer does not seem to be strongly affected by
ionic strength and we believe that the model could be used for weaker ionic
strength as well. For weak ionic strength, the electrostatic pressure in a polyelec-
trolyte complex scales as �
 � �kTq�3, the polymer density in a polyelectrolyte

complex varies as cc � l1�3
B f 2�3

a2�3w8�9
and the adsorbance of the layers is

���
a2�3n1�2l1�6

B

f 2�3w4�9 .

We have also ignored in the model the effect of the short range repulsive inter-
actions between the polymer backbones. It has been argued [18] that the short
range interaction could lead to the formation of mesophases. The formation of
mesophases is studied in detail in reference [5] and they do not seem to be stable
at high ionic strength. The experimental results also prove clearly that the multi-
layer build-up is a non-equilibrium process and not only due to the orientation of
lamellar mesophases along the solid substrate.

The whole theory is based on linear electrostatics at the level of the Debye-
Hückel theory and can certainly not be applied if the local density of charges is
too large. It is thus valid only for weakly charged polymers. In the limit of
strongly charged polymers, a model based on the formation of ion pairs would
certainly be more adequate [19].

A final important limitation is that we have used a quasi-equilibrium approach
treating the irreversibility as constraints on the thermodynamics. This should be a
reasonable approximation to describe the internal structure of the monolayers but
does not explain the fact that the dynamics inside the monolayers seems frozen
and that the layers keep their identity.

One of the major interest of polyelectrolyte multilayers is their versatility. In
any layer, polyelectrolytes can be replaced by other charged objects (surfactants,
colloids, proteins etc.) and they seem to be obtained for all kinds of polyelectro-
lytes. Our model is rather specific for flexible polyelectrolytes. If the polymers are
too rigid, interpenetration between different layers is difficult and the complexa-
tion mechanism is different. In reference [12], a model has been proposed in the
other extreme limit where the polyelectrolytes are rodlike. In this case the charge
inversion in the first layer is due to the strong correlations between adsorbed
chains that form an ordered array and each layer is treated as adsorbing on an ef-
fective surface formed by the previous layers.
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Abstract

Quantitative descriptions of the way charge is balanced between polyelectrolytes
and small ions are essential for understanding the growth mechanism and perme-
ability of polyelectrolyte multilayers. Using radioisotope-labeled constituents, it is
shown that multilayers contain minimal bulk counterions (“salt” ions) in their
nascent state, and that all excess polymer charge resides at the surface. The thick-
ness of this excess charge, which is spread over several “layers”, determines the
ultimate rate of multilayer buildup. Salt, introduced into the multilayers under an
external chemical potential, moderates the ion pairing interaction energy between
oppositely charged polymer segments. Salt also creates ion-exchange sites that fa-
cilitate the transport of other ions via a hopping mechanism. It is thus possible,
using salt to reversibly “dope” multilayers, to conrol both the flux and selectiviy of
ions traveling through multilayer membranes.

4.1
Introduction

The extraordinary recent growth in the field of thin films made by sequential adsorp-
tion, detailed in Chapter 1, has led to a variety of film compositions with a multitude
of potential applications [1–4]. Synthetic or natural [5, 6] polyelectrolytes, alone or in
combination with nanoparticulates such as dendrimers [7], metal colloids [8], silica
[9, 10], latices, clay minerals [11, 12] or other inorganic particles [13, 14], provide a
broad palette of materials that can be tailored into functional multilayers.

The majority of multilayer studies have involved only two components alter-
nately adsorbed. Nanoparticle/polyelectrolyte combinations, where polymer “glues”
the particles together, often require some subtle optimization of parameters. The
assembly of an ultrathin film using highly charged synthetic polyelectrolytes alone
is more straightforward and yields uniform blends. Thus, multilayers made from
polyelectrolyte components only (polyelectrolyte multilayers or PEMUs) are typi-
cally amorphous, with neighboring layers extensively interpenetrated [15–19]. Be-
cause of this intermingling, actual stratification, or composition modulation, in
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PEMUs is observed only if components are separated by several “layers” of materi-
al which include a third component [15, 16, 19]. The definition of a “layer” is
rather loose, and, for the majority of films, really means a thickness increment
following an adsorption step. Although the lack of layering may make the thin
film less intriguing from a structural point of view, it simplifies the theoretical
treatment, since the film is represented by an average composition with a mean
field response to external stimuli.

A researcher entering the field of polyelectrolyte multilayers and related systems
will quickly discover the historical precedent set by polyelectrolyte complexes,
PECs, formed by mixing solutions of dissolved, oppositely charged macromole-
cules [20]. Indeed, the duality between PECs and PEMUs is extensive [21]. Proper-
ties of polyelectrolyte complexes made from highly-charged polyelectrolytes, as de-
scribed in the 1960s by Alan Michaels and coworkers [22–24], include the follow-
ing: insolubility in common solvents [24], infusibility [24], amorphous structure
[24], blending of constituents on a molecular level [25], virtually no salt counter-
ions within the complex [24], high dielectric constant when wet [26], permeable to
water and electrolytes [24], impermeable to macrosolutes [24], and swelling and
plasticizing by aqueous electrolytes [24]. Principal projected uses [24] were as
membranes for dialysis, ultrafiltration, battery separators, fuel cell membranes,
electrically conductive coatings, medical devices including contact lenses, and
chemical sensors. In addition to Chapter 2 on PECs by Kabanov, the reader is re-
ferred to a couple of review articles [23, 24].

Given the several decades elapsed and the paucity of applications of PECs cur-
rently in play, one may ask what PEMUs have to offer that PECs do not. A brief
comparison of these two methods for producing complexed polyelectrolytes will
help to illuminate the ways they differ: although certain solvent systems dissolve
PECs, permitting them to be prepared in various morphologies, the main differ-
ences between PECs and PEMUs are in the area of processing. In the latter, each
adsorption step (“layer”) leads to surface charge reversal, and the adsorbed
amount is self-limiting. These two properties induce steady state layer-by-layer
propagation, as detailed in Decher’s pioneering work a decade ago [17, 27].
Because of the sequential adsorption approach, PEMUs form ultrathin, uniform,
smooth, contour following films. The exceptional thinness, not accessible with sol-
vent cast PECs, of defect-free PEMU membranes provides high flux for selective
separations. PEMUs are better suited to surface modification, where uniformity is
at a premium and a minimal thickness of a mechanically weak film is advanta-
geous. A few nanometers of PEMU controls wetting [28], biocompatibility [29],
and surface charge in microchannels for microfluidics [30, 31].

Further distinguishing features of PEMUs are evidenced by the demonstration
of actual layering in PEMUs and related systems. For example, ultrathin strata of
polymers may be isolated by layers of clay nanosheets for light-emitting devices
[32]. Layers of magnetic nanoparticles have been separated by clay minerals [33].
Layered systems composed of polymers only may be obtained when one of the
components is a liquid crystalline polyelectrolyte [34]. We have prepared multi-
layered “onion skins” that decompose to yield free membranes [35].
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Some degree of molecular orientation is possible in PEMUs, an additional ad-
vantage. Second order nonlinear optical responses [36–38] are a clear indication of
molecular ordering in PEMUs comprising azobenzene polyelectrolytes. From a
scale-up perspective, organic solvents and high salt conditions used to process
PEC into films are environmentally less acceptable than are pure aqueous salt so-
lutions. Finally, a PEC processing solvent may also be incompatible with the sub-
strate or materials, such as enzymes [5, 6], that must be incorporated into the
polymer complex for specific applications.

This chapter focuses on PEMUs, but by symmetrical arguments many of the phe-
nomena described for PEMUs will also apply to PECs. The system treated here, com-
posed of two synthetic polyelectrolytes, salt ions and water, is the simplest of multi-
component thin films described throughout this book. In this chapter we track all
PEMU ingredients and show that focusing on the way charged components contrib-
ute to overall electrical neutrality at the surface and in the bulk helps one to under-
stand the formation and function of PEMUs. The importance of salt, which controls
buildup, permeability and stability, is immediately apparent, but will be no surprise
to scientists acquainted with the peculiarities of charged polymers: charged micro-
ions are expected to modify electrostatic interactions between polymers [20].

The balance of this chapter is organized in three parts. First, we will consider
the forces holding constituent polymers together and the way salt counterions
govern these forces and participate in charge balance. Then, a view of how excess
surface charge, the key to propagating layer-by-layer buildup, is spread out
through the multilayer will provide a semiquantitative model for their construc-
tion. Finally, we will show how the internal counterion population, regulated by
external salt, controls the transport of charged species through PEMUs.

4.2
Interactions

4.2.1
Mechanism: Competitive Ion Pairing

Consideration of the response of polyelectrolyte systems to salt usually starts with
electrostatic theory [20, 39]. The local electrostatic potential caused by the local
charge density is determined by the Poisson equation. Using a mean-field approxi-
mation, local ionic concentrations are then expressed as a Boltzmann distribution.
Typically, the Poisson–Boltzmann equation is linearized by assuming low charge
density (Debye–Hückel approximation) or more elaborate non-linear solutions are
sought. For polyelectrolytes, concepts of local stiffness, or persistence length, and
excluded volume have been introduced, as well as sophisticated scaling concepts.
Interactions are not specific and there is no dependence of interaction energy on
the chemical identity of the charges. The interaction energy between like and oppo-
site charges is modified by screening, the characteristic decay length (Debye length)
of electric potential being shorter in solutions of higher salt concentration [20, 39].
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In this chapter, a more “chemical” perspective is taken in dealing with salt ions,
where they are to be found, and how they modify polymer–polymer interactions.
In spite of the imposing precision and complexity of electrostatic theory, it does
not take into account the polarizibility of functional groups, their degree of hydra-
tion and, more specifically, differential hydration. Here, precise values of interac-
tions, obtained from electrostatic first principles, are forgone in favor of a combi-
nation of equilibrium constants that must be experimentally obtained, but can be
rationalized and categorized post hoc by intuitive arguments based on entropy, hy-
drophobicities, polarizabilities, polymer excluded volume and other fundamental
physical-chemical constructs.

The complexation of polyelectrolytes is known to be virtually athermal [23, 24].
The overall free energy change of complexation is derived mainly from the release
of counterions (“escaping tendency” i.e. increase in entropy [23]). Small free en-
ergy changes per segment are additive, to a point [40], due to the cooperative na-
ture of polyelectrolyte complexation, yielding strong association on a per-molecule
basis. Since ions are well hydrated, the release of waters of hydration, specifically
the differential levels of solvation between free, solvated polymer and associated
complex, should also be considered in the net energy equation. The term “hydro-
phobicity” is used here to denote the relative numbers of waters of hydration re-
leased. As shown for calorimetric studies of small ions, hydration also has an en-
thalpic component, especially for hydrophobic species [41].

The equilibria considered here are variations of place-exchange or ion-exchange
reactions. In its most generic form, the interaction between charged polymer seg-
ments is represented by Fig. 4.1. Upon complexation, polyelectrolyte segments
form ion pairs and relinquish their counterions. Electrostatic neutrality is main-
tained and no chemical bonds are formed in the reshuffling of charged species.
The term “ion pairing” is used to describe an energetically favorable pairing of
polymer segments, driven by the loss of water and counterions.

From the perspective of a single polyelectrolyte segment, an oppositely-charged
segment and a counterion compete to balance the charge. There are two arenas
where this competition for charge takes place. The first is in the initial formation
of the PEMU (or PEC). Individual solution phase macromolecules come together,
expelling their counterions as they complex. There may be some conceptual fuzzi-
ness, with a long history [20], as to exactly where the counterions are and how
closely they are associated with the polymer chain, but for simplicity we assume
they are predominantly “condensed” [42] on the polymer chain. For a polyelectro-
lyte adsorbing to an oppositely-charged surface, the surface counterions are dis-
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Fig. 4.1 Complexation between positive
polyelectrolyte segment and negative
polyelectrolyte segment releasing coun-
terions.



placed by adsorbing polymer segments, a process that can be directly tracked by
radiochemical labeling techniques [43].

In the second arena, the chemical potential of salt in solution can cause swel-
ling or infiltration of ions into a bulk polyelectrolyte complex after it has been
formed. For assembled multilayers there is a clear phase change on going from
complexed polymer to solution. Waters of hydration can be added into the equa-
tion, but these are more difficult to follow and will be only implied during discus-
sions of “hydrophobicity.”

On consideration of the equilibria above it is clear that electroneutralization is
the dominant mechanism [44], but an analysis of the overall driving force must
include consideration of all charged species. The situation cannot be described
simply by vacuum electrostatics between naked, isolated charges, which would
yield enormous free energy changes. The driving force is ion pairing between
polyelectrolyte segments, driven by release of counterions and water. Additional
salt ions modify the overall free energy of interaction by competing for polymer
charge. Given this, the mechanism is better defined as competitive ion pairing
[45].

Systems without added salt are at the theoretical maximum strength of interac-
tion, but are also poorly defined, since the ionic strength is that of the polyelectro-
lyte and its attendant counterions. Multilayers have been created using small com-
ponents of low charge, but, in the absence of specific interactions, must be as-
sembled at low ionic strength [46–48].
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Fig. 4.2 Structures of representative polyelectrolytes.



4.2.2
Intrinsic vs. Extrinsic Charge Compensation

4.2.2.1 Key Equilibria
Initially, in constructing a multilayer, there seem to be a host of experimental op-
tions, each with potential impact on formation [45]. Variables include exposure
time, temperature, polymer type, polymer molecular weight, polymer concentra-
tion, salt concentration, salt identity, pH, and solvent composition. Fortunately,
since almost all work is performed with high molecular weight material at room
temperature in aqueous NaCl solutions the only significant variables are polymer
type, and salt concentration, and also pH if one of more of the polymers is a
weak acid/base [28, 49]. Even then, the process is extraordinarily robust (forgiv-
ing) and some form of multilayering is easily obtained (as long as the substrate is
properly cleaned!).

We begin with a multilayer that has been formed, for example, with a pair of
oppositely charged polymers selected from those shown in Fig. 4.2. Following se-
quential adsorption of polyelectrolytes to the desired film thickness, the PEMU is
typically rinsed in pure water to remove excess polymer and salt.

One can envisage two scenarios, shown in Fig. 4.3, of how net charge neutrality
is maintained, by a combination of polymer repeat units and salt ions, within the
as-made film. In one case, termed intrinsic compensation, polymer positive charge
is balanced by a negative charge, also on a polymer [50]. Alternatively, polymer
charge is balanced by salt counterions derived from the bathing solution used to
construct the multilayers (extrinsic charge compensation) [50]. A continuum of in-
trinsic�extrinsic composition is available, with the proviso that fully extrinsic
multilayers are not realistic since, in the absence of other interaction mecha-
nisms, the PEMU would decompose back into isolated molecules.

The presence of salt ions would have a substantial impact on the performance
of PEMUs in certain applications. For electronic devices, mobile counterions
would control the dielectric constant and the conductivity of thin film PEMU in-
sulators, and would degrade electrical contacts. Intrinsic compensation controls
transport of charged species through PEMUs when they are employed as mem-
branes, as discussed below.

An interesting physiological question arises when considering intrinsic compen-
sation: how can the polymers undergo the contortions required to match each
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Fig. 4.3 Comparison of intrinsic and
extrinsic charge compensation in poly-
electrolyte multilayers.



positive segment with each negative segment and obviate the need for salt ions,
especially if the spacings of charged units along the polyelectrolyte backbone are
very different? In considering this question for PECs, Michaels [23, 24] concluded
that polyelectrolytes do not complex as “ladders,” where a polymer is associated
with only one other, complementary, molecule (DNA-like), rather, they form amor-
phous “scrambled salts.” Our experiments, described below, confirm the intrinsic
compensation mode for the bulk of PEMUs.

Although as-made PEMUs contain no salt ions it is possible to introduce them
by increasing their external (solution) concentration (chemical potential). In the
following equilibrium, polyelectrolyte/polyelectrolyte ion pairs are replaced by
polyelectrolyte/salt ion pairs. The process is a type of ion exchange [51], the differ-
ence being that the polyelectrolyte segments are not free to leave the PEMU ma-
trix. The system, believed to be under rapid, reversible equilibrium control for
NaCl [52], as it involves the transport of small ions with minimal displacement of
polyelectrolyte segments, is represented by

Pol�Pol�m � Na�aq � Cl�aq � Pol�Cl�m � Pol�Na�m �1�

where Pol+ and Pol– are respective positive and negative polyelectrolyte repeat
units. The subscript “m” refers to components in the multilayer phase. The equi-
librium constant may be written as

K � � y2

�1 � y��NaCl	2aq

� y2

�NaCl	2aq

� �

y
0

�2�

where y is the fraction of the multilayer in the extrinsic form and 1–y is the in-
trinsic fraction [52]. It is clear, from this equilibrium, how salt directly controls
the degree of association or interaction between polymer segments. Note that the
number of positive and negative counterions is equal, unlike the example for “as-
made” PEMUs shown in Fig. 4.3. These ions are, themselves, available for ex-
change with other ions. We have termed these systems, having matched positive
and negative immobile ion pairs in their as-made state, “reluctant exchangers,”
since exchangeable ions can be forced into them with external chemical potential
as in the equilibrium above [52].

We are avoiding here any close scrutiny of the question of how closely each ion
is associated with its polyelectrolyte segment. We believe the counterion is local-
ized near the polyelectrolyte charge, especially for dilute extrinsic charges, but this
semantics problem does not affect the net equilibrium.

“Interaction energy” means, in the present context, the free energy of ion pair-
ing between polyelectrolyte segments, which is the reverse of Eq. (1). Different
pairs of polyelectrolytes are expected to have different strengths of interaction.
Note that the energetics of interaction in pre-formed multilayers will not be the
same as for individual solution phase polyelectrolytes precipitating to form insol-
uble complexes [53]. Although the same trends and magnitudes are expected, so-
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lution polyelectrolytes lose configurational and translational degrees of freedom
on precipitation, and may also lose additional water molecules. In a slightly differ-
ent approach, the free energy of complexation has been further broken down into
individual contributions from electrostatics, hydration, ionic atmosphere, and hy-
drophobics [54, 55].

4.2.2.2 Swelling and Smoothing: Estimating Interaction Energies
One would expect multilayers to expand as ions (and additional waters of hydra-
tion) enter the film. Direct measurements of swelling have been sparse, however
[56, 57]. Sukhorukov et al. measured the expansion of PEMUs by salt ex situ using
X-ray reflectivity on dried films [56]. We have employed atomic force microscopy
(AFM) to determine swelling in situ of representative pairs of polyelectrolytes [58].
The first measurement for each PEMU was made on the “dry” film (exposed to
ambient atmosphere of approximately 30% relative humidity). Pure water was
then added to the cell, followed by salt solutions. All films expanded on immer-
sion in water. Very different swelling behavior, Fig. 4.4, is observed for the three
combinations of “typical” polyelectrolytes: poly(styrene sulfonate), PSS/poly(acrylic
acid), PAA; PSS/poly(diallyldimethylammonium), PDADMA; PSS/poly(allylamine
hydrochloride), PAH. These differences are presumed to reflect the relative degree
of association of oppositely charged polyelectrolyte segments. Polymer pairs which

4 Charge Balance and Transport in Polyelectrolyte Multilayers106

Fig. 4.4 Thickness (normalized to
[NaCl]aq=0) as a function of NaCl concentra-
tion for three multilayers: (a) PAA/PDADMA;
(b) PSS/PDADMA; (c) PSS/PAH. For these

PEMUs, “wet” (immersed in pure water)/
“dry” (ca. 30% r.h.) thickness (Å): (a) 2330/
640= 3.64; (b) 3550/1750 = 2.03; (c) 600/
490= 1.22. Solid lines are a guide to the eye.



form more hydrophobic complexes are expected to associate more strongly in con-
tact with aqueous solutions and would thus be less prone to swelling by salt (K�
smaller). Swelling curves were reproducible for the same sample provided
[NaCl]aq did not exceed 2 M (for PSS/PDADMA) or 0.3 M (for PAA/PDADMA),
after which concentrations the films started to decompose.

The ratio of the “wet” to “dry” thicknesses, given in the caption for Fig. 4.4, may be
used as a relative index of hydrophobicity of polyelectrolyte pairs. The water content
for PSS/PDADMA in contact with liquid water is in approximate agreement with
prior estimates [21]. A quantitative measure of salt infiltration can be provided by
defining a volume swelling coefficient, Qswell (the slope from Fig. 4.4),

Qwell � �swelling
�salt	 �3�

Qswell values for PAA/PDADMA, PSS/PDADMA, and PSS/PAH are about 400, 20,
and < 1 M–1, respectively. Swelling involves sorption of both salt and additional
waters of hydration, since polyelectrolyte segments paired with salt counterions will
be more hydrophilic. The dimensional changes here cannot be resolved into individ-
ual contributions from these two swelling components, but if we assume that a salt
ion plus additional waters of hydration have the same volume as a polyelectrolyte
segment, respective K� values are 16, 0.04 and <1�10–4. These values may be trans-
lated into free energies of association of polymer segments, the reverse of Eq. (1),
using �Go = –RT lnK� –1. Respective �Gos, in kJ mol–1, are + 6.9, –8.0, and –22.8.
These free energies are a measure of the affinity, or “interaction energy” of polyelec-
trolyte segment pairs under standard conditions. Interaction energies under non-
standard conditions (i.e. for salt concentrations other than 1 M) are given by
�G =�Go + RTln[NaCl]aq

2 .
The detailed behavior of each PEMU is of interest. PSS/PDADMA exhibits a

(reproducible) decrease in thickness at low salt concentrations. We interpret this
as the drawing out of water molecules unassociated with specific ion pairs (“liq-
uid water”) under an increasing external osmotic pressure. PAA/PDADMA exhi-
bits a “hyperswelling” behavior, consistent with the observation that the films ac-
tually decompose at intermediate salt concentrations [53]. Different salts are ex-
pected to yield different Qswell, depending on their hydrophobicity and charge.

Swelling curves are reversible and reproducible. Salt concentration jump experi-
ments on the permeability of redox active probe ions through PSS/PDADMA mul-
tilayers have demonstrated that swelling is very rapid and the equilibrium swel-
ling level is also attained quickly [52]. During the normal course of multilayer
buildup, where the substrate is alternately immersed in salt solutions and salt-free
rinse water, the multilayer undergoes cyclic swelling and shrinking as ions rush
in and out of the film under changing conditions of solution salt concentration –
a phenomenon we term “ion breathing.”

During exposure of our freshly-prepared PEMUs to salt solutions a significant
decrease in the surface roughness was observed [58]. Smoothing of the surface,
shown in Fig. 4.5, was especially rapid in solutions of high salt concentration.

4.2 Interactions 107



Higher salt concentrations are known to enhance the mobility of charge-paired
polyelectrolyte chains [59–62], presumably by freeing up “frozen” segments via Eq.
(1). As a PEMU surface smooths, to reduce the PEMU/solution interfacial contact
area, the material in the “peaks” diffuses into the “valleys”. For a PSS/PDADMA
multilayer prepared from 1.0 M NaCl, a characteristic peak–valley dimension, �,
of 150 nm was found. This value, inserted into the well known [63] relationship
�= (2Dt)1/2, provides values for the polyelectrolyte interdiffusion coefficient, D, of
order 6�10–15 and 5�10–14 cm2 s–1 for 0.5 and 1.0 M salt, respectively. The
strongly nonlinear effect of salt in “lubricating” the motions of one charged poly-
mer against another [64], as discussed for the diffusion of a polyelectrolyte into an
oppositely-charged gel [65, 66], indicates the cooperative properties of polyelectro-
lyte segments in retarding interdiffusion.

Samples not used immediately after preparation displayed an induction period
before the smoothing effect started, possibly a result of the aggregation of hydro-
phobic domains within the multilayer. For practical purposes, a brief annealing
period in high salt concentration is generally recommended for applications
where PEMU roughness is undesired. The optimum annealing conditions are
probably a function of Qswell.

4.2.2.3 Multilayer Decomposition
Fig. 4.4 suggests it is possible to reverse polyelectrolyte association at sufficiently
high salt concentrations [67]. At some critical salt concentration, [NaCl]crit, the ex-
trinsic compensation is pushed to the point, ycrit, where the few remaining poly-
mer/polymer ion pairs are no longer capable of holding the PEMU together and
the individual polyelectrolytes surrender to the entropic forces driving dissocia-
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Fig. 4.5 RMS surface roughness
factors vs. time, determined in
situ, of PSS/PDAMA multilayers
annealed in (a) 0.1 M NaCl; (b)
0.5 M NaCl; and (c) 1.0 M NaCl.
Results for pure water were simi-
lar to those for 0.1 M NaCl.



tion. Fig. 4.6 demonstrates this effect for a PAA/PDADMA system [53]. The multi-
layer is stable to salt concentrations up to about 0.4 M, after which point the sys-
tem decomposes. The deconstruction of PEMUs may actually yield very loosely as-
sociated complexes, i.e. not a true solution of individual polyelectrolyte molecules.

The concept of minimum charge density along the backbone needed to form a
stable multilayer has been addressed previously [3, 68]. We add here the proviso
that this minimum charge density depends on the salt concentration and salt
type, and also very strongly on the chemical identity of the charged units being re-
lied on to form the thin film. We have used the preferential decomposition of
“weak” multilayers, inserted between more salt-resilient ones, to prepare onion-
skin PEMUs that, on exposure to salt or pH changes, delaminate to yield free ul-
trathin membranes [35].

4.3
Excess Charge

4.3.1
Surface vs. Bulk Polymer Charge

Fig. 4.7 depicts a typical growth vs. layer number for a strongly dissociated pair of
polyelectrolytes (in this case, PSS and PM2VP) [50]. These particular polymers
have been radiolabeled [43, 62, 69, 70], making it a simple task to accurately track
their surface concentration. A strong dependence of the amount deposited on the
solution salt concentration is observed. Other typical multilayer growth features
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Fig. 4.6 Thickness of 20-layer PAA/PDADMA film, prepared
with 84 500 MW PAA, as a function of salt concentration. The
deposition, soaking and rinsing solutions were maintained at
pH 11.



include a slight upwards curvature of the amount per layer towards the beginning
of the plot (for 0.1 M salt) followed by a very linear behavior. The linear portion of
the curve is evidence that the eventual thickness increment per cycle does not de-
pend on the amount already deposited, and thus the controlling features of multi-
layer growth must be related to properties at or near the surface. The total molar
charge of positive and negative polyelectrolytes balance for Fig. 4.7 [50], which
points towards intrinsic bulk compensation, but does not prove it conclusively.
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Fig. 4.7 Buildup of a multilayer of PM2VP (squares) and PSS (triangles) from 0.1 M NaClaq

(upper curve) and pure water (lower curve).

Fig. 4.8 Demonstration of surface charge re-
versal using capillary electrophoresis. PDAD-
MA and PSS were alternately deposited from
0.5 M NaClaq. Acetone was used as a neutral

marker to measure electroosmotic flow, with
detection at 254 nm. Capillary length 37 cm,
50 �m I.D. column, 15 kV applied voltage. 20
mM phosphate buffer.



The non-intuitive reversal of surface charge that occurs on each adsorption step,
critical for multilayer buildup, was recognized at the outset [2, 27]. The sign of
the surface charge and its reversal are shown by electroosmotic flow experiments
on capillaries coated with multilayers [30, 31]. The direction of electroosmotic flow
in these microfluidic systems depends on the sign of the wall charge. As shown
in Fig. 4.8, the flow is reversed as each new polymer layer is added. The apparent
charge density, which is taken to be the net charge density presented to the solu-
tion/multilayer interface, is much less than the total integrated areal excess (net)
polymer charge density and is also remarkably constant. Surface charge reversal is
also seen in the conceptually inverted arrangement of PEMU coated particles
moving under an electric field [71].

Direct evaluation of the total areal excess charge density of a multilayer was ac-
complished using radiolabeled counterions and multilayers terminated with either
a positive or a negative polyelectrolyte [50]. For both types of multilayer, ion self-
exchange experiments indicate the presence of positive or negative salt ions with-
in the film. For the example in Fig. 4.9 a PSS/PDADMA multilayer of thickness
245 Å, having either PSS or PDADMA as the “capping” layer, was exposed to a so-
lution of radiolabeled calcium ions (45Ca2+, details on this type of radiochemical
experiment may be found in [43, 62, 69, 70, 72). At the point indicated, an excess
of unlabeled calcium ions was added, which would self-exchange with any labeled
calcium in the film. For the film capped with PSS (negative surface) an excess
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Fig. 4.9 Salt cation content, in terms of areal
charge density, of a PDADMA/PSS multilayer
deposited from 0.1 M NaCl, with PDADMA as
the top layer (circles, 10.5 layer pairs) or PSS
as the top layer (squares, 10 layer pairs).
45Ca2+ (10–4 M) has been used as a probe. At

the point indicated an excess of unlabeled
Ca2+ was added to self-exchange salt cations
in the PEMU. The multilayer contains ex-
changeable positive charge, at the surface
only, when PSS is the top layer.



positive polymer charge was detected from the self-exchange, but the positive-
capped film has no detectable salt cations. Symmetrical results were obtained for
a negative radiolabeled probe ion (14CH3COO–) [50]. These results were inter-
preted as showing that there are no salt ions within the bulk of as-made multi-
layer (within the limit of detection of ca. 100 ppm. Salt concentrations at the low
ppm level may be inferred from AC dielectric measurements [73]) and only one
type of salt ion exists at the surface.

The absence of salt ions within the bulk of as-made multilayers is consistent
with prior, but less sensitive, studies using XPS [18, 74], and with thermal gravi-
metric analysis [21], which shows no inorganic residue on thermolysis of multi-
layers. It is also consistent with the strong exclusion of ions when multilayers are
used as membranes. Of course, salt added to the external solution contacting the
multilayer can introduce extrinsic charge, as in Eq. (1) and Fig. 4.1.

The absence of extrinsic charge within as-made multilayers is an important and
interesting property. It confirms the strong driving forces leading to complete ion
pairing, and supports strong interpenetration [16] of “layers” and the scrambled or
amorphous structure [23, 24]. It seems to be a property of a bulk polyelectrolyte
complex that excess polymer charge is extruded towards the surface, much like a
bulk conductor localizes excess electronic charge on the surface.

Despite the fact that strong ion pairing defeats many attempts to induce actual
layering of material within PEMUs [3], several strategies may be invoked to create
extrinsic charge and thereby layering in 2-component systems. (Layering in 3-com-
ponent polyelectrolyte systems is possible provided the spacing of one of the com-
ponents, such as a deuterated layer, is greater than a few layer thicknesses [16,
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Fig. 4.10 Cation content, in terms of areal
charge density, of a 10.5 layer-pair PPV pre-
cursor/PSS multilayer following 0 h (squares)
and 1 h (circles) thermal elimination at 90 oC.
The PEMU was allowed to equilibrate with

10–4 M 45Ca2+ and, at the point indicated, la-
beled Ca2+ was self-exchanged with an excess
of unlabeled Ca2+. Inset: thermal elimination
scheme for PPV precursor.



19].) In 2-component polyelectrolyte systems, a fundamental requirement for
layering with periodicity greater than the width of a polymer chain is the presence
of extrinsic compensation; layering is not possible for completely mixed intrinsic
materials. Layering with particle/polymer combinations is observed due to the in-
ability of components to mix.

Post-assembly processing steps can induce excess polymer charge of one type
within a multilayer. Such steps include thermolytic or photolytic elimination of
charged groups, electrochemical injection of charge into the multilayer, or the in-
troduction of charge via pH changes when the multilayer includes weakly acidic
polyelectrolytes [28, 49]. For example [50], the polycationic precursor to
poly(phenylene vinylene), PPV, when incorporated into a multilayer, will, on heat-
ing, eliminate thiophene, as shown in Fig. 4.10. The excess negative sites left be-
hind are compensated by extrinsic cations, in this case radiolabeled calcium.

Fig. 4.11 demonstrates the strategy of drawing ions into a multilayer by electro-
chemistry [18, 50, 75–77]. An electrochemical cell having a gold film electrode cov-
ering a scintillation detector enables an in situ assay of the radiolabel during elec-
trochemical cycling. The electroactive polymer is a polyviologen, PBV, which un-
dergoes a 1-electron reduction at –0.6 V vs. SCE followed by another 1-electron re-
duction at –1.0 V. Calcium ions enter the PEMU to compensate electrons injected
into the film during reduction. Not all calcium ions are expelled (anions enter the
film instead) when the polyviologen is restored to its neutral state, as the cyclic
radiovoltammograms reveal residual extrinsic compensation (Ca2+ ions). Intrinsic
compensation is gradually recovered after long times.
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Fig. 4.11 Ca2+ ion content (diamonds) of an
eight layer-pair PEMU of PBV/PSS, deposited
from 0.5 M KBr, cycled electrochemically on
gold-coated plastic scintillator under N2 in
1 mM 45CaCl2 using the potential : time profile

depicted in the solid line. The charge density
of the PEMU is ca. 1.5�10–9 mol layer–1 cm–2.
The first four cycles are in the 1-electron re-
duction regime of PBV, whereas the last one
is a 2-electron reduction. Scan rate 1 mV s–1.



Extrinsic charges produced by mechanisms other than “reluctant” swelling may
be thermodynamically unstable and may relax towards intrinsic compensation
with extrusion to the surface and possible expulsion of excess polyelectrolyte
charge from the multilayer. Immobilization of polymers, for example by crosslink-
ing, may be required to prevent this type of relaxation.

4.3.2
Distribution of Surface Charge in Layer-by-Layer Buildup: Mechanism

Surface excess polyelectrolyte charge is known to be compensated, then overcom-
pensated, on the addition of oppositely-charged polymer [1–4]. It is understood
that the increment per deposition cycle depends on the magnitude of this excess
surface charge. For the PEMU pair of PSS and PDADMA, commonly employed
in multilayer studies, we have shown [45] that the film thickness is an approxi-
mately linear function of the salt concentration used in the deposition solution,
[NaCl]build. This implies that the surface excess charge must also be proportional
to salt concentration. We have verified this relationship using radiolabeled probes
(35SO4

2–) of the net areal surface charge density [78]. As shown in Fig. 4.12, the
areal surface charge density of a multilayer capped with PDADMA shows a
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Fig. 4.12 Positive surface areal charge density
for 15-layer PSS/PDADMA multilayers
(PDADMA-capped, squares), and 14-layer
multilayers (PSS-capped, diamonds) made
from solutions containing 1 mM polymer and
different [NaCl]build. The probe for surface
charge was 35S-labeled sulfate ion. No surface

or bulk positive polymer excess charge is ob-
served for the PSS-capped multilayer (i.e. the
multilayer contains no negative salt ions). The
solid line is a guide to the eye. The open tri-
angle is from a similar strongly-dissociated
polyelectrolyte system [50].



roughly linear dependence on [NaCl]build, whereas the same multilayer capped
with PSS contains neither surface nor bulk negative counterions.

If deposition is performed from concentrated salt solutions, several equivalent
monolayers of polymer accrue on a single deposition step [45]. We have suggested
[45, 50] that this large polymer excess charge is accommodated in the substrate-
perpendicular direction over a length scale equal to several “layer thicknesses.”
Such a spreading of polymer charge is depicted in Fig. 4.13, which shows contri-
butions to volume charge density from both polyelectrolytes, with an exponential
decay of positive excess polymer charge from the surface to the bulk having a
characteristic length lcp. The excess polymer charge density is mirrored by a coun-
teranion profile, required to maintain net neutrality.

Fig. 4.13 incorporates several elements discussed above and found in the litera-
ture. First, the bulk of the PEMU is intrinsically compensated, in contrast to the
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Fig. 4.13 Sketch of charge density vs. dis-
tance from the substrate (in terms of nominal
layer number) for an as-made 20 layer pair
PSS/PDADMA multilayer measured under dry
conditions. The curves were modeled accord-
ing to Eq. (4) and (5) with lcp = 200 Å and
�= 1.5. The system assumes intrinsic compen-
sation within the bulk of the multilayer (layers
0 to 10), that is, 1 : 1 polymer charge stoichio-
metry and no salt ions. The final deposition is

from PDADMAC. Contributions from positive
and negative polymer are shown as dotted
lines and the net polymer charge density is
shown as the solid line. The area under the
latter curve would represent the polymer ex-
cess “surface” charge. Chloride counterions
are represented by the dashed line. Charge
density is estimated assuming a bulk density
of 1.2 g cm–3 and a segment ion pair molecu-
lar weight of 310 g mol–1.



region near the surface, where salt counterions balance excess polymer charge
[50]. Second, both polymers are present at all points, since they are interpenetrat-
ing [16, 17]. This coexistence extends to the surface, allowing excess polymer to be
distributed smoothly into the multilayer, rather than remain a thick surface layer
of loops and tails.

At the multilayer/solution interface the charge of the last-added polymer com-
pensates the previous one by a factor �. If �= 1 the opposite polymer charges are
in exact stoichiometric ratio. �–1 is the surface overcompensation level. In our
model, overcompensation, essential for multilayer growth, is driven by entropy
gains due to the adsorbing polymer preserving some configurational degrees of
freedom despite being immobilized on the multilayer surface. Going into the
multilayer, segment density increases, the polymer/polymer ion pairs become den-
ser, and the restrictions against polymer excluded volume increase, making over-
compensation unprofitable from an entropic viewpoint. Thus, at increasing
lengths l from the interface, overcompensation decreases in an exponential fash-
ion (decay rate lcp).

Attractive interactions between oppositely charged polymer segments are moder-
ated by external salt via Eq. (1). Increasing the external salt concentration makes
it easier to separate polymer segments, allowing the overcompensation to pene-
trate further into the multilayer (greater lcp). The overall energy balance is one of
enhanced entropy from overcompensation against decreasing available volume
and separation of polyelectrolyte ion pairs.

In order to estimate the amount of polymer added in each deposition step, the area
under the exponential polymer excess charge profile is integrated and doubled, since
the adding polymer compensated the multilayer then overcompensates by the same
amount. Assuming we are modeling the buildup of a PSS/PDADMA multilayer,
thickness t, from 1.0 M NaCl, shown in Fig. 4.14, the thickness increments, tn

+

and tn
–, for odd (PDADMA) and even (PSS) layers, respectively, are

t�n � 2lcp
�� 1
�

� �
f ��1 � e�t�lcp� �4�

t�n � 2lcp
�� 1
�

� �
f ��1 � e�t�lcp� �5�

The thickness increment from each layer is limited, at the beginning of buildup,
by truncation of the excess charge profile by the substrate, represented by the
right-most term in Eq. (4) and (5). At sufficient thicknesses, or smaller lcps, the
growth is a linear function of layer number. The overall thickness of a film is the
sum of thickness increments

t �
�

tn � t1 �
�

t�n �
�

t�n �6�

Where t1 is the anomalous, but small, thickness of the first layer.
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An iterative computer program [78] yields thicknesses for specific values of �

and lcp. The model using the optimum pair of � and lcp is also presented in
Fig. 4.14. The experimental data are reproduced well with these two parameters.
Note that the linear portion of the curve yields the product � lcp. Clear separation
between � and lcp can only be obtained if there is initial curvature to the data,
since lcp effectively delays the onset of steady-state growth.

The model shows how excess charge is spread over several “layers” (lcp is about
2.5 nominal “layers”) so that � does not need to be high, even for very “thick”
films. A significant preliminary finding was that values of � for the PSS/PDAD-
MA multilayer system were almost independent of salt concentration and film
growth is almost entirely controlled by lcp. For salt concentration M, the approxi-
mate relationship is lcp(Å) = 400 M in the present case. The independence of � on
salt concentration is consistent with results from electroosmotic flow measure-
ments of capillaries coated with multilayers [30], where it was found that the ap-
parent surface charge remained strictly constant as a function of the salt concen-
tration (layer thickness) [79].

The invariability of apparent surface charge with salt is a very useful property
for microfluidics [30, 31], such as capillary zone electrophoretic separations, from
the perspective of reproducibility. The drawback is that one cannot vary fluid flow:
in particular, it is not possible to obtain “turbocharged” flow from high wall
charge. It may be possible to vary � by changing the solvent or by using different
pairs of polyelectrolytes.
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Fig. 4.14 Thickness as a function
of the number of layers for a PSS/
PDADMA multilayer deposited on
silicon wafer from polymer solu-
tions containing 1.0 M [NaCl]build.
Odd layers are from PDADMA;
even from PSS. Polymer concen-
tration 10 mM; 5 min deposition
time with 3 water rinses in be-
tween layers. Solid line is a fit to
Eq. (4), (5) and (6) with �=1.86
and lcp = 425 Å. The thickness of
the first layer, t1, was measured to
be 12 Å.



4.3.3
Equilibrium vs. non-Equilibrium Conditions for Salt and Polymer Sorption

It is appropriate to view discussions concerning the distribution of excess polymer
charge, based on thermodynamic arguments, with caution. Although the adsorp-
tion/desorption of salt ions (swelling) is fast and reversible [52], the adsorption of
polymer is irreversible. The latter fact, generally acknowledged from the outset of
research into multilayered systems [1–4], was demonstrated using radiolabeled
polyelectrolyte [45], which, when incorporated into a PEMU as the top layer, did
not exchange with unlabeled solution polyelectrolyte on the time scale of the as-
sembly. Irreversibility is an essential and fortuitous property. If desorption were
not kinetically limited, multilayer polymer could be stripped from the surface on
exposure to a solution of its oppositely charged partner [53]. Indeed, polymers
with sufficiently low molecular weight can be prised off the surface by this pro-
cess, suppressing PEMU growth [80]. Polymer stripping using a very large excess
of oppositely charged polyelectrolyte may yield soluble complexes, which, having
more configurational and translational entropy, might be more stable than precipi-
tated complexes. Salt, again, mediates the removal of surface polyelectrolyte by
loosening the interactions between polymers via competitive ion exchange. Ad-
sorbed polyelectrolyte conformational changes are known to be accelerated by the
addition of salt [59, 62]. For successful PEMU growth the competition between
polymer addition to the surface and the loss of complex to solution favors the for-
mer on the time scale of the experiment. In the presence of salt, the kinetic bal-
ance is tipped towards polymer addition by sufficient molecular weight.

Small but measurable gradual changes in the adsorbed amount with time or poly-
mer concentration attest to nonequilibrium conditions [45]. Yet, the amount of poly-
mer added for each deposition step is precisely reproducible, is self-limiting and
shows little dependence on molecular weight for sufficiently large macromole-
cules. As a compromise in the face of this paradox, the process of multilayer forma-
tion may be considered to be under “local” thermodynamic control: one can invoke
the chemical potential gradient in Fig. 4.13, which requires only the transport of
small ions and short distance (short correlation length) rearrangements of polymer
segments. These rearrangements are much less demanding than complete removal
of an entire polyelectrolyte chain from the surface, necessary for desorption.

4.4
Equilibria and Transport

4.4.1
Ion Transport through Multilayers: the “Reluctant” Exchange Mechanism

PEMUs have been employed as selective membranes for the separation of gases
[81, 82] and dissolved species [83–86]. Multilayers offer several advantages for use
as membranes: they are uniform, easily prepared on a variety of substrates, con-
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tinuous, resistant to protein adsorption [30], fairly rugged, the thickness is repro-
ducible, very thin layers allow high permeation rates, and there are a wide range
of possible compositions of polymers and particles. Separation by pervaporation of
volatiles [87–89], for example water and ethanol, has achieved very high separation
factors. Membrane selectivity for ions of low charge has been demonstrated using
conductivity [84] or redox electrochemical [85, 86] methods. Post-deposition ther-
mal crosslinking of polyamine/polyacrylic acid PEMUs significantly decreases ion
permeability [85]. The ion flux through a dendrimer multilayer composite may be
controlled by the external pH [90]. The reader is referred to Chapter 17 by M.
Bruening and Chapter 15 by B. Tieke et al. on the design and use of PEMUs as
separation membranes.

In the remainder of this chapter, ionic transport through PEMUs will be ratio-
nalized in terms of the kinetics and distribution of charged species within multi-
layers. The latter is elucidated by considering various equilibria governing reluc-
tant exchange.

We employ a rotating disk electrode, RDE, coated with a multilayer, to evaluate
the permeation of electrochemically active ionic probes [52]. For reversible redox
species, such as ferrocyanide, Fe(CN)6

4–, this apparatus yields an S-shaped redox
wave with a steady state limiting current, il, at the plateau [91]. Fig. 4.15 depicts,
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Fig. 4.15 Linear scan voltammograms of a
rotating disc electrode; uncoated (E), and
coated with a PSS/PDADMA multilayer of
thickness 700 Å (A–D). Polymer solutions
used to make the 20-layer membrane were
1 mM in polyelectrolyte and 0.25 M salt. The
last layer (PSS) was deposited from 10 mM
salt to provide a pseudo-neutral surface. The
electrolyte for voltammograms contained 1
mM potassium ferrocyanide and 1.2 M (A);
1.6 M (B); 1.8 M (C); 2.0 M (D) salt. Elec-
trode was 8 mm diameter platinum, tempera-
ture (22± 0.1) �C, rotation rate 1000 rpm.



for example, the response of a RDE coated with 700 Å of PSS/PDADMA to a solu-
tion of 1 mM ferrocyanide with various [NaCl]aq. A striking and unconventional
feature of the electrochemistry at the PEMU-coated RDE is the increase of current
as the [NaCl]aq increases.

The flux, or current, to the membrane-coated RDE electrode is limited by con-
vective diffusion through a stagnant layer of electrolyte next to the membrane and
by diffusion through the membrane [92, 93]. The effect of these two series resis-
tances to mass transport is expressed as follows:

1
il
� 1

im
� 1

ibare
�7�

where im is the membrane-limited current and ibare is the current at the bare elec-
trode, area A. The latter is given, with precision for this system with well-defined
hydrodynamics, by the Levich equation [91]

ibare � 0�620nFAD2�3
aq �1�2��1�6Caq �8�

where n is the number of electrons transferred (1 in this case), F is Faraday’s con-
stant, Daq is the solution diffusion coefficient of electroactive species, � is the angu-
lar velocity, � is the kinematic viscosity of the electrolyte (approximately 0.01 cm2 s–1

for dilute aqueous solutions) and Caq is the solution concentration (mol cm–3). With
plots of il vs. �1/2 on coated and bare electrodes, im is easily extracted.

Steady-state diffusion-limited flux, Jm, through a membrane of thickness d is
given by [94]

Jm � �D C
d

�9�

where D and C are, respectively, the diffusion coefficient and concentration of the
probe species within the membrane. Note that the flux, which is converted to cur-
rent by im = JmnFA, is purely diffusive, i.e. does not contain an electric field dri-
ven, or migration, component. Evidence that this is the case for the electrochemi-
cal system in Fig. 4.15 comes from the fact that the limiting plateau is flat instead
of ramped. The electric field is suppressed by the presence of salt ions within the
multilayer. Given Eq. (9) one would expect current to decrease for thicker films.
This is indeed observed (see Fig. 4.16).

The distribution of charged species within the multilayer is governed by the
chemical potential of external salt. The competition between intrinsic and extrin-
sic compensation in the presence of pure salt solutions is characterized, for the
ferrocyanide system used in our studies, by the following equilibria

Pol�Pol��m� � Cl��aq� � Na��aq� � Pol�Cl��m� � Pol�Na��m� �10�

4Pol�Pol��m� � Fe�CN�4�
6�aq� � 4Na��aq� � Pol4�4 Fe�CN�4�

6�m� � 4Pol�Na��m� �11�
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A third equilibrium represents competition between solution anion species for
positive polymer segments.

4Pol�Cl��m� � Fe�CN�4�
6�aq� � Pol4�4 Fe�CN�4�

6�m� � 4Cl��aq� �12�

Assuming activity coefficients are unity

K1 � �Pol�Cl�	m�Pol�Na�	m
�Pol�Pol�	m�Cl�	aq�Na�	aq

�13�

K2 � �Pol4�4 Fe�CN�4�
6 	m�Pol�Na�	4m

�Pol�Pol�	4m�Fe�CN�4�
6 	aq�Na�	4aq

�14�

K3 � �Pol4�4 Fe�CN�4�
6 	m�Cl�	4aq

�Pol�Cl�	4m�Fe�CN�4�
6 	aq

�15�

Where K3=K2/K1
4.

At this point, it is worth comparing the differences in ion exchange behavior be-
tween salt-swollen PEMUs and classical ion exchanger resins. Resins are typically
prepared with one type of polyelectrolyte, charge balanced completely via ex-
changeable salt ions, and crosslinked to prevent the polymer from dissolving [51].
These classical exchangers exhibit permselective Donnan exclusion of like-charged
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Fig. 4.16 Current and thickness vs. layer number for the buildup of a
20-layer PEMU from 0.25 M salt, as in Fig. 4.15. The flux of ferrocya-
nide through the membrane after the addition of each layer was mea-
sured in 1 mM Fe(CN)6

4– and 0.6 M NaCl. The 20th (PSS) layer was
deposited from 10 mM salt. Rotation rate 1000 rpm.



mobile species and inclusion of oppositely charged ones [50]. This selectivity sets
up a concentration gradient, and therefore chemical potential, across the mem-
brane/solution interface. Competition between solution species for a fixed num-
ber of ion exchanging sites in classical exchangers is represented by an equilib-
rium of the type shown in Eq. (12). The difference with reluctant exchangers is
that additional exchanging sites are also created by external ions (Eq. (10) and
(11)). The number of sites is controlled by the external ion concentration.

There are some examples of reluctant exchangers in the literature. It is possible
to synthesize resins containing equal numbers of fixed positive and negative
groups (so-called “amphoteric” exchangers) [95], which, if intrinsically compen-
sated, would be reluctant. More relevant examples are the “snake cage” exchan-
gers developed by Dow Chemical in the 1950s [96]. These interesting systems are
prepared by polymerizing ionic counterions (making “snakes”) inside an ion ex-
changer matrix (the “cage”). If polymerization were complete, the system would
be fully intrinsic as made. Snake cage resins also exhibit the characteristic reluc-
tant properties of swelling in electrolyte (unlike Donnan exchangers, which
shrink) and non-permselectivity [96]. There are examples where solution-precipi-
tated PECs have been formed into membranes [20, 97, 98]. These materials, hav-
ing similar morphologies to PEMUs also exhibit selective transport for ions of low
charge.

Some unusual oscillating features (Fig. 4.16), also seen in other work [4], are ob-
served in the current as the PEMU is built layer by layer. For our negatively
charged probe ion, multilayers terminated with a positive layer yield larger mem-
brane currents than those ending with a negative layer [99]. These features may
be explained by Donnan inclusion of ferrocyanide into the positively charged sur-
face layer shown in Fig. 4.13. This inclusion increases the membrane concentra-
tion C, leading to greater Jm as predicted by Eq. (9). Examples of representative
profiles at steady state through membranes with purely reluctant exchange, com-
pared to a Donnan-enhanced mechanism are depicted in Fig. 4.17. The finding
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Fig. 4.17 Concentration profile, going from solution into
the multilayer for a redox probe species favored by the
latter; (a) assumes population of redox probe in multilayer
is controlled by pure reluctant exchange; (b) shows addi-
tional probe ion included into the surface of the multilayer
by polymer excess surface charge.



that the currents with positive-capped multilayers approach those of negative
capped ones as the multilayer sits in electrolyte for extended periods is indirect
evidence of excess positive charge sinking into the multilayer to yield the eventual
“equilibrium” profiles given in Fig. 4.13.

Manipulation of the equilibrium expressions above in the limit of high [NaCl]aq

leads to some important conclusions. If the solution concentration of NaCl is
much greater than that of the ferrocyanide, we make the following approxima-
tions: [Pol+Cl–]m� [Pol4

4+(Fe(CN)6
4–]m and [Pol+Cl–]m�[Pol–Na+]m, and [Cl–]aq =

[Na+]aq. In the limit of low swelling, (1–y)�1 and [Pol+Pol–]m�Ct, where Ct is
the total concentration of intrinsically plus extrinsically compensated polymer,
which remains constant if the volume is constant, which is the case for small y.
Thus,

C � �Pol4�4 Fe�CN�4�
6 	m �K3K2

1 C2
t �Fe�CN�4�

6 	aq �16�

The linear dependence of Jm on [Fe(CN)6
4–]aq through C was verified experimen-

tally. From Eq. (2)

y � �NaCl	aq

�����
K ��

�17�

Two important facts emerge from the foregoing treatment of the high salt concen-
tration limit: (1) ferrocyanide concentration in the PEMU is independent of solu-
tion salt; the ferrocyanides in the multilayer displaced by chloride ions are com-
pensated by the fact that the chlorides also open up an equal number of new, re-
luctant, ferrocyanide-occupied anion exchanging sites. (2) The total exchanger ca-
pacity (y) is directly proportional to the external salt ion concentration, at least for
low y. Given finding (1), i.e. C is constant as [NaCl]aq increases, all enhancement of
flux by [NaCl]aq is due to an increase in D.

The constancy of redox probe ion concentration, C, in the PEMU as a function
of [NaCl]aq is a critical feature of the “reluctant” ion exchange mechanism and the
ultimate control of the flux by D (Eq. (9)). (This constancy may be generalized for
all combinations of probe ion and salt ion charge.) Other mechanisms for ex-
change and accounting of flux posit an increase of C with increasing salt, for ex-
ample, by producing more sodium-paired, free salt form of ferrocyanide (i.e.
[Na4Fe(CN)6]) within the membrane. We have obtained direct experimental evi-
dence for the constancy of C. Multilayers were exposed to salt solutions contain-
ing ferrocyanide and the PEM content of this ion was measured using FTIR ab-
sorption spectroscopy and the conveniently-strong CN stretch at 2050 cm–1. The
clear ferrocyanide absorption band (spectra not shown) remained roughly constant
as the multilayer was immersed in 0.6 and 2.0 M NaCl solutions with 1 mM ferro-
cyanide (over this range the flux changes by a factor of ca. 100). Using ferrocya-
nide complexed with PDADMA (mole ratio 4 : 1) as a reference, we estimated a mul-
tilayer mole ratio of PDADMA : ferrocyanide of approximately 150 : 1 (i.e. 0.7 mol%
redox probe), which translates to a C of approximately 3�10–5 mol cm–3. This per-
mits the separation of D and C and an estimate for D. A similar treatment for
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multilayer immersed in 1 mM ferricyanide yielded a multilayer concentration of
8�10–5 mol cm–3 for this ion.

Membrane currents extracted from il using Eq. (7) are plotted as a function of
the activity of NaCl (determined by the product of [NaCl]aq and a tabulated activity
coefficient) in Fig. 4.18 for ferro- and ferricyanide. The dependence of flux on salt
activity (or [NaCl]aq) is clearly nonlinear. On inspection of the data, we established
the following empirical fit for transport of ions of charge n through PEMUs

Jm � kan
NaCl � cyn (since y scales with aNaCl� �18�

where c is another constant. The fits with n = 3 or 4 for ferri- or ferrocyanide, re-
spectively, are shown in Fig. 4.18.
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Fig. 4.18 Membrane flux, in terms of im,
vs. activity of salt aNaCl. The solid line re-
presents an empirical fit of Jm � Ka4

NaCl
for 1 mM ferrocyanide (k= 48, Panel A);
and for Jm � Ka3

NaCl 1 mM ferricyanide
(k= 1350, Panel B).



The nonlinear control of diffusion coefficient on external salt represents a fasci-
nating new paradigm for the transport of charge through “soft” condensed matter.
The phenomenological trends in Fig. 4.18 suggest transport of ions within the
PEMU occurs via hopping from site to site. Each site that is occupied by a small
ion (mostly Cl– and Na+) acts as a charge carrier. Positive charge carriers,
[Pol+Cl–]m sites, are introduced, or “doped,” into the PEM by the external chemi-
cal potential of the salt solution. The nth power relationship to the site exchanger
site concentration, [Pol+Cl–]m (or normalized concentration, y) is reasonable, since
each ion requires the simultaneous displacement of n adjacent chloride ions from
Pol+ sites. The probability that this occurs is a function of yn. A hopping-type
mechanism would be thermally activated, as observed [52].

A further implication of the charge carrier argument for ion transport through
reluctant exchangers is that polyelectrolyte multilayers will be much more perme-
able to species of lower charge. This trend has been observed previously [83, 85,
86], and is confirmed in a quantitative fashion for the ferro/ferricyanide data
(Fig. 4.19). Selectivity, regulated by salt concentration, tends to higher values as
[salt]�0. A summary of the dependence of flux on salt concentration and probe
charge, for ions of different charge, is presented in Fig. 4.20. Note that the posi-
tive and negative trivalent ions exhibit comparable membrane currents. Also, the
neutral species shows almost no dependence of flux on [NaCl]aq, as expected.

Monte Carlo simulations of reluctant exchanger films with extrinsic ions sup-
port the selectivity according to charge and the yn dependence of flux [100]. In
these simulations, probe ions of charge n are assumed to hop only if n oppositely
charged sites are generated, by random movement of extrinsic salt counterions,
within a specified range.

An interesting comparison may be made of the mechanism of ion transport in
the system described with electron transport. Some electron transport materials,
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Fig. 4.19 Flux ratio Jferri/Jferro

taken from Fig. 4.18 for various
salt concentrations. The solid
line is taken from the equations
used to fit Fig. 4.18.



such as conducting polymers, exhibit strongly nonlinear increases in conductivity
with doping level [101, 102]. However, since electrons, or holes, are of unit
charge, a dependence of transport on the charge of the carrier is not an issue.

4.4.2
Practical Consequences: Trapping and Self-Trapping

Many practical considerations follow from the control of permeability and selectiv-
ity by salt. For membrane separations with PEMUs, the selectivity for species of
differing charge, in addition to being high, may be tuned by salt. As is commonly
encountered in membrane separations, enhanced selectivity comes at the cost of
flux. For the trapping of molecules, such as drugs and biomolecules, by PEMU
microcapsules, [71,103–105] detailed by other contributors to this volume, salt will
play a strong role in loading and in the rate of release. Selective transportation of
species with lower charge provides a convenient mechanism for loading PEMU
membranes or capsules: under conditions of high salt, PEMU capsules, rendered
significantly more permeable, may be loaded with polyvalent molecules. When
the system is exposed to fresh water, ions of low charge rush out leaving the lum-
bering highly-charged species trapped within the capsule. Selective transport, giv-
ing trapped extrinsic charge in a PEMU, was seen above for the radiolabeled cal-
cium experiment. “Self-trapping” is possible for single ionic species only (i.e. no
other salts are added) when the overall ionic content of a film falls to a value that
does not support diffusion. Self-trapping for ions of higher charge is a nonlinear
(power law) positive feedback mechanism, as fewer ions within the film mean sig-
nificantly decreased D. Thus, notably more polyvalent ions will be self-trapped, as
is probably the case for multiply charged dyes probes [48]. Self-trapping implies
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Fig. 4.20 Membrane limited cur-
rent density, as a function of salt
activity, through a 700 Å thick multi-
layer of PSS/PDADMA on a rotating
Pt electrode as in Fig. 4.16, using
species of different charge, all
1�10–3 M concentration. Hydroqui-
none (open circles) was uncharged;
iodide (charge –1, squares); ferri-
cyanide (–3, diamonds); ferric ion
(+3, triangles); and ferrocyanide
(–4, solid circles). Solid lines are
fits using the scaling behavior:
flux � aNaCl

charge.



that it is impossible to rid a multilayer of all salt ions on immersion into pure
water, although their concentration may be below the detection limit.

As an example of another potential application, we have shown that PEMUs are
useful in preventing corrosion [106]. The effectiveness of PEMUs in suppressing
corrosion of steel in salt water, surprising in the light of the fact that the films
contain appreciable amounts of water and salt, was attributed partially to the ex-
clusion of “liquid” water, or water that is not occupied in hydrating ion pairs (see
Fig. 4.4). In addition, the partial mobility, in the presence of salt, of polymeric ma-
terial in PEMUs, evidenced in Fig. 4.5, was thought to allow small defects in the
ultrathin film to heal over. Fig. 4.21 depicts corrosion current vs. time in the meta-
stable pitting region of stainless steel. A 70 nm layer of PEMU is extremely effec-
tive at suppressing pitting events.

The transport of biomolecules or bioactive molecules across reluctant exchan-
gers is potentially controlled in two “dimensions”: salt and pH. Changes in solu-
tion pH have the possibility of creating extrinsic charge if the membrane materi-
als comprise weak acids/bases. Alternatively, pH can modify the charge, thus mo-
bility, of the species attempting to traverse the membrane. Both ionic strength
and pH effects can work in concert. One wonders whether the reluctant transport
mechanism plays a role in natural membranes [107].
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Fig. 4.21 Current vs. time in the
metastable pitting region (0.6 V
vs. SCE) for (a) a bare steel wire;
(b) wire coated with 70 nm
PDADMA/PSS in 0.1 M NaClaq.



4.5
Conclusions

This chapter concludes with an overall look at the role of salt in multilayer forma-
tion and function. A pictorial summary of ion-controlled phenomena discussed in
this chapter is provided in Fig. 4.22. In (a) the solution phase polymers are com-
pensated by counterions. When the polymers associate during multilayer forma-
tion, (b), and after the final rinse step, polymer charges are compensated by other
polymer charges (polymer/polymer ion pairs, intrinsic compensation). Salt added
to the external bathing solution forces some swelling (extrinsic compensation), (c).
If the swelling is sufficient, the multilayer decomposes (shown by the arrow) back
into individual, or perhaps loosely associated, solution-phase polymer strands. In
the presence of additional polyelectrolyte of one type (here negative), overcompen-
sation occurs near the surface (d), giving the excess surface charge reversal re-
quired for adsorption of the next polyelectrolyte. During the adsorption of a poly-
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Fig. 4.22 Full picture of charge
balance in polyelectrolyte multi-
layers from formation to swelling
to overcompensation.



electrolyte layer in multilayer buildup, steps b�c�d occur simultaneously.
Although we focus on PEMUs here, the same ideas of swelling and surface over-
compensation may be extended to particles of solution precipitated complexes
(PECs). Interestingly, Dautzenberg [108] has recently suggested a similar picture
of PEC particles which are charged balanced on the interior, but which have a sur-
face excess of one of the polyelectrolytes.

Several trends may be predicted/rationalized if K� (Eq. (2)), characterizing the
extent of swelling, is known. First, stronger ion pairing (smaller K�) will likely de-
crease both � and lcp, leading to thinner “layers” during PEMU buildup. Stronger
ion pairing will also yield more stable multilayers, able to withstand higher salt
concentration. Second, the permeability of multilayers to ions depends on the abil-
ity of salt to swell multilayers, producing carriers, and will thus be greater with
larger K�. Last, hydrophobic salt ions, more effective at displacing polymer/poly-
mer ion pairs (K� larger), will give thicker films, but will cause decomposition of
the PEMU sooner. The former effect has been observed experimentally [45].

Finally, a glossary of terms used in this chapter relating to charge balance in
PEMUs is given below:

Charge penetration length. Characteristic length scale over which excess polymer
surface charge is distributed.

Hydrophobicity index. The relative water content of a multilayer under defined con-
ditions.

Intrinsic or extrinsic compensation. The absence or presence of salt ions participat-
ing in balancing charge of bulk polyelectrolyte segments.

Ion breathing. Ingress and expulsion of salt ions as multilayer is cycled between
salt-containing and salt-free solutions.

Ion doping. Creation of extrinsic charge carrier sites within a PEMU by external
salt concentration.

Ion filtering. Selective transport of ions through a PEMU membrane.

Ion-assisted decomposition. The dissociation of a PEMU when the salt concentration
is sufficiently high.

Ion lubrication. The acceleration of extremely slow interdiffusion of polylelectro-
lytes in a polyelectrolyte complex by the presence of salt ions, which reduce the
number of polymer/polymer ion pairs.

Ion swelling. Transformation of an intrinsic to an extrinsic system by the chemical
potential of external salt.

Ion trapping. The selective, based on charge, transport of ions through a PEMU
membrane leading to kinetic trapping of higher-charged species.

Ion self-trapping. The autoretardation of ion diffusion through a PEMU as the total
ionic content of the film decreases.
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Polymer charge extrusion. The extrusion to the surface of a polyelectrolyte complex
of excess polymer charge.

Reluctant exchanger. An intrinsically compensated system, having well matched
immobile charged polymer segments, capable of being transformed to an extrin-
sic system under the influence of small, exchangeable ions in the external solu-
tion.

Unconstrained overcompensation. Overcompensation of one polyelectrolyte by an-
other in the presence of an excess of one polymer with no excluded volume con-
straints.
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Abstract

The pH-controlled layer-by-layer assembly of weak polyelectrolytes provides enor-
mous flexibility in controlling both the molecular organization and properties of
polyelectrolyte multilayer thin films. With suitable adjustments of the pH of the
dipping solutions, it is possible to manipulate dramatically the molecular organi-
zation, composition, surface properties and chemistry of the multilayer assemblies
created by this process. This new type of molecular-level blending process has
been used to create multilayer films that can be used as nanoreactors for nanopar-
ticle synthesis, as templates for the selective electroless deposition of metals and
as microporous films of low dielectric constant, to name a few. In addition, by
controlling the composition of the basic bilayer building blocks of these films and
their surface composition, it is possible to create light emitting thin film devices
based on conjugated polymers with significantly improved performance. The de-
velopment of new patterning schemes for weak polyelectrolyte multilayers further
expands their utility in electronic and biomaterial applications.

5.1
Introduction

Control over surface and interface properties is critically important in many exist-
ing and emerging technologies, particularly those that are based on electroactive
organic and polymeric materials and bioactive or bioresponsive materials. Inevita-
bly, one would like to design and engineer surfaces and interfaces at the molecu-
lar level, where oftentimes subtle changes in organization and composition can re-
sult in dramatic performance enhancement. The wettability of a polymer film, for
example, is determined, in many cases, by only the first 5–10 Å of its outermost
surface. The ability to manipulate surface composition and surface chemistry at
such length scales is clearly highly desirable. The layer-by-layer processing of poly-
electrolytes into multilayer thin films is ideally suited for this task. By controlling
simple processing parameters such as solution pH and ionic strength, it is possi-
ble to assemble molecular-scale layers of oppositely charged polymers onto a vari-
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ety of surfaces [1–3]. Since there is extensive interpenetration of the layers [1, 4],
this can be viewed as a molecular-level blending process carried out one layer at a
time. As will be discussed in this chapter, the pH-controlled assembly of weak
polyelectrolytes provides an amazingly rich environment for creating polyelectro-
lyte multilayer thin films. Even in the simplest case, i.e., the multilayer assembly
of only two weak polyelectrolytes (a single bilayer building block of a polycation
and polyanion), there exists the potential to manipulate dramatically the resultant
bulk and surface properties by simply controlling the manner in which these two
polymers are blended together.

Weak polyelectrolytes are ionic polymers with linear charge densities that are
tunable by simple pH adjustments: typically in the pH range of 2–10. When both
the polycation and polyanion are weak polyelectrolytes, the pH of a dipping solu-
tion can be used to control the charge density of an adsorbing polymer, of a pre-
viously adsorbed polymer (i.e., the surface charge density) or both [5, 6]. This pro-
vides great flexibility over the multilayer assembly process and hence the manner
in which this novel type of molecular-level blending process is carried out. The
net result is the ability to control in a predictable manner the thickness, ionic
crosslink density and conformation (flat versus loopy chain arrangement) of each
adsorbed layer. From a blending perspective, this means that both the internal
and surface composition (relative amount of polycation and polyanion) of a multi-
layer thin film can be selectively tuned to achieve specific properties. In addition,
since pH determines the fraction of functional groups that will be ionized during
the assembly process, it is possible to control the density of non-ionic, reactive
functional groups, such as acid or amine groups, that are available for subsequent
internal or surface chemistry. Finally, since the multilayer thin film is comprised
of pH sensitive polymers, it is also possible to induce both reversible and irreversi-
ble morphological changes after the assembly process is complete. Specific exam-
ples of what can be accomplished with weak polyelectrolyte multilayer assembly
are provided below. In all cases to be discussed, no salt ions were added to the
dipping or rinsing solutions beyond what is required to adjust pH.

5.2
Layer-by-Layer Assembly of Weak Polyelectrolyte Multilayers

Fig. 5.1 shows the two weak polyelectrolytes that we have most extensively studied.
Both of these polymers are essentially fully charged at neutral pH. As solution pH is
lowered from neutral, the charge density of poly(acrylic acid) (PAA) decreases as its
acid groups become protonated, whereas when pH is increased, the charge density
of poly(allylamine hydrochloride) (PAH) decreases as its ammonium groups become
deprotonated. The solution pKas of PAA and PAH are about 5.0 and 9.0 respectively.
It should be noted however, that the actual pKa of a weak polyelectrolyte is very sen-
sitive to its local ionic environment and may shift significantly from the solution
value. Such shifts have clearly been observed when weak polyelectrolytes and other
pH sensitive molecules are incorporated into multilayer films [5–9].
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Fig. 5.2 shows how the average incremental layer thickness (measured in the
dry state after the deposition of each layer) of an adsorbed PAA and PAH layer
can vary when solution pH is varied [6]. In this case, both the PAA and PAH dip-
ping solutions were at the same indicated pH values. At neutral pH, these poly-
mers assemble into a highly ionically crosslinked multilayer comprised of molecu-
larly thin, well-interpenetrated layers in which the polymer chains adopt flattened
conformations. As expected for polymer chains adopting a flat conformation, the
thickness of an adsorbed layer in this case, about 3–5 Å, is independent of poly-
mer molecular weight over a range of at least 3000–106 g mol–1 [6]. If the pH of
the dipping solutions used to fabricate a multilayer film is either increased or de-
creased, dramatic increases in the layer thickness of both PAA and PAH are ob-
served. For example, with both dipping solutions set at pH 5.0, the thickness con-
tributed by a PAH and PAA layer is 80 and 45 Å respectively. To achieve such
thicknesses, the polymer chains must adopt a conformation dominated by loops
and tails. Consistent with the formation of a more “loopy” conformation is the
fact that the thickness of an adsorbed layer now is found to depend on molecular
weight and scales approximately as T�M0.3 [6]. The dramatic increase in thick-
ness that is observed over a very narrow pH range when the pH is increased or
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Fig. 5.1 Repeat unit structures of PAA and PAH.

Fig. 5.2 Average incremental
thickness contributed by a PAA
and PAH adsorbed layer as a
function of solution pH. Both the
PAA and PAH dipping solutions
were at the same indicated pH.
The solid line represents the PAA
layer thickness and the dashed
line is the PAH thickness. Repro-
duced from [6] by permission of
the American Chemical Society.



decreased from neutral, occurs when the surface charge density experienced by an
adsorbing, fully charged polyelectrolyte drops below the critical value needed to
overcome chain coiling entropy effects. A theoretical model that explains the ori-
gin of this interesting pH dependent change from very thin adsorbed layers to un-
usually thick layers has been developed by Mayes and coworkers [10].

It is clear from Fig. 5.2 that the relative amount of PAA and PAH “blended”
into a multilayer film can be varied over a wide range by suitable pH adjustment.
A more complete pH matrix showing how the layer thickness of PAA and PAH
varies when the pH of the dipping solutions is varied over the range of pH from
2.5 to 9.0 has been published [6]. It should be pointed out that these studies have
revealed that surface roughness can also influence the thickness of an absorbed
layer, with thicker layers being formed on multilayers of high roughness. This ef-
fect reflects the fact that “conformationally” rough surfaces, such as those pro-
duced from layers adsorbed with a high segmental population of loops and tails,
promote the deposition of larger amounts of an adsorbing polymer. This becomes
particularly important when one is building more complex multilayer heterostruc-
tures as it cannot be assumed that the layer thickness determined from studies of
a single bilayer system will be the same when the layers are assembled onto a dif-
ferent bilayer system [6, 11].

A useful consequence of the pH-controlled assembly of weak polyelectrolytes is
the ability to manipulate both internal and surface composition. In other words, it
is possible to control the amount of PAA and PAH utilized to construct the multi-
layer film as well as the segmental population of these two polymers at the surface
of the multilayer film. One obvious way to accomplish this is to simply construct the
multilayer film with either an odd or even number of layers. In this case, the surface
properties will, in principle, be dominated by segments of the outermost layer poly-
mer. We and others [5, 12, 13] have shown that this is generally a good way to control
surface wettability. More often than not, however, the polycation and polyanion
chains are highly interpenetrated thereby producing a surface that is a mixture of
both polymers. Thus, even though it is now well established that the surface charge
reverses with the addition of each new polymer layer [14], it not always safe to as-
sume that the surface is comprised only of segments of the outermost polymer
layer. With weak polyelectrolytes, it is possible to adsorb a polymer chain at a low
charge density and subsequently increase the surface charge density by adsorbing
the next layer at a pH that ionizes the remaining segments of the previously ad-
sorbed layer. As will be discussed shortly, this strategy makes it possible to create
surfaces that are clearly dominated by segments of the outermost layer even though
the internal layers may be completely interpenetrated.

Fig. 5.3 highlights the key structural features of three different PAA/PAH bi-
layer systems that exhibit particularly interesting properties. When the PAA and
PAH layers are assembled with both dipping solutions maintained at a low pH,
for example PAA/PAH 2.5/2.5, the degree of ionization of the PAA chains is kept
low during each polymer adsorption step. The PAH chains, on the other hand,
are fully ionized at this low pH. This results in a non-stoichoimetric pairing of re-
peat units and a bilayer composition that is rich in PAA chains (ca. 70% PAA,
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30% PAH) with a low degree of ionization (ca. 30–40%) [5]. The net result is a
readily swellable multilayer film with a relatively low ionic crosslink density and a
high concentration of reactive acid groups, both within the multilayer and at its
surface (regardless of whether PAA or PAH is the outermost layer). When PAA/
PAH layers are assembled at neutral pH (6.5/6.5), where both polymers are in
their essentially completely ionized forms, a more highly ionically crosslinked
multilayer film [15] is created with near equal amounts of PAA and PAH found
within the multilayer and at its surface. In this case, most of the PAA and PAH
ionized segments are ion-paired and therefore not available for subsequent chem-
istry. In the third example of Fig. 5.3, the PAA/PAH chains are assembled at a
pH of 3.5 and 7.5 for the PAA and PAH dipping solutions respectively. In this
case, the PAA chains adsorb at a low pH with a low degree of ionization onto
fully charged chains of PAH. This produces a loopy conformational arrangement
and a PAA surface layer with a high density of free acid groups. During the ad-
sorption of the PAH chains, however, the pH is increased and the remaining acid
groups of PAA become fully ionized. The PAH chains penetrate into the PAA sur-
face layer and neutralize this extra charge, thereby creating an internal bilayer or-
ganization that is mostly ion-paired, but a surface that is enriched in PAH seg-
ments. Thus, when PAA is the outermost layer, the surface contains a significant
fraction of free acid groups, whereas there are essentially no free acid groups on
the surface when PAH is the outermost layer. Specific examples of how the pH-
controlled assembly of weak polyelectrolytes like PAA and PAH can be utilized to
create multilayers with a wide range of useful properties are provided below.

5.3
Light Emitting Thin Film Devices

The layer-by-layer processing technique is ideal for the fabrication of thin film de-
vices based on electronically active polymeric materials [16–35]. Using this
approach, it is possible to coat large areas with films of uniform thickness, low
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Fig. 5.3 Schematic representation of the molecular organization of PAA/PAH multi-
layer films assembled with the dipping solutions at different pH levels.



surface roughness and very low pin-hole densities [18]. In addition, complex mul-
tilayer heterostructures including compositionally graded heterostructures are easi-
ly realized [19, 22, 28]. Perhaps most importantly, it also provides one of the few
effective ways available to modify electrode surfaces and interfaces with uniform,
ultra-thin polymer films of specified functionality.

As indicated above, the pH-controlled deposition of weak polyelectrolytes can be
used to blend two oppositely charged polyelectrolytes together with molecular-level
control over composition and surface functionality. We have used this approach to
fabricate multilayer thin film devices comprised of PAA (or poly(methacrylic acid)
PMA) as the pH tunable polyanion and a light emitting polymer (or precursor
polymer) as the polycation. Green light emitting devices were fabricated from the
cationic precursor polymer to poly(p-phenylene vinylene) (PPV) [18, 19] whereas
red-light emitting devices were fabricated with a water soluble polycation contain-
ing the light emitting Ru(II) complex [22]. In both cases, it was found that dra-
matic enhancements in device performance could be realized by varying the com-
position of the multilayer film and its surface properties. For example, with the
Ru(II) complex polycation, external quantum efficiencies could be varied from
0.006 to 3% by simply changing the pH of the dipping solutions. The highest de-
vice efficiencies were realized with low pH assembly (both dipping solutions at
pH 3.5). The resultant multilayer in this case is comprised of light emitting
Ru(II) complexes dispersed in a matrix rich in PAA chains, thereby enhancing de-
vice efficiency by reducing Ru(II) complex self-quenching effects. It should be
noted that spin cast films of the Ru(II) complex polycation exhibited device effi-
ciencies of about 0.2%. Thus, the use of a multilayer assembly process increased
the device efficiency possible with this material by more than an order of magni-
tude. In addition, devices that emitted light only in the forward bias, only in the
reverse bias, or in both forward and reverse bias were fabricated by constructing
compositionally graded multilayers or by adding thin PAA/PAH insulating bi-
layers to the electrode interfaces [22].

In the PPV case, pH-controlled assembly also produced devices with signifi-
cantly enhanced efficiency as well as increased luminance levels. For example, the
external quantum efficiency of a 3.5/4.5 PAA/precursor-PPV multilayer device,
after thermal conversion to create light emitting PPV, increased by about an order
of magnitude relative to what is typically found for spin-coated PPV devices with
ITO and aluminum electrodes [34]. Luminance levels as high as 1000 cd m–2 were
also achieved with the multilayer film. Such brightness levels and high efficien-
cies from a PPV single component device with an aluminum top electrode are
very unusual. In the early stages of this work, we also demonstrated that device
performance could be dramatically improved by placing ultra-thin electrically con-
ductive PPV bilayers at the ITO electrode interface or by adding insulating PMA/
PAH bilayers to the aluminum electrode interface [18, 19, 35]. In the former case,
it was found that bilayers assembled from sulfonated-polystyrene (SPS) and PPV
could be used to facilitate hole injection in a PMA/PPV multilayer device [19].
Amazingly, the assembly of SPS/PPV multilayers onto the ITO electrode with a to-
tal thickness of only 16–80 Å resulted in nearly an order of magnitude increase in
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light output and a four-fold increase in device efficiency. It has also been demon-
strated that the placement of layer-by-layer assembled thin films of electrically
conductive polymers like polyaniline [16] onto an ITO electrode can be used to en-
hance hole injection in devices based on spin-coated films of PPV and its deriva-
tives [26, 27]. In a powerful demonstration of the unique capabilities of the layer-
by-layer processing scheme, Ho and coworkers have fabricated “graded” electri-
cally conductive multilayers to facilitate hole injection at the ITO interface of
MEH-PPV devices [28].

5.4
Microporous Thin Films

Polyelectrolyte multilayers fabricated from weak polyelectrolytes exhibit the
unique feature that, once assembled, the films may undergo pH-driven morpho-
logical reorganizations. For example, we have found that multilayers of PAA/PAH
assembled with the PAA solution at pH 3.5 and the PAH solution at pH 7.5
(PAA/PAH 3.5/7.5) will undergo a pH-driven spinodal decomposition to produce
microporous thin films [7]. As suggested in Fig. 5.3, this multilayer system is as-
sembled in such a manner that the internal structure is comprised of a complex
array of essentially fully charged, loopy chains randomly stitched together. The
more cooperatively stitched structure of the PAA/PAH 6.5/6.5 multilayers
(Fig. 5.3) represents a more energetically favorable arrangement of fully charged
chains in a polyelectrolyte complex. Hence, if a suitable pathway is provided, the
polymer chains of the 3.5/7.5 multilayer system will reorganize into this more co-
ordinated ionic-paired conformation. This can be accomplished by simply expos-
ing a 3.5/7.5 PAA/PAH multilayer to acidic water of pH�2.4, for a brief period
of time (as short as 15 s) followed by rinsing with neutral water or blow drying
with air. With this treatment, the multilayer film undergoes a dramatic increase
in thickness as it phase separates into a microporous structure.

The reason for this transformation of a dense multilayer film to a microporous
multilayer film is as follows. The low pH treatment protonates many of the car-
boxylate ions within the multilayer film, thus breaking numerous electrostatic
cross-links and temporarily freeing the structure. A microporous morphology de-
velops rapidly as the now much more mobile chains can reorganize and re-pair in
more favorable stitching arrangements. FTIR spectroscopy confirms that the car-
boxylic acid groups of PAA in the initial non-porous film are nearly 90% charged,
but only about half remain charged after exposure to acidic water. Rinsing with
neutral water returns the number of ionized carboxylate groups to �80%.

The level and type of microporosity that develops depends on parameters such
as the pH of the acidic water, temperature and exposure times to the treatment
baths (acidic solution and rinsing solution). Fig. 5.4 a shows an atomic force mi-
croscopy (AFM) image of the original, non-porous 3.5/7.5 PAA/PAH multilayer. A
typical 21 layer film in the dry state is �1000 Å thick and possesses a fairly
rough surface (RMS roughness �50 Å) with a unique surface texture. Fig. 5.4 b
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presents a similar film after being immersed in pH�2.4 water for 1 min at
room temperature without subsequent rinsing with neutral water. The acid-im-
mersed film exhibits a highly-interconnected, percolating microporous network
that is much rougher (RMS roughness �300 Å) and �1.5 times thicker than the
original film. In addition, the refractive index of the treated film (measured in the
dry state) decreases from an original value of �1.55 to a value of �1.3. If the
film is briefly rinsed (�15 s) with neutral water, as shown in Fig. 5.4 c, further
changes take place. In this case, a more poorly-defined surface is observed that is
much smoother than in the non-rinsed case. This microporous structure exhibits
a refractive index of �1.2 and a thickness �2.5 times greater than the original
3.5/7.5 film. If the temperature of the acidic treatment bath is increased to 50 �C,
both rinsed and non-rinsed films develop a discrete, through-pore morphology, as
displayed in Fig. 5.4 d. In both cases, the film refractive index has dropped from
�1.55 to �1.2–1.4, the roughness has increased to 250–500 Å, and the thickness
has increased �1.5 times. A similar through-pore morphology as shown in
Fig. 5.4e develops if the 3.5/7.5 films are immersed in neutral water for many
hours after the initial acidic water treatment. These porous films exhibit thickness
and refractive index values approaching that of the original, non-porous films.
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Fig. 5.4 AFM images of (a) a typical non-porous 3.5/7.5 PAA/PAH multi-
layer, (b) a 3.5/7.5 film after a 1 min exposure to pH�2.4 water at 20 �C
without any subsequent neutral water rinsing, (c) the same as (b) but with a
subsequent 15 s neutral water rinse, (d) the same as (b) but processed in
pH�2.4 water at 50 �C, (e) the same as (b) but followed by an extended
exposure for 10 h at 20 �C in neutral water. Scale bar = 1 �m.



The above results suggest that the energetically-favorable structure for the 3.5/7.5
multilayers after transformation is a discrete, through-pore morphology. Non-porous
3.5/7.5 multilayers can reach such a structure via two different paths: 1. rapidly,
upon contact with acidic solutions at elevated temperatures (e.g., 40–50 �C) for only
a few seconds to minutes, or 2. slowly, by being briefly exposed to the acidic solution
and then to neutral water for many hours, all at room temperature.

PAA/PAH combinations assembled under conditions similar to the 3.5/7.5 sys-
tem also show some tendency to become microporous with acidic water treatment
(such as PAA/PAH 4.5/7.5). In sharp contrast, no pH-driven porosity transforma-
tions have been observed with PAA/PAH films assembled under conditions that
produce more cooperatively stitched chains such as PAA/PAH 6.5/6.5 multilayers.
Recently, it has been reported [36] that microporosity can be also be developed in
PAA/PAH 5.0/5.0 multilayers assembled with added salt in the dipping and rins-
ing solutions. In this case, microporosity is introduced by dipping the assembled
multilayer film into salt-free neutral water. The PAA/PAH 5.0/5.0 multilayer sys-
tem is also an example of a molecular organization that is comprised of a com-
plex array of essentially fully charged, loopy chains randomly stitched together [6].
With the proper choice of assembly conditions, it should be possible to induce mi-
croporosity in other polyelectrolyte multilayer systems via similar mechanisms
and with treatments that cover a wide range of pH and/or ionic strength.

Numerous applications of microporous multilayers are possible, including low
dielectric constant and low refractive index thin film coatings, separation filters,
biocompatible membranes for controlled release and encapsulation systems and
anti-reflection coatings.

5.5
Nanoreactors, Electroless Plating and Ink-jet Printing

In addition to manipulating the physical structure of weak polyelectrolyte multi-
layers, it is also possible to use pH control to manipulate the chemical functional-
ity of both their surfaces and internal structures. This, in turn, makes it possible
to prepare thin film inorganic nanocomposites and templates for selective electro-
less metal plating. For example, we have used PAA/PAH multilayers to bind,
through ion-exchange with the protons of the PAA carboxylic acid groups, metal
cations from aqueous solution. The metal cations can be selectively bound to spe-
cific regions of the surface of the multilayer or in specific regions within a multi-
layer. This is accomplished by simply choosing the appropriate assembly condi-
tions, the last adsorbed polyelectrolyte (i.e., PAH or PAA), the duration of metal
cation exchange and suitable patterning approaches if necessary. Once the metal
cations are selectively bound to the PAA acid groups, they can be used, among
other things, to synthesize nanoparticles [11] or to catalyze the deposition of elec-
trolessly deposited metals [37].

In the case of nanoparticle synthesis, this approach can be used to synthesize,
in situ, a variety of inorganic particles, including noble metals and chalcogenides
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[11]. This is in contrast to the direct assembly approach involving the manipula-
tion of preformed nanoparticles into multilayers using the layer-by-layer proces-
sing scheme [38–43]. The two approaches are complementary and offer different
advantages in the design of nanocomposite thin films. The PAA/PAH multilayers
most useful for use in in situ nanoparticle synthesis schemes are those assembled
at low pH (e.g., less than pH 4.0). Such multilayers, exemplified by the 2.5/2.5
PAA/PAH system shown in Fig. 5.3, contain a high fraction of free carboxylic acid
groups that are available for metal cation binding.

Fig. 5.5 shows a multilayer heterostructure comprised of the following bilayers:
[(PAH/PAA)10(PAH/SPS)30(PAH/PAA)1(PAH/SPS)30(PAH/PAA)10.5]. In this case,
all of the polyelectrolyte layers were assembled at pH 3.5 onto a polystyrene sub-
strate. The organization of the SPS/PAH bilayers of this heterostructure is similar
to the schematic of the 6.5/6.5 PAA/PAH multilayers shown in Fig. 5.3. Since
PAH and SPS are fully-charged during adsorption, they completely pair up with
each other in the multilayer leaving no functional groups available for binding
metal cations. The 3.5/3.5 PAA/PAH bilayers, on the other hand, contain a signif-
icant fraction of free acid groups, similar to the 2.5/2.5 PAA/PAH multilayers illu-
strated in Fig. 5.3. When immersed into a silver acetate aqueous solution, silver
cations will only bind to the free carboxylic acid groups of PAA. Subsequent re-
duction by hydrogen, forms zero-valent silver nanoparticles within the PAA/PAH
bilayers, while the SPS/PAH bilayers remain free of nanoparticles. The nanoparti-
cles formed selectively within the PAA/PAH layers are typically small, �2 nm in
diameter, and are homogeneously distributed throughout the PAH/PAA bilayer
because of extensive interpenetration of the individual layers. Note that even with
only a single layer of PAA sandwiched between SPS/PAH bilayers, it is possible
to grow a clearly discernible “row” of silver nanoparticles. The spatial confinement
of silver nanoparticles within a single PAA layer suggests the possibility of creat-
ing nanocomposites with well-defined layered architectures. In addition, once the
nanoparticles are formed, the acid groups are available for additional reloading of
metal ions to create more complex nanocomposites. A variety of such useful na-
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Fig. 5.5 Cross-section TEM image of a Ag nanoparticle loaded multilayer het-
erostructure comprised of the following bilayers: [(PAH/PAA)10(PAH/
SPS)30(PAH/PAA)1(PAH/SPS)30(PAH/PAA)10.5]. In this case, all of the polyelec-
trolyte layers were assembled at pH 3.5 onto a polystyrene substrate.



noreactor schemes has been developed extensively by the Cohen group at MIT
[44].

Although the above nanoreactor scheme is useful for creating nanoparticle as-
semblies within specific regions of a multilayer thin film, the loading level is typi-
cally small and percolating nanoparticle systems can only be created via a multi-
ple loading process [45]. In an attempt to create percolating metal-loaded multi-
layers in one shot, we have been examining selective electroless plating schemes.
A similar approach has been utilized to grow metals within microphase separated
block copolymers [46]. This work is currently ongoing, however, as discussed be-
low, we have recently found that this is also an ideal way to activate surfaces for
electroless metal plating [37].

A particularly useful metal cation to incorporate into PAA/PAH multilayers for
this purpose is palladium: a metal ion that is used to promote the electroless de-
position of metals like nickel and copper. Selective surface binding to create metal
patterns can be accomplished in a number of different ways. Using the 3.5/7.5
PAA/PAH multilayer system, for example, it is possible to create surfaces that are
dominated by either PAH or PAA depending on the last adsorbed layer. When
PAA is the outermost layer, palladium cations will bind to the free acid groups
present at the surface. With PAH as the outermost layer, no binding sites are
available. Thus, a patterned surface comprised of PAA outermost layer regions
and PAH outermost layer regions will selectively direct the electroless plating pro-
cess to the PAA regions. A simple way to accomplish this is by first depositing 10
bilayers of 3.5/7.5 PAA/PAH (starting with PAH) on a substrate followed by half-
dipping the substrate into the 7.5 PAH solution. This creates a substrate that has
a bottom half with PAH as the outermost layer and a top half with PAA as the
outermost layer. After immersion into a palladium cation solution followed by a
nickel electroless plating bath, a uniform film of electrically conductive nickel
metal is found to deposit only onto the top half of the substrate [37]. With short
exposure times to the palladium solution, mass transport limits the metal cation
binding essentially to the outermost PAA surface layers. The adhesion of the me-
tal to the multilayer/substrate surface is excellent, suggesting that this is a very
simple and effective way to prepare any surface for electroless plating.

To produce high-resolution metal patterns on polyelectrolyte multilayers, we
have used both ink-jet printing and micro-contact printing techniques. In the
former case, with the help of the Yang Yang group of UCLA [47], we have modi-
fied a commercial Epson ink-jet printer to print aqueous solutions onto substrates
as thick as a typical glass slide [37]. First a 3.5/7.5 PAA/PAH multilayer thin film
is deposited onto the substrate with PAH as the last deposited layer. A pattern of
PAA is then created on the PAH-topped multilayer by inkjet printing of the PAA
solution. After printing the PAA, the entire multilayer is immersed in a tetra-
aminepalladium(II) chloride aqueous solution where the palladium complex cat-
ion binds only to the PAA pattern. In the subsequent immersion into a standard
electroless nickel-plating solution, nickel deposition is only catalyzed on the palla-
dium containing-PAA pattern. Fig. 5.6 shows an example of a metal pattern cre-
ated with this approach. Using an inexpensive, readily available ink-jet printer, we
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are able to create feature sizes as small as 200 �m (and possibly as small as
50 �m). As will be discussed later, micro-contact printing techniques can be used
to create patterned mutlilayers with feature sizes down to at least 1 �m.

5.6
Surface Modification via Selective Adsorption of Block Copolymers

The ability to use pH to control readily the surface chemistry of weak polyelectro-
lyte multilayers coupled with their strong adhesion to many different substrates
makes them ideally suited for surface modification applications. Functional
groups at the surface of a multilayer film can be utilized as physical or chemical
binding sites to anchor other molecules and polymers with a specific affinity for
these functional groups. After successful anchoring, the polyelectrolyte multilayer
surface acquires the specific physical or chemical properties of the newly attached
molecules. Amphiphilic block copolymers are ideally suited for this task. In this
case, an anchoring block is used to attach the copolymer to the multilayer surface
leaving the remaining block available to modify surface properties. It is also possi-
ble to selectively adsorb an amphiphilic block copolymer to specific regions of a
patterned multilayer surface. Using this approach, surface properties such as wett-
ability, adhesion, surface chemistry and biocompatibility can be easily and dramat-
ically modified.

To explore the basic concept of block copolymer surface modification, we have
studied the adsorption of the amphiphilic block copolymer polystyrene-block-
poly(acrylic acid) (PS-PAA) from tetrahydrofuran (THF) solutions onto weak poly-
electrolyte multilayers of PAH and PAA [48]. Under such conditions, the PAA
block anchors onto the multilayer surface primarily by hydrogen-bonding interac-
tions with PAH segments. This in turn means that surfaces that are rich in PAH
segments will promote block copolymer adsorption, whereas surfaces rich in PAA
segments will resist block copolymer adsorption. For example, when a 3.5/7.5
PAH top layer or 6.5/6.5 PAA or PAH top layer multilayer film is immersed in a
THF solution of a PS–PAA block copolymer (PAA block molecular weight;
4500 g mol–1, PAH block molecular weight 66 000 g mol–1), the advancing and re-
ceding water droplet contact angles of the film increase to a value close to that of
a polystyrene surface; greater than 85 �. The significance of this observation be-
comes important when it is recognized that all PAA/PAH multilayer films be-
come highly wettable after contact with water, i.e. they exhibit very low receding
contact angles of 10 � or less. The hydrophobic surfaces created by PS–PAA block
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Fig. 5.6 Selectively nickel plated 3.5/7.5 PAA/PAH multilayer film created by
ink-jet printing a pattern of PAA onto a PAH outermost layer film followed by
selective palladium complex deposition and a nickel electroless plating pro-
cess.



copolymer adsorption are very stable to exhaustive washing with both pure THF
and water, indicating that the hydrogen bonded PAA block is well anchored to the
surface. Fig. 5.7 shows the dramatic change in hydrophobicity that occurs when a
PS–PAA block copolymer is adsorbed onto a 3.5/7.5 multilayer film with PAH as
the outermost layer. The advancing contact angle of this multilayer film increases
by about 40 � as a result of this treatment. The thickness of the adsorbed block co-
polymer in this case is only in the range of 30–80 Å.

In contrast to PAA/PAH multilayer films assembled to produce surfaces that
are rich in PAH segments, the 2.5/2.5 PAA/PAH multilayer system with PAA as
the top layer completely resists the adsorption of the PS-PAA block copolymer.
After immersion in the PS–PAA block copolymer solution, both the advancing
and receding contact angles remain characteristic of a highly wettable surface
(�adv = 15 ± 5 � and �rec < 10 �). Thus, when a patterned surface comprised of re-
gions rich in PAA segments and regions rich in PAH segments is immersed in
the block copolymer solution, the block copolymer will selectively adsorb to the
PAH rich regions. This can be accomplished by simply half-coating a PAA outer-
most layer multilayer film with an additional layer of PAH or by micro-contact
printing techniques as described next.

5.7
Patterning of Weak Polyelectrolyte Multilayers

The ability to create patterned polyelectrolyte multilayers is clearly desirable for
many of the applications envisioned for these materials. Although, in principle,
standard photolithographic-type approaches can be used, there is a growing inter-
est in identifying techniques that are fast, inexpensive and complementary to the
very simple fabrication possibilities provided by layer-by-layer, water based proces-
sing. Currently, we have explored three different approaches to creating patterned
polyelectrolyte multilayers ranging in resolution capability from very low (cm
scale) to very high (micron scale). These include partial last layer dip coating, ink-
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Fig. 5.7 Images of water droplets on 3.5/7.5 (PAA/PAH)7.5 multi-
layer films: (a) as-prepared and (b) after immersing the multilayer
film into a PS–PAA block copolymer solution. Numbers represent
advancing contact angles, PAH is the outermost layer prior to
block copolymer adsorption.



jet printing and micro-contact printing. As will be discussed later, we are also pur-
suing photolithographic approaches. The first technique is used just as a very sim-
ple way of studying selective surface properties that result from different outer-
most layer effects. Examples of how this works have already been described. With
ink-jet printing, we have developed both additive and subtractive techniques. In
the former case, mentioned earlier, the final polyelectrolyte layer to be deposited
is ink-jet printed onto a multilayer film to form patterns with feature sizes in the
range of 100–200 �m. The second case involves the selective removal of regions of
a preformed multilayer film in a manner analogous to the solvent development of
a crosslinked photoresist. In this section, we describe briefly the application of mi-
cro-contact printing approaches to the patterning of weak polyelectrolyte multi-
layers as well as the second ink-jet printing process.

5.7.1
Micro-Contact Printing

The techniques needed to create patterned polyelectrolyte multilayers have been
developed extensively by the Hammond group of MIT [49]. Using the micro-con-
tact printing process first introduced by the Whitesides group at Harvard [50],
Hammond’s group has pioneered the development of a variety of extremely useful
schemes for fabricating both patterned polyelectrolyte multilayers and multilayers
with patterned surfaces. The first approach involves the directed assembly of mul-
tilayers onto patterned substrates [49]. The second approach is accomplished by
the direct printing of a polymer layer onto a preformed multilayer; a process
called polymer-on-polymer printing [51]. Details concerning these techniques and
the types of unique structures that can be created with them can be found in
Chapter 10 by Hammond. Here we describe a collaborative effort with the Ham-
mond group that is aimed at the patterning of weak polyelectrolyte multilayers via
the polymer-on-polymer micro-contact printing approach.

Fig. 5.8 illustrates the basic concept of the polymer-on-polymer stamping pro-
cess. Specifically, it shows the micro-contact printing of a PAH outermost layer
onto a PAA/PAH multilayer film with PAA as the top layer. To start this process,
a plasma treated poly(dimethyl siloxane) (PDMS) stamp is inked with the PAH so-
lution. Control over the ink’s concentration is critical. The best results are ob-
tained by using a concentration in the range of 5–10 mM (based on the repeat
unit). Next, the stamp is dried and then brought into contact with the multilayer
surface. Finally, the stamp is removed leaving a pattern of PAH on top of the
PAA outermost layer multilayer platform.

The pH of the solution used to ink the stamp is clearly important when dealing
with weak polyelectrolytes. The ability to create high quality, large area patterns re-
quires that the polymer ink uniformly coats the stamp and is transferred uni-
formly onto the surface. It is therefore important to identify a suitable pH to ac-
complish this task. The best results for PAH stamping are obtained when the ink-
ing solution is below the pKa of PAH, with the best patterns being formed at a
pH of 6.5. Raising the pH above the pKa of PAH results in a stronger adhesion
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between the polymer and the stamp, often resulting in PDMS residue on the sur-
face. Fig. 5.9 shows a microscope image of a 10 bilayer film of 2.0/2.0 PAA/PAH
patterned with a stamp that was inked with a 5 mM PAH solution at a pH of 6.5.
In this case, the stamp was left in contact with the surface for 30 min. The pat-
terned multilayer film was stained with Methylene Blue to provide a contrast be-
tween the PAH stamped and PAA unstamped regions. This figure demonstrates
that high quality, uniform patterns are possible over a wide area of the stamped
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Fig. 5.8 Process for stamping a PAH layer onto a 2.0/2.0 PAA/
PAH multilayer film.

Fig. 5.9 Optical microscope image of the surface of a 10
bilayer film of 2.0/2.0 PAA/PAH micro-contact printed with
a layer of PAH. The film was stained with Methylene Blue to
provide contrast; the lighter elements are the PAA regions
selectively stained with Methylene Blue. Inset shows a high-
er magnification of the same film.



region. With this approach, feature sizes as small as one micron are easily ob-
tained.

A few comments about the Methylene Blue staining process are appropriate at
this time. In the past we have suggested that Methylene Blue, a cationic dye, will
only bind to multilayer surfaces that contain free carboxylic acid groups [5, 6]. At
neutral pH, the free acid groups of PAA become ionized and readily bind this
dye. Acid groups that are ion paired with PAH segments, on the other hand, are
not capable of binding Methylene Blue. For example, a 2.5/2.5 PAA/PAH film
turns deep blue after immersion in a pH 7.0 Methylene Blue solution whereas a
6.5/6.5 film remains clear. Thus, this is simple way to probe the level of ion-pair-
ing and availability of free acid groups in PAA/PAH multilayer films. If the im-
mersion times in the Methylene Blue solution are short, typically 15 min or less,
then the dye only has time to diffuse into the outermost few layers. These condi-
tions are ideal for probing the surfaces of PAA/PAH multilayer films. This was
the way the multilayer film in Fig. 5.9 was treated. In this case, Methylene Blue
surface staining only occurs on the regions of the film with PAA as the outermost
layer and is resisted by the regions stamped with PAH. Longer immersion times
result in a deeper penetration of the dye onto the film, thereby making it possible
to probe the internal structure as well. It should be noted that we have recently
found that a very fast and uniform loading of PAA/PAH multilayer films with
Methylene Blue can be accomplished with the use of buffered solutions [52]. This
is due, in part, to the increased level of swelling of the film that occurs as a result
of the higher ionic strength of the buffered Methylene Blue solution. In this case,
PAA/PAH films with available acid binding sites can be uniformly loaded in
15 min with no limiting penetration depth observed in films up to 2000 Å in
thickness. These results demonstrate that polyelectrolyte multilayers can become
highly permeable in solutions of modest ionic strength, a fact that has implica-
tions in controlled drug release applications [52].

The polymer-on-polymer micro-contact printing process can be used to create
patterned surfaces with coexisting regions of positive and negative charge. Such
regions, in-turn, can selectively direct the adsorption of other molecules, like am-
phiphilic block copolymers or dyes or promote selective electroless plating to
make circuit patterns. Using weak polyelectrolyte platforms and the plating tech-
niques described earlier, for example, we have used this approach to create mi-
cron-scale patterns of electrolessly plated metals [53]. This simple yet effective tool
for patterning surfaces should find wide application in the design of electronic
and photonic devices as well in the biosensor area.

5.7.2
Ink-jet Printing of Hydrogen-Bonded Multilayers

The second ink-jet printing process that we have developed for creating patterned
polyelectrolyte multilayers utilizes multilayer films assembled via hydrogen-bond-
ing interactions. Although most of the work in this field has been directed at elec-
trostatic layer-by-layer assembly, our work [54] and the work of Wang et al. [55] es-
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tablished early on that hydrogen-bonding interactions can also be used to assem-
ble multilayer films. More recently, Granick and coworkers have demonstrated
[56] that hydrogen-bonded multilayers containing weak polyacids can be as-
sembled and then readily dissolved by simply increasing the degree of ionization
of the acid groups by increasing the pH. This intriguing result opens the door to
some novel patterning possibilities based on the selective dissolution of a multi-
layer film. In order to use hydrogen-bonded multilayers in subtractive patterning
schemes, however, it is critically important to identify simple crosslinking meth-
odologies for stabilizing the film. We now describe two such methodologies.

Hydrogen-bonded multilayer thin films containing a weak polyelectrolyte were
fabricated with polyacrylamide (PAAm) and PAA [57]. To start the process, a sin-
gle layer of PAH was deposited onto the substrate to facilitate adhesion. Alternat-
ing layers of PAAm and PAA were then deposited at pH 3.0 to form a uniform
multilayer thin film. At this pH, most of the carboxylic acid groups of the PAA
chains in solution exist in their non-ionized form and are therefore available for
hydrogen bond formation. The pH of both the dipping and rinsing solutions was
adjusted to 3.0 with aqueous HCl and no salt was added to the solutions. Operat-
ing at low pH is critical to the assembly process as dissolution occurs if the film
is rinsed in pH neutral water. Fig. 5.10 shows the incremental mass growth of
two PAA/PAAm multilayer films as monitored by an in situ quartz crystal micro-
balance set-up [58]. The two films were assembled with a 90 K molecular weight
PAA sample and either a 5000 K or 800 K molecular weight PAAm sample. The
multilayer film assembled with the lower molecular weight PAAm shows the
usual linear growth observed in many multilayer systems. The film assembled
with the higher molecular weight PAAm, on the other hand, exhibits a non-linear
growth pattern. Ellipsometric measurements confirm a non-linear growth process
with bilayer thicknesses of about 40 Å at 4 bilayers, 150 Å at 8 bilayers and 400 Å
at 12 bilayers. Nevertheless, all films fabricated with the PAA/PAAm system were
uniform, of relatively low surface roughness (ca. 60 Å rms roughness for a 1200 Å
thick film as determined by AFM) and optically transparent up to at least 14 bi-
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Fig. 5.10 Mass versus number of
deposited layers plots of the PAA/
PAAm multilayer system as-
sembled with two different molec-
ular weight samples of PAAm.



layers. In addition, FTIR measurements confirm the formation of hydrogen
bonds between the acid groups of PAA and amide groups of PAAm [57].

As expected, the PAA/PAAm multilayers dissolved quickly in pH 4.5 or higher
aqueous solutions. In particular, the multilayers were found to dissolve within a
few seconds in a pH 7.0 phosphate buffer solution. However, if the multilayer
film is thermally treated at 90 �C for 8 h (or shorter times at higher temperatures),
it becomes insoluble in these higher pH solutions. The insolubility appears to be
the result of thermally induced crosslinking reactions that produce both anhy-
dride and imide linkages (confirmed by FTIR). Thus, with a simple thermal treat-
ment, water soluble PAA/PAAm multilayers can be rendered insoluble. This
makes them very useful for patterning applications.
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Fig. 5.11 Schematic of the patterning of PAA/PAAm hydrogen-bonded
multilayers by the subtractive ink-jet printing process.
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Fig. 5.11 shows a schematic of how PAA/PAAm multilayers in conjunction with
ink-jet printing can be used to create simple micro-patterns. In this process, a sub-
strate is first coated with PAA/PAAm multilayers by assembly at low pH. A pH 7.0
aqueous buffer solution is then ink-jet printed onto the film to create the desired
pattern. The PAA chains in the regions printed by the buffer solution become io-
nized and dissolution of the multilayer begins. The printed film is then dried and
thermally crosslinked to render the non-printed regions insoluble in water. The
printed regions remain water soluble due to the disruption of the hydrogen-bonded
multilayer that occurs when the PAA acid groups become ionized. A final water rinse
removes the soluble material from the printed regions to produce a patterned film.

Fig. 5.12 shows a patterned PAA/PAAm multilayer film and a patterned light
emitting device fabricated with this process. In the former case, the multilayer
film was deposited onto a glass slide. This shows that the ink-jet printed region of
the multilayer film has been cleanly removed from the substrate revealing the
bare glass surface. The width of this line is 300 �m. In the second example, this
new process has been used to fabricate a patterned light-emitting device with pat-
terned elements as small as about 100 �m [59]. The PAA/PAAm multilayer film
was deposited onto an ITO coated glass slide and selectively removed by the ink-
jet process. A red-orange light emitting tris-bipyridyl Ru(II) complex [60] was then
spin coated onto the substrate followed by evaporation of an aluminum top elec-
trode. Light is only emitted from the regions removed by ink-jet printing where a
direct conduction path exists between the two conductive electrodes. The remain-
ing PAA/PAAm film acts as an excellent insulator thereby preventing the flow of
current and hence light emission.

Finally, we note that standard photolithographic techniques can also be used to
create patterned films of PAA/PAAm. In this case, we utilized a photoinitiator-la-
beled PAA copolymer to generate free radicals that are capable of crosslinking the
PAA/PAAm multilayer film [57]. Fig. 5.13 shows the structure of this copolymer
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Fig. 5.12 Ink-jet printed PAA/PAAm multilayer films showing
(a) a 300 �m width line of material removed from a glass sub-
strate and (b) a light emitting device patterned by the subtrac-
tive ink-jet process.



as well as a simple pattern created by UV exposure of a PAA/PAAm film through
a microscope grid with 35 �m “holes” followed by a brief washing in water. The ir-
radiated regions of the film become insoluble whereas the non-irradiated regions
are washed away with the water rinse. The photoinitiator-labeled PAA was simply
adsorbed onto the multilayer film as the last deposited layer. Apparently, the radi-
cals generated by the UV irradiation of this copolymer are capable of rendering
the film insoluble. We are currently working on understanding the mechanism of
this crosslinking reaction.

5.8
Conclusions and Future Prospects

The pH-controlled layer-by-layer assembly of weak polyelectrolytes can be used to
create multilayer thin films with a wide range of useful properties. The future for
this type of assembly looks extremely promising as we continue to find novel ap-
plications for these materials based on their precisely tunable optical, electrical
and physical properties. New developments to be disclosed shortly include the fab-
rication of metallo-dielectric stacks exhibiting the properties of a one-dimensional
photonic band-gap, tunable anti-reflection coatings and “bio-inert” thin film coat-
ings that can be used to resist the adhesion and spreading of mammalian cells.
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Fig. 5.13 (a) Chemical structure of a new photo-initiator labeled
PAA copolymer. (b) Optical microscope image of the pattern cre-
ated by UV-crosslinking a PAA/PAAm multilayer film through a TEM
microscope grid. Dark regions are 100 nm thick hexagons of the
PAA/PAAm multilayer film that were rendered insoluble by photo-
crosslinking.
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Abstract

Positively charged organic and inorganic compounds adsorb densely on metal ox-
ide gel films prepared by the surface sol–gel process. For example, linear cationic
polymers and a cadmium polynuclear complex ([Cd10(SCH2CH2OH)16]4+) were al-
ternately assembled with ultrathin metal oxide layers. Multilayer assemblies of
heme proteins such as cytochrome c and myoglobin were similarly prepared.
Thus, the surface sol–gel process becomes a useful tool for designing functional
organic/inorganic nanocomposite films. In this chapter, we describe recent pro-
gress in the preparation of ultrathin films composed of metal oxides, polymers,
small organic molecules and proteins. In particular, we demonstrate herein molec-
ular recognition of amino acid derivatives in ultrathin TiO2-gel films, molecular
filtration via two-dimensionally cross-linked polymer films, enzyme multilayers as
a nano-reactor, and encapsulation and release of proteins in and from micro-
shells from the viewpoint of biochemical applications.

6.1
Alternating Adsorption

6.1.1
Surface Sol–Gel Process

Preparative techniques of ultrathin films via the stepwise adsorption from solu-
tion have been developed rapidly in the last decade. These techniques enable us
to fabricate various nano-composite films containing polymers [1], dye molecules
[2], bio-molecules [3], nanoparticles [4], two-dimensional inorganic sheets [5], and
molecular aggregates [6] by controlling their thicknesses with molecular precision.
While the majority of the nano-composite layers have been assembled via electro-
static interaction between oppositely charged materials, other interactions such as
hydrogen bonding [7], charge-transfer interactions [8], biochemical affinity [9], and
stereocomplex formation [10] were also effective for layer-by-layer assembly. Such
diversity in materials and in chemical interactions led to their extensive applica-
tions in molecular architectures with novel functionalities.
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We have reported a preparative technique for ultrathin metal oxide films based
on the stepwise adsorption of metal alkoxides, where solid substrates with hydro-
xyl (or carboxyl) groups are immersed in the alkoxide solution, rinsed with ade-
quate organic solvent, and the chemisorbed alkoxides are hydrolyzed. Ultrathin
metal oxide gel films with molecular thickness are formed on the substrate sur-
face. At this stage, hydroxy groups are regenerated on the film surface, which can
be employed for further chemisorption of metal alkoxides. This process, which we
named the surface sol–gel process, is applicable to various alkoxides of titanium,
zirconium, aluminum, silica, indium, tin, and vanadium metals [11]. Fig. 6.1a il-
lustrates sequential chemisorption of metal alkoxides in the surface sol–gel pro-
cess. The increase in thickness in one adsorption cycle is adjusted to a precision
of less than 1 nm. Generation of the surface hydroxy group is achieved by hydroly-
sis of chemisorbed alkoxides as well as by chemisorption of polyhydroxyl com-
pounds (Fig. 6.1b) [12]. For example, by repeating chemisorption of titanium but-
oxide (Ti(OnBu)4) and poly(acrylic acid) (PAA), alternating layers of 1 nm thick
TiO2-gel and PAA are formed on the substrate. Similar multilayer assemblies are
obtainable from various combinations of metal alkoxides and polyhydroxy com-
pounds. We have used this methodology to incorporate organic dyes, protected
amino acids, and sugar compounds into metal oxide gel films to conduct molecu-
lar imprinting as described later [13].
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Fig. 6.1 Schematic illustrations of three types
of layer-by-layer adsorption based on the sur-
face sol–gel process. Stepwise adsorption of
metal alkoxides (a), alternate adsorption of

metal alkoxides and polyhydroxyl compounds
(b), and alternate adsorption of metal alkox-
ide and cationic compounds (c).



Very recently, it was found that the metal oxide gel strongly adsorbs positively
charged compounds. Abundant hydroxy groups on the gel surface are readily dis-
sociated to give negative charges. This new feature leads to new types of nano-
composite films made of metal oxide and water-soluble compounds such as metal
complexes, polyelectrolytes, and proteins (Fig. 6.1c). Since we have published re-
view articles on the surface sol–gel process elsewhere, the present chapter focuses
on further developments of this process.

6.1.2
Adsorption of cationic compounds on metal oxide gels

Alternating adsorption of metal alkoxides and cationic compounds was studied by
the quartz crystal microbalance (QCM) technique. Minute mass changes on the
QCM electrode are detected as frequency changes (–�F). In our system (9 MHz
resonator, manufactured by USI system, Japan), a 1 Hz decrease in frequency cor-
responds to a mass increase of 0.9 ng. A gold-coated QCM electrode was modified
with mercaptoethanol to introduce hydroxy groups onto the surface. The electrode
was immersed in Ti(OnBu)4 in toluene/ethanol (1/1 vol/vol) for 3 min, rinsed in
ethanol, dipped into ion-exchanged water for 1 min to hydrolyze the chemisorbed
alkoxide, and dried by flushing with nitrogen gas. The frequency shift was
then measured to estimate the mass of TiO2-gel layer formed. In general, the
thickness increase for one adsorption cycle was less than 1 nm. The electrode
was immersed in an aqueous solution of cadmium polynuclear complex
([Cd10(SCH2CH2OH)16]4+ · 4ClO4) for 1 min, rinsed, and dried with nitrogen gas.
Fig. 6.2 shows QCM frequency shifts during alternating adsorption of Ti(OnBu)4

and the polynuclear complex. Regular film growth was observed when the adsorp-
tion of Ti(OnBu)4 was repeated twice for every adsorption of the polynuclear com-
plex. The average frequency decrease was 102± 67 Hz for the polynuclear com-
plex, and the frequency change for two adsorption cycles of TiO2-gel was ca.
30 Hz. The size of the spherical polynuclear complex is ca. 15 Å in diameter, the
molecular weight is 2756, not including its counter anions, and the complex has
four positive charges [14]. Supposing hexagonal close packing of the spherical
complex on both sides of a QCM resonator (0.32 cm2), an estimated mass in-
crease would be 75.0 ng corresponding to the frequency change of 83.3 Hz.
Though the experimental frequency change (102 Hz) is slightly larger than the
calculated value, the polynuclear complex can be considered to form a close-
packed monolayer on TiO2-gel.

Multilayer assembly of the polynuclear complex and TiO2-gel was subjected to
X-ray photoelectron spectroscopy (XPS) measurements. The film formed on a
quartz plate gave XPS peaks of oxygen and titanium atoms that are attributed to
TiO2-gel, along with peaks of cadmium and sulfur atoms derived from the poly-
nuclear complex (Fig. 6.3). A carbon peak is also seen in Fig. 6.3. The elemental
composition estimated from these peak intensities is Ti : O : C : Cd : S =
2.5 : 10.3 : 5.6 : 1.0 : 0.35. The composite film contains one cadmium complex
([Cd10(SCH2CH2OH)16]4+) per 25 titanium atoms. The ratio of cadmium and sul-
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fur atoms is significant. The polynuclear complex is composed of 10 cadmium
atoms and 16 sulfur atoms. However, the ratio estimated by XPS is
Cd : S= 1.0 : 0.35. This inconsistency probably arises from partial decomposition of
the cadmium complex. A part of the mercaptoethanol molecule that is coordi-
nated to cadmium ions may be removed in the composite film. Such a structure
is shown in Fig. 6.3, in which a cluster structure composed of ten cadmium
atoms and four sulfur atoms is drawn in the TiO2-gel matrix, consistent with the
XPS results.

The surface sol–gel process is, of course, a convenient way to form ultrathin
mixed metal oxide films from more than one kind of metal alkoxide. Incorpora-
tion of polynuclear complexes provides an additional means to introduce inorgan-
ic components that are not available as metal alkoxides. Ultrathin metal oxide gels
possess negative charges even at neutral pH, and adsorb cationic polynuclear com-
plexes. Therefore, negatively charged polynuclear complexes such as [V10O28]6–

cannot adsorb on the gel surface at all. On the other hand, metal alkoxide is read-
ily adsorbed on the surface of the polynuclear complex ([Cd10(SCH2CH2OH)16]4+).

Cationic polymers are similarly adsorbed on the metal oxide gel layer. Alternat-
ing adsorption of metal alkoxides and cationic polymers, such as poly(allylamine)
(PAH), poly(ethyleneimine) (PEI), poly(dimethyldiallylammonium bromide)
(PDDA), and poly(butanylviologen) (PBV), has been investigated in our laboratory.
The chemical structures of these polymers are shown in Fig. 6.4.
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Fig. 6.2 QCM frequency shifts due to alternate
adsorption of Ti(OnBu)4 and cadmium polynu-
clear complex ([Cd10(SCH2CH2OH)16]4+ · 4ClO4).
Ti(OnBu)4 was adsorbed twice for every adsorp-
tion of the polynuclear complex. The left shows
the inner structure of the polynuclear complex,
where carbon and hydrogen atoms are omitted.
The whole size is ca. 15 Å in diameter.



The typical procedure for the preparation of a PDDA/TiO2-gel composite film is
as follows: A QCM electrode modified with mercaptoethanol was immersed in
Ti(OnBu)4 in 1/1 toluene/ethanol for 3 min, rinsed in ethanol, dipped in ion-ex-
changed water for 1 min to hydrolyze the chemisorbed alkoxide, and dried by
flushing with nitrogen gas. Then the electrode was immersed in aqueous PDDA
(1 mg ml–1, pH 7.0) for 3 min, rinsed in pure water, and dried. These assembly
procedures were repeated for 40 cycles. Fig. 6.5 shows a scanning electron micro-
scope (SEM) image of a PDDA/TiO2-gel film on an Au-coated resonator. The film
has a uniform thickness of 90±10 nm and looks like a cloven timber. The total
QCM frequency shift during the adsorption of 40 cycles is 5499 Hz. The film den-
sity (�) is estimated from the QCM frequency shift (–�F, 5499 Hz) and the thick-
ness (d, 90 nm) in SEM using the following equation.
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Fig. 6.3 XPS spectrum of a polynuclear complex/TiO2-gel composite
film and a schematic representation of a polynuclear cadmium cluster in
TiO2-gel matrix. Open and closed circles denote sulfur and cadmium
atoms, respectively.
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The estimated density is 1.67 g cm–3, and is considerably larger than that of PDDA
(1.3 g cm–3) and is almost equal to the density of bulk TiO2-gel (1.6 g cm–3) prepared
by the conventional sol–gel process. Both components, PDDA and TiO2-gel, appear
to be densely mixed with each other. In the QCM experiment, the average frequency
change is 107± 40 Hz for Ti(OnBu)4 adsorption, and is 43 ± 21 Hz for PDDA. The
thickness increase per cycle is calculated to be 2.5 nm from the density
(1.67 g cm–3) and the frequency change (150 Hz) using Eq. (1). Individual thick-
nesses of the polymer and metal oxide layers in the PDDA/TiO2-gel composite film
are estimated to be 1.0 and 1.5 nm, respectively.

The elemental composition of the PDDA/TiO2-gel film estimated by XPS mea-
surements is Ti : C : N : Cl = 1.0 : 5.5 : 0.45 : 0.09. PDDA has one nitrogen atom and
one chlorine atom in the monomer unit. The smaller chlorine ratio in the compo-
site film (N :Cl = 0.45 : 0.09) indicates that the positive charge of PDDA is mainly
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Fig. 6.4 Structures of cationic poly-
mers used for the surface sol–gel
process and a schematic illustration
of a PDDA/TiO2-gel multilayer.



neutralized by the negative charge of the TiO2-gel. From the XPS data, 80% of the
monomer units of PDDA should bind to the TiO2-gel layer by ion-pair formation.
The film has at least two titanium atoms per monomer unit of PDDA from the
ratio of titanium to nitrogen (Ti : N = 1.0 : 0.45).

Details of the alternating adsorption of metal alkoxides and various polymers
are summarized in Tab. 6.1. It is obvious that the surface sol–gel process can be
widely used for the preparation of ultrathin polymer/metal oxide composite films.
In the combination of Ti(OnBu)4 and cationic polymers, the frequency change for
Ti(OnBu)4 adsorption is in the range 43–71 Hz, and those of the polymers are in
the range 69–116 Hz. It is worthy of note that the Cl(or Br)/N ratio estimated by
XPS measurements is in the range 0.13–0.35 for all cases. This indicates that
most of the positive charges of the polymers are neutralized by the TiO2-gel layer.
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Fig. 6.5 A scanning electron micro-
scopy image of the cross-sectional
view of a PDDA/TiO2-gel composite
film.

Tab. 6.1 Alternate adsorption of metal alkoxides and polymer

Metal Polymer b) Frequency decrease/HZ XPS measurement
alkoxide a)

Metal alkoxide Polymer N/metal atom CI (or Br)/N

Ti(OnBU)4 PDDA (pH 4.0) 71± 20 69± 23 0.32 0.23
PDDA (pH 7.0) 43± 21 107± 40 0.45 0.21
PDDA (pH 10.0) 69± 54 101± 23 0.67 0.15
PBV (pH 7.0) 55± 32 116± 40 0.51 0.23
PAH (pH 7.0) 55± 42 109± 44 0.55 0.18

In(OEtOME)3 PDDA 84± 16 49± 15 0.26 0.19
In(OEtOMe)3 PBV 72± 23 55± 11 0.32 0.21
Si(OMe)4 PDDA 81± 23 107± 20 0.43 0.13
Zr(OnBu)4 PDDA 68± 39 103± 34 0.40 0.23
Al(OnBu)3 PDDA 161± 108 100± 23 0.03 0.10
Nb(OnBu)5 PDDA 510± 82 194± 26 0.27 0.35

a) Concentrations are 100 mM for Ti(OnBu)4, In(OEtOMe)3, and Zr(OnBu)4, 10 mM for Al(OnBu)3

and Nb(OnBu)5, and 500 mM for Si(OMe)4. Proper solvent and adsorption conditions were chosen
for each metal alkoxide.

b) Concentration of polymers is 1 mg/mL.



When PDDA is used, the Cl/N ratio decreases with increasing pH. The negative
charge on the TiO2-gel surface increases in basic conditions, neutralizing more ef-
fectively the positive charge of the polymer.

Zirconium butoxide (Zr(OnBu)4), indium methoxyethoxide (In(OEtOMe)3), and
tetramethoxysilane (Si(OMe)4) give QCM frequency changes of 68–84 Hz. The fre-
quency change for PDDA is a little smaller when alternately adsorbed with
In(OEtOMe)3 (49 Hz), and is ca. 100 Hz in the case of Zr(OnBu)4 and Si(OMe)4.
The thickness increases per cycle are in the range of 2.0–3.0 nm. The surfaces of
PDDA/ZrO2-gel and PDDA/In2O3-gel films have roughness of a few tenths of a
nanometer. Their XPS data show the Cl(or Br)/N ratio of 0.13–0.23 in all three
cases, indicating that electrostatic neutralization between PDDA and the metal ox-
ide gel layer occurs as in the case of PDDA/TiO2-gel composite film. Since the re-
activity of aluminum butoxide (Al(OnBu)3) is relatively low, the reaction tempera-
ture is set at 45 �. Then, regular film growth is observed with frequency shifts of
161± 108 Hz for Al(OnBu)3 and 100± 23 Hz for PDDA. The film had many wrin-
kles ca. 100 nm high over a wide area, as observed by SEM. Al(OnBu)3 seems not
to be particularly suitable for forming uniform composite films. In contrast, the
reactivity of niobium butoxide (Nb(OnBu)5) is very high, giving a frequency
change of 510± 82 Hz on the surface of PDDA. The PDDA/Nb2O5-gel film has a
fairly smooth surface, as confirmed by SEM. The thickness increase per adsorp-
tion cycle is 23 nm.

The highly charged surface of the metal oxide gel layer electrostatically absorbs
cationic polymers. The resulting polymer layer is approximately 1 nm thick, and
can absorb metal alkoxides. The composite film formed may not necessarily as-
sume a multilayer structure. A more plausible morphology may be a partially in-
terpenetrated structure of both components, as seen in the electrostatic alternat-
ing adsorption of oppositely charged polymers [15]. In any event, nanocomposites
of polymers and metal oxides at the molecular level will bring about superior me-
chanical properties. Furthermore, optical and electronic characteristics of metal
oxides may be altered by proper selection of polymers.

6.1.3
Multilayer Assembly of Metal Oxides and Proteins

Multilayer assemblies of water-soluble proteins have been developed by the above-
mentioned technique. Cytochrome c (Cyt.c) is a globular protein performing elec-
tron transfer in several biological systems. The protein has a size of
2.5�2.5�3.7 nm3, a molecular weight of 12000–13 000, and an isoelectric point
(pI) of 10 [16]. Many of the basic amino acid residues on the protein surface are
positively charged at neutral pH. A clean quartz plate was immersed in 100 mM
Ti(OnBu)4 (in toluene/ethanol, 1/1) for 3 min, then rinsed in organic solvent and
hydrolyzed in water. Then the substrate was immersed in a Cyt.c solution (1 mg
ml–1 in water) for 3 min, and rinsed with pure water. Fig. 6.6 shows UV–vis ab-
sorption changes upon repeated adsorption cycles. The peak intensity at 409 nm,
attributed to the heme unit of Cyt.c, regularly increases, at least up to 13 cycles. It
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is apparent that a fixed amount of Cyt.c is adsorbed on each cycle. The amount of
Cyt.c was calculated from the molar extinction coefficient (�: 106 mM–1 cm–1) and
the absorbance change at 409 nm (absorption change; 0.0046 per cycle) as
0.13 molecule nm–2. Assuming that spherical Cyt.c of 3 nm diameter is adsorbed
uniformly in hexagonal packing, the protein density should be 0.128 mole-
cule nm–2. The agreement of the experimental and calculated values of protein
density supports the fact that adsorbed Cyt.c forms a monolayer. It is worth not-
ing that the absorption maximum (409 nm) of Cyt.c in a Cyt.c/TiO2-gel multilayer
is the same as that of native Cyt.c in water. This means that the environment sur-
rounding the heme is not altered in the protein incorporated in the multilayer as-
sembly.

Fig. 6.7 shows QCM frequency shifts of the alternating adsorption of Zr(OnPr)4

(100 mM in propanol) and Cyt.c (1 mg ml–1 in water), where the pH of the pro-
tein solution is adjusted to 4.0, 7.0, and 10.0. The linear frequency decrease indi-
cates regular growth of Cyt.c/ZrO2-gel composite films in all cases. Average QCM
frequency changes due to Cyt.c adsorption are 33 ± 25 Hz for pH 4 solution,
168± 30 Hz at pH 7, and 114± 44 Hz at pH 10. Frequency changes due to
Zr(OnPr)4 adsorption are 34 ± 48 Hz (pH 4), 35 ± 23 Hz (pH 7), and 6± 31 Hz
(pH 10). The thickness of the ZrO2-gel layer varies widely, depending on the
pH of the Cyt.c solution.

Adsorption of Cyt.c is low at pH 4 probably due to fewer negative charges on
the ZrO2-gel layer. On the other hand, the adsorption of Cyt.c is not large at
pH 10 in comparison with the case of pH 7, even though the ZrO2-gel is highly
negatively charged. This must be caused by smaller positive charges on Cyt.c near
the isoelectric point. Cyt.c adsorption becomes maximal under neutral conditions,
in which both components, Cyt.c and ZrO2-gel, can be oppositely charged. It is
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Fig. 6.6 UV–vis absorption changes due to alternate adsorption of cyto-
chrome c and Ti(OnBu)4.



clear that the electrostatic factor is dominant in these assembly processes. We
have reported that linear polymers with carboxyl groups, such as poly(acrylic acid)
(PAA), adsorb strongly on metal oxide gel surfaces. In an analogous fashion, the
carboxyl group of the Cyt.c molecule may also provide additional binding sites for
the ZrO2-gel layer.

Fig. 6.8c (s. page 166) shows scanning electron micrographs of Cyt.c/ZrO2-gel
composite films. All the samples are coated with 2 nm thick platinum to prevent
charge buildup by the electron beam. Numerous granular structures of diameter
20 nm are observed on the surface of the film formed from the pH 4 Cyt.c solu-
tion, as shown in Fig. 6.8 a. These structures are probably caused by aggregation
of the protein. In sharp contrast, the film formed from the Cyt.c solution of
pH 10 has a very smooth surface over a wide area (Fig. 6.8c). While some spherical
aggregates are observed, the film is mostly smooth for the case of pH 7 (Fig. 6.8b).
Fig. 6.8d shows a cross-sectional view of the film (pH 7). The composite film located
on a gold electrode has a thickness of 120± 15 nm. Since the film was obtained by
repeating the adsorption of Cyt.c and Zr(OnPr)4 for 50 times, the thickness increase
per cycle can be estimated to be 2.4 nm. This value agrees with the molecular size of
Cyt.c (2–3 nm in diameter). However, UV measurements revealed that the amount
of Cyt.c in the composite film is 1.4 times larger than expected for monolayer ad-
sorption. This increment must arise from the formation of globular aggregates on
the film surface. The amount of the protein incorporated in the film reaches about
80 wt.% of the total film weight, as estimated by QCM measurements. Adsorption
modes of Cyt.c on the ZrO2-gel layer are schematically illustrated in Fig. 6.9. Cyt.c
adsorption at pH 10 is rather small in comparison with the case of pH 7. The pro-
tein coverage is 63%, as estimated by UV adsorption. The film has an extremely
smooth surface. On the other hand, the low charge density of a ZrO2-gel layer at

6 Recent Progress in the Surface Sol–Gel Process and Protein Multilayers164

Fig. 6.7 QCM frequency changes due to alternate adsorption of Cyt.c and Zr(OnPr)4.



pH 4 tends to generate granular structures on the film surface, and gives protein
coverage of less than 20%. Such low coverage is probably attributed to the weak elec-
trostatic interaction of Cyt.c and the ZrO2-gel layer.

Nanocomposite films of proteins and metal oxides can be prepared by combin-
ing the surface sol–gel process with electrostatic adsorption of positively charged
proteins. It is clear that the ultrathin metal oxide gel layer is an excellent sub-
strate for the two-dimensional arrangement of proteins. Such novel combinations
of biomolecules and metal oxides are expected to give rich applications in separa-
tion, biosensing, and the preparation of biocompatible materials.

6.1.4
Protein/Polyelectrolyte Multilayer Assembly

Protein multilayers can be prepared by electrostatic alternating adsorption of
linear polyelectrolytes and oppositely charged proteins. The preparative details
have been reported in other papers and reviews [3, 17]. In this technique, water-
soluble polymers are used without limitation as long as they possess charges
opposite to those of the proteins. For example, linear cationic polymers such as
poly(allylamine) (PAH), poly(ethyleneimine) (PEI), poly(dimethyldiallylammonium
chloride) (PDDA), and anionic polymers such as poly(styrenesulfonic acid) (PSS)
and poly(anilinesulfonic acid) (PANPS), and biopolymers like DNA are employed.
Inorganic sheets like clay minerals are also useful for alternating assembly with
proteins.

Experimental results of protein/polyion alternate multilayer assembly are sum-
marized in Tab. 6.2. Cyt.c, positively charged in aqueous solutions at pH 4.5, can
be adsorbed alternately with negatively charged PSS. Mass increases due to Cyt.c
adsorption on the PSS layer have been estimated by QCM measurements to be
3.6 mg m–2, which corresponds to a thickness increase of 2.4 nm. The thickness
increase for the PSS adsorption step is 1.6 nm. Lysozyme, histone, and myoglobin
produce alternating layers with PSS in a similar way. In contrast, cationic poly-
mers are employed for the alternating adsorption of negatively charged proteins
such as bacteriorhodopsin, albumin, and glucoamylase, which have isoelectric
points in the acidic region. The alternating adsorption with polyelectrolytes is not
restricted by the molecular weight of proteins, and is applicable to huge proteins
such as IgG (Mw: 150000) and Diaphorase (Mw: 600000). In most cases, thickness
increases for protein adsorption are roughly consistent with the size of the pro-
teins. A schematic illustration of protein multilayer assembly is shown in
Fig. 6.10. As mentioned below, positively charged glucose oxidase (GOD) and neg-
atively charged peroxidase (POD) can be alternately adsorbed on a substrate in
combination with oppositely charged polymers such as poly(styrenesulfonic acid)
and poly(ethyleneimine), respectively.
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Fig. 6.8 SEM images of Cyt.c/ZrO2-gel multi-
layer films assembled by using Cyt.c solutions
of pH 4.0 (a), pH 7.0 (b), and pH 10.0

(c) and a cross-sectional view of the compo-
site film of pH 7 (d).

Fig. 6.9 Schematic representations of Cyt.c/ZrO2-gel multilayer films assembled
by using Cyt.c solutions of pH 4.0, pH 7.0, and pH 10.0.
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Tab. 6.2 Protein/polyelectrolyte alternate multilayer assembly

Protein Molecular
weight

Isoelect.
point

pH
used

Counter-
polymer

Protein
mass
coverage
(mg/m2)

Thickness of
protein +
polymer
bilayer
(nm)

Protein
size (nm)

Cytochrome c 12400 10.1 4.5 PSS– 3.6 2.4+ 1.6 2.5�2.5�3.7
Lysozyme 14000 11 4 PSS– 3.5 2.3+ 1.9 3.0�3.0�4.5
Histone f3 15300 11 7 PSS– 3.3 2.2+ 2.0 3.4 (diameter)
Myoglobin 17800 7.0 4.5 DNA,

PSS–
6 4.0+ 2.0 2.5�3.5�4.5

Bacterio-
rhodopsin

26000 6 9.4 PDDA+ 7.5 5.0+ 1.0 5.0 (diameter)

Carbonic
anhydrase

29000 5.5 8.3 PEI+ 2.8 2.2 (bilayer) 1.5�2.2�2.5

Pepsin 35000 1 6 PDDA+ 4.5 3.0+ 0.6 3.0 (diameter)
Peroxidase 42000 8.0 4.2 PSS– 5.3 3.5 (bilayer) 3.5 (diameter)
Hemoglobin 64000 6.8 4.5

9.2
PSS–

PEI+
26
27

17.5+ 3.0
18.2 (bilayer)

5.0�5.5�6.5

Albumin 68000 4.9 8 PDDA+ 23 16.0+ 1.0 11.6�2.7�2.7
Glucoamylase 95000 4.2 6.8 PDDA,

PEI+
4 2.6+ 0.5 6.3 (diameter)

Photosynt. RC 100000 5.5 8 PDDA+ 13 9.0+ 1.0 13�7.5�4.0
Concanavalin 104000 5 7 PEI+ 8.6 5.7+ 0.8 3.9�4.0�4.2
Alcohol
dehydrogenase

141000 5.4 8.5 PDDA+ 12.2 8.5+ 1.0 9.0�4.0�4.0

IgG 150000 6.8 7.5 PSS– 15 10.0 (bilayer) 14�10�5
Glucose
oxidase

186000 4.1 6.8 PDDA+ 12 8.0 (bilayer) 8 (diameter)

Catalase 240000 5.5 9.2 PEI+ 9.6 6.4+ 0.8 9.0 (diameter)
Diaphorase 600000 5 8 PEI+ 31 21.0 (bilayer) 11.5 (diameter)

Fig. 6.10 A schematic illustration of a protein/poly-
mer multilayer assembly.



6.2
Recent Topics in Biological Applications

The surface sol–gel process is a superior method for the preparation of metal oxide
gel films with nanometer thickness control. This technique enables one to introduce
various organic molecules, inorganic clusters, polymers, and biomolecules into ul-
trathin oxide gel films. Metal oxide gel layers are capable of not only covalently bind-
ing hydroxyl and carboxyl groups of organic molecules but also of electrostatically
binding positively charged macromolecules. The latter capability is a useful alterna-
tive to polyelectrolyte multilayers that have been studied extensively for water-soluble
polymers and biomolecules. In this section, we describe recent progress in applica-
tions of ultrathin nano-composite films to biochemical problems.

6.2.1
Biosensors

Molecular recognition is one of the main principles that sustain the biological pro-
cess. Ultrathin metal oxide films have been used as a matrix for molecular im-
printing because they can memorize the size and shape of small molecules. This
capability was extended to the imprinting of protected amino acids [13].

Ti(OnBu)4 and carbobenzyloxy-L-alanine (Cbz-L-Ala) were mixed in organic sol-
vents, followed by the addition of a small amount of water, and stirred for a few
hours. This mixture was subjected to the surface sol–gel process to form a Cbz-L-
Ala/TiO2-gel composite film on a QCM electrode. Uniform film growth was ob-
served up to at least 15 cycles with frequency shifts of 140 to 160 Hz per cycle.
The template molecule, Cbz-L-Ala, was removed from the gel film by dipping in 1
wt.% aqueous ammonia. The resulting film shows selective binding for protected
amino acids. In situ QCM frequency changes for re-binding of the original tem-
plate and other guest molecules are shown in Fig. 6.11. The binding is rapid and
saturates in 30 to 60 s. Among the amino acid derivatives employed, Cbz-Gly
showed the strongest binding (53 Hz) and the extent of binding became sup-
pressed with increasing size of the side chain. It is noteworthy that the original
template, Cbz-L-Ala (43± 3 Hz), is less efficiently bound than the smaller Cbz-Gly.
However, the binding efficiency is not determined solely by the size of the guest
molecules. For example, adamantane-1-carboxylic acid, 1-AdCO2H, gave much
weaker binding than all the amino acid derivatives. Organic carboxylic acids such
as benzoic acid and cinnamic acid also gave relatively low binding efficiencies. Im-
printed TiO2-gel film memorizes the shape of the template molecule. The film ap-
pears to achieve such precise recognition through coordination bonds, hydrogen
bonds, hydrophobic interactions, and shape selectivity, as illustrated in Fig. 6.11 b.

More recently, molecular imprinting was applied to a field-effect transistor
(FET) device that is highly sensitive to the change in the surface potential [18]. A
mixture of titanium alkoxide and chloroaromatic acetic acid was deposited onto an
ion-sensitive FET device with a SiO2 gate. The sol–gel polymerization resulted in a
TiO2-gel film with the embedded carboxylate. Treatment of the composite film
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with aqueous ammonia resulted in the elimination of the carboxylic acid. The hy-
droxytitanate residue of the imprinted film undergoes deprotonation and the re-
sulting negative charge on the SiO2 gate interface affects its potential. Rebinding
of the carboxyl compounds generates a titanium ester that depletes the hydroxyl
function and reduces the negative charges on the gate interface. The gate-source
voltage is significantly changed by rebinding. The lowest limit of detection of the
device is ca. 1.0�10–5 M for aromatic acetic acids. The high selectivity of the sens-
ing is attributed to the large equilibrium constant for the complexation of im-
printed TiO2-gel and the template molecule.
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Fig. 6.11 In situ QCM frequency decreases due to binding of a series of guest
molecules in a TiO2-gel imprinted with Cbz-L-Ala (above) and a schematic illus-
tration of a QCM biosensor (below).

Imprinted
Amino Acid

Other
Amino Acids



6.2.2
Nano-filtration

The fabrication of ultrathin cross-linked polymer films has been actively studied
because of its prospects for high mechanical strength and designable separation
properties for molecules and nano-materials. Ultrathin films prepared by covalent
connection of individual layers in polyelectrolyte multilayers appear suitable for
this purpose [19], and cross-linking of a multilayer assembly of poly(allylamine)
(PAH) and (methyl vinyl ether)-alt-(monomethyl maleate) copolymer (MMC) was
examined [20]. In alternating adsorption of these weak polyelectrolytes the thick-
nesses of the individual layer are strongly dependent on the pH of the polymer
solutions. This feature was used to control the composition of polyelectrolyte mul-
tilayers. For instance, when PAH solution of pH 6 (1 mg ml–1, in pure water) and
MMC solution of pH 7 (1 mg ml–1, in potassium phosphate buffer) are assembled
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Fig. 6.12 A schematic illustration of cross-linking of a PAH/
MMC multilayer assembly (a) and UV–Vis absorption spectra
of myoglobin/Methyl Orange mixture and the filtered solutions
through a PAH/MMC film (b).



on a QCM electrode, the thickness increases for PAH and MMC were 2.5 nm and
0.8 nm, respectively, from QCM frequency changes. The composition of the two
polymers was PAH/MMC= 11, as confirmed by XPS measurements. When PAH
solution of pH 6 and MMC solution of pH 8 were used, the thickness of the PAH
and MMC layers were 1.7 nm and 0.9 nm, respectively, with the composition of
PAH/MMC= 7.

Upon heating the PAH/MMC multilayer films at 125 � for 12 h under reduced
pressure, the amino group of PAH and the maleic acid moiety of MMC formed imide
bonds, and highly cross-linked ultrathin films were obtained (Fig. 6.12). In the course
of the cross-linking, the IR peak intensity of the methyl ester of MMC (1739 cm–1)
weakened, and characteristic peaks of the imide unit (1774, 1850 cm–1) appeared.
Imide formation was also confirmed by XPS spectra. The N 1s peaks due to ammo-
nium nitrogen (401.3 eV) and free amine (398.9 eV) of PAH were weaker, and the
peak of imide nitrogen (400 eV) intensified following heating. From these data,
the extent of imide conversion was estimated to be 50% of the amino groups of
PAH. Interestingly, the imide conversion proceeds slowly, even at room tempera-
ture. The film assembled by electrostatic alternating adsorption is composed of poly-
mer layers with molecular thickness, and contains carboxylate/ammonium ion pairs.
This pre-organization is favorable for efficient imide formation at elevated and room
temperatures.

We carried out permeation experiments in order to examine the network prop-
erties of the cross-linked PAH/MMC film. First, one side of a polycarbonate mem-
brane filter with pores of diameter 0.2 �m was covered with 2 nm thick platinum
layer, and was treated with 3-mercaptopropionic acid. The negatively charged sur-
face was immersed into PAH solution (1 mg ml–1; pH 10) for 5 min, and rinsed
with hydrochloric acid (pH 3). Then, the membrane filter was immersed in PSS
solution (3 mg ml–1; pH 3) for 5 min, and rinsed with pure water. After repeating
these procedures four times, all the pores of the membrane filter were covered by
PAH/PSS multilayer. Subsequently, the membrane filter was immersed alternately
in PAH solution (1 mg ml–1, pH 6) and in MMC solution (1 mg ml–1, pH 7) for
four cycles, and subjected to permeation experiments at a constant pressure.

An aqueous mixture of myoglobin (12.5 �M) and methyl orange (0.1 mM) was
selected as a permeation solution. Myoglobin and Methyl Orange have absorption
peaks at 410 nm and 463 nm, respectively. Fig. 6.12 b shows UV–Vis spectra of
permeation solution and filter solution. The as-assembled film shows a high per-
meability at a pressure of 1.5 kg cm–2. The permselectivity is not very high, since
78% of myoglobin permeated against 90% of Methyl Orange. Interestingly, perm-
selectivity was enhanced and permeability diminished after drying this film for
one week at room temperature. Then, myoglobin was detected only as a shoulder
of the Methyl Orange peak, as filtered at 3.0 kg cm–2. When two-fifths (by vol-
ume) of the solution was filtered, the myoglobin concentration in the permeation
solution increased by 20% against the original solution. Myoglobin is an elliptical
molecule of 3–4 nm in diameter, and the molecular length of Methyl Orange is
ca. 2 nm. The porous multilayer can discriminate between these sizes.
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6.2.3
Bioreactors

Most of the sophisticated functions in biological systems are derived from the co-
operative mechanism of spatially organized proteins. Typical examples are found
in the light-harvesting system of photosynthesis and in sequential reactions in
multi-enzyme systems [21]. Layer-by-layer adsorption of proteins has advantages
for fabrication of two-dimensional assemblies of water-soluble proteins with a
view to designing artificial biochemical systems.

Glucose oxidase (GOD) and poly(ethyleneimine) (PEI) were alternately adsorbed
on a glass substrate, and followed by alternate adsorption of peroxidase (POD)
and poly(styrenesulfonic acid) (PSS). When the substrate was immersed into an
aqueous solution of DA67 dye and glucose, the solution turned blue because of
oxidation of the DA67 dye. GOD can catalyze oxidization of glucose to gluconolac-
tone to generate hydrogen peroxide as a product. The hydrogen peroxide is de-
composed by POD, and simultaneously DA67 is oxidized to the blue colored oxi-
dant. That is to say, sequential redox reactions of glucose, H2O2, and DA67 are
achieved by the combination of GOD and POD. Activities of these enzymes are
not lost in the multilayer assembly.
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Fig. 6.13 Sequential enzymatic process based
on glucoamylase (GA) and glucose oxidase
(GOD) and its experimental setup.



An enzyme multilayer was prepared on a membrane filter [22]. A PEI/PSS pre-
cursor film was assembled on an ultrafiltration membrane (Molcut II LC, 5 kDa).
Subsequently, a PEI/GOD multilayer, an intermediate layer, and then a multilayer
of PEI and glucoamylase (GA) that catalyzes decomposition of starch to glucose
were assembled in this order. The resulting film has an internal structure of [ fil-
ter + (PEI/PSS)4 + (PEI/GOD)2 + (PEI/PSS)10 + (PEI/GA)2 + PEI]. The enzymatic
activity of this film was examined using the experimental setup shown in
Fig. 6.13. An aqueous solution of “water-soluble starch” was employed for the per-
meation solution. As illustrated in Fig. 6.13, GA decomposes starch to glucose,
and GOD converts glucose to gluconolactone and generates hydrogen peroxide as
the product. Concentrations of hydrogen peroxide and glucose in the filtered solu-
tion were determined by monitoring the coloring reaction of DA67 dye in both
POD alone and in POD–GOD mixed solutions.

Under these experimental conditions, the molar ratios of glucose and H2O2 in
the filtrate are 59/41. This means that about 40% of the glucose produced by the
GA layer was converted to H2O2 by the GOD layer. The efficiency of the conver-
sion of glucose to H2O2 was affected by the thickness of the PEI/PSS intermedi-
ate layer, flow rate, and starch concentration.

6.2.4
Protein Capsule and Protein Shell

The immobilization of protein/polyion multilayers is not limited to solid sub-
strates and membrane filters. Various chemical and biological applications are an-
ticipated if the protein multilayer is applied to surfaces of tubes, fibers, colloidal par-
ticles, molecular aggregates, and the stationary phase of column chromatography.

The coating of negatively charged latex particles with positively charged linear
polymers is straightforward [23]. In general, excess polymer is added to suspen-
sions of the aqueous latex, and the mixture is allowed to stand until the adsorp-
tion saturates. Isolation of the polymer-coated latex is carried out by ultracentrifu-
gation (generally, 10 min at 10 000 G for 400 nm diameter cores). Polyelectrolyte
multilayers surrounding the latex are obtainable by repeated adsorption of oppo-
sitely charged polymers and subsequent ultracentrifugation. Proteins are readily
incorporated into the shell of the polyelectrolyte (Fig. 6.14).

Stable hollow capsules are also obtainable by removal of the core from the
above core/shell particles, making encapsulation of proteins feasible. For example,
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Fig. 6.14 Enzyme assembly on a spherical microtemplate
coated with a polyion multilayer.



PAH and PSS were alternately assembled on melamine–formaldehyde microparti-
cles (5 �m) for four cycles, and the core particle was decomposed at pH 1. The ob-
tained capsule is non-permeable against large molecules dissolved in water, but
becomes permeable in a water/ethanol mixture. We examined loading of proteins
into the hollow capsule by using urease that was labeled with fluorescent dye,
fluorescein-4-isothiocyanate (FITC) [24]. The confocal fluorescence image in
Fig. 6.15 (left) shows that FITC-labeled urease is excluded from the core by the
polyelectrolyte shell. The interior of the capsule remains dark and the background
containing FITC-urease is fluorescent outside the capsule. The center image
shows the capsule after addition of ethanol to give a 1:1 water ethanol mixture. In
this case, the fluorescence coming from the interior of the capsule is the same as
the outside background fluorescence, indicating penetration of the protein into
the capsule. The transition between the open and closed states of the polyelectro-
lyte multilayer capsule due to ethanol addition is reversible. When the capsule is
transferred into water, the polyion shell becomes closed to urease molecules.

The mechanism of the reversible permeability change is not yet fully under-
stood. It may be related to segregation and/or expansion of the polyion network
in water/ethanol media. Such changes can lead to defects in the shell, and pores
big enough to pass 5 nm urease molecules. These results can be applied to fabri-
cation of enzymatic micro- and nanoreacters. In addition, if loaded enzymes are
released out of the capsules under certain conditions (pH or salt concentration),
the capsule could find some applications in drug delivery and sustained release.

6 Recent Progress in the Surface Sol–Gel Process and Protein Multilayers174

Fig. 6.15 Permeation and encapsulation of urease-FITC into polyion multilayer cap-
sules in water (left) and in water/ethanol 1 :1 mixture (middle) and encapsulated
urease (right).
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Abstract

We report on the internal structure of a series of layer-by-layer (LBL) self-as-
sembled polyelectrolyte films, mostly analyzed by X-ray reflectometry. Most binary
(A/B)n systems based on organic polyelectrolytes do not form well-defined strata
in LBL-films. However, we found a category of polycations giving rise to much
better stratified (A/B)n multilayers: Stratification results from prestructuring of the
polycations in the swollen layer adsorbed at the film/water interface, due to the
formation of lamellar lyotropic mesophases. We compare the internal structure of
such organic films with that of binary (A/B)n hybrid multilayers made from clay
platelets and a large set of organic polycations. The main difference between
these systems lies in the compliance of the lamellae and its consequences on or-
dering, which for organic systems may extend over very long ranges, or be de-
stroyed completely during complexation in the film, while being limited to a few
tens of Å for hybrid films. For both types of internally structured binary LBL
films, there is no direct correspondence between the number of strata deposited
and the number of dipping cycles and so it is impossible to control the composi-
tion of each stratum in turn. Therefore, other strategies have to be developed in
order to design well compartmentalized assemblies allowing the confinement of
functional molecules at precise positions within the stratified structure. This is
possible by the construction of superlattices containing organic compartments of
well-defined and tunable thickness separated by hybrid organic/inorganic barriers.

7.1
Introduction

Nanoscale control of the structure of organic materials is a prerequisite to the fabri-
cation of sophisticated organic functional devices. The ability to position chemical
units precisely in these devices, and similarly to align or to orient them, allows
one to fine tune the function of such (macro)molecular assemblies [1, 2]. Further-
more, as transfer mechanisms like electron tunneling or non-radiative energy trans-
fer depend extremely on the distance between active centers in the range of a few Å
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or nanometers [3, 4], positional control of functional groups must obviously be real-
ized with a very high spatial resolution. In this respect, Nature excels in delicately
knitting molecules at the nanoscale to provide elaborate functions, as illustrated,
e.g., by light harvesting centers in photosynthetic bacteria [5, 6].

In this context, organic multilayers are particularly simple systems wherein
nanoscale control of the structure in one direction is easily attainable. There are
different ways to build organic or hybrid organic/inorganic multilayers, among
which the Langmuir–Blodgett deposition technique [7] and chemical self-assembly
[8] (using, e.g., functional silanes [9], thiols [10], or �,�-biphosphonic acids [11])
were mostly known one decade ago. Layer-by-layer (LBL) self-assembly, also
known as electrostatic self-assembly (ESA), is the most recent addition to this col-
lection of techniques, and a very promising one indeed, owing to its versatility,
simplicity and environmental friendliness [12, 13]. However, by contrast with old-
er methods, LBL provides essentially amorphous films, with profuse interpenetra-
tion of neighbouring “layers” [13e]. This may certainly be seen as one of the ad-
vantages of the technique, since it avoids defect propagation from layer to layer, a
nagging problem of other multilayer construction techniques [14]. On the other
hand, it remains to be assessed to what extent these traits, interpenetration of
“layers” and amorphous chain conformations, may be compatible with true nano-
scale control of film structure.

Before proceeding, one should define what will be considered here to be a
nanostructured multilayer. We define a “stratum” as a lamellar spatial region of
close to homogeneous composition, running parallel to a substrate, and bordered
on each side by strata of different compositions. A structured multilayer is a col-
lection of such strata stacked vertically, with limited interpenetration of successive
strata (i.e., the thickness of a stratum should be much larger than the thickness
of the transition region between strata). Nanostructured multilayers are made
from strata thinner than about 10 nm, much thinner strata being desirable for
reasons explained above. Of importance here is also the lateral extent of the strata;
for reasons which will be discussed later, we consider that a stratum should run
parallel to the substrate over several micrometers.

It is well-known that, in most films LBL-deposited from two organic polyelectro-
lytes only (i.e., (A/B)n systems), no strata can be defined: Due to profuse inter-
penetration of successively deposited A and B “layers”, the film composition
appears homogeneous along the sample normal [13a, 13 e]. The molecular-level
blending of A and B polyelectrolytes [15] is unambiguously testified by the
absence of Bragg reflections in the X-ray or neutron grazing-angle scattering by
such films, even when every second “layer” is deuterated [16, 17 b,c]. There are,
however, notable exceptions to this seemingly general rule [18], which are pre-
sented and discussed in Section 7.3 of this Chapter.

If one of the flexible organic macromolecules is substituted by a rigid and
charged thin inorganic platelet (clay, zirconium phosphate, . . .), (A/B)n hybrid or-
ganic/inorganic films displaying some stratification may also be obtained [19–26].
However, strata only exist very close to the substrate, stratification being lost for
distances larger than a few nanometers from the substrate [27]. This is a general
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characteristic of such hybrid films, irrespective of the type of materials used, as
will be shown in Section 7.4.

In order to attain higher degrees of stratification, construction of superlattices
of the {(A/B)m/(C/D)p}n-type (or more complex sequences) is required, as was per-
formed successfully by a series of workers in the field (see e.g. [20a, 25c, 25 e,
28–48]). Studies on hybrid organic/inorganic superlattices, aiming at the control
of strata formation while simultaneously decreasing the repeat period of the nano-
structured films, are presented in Section 7.5. This strategy effectively allows one
to obtain small organic 2D compartments separated by thin insulating inorganic
barriers.

7.2
Experimental Considerations

With the recent observation that linear variations of UV absorbance with the num-
ber of deposition cycles do not necessarily correspond to regular growth of a mul-
tilayer, but may instead be due to progressive lateral filling of incomplete layers
[49], it becomes obvious that one may not deduce film microstructure (or even
quality) from techniques only sensitive to the amounts of adsorbed polyelectro-
lytes (such as ellipsometry, UV or IR absorbance, quartz crystal microbalance,
etc.). It is also unsafe to assume that the sequence of strata in a film coincides
with the sequence of adsorption events. In addition, because the free surface and
the film/substrate interface most probably differ in structure and composition
from the core of the film [50, 51], surface characteristics of LBL-films, such as ob-
tained from X-ray photoelectron spectroscopy (XPS), static secondary ion mass
spectroscopy (SSIMS), contact angle measurements or atomic force microscopy
(AFM) may not be used alone to deduce film structure. This in part results from
the highly dynamic nature of polyelectrolyte adsorption and from the penetration
of newly adsorbed polyelectrolyte “layers” into previously deposited “layers”.

Hence, a proper evaluation of the internal structure of LBL films requires re-
sorting to high resolution but indirect techniques, such as X-ray diffuse scattering
(XDS) to probe the lateral internal features of films, and X-ray (or neutron) reflec-
tometry (XRR or NR) to probe composition fluctuations perpendicular to the inter-
faces. Transmission electron microscopy (TEM) may also provide structural infor-
mation normal and parallel to the substrate. TEM images of transverse cuts of
{(A/B)m/(C/D)p}n films have been published [36], clearly showing the existence of
strata in such films provided that m and p are large enough. Differential staining
of one type of strata is required to obtain contrast, although electron energy loss
spectroscopy may be used in the future to avoid staining. Although very appealing
aesthetically, TEM suffers from the time-consuming preparation of the sample
and from the limited number of substrates which are compatible with the meth-
od: Typically, films are deposited on polymers such as corona-treated poly(styrene)
[36] or cellulose acetate [52] to allow microtoming of the sample. In addition, spa-
tial resolution still seems insufficient to image the structure of multilayers having
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small internal repeat periods. For instance, recent attempts to observe in our
group the internal structure of hybrid clay/polyelectrolyte multilayers deposited on
silicon substrates (having �14 Å as internal repeat period) were unsuccessful,
even with a high-resolution TEM (field emission gun, 200 kV acceleration voltage)
and microtoming samples with focussed ion beams.

Provided that the substrates are flat and smooth enough, reflectometry techniques
are currently among the most powerful methods of characterizing the internal struc-
ture of thin films. In this context, neutron reflectometry on films containing selec-
tively deuterated layers {(A/B)m/(deuterated-A/B)p}n and related systems) provides
unique pieces of information about thickness and interpenetration of polyelectro-
lyte “layers” [16, 17, 43]. The very large difference between the scattering lengths
of deuterium and hydrogen [53] is responsible for the unique sensitivity of neutron
reflectometry to specific features of multilayers labeled at different locations. By con-
trast, X-ray reflectivity is sensitive to electron densities, which are rather close for
most organic polyelectrolytes. It is thus a common belief that X-ray reflectometry
may not reveal the internal structure of LBL-films, and the absence of Bragg reflec-
tions in most X-ray reflectograms of (A/B)n multilayers is considered as supporting
evidence for this statement. However, the absence of Bragg reflections does not re-
sult essentially from the weak electron density difference between most polyelectro-
lytes, but rather from the strong interpenetration of A and B “layers” in (A/B)n films,
which smooths out completely the compositional fluctuations. This is also evidenced
by the absence of Bragg reflections in neutron reflectograms of (deuterated-A/B)n

multilayers and is also supported by the detection of Bragg peaks in the X-ray reflec-
tograms of some organic {(A/B)m/(C/D)p}n films [43a, 54]. In Fig. 7.1, we present
simulations of the X-ray reflectivity of {(A/B)1/(A/C)1}6 superlattices deposited on
silicon wafers (reflectivities are presented vs. Kz0, the component perpendicular to
the interface of the wavevector in air). The values of roughness for the air interface
(12 Å), internal roughness between A/B and A/C layer pairs (14 Å), and thickness of
an A/C layer pair (42 Å) were taken from experimental values published for the
poly(styrene sulfonate) (PSS)/poly(allyl amine hydrochloride) (PAH) layer pair de-
posited from 0.5 M NaCl solutions [17 c]. The roughness of the silicon substrate
was set to a typical value (3 Å), and the thickness of the A/B layer pair was set arbi-
trarily to 29 Å. The electron densities of each layer pair were then varied, and the
reflectivity computed. From the reflectivity, a Patterson function was computed by
Fourier transformation using [55]:

P�r� � 1
2�

��

��

R�Kz1�
RF�Kz1� e2iKz1rdKz1 �

where Kz1 is the component perpendicular to the interface of the wavevector in
the film and RF(Kz1) is the Fresnel reflectivity of the bare and perfectly smooth
substrate computed at Kz1. In the limit of validity of the first Born approximation,
the Patterson function can be shown to be equivalent to the normalized autocorre-
lation function of the electron density gradient [56]:
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where �s is the electron density of the substrate and � (z) is the electron density in
the film at z, laterally averaged over the coherence area of the photons. Put sim-
ply, P(r) is proportional to the probability of finding an interface at a distance r
from another one, positive peaks being associated with correlations between inter-
faces of both positive or both negative slopes, negative peaks being associated
with interfaces having slopes of opposite signs. Alternatively, one may consider
P(r) to be the spectral power density of the reflectogram scaled by the reflectivity
of the bare substrate. As can be judged from Fig. 7.1, already modest electron den-
sity fluctuations may be detected in Patterson functions and X-ray reflectograms.
The electron density profile of curve 3 in Fig. 7.1 simulates a {(PAH/PVS)1/(PAH/
PSS)1}6 superlattice (where PVS stands for poly(vinyl sulfate)), with electron den-
sities being estimated from group contributions to the molar volume of polymers
[57]. In this case, a fluctuation of about 8% suffices to induce significant perturba-
tions in the simulated reflectograms and Patterson functions. X-ray reflectometry
may thus be used to characterize the internal structure of LBL-assembled superlat-
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Fig. 7.1 Simulations of the X-ray reflectivity
(middle graph) by multilayers displaying the
electron density profiles shown in the left
graph. The right graph presents Patterson
functions computed from the simulated re-
flectivities. The peak-to-valley fluctuations of
electron density in the films amount to 0, 3.5,

8 and 24% of the average film density for
curves 1, 2, 3 and 4, respectively. Curve 3 si-
mulates a {(PAH/PVS)1/(PAH/PSS)1}6 super-
lattice deposited on a silicon wafer. The
dashed vertical lines in the middle graph indi-
cate the expected positions of Bragg peaks.
All curves are displaced vertically for clarity.



tices, unless the difference in electron density between successive strata is below
5–10%. The use of Patterson functions is particularly easy and interesting in this
context. For more sophisticated analyses, we refer the reader to ref. [18a, 18 c].

Finally, it is appropriate to comment on the effects on the reflectivity of the in-
ternal roughness of the strata and of the photon coherence. It may be shown that
reflectometry is actually sensitive to the electron density laterally averaged over the
coherence area of the incoming particles [58, 59]. This has important consequences
as shown in Fig. 7.2, which presents schematically a set of four lamellar struc-
tures having increasing internal roughness of the strata, the corresponding elec-
tron density profiles laterally averaged over the width of the images, and the varia-
tion with film thickness of the area of the Bragg peak which would be detected in
a typical specular scan if photon coherence were of the order of image size. All
samples may be considered as locally stratified. However, the smoothing out of
fluctuations in the averaged density profiles, resulting from internal roughness,
leads to a severe damping of Bragg peaks. Critical here is the lateral size over
which electron density is integrated, i.e., the photon coherence area, which effec-
tively depends on the resolution of the setup (usually via slit widths). For most X-
ray reflectometers, typical values of coherence lengths are in the range of a few
micrometers in at least one direction parallel to the substrate. In Section 7.4, the
variation of Bragg peak area with film thickness will be used to explore stratifica-
tion as a function of distance from the substrate.

7.3
Stratified Binary (A/B)n Organic Multilayers

As stated in the Introduction, most LBL-films made of two organic polyelectro-
lytes A and B do not contain strata. Even though polyelectrolytes adsorb in layers
running parallel to the substrates, it was demonstrated by neutron reflectometry
that A and B layers interpenetrate to such an extent that no compositional fluctua-
tion can be detected along the sample normal, irrespective of the ionic strength of
the deposition solutions. Although layer thickness increases with ionic strength,
the distance of interpenetration increases in proportion, with no benefit as con-
cerns formation of strata [17 c]. Hence, the internal structure of binary LBL films
may be considered to be akin to a scrambled-egg polyelectrolyte complex [60], as
schematized in Fig. 7.3. Preliminary reports on the appearance of Bragg peaks in
the X-ray reflectograms of a specific (A/B)n system [61] were initially essentially
considered as exotic results, with little significance to the field. Since then, the
structure of this specific system has been explored in much greater detail [18 a,
18 c], and systematic variations of the chemical architecture of the polycation have
been performed, allowing one to disclose new stratified binary systems and to elu-
cidate their peculiarities [18 b, 18 c].

Tab. 7.1 presents the polycations tested to grow ordered multilayers in combina-
tion with poly(vinyl sulfate) (PVS), poly(vinyl sulfonate) (PVSo), or poly(styrene
sulfonate) (PSS) (Fig. 7.4). These polycations are ionenes, differing in the nature
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Fig. 7.2 Left: Schematic representation of a
set of four lamellar structures with increasing
internal roughness of the strata. Middle: Cor-
responding electron density profiles laterally
averaged over the width of the images. Right:
Variation with film thickness of the area of

the Bragg peak which would be detected in a
typical specular scan if photon coherence
were of the order of the image size. The
scales of the graphs have been kept constant
for all simulations.



of the pendent group, the length of the aliphatic spacer in the main chain, and
the nature of the quaternized ammonium groups. As indicated in Tab. 7.1, a sig-
nificant number of these polycations gives rise to at least partially ordered films
when combined with the proper polyanion, as judged from the presence of Bragg
peaks in X-ray reflectograms and of regular oscillations in Patterson [18]. Among
these systems, the highly ordered multilayers obtained by combining 6 with PVS
were studied in great detail [18 a].

Fig. 7.5 presents selected X-ray reflectograms, together with computed Patterson
functions and electron density profiles, for the system (6/PVS)n deposited on sili-
con wafers. The presence of regularly packed strata in the films is readily appar-
ent. Also obvious is the fact that more than one stratum appears per deposition
cycle, which can be deduced as well from the fact that the increment of thickness
per deposition cycle (88 Å) is much larger than the distance between two strata
(�24 Å). It was also noted that strata already appear just after the first deposition
of the ionene, before any deposition of the polyanion. Since it was shown that the
ionene presents a lyotropic mesophase in water, it was concluded that the ionene
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Fig. 7.3 Schematic description of the struc-
ture of binary (A/B)n films LBL self-assembled
from two flexible organic polyelectrolytes. Due
to profuse interpenetration between neighbor-
ing layers, the composition is homogeneous
perpendicular to the substrate. The highlighted
layer is made of polyelectrolyte chains depos-
ited during a single adsorption step in the fab-
rication process.

Fig. 7.4 Organic polyelectrolytes used as
counter-polyanions of the ionenes of Ta-
ble 7.1.
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Tab. 7.1 Ionenes tested for the construction of (A/B)n binary multilayers, and internal structure
of multilayers made by combining these ionenes with poly(vinyl sulfate) (PVS), poly(vinyl sulfo-
nate) (PVSo), or poly(styrene sulfonate) (PSS).

R n No-
men-
cla-
ture

Internal organization
of multilayers, a) ionene
being combined with

PVS PVSo PSS

3 1 am. No gr. am.

3 2 sl.
24 Å

– am.

3 3 am. am. am.

10 4 part.
34 Å
± 3

am. part.
29 Å
± 2

10 5 sl.
18 Å

– sl.
18 Å

10 6 ord.
24 Å

ord.
24 Å

am.

3 7 am. – –

3 8 No gr. – –

3 9 sl.
26 Å

ord.
23.5 Å

am.

a) “– ”: system not tested; “No gr.”: no growth of multilayer; “am.”: amorphous, i.e., no strata in mul-
tilayer (no Bragg reflection); “sl.”: slightly ordered, i.e., hints of a Bragg peak observed in X-ray re-
flectograms, 2–3 very weak oscillations detected in Patterson functions; “part”.: partially ordered,
i.e., small Bragg peaks observed in X-ray reflectograms, marked oscillations detected in Patterson
functions over a limited spatial range; “ord.”: ordered, i.e., strong Bragg peaks observed in X-ray
reflectograms, marked oscillations detected in Patterson functions over distances comparable to
film thickness. For ordered systems, the repeat periods in the film are also indicated.



pre-organizes into a lamellar phase in the swollen layer adsorbed at the film/
water interface. Depending on the amount of adsorbed ionene, which is con-
trolled by charge balance considerations, a few lamellar layers of the ionene form
onto the growing film per adsorption cycle. Also remarkable is the alternation of
the quality of the structure (Fig. 7.5): After ionene adsorption, the amplitudes of
Bragg reflections and the oscillations in the Patterson functions are strong; after
adsorption of PVS, these parameters decrease, showing unambiguously that PVS
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Fig. 7.5 Top left: Selected X-ray reflectograms
of (6/PVS)n multilayers deposited on silicon
wafers. Dots: experimental data; lines: fits.
Curves are displaced vertically for clarity.
n= x.5 means that x cycles of deposition were
performed, followed by an extra deposition of
polycation 6. Top right: Patterson functions

computed from the reflectivity data. Curves
are displaced vertically for clarity. Bottom:
electron density profiles computed by fitting
box models to the reflectivity data. Profiles
are superimposed to help following changes
as growth proceeds.



penetrates over some distance into the previously adsorbed film, partially destroy-
ing the previous ordering. Strata in the LBL film thus result from a surface-con-
strained complexation between the polyanion and a prestructured ionene deposit,
which ensues diffusion of the polyanion in the previously deposited film.

It was also demonstrated that strata run over the whole film thickness (at least
for films up to 0.2 �m thickness), and that the quality of the ordering is depen-
dent on adsorption time, or post-annealing time in water. In the best cases, strata
may be parallel to the substrate within 0.05 �, and partial alignment of the chro-
mophore groups in the films is detected. The quality of the ordering is also ex-
tremely dependent on the nature of the polyanion: For instance, replacing PVS by
PSS results in the loss of stratification [18 a]. This observation confirms that pene-
tration of the polyanion in the pre-organized adsorbed ionene layer indeed occurs,
resulting in the reorganization of the internal structure with possible destruction
of the initial ordering. A schematic representation of multilayer structure is pre-
sented in Fig. 7.6, and should be contrasted with the one of classical LBL films
shown in Fig. 7.3.

The growth and the internal structure of multilayers made of ionenes shown in
Tab. 7.1 combined with PVS, PVSo and PSS were monitored, and compared to
the structure of the corresponding bulk polyelectrolyte complexes [18b–c]. It was
shown that the internal structure of the multilayers is often similar, but not neces-
sarily identical to that of the bulk complexes, pointing out the importance of the
surface of the substrate in directing the structuring of the films. More impor-
tantly, it was observed that highly ordered multilayers could only be obtained with
ionenes 6 and 9, which are the only two ionenes for which lyotropic mesophases
in water were found. In addition, restricted ordering was also observed for
ionenes 2, 4 and 5 which, although not forming lyotropic mesophases (as de-
tected by polarized optical microscopy), bear either a long hydrophobic spacer in
the main chain, or a 4-(4�-nitrophenylazo)-phenyl mesogenic side group. Ionenes
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Fig. 7.6 Schematic description of the structure of
binary (A/B)n films LBL self-assembled from struc-
ture-forming ionenes of Table 7.1. Lamellar layers
of the ionene separate polyanion-rich regions. The
highlighted region is made of chains adsorbed
during one complete cycle of deposition, corre-
sponding to more than one lamellar stratum.



not bearing any long hydrophobic spacer or mesogenic side group never gave rise
to any ordering. In all cases, ordering is extremely dependent on the nature of the
polyanion, as was also confirmed by experiments performed with 6 combined
with a set of cellulose sulfates (Fig. 7.4) of systematically varied degrees of substi-
tution [62].

From this, it may be safely concluded that the presence of strata in the films
indeed results from preorganization of the ionene in the swollen adsorbed layer,
and that the subsequent penetration of the polyanion into this layer may improve,
or not, the pre-ordering of the ionene deposits. An important consequence of this
mechanism is that, although strata are present in the films, there is no direct,
one-to-one, correspondence between film structure and sequence of deposition:
Since more than one stratum may be formed per cycle of adsorption, it becomes
impossible to control the composition of each stratum in turn. This diminishes
the practical interest of such multilayers with respect to our initial goals; however,
the partial alignment of functional groups in such films remains particularly
attractive for applications in optics.

7.4
Stratified Binary (A/B)n Hybrid Organic/Inorganic Multilayers

Another strategy to strata-containing binary LBL multilayers has been explored in
recent years by exploiting the sequential adsorption of two heterospecies, namely
a (semi)flexible organic polyelectrolyte together with rigid (i.e., two-dimensional)
inorganic nanoplatelets, as obtained by exfoliation of layered crystals. The usual
incompatibility between silicates and organic polymers is overcome by strong elec-
trostatic interactions prevailing between the two complementary components [63].
Phyllosilicates from the smectite group such as the negatively charged hectorite
[19] and montmorillonite [20, 21] (Fig. 7.7), or the positively charged hydrotalcite
(from the carbonate hydroxide class) [20 b, 23] have proved to be particularly ap-
propriate for LBL films. Exfoliated transition metal oxides [24 b], metal disulfide
[24a], metal phosphates [25, 64] and perovskites [26] as well as graphite oxide [65]
and titania nanosheets [66] have also been used. The morphology of these nano-

7 Internally Structured Polyelectrolyte Multilayers188

Fig. 7.7 Schematic representation of the crystal structures of montmorillonite (a) and hectorite
(b) according to ref. [81].



sheets seems appropriate to provide stratified assemblies: Due to the shape aniso-
tropy, the high surface area and the rigidity of the platelets, tiling might be ex-
pected to occur in a regular fashion.

7.4.1
Initial Studies on Hybrid Assemblies

First uses of exfoliated smectites, such as hectorite or bentonite, go back to the
initial studies by Iler [67]. More detailed pioneering studies [19, 20b, 30, 31] used
poly(diallyl dimethyl ammonium) chloride, PDADMAC (13, Fig. 7.8) [68], a strong
polyelectrolyte. Bragg diffraction peaks were observed in X-ray studies performed
on films built from 13 and Laponite (L), a synthetic hectorite, demonstrating
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Fig. 7.8 Poly(diallyl ammonium) salts used as organic counter-polycations of negatively charged
Laponite platelets for the preparation of (A/B)n hybrid multilayers.



some degree of internal order in such films [19a]. The relative positions of the
peaks in reciprocal space were consistent with a lamellar structure of a period
close to the 14 Å basal spacing of hectorite. It was assumed that the flexible or-
ganic polyelectrolyte is intercalated between the inorganic sheets, the period of 14
Å being attributed to the (13/L) interlayer spacing. It was also observed that ap-
proximately two hectorite layers are adsorbed per adsorption cycle. Other ordered
assemblies were reported with montmorillonite (M) platelets by Kotov and co-
workers [20b]. But, different from (13/L)-based assemblies, atomic force micro-
scopy (AFM) suggested the presence of unexfoliated clay particles. It was there-
fore concluded that the observed Bragg peaks reflect the basal period of small
stacks of pure clay, rather than the (13/M) interlayer spacing [20 b]. Similar obser-
vations were reported for systems based on exfoliated graphite oxide (GO) and
PDADMAC [65 b]. In these studies, two different Bragg peaks in the small-angle
region of the diffractograms were found, which were attributed to the interlayer
spacing of (13/GO), as well as to small stacks of pure platelets. Alternative sys-
tems using rigid inorganic polyanions employ exfoliated zirconium phosphate (�-
ZrP) and protonated poly(allyl amine) PAH (10, Fig. 7.8) [25c], or titania nano-
sheets and poly(dimethyl diallyl ammonium chloride) [66], providing other sys-
tems well-suited for forming ordered LBL films with internal structure.

7.4.2
Layered Assemblies from Analogous Poly(diallyl ammonium) Salt Derivatives
and Hectorite Platelets

7.4.2.1 General Structural Observations
The most documented initial studies on LBL clay-based systems were made on
PDADMAC 13 combined with the synthetic hectorite Laponite (L). Given the pau-
city of variations of this outstanding parent system, we explored several series of
polycations of systematically varied molecular architecture. Polycations mainly of
the poly(diallyl ammonium) family, complemented by a small set of other polycat-
ions, were tuned with respect to their hydrophilic/hydrophobic balance, as well as
to their bulkiness and the length of pendent side groups [27a, 69]. The molecular
structures of various polymers tested are listed in Fig. 7.8. Some representative X-
ray reflectograms of hybrid films assembled on silicon wafers using Laponite with
various polycations are shown in Fig. 7.9. Broad Bragg peaks are observed in all
cases, irrespective of the solvent used for building the assembly and of the de-
tailed nature of the polycation employed. A Bragg peak was even observed for the
system based on 9 which contains only a low charge density, but bears multiple
mesogens [27a]. This indicates that the general system (polycation/L) is remark-
ably robust for structure formation.

The position of the Bragg peak is only moderately modulated by the details of
the chemical structure. The Bragg spacing lies between 14.4 Å for (13/L) and 18.6
Å for (19/L), and between 18.5 Å for (17/L) and 19.6 Å for (16/L)-based assem-
blies built, respectively, from water and water/ethanol solutions. From these data
alone, it was, however, not obvious whether the variations in the interlamellar
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spacing were due to the specific nature of the complexed polycation, or to a
change in the extent of hydration of unexfoliated silicate layers [20b]. The basal
spacing of layered silicates indeed expands significantly with degree of hydration.
Nevertheless, detailed thermal analysis coupled with X-ray reflectivity measure-
ments demonstrated that the polyelectrolyte is truly intercalated between the inor-
ganic sheets [27a]. Exfoliated platelets of Laponite deposit thus as individual
sheets, and not as an unexfoliated stack of clay platelets. This behavior contrasts
with that of natural clays for which a much more difficult exfoliation is expected
due to the higher degree of crystallinity and the larger size of the individual plate-
lets [20b].

By contrast, the increment of thickness per adsorption cycle was found to be much
more dependent on the nature of the polycation. As a result, the ratio (increment of
thickness per adsorption cycle/Bragg spacing) is frequently not equal to 1, and was
found to vary between 0.8 and 2.1, depending on the nature of the polycation and the
type of platelet [27a, 19 a, 20 b]. This is similar to what was found for the purely or-
ganic ordered (A/B)n multilayers discussed in the previous section, and suggests that
film growth cannot be explained by the simple alternate deposition of monolayers of
platelets and polycation, as was proposed by Mallouk and coworkers for the system
(13/�-ZrP)13 [25d]. Rather, a more dynamic deposition process takes place, involving
the adsorption of more than one monolayer of platelets for each cycle of deposition,
followed by restructuring of the film upon adsorption and penetration of the polyca-
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Fig. 7.9 (a) X-ray reflectograms of (A/B)n hybrid multilayers. From top to bottom: (13/
L)16, (19/L)15, (15/L)15, (20/L}15, (21/L)15, (17/L)15, (12/L)25, (11/L)25. Note the log–log
scale. Curves are displaced vertically for clarity. (b) Patterson functions computed from the
reflectivity data. Curves are displaced vertically for clarity.



tion. The adsorption of more than one layer of silicate platelets per deposition cycle
is easy to understand, considering their low surface charge density: Charge balance
simply requires a given amount of platelets to (over)compensate the previous charge
of the surface layer. Considering the relatively high mobility of organic polyelectro-
lytes in the swollen outer layer of the films, reorganization ensues, as proposed ini-
tially by Kleinfeld and Fergusson [19 a].

7.4.2.2 Detailed Analysis of the Structure of Laponite-Based Hybrid LBL Films
An examination of Patterson functions computed from the X-ray reflectivity of Lapo-
nite based LBL films indicates that such films are only partially ordered (Fig. 7.9).
Although oscillations do appear in these curves, they are exponentially damped
and disappear for interdistances larger than a few tens of Å. In reciprocal space, this
observation translates into an increase in the width of the Bragg peaks with the order
of the reflection, as reported in the past for (13/Laponite)n films [19a].

The limitation of order seen in Patterson functions may arise either from the
existence of vertical disordering in the positions of silicate strata (i.e., paracrystal-
linity of the stacking), or from the disappearance of strata as the distance from
the substrate increases. In the first case, because of cumulative displacement of si-
licate strata in the vertical direction, the positions of the strata are no longer de-
fined with respect to an ideal lattice, but only with respect to the positions of the
adjacent strata [70, 71]: The limited range of oscillations seen in the Patterson
functions corresponds thus to the coherence of the vertical stacking. In the sec-
ond case, due to the random tiling of platelets, strata can only be defined close to
the substrate: Further away, lateral averaging effectively smoothes out the density
fluctuations perpendicular to the substrate (see Section 7.2).

The validity of the second hypothesis is demonstrated by a series of observa-
tions [27 b]. First, from X-ray reflectograms of (18/L)n LBL films (Fig. 7.10 a), elec-
tron density profiles were computed for increasing values of n (Fig. 7.10 b). They
showed that strata become less apparent and thicker as the distance from the sub-
strate increases. Second, AFM measurements on a (18/L)1 film show a broaden-
ing of the distribution of the heights of the platelets as their distance from the
substrate increases, in good agreement with the density profile obtained by reflec-
tometry (Fig. 7.11). Third, the Bragg peak area varies according to a linear regime
for small film thickness, but progressively saturates for thicker films (Fig. 7.12).
In agreement with Fig. 7.2, this would correspond to a first region, close to the
substrate, where silicate platelets would be laterally aligned, and to a second re-
gion where the strata would progressively disappear. Finally, off-specular and spec-
ular reflectivity measurements performed with different instrumental resolutions
were also found to be compatible with the second hypothesis, as will be reported
elsewhere [27b]. The schematic picture which emerges from these studies is pre-
sented in Fig. 7.13, which is quantitatively compatible with the experimental data.

For all systems tested to date, the spatial extent of the really stratified region is
limited to about 100 Å. The extent of this region is moderately affected by the de-
tails of the chemical structure of the flexible polycation, the size of the ordered re-
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Fig. 7.10 (a) X-ray reflectograms of (18/L)n

multilayers with, from bottom to top, n = 1, 2,
4 and 6. Dots: experimental data; lines: fits.
Curves are displaced vertically for clarity.

(b) Electron density profiles computed by
fitting box models to the reflectivity data.
Profiles are superimposed to help following
changes as growth proceeds.

Fig. 7.11 (a) Electron density profiles
computed by fitting box models to the
reflectivity data of a (18/L)1 film. (b)
Height distribution of the surface of a
(18/L)1 film as obtained from a 1 �m�1
�m AFM image. Dashed curves are the
result of a decomposition of the height
histogram into a trimodal distribution.



gions lying between about 20 and 100 Å. Interestingly, the bulkiness of the poly-
cations within the series 13, 18 and 19 seems to have no impact on the extent of
the stratified region. By contrast, the hydrophilic/lipophilic balance does seem to
have an influence as the stratified regions of films formed from the rather hydro-
phobic polycations 16 and 17 are of very limited size.

7.4.3
Ordering in Hybrid Assemblies Employing Functional Polyions

7.4.3.1 Photocrosslinkable Polyelectrolytes
To prepare hybrid films with a set of strata with high coherence lengths, we tried
to limit the reorganization in the lowermost layers by in situ crosslinking of the
flexible polyelectrolyte prior to the tiling process. One may imagine hampering
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Fig. 7.12 Variation with film thickness of the
area of the Bragg peak of (18/L)n multilayers.

Fig. 7.13 Schematic representation of the internal structure of a hybrid (organic polyca-
tion/ Laponite)n multilayer. Due to a cumulative disorder in the vertical tiling of plate-
lets, strata can only be defined close to the substrate, as shown in the magnifications.



the interpenetration between heterospecies by freezing the mobility of the upper-
most organic layer, not only on the timescale of the adsorption of the platelets.
But even for purely organic LBL films, crosslinking strategies have received little
attention [72–75]. In the few cases studied so far, crosslinking led to a more regu-
lar adsorption of hydrophobic polycations in purely organic films [73]. Besides the
beneficial effects expected in terms of regularity in the stacking of the strata, the
crosslinking approach should help to stabilize the films, for instance, by improv-
ing the barrier functionality of the inorganic layers as well as controlling the per-
meability between sublayers [76].

In this context, we prepared a new rigid unsaturated polycation of the
poly(diallyl ammonium) family 20 and self-assembled the reactive polycation with
hectorite from DMSO/water based systems [69]. UV spectroscopy studies indicate
that the photoreaction is complete after short exposure to UV light. The occur-
rence of a broad Bragg peak in the X-ray reflectograms, similar in shape for both
crosslinked (21/L)15 and uncrosslinked (20/L)15 films, demonstrates that the as-
semblies dispose of an internal structure, and that the cross-linking process does
not interfere markedly with the structure formation. But in any case, the cross-
linking did not improve significantly the coherence domains of the strata.

7.4.3.2 The Use of Mesomorphic Polyions
Alternatively, and similarly to the strategy employed for organic films (see Section
7.3), we explored whether the introduction of mesomorphic polyelectrolytes or
liquid crystalline ionomers in hybrid thin films could favor internal order. Indeed,
both shape anisotropy and amphiphilic character may promote lamellar order and
induce mesomorphic organization in supramolecular assemblies [77]. As discussed
above, the use of liquid crystalline polyelectrolytes can indeed induce the formation
of well defined strata. One might think that the combination of rigid platelets with
liquid crystalline polymers would improve the ordering even more. In any case, the
multiplication of the interfaces (mesogens–platelets) should promote the induction
of local orientation. Therefore, the formation of the hybrid film has been investi-
gated for both anionic and cationic exfoliated inorganic crystals in combination with
liquid crystalline ionomers. Hydrotalcite nanosheets (Ht), for example, were depos-
ited together with negatively charged main chain liquid crystals 22 and 23 (Fig. 7.14)
[13b, 23]. Alternatively, montmorillonite sheets (M) were deposited with liquid crys-
talline cationic ionomer 24, or with polycation 9 even bearing two different meso-
gens, namely the viologen group and the azobenzene moiety [23, 72]. All these iono-
mers, 6, 9 and 24, present thermotropic or lyotropic nematic or smectic phases [78].
They could be easily and regularly assembled with their inorganic partners to films
like (22/Ht)n, (23/Ht)n, (24/M)n or (9/M)n [13b, 23, 72], exhibiting regular film
growth according to ellipsometry or UV/vis spectroscopy. However, X-ray reflectome-
try indicated the formation of films without defined internal sublayers. The lack of
structure might be explained by the low charge density of the polyions applied, that
is close to the limiting case of the LBL self-assembly method, eventually combined
with the high flexibility of some of the ionomers.
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Independent of the induction of well defined strata, charged polymers bearing
mesogenic groups may, alternatively, improve the alignment of functional frag-
ments within the films. For (9/M), UV/vis spectroscopy measurements suggest
the formation of J-aggregates (implying in-line alignment of adjacent chromo-
phores) [13 a, 72]. Most interestingly, for polymer 9 whose mesogens are substi-
tuted to provide good second-order non linear optical properties, second harmonic
generation (SHG) studies revealed an average orientation of the mesogens in the
hybrid films (9/M)n [72]. But the extent of orientation is presumably weak, and
disappears for thicker layers due to the dynamic character of LBL films. This illus-
trates the a priori low degree of organization of many such hybrid films, at least
in their final state. Nevertheless, the picture that emerges from these results is
that some local alignment of functional fragments may be obtained. By contrast,
organization on a larger scale, such as the formation of lamellar structures, i.e. of
distinguishable strata in the films, remains a challenge.

7.5
Hybrid Superlattices of the {(A/B)m/(C/D)p}n Type

So far, only binary multilayers of the (A/B)n type have been discussed. Another
approach to the fabrication of strata-containing LBL films consists in using two
different (A/B) and (C/D) layer pairs as building blocks to create superlattices of
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Fig. 7.14 Mesomorphic polyelectrolytes used for building (A/B)n hybrid multilayers.



the {(A/B)m/(C/D)p}n type. For such superlattices, strata may be expected, consist-
ing of homogeneous (A/B)m and (C/D)p molecular-level blends. Obviously, the
number of possible combinations is now very large, and complete exploration of
the possibilities offered by this strategy is far from being achieved. In the follow-
ing, we review briefly previous works in this field, then describe in more detail
our own work on hybrid organic/inorganic superlattices.

7.5.1
Literature Survey

Several reports have dealt with the construction of LBL superlattices to incorpo-
rate active components in spatially separated compartments. For example, pro-
teins [28–31], enzymes [32–34], viruses [35], metal nanoparticles [36–41], magne-
tite particles [42], conjugated polymers [25e, 43–45] and optical dyes [25c, 43 b,
46–48] were incorporated in LBL superlattices to prepare devices displaying the de-
sired biosensing, electrical, optical or chemical properties. Unfortunately, most of
these reports paid little attention to the detailed internal structure of the superlat-
tices in relation to the specific sequence of deposition events.

Organic strata were demonstrated in self-assemblies containing more than two
organic polyelectrolytes [13 e, 17 a, 43 a,b, 54]. As stated in the Introduction, the
fuzziness of the strata, resulting from layer interpenetration, could be established
in most cases. In order to decrease fuzziness, intercalation of more rigid blocks
between (A/B)m organic blocks was attempted. For instance, lipid bilayers were
used to separate polyelectrolyte layers by a combination of Langmuir–Blodgett
transfer and LBL self-assembly [79]. Other examples of superlattices include the
insertion between (A/B)m blocks, of inorganic layers made from metal or metal ox-
ide particles [20 a, 38–41], of exfoliated platelets of metal phosphates [25e], or of
clays [20, 30]. The resulting films are composed of organic compartments sand-
wiched between hybrid barriers. Among these different examples, rigid inorganic
nanoplatelet spacers seem to be particularly suitable for the control of the super-
lattice architecture on the nanometer scale. Indeed, the high aspect ratio of two-di-
mensional nanoplatelets should result in minimal interpenetration of successive
organic strata. Moreover, by contrast with spherical nanoparticles, nanometer-thick
platelets may form sharp and dense barriers inhibiting the transfer of active com-
ponents from a stratum to its neighbors. The permeability of the barrier can be
easily fine-tuned by adjusting the number of hybrid bilayers deposited between or-
ganic (A/B)m blocks. Such a strategy was previously described for systems contain-
ing montmorillonite [76], zirconium phosphate (�-ZrP) or HTiNbO5 platelets [25 c,
38, 25 e]. However, no evidence for the effective control of the supramolecular
structure was provided in these works.
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7.5.2
Hybrid Organic/Inorganic Compartmentalized Multilayers from Clay Platelets

Given the limited information available on the internal structure of hybrid organ-
ic/inorganic superlattices, we have followed the structure of such compartmenta-
lized multilayers during their build-up [27 b]. Multilayers were prepared by alter-
nate adsorption of hybrid and organic blocks. (A/B)m hybrid blocks were obtained
by LBL deposition of 18 (A) and Laponite platelets (B). (A/C)p organic blocks were
made by LBL assembly of 18 (A) and poly(styrene sulfonate) (C). The influence of
m, p and n on the structure of {(A/B)m/(A/C)p}n deposited on silicon wafers was
investigated in detail by X-ray reflectometry and ellipsometry. Here, we restrict the
scope to {(A/B)2/(A/C)p}n films, and report only on selected examples of such
multilayers.

The variation of film thickness vs. number of “supercycles” of deposition (n) is
presented in Fig. 7.15. Thickness increases linearly with n, indicating regular film
growth. The increments of thickness by supercycle are 53 and 125 Å, for p equal
to 2 and 10, respectively. Fig. 7.16 a depicts reflectograms obtained for {(A/B)2/(A/
C)2}5.5 and {(A/B)2/(AC)10}6 films. For the sake of comparison, the reflectogram
of an (A/B)6 film is also shown. All multilayers present a broad Bragg peak at
about 0.22 Å-1 (corresponding to a repeat distance of 14 Å) resulting from the
stratification of Laponite platelets close to the surface of the substrate (see Sec-
tion 7.4). It is obvious that the deposition of (A/C) layers atop the (A/B)2 block
does not significantly disturb the stratified arrangement of the latter block. The
numerous Kiessig fringes seen in the reflectograms testify to the low roughness
of the film/air interface. The most interesting feature of reflectograms of the
superlattices is the presence of supplementary Bragg reflections at lower scatter-
ing angles, with up to three orders detected for the {(A/B)2/(A/C)10}6 superlattice.
These results clearly indicate the presence of an ordered stratified superlattice
structure in the multilayers, of 45 and 113 Å repeat period for the {(A/B)2/(A/
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Fig. 7.15 Variation of sample thickness
versus number of supercycles of deposi-
tion for {(A/B)2/(A/C)2}n (O) and {(A/
B)2/(A/C)10}n (�) hybrid superlattices.
Dashed lines are linear fits to the data.



C)2}5.5 and {(A/B)2/(A/C)10}6 films, respectively. These numbers are very close to
the increments of thickness per supercycle of deposition, indicating complete con-
trol over the superstructure of the film by the deposition process.

More information about the spatial extent of the order in these self-assemblies
can be obtained by analyzing Patterson functions computed from the first part
(0.01�Kz0�0.1 Å–1) of the reflectograms (Fig. 7.16 b). Due to the absence of a
superlattice in the (A/B)6 film, a single peak appears in the corresponding Patter-
son function, resulting from the correlations between substrate/film and film/air
interfaces. By contrast, the weak oscillations in the Patterson function of {(A/B)2/
(A/C)2}5.5, and the much stronger ones observed for {(A/B)2/(A/C)10}6, unambigu-
ously signal the existence of a superlattice in these samples. However, the spatial
extent of the stratification depends on the thickness of the organic compartment,
being limited to the first deposited layers (75 Å) for {(A/B)2/(A/C)2}5.5, while ex-
tending over the total film thickness for {(A/B)2/(A/C)10}6. The loss of coherence
of the stacking for the sample with p= 2 results from the large interfacial rough-
ness of the hybrid spacer compared to the value of the repeat period. In order to
obtain multi-compartimentalized films over large vertical distances, it is necessary
to smooth out the roughness of the hybrid spacer layer by depositing an organic
block of sufficiently large thickness. A similar conclusion was drawn by Decher et
al. for nanoparticle-based {(PSS/PAH)m/(Au/PAH)}n systems [41].

In order to decrease the number of deposition cycles necessary to smooth the
barrier layer while fine-tuning the thickness of organic compartments and de-
creasing the total time for multilayer buildup, we deposited (A/C)p organic layer
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Fig. 7.16 (a) X-ray reflectivity of {(A/B)2/(A/
C)p}n and (A/B)n hybrid superlattices. From top
to bottom: sample {(A/B)2/(A/C)10}5, {(A/B)2/
(A/C)2}5.5 and (A/B)6. Vertical arrows indicate
the positions of Bragg reflections. Note the

log–log scale. Curves are displaced vertically
for clarity. (b) Patterson functions of the same
samples computed over 0.01�Kz0�0.1 Å–1.
Vertical arrows indicate the film thickness.
Curves are displaced vertically for clarity.



pairs from 0.1 M NaCl aqueous solutions. These conditions are known to increase
the thickness of adsorbed polyelectrolyte layers [80]. The X-ray reflectograms of
two samples {(A/B)2/(A/C)2}5.5 and {(A/B)2/(A/C)5}6 fabricated by this process are
displayed in Fig. 7.17 a, while Patterson functions computed from the data in the
first part of the reflectograms (0.01�Kz0�0.1 Å–1) are shown in Fig. 7.17 b. The re-
peat distances of the superlattices are 76 Å and 156 Å for samples with p= 2 and
5, respectively, and the coherence lengths of the superlattices equal to film thick-
ness for both samples. These experiments clearly show that well-ordered multi-
layers can be fabricated with a smaller number of deposition cycles of the organic
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Fig. 7.17 (a) X-ray reflectivity of {(A/B)2/(A/
C)p}n hybrid superlattices, with the (A/C)p

block deposited from 0.1 M NaCl water solu-
tions. Top curve: {(A/B)2/(A/C)5}6; bottom
curve: {(A/B)2/(A/C)2}5.5. Vertical arrows indi-
cate the locations of Bragg reflections. Note

the log–log scale. Curves are displaced vertically
for clarity. (b) Patterson functions of the same
samples calculated over 0.01�Kz0�0.1 Å–1.
Vertical arrows indicate the film thickness.
Curves are displaced vertically for clarity.

Fig. 7.18 Schematic representation of the internal structure of
{(A/B)2/(A/C)p}n hybrid superlattices.



layer pair. However, the use of increased ionic strength during the deposition of
the organic layer pairs also results in larger values of thickness for the organic
compartments, which may be detrimental for some applications. To summarize, a
schematic representation of the structure of the superlattices is depicted in
Fig. 7.18.

7.6
Conclusions

We have explored the internal structure of a series of LBL-assembled polyelectro-
lyte films. Usually, for binary (A/B)n systems based on two organic polyelectrolytes
only, no strata can be defined in LBL-assembled films; Fig. 7.3 exemplifies the in-
ternal structure of such films, as derived from previous studies in the field [13].

However, we have found a category of polycations giving rise to much better
stratified (A/B)n multilayers. These polycations form organized concentrated water
solutions (i.e., lyotropic mesophases), or at least contain groups capable of driving
structuring (long hydrophobic spacers, mesogenic groups, . . .). This preorganiza-
tion occurs in the swollen layer adsorbed at the film/water interface, and may be
enhanced or destroyed upon adsorption of the polyanion and its subsequent diffu-
sion in this layer. The generality of this finding was tested with a complete set of
polycations of systematically varied architecture. In the best cases, the surface-con-
strained complexation between polycation and polyanion may lead to films strati-
fied over very long distances (0.2 �m). Fig. 7.6 illustrates schematically the struc-
ture of such LBL films.

It is interesting to compare these multilayers with hybrid binary multilayers
made from clay platelets and simple polycations (Fig. 7.13). Both types of multi-
layers share common traits: they are at least partially internally stratified; they
grow by the deposition of more than one internal repeat period per deposition cy-
cle, due to the decoupling between amounts adsorbed (which is governed by
charge balance) and internal structuring (related to macromolecular architecture
and specific complexation between polyelectrolytes after diffusion in the film). In
addition, both result from some lamellar organization of polyelectrolytes: for sili-
cates platelets, the anisotropy of the platelets by itself suffices to define lamellae,
while for ionenes, microphase separation in the swollen layer adsorbed at the
film/water interface is most probably responsible for the formation of lamellar-
shaped aggregates. However, the main difference between these two systems lies
in the compliance of the lamellae, and its consequences on ordering. Soft ionene
lamellar aggregates may not resist the complexation with a given polyanion, re-
sulting in loss of internal order in the films, or may gently yield to the require-
ments of stratified complexation, leading to extremely well-ordered assemblies. By
contrast, rigid silicate platelets will not suffer, nor benefit, from the complexation
with a counter-polyelectrolyte; as a result, strata always exist in hybrid films, but
order is restricted to regions close to the substrate, due to the lack of compliance
of platelets with the requirements of stratified complexation. On the positive side,
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silicate platelets can accommodate with a wide range of functional polyelectro-
lytes, such as poly(diallyl ammonium) salts, polymethacrylates or ionenes. Bulky,
hydrophobic, amphiphilic or photocrosslinkable polyelectrolytes can be incorpo-
rated while still keeping strata close to the substrate.

For both types of internally structured binary LBL films, there is no direct corre-
spondence between the number of strata deposited and the number of dipping cy-
cles. It is thus impossible to control the composition of each stratum in turn.
Therefore, other strategies have to be developed in order to design well compart-
mentalized assemblies allowing the confinement of functional molecules at pre-
cise positions within the stratified structure. This is possible through the construc-
tion of superlattices containing organic compartments of well-defined and tunable
thickness separated by hybrid barriers. We have shown here preliminary results
in this direction. Similarly, others [76] have recently used hybrid strata placed
at specific locations along the sample normal to tune the light-emitting properties
of LBL self-assemblies. The influence of ionic strength and the use of different
{(A/B)m/(A/C)p}n combinations are currently being investigated in our laboratory
in order to obtain organic compartments with a tunable thickness on the nan-
ometer scale.
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Abstract

Nanoparticles (NPs) of diameter 1–100 nm and nanocolloids (i.e., species with
one or two dimension in the nanometer scale) can be assembled with polyelectro-
lytes following layer-by-layer deposition (LBL) protocols producing high-quality
thin films. This technique can be considered a convenient method for processing
NPs and related materials into a variety of thin-film devices. Materials properties
of the assemblies depend on both the packing of the NPs and layer sequence and,
therefore, approaches to structural control of NP LBL films need to be estab-
lished. The effect of different experimental parameters and morphological charac-
teristics of NP on the structure of LBL films are considered on the basis of inter-
molecular interactions between NP and polyelectrolytes. Their combination and,
in particular, appropriate surface modification of colloids, make possible the prep-
aration of densely packed films, which follow regular LBL deposition with growth
direction parallel to the surface normal, for virtually any nanoscale dispersion. For
such layers, one can design stratified materials, whose functional properties may
be controlled and optimized by ordering the layers according to a predetermined
pattern. Several examples of such assemblies demonstrating the effect of layer se-
quence on the mechanical, magnetic and optical properties are highlighted.

8.1
Introduction

Advanced materials from inorganic nanoparticles are currently one of the most
dynamic areas of today’s science. They represent significant fundamental and
commercial interest with a wide range of applications including the next genera-
tion optics, electronics, and sensors [1–6]. Synthetic methods of colloidal chemis-
try afford manipulation of their size, surface structure and, hence, their properties
[7]. In optical, electrical and magnetic devices, NPs will be mostly used as thin
films. Currently, such films are typically made by spin coating, spraying, or some-
times by simple painting of nanoparticle–matrix mixtures. Layer-by-layer assembly
is one of the most promising new methods of thin film deposition, which is often
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used for oppositely charged polyelectrolytes (PE) [8, 9]. It has also been success-
fully applied to thin films of NPs and various other inorganic materials [10–33].
One of the major advantages of LBL is simplicity: the process requires neither so-
phisticated hardware nor high purity of the components. At the same time under
optimal conditions, the method produces high quality coatings with thickness
controllable at the nanometer level [26]. This deposition technique is also quite
universal: for virtually any aqueous dispersion of NPs, one can find a matching
polyelectrolyte and deposition conditions yielding a steady film build-up [34]. The
lateral packing of the NPs in individual adsorption layers can also be controlled
by different means producing densely packed coatings [15, 27, 34]. LBL coatings
are also highly homogeneous, unlike the composite polymer/NP coatings ob-
tained by other means [35], where phase separation may occur [36]. Last but not
least, LBL allows one to combine NPs with other functional materials often used
in this technique such as dyes, proteins, and DNA, leading to a palette of multi-
functional nanostructured materials [37]. In essence, LBL can be a convenient
method for processing NPs in thin films, which opens broad perspectives for this
technique, both in research and in industry. This review attempts to summarize
the current status of understanding of LBL deposition of NPs, the structure of the
films produced and the future applications of these materials.

8.2
Layer-by-layer Assembly of Nanoparticles and Nanocolloids

Layer-by-layer assembly can be described as the sequential adsorption of positively
and negatively charged species, A and B, by dipping a substrate alternately into
their solutions. Rinsing with water between adsorption steps removes the excess
of the previous solution and leaves a thin layer of charged species on the surface,
thereby preparing the surface for the next adsorption step. The dynamic develop-
ment of LBL that we have seen recently was sparked mainly by its great success
with the assembly of PEs associated with the work of Decher, Möhwald, Lvov,
Rubner and Mallouk [9, 30, 38–40]; however, similar ideas were previously used
by Iler [41] for the assembly of colloids, by Nicolau for production of semiconduc-
tor films [42, 43], and by Bruce et al. for the assembly of NP/PE magnetic films
[10]. Description of the experimental details of the technique can be found in
other contributions to this book and in the original publications of the respective
authors.

From the analysis of the abundant literature on LBL, one can say that A and B
are chosen preferentially to be of relatively high molecular weight. The experimen-
tal work on polymers with different chain lengths indicates that increase in the
molecular mass of species promotes stable LBL growth [15, 44–46], which is re-
lated to the diverse nature of intermolecular interactions involved in the process
(see Section 8.3.1). Although for relatively low molecular weight species such as
multicharged metal ions [47–51] and molecular dyes [52–54], LBL assembly has
also been reported, their tendency to leach out should be stressed [55]. A heavy
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mass and multiple points of attachment of A and B render the absorption suffi-
ciently irreversible to allow for deposition of the next layer. Either A or B is al-
most always a PE, while the other LBL partner can be a dispersion of NPs, clay
sheets, proteins, dyes, vesicles, DNA, viruses or other species. The omnipresence
of PEs in LBL assemblies, that acquired popularity in the 1990s, is explained by
their ability to cover irregularities owing to the rod-like conformation of the
charged macromolecules in aqueous solutions [9, 56]. As evidenced by AFM
images of different PEs adsorbed to the surface of a silicon wafer from aqueous
solutions (Fig. 8.1), this conformation is likely to be retained in the LBL films as
well. For more rigid polymers such as poly(2-vinylpyridine) Mw 200000–400000
(Fig. 8.1a), the polymer chains tend to be less intertwined than for more flexible
macromolecules such as poly(diallyldimethylammonium chloride) Mw 400000–

8.2 Layer-by-layer Assembly of Nanoparticles and Nanocolloids 209

Fig. 8.1 Phase contrast AFM images of (a) poly(2-vinylpyridine) Mw 200000–
400000, (b) poly(diallyldimethylammonium) chloride Mw 400000–500000 and
(c) (poly(4-vinyl-1-methyl-pyridinium) bromide Mw 50000 deposited on silicon
wafers by adsorption from dilute solutions at pH 2–3.



500000 (Fig. 8.1 b) and poly(4-vinyl-N-methyl pyridinium bromide) Mw 50 000
sometimes even forming double chains (Fig. 8.1c).

An LBL film obtained after n deposition cycles can be generically referred to as
(A/B)n, and this notation will be used throughout the chapter. It is important to
note that the (A/B)n abbreviation describes primarily the deposition procedure
rather than the actual sequence of the multilayers obtained as a result of it. Films
where the adjacent layers deposited in one cycle can be clearly distinguished from
each other are difficult to obtain because of the strong interpenetration of PE
chains [57–59] blurring the border between the adjacent layers. Although signifi-
cant improvement of layer sharpness has been made recently by combining LBL
with spin-coating [61] and by selecting an LB pair with low degree of interpenetra-
tion [26], one needs to point out that in the majority of polymer pairs the result of
LBL assembly can be characterized best as a molecular blend of A and B [62, 63].
The same conclusion can be made for many PE assemblies with spherical col-
loids, with the exception of anisotropic particles, such as clay platelets, that may
have preferential orientation in LBL films.

NPs are commonly defined as crystallites of inorganic materials with a diameter
from 1 to 100 nm exemplified by NPs of CdS and Fe3O4 in Fig. 8.2a,b. Quite of-
ten, NPs with an additional layer of a different inorganic material epitaxially or
non-epitaxially deposited around the core have more refined electrical optical and
magnetic properties than “naked” NPs. The core–shell NPs (Fig. 8.2c,d) can also
be assembled by LBL and will also be considered here. Since there are no abrupt
transitions in the PE–NP interactions associated with size, if necessary, other sys-
tems with physical dimensions outside the 1–100 nm range will be discussed, too.

The LBL process for NPs follows that used for the other systems [20, 34, 35].
Their layer-by-layer assembly is typically monitored by the increase in the UV–VIS
absorbance, O.D., when the particles are deposited on a transparent substrate.
The hallmark of this technique is the linear rise of the O.D. with the number of
layers, which was observed for many LBL pairs [9, 52, 64–69]. Typically, the distri-
bution of the deposited species in macroscale (mm range) is very uniform, and
the substrate appears very homogeneously colored. Notably, the O.D. vs. n linear-
ity shows the equality of the amounts of the material transferred on the substrate
in every deposition cycle. It cannot serve as a proof for the structural organization
of the film, although ordered layered stacks, for instance Langmuir–Blodgett
films, also revealed the same behavior. For NPs, the linear growth of the multi-
layers on planar substrates (similar to that in Fig. 8.3) has been demonstrated by
many authors. The nanocrystalline materials used in such multilayers include
CdS [20, 70–72], CdSe [18, 31, 73], CdTe [70, 74], ZnS [75], PbS [76], TiO2 [20, 71–
73, 76–78], ZrO2 [79], Ag [27, 80], Au [21, 81–83], SiO2 [12, 23, 24], MoO2 [84],
polyoxometallates [85, 86], HgTe [35], Fe3O4 [26, 87]. Nanocolloids, i.e. dispersions
with particles with only one or two spatial dimensions in the nanometer scale
range, exhibit similar behavior and include exfoliated clay platelets [12, 26, 28, 29,
37, 56, 88–90], zirconium phosphate [31, 91–94], lamellar Hofmann clathrates
[30], perovskites [95–97], graphite oxide [33, 80, 98–100], and gold/platinum nano-
rods [101]. Significant research efforts have been devoted to LBL assemblies of
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Fig. 8.2 Transmission electron microscopy images of different NPs: (a) CdS, (b) Fe3O4,
(c) SiO2-coated core–shell Fe3O4, (d) TiO2-coated Ag NP, and (e) YIG.



NPs around micron-scale colloids, which demonstrated that the multilayer growth
behavior did not appear to be different from that on planar substrates, as evi-
denced by single particle light scattering experiments, at least when the radius of
curvature of the colloids was much greater than that of the NPs [13, 14, 102–104].

The thickness of the coating calculated from ellipsometric or quartz crystal mi-
crobalance measurements followed the linear behavior of the O.D. vs. n plots. The
thickness increment added in one deposition cycle often approached that of a
monolayer of PE or NPs [24, 53, 97]. Sometimes it exceeded the average NP diam-
eter; for instance, HgTe NPs formed 2–3 monolayers in each deposition cycle [35].
The same could be seen for gold NPs stabilized by citrate forming dense LBL
films with a characteristic metallic shine [105] and for relatively large latex col-
loids when salt is added to the dispersion [106]. In general, one can say that as-
sembly from solutions on the verge of instability should result in thicker films. In
turn, the role of the previously deposited PE is then to selectively destabilize the
particle in the vicinity of the substrate. The increase in thickness associated with
such accelerated deposition may also increase the roughness of the coating.

In some cases, such as ca. 32 nm yittrium iron garnet (YIG) (Fig. 8.2 e), as well
as for some other relatively large hydrophilic NPs made from oxides, the thick-
ness obtained was noted to be significantly lower than the average value expected
for densely packed layers of NPs of this diameter. The thickness increment, which
was added to the coating by a single PDDA/YIG layer, was 3.5 nm (Fig. 8.4a).
This thickness corresponded to the average surface density of YIG of one particle
per 32 300 nm2. Such a small thickness of absorption layer and low density of par-
ticles contradicted the structure of LBL nanoparticles films found in previously
studied LBL pairs [11, 18, 23, 24, 26, 35, 74, 79, 81]. Despite this, stable growth of
YIG/PDDA multilayers was observed for as long as 50 deposition cycles
(Fig. 8.4b).
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Fig. 8.3 Dependence of optical density of (a) (PDDA /naked Fe3O4)n (triangles), (PDDA/
SiO2 coated Fe3O4)n (circles), and (b) (PDDA/HgTe)n LBL films on the number of deposi-
tion cycles.



It is commonly understood that both A and B in LBL pairs form a complete
(mono)layer on the surface, which is dense enough to reverse the surface charge
in each layer. Indeed, for many combinations of oppositely charged compounds,
each adsorption step produced a thin and uniform layer of a corresponding com-
pound. However, for many combinations of PEs with compact colloidal species,
organic or inorganic, the growth of the LBL assembly was shown to be very slow
or irregular, for reasons that remain poorly understood. Considering the require-
ment of surface charge switching, the fact that sustained build-up of the multi-
layers was seen in Fig. 8.4b was quite surprising and raised questions about the
actual mechanism of the layer-by-layer growth in this and similar cases.

The SEM images of (YIG/PDDA)n multilayers revealed that the repetition of ad-
sorption cycles resulted not in the sandwich-like layering of organic and inorganic
strata [21, 23, 24, 26, 27, 35, 37, 79, 81, 107, 108] but rather in the growth of fairly
isolated YIG islands (Fig. 8.5). In layer 1, the film consisted of YIG domains of
0.5–1.5 m in diameter (Fig. 8.5a), which increased to 1–3 m in deposition cycle 2
(Fig. 8.5b), and 3–4 m in deposition cycle 3 (Fig. 8.5 c). The domains were expand-
ing laterally along the substrate surface, accompanied by an increase in their aver-
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Fig. 8.4 Dependence of (a) ellipso-
metric thickness and (b) optical den-
sity of (PDDA/YIG)n multilayers on
the number of deposition cycles as-
sembled with 1 h YIG adsorption
step. Same deposition time was
used for other YIG data unless
otherwise specified. Elongation of
the assembly time did not result in
significant change of layer thickness
and O.D.



age height. In the close-up, one could see that the YIG islands were 3D agglomer-
ates of YIG NPs (Fig. 8.5 d), growing in size with increasing n. This demonstrated
that the particles deposited in the LBL deposition cycles adhered predominantly to
the existing domains rather than to the bare PDDA-covered surface, although the
total number of domains may also increase.

The growth pattern of the isolated YIG domains, which for convenience is re-
ferred to here as a lateral expansion mode [109], was initially regarded as the re-
sult of poor quality substrates, possibly carrying hydrophobic patches, as seen for
modified silica surfaces [88]. However, for glass slides and silicon wafers thor-
oughly cleaned with hot piranha solution for as long as 30 min as well as for
glass slides treated with a promoter of ionic adsorption 3-aminopropylsiloxane,
identical deposition patterns were observed. Effective elimination of a potential
substrate effect could be accomplished by precoating with a (PDDA/PAA)n multi-
layer to form a precursor film, which made the surface virtually uniform in prop-
erties. (PDDA/PAA)n and similar PE pairs have been shown by many authors to
form excellent coatings on a variety of surfaces [110–114]. We used acidic, pH 3.5,
PAA solution, when the PAA was only slightly ionized, to increase the thickness
of the adsorption layers [111]. The high molecular weight of PAA of 1 000000 al-
lowed it to bridge over possible undesirable spots. Five (PDDA/PAA) bilayers were
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Fig. 8.5 Scanning electron microscopy images of (PDDA/YIG)n films with (a) n= 1, (b) and (d)
n= 2, and (c) n =3.



made on a substrate producing a film of ca. 20 nm and topped with an additional
layer of PDDA. This rendered the substrate hydrophilic with a contact angle of
37 ± 3 degrees. Regardless of the very hydrophilic nature of (PDDA/PAA)nPDDA
film, a new series of SEM images revealed that the cyclic repetition of adsorption
steps resulted in the same growth pattern (Fig. 8.6) as for the bare silicon wafers
without the precursor film, the size of the YIG domains expanded from 1.5–2 �m
for the first dipping cycle (Fig. 8.6 a) to 3–5 �m for cycle 2 (Fig. 8.6 b) and 5–7 �m
for cycle 3 (Fig. 8.6 c). Between the YIG islands, the texture of the underlying pre-
cursor layer could be seen on both the low magnification and high magnification
images (compare Fig. 8.5d with Fig. 8.6 d).

Thus, one could conclude that the pattern of film growth seen in Figs. 8.5 and
8.6 was a feature of the NP/PE pair rather than the substrate effect. Since the
forces between YIG and PDDA are of a rather general nature, i.e. not specific to
the YIG–PE pair, the similar growth pattern is likely to occur in other systems in-
volving NPs or other colloids. Indeed, the similar lateral domain expansion was
seen for 40 nm barium ferrite NPs (Fig. 8.7a,b) and 200 nm polystyrene latex
(Fig. 8.7c,d).

Considering the structure of the films in Fig. 8.5–8.7, it must be pointed out
that there is an aspect of the deposition process that is quite difficult to rational-
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Fig. 8.6 Scanning electron microscopy images of (PDDA/YIG)n films with (a) n= 1, (b) and (d)
n= 2, and (c) n =3 assembled on a precursor layer (PDDA/PAA)5PDDA.



ize at the moment. The constantly expanding area of YIG islands was supposed to
increase the amount of the material transferred in each deposition cycle and,
therefore, should have resulted in a constantly increasing optical density incre-
ment. Particularly surprising in the growth pattern of YIG and others was the fact
that the O.D. vs. n plot remained linear throughout the deposition process with-
out any sign of upturn. This indicates that there was a compensation effect reduc-
ing the number of adsorbed particles as the area of the film expanded. There can
be several possible mechanisms of the compensation:

1. Partial desorption of previously adsorbed particles during the adsorption of the
next PE layer;

2. increased electrostatic repulsion between like charged components as the film
grows; and

3. dependence of the amount of the adsorbed material on film/substrate rough-
ness.

The presence of the NP desorption process associated with the deposition of the
new PDDA layers can be clearly seen in Fig. 8.8. The reduction of the YIG UV ab-
sorbance with increasing n for unoptimized deposition conditions can only be ex-
plained by the partial removal of YIG particles performing the standard LBL pro-
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Fig. 8.7 Scanning electron microscopy images of (PDDA/barium ferrate)n films with (a) n= 1
and (b) n = 2, and (PDDA/latex)n films with (c) n= 1, and (d) n= 2.



cedure [115]. The reduction of the number of isolated latex spheres after the
second deposition is also visible in Fig. 8.7 d. A recent report on the adsorption of
pyrene label in the LBL layers also showed that with every new PE layer some
amount of the label was removed [54]. The increase in electrostatic repulsion and
the influence of roughness on the amount of adsorbed material can be predicted
on the basis of work on PE adsorption on solid surfaces [116]. Hence, compensa-
tion mechanisms are assumed to be operative in the system. Nevertheless, the
question concerning why the superposition of all these effects results in a linear
growth and not in a higher order curve remains open. In order to clarify this and
other issues of LBL assembly, such as obtaining better organized layers, we need
to look into the molecular processes responsible for LBL.

8.3
Structural Factors of Individual Adsorption Layers

8.3.1
Intermolecular Interactions in the LBL Process

As can be seen from the previous section, the seemingly simple nature of the process
may camouflage the complexity of the interactions responsible for the layer-by-layer
build-up. Significant insights into the mechanism of the LBL process have been re-
cently attained [64, 111, 117–121], and various complementary aspects of the theoret-
ical foundation of LBL are presented in several chapters of this book. Nevertheless,
the fact that the theoretical understanding of the process is significantly lagging be-
hind the numerous experimental realizations of the technique needs to be recog-
nized. To a large extent, LBL is the manifestation of a large class of novel phenomena
that were revealed recently for intermolecular interactions of high molecular weight
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Fig. 8.8 Dependence of the optical
density of (PDDA/YIG)n film with
20 min YIG absorption step (unop-
timized conditions).



compounds [122–125]. Without hesitation, one can anticipate more of these unique
effects related to the concerted action of different forces as we learn more about the
different aspects of LBL and expand the number of LBL pairs to include, in particular,
more anisotropic species such as some NPs and nanocolloids.

Perspectives of LBL assemblies as new materials require structural control over
the deposited films and therefore a fairly detailed picture of the intermolecular
interactions involved in the process. The important consensus among many
researchers in this field achieved in recent years is that short range interactions
i.e. hydrophobic, ion–dipole, dipole–dipole forces and hydrogen bonding, are not
merely the supporting actors in the LBL but rather, at least, equal partners as
compared to commonly accepted electrostatic interactions, and may have a pro-
found influence on the structure of LBL assemblies. To some extent, this is an evi-
dent conclusion that can be made on the basis of abundant experimental data ob-
tained for PE complexes made from positive and negative chains in solutions
[126–129] because the LBL PE–PE systems actually represent their special case
[130]. It also coincides with the current understanding of the nature of the PE ab-
sorption [131–135]. Non-ionic and, in particular, hydrophobic interactions, which
can be exceptionally strong in aqueous media, were also shown to play a major
role in the systems that resemble the LBL assemblies such as PE complexes with
surfactants [136–139], micelles [140], and inorganic colloids [141, 142]. It would
not be necessary to make this point except that hydrophobic and other short-
range interactions have sometimes been overlooked when considering LBL [143].
The explicit inclusion of hydrophobic and other “weak” forces changes the view
on the driving forces of PE adsorption, which were previously considered to be
virtually exclusively electrostatic [21, 29, 79, 144–150].

In publications on the role of interactions other than ion–ion in film build-up,
theoretical [119] and experimental data [34, 119, 151–155] reflecting their influ-
ence on the adsorption of different components are discussed in great detail. Par-
ticularly relevant to the discussion of the driving forces of LBL are the reports on
processes with no PE involved. Polymeric multilayers, which are based exclusively
on non-ionic interactions include multilayers bound by charge transfer complexes
[156], hydrogen bonding [155, 157], hydrophobic interactions [154] and dispersive
attraction between complementary stereoregular polymers [158]. Contrary to the
established classical LBL procedure with charge alternation, the assembly of simi-
larly charged species has been observed when non-ionic interactions are maxi-
mized [118, 159].

In the case of NPs, non-ionically bonded multilayers have also been reported
[73, 83, 160]. Together with the non-ionic polymeric LBL pairs, they represent ex-
perimental proof of the theoretically predicted crucial contribution of secondary
interactions [119] to multilayer build-up. Since most of the NP dispersions are
water-based and highly charged, it is important to evaluate the roles of ionic and
van der Waals interactions in their assembly. In this respect, it is instructive to
mention two experiments revealing the important role of hydrophobic interactions
in the build-up of NP multilayers with PEs. In the first experiment, the composi-
tion of the NP stabilizer(s), i.e. the organic shell around the inorganic core made

8 Layer-by-Layer Assembly of Nanoparticles and Nanocolloids218



of molecules strongly adsorbed by a functional group to the NP, was varied dur-
ing the synthesis of NPs. The fairly dense stabilizer shell not only protects the
NPs from further growth and aggregation, but is also responsible for their solubil-
ity and intermolecular interactions. CdS clusters can be stabilized almost equally
well by many short-chain thiols, and therefore, a mixture of ethyl mercaptan,
EtSH, and thiolactic acid, CH3CH(SH)COOH, was chosen for their preparation
according to standard procedure [20, 161]. Different ratios of EtSH and thiolactic
acid resulted in NPs with different hydrophobic/hydrophilic balance. EtSH, at-
tached to the CdS core via the mercaptan end, presents the hydrophobic Et part to
the outside, while thiolactic acid in the stabilizer shell presents polar –COOH
groups to the outside making the NPs more hydrophilic. The CdS NPs with dif-
ferent shells were assembled with poly(diallyldimethylammonium chloride)
(PDDA) using the same procedure [162]. The amount of the NPs in the films was
evaluated by the optical density of five PDDA/CdS bilayers. As can be seen in
Fig. 8.9, the average number of NPs transferred in each cycle depended on the
structure of the organic shell around them and went through a maximum when
the molar ratio of thiolactic acid/EtSH was about 0.3 [163]. Importantly, one could
observe a precipitous decline of particle density with increase in the thiolactic acid
portion of the stabilizer, imparting negative charge to the NPs. Therefore, the de-
cline in NP affinity to the PE was accompanied by an increase in electrostatic at-
traction to the substrates coated with positively charged PDDA. These data indi-
cate that there exists an optimum ratio between the number of hydrophobic Et
and hydrophilic –COOH groups on the NP surface for efficient adsorption of NP
to PE. When the surface charge exceeds an optimum value, determined by the
balance between the long-range electrostatic attraction and the short-range hydro-
phobic forces associated with TLA and EtSH respectively, the hydrated state be-
comes more preferable for the NPs. Consequently, they can be easily removed
from the substrate during the rinsing step. For insufficiently charged particles,
both very low solubility in H2O and the lack of long-range attraction to the sub-
strate contribute to the poor film formation. The point of maximum surface den-
sity of NPs corresponds to the optimum combination of strong electrostatic attrac-
tion and firm binding to the PE via hydrophobic interactions, which make the ad-
sorbed layer thermodynamically more preferable than the dissolved state.

The strong influence of NP coating on the efficiency of NP adsorption on PE
can also be seen for the surface modification of yttrium iron garnet NPs
(Fig. 8.10) [34]. In this case, the particle density and their distribution on the sub-
strate surface were evaluated by atomic force microscopy. The native surface of
YIG is very hydrophilic and negatively charged. YIG NPs could be assembled on
positively charged PDDA; however LBL deposition followed the lateral expansion
mode (see above, Fig. 8.5–8.7) with vast areas (on the nm scale) devoid of NPs
(Fig. 8.10a). The surface between the agglomerates was coated only with PDDA,
which could be seen in the magnified AFM images (Fig. 8.10 b).

As for many oxide surfaces, alkylsiloxanes can be grafted to YIG. Hence, 3-ami-
nopropyl siloxane was used, which rendered the NPs positively charged in acidic
media due to the exposed –NH3 group. The LBL assembly for 3-aminopropyl-silox-
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ane-modified YIG NPs was performed with negatively charged PEs such as
poly(styrenesulfonate) (PSS) and poly(acrylic acid) (PAA). AFM revealed a great
improvement in the film structure: the NPs were densely packed after only one
deposition cycle (Fig. 8.10c). The change in the film morphology can be under-
stood by considering the new forces introduced by the surface modification.
When YIG was modified with 3-aminopropyl siloxane, both the electrostatic and
the van-der-Waals components of NP–PE interactions were changed and, in addi-
tion, the native and modified YIG had a different electrical charge. However, the
difference in the behavior of the modified YIG could not be attributed to the dif-
ference in the electrostatic attraction between the NPs and corresponding PEs.
The zeta potentials of the modified YIG and PSS at pH 3.5 were +12 mV and +15
mV, while the zeta potentials of the naked YIG and PDDA at pH 11 were –17 mV
and –12 mV. As one can see, the magnitudes of the potentials were virtually the
same for both LBL pairs and, therefore, the long-distance Coulomb interaction be-
tween the NPs and the PE-coated substrate is nearly the same for both pairs. At
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Fig. 8.9 The dependence of optical den-
sity of (PDDA/CdS)5 multilayer stack on
the composition of the stabilizer shell
around CdS NPs.

Fig. 8.10 Atomic force microscopy images of
(a) original YIG NPs adsorbed to PDDA layer,
(b) the same sample with the scan area

chosen to be between the particle clusters,
(c) 3-aminopropyl siloxane surface-modified
YIG NPs adsorbed to a PAA layer.



this point, it is necessary to add that the initial use of both bare and modified par-
ticles at their corresponding pH on the PE covered surfaces caused electrostatic re-
pulsion between the particle and the substrate because the zeta potentials were of
the same sign for each pair under the assembly conditions. Apparently, this did
not prevent the layer-by-layer process because the PEs at the physical border be-
tween the PDDA or PSS and water remained largely ionized, whereas the zeta-po-
tential reflected the integral potential from the Stern layer and a part of the dif-
fuse layer. The electrostatic repulsion of the outer layers of the ionic atmospheres
created a barrier for adsorption, which was overcome by the kinetic energy of the
heavy NPs followed by the engagement of short-range attractive interactions.

Thus, the increase in surface density of the NPs for modified YIG was primar-
ily attributed to attractive interactions between hydrocarbon groups or organic
modifier and the PE chains adsorbed to the substrate, i.e. hydrophobic interac-
tions. Their amplification increased the attraction of the NPs both to PE and to
each other. In turn, this switched the deposition mode from the lateral expansion
to the normal mode, which means that the direction of film growth was directed
along the normal of the substrate surface [34].

The problem of intermolecular interactions in LBL has not only academic inter-
est; understanding the role of different forces acting during the LBL process be-
comes particularly important for attaining desirable materials properties of multi-
layers. Having characteristic length f 1–100 nm, they determine the nanometer
scale organization of the layers. Fine tuning the film structure is particularly im-
portant for nanotechnological devices reported recently for LBL such as light-emit-
ting diodes [31, 62, 90, 164–167], photovoltaic cells [63, 150, 168–172], conductive
coatings [21, 98, 173, 174], complex patterned films [175–177], nonlinear optical
coatings [178–180], ultrathin resists [28, 56, 95, 97], and magnetic media [11, 16,
26, 87]. The molecular engineering of species to be assembled, bearing in mind
the modes of their interaction in the film, can lead to desirable organization of in-
dividual adsorption layers, improved ordering of species and, ultimately, improved
performance of the material. Recently, we found that the LBL assembly of fuller-
ene derivatives in which the C60 sphere is connected to a fulleropyrrolidinium ion
via a rigid all-sigma-bonded framework of androstane bridges, results in a surpris-
ingly high level of intermolecular organization. In every adsorption layer, they self-
assemble into linear superstructures (nanowires) [168]. Adsorption of the positive-
ly charged C60-fulleropyrrolidinium dyad on the negatively charged PSS resulted
in the formation of rod-like superstructures 1–3 �m long. Similarly films from
fullerene–ferrocene dyads connected by a flexible oligoethylene bridge did not re-
veal any intralayer self-organization. The supramolecular organization of films of
the fullerene salt was accompanied by the presence of a donor–acceptor fullerene–
ferrocene electron transfer pair, which made the system particularly appealing for
photoconversion. Indeed, the photocurrent obtained from a PDDA/PSS/dyad LBL
film under deoxygenated conditions reveals up to a 90-fold enhancement relative
to an earlier flexible dyad with oligoethylene bridge [171]. This performance im-
provement can be attributed to the charge conductance along the fullerene nano-
wires enhancing the efficiency of the energy conversion.
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8.3.2
Ionic Conditions

The ionic conditions refer to experimental parameters affecting the NP and PE
ionization states and long-range electrostatic interactions. They include, primarily,
pH and ionic strength, which affect the ionization of the species the most. In-
creasing the ionic strength of NP dispersions often increases NP density in the
adsorption layer presumably via the reduction of NP–NP electrostatic repulsion
[34, 181, 182], which correlates with observations on PE–PE LBL films [9, 183]. At
the same time, increasing ionic strength is not sufficient to switch the mode of
deposition from lateral expansion to normal for YIG NPs [34].

The pH of any of the LBL components has a strong and multifaceted effect
on the structure of the adsorption layer, and, unlike an increase in ionic strength,
its influence is not monotonic. For LBL films of TiO2-on-Ag NPs (Fig. 8.2 d)
assembled with PAA [27] and for titanium niobate sheets assembled on
poly(allylamine hydrochloride) (PAH) [97], the existence of an optimum pH, for
which the density of NPs in the film reached a maximum, was observed. Taking
the TiO2-on-Ag NPs as an example, the current understanding of the pH effect on
NP/PE multilayers can be considered. The core–shell TiO2-on-Ag NPs displayed
the highest coating density at pH 2.5 (Fig. 8.11c), while the best ordering was ob-
tained at pH 2.0, when they formed closely packed films (Fig. 8.11 d). Deviations
in pH in both directions from the optimal range of 2.0–2.5 yielded a decrease in
NP density. At low pH 2.0, the adsorption of protons on the TiO2 shells resulted
in a high surface charge of NPs (isoelectric point of TiO2 is pH 6.5–5.2) [184].
Consequently, strong repulsion between them dominated other intermolecular
forces. Additionally, the degree of PAA ionization was decreased. Both factors
made adsorption thermodynamically less favorable and dilute layers of individual
NPs were produced (Fig. 8.11 a,b), which were similar to those seen for YIG
(Fig. 8.5). At pH 2.0, the surface charge of TiO2 decreased and so did the interpar-
ticle repulsion. The relative contribution of the electrostatic and van der Waals at-
tractions to the PAA-coated surface increased, which resulted in the alteration of
film structure and an increase in the NP density. The situation when the repul-
sion and attraction both remained strong, while balancing each other, promoted
uniform structures as can be seen in Fig. 8.11 c. A further increase in pH, to 2.5,
shifted the balance toward nonspecific attractive interactions (hydrogen bonding,
dipole–dipole, hydrophobic, etc) of NPs with each other and with PAA macromol-
ecules. In response to that, the films became thicker and less organized with
fairly large aggregates distributed all over the surface (Fig. 8.11 d). At a relatively
high pH of 3.0, the kinetics of adsorption became very slow, presumably due to a
smaller charge on TiO2 and the corresponding weakness of long-range electro-
static attraction of NPs to the substrate, which resulted in dilute films consisting
of 3D clusters of many particles (Fig. 8.11 e, f). Notably, the NP agglomeration pat-
terns transformed as pH changed (compare Fig. 8.11 a, f), which was not observed
for YIG colloids. Thus, the pH-induced changes in the nature of NP–NP and NP–
PE interactions are quite specific for particular LBL pairs due to an intricate inter-
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play of the large number of interactions involved. Therefore, structural transfor-
mations that happen with different NP LBL films are likely to be unique for each
system, and one should expect a number of interesting phenomena with agglom-
eration meso/nanostructures. As an example of such phenomena, the restacking
of assembled titanium niobate lamellae for pH below 7.0 can be cited, while
monolayers of TiNbO5

– sheets were observed at higher pH [97]. Adding further to
the complexity of the process and to the factors that control the ordering in such
systems is the presence of loose segments of PE chains protruding into the solu-
tion [185], which change their conformation with pH. They are suspected to stim-
ulate particle aggregation during the adsorption process [16].

Variations of pH and ionic strength are the most powerful tools now available
in the arsenal for control of LBL film structure. This refers to both NP–PE and
PE–PE LBL systems. For the latter, remarkably abrupt transitions from smooth to
porous films and large thickness variations were observed [40, 110, 111]. There-
fore, it is important both to optimize and to monitor the ionic conditions and, in
particular, the pH value, for every step of the assembly including rinsing.
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Fig. 8.11 AFM images of PDDA(PAA/TiO2-on-Ag)1 layers assembled at different pH of
NP dispersion: (a) pH 1.0 (b) pH 1.5 (c) pH 2 (d) pH 2.5 (e) pH 3.0 (f) pH 3.5. Expo-
sure time for NP dispersion was 1 h. PDDA and PAA were adsorbed at pH 3.6 and
pH 3.5 respectively with exposure time of 5 min.



8.3.3
Effect of Particle Shape on the Density of the Adsorption Layer

Another influential factor to consider for LBL assembly of NPs, is the shape of
the adsorbed species. Although it may appear that one has little control over
shape for a particular material set by the crystal lattice, advances in NP synthesis
now permit molding nanocrystallites into different shapes [186–195]. The perfor-
mance of photonic, electronic and optical devices is expected to depend strongly
on the connectivity of the NPs, determined among other factors by their shape
[196]. Therefore, the design of an LBL thin film suitable for a specific application
is affected by the choice of NP geometry.

It would be interesting to trace a dependence of particle shape on the NP den-
sity in LBL films, although this is an inherently difficult problem because shape
alterations are coupled to, in part, some change in the physical make up of inter-
molecular interactions at the atomic level. Bearing this in mind, NPs and nanocol-
loids of “naked” YIG, barium ferrite and montmorillonite were chosen. All of
them are highly hydrophilic negatively charged particles with oxide surfaces. Rea-
sonable similarities between them, especially when they are compared to other
LBL pairs with NP coated with an organic layer of stabilizers, afford a qualitative
evaluation of the shape effect, although other factors, such as isoelectric point dif-
ferences, will inevitably be convoluted into the results. All the colloids were as-
sembled on PDDA in basic media at pH 8.5. The spherical YIG NPs after a total
of 5 deposition cycles form a very dilute film similar to those discussed above
(Fig. 8.12a). The density in the disk-like barium ferrite nanocolloid after the same
number of layers was significantly greater than that for YIG for the same 5 de-
position cycles (Fig. 8.12b). When large clay sheets were adsorbed on PDDA, even
after one deposition cycle the particle density was enough to virtually completely
cover the surface of the substrate (Fig. 8.12 c). These data confirmed a fairly ob-
vious fact that an increase in anisotropy of NPs must lead to an increase in their
density in LBL films. Spherical NPs provide the least surface area for interaction
with the substrate, whatever these interactions may be, while the geometry of
more anisotropic particles such as disks, sheets and rods, provides greater specific
surface area for interactions, the highest for thin sheets, which was reflected in
the particle density of montmorillonite clay (Fig. 8.12c). An analysis of LBL publi-
cations shows that nanocolloids with sheet-like morphology can virtually always
form high quality LBL films [12, 26, 30, 31, 33, 45, 56, 84, 89, 92, 95–98, 197].
Considering this, a focused search and synthesis of semiconductor materials with
planar particle morphologies can lead to better performing LBL devices. As such,
NPs of In2S3 shaped as thin sheet were recently made in our laboratory, taking
advantage of its orthogonal crystal lattice for which layered crystals are typical
[198]. Unlike clay and other nanocolloids, In2S3 is a semiconductor with great
doping capacity. Additionally, it revealed excitonic luminescence in the UV
(Fig. 8.13). Both properties can lead to significant improvement in LBL-produced
electronic and photonic devices due to facilitation of charge transfer between the
layers. The preparation of uniformly sized NPs of more complex asymmetric
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shape, which is a difficult experimental problem, can possibly lead to their self-
assembly in LBL films in supramolecular structures of the higher degree of order
that we could see for rigid fullerene derivatives.

Some shape effects could be seen for proteins of different geometry [64, 199–
202], but they were not as pronounced as for NPs, because of their lower degree
of anisotropy and stronger overall attraction to Pes [118].

8.4
Stratified LBL Assemblies of Nanoparticles and Nanocolloids

One of the advantages of LBL is the possibility of using the layer-by-layer nature
of the deposition to manufacture complex stratified materials. This task requires
the assurance that the multilayer build-up occurs in the normal mode rather than
in lateral expansion mode; otherwise, the organization of the subsequently depos-
ited layers will be largely compromised owing to patchy growth and the tendency
of the adsorbing species to detach from the surface when the next layer is added.
By using the entire spectrum of methods for tuning intermolecular interactions
between NP and PE discussed above, i.e. pH, ionic strength, surface derivatiza-
tion, and shape selection, one can obtain dense monolayer coverage for NPs from
probably any desirable material, and the strict correspondence between the (A/B)n

deposition procedure and the expected stack sequence will be attained. Therefore,
the effect of the sequence of the layers on the materials properties of the NP as-
semblies will be the focus of this Section.
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Fig. 8.12 (a) SEM image of (PDDA/YIG)5 LBL film; (b)
SEM image of (PDDA/barium ferrite)5 LBL films; and (c)
1 �m�1 �m AFM image of (PDDA/Clay)1 LBL film.



The layer order should be viewed as a very potent fundamental parameter for
the control of functional properties of LBL stacks. Combined with the versatility
of the LBL technique, this approach can afford multifunctional materials with per-
mutations of properties, which are difficult or impossible to obtain by bulk tech-
niques of composite synthesis. The effect of ordering films on photovoltaic re-
sponse was first demonstrated in a publication on LBL of CdS and TiO2 NPs [20].
Since then, it has been shown that the LBL architecture strongly affects biological
reactions in PE–PE assemblies [203–205], their AFM topography [201], energy/
electron transfer [98, 206–209], the course of chemical reactions in them [112] and
the performance of LBL-based PE light emitting diodes [62, 90, 210]. For multi-
layers made from NPs, the layer sequence is particularly influential because their
optical, electronic and magnetic properties depend strongly on interparticle com-
munication and, therefore, their nanometer scale organization [4, 211–217]. Here,
several examples of the new methods of molecular engineering of NP materials
using programmed variation in film properties will be highlighted.
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Fig. 8.13 (a) TEM image of thiol-stabilized In2S3 NPs. (b)
Absorption (1) and luminescence spectra (2) of In2S3 NPs.



8.4.1
Self-standing LBL films

One of the new modalities in NP materials afforded by LBL processing and strati-
fication is free-standing ultrathin films. They are interesting from both the funda-
mental and practical points of view. Possible applications for free-standing NP
films range from implantable biosensors and retina mimics to membranes for
gas separation, micromechanical devices, and advanced catalysis. The degree of
structural organization of thin composite membranes that can be made in this
way is hard to attain by traditional methods of production. At the same time, free-
standing films allow experimental techniques applicable to bulk materials, such as
nuclear magnetic resonance and differential scanning calorimetry, to be used for
fundamental studies of LBL films and related systems.

The principle of making free-standing LBL assembled films is quite simple. The
LBL deposition process is carried out on a solid substrate and, when desirable thick-
ness and stratification are achieved, the LBL assembly is lifted off by dissolving the
substrate in an organic solvent, melting it, delaminating the film or any other suit-
able technique. The first realization of free-standing LBL films was done by the “as-
semble-and-dissolve” method [37] which was recently followed by the “weak-point”
technique. In the latter approach, a change in pH or ionic strength induced the de-
composition of the LBL film, formed by a weak PE, while the top LBL stratum was
preserved and thereby delaminated off the substrate [218]. Both methods have pros
and cons. The assemble-and-dissolve technique imposes two major requirements on
the substrate: 1. the organic solvents used in the lift-off step must not damage the
film and 2. the substrate must be hydrophilic with a positively or negatively charged
surface. The weak-point technique does not impose any limitations on the substrate
material, but allows for the preparation of free-standing films only from strong
macromolecular electrolytes, which are rare among NPs. Destabilization of the pro-
tective organic shell around the NPs originating in the strong electrostatic repulsion
between stabilizer molecules is the cause of the predominant utilization of weak
electrolytes in the NP synthesis.

Free-standing films were obtained from (PDDA/Fe3O4)n NP multilayers with
n= 15–30 by depositing them on cellulose acetate-coated glass followed by its dis-
solution in acetone [37]. (A TEM image of these NPs is given in Fig. 8.2 b). As ex-
pected, the thin film retained the magnetic properties of NPs: it moved in a mag-
netic field and had a room-temperature magnetization curve similar to that of the
original NPs [11]. Importantly, from the suspended state, the films could be trans-
ferred onto any solid or porous substrate. However, they were quite fragile, which
was not surprising considering that the thickness of the films, such as (PDDA/
Fe3O4)15 and (PDDA/Fe3O4)30, was in the range of a few hundred nanometers.

Magnetite NPs form well packed LBL layers (Fig. 8.14 a), and hence, the layer-
by-layer assembly affords effective manipulation of the order of the deposited
layers. For self-standing membranes, the natural direction for their further im-
provement would be the search for a layer sequence that could strengthen the
film. At the same time, this could serve as a qualitative demonstration of the ef-
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fect of the layer sequence on the mechanical properties of the film. Towards this,
every other layer of magnetite was replaced with a layer of exfoliated montmoril-
lonite clay platelets, thereby producing an assembly with a (PDDA/Clay/PDDA/
Fe3O4)n sequence (Fig. 8.14d). The clay platelets used in this case had lateral di-
mensions of 150–300 nm. On PEs, they formed a layer of overlapping alumosili-
cate sheets (Fig. 8.14 b) with an average thickness of 3.8 ± 0.3 nm [56, 219]. Being
adsorbed virtually parallel to the surface of the substrate, they permitted circum-
vention of the problem of interdigitation of the adjacent PE films by closing large
areas of the surface [45, 56]. Their large size and parallel orientation allowed them
to cover ca. 400 nanoparticles at once, thereby cementing the assembly. (PDDA/
Clay/PDDA/Fe3O4)30 free-standing film prepared following the procedure outlined
above could be easily picked up with tweezers, transferred, cut, moved around the
solid surface, and handled in any other way. Taking advantage of this architecture,
we were able to make a free-standing film with as few as 8 repeating (PDDA/
Clay/PDDA/Fe3O4) units, which was impossible without the alumosilicate frame-
work. Besides stratification, the enhanced mechanical strength of the composite
clay/magnetite/PDDA film, as compared to the NP/PE assembly, should be also
attributed to ordering within the individual LBL layers – parallel orientation of the
clay platelets. Similar films were made recently by the assemble-and-dissolve
method from luminescent (quantum yield 15–20%) CdTe nanocrystallites that had
the layer sequence (PDDA/PAA)3(PDDA/Clay/PDDA/CdTe)20 (Fig. 8.15).

The (PDDA/Clay/PDDA/Fe3O4)30 assembly was imbedded in epoxy resin, and
its cross-section was investigated by optical and transmission electron microscopy.
The film could be clearly seen in an optical microscope as a continuous black
band of uniform thickness (Fig. 8.16 a). The thickness was determined from the
electron microscopy image (Fig. 8.16 b) to be 350± 30 nm. One can also estimate
this parameter by adding up the thicknesses of the M and C layers. For (PDDA/
Clay/PDDA/Fe3O4)30 film, this gives (3.8+8.0)�530= 354 nm, which coincides well
with the TEM measurements. The films were homogeneous with no apparent
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Fig. 8.14 (a) and (b) AFM images
of (PDDA/Fe3O4 and (PDDA/Clay)1

films on silicon wafers. Fine-grain
texture of the left image is charac-
teristic for the magnetite film.
Montmorillonite adsorption time in
image (b) was shortened from regu-
lar 1 min, to 25 s to reveal better
the shape and size of the platelets.
(c) and (d) model structures of
(PDDA/Fe3O4)n and (PDDA/Fe3O4/
PDDA/Clay)n multilayers. Not
drawn to scale.



phase boundaries between components. Their NP nature can be seen in a thin
cross-section (Fig. 8.16c).

Unfortunately, the low TEM contrast of montmorillonite does not allow the di-
rect visualization of the clay layers in the cross-sections. Nevertheless, indirect
proof of their preferential orientation in the stack may be obtained by detailed ex-
amination of the TEM images. It was noticed that the films showed some longitu-
dinal cracks from cross-sectioning (Fig. 8.16b). The obvious anisotropy of the
physical damage caused by the diamond knife should be attributed to the exis-
tence of montmorillonite stacks with sheets oriented parallel to each other and to
the substrate. Note that the aluminosilicate platelets are flexible and conform to
the surface topography, unlike what may be expected from them due to their
fairly rigid aluminosilicate lattice [45]. The physical properties of clay sheets re-
semble those of a nanoscale version of fiberglass fabric rather than rigid bricks.
The ability of thin inorganic sheets to wrap around the nanoparticles can also be
seen for graphite oxide colloids [220].

8.4.2
Magnetic Properties of the Stratified LBL Assemblies of Nanoparticles

Besides the sheet-like morphology, aluminosilicate clays have other useful quali-
ties, for instance, they can be excellent insulators. Mica sheets, often used as elec-
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Fig. 8.15 Photograph of the self-sustained (PDDA/PAA)3(PDDA/Clay/
PDDA/CdTe)20 floating in water taken under black light illumination. CdTe
NPs used here were ca. 2 nm in diameter and assembled at pH 8.5.



trode spacers, are members of this family. The insulating properties of LBL layers
of clay and similar materials [97] can be utilized in many devices involving elec-
tron transfer such as sensors, light-emitters [90], and on-chip capacitors. Many
magnetic phenomena in NP on the nanoscale are strongly dependent on the elec-
tronic communication between the NP, and insulating coatings can strongly affect
the magnetic behavior of the NP solids [11]. Therefore, as a part of the investiga-
tion of the effects of order, it would be interesting to see how the magnetic prop-
erties of LBL films respond to changes in the stack architecture.

For this study, “naked” Fe3O4 NPs were deposited on poly(ethyleneterephthalate)
skins 25 �m thick, which were pretreated with 0.1 M NaOH to render their sur-
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Fig. 8.16 (a) Optical micrograph of the cross-section of the (PDDA/Fe3O4/
PDDA/Clay)30 assembly. Two strands of the film can be seen; some parts of
the film were folded during imbedding in epoxy resin. (b) and (c) Transmis-
sion electron micrographs of the cross-sections of (PDDA/Fe3O4/PDDA/
Clay)30 assembly.



face more hydrophilic. The departure from conventional LBL substrates (glass, sil-
icon wafers, quartz, gold, etc.) was necessary to reduce the background magnetic
signal. Multilayers of the layer sequences [PDDA/Fe3O4]10, [PDDA/Clay/PDDA/
Fe3O4]10, and [(PDDA/Clay)2PDDA/Fe3O4]10, were built. Magnetization plots of
LBL films at room temperature with all these architectures revealed a typical
superparamagnetic behavior with coercive field Hc = 0 G [26].

An effect of the stack sequence on magnetic behavior becomes visible for the
normalized magnetization loops taken at low field amplitudes at T = 10 K,
(Fig. 8.17). The magnetization curves for [PDDA/Clay/PDDA/Fe3O4]10 and
[(PDDA/Clay)2PDDA/Fe3O4]10 coincided within ca. 5% deviation, whereas the
magnetization loop of [PDDA/Fe3O4]10 displayed slightly lower hysteresis than
that for the clay-containing multilayers [26]. According to the Stoner–Wolfarth
model, the magnetization reversal can be pictured as the concerted spin flipping
of adjacent magnetic domains coupled to each other by exchange and dipole–di-
pole interactions. The range of electron exchange interactions does not exceed
2 nm, and therefore they can be successfully interrupted by isolation with clay
layers whose thickness is 2.5–3.0 nm. Since there is little difference in the mag-
netization curves observed between multilayers of different architecture, the cou-
pling between layers should be mostly attributed to the dipole–dipole interactions
with significantly longer characteristic distance.

8.4.3
Nanorainbows: Graded Semiconductor Films from Nanoparticles

In the previous examples, physical effects were observed due to the combination
of two different species in a layered composite. At the same time, stratified
layered assemblies of NPs could also be made from only one material by organiz-
ing NPs according to their size as pictured schematically in Fig. 8.18 a. Such orga-
nization of the layers is particularly interesting for semiconductor quantum dots
displaying a strong dependence of the band gap on particle size. Since the abso-
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Fig. 8.17 Low field magnetiza-
tion loops taken at 10 K for LBL
films with different layer se-
quence: [PDDA/Clay]10 (1),
[PDDA/Fe3O4]10 (2), [PDDA/Clay/
PDDA/Fe3O4]10 (3), and [(PDDA/
Clay)2PDDA/Fe3O4]10 (4).



lute energy of both conduction and valence bands of semiconductors are affected
by the confinement of the excitonic wavefunction [239–243], films with a gradual
change of particle diameter should display similarly gradual evolution of the va-
lence and conduction band energies along the normal to the substrate
(Fig. 8.18b). Such assemblies can be compared to, so-called, graded semiconduc-
tor films known for exceptional capabilities as photodetectors, bipolar transistors,
waveguides, and other optical and electronic devices [244–248]. This type of mate-
rial also revealed new phenomena in charge injection, charge carrier dynamics,
and light trapping [249–257]. Traditional graded semiconductors are difficult to
make. Expensive and complex methods, such as molecular beam epitaxy and plas-
ma enhanced chemical vapor deposition, are required for their preparation. They
also utilize hazardous organometallic precursors. Taking advantage of the LBL as-
sembly, one can build graded semiconducting material by laying down water solu-
ble NPs on a substrate, which is a safe and inexpensive procedure. It may be per-
formed in virtually any high school chemical laboratory, although such simplicity
also has a trade-off. The movement of charge carriers in NP solids is frustrated by
the organic shell around the NPs [212, 213] and, in perspective, this problem
needs to be addressed by molecular engineering of the stabilizer molecules or sur-
face modification of NP after the assembly. At the present stage, it would be nec-
essary to demonstrate that the gradual change in valence and conduction band en-
ergies can indeed be prepared by NP LBL.

The first examples of NP graded films were prepared from luminescent CdTe
nanocrystals stabilized by thioglycolic acid. They are negatively charged, therefore
positively charged PDDA was utilized as an LBL partner PE. The CdTe NPs
formed closely packed layers on PDDA, as could be evidenced by the phase con-
trast AFM image in Fig. 8.19, which distinguishes them from NP films that can
be made by the Langmuir–Blodgett technique [258]. The graded NP films were
assembled using four different CdTe dispersions with luminescence maxima at
495–505, 530–545, 570–585, and 605–620 nm which display respectively green,
yellow, orange and red luminescence (Fig. 8.20 a). Layer-by-layer assembly was car-
ried out on glass and plastic substrates and typically 5–10 CdTe NP bilayers of
each of four luminescent colors were deposited.
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Fig. 8.18 Graphic representation of
the graded semiconductor film as-
sembled from NPs. (a) Schematic se-
quence of NP layers. (b) Approximate
profile of the absolute energies of va-
lence and conduction bands. Not
drawn to scale.



The assembly started from the smallest NPs (“green”) and proceeded to the big-
gest ones (“red”) according to the visible light spectral sequence (rainbow). With
the addition of new layers from bigger NPs, the luminescence of the assembly
shifted toward the red part of the spectrum while also becoming broader
(Fig. 8.20b). Finally, the luminescence spectrum of the stack of all four NP diame-
ters had a plateau appearance reflecting almost equal emission intensity over a
wide range of wavelengths. As compared to the original spectra of CdTe NPs, the
prevalence of the red emission (red shift) should be attributed to the excitation en-
ergy transfer from smaller NPs to bigger ones [214].

A cross-sectional slice of the NP stack was analyzed by TEM. The asymmetry of
the film could be seen in the difference in electron diffracting power of the “red”
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Fig. 8.19 1 �m�1 �m AFM phase contrast image of (PDDA/
CdTe)1 LBL film.

Fig. 8.20 Luminescence spectra of (a) exemplary CdTe NPs used in this work
and (b) thin films obtained after the sequential deposition of 5 bilayers of (1)
“green”, (2) “yellow” (3) “orange”, and (4) “red” CdTe.



and “green” sides of the assembly (Fig. 8.21 a, b). The layers of bigger NPs ap-
peared noticeably darker in the TEM image due to the greater percentage of heavi-
er elements on this side of the multilayer stack (Fig. 8.21a, b). The high resolution
TEM images of single NPs in the network of the PE matrix (identified as areas of
CdTe crystallinity) were observed to be different, being 2–3 nm in the “green” and
“yellow” parts and 5–6 nm in the “red” side of the assembly (Fig. 8.21c, d).

The graded nature of the prepared NP film was also established by confocal
optical microscopy. The sample was assembled on a glass slide and a series of
luminescence images was obtained at different focus depths inside the assembly.
The images were processed by confocal microscope software and a cross-sectional
image without physical sectioning of the film was obtained (Fig. 8.22a). The im-
age clearly showed the gradual change in the luminescence emission wavelength
from green at the bottom to red on the top of the stack and the corresponding in-
crease in the NP diameters. The schematic dependence of the valence and con-
duction band energies on the position along the axes normal to the surface of the
film is given in Fig. 8.22b. Since there is a certain degree of interpenetration of
the nanoparticle layers, the deviation from the ideal graded film in Fig. 8.18 is re-
flected by the overlap of the energy distribution in each layer.
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Fig. 8.21 Transmission electron microscopy images of the graded
film cross-sections made from 5 bilayer of “green”, “yellow”, and
“red (total 15): NPs. (a) and (b) are survey images; (c) and (d)
are high resolution TEM images of the center section and “red”
side of the NP film.



The combination of size quantization and the gradient nature of the material
opens the possibility for new optical and electrical effects, as well as for the opti-
mization of existing applications of NP thin films based on charge transfer. The
benefits of the graded media and ordered LBL assemblies have already been dem-
onstrated by the markedly better light-emitting performance when the homoge-
neous media in polymer light-emitting diodes was replaced with a spatially-orga-
nized one [210]. At the same time, one needs to point out that the physical dis-
tance for which programmed change in properties in the LBL films can be ob-
tained is greater than in vacuum epitaxial methods, although LBL is sometimes
also called “molecular beaker epitaxy” [32]. Its lower limit is set by the intrinsic
roughness of the LBL layers and the average diameter of species being deposited
from cycle to cycle. For PDDA/CdTe multilayers, the characteristic distances of
graded properties should exceed ca. 100 nm, i.e. be several times greater than the
NP diameter. Importantly, this limitation does not prevent NP layers from being
organized on a scale smaller than the wavelength of visible light. One can engi-
neer polarizability, refractive index and other parameters on the molecular level in
such assemblies so that the overall interaction of electromagnetic waves with the
film will be significantly different than in the traditional optically uniform materi-
al.

8.5
Conclusion

Over the last decade, layer-by-layer assembly research has experienced rapid
growth, which was initially aimed at expanding the number of coatings and other
nanostructured objects that can be obtained by this technique. Lately, great ad-
vances in understanding the driving forces of, and ordering in, LBL deposition
have been made. As a result, multilayers have reached substantial sophistication
in terms of structure and variety of components, which has opened the door for
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Fig. 8.22 (a) Cross-sectional confocal micro-
scopy image of the graded LBL film of CdTe
NPs made of 10 bilayers of “green”, yellow”,
“orange”, and “red” NPs (total 40). Small
NPs are assembled in the lower part (green
and yellow luminescence), while bigger NPs

are assembled on top of them (orange and
red luminescence). The total thickness of the
film was estimated to be 220± 20 nm by the
same technique. (b) Schematic arrangement
of the conduction and valence energy levels
of the film in (a).



complex functionality. At this stage, one should expect significant research effort
to be directed at fine-tuning film morphology to improve specific functionalities,
such as conductivity, porosity, phase transitions of composites and others. Addi-
tionally, more work on the utilization of stack architecture for improving materi-
als properties of thin films and membranes made by LBL should be anticipated.

Microcapsules made by LBL paved the way for drug delivery research with PE–
PE multilayers. The inherent hydrophilicity of the films, preservation of protein
activity in LBL layers, polyelectrolyte nature of many biomolecules, and the charac-
teristic distances of spatial control, either by patterning or by stratification, possi-
ble for such films, point towards numerous biomedical applications of planar LBL
films in the future, which we are beginning to see now. The incorporation of NP
in such multilayers will enable design of new biocomposites, which are organized
on the nm scale and incorporate unique functionalities of the nano-sized state of
matter. This area of research will probably be one of the most exciting in the field
because of the elegance of the method and the novelty of the materials.
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Abstract

Preparation, characterization and potential utilization of ultrathin films composed
of alternating layers of cationic polyelectrolytes and anionic clay (Montmorillonite,
M, for example) and graphite oxide (GO) nanoplatelets are surveyed. There are
several benefits of using nanoplatelets. First, they can effectively cover and
smooth large areas. Second, expansion of the basal spacing between incompletely
exfoliated nanoplatelets in a suitable solvent provides opportunities for molecular
architecture by pillaring with or reversibly intercalating desired materials. Third,
in situ reduction of GO permits controllable lateral current conduction in self-as-
sembled films. Potential applications are illustrated by 1) pollutant photodestruc-
tion by semiconductor–clay nanocomposites and layer-by-layer self-assembled clay
platelets and semiconductor nanoparticles; 2) construction of ultrathin rectifiers
by the self-assembly of semiconductor nanoparticles. polyelectrolytes, ruthenium
complexes and GO; and 3) by the demonstration of superior charge storage in an
electrochemical cell which contains a layer-by-layer self-assembled, polyelectolyte,
polymer and GO electrode.

9.1
Introduction

Following the seminal report on the layer-by-layer adsorption of oppositely
charged colloidal particles [1], there has been an exponential growth in the investi-
gation of the sequential self-assembly of polyelectrolytes, nanoparticles and nano-
platelets on a variety of substrates. The relative ease of preparation, versatility, po-
tential of scalability and applicability have prompted this progress. Indeed, layer-
by-layer self-assembly has become recognized as a sub-field of colloid chemistry
and the exponentially increasing research publications are listed at a website [2].
That a large variety of molecules, polyelectrolytes, nanoparticles and nanoplatelets
can be layer-by-layer adsorbed, in any desired order, is the greatest advantage of
self-assembly. The oppositely charged species are held together by strong ionic at-
tractions and form long-lasting, uniform and stable films which are often imper-
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vious to solvents. No special film balance is required for the self-assembly; indeed
the method has been referred to as a “Molecular Beaker Epitaxy” [3].

Self-assembly is governed by a delicate balance between adsorption and desorp-
tion equilibria. The layer-by-layer preparation of ultrathin films, as detailed in
Chapter 1, is deceptively simple. In the self-assembly of clay nanoplatelets, for ex-
ample, the efficient adsorption of one (and only one) layer of exfoliated clay plate-
lets onto the oppositely charged substrate surface is the objective of the immer-
sion step. Desorption of clay platelets forming a second and additional layers (and
preventing the desorption of the first added layer) is the purpose of the rinsing
process. The self-assembly of clay platelets can be optimized by the judicious se-
lection of stabilizer(s) and exfoliating agents as well as by the careful control of
the kinetics of the adsorption and desorption [4].

The present survey is limited to the preparation, characterization and applica-
tions of ultrathin films, layer-by-layer self-assembled from polyelectrolytes and clay
or graphite oxide nanoplatelets. There are several beneficial properties of nano-
platelets in self-assembled films. First, the unique morphology of nanoplatelets
(typically, irregularly shaped, 100± 50 nm long, 80± 30 nm wide and 1 nm thick)
ensures the coverage and smoothing of large areas. Second, expansion of the ba-
sal spacing between incompletely exfoliated nanoplatelets (say 2–3 sheets) in an
appropriately selected solvent provides opportunities for molecular architecture by
pillaring with or reversibly intercalating desired materials. Third, in situ reduction
of graphite oxide permits controllable lateral current conduction in self-assembled
films.

9.2
Self-assembled Polyelectrolytes and Clay Nanoplatelets

Montmorillonites are colloidal, layered aluminosilicates (clays) with exchangeable
cations distributed over their external and internal surfaces [5, 6]. The layers, each
consisting of a sheet (typically 100 nm�100 nm and 1 nm thick) of AlO4(OH)2 oc-
tahedra sandwiched between two sheets of SiO4 tetrahedra, are stacked parallel to
one another to form plates. The flat, composite aluminosilicate lattice carries a
net negative charge as a result of isomorphous substitution of Al and Si atoms by
atoms of lower valence, as well as of crystal defects. Usually, positive vacancies are
occupied by calcium or sodium cations (Ca or Na forms of montmorillonite)
which can be easily replaced by other cations.

In our work we have exchanged the cations by hexadecylammonium (A) and
dioctadecylammonium (B) cations to form organic clay-complexes (Fig. 9.1) [7].
The presence of hydrophobic moieties render A and B dispersible in organic sol-
vents (in contrast to the native montmorillonite which gives a stable optically
transparent dispersion in water). A 1 : 1 (v/v) mixture of butanol and benzene was
found to be the best dispersing medium for A. The mean hydrodynamic diameter
of A in this mixture was determined to be 190± 10 nm by dynamic light scatter-
ing. B could be best dispersed in a 3 : 7 butanol:benzene mixture to produce nano-
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platelets with mean hydrodynamic diameters of 650 ± 30 nm. These measure-
ments indicated the negligible association of A in the butanol:benzene dispersing
medium, in contrast to B, which is likely to be present as agglomerates of several
primary platelets. Spreading of A on water surfaces resulted in the formation of
whitish patches, which coalesced upon compression into a rather contiguous film
(curve A in Fig. 9.2). Surface pressure (�) vs. reduced surface area (AR) isotherms
and Brewster angle microscopic measurements (Fig. 9.2), ex situ, and in situ
transmission electron microscopy (TEM) measurements established the forma-
tion, of a 5.0–13.0 nm thick layer of overlapping clay nanoplatelets at the aqueous
solution/air interface (Fig. 9.3) [7]. Multilayers of clay nanoplatelets could also be
prepared by the Langmuir–Blodgett technique (Fig. 9.4 and 9.5) [7].

We have also layer-by-layer self-assembled positively charged polyallyldimethy-
lammonium chloride, PDDA, and montmorillonite, M, ultrathin films, S-(PDDA/
M)n, on a variety of different substrates (S) [4]. Surface plasmon resonance reflec-
tivity and X-ray diffraction measurements indicated the thickness of a layer of
PDDA to be 1.60 ± 0.4 nm and that of a layer of M to be 2.4 ± 0.5 nm. These val-
ues should be compared to those reported for the thickness of PDDA (2.2 nm [8]
and 0.5 nm [9]) and M (1.4 nm [8] and 1.0 nm [9]) in self-assembled films. Appar-
ently, M had not been exfoliated into single sheets (the observed thickness corre-
sponds to an average of 1.7 platelets). The greater than unity number of M nano-
platelets in the self-assembled film is indicative of the incomplete neutralization
of the surface charge on PDDA with one layer of irregularly shaped clay sheets.
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Fig. 9.1 Schematics of a stack of organic clay-
complexes, swollen in an organic solvent (butanol :
benzene= 1 : 1, v/v, for example). dL = basal spacing
and dfilm = the thickness of a stack of organic clay-
complexes spread on an aqueous electrolyte. De-
pending on the extent of swelling and on the sur-
face pressure, dfilm can contain 3–5 silicate layers.
The cationic alkylammonium surfactants, indicated
by the squiggly lines, have replaced the exchange-
able cations on the silicate layers.



The observation of the basal spacing reflection in the X-ray diffraction pattern also
supports the fact that the M layer is formed by short stacks of platelets, rather
than completely exfoliated sheets, which are intercalated with the polymer. AFM
images have also revealed overlapping clay nanoplatelets within the M layer. This
stacking also manifests itself in the broadening of the X-ray diffraction of the
PDDA/M repeating units (expected at 2��2 � corresponding to 4.0 nm thick re-
peating PDDA/M units) to such an extent that it could barely be observed. Taking
these results together, the structure of a sandwich unit of (PDDA/M) is best de-
scribed by stacking irregular M platelets intercalated by PDDA (Fig. 9.6). In gener-
al, M nanoplatelets smoothed the surface of self-assembled films. We observed, by
atomic force microscopy (AFM), the coverage of large etched pits, up to 700 nm
in diameter and 30 nm in depth during the PDDA/M deposition [9]. The thick-
ness of both M and PDDA could be altered by applying a potential during the
self-assembly. The thickness of the M layer was found to increase from 2.4± 0.5 to
4.8± 0.3 nm by changing the bias from 0 to +0.7 V during the self-assembly of M
(Fig. 9.6a, b). Brief rinsing did not re-establish the original thickness of the layer;
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Fig. 9.2 Surface pressure (�) vs. reduced
surface area (AR) isotherms of A spread on a
water subphase in a Langmuir film balance.
Stopping the compression at surface pres-
sures below the collapse of the film permitted
the observation of repeated reversible expan-
sion–compression cycles (A, expansion= bro-

ken line). Conversely, no reversibility was ob-
served if the films were compressed fully to
collapse pressure (and beyond). Repeated
compression isotherms shifted progressively
to smaller surface areas (B to G). A Brewster-
angle microscopic image of A (curve A, at
�= 5 mN m–1) is illustrated in the insert.
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Fig. 9.3 Schematic representa-
tion of the structures formed on
spreading A on an aqueous elec-
trolyte solution at very low (A),
medium (B), and high
(> 40 mN m–1; C) surface pres-
sures.

Fig. 9.4 Dependence of the differential absorption peak height at
532 nm (Rhodamine 6G containing LB films, blank LB films) on
the number of layers of A and B transferred to a quartz plate at
�= 30 mN m–1. The insert shows the absorption spectra (ab-
sorption vs. wavelength) of a diluted solution of Rhodamine 6G in
water (A) and adsorbed onto 5 (B), 4(C), 3 (D), 2 (E), and 1 (F)
layers of A in air.



indicating a kinetic, rather than a thermodynamic control of the process. Applica-
tion of a negative voltage (–0.3 V) during the self-assembly of M also resulted in a
noticeable augmentation of the thickness (Fig. 9.6c). This effect was rationalized
in terms of the attraction of positively charged edges of M to the electrode and
corresponding tilting of the adsorbed nanoplatelets [9].

9.3
Self-assembled Polyelectrolytes and Graphite Oxide Nanoplatelets

The recognized beneficial properties of polymer–graphite composites [10–13] have
prompted our interest in constructing ultrathin graphite–polymer films by self-as-
sembly. Since graphite, G, cannot be dispersed in water and since it forms micro-
meter-sized irregular aggregates in organic solvents, our approach involved the
preparation of exfoliated graphite oxide, GO, nanoplatelets in water, the layer-by-
layer self-assembly of GO and PDDA films and the subsequent, in situ, reduction
of GO to G [4]. GO nanoplatelets were prepared by the repeated oxidation of
graphite flakes (by heating in concentrated HNO3 containing NaClO3 for
24 hours), washing, ball milling and dispersion. The oxidation results in the for-
mation of dangling –OH and –COOH groups which, when ionized, provide the
necessary negative charges for adsorption onto the cationic PDDA.
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Fig. 9.5 SAXS diffraction patterns of 10, 14, and 20 layers of organic
clay-complexes on a quartz substrate. For clarity, curves for 14 and 20
layers have been shifted upwards along the y-axis.



Self-assembly of the (PDDA/GO)n films was monitored by absorption spectro-
photometry (Fig. 9.7). The observed good linearity in the plot of absorbancies vs. n
indicates the uniformity of the sandwich unit that self-assembled (Fig. 9.7 b) [14].
Surface plasmon resonance reflectivity (SPR) measurements permitted the layer-
by-layer monitoring of the self-assembly of the (PDDA/GO)n film (Fig. 9.8).
Importantly, SPR measurements indicated very little change in the thicknesses of
the successive PDDA and GO layers, their average being 1.6 ± 0.3 nm and
1.6± 0.3 nm, respectively [14]. AFM images revealed the height of each GO sheet
to be between 1.8 nm and 2.8 nm in the self-assembled film (Fig. 9.9) indicating
incomplete exfoliation of GO (basal spacing of GO sheets= 0.73 nm [14]); i.e.,the
presence of 2–3 sheets. This is quite similar to that observed for the self-as-
sembled (PDDA/M)n films [4].

The X-ray diffraction (XRD) spectrum of a (PDDA/GO)30 film is illustrated in
Fig. 9.10 [14]. Characteristic maxima were observed at 1.95 � (4.5 nm, very intense,
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Fig. 9.6 A simplified representation of the ef-
fect of external potential (top) and TEM
images and size distributions (bottom) on
the self-assembly and PDDA/M film. Applica-
tion of a positive potential (b) repulses loose

parts of the polymer chain which results in
increased disorganization and roughness of
the subsequent layers of M; application of a
negative potential results in improved mor-
phology and denser packing of P(c).



sharp and narrow), 9.78 � (0.93 nm, small, not very pronounced), and at 20.6 �
(0.43 nm, very intense and broad). The peak at 978 � corresponds to the basal
spacing of GO in the multilayer film (0.93 nm, see Fig. 9.10 b). This value is larg-
er than that obtained for the basal spacing of GO (0.74 nm) due to the presence
of the surrounding polymer chains and difficulties of forming tight lamellas.
Strong X-ray diffraction in the region between 20 � to 30 � (Fig. 9.10 c) is the ear-
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Fig. 9.7 (a) Absorption spectra of
the (PDDA/GO)n films, self-as-
sembled onto a quartz slide. The
number of sandwich layers (n) are
indicated next to given spectrum.
Curve 8 denotes the absorption
spectrum of a (P/GO)10 film after re-
duction by exposure to 50% hydra-
zine for 24 h. (b) A plot of absor-
bance at 300 nm vs. the number of
deposited PDDA/GO sandwich
layers.

Fig. 9.8 Surface plasmon reflectiv-
ity curves for the sequential deposi-
tion of self-assembled layers:
0 = bare gold film; 1= PDDA on
gold; 2 = PDDA/GO on gold;
3 = (PDDA/GO)PDDA on gold;
4 = (PDDA/GO)2 on gold;
5 = (PDDA/GO)2/PDDA on gold;
6 = (PDDA/GO)3 on gold. Fitting
parameters �PDDA = 2.25, �GO = 2.24.



mark of GO intercalation compounds. Broad reflection at 20.6 � corresponds to in-
tercalation of water between GO sheets. The peak at 1.95 � (4.5 nm, Fig. 9.10b)
does not appear in the X-ray patterns of the original GO powder or that of the
flocculated mixture of polyelectrolyte and aqueous GO dispersion. It should be as-
signed to D1, the repeating distance of the (PDDA/GO)n unit (Fig. 9.10 a). This as-
signment is supported by combined AFM and SPR measurements. AFM images
indicated the height of a GO layer to be 2.5± 0.5 nm (Fig. 9.8c) and SPR measure-
ments gave 1.6± 0.3 nm for the thickness of a PDDA layer. The sum of these two
values (2.5 ± 0.5 nm + 1.6 ± 0.3 nm = 4.4 ± 0.8 nm) is close to the X-ray repeating
distance D1 = 4.5 nm. The slight deviation originates from the fact that the SPR
technique yields the average thickness of a presumed uniform film.

Reduction of GO in the (PDDA/GO)n films to G could be accomplished either
chemically or electrochemically. The chemical reduction involved the immersion
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Fig. 9.9 Atomic microscopic images of GO in a PDDA/GO
film self-assembled onto a freshly cleaved mica (a). The image
selected for analysis (b) indicated a height difference of 2.7 nm
between A and B (in c).

Fig. 9.10 (a) Graphical representation of the structure of
a self-assembled (PDDA/GO)n film: D1, repeat distance
of the multilayers; D2, basal spacing of GO. (b) and (c)
XRD of a (PDDA/GO)30 film prior (1) and subsequent (2)
to reduction by hydrazine.



of the self-assembled film into an aqueous hydrazine hydride (50%, w/v) solution
for 1–24 h or into a 0.10 M HCl solution which contained Zn powder (i.e., into a
nascent hydrogen generator) for 2–3 h. The electrochemical reduction of GO (in
the (PDDA/GO)n film, self-assembled on metal or glassy carbon electrodes) was
performed by scanning the potential from +0.7 V to –1.5 V vs. SCE and was moni-
tored by cyclic voltammetry. The peak at –0.95± 0.05 V corresponds to electroche-
mical reduction of GO to G. The amplitude of the peak was found to increase ini-
tially with the number of GO layers; it levels off when n reaches 8–10 units. Both
chemical and electrochemical reduction was accompanied by drastic darkening of
the film which can be seen in Fig. 9.7 (curve 8). Such effect is to be expected pro-
vided that this process induces the restoration of an extended �-orbital conjugated
system along carbon sheets.

X-ray diffraction measurements indicated that the reduction of GO to G was ac-
companied by a slight diminishing of the interlayer spacing (from 4.5 nm to
4.4 nm for the hydrazine reduction, and from 5.6 nm to 4.5 nm for the electrochem-
ical reduction). As expected, the small peak at 0.93 nm, corresponding to the GO
basal spacing, does not appears in the X-ray diffraction pattern of the reduced GO.

The lateral resistivity of (PDDA/GO)10 film was measured between two 3 mm
wide gold stripes evaporated on a glass slide at a distance of 2 mm between them.
Self-assembled graphite oxide films were deposited on top of them over the whole
surface of the slide. The as-deposited (PDDA/GO)10 film had an R value of
32 M� at the 2 mm gap. After reduction by hydrogen, evolving in situ, the R value
dropped to 12 K�, which amounts to a 27 000-fold decrease in the overall resistance.
This corresponds to the change in volume conductivity from 1.2�104 �–1 m–1 to
3.1�107 �–1 m–1. Roughening the substrate surface (by multiple diamond knife
groves along the electrode direction) prior to the deposition of multilayers rendered
the resistivity decrease (which accompanied GO reduction) to be less pronounced
(only a 370-fold increase in conductivity was observed). This was the consequence
of imperfect self-assembly on a disturbed surface which resulted in broken films
and less than uniform in-plane contacts of the GO platelets.

The effect of the nonconductive to conductive state transition was also observed
in photo-electrochemical measurements in composite self-assembled (PDDA/GO)
films into which CdS semiconductor nanoparticles had been incorporated. It was
found that the semiconductor crystallite acquired a pancake-like structure and ad-
hered to the GO surface, being constrained between layers. The photocurrent, ip,
denoting the difference between the steady state current in the dark and during
the illumination period, was found to be negligible in (PDDA/GO)10 in the ab-
sence of incorporated semiconductor nanoparticles. At 0.7 V vs. a gold electrode
bearing 10 layers of PDDA/GO composite films (in the nonconducting state, with
CdS particles synthesized therein) ip = 204 nA was produced. Subsequent to in situ
reduction of the GO layers to their conductive G state by scanning the potential
of the working electrode between –0.1 V and –1.8 V for 20 min, ip was found to
increase to 1050 nA (i.e., a 5-fold increase). Since the photocurrent originated
from the photoxidation of water, the porous matrix of polyelectrolyte chains main-
tained a satisfactory mass transport between the CdS semiconductor nanoparticles
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and species in solution, while the highly conductive G platelets produced in the
reduction step improved the electrical contact with the underlying electrode. The
smaller effect of the GO to G reduction on the photocurrent than on the lateral re-
sistivity (see above) is explicable in terms of the considerably higher lateral than
perpendicular electrical conductivities in organic thin films.

Disruption of the organization of the multilayer system by roughening the sur-
face, by overloading the film with micron-sized semiconductor particles, or by
casting a mixture of GO, PDDA, and CdS, did not increase the photocurrent
upon GO to G conversion; instead the ip for films which contained G was some
15–30% smaller than for those which contained GO. This observation under-
scores the importance of supramolecular ordering in self-assembled films.

Self-assembled composite (PDDA/GO) films were found to be remarkably stable
in concentrated acid or basic solutions and resisted photodegradation. These prop-
erties constitute substantial advantages of the (PDDA/GO)n films over the conduc-
tive organic thin films prepared by Langmuir–Blodgett (LB) techniques or self-as-
sembly. The demonstrated lateral conductivities and the relative ease of transition
between the nonconductive GO state and the conductive G state render these
films inherently interesting and potentially useful as components of advanced op-
tical and electronic devices.

Exfoliated GO sheets were found to be able to cap 10 nm diameter silver parti-
cles [15]. Sodium borohydride reduction of silver ions in aqueous dispersions of
exfoliated graphite oxide (GO) resulted in the formation of remarkably monodis-
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Fig. 9.11 Transmission electron microscopic images of Ag–GO nanoparticles.



perse 100 Å diameter oblate Ag particles which are effectively protected by 5 Å
thick GO sheets, Ag–GO (Figs. 9.11 and 9.12) [15]. Ag–GO could be self-as-
sembled onto poly(diallyldimethylammonium) chloride, PDDA, coated substrate;
subsequent layer-by-layer self-assembly of Ag–GO and PDDA led to well ordered
ultrathin films of S-(PDDA/Ag-GO)n [15].

9.4
Potential Applications

9.4.1
Pollutant Photodestruction

Semiconductor nanoparticles have been advantageously employed for pollutant
photodestruction [16, 17]. The principle of this approach is that (i) photoexcitation
of the semiconductor nanoparticles (N) results in the formation of conduction
band electrons and valence band holes:

N + solar photons e�cb � h�
vb �1�
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Fig. 9.12 Schematics of Ag–GO formation
mechanism: adsorption of silver cations onto
the GO nanosheets (a) followed by a reduc-
tive treatment to form Ag clusters preferen-
tially on the surface of the GO sheets (b) and
the wrapping of the GO around the Ag clus-

ters to form AG–GO (c). The layer-by-layer
self-assembly of PDDAP and Ag–GO nanopar-
ticles onto a given substrate leads to highly
organized arrays (d) with high density of sur-
face coverage, as illustrated by the AFM im-
age.



(ii) the conduction band electrons readily react with oxygen to produce oxygen an-
ion radicals and a variety of other oxidizing agents:

e�cb � O��
2 + other oxidizing agents �2�

and, importantly, (iii) both the h+
vb (Eq. (1)) and the O2

�– + other oxidizing agents
(Eq. (2)) oxidatively destroy the hydrocarbon pollutants. The advantage of nanopar-
ticles is that they provide large surface area to volume ratios and that they are size
quantized. Therefore, the interaction with the pollutants is facilitated and the non-
desirable recombination:

e�cb � h�
vbN �3�

is minimized. Of all the nanoparticles, titanium dioxide has been used most ex-
tensively.

In our laboratories we have prepared semiconductor–clay platelet nanocompo-
sites and showed them to be highly efficient catalysts for pollutant photodegrada-
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Fig. 9.13 An oversimplified representation of
the proposed mode of cadmium ion (a) and/
or undissociated cadmium salt (b) and CdS
(c) incorporation into organic clay-complexes.
Swollen organic clay-complexes prior (top)

and subsequent (middle) to the introduction
of cadmium ions; partially swollen organic
clay-complexes subsequent to the in situ for-
mation (pillaring) of CdS (bottom).



tion [18–20]. Two different methods were employed for the preparation of the
semiconductor–clay platelet nanocomposites. In the first method, the semiconduc-
tor precursors were adsorbed onto/into the clays and (Fig. 9.13) allowed to react
therein. The second method involved the heterocoagulation of oppositely charged
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Fig. 9.14 Schematics of TiO2 and montmorillonite heterocoagulation.

Fig. 9.15 Schematics of the photoreactor
used for aqueous pollutant photodestruction

by semiconductor–nanoparticle–clay platelet
films self-assembled onto glass slides.



semiconductor nanoparticles and clay platelets (Fig. 9.14). Additionally, negatively
charged clay platelets and cationic semiconductor nanoparticles were layer-by-layer
self-assembled (Fig. 9.15) [20]. By placing these self-assembled semiconductor
nanoparticle–clay platelet thiol films into a solar reaction, efficient photodestruc-
tion of aqueous pollutants has been demonstrated [20].

9.4.2
Electronic Applications

Judicious manipulation of the chemical structure permits the adsorption of fully
conducting, completely isolating or semiconducting (or anything between these
extremes) layers in the self-assembled film. Equally importantly, the order the
layers are adsorbed allows the fabrication of ultrathin electronic (and electro-opti-
cal) devices. Suitably selected chemicals can also change the Schottky energy bar-
rier in a heterojunction by functioning as an oriented dipole layer. Creating a me-
tal/insulator/metal junction and/or connecting a wire to the self-assembled films
remain, however, a formidable challenge. Evaporation of a metal (aluminum or
gold, for example) layer onto or the use of silver paints on the self-assembled film
may well cause damage and/or electrical shorting. Attempts to overcome this
problem included, special evaporation techniques [21], the construction of 10 or
more sandwich layers of the self-assembled film or the design of nanowires [22].

We have layer-by-layer assembled n-type TiO2 nanoparticles, poly(diallyldimethyl-
ammonium chloride), PDDA, a ruthenium complex, RuP, and polyanions (PSS or
GO) on conductive indium tin oxide (ITO)-coated glass, antimony tin oxide
(ATO)-coated glass, mercaptoethylamine-modified gold, and insulating quartz sub-
strates [23]. The thicknesses of the PDDA/TiO2 layers, estimated from surface
plasmon reflectivity measurements to be 0.7± 0.2 nm and 2.2± 0.3 nm, increased
linearly with the number of layers deposited. Self-assembly of RuP with PSS or
GO was also found to be linear, as evidenced by the regular increase of the MLCT
absorbance of RuP at 480 nm (Fig. 9.16). The electrostatic nature of the GO inter-
action with RuP was confirmed by dipping a quartz-PDDA/(GO/RuP)30 film in an
acidic solution (pH 1), which induced rapid exfoliation and the complete desorp-
tion of the film from the substrate. Atomic force microscopic images of the multi-
layer film sequence quartz-PDDA/PSS/RuP/GO showed full coverage by 2.0 nm-
thick GO sheets with a tilted morphology (Fig. 9.17), which ensured the efficient
compartmentalization of the TiO2 and RuP layers.

A systematic investigation of the rectifying properties of the different layer se-
quences of these polyelectrolytes was conducted, beginning from the simplest and
progressing to more complex devices [23]. The system ITO/(PDDA/TiO2)10/Au ex-
hibited a rectifying behavior (current flowed when the ITO electrode was biased
negative, but not in the opposite direction) indicative of the formation of a Schott-
ky diode at the TiO2/Au interface [24]. In contrast, the system ITO/(PDDA/GO)30/
Au gave linear i–V behavior, consistent with ohmic ITO/GO and GO/Au inter-
faces. The TiO2/GO interface was specifically studied by preparing the system
ITO/(PDDA/TiO2)10/(PDDA/GO)30/Au. Curve 1 in Fig. 9.18 shows current flow at
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negative bias originating from this rectifying interface. In this case the forward
bias current can be thought of as a redox process in which TiO2 reduces GO with
minimum overpotential, and electrons travel through the film to Au, where re-
duced GO is re-oxidized. A barrier height energy of 0.42 eV, which corresponds to
the difference in Fermi levels [24] at the TiO2/GO interface, was calculated by fit-
ting the i–V characteristics to the Schottky diode equation. This gives a work func-
tion for GO in the multilayer film of 4.8 eV below the vacuum level (Fig. 9.19).

Substantial differences were observed between the electronic behavior of these
films in the solid state and in electrolyte solutions (in a standard electrochemical
cell where the working electrode constituted the self-assembled film). At negative
bias, the electrode ATO/(PDDA/TiO2)10, showed a reversible reduction at –1.13 V
vs. SCE, corresponding to a redox level and conduction band edge 3.6 eV below
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Fig. 9.16 Absorption spectra of a (PDDA/
TiO2)10/(GO/RuP)n film self-assembled on a
quartz substrate. The inset shows the regular

increase of the metal to ligand charge transfer
band, monitored at 480 nm, with the number
of (GO/RuP) bilayers.



the vacuum level. The cathodic current began to increase at the flat band potential
(estimated to be –0.5 V vs. SCE). When 10 bilayers of (PSS/RuP) were added to
ATO/(PDDA/TiO2)10 with a terminal layer of PSS or 30 bilayers (GO/RuP) with a
top-layer of GO, additional redox waves were observed at –1.38 V (RuI/RuII) vs.
SCE (reversible wave) and + 1.00 V (RuII/RuIII) vs. SCE, (quasi-reversible wave).
The positions of these waves correspond to those of RuP (–1.52 V and +1.12 V, re-
spectively) in solution. Consistent with this assignment, the quantity of charge
passed in the cathodic wave for the RuII/RuIII process (1.07�10–8 mol cm–2 for a
10 bilayer PSS/RuP film) agreed closely with the amount of RuP determined by
UV–visible spectroscopy (1.04�10–8 mol cm–2). These results show that, in contact
with a liquid electrolyte solution, charge transfer through the multilayer and oxi-
dation/reduction of the RuP film are facile processes. This was true for both poly-
electrolytes (GO and PSS) used as charge-compensating layers for RuP.

In contrast, dry films prepared with Au top contacts behaved differently. The
system ITO/(PDDA/TiO2)10/(PSS/RuP)n/PSS/Au with n = 10 to 30, exhibited resis-
tive behavior. Interestingly, ITO/(PDDA/TiO2)10/(GO/RuP)30/GO/Au were rectify-
ing at both positive and negative voltages and the i–V curve was dissymmetric
(Fig. 9.18A, curve 2). The emergence of current in the positive branch (at bias
>1.8 V) is consistent with electron injection into TiO2 via the RuI/II couple,
whereas the negative branch corresponds to electron transfer from TiO2 to GO
and/or RuIII. It should be noted that this result was obtained after pre-cycling the
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Fig. 9.17 Typical 1.5 mm�1.5 mm AFM topo-
logical images obtained after depositing a
layer of GO sheets onto a PDDA/PSS/RuP

film self-assembled onto a quartz substrate.
The average thickness of the GO layer was
2.0 nm.



films 10 times between 0 and 2 V. A pronounced charging hysteresis was ob-
served during this pre-cycling treatment, however, past this treatment the electri-
cal response of the junctions was reproducible and reversible. We believe that the
thinness of the bilayer RuP/GO and the fact that GO platelets are both electroni-
cally and ionically conductive might explain the fast reversal of the concentration
gradients upon further cycling.

Several control experiments were conducted with the fixed-site strong acid poly-
electrolyte PSS in place of TiO2 or GO, or with PDDA in place of RuP. These ex-
periments underscore the necessity for electronically conducting TiO2 nanoparti-
cles and mobile ions from GO layers in making high conductance devices. The
film ITO/(PDDA)/(GO/RuP)30/GO/Au (Fig. 9.18 A, curve 3) shows poor conductiv-
ity relative to ITO/(PDDA/TiO2)10/(GO/RuP)30/GO/Au, and no current rectifica-
tion. The conductivity becomes progressively lower with ITO/(PDDA/PSS)10/(GO/
RuP)30/GO/Au (Fig. 9.18 B, curve 4) and ITO/(PDDA/PSS)10/(PSS/RuP)30/PSS/Au
(Fig. 9.18B, curve 5), which contain insulating PDDA/PSS sequences. Although
these two systems differed only in the nature of the spacer between the RuP
layers, the dramatic change observed upon substituting GO for PSS shows that in
the dry state PSS cannot rearrange to provide the ion gradient necessary for redox
conduction in the RuP layers. Layer-by-layer assembly of polyelectrolyte films is
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Fig. 9.18 i–V characteristics of
(A) rectifying junctions: ITO/
(PDDA/TiO2)10/(PDDA/GO)30/Au,
curve 1 (inset shows the reverse
bias region on a larger scale),
ITO/(PDDA/TiO2)10/(GO/RuP)30/
GO/Au, curve 2, ITO/PDDA/(GO/
RuP)30/GO/Au, curve 3, and (B)
junctions with fully reversible in-
terfaces: ITO/(PDDA/PSS)10/(GO/
RuP)30/GO/Au, curve 4, ITO/
(PDDA/PSS)10/(PSS/RuP)30/PSS/
Au, curve 5, and ITO/(PDDA/
TiO2)10/PDDA/(PSS/RuP)30/PSS/
Au, curve 6.



based on the displacement of their counterions, and the process often leads to
multilayers containing few or no mobile ions. To compensate, a very high voltage
must be applied (up to 10–15 V) when polyelectrolytes such as PSS are adsorbed
alternately with a Ru(bpy)3

2+-containing polymers [24].
These results indicated that: 1. a direct contact between quantum-size TiO2 par-

ticles and RuP is not required for promoting efficient electron transfer in a diode-
like junction; 2. the interconnection of the RuP layers via thin GO sheets allows
the electroactivity of the junction to be observed at positive bias; and 3. that the in-
terface TiO2/GO is also rectifying at negative bias.

9.4.3
Charge Storage

Lithium batteries are the recognized choice for high energy density power supply
[25, 26]. On discharge, the metallic anode of a lithium battery supplies Li+-ions to
the Li+-ion electrolyte and electrons to the external circuit; the cathode is an elec-
tronically conducting host into which Li+-ions are inserted as guest species and
the charge is compensated by electrons from the external circuit (Fig. 9.20). The
chemical reactions at the anode and the cathode of a secondary (rechargeable) bat-
tery must be reversible. On charge, the removal of the electrons from the cathode
by an external field releases Li+-ions back into the electrolyte to restore the parent
host structure and the addition of the electrons to the anode by the external field
attracts charge compensating Li+-ions back to the anode. A battery is said to be re-
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Fig. 9.19 Energy level diagram of the differ-
ent materials used in the construction of the
rectifying devices (ITO, TiO2 nanoparticles,
GO, RuP and Au) at zero applied potential.
All energy levels are calculated relative to the
vacuum level. EA is the electron affinity (or

work function in the case of a metal), Eg is
the band gap energy, c.b. is the conduction
band, and v.b. is the valence band. The
dashed line below the conduction band edge
of TiO2 corresponds to the Fermi level.



chargeable when charging is complete (or quasi-complete) even after a large num-
ber of discharge and charge cycles (typically 1000 times for commercial use).

Lithium is a good material for the anode because of its intrinsic high negative
potential and its low density and graphite and carbonaceous hosts have often con-
stituted the cathode. Batteries based on Li+-ion intercalation into graphite or car-
bonaceous hosts have the highest specific energies (energy per unit weight) and
energy densities (energy per unit volume). While the specific capacity of graphite
does not exceed 372 mAh g–1 (LiC6), high-capacity carbonaceous materials, pre-
pared by thermal treatment of organic precursors (epoxy or phenolic resins, su-
gars, petroleum pitch, polymers) between 550 oC and 1000 oC, show reversible
specific charges of 400 mAh g–1 (1.2 x 5 in LixC6) [26].

A correlation was shown to exist between the H/C atomic ratio and the capacity
of the carbonaceous materials [27]. Alternatively, high charging capacities have
been rationalized in terms of disordered carbons in the carbonaceous materials
[28]. Two different sites for Li+-ion intercalation have been suggested based on 7Li
NMR investigations [28]. The first site was believed to be restricted by the gra-
phite intercalation carbon stoichiometry (ionic site). The second site was proposed
to be restricted only by the geometrical limit of the host and the formation of Li2
was believed to act as a capacity reservoir in this type of site [28]. These results
suggested that the presence of hydrogen and oxygen atoms in the carbonaceous
material as well as defects and disorders was likely to increase the charging capac-
ity of lithium batteries.
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Fig. 9.20 Principle of operation of a lithium
battery in a liquid electrolytic medium. Upon
discharge (as shown here) the metallic anode
supplies Li+ to the surrounding electrolyte
while electrons flow to the external circuit to-
ward the cathode. The cathode is an electron-
ically conducting host into which Li+ ions are
inserted as guest species and charge is com-
pensated by electrons from the external cir-
cuit. The chemical reactions at the anode and

cathode of a lithium secondary battery must
be reversible. In that case, on charge, removal
of the electrons from the cathode is achieved
by applying an external opposite current to re-
store the difference of chemical potential be-
tween the anode and the cathode. During the
charge, lithium ions are released back into
the electrolyte with the concomitant formation
of metallic lithium at the negative electrode.



Additional sites for Li+-ion insertion could also be generated by the oxidation of
graphite. Graphite oxidation is usually carried out by heating in a mixture of
NaClO3/HNO3 or KMnO4/H2SO4. Cathodes have then been fabricated by simply
blending the graphite oxide with a polymer, poly(vinylidenefluoride), PVDF, to
prevent the direct exposure of the graphite to the liquid electrolyte [29]. Layer-by-
layer self-assembly of graphite oxide (GO), polyethylene oxide (PEO), and
poly(diallyldimethylammonium chloride), PDDA, onto an ITO substrate has re-
cently been demonstrated to provide an efficient Li+-ion intercalation cathode in
an experimental lithium cell consisting also of a metallic lithium anode and
LiAsF6 electrolyte, dissolved in a mixture of ethylene carbonate and methyl for-
mate (Fig. 9.21) [30]. An open circuit voltage (typically of 2.3 V) between the elec-
trodes triggers the flow of electrons from the anode (lithium metal) to the cathode
(the ultrathin film self-assembled onto ITO) and the concomitant intercalation of
lithium ions into the self-assembled films to compensate for the charges. The rate
of charge transfer can also be controlled by the application of an appropriate cur-
rent to the cathode, allowing further quantitative and qualitative studies of the in-
tercalation reactions and charging properties. As electrons flow toward the cath-
ode, the electromotive force decreases and the cell undergoes a discharge. To re-
store the initial electromotive force a current must be applied, leading to recharge
of the cell.

Different self-assembled films fabricated as cathods (Film I = ITO–(PDDA/GO)10;
Film II = ITO–PDDA/(GO/PEO)10; Film III = ITO–(PDDA/GO/PEO)10; Film IV=
ITO–(PDDA/PEO)10; Film V= ITO–(PDDA/MO (montmorillonite)/PEO)10) were
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Fig. 9.21 Schematics of the electrochemical
cell used. A multilayer formed by the sequen-
tial adsorption of polyelectrolyte (PDDA), gra-
phite oxide nanoplatelets (GO) and
poly(ethylene oxide) (PEO) constitutes the

cathodic film in the cell. Metallic lithium is
used as reference and counter electrodes. The
cell is isolated and under an inert atmo-
sphere.



characterized by surface plasmon reflectivity measurements, optical absorption and
atomic force microscopy, in order to determine precisely the thickness and the
amount of the different materials laid down after each adsorption cycle [30].
Tab. 9.1 summarizes the main charging characteristics of the multilayers and indi-
cates the effective thickness of the GO layers in the different films.

Fig. 9.22 shows the chronopotentiometric curves obtained on discharging and
charging the different films with a current density of 50 �A cm–2. It can be seen
that although Film I contained the largest amount of GO, the capacity (number of
charge equivalents taken by the system per unit time and surface area of elec-
trode) was the lowest in the series. This result indicated that self-assembled
PDDA/GO films were poor ionic conductors, preventing the penetration of Li+-
ions into the film and their further intercalation into GO. This issue was ad-
dressed by introducing PEO into the self-assembled films. In Film II, a thin layer
(0.5 nm) of PEO, self-assembled onto the GO layers, is seen to have greatly im-

9 Layer-by-Layer Self-assembled Polyelectrolytes and Nanoplatelets266

Fig. 9.22 Chronopotentiometric curves, dis-
charge (A) and charge (B), obtained for Film I
(S-(PDDA/GO-33)10, Curve I); Film II
(S-PDDA/(GO-33/PEO)10, Curves II); Film III

(S-(PDDA/GO-33/PEO)10, Curves III); Film IV
(S-(PDDA/PEO)10, Curve IV) and Film V
(S- (PDDA/MO/PEO)10, Curve V).
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proved the specific capacity of battery. To precisely determine the contribution of
the GO layers in Films II, it was necessary to subtract the lithium uptake due to
PEO layers. Film IV did not contain GO, therefore, the capacity difference be-
tween Film II and Film IV provided the contribution due to GO and was charac-
teristic of a lithium intercalation compound LiC2. Introducing an inert layer of
clay platelets (montmorillonite, M) between PDDA and PEO, in Film V, did not
change the chronopotentiometric profile, overlapping with the profile obtained
with Film IV. However substituting GO for M, allowed a twofold increase in ca-
pacity, as more GO platelets were present in these films than in Films II, but the
intercalation compound was also found to be LiC2. This last result indicates that
the existence of well-defined interfaces PEO/GO in the films was crucial in dis-
charging the platelets, with the ability to convey lithium ions into GO layers of at
least 5.5–6.0 nm thick. Film III was electronically and ionically conductive enough
to undergo a significant discharge, though the GO layer was thicker than in Film
II. These intercalation compounds corresponded to a specific capacity of about
1200 mA g h–1 (for the graphite oxide only) and were comparable to the values
measured for polyacenic compounds (PAS) materials, 1100 mA g h–1. The self-as-
sembly approach [30] allows one to minimize the surface of GO in direct contact
with the solution, avoiding the formation of a so-called chemically bonded solid
electrolyte interface (CB-SEI film) [31], consuming part of the electrons and
lithium ions in a side reaction involving the carboxy and alkoxy moieties attached
to the GO surface and leading to the formation of stabilizing salts containing irre-
versible reduction products of solvent at the first cycle.
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Abstract

The development of an array of electroactive polymer materials, combined with
the advent of a number of versatile nonlithographic approaches to patterning, has
created new opportunities for the application of conducting and conjugated poly-
mers as electronic and optical devices made for common, everyday applications.
Further advances in the development of cheap plastic electronics rely on a greater
understanding of how to manipulate the deposition of these materials using self-
or directed-assembly. Surface directed templating and assembly is particularly pro-
mising for the creation of single and multi-component devices on a range of sub-
strates. Two important concepts and aspects of this work are discussed. The first
is based on selective deposition of materials from solution to a pre-patterned sub-
strate. By utilizing two or more surface groups as templates for various compo-
nents of the film, each component can be directed to a specific region of the sur-
face, resulting in multi-component devices created using simple adsorption pro-
cesses based on electrostatic and secondary interactions. The second concept ex-
pands the directed assembly concept to a variety of surfaces through the direct
stamping of functional polymers and block copolymers. This polymer-on-polymer
stamping concept allows the micron scale patterning of plastic, glass, and many
other common substrates without the need for traditional silane or thiol chemis-
try. The resulting chemically patterned surfaces can be used as templates for ma-
terials deposition. These two techniques have been applied to the selective deposi-
tion and patterning of colloidal particles atop polyelectrolyte multilayer arrays,
illustrating the extension of the work to the adsorption of mesoscale objects, as
well as charged polyion systems. Finally, specific multilayer functional systems
that have been targeted in this work include organic/polymer light-emitting
diodes (LEDs), electrochromic materials and patterned conducting polymer films.
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10.1
Introduction and Overview

Developments in the electrostatic layer-by-layer assembly process have progressed
significantly since its inception, bringing with them a new approach to creating
polymeric materials with unique, multifunctional properties through the sequen-
tial adsorption, and effective nanoscale blending, of polymeric, organic and inor-
ganic materials into a stable ultrathin film. Due to the ease of processing of this
technique, and its applicability to a variety of substrates ranging from noble me-
tals such as gold, to semiconductors and oxides such as silicon oxide, and plastic
and flexible polymer film surfaces, the multilayer assembly approach has been
adopted for use in microelectronics materials, light-emitting devices, conducting
films, catalytic membranes, dielectric layers, biomaterials surfaces and delivery ve-
hicles. Applications of these polymer thin films in integrated optics, microelectro-
nic devices, chemical and biological sensors, and ordered arrays for photonic and
micro- to nanostructured material surfaces require control of film deposition and
ordering as well as control of the supramolecular architecture. To be able to incor-
porate layer-by-layer multifunctional thin films into arrays and devices, it is neces-
sary to pattern them onto surfaces on micron to millimeter length scales. For ex-
ample, polymers used for electro-optical applications must, to be useful, be incor-
porated into an integrated optical device by some patterning method, and micro-
sensor devices may require small patterned arrays of polymer.

Current techniques used for the patterning of organic thin films are ultimately
based on photolithographic techniques [1]. Unfortunately, these techniques rely on
the transformation of polymer in an ultrathin film upon exposure to UV light or
the electron beam; this leads to the additional requirement that new polymeric
materials for micron-scale multilayer devices be photopolymerizable, photodegrad-
able or deconstructable under a specific set of conditions, thus limiting the poten-
tial composition of the film. These requirements are also nontrivial; good photore-
sist materials require efficient response to irradiation, high contrast, or degree of
chemical change, upon exposure, and high resolution [2]. Other methods used to
form patterned organic thin films include selective poling of films, spincoating of
polymer into topographic channels on a silicon or polymer substrate, UV-photo-
bleaching or exposure through a negative mask. These procedures often require
additional processing steps, or are specific to the chemistry of the polymeric mate-
rial used. None of the above-named approaches provides a general means of selec-
tively depositing complex multilayered films onto a surface in situ. Furthermore,
none of these techniques allows for the introduction of complex, multiple compo-
nent systems on surfaces without numerous processing steps.

In response to the challenge of incorporating ultrathin functional polymeric
films into integrated devices, we have developed new approaches to the patterning
of polymeric microfeatures using the concept of surface directed assembly [3].
This method utilizes chemically patterned surfaces which act as templates for the
deposition of polymers on surfaces. A nonlithographic process, microcontact
printing, is used to generate the chemical pattern with a micron featured polydi-
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methylsiloxane stamp [4–6]. The patterned features are then used as a template
for the selective deposition of polymeric multilayers. The result is a cheap, simple
procedure to produce patterned thin films and devices that can be performed on a
laboratory benchtop rather than in a clean room.

In this review, new methods that have been developed to manipulate the deposi-
tion of polyelectrolyte multilayer systems to create patterned single and multiple
component thin films on a vast range of surfaces will be addressed. During the
course of the past several years, we have developed a new approach to patterning
polyion thin films on a micron length scale using nonlithographic techniques that
involve the manipulation of surface functionality and the use of the layer-by-layer
adsorption technique. The key to this approach is the use of secondary, or non-
specific interactions, in combination with steric repulsion and electrostatic interac-
tions to chemically direct the deposition of polyelectrolytes on chemically pat-
terned surfaces [7–9]. Recent work has been along two directions: 1) An under-
standing of secondary interactions between polymer and surface functional
groups, and use of that understanding to direct specific materials systems to dif-
ferent regions of a surface (selective deposition or “surface sorting”) [9, 10], and
[2]. Development of an accessible means of printing polymers on surfaces (poly-
mer-on-polymer stamping), and application of this technique to create chemically
patterned templates for materials deposition and surface modification. Finally, we
have applied the concepts developed in both areas, and applied them to the de-
position of micron scale charged colloidal particles, applying the same concepts to
mesoscale systems as for the polyion adsorption. Each of these areas is discussed
in detail in the sections below.

10.2
Selective Deposition of Polyelectrolyte Multilayer Systems

10.2.1
Selective Deposition of Strong Polyelectrolytes

10.2.1.1 Basis of Selective Adsorption and Ionic Strength Effects
The general concept of selective deposition of polyions on a surface is based on
the ability to form alternating regions on the substrate that allow or resist the de-
position of charged polymers under a given set of adsorption conditions. In much
of the work described in this review, we chose to use carboxylic acid (COOH)
functionalized monolayer surfaces as regions for deposition, and oligoethylene
glycol (EG) functionalized surfaces to discourage polyion deposition. A number of
other charged or ionizable groups, such as sulfonate and amino surfaces, have
been successfully used in place of the COOH surface as a deposition region. On
the other hand, the EG system was chosen for its success in the prevention of
protein adsorption on gold surfaces in aqueous solution due to steric and hydra-
tion forces [11–14], and under appropriate conditions, can serve to prevent the de-
position of a number of charged systems from solution, including synthetic poly-
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electrolytes. Microcontact printing, a unique nonlithographic printing method in-
troduced by the Whitesides group [4, 6, 15] is used to form chemical patterns on
gold using alkanethiols or on silicon oxide surfaces using triethoxysilanes. This
method entails the creation of a polydimethylsiloxane (PDMS) stamp molded atop
a topographically defined master mold created using traditional photolithography.
The stamp that is formed, as well as the mold itself, can be stored and used nu-
merous times, making this process a simple, facile, and inexpensive means of in-
troducing patterns. The microcontact printing process presents the advantages of
high resolution, bench-top processing, and low cost. Once the surface is pat-
terned, it is alternately dipped into solutions containing polycation and polyanion
respectively to build up a multilayered polyelectrolyte thin film. Polyions adsorb
predominantly to the COOH surface, allowing the build-up of a very well-defined
pattern. This process is shown in the schematic in Fig. 10.1.

In the first systematic patterning studies of directed patterning of layer-by-layer
films, we examined the adsorption of the simple strong polyelectrolytes, sulfo-
nated polystyrene (SPS) and poly(diallyldimethylammonium chloride) (PDAC),
and found that the selective deposition of the multilayers resulted in well defined
patterned polymeric microstructures with sharp edges [3, 7]. In further investiga-
tions using strong polyelectrolyte adsorption, the addition of an electrolyte to the
polyion solutions was used to determine the effect of ionic shielding on adsorp-
tion selectivity for the COOH surface during the adsorption process [8, 16]. The
thickness of the film on each self-assembled monolayer (SAM) was determined
using atomic force microscopy (AFM) to ascertain the selectivity of adsorption for
these two surface regions; on introduction of additional electrolyte, NaCl, several
interesting changes were observed in the nature of the adsorption and selectivity
to the COOH and EG surfaces. Fig. 10.2 (a–c) contains AFM images of SPS/
PDAC multilayers consisting of 13 bilayers that were adsorbed at varying ionic
strengths. At NaCl concentrations of 0 to 0.01 M, small, but measurable amounts
of adsorption of the polyions on the EG resist regions can be observed; however,
at intermediate concentrations of NaCl, ranging up to 0.1 M, the resist regions be-
come cleaner, with noticeably less polyion adsorption than that observed without
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Fig. 10.1 Schematic of patterning pro-
cess for layer-by-layer polyion films.



added salt, as seen in Fig. 10.2 c, at 0.1 M NaCl concentration. At these conditions,
optimal selectivity is achieved for the SPS/PDAC system, with thicker films
formed on the COOH surface, and very little, if any, deposition on the EG sur-
face. The effects of shielding result in the adsorption of thicker SPS/PDAC multi-
layer films due to shielding of the polyion chains, which leads to a lowering of
self-repulsive interactions between segments, and loopier, thicker adsorbed layers.
This screening enhanced adsorption has been observed by a number of research-
ers in studies of continuous films of single polyelectrolytes and polyelectrolyte
multilayers [17–21]. The interesting observation that the EG surface becomes a
more effective resist at moderate salt concentrations is believed to be due to the
fact that sodium ions intercalate into the matrix of the oligoethylene glycol mono-
layer, which can act as a ligand for small metal cations. This intercalation of ions
increases the degree of hydration of the EG surface, bolstering the hydration
shell; similar effects have been observed and reported by the Grunze group for
protein adsorption on oligoethylene glycol surfaces [11, 12].

Large increases in the ionic strength serve to screen attractive ionic interactions
between the solvated polyion and the surface until, ultimately, polyelectrolyte de-
position is no longer observed on the COOH regions of the surface due to shield-
ing of the COOH surface regions. In contrast, the EG surface changes from an
area that resists polyion adsorption at low ionic strengths (Fig. 10.3a) to a region
that promotes adsorption at high ionic strength in Fig. 10.3b). Above approxi-
mately 1 M NaCl concentrations, the salt ions, when coupled with the nitrogen
drying step, dehydrate the EG monolayer and allow the macroscopic deposition of
the polyelectrolytes [8]. These two simultaneous behaviors work in conjunction to
reverse the templating of the ionic multilayers, resulting in negative selectivity on
the surface, as illustrated in the electron micrographs in Fig. 10.33. If the ions
used as electrolytes are changed, the ionic strength at which this transition is ob-
served is shifted based on the relative affinity of the ions to each surface region
[16].
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Fig. 10.2 Films formed from varying amounts
of added electrolyte (NaCl): (a) 0.001 M NaCl,

(b) 0.01 M NaCl and (c) 0.1 M NaCl solutions
of SPS and PDAC.



10.2.1.2 Formation of Complex Multilayer Structures
The ability to direct the deposition of polyions to specific regions of a surface is
central to the concept of patterning polymer thin films. The reversal of the deposi-
tion behavior, such as that observed with SPS/PDAC multilayers at high ionic con-
tent, presents a useful new tool for fabricating complex microstructures from one
or more sets of polyion pairs [22]. For example, an initial set of SPS/PDAC poly-
electrolyte multilayers can be patterned onto a surface templated with COOH/EG
surface groups at optimal adsorption conditions, resulting in selective deposition
of a series of lines on the COOH surface A second set of polyion pairs can then
be adsorbed onto the original patterned multilayer at a new set of adsorption con-
ditions with high ionic strength. In this second case, deposition occurs on the EG
surface, and on the top surfaces of the original SPS/PDAC film structures. The re-
sult is the formation of a blanket layer of polymer film over the original struc-
tures, as demonstrated in Fig. 10.4 (a–d). As the number of bilayers is increased
from 2, 3 and 5 negative polyion pairs respectively, the ridges between the poly-
mer begin to fill; ultimately, at 6 bilayers and greater, a continuous film surface is
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Fig. 10.3 SEM micrographs of SPS/PDAC
polyion pairs deposited onto a patterned SAM

for which the ionic content was (a) 0.1 M
NaCl and (b) 1.0 M NaCl.

Fig. 10.4 Result of negative deposition at
high salt concentrations onto a 10 polyion
pair patterned film [22]. Film growth occurs
over both the resist and the polyelectrolyte
layer regions, resulting in a blanketing of the

entire structure. (a) 2 negative polyion pairs;
(b) 3 negative polyion pairs; (c) 5 negative
polyion pairs; (d) schematic illustration of
cross-section.



observed. This approach leads to the formation of a cladding layer, which can be
applied to the formation of complex microstructures for a number of different ap-
plications from waveguide elements, to insulating layers, or as a means of advan-
cing a third level in the formation of a 3D film structure.

10.2.2
Understanding and Utilizing Secondary Interactions in Selective Deposition

At low to moderate ionic strength, strong, highly charged polyelectrolytes such as
sulfonated polystyrene or poly(diallyldimethyl ammonium chloride) deposit al-
most solely on the COOH regions, with very little deposition on the EG resist,
creating well-defined, highly selective patterned polymer thin films [22]. For
strong polyelectrolytes, it is essentially the electrostatic interactions that play the
predominant role in determining the selectivity of deposition on the patterned
surface [22], and, as discussed in the previous section, selectivity can be reversed
at high ionic strengths. On the other hand, weak polyelectrolytes such as poly-
amines and polyacids are more likely to undergo additional secondary interactions
such as hydrogen bonding and hydrophobic interactions, particularly as a func-
tion of the degree of ionization, or pH. By understanding the interfacial interac-
tions between the polyelectrolyte and the chemical functional group at the sur-
face, it is possible to manipulate the deposition of polyion pairs based on electro-
static, hydrogen bonding and hydrophobic interactions. These variations in the in-
teractions between the polyion and the surface groups can lead to new and inter-
esting means of manipulating selective deposition of multilayer films. Specifically,
studies of weak polyion multilayer systems have led to a greater understanding of
the importance of secondary interactions for these materials.

10.2.2.1 Establishing the Rules for Weak Polyelectrolyte Deposition
A systematic study of selective deposition of multilayers containing structurally
different weak polyions, including polyamines and polyacids, was carried out to
determine the role of molecular architecture and chemical structure on selectivity.
It was found that for certain sets of synthetic polyelectrolytes, the oligoethylene
oxide functional group appears to promote rather than discourage deposition over
a certain pH range. Weak polyelectrolytes that are hydrophobic by nature, includ-
ing polymethacrylic acid (PMAA), which has a pendant methyl group, and
poly(allylamine hydrochloride) (PAH) which has a hydrophobic backbone, will pre-
ferentially adsorb to an oligoethylene oxide functionalized self-assembled mono-
layer (EG SAM) versus an acid functionalized monolayer (COOH SAM). More
specifically, Fig. 10.5 contains the structures of three synthetic polyamines with
similar atomic compositions, but different molecular architectures; the two sur-
face functional groups, the COOH and EG SAMs, are also shown. These poly-
amines are an ideal choice for an examination of hydrophobic versus hydrophilic
secondary interactions, electrostatic forces, and steric interactions, because their
architectures are so different, with an all hydrocarbon backbone in one case
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(PAH), and a heteroatomic, hydrophilic backbone at the other extreme (linear
polyethyleneimine or LPEI). These polyamines were co-adsorbed with polyacrylic
acid to form polyelectrolyte multilayers on continuous and patterned films of the
two surface groups [9]. Selectivity was measured on patterned films using atomic
force microscopy; the amount of film adsorbed on both surfaces was determined
and used to calculate the selectivity. We found that LPEI, a weak polyelectrolyte
with hydrophilic backbone, will direct the multilayers to adsorb preferentially on
the charged COOH surface at medium pH condition; while PAH, a weak poly-
elecyrolyte with hydrophobic backbone, has maximal selectivity towards the neu-
tral EG surface at medium pH condition. Intermediate, pH dependent behavior
was observed for branched polyethyleneimine (BPEI), which has both hydropho-
bic and hydrophilic groups in its branched backbone structure. It was hypothe-
sized that strong secondary interactions between PAH and the EG surface lead to
the negative selectivity of the PAH/PAA films. In particular, the hydrophobic na-
ture of the PAH backbone can induce dispersion, or hydrophobic interactions
with the ethylene groups in PEO. These interactions would not be possible with
LPEI, which is highly hydrated in aqueous solution, thus introducing strong steric
and hydration repulsions with the similarly hydrated EG oligomer. This hypoth-
esis was supported by similar experiments in which the COOH and EG surfaces
were replaced by sulfonated ionic surfaces and a methyl surface; under the same
pH conditions, PAH adsorbs to the methyl surface preferentially.
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Fig. 10.5 Chemical structures of polyamines and surface functional groups used in selective
adsorption studies.



10.2.2.2 Confirming the Rules of Selective Adsorption: SFM Investigations
To better elucidate the nature of the interactions that seemed to dominate adsorp-
tion at certain pH ranges, surface force microscopy (SFM) was used to examine
the relationships between polyions and both charged acid surface groups (COOH)
and neutral oligoethylene oxide (EG) functionalized surfaces. Polymer surface
modified colloidal particles were used as force probes to examine the interactions
of polyamines with hydrophilic backbones, such as LPEI, and those with hydro-
phobic backbones, such as PAH, on alkanethiol monolayers. The adsorption and
force curves of these two model polyamines with COOH and EG surfaces at a
range of pH values were determined with a sensitive molecular force probe [23].
Figure 10.6 contains force curves derived for PAH and LPEI on each surface at
pH 4.8, when large differences in adsorption behavior are observed.

Polyamine modified polystyrene latex colloids were prepared successfully by sur-
face grafting via electron beam irradiation and used as force probes. The surface
force probe results indicate that the architecture of the polyion chain, as well as
its charge density, can greatly influence the selectivity of deposition on charged ver-
sus neutral EG surfaces. The adhesion of the more hydrated LPEI on the COOH
surface was dominated by ionic attractions at intermediate and high pH; whereas
hydration forces led to steric repulsion of LPEI from the EG surface due to the hy-
drated nature of the LPEI backbone. In contrast, the adhesion of PAH to the COOH
surface was reduced with respect to that of LPEI, but strong and very favorable ad-
hesive interactions take place between the hydrophobic PAH polyamine and the EG
surface at pH 4.8. This observation confirmed the adsorption studies described in
the earlier section, in which LPEI based multilayers deposit preferentially on the
COOH surface to yield positive selectivity, but PAH based multilayer films deposit
preferentially on the EG surface, resulting in negative selectivities, at pH 4.8. Chem-
ical force microscopy has proven to be a valuable tool in discerning the interactions
which can drive self-assembly and selective deposition.

10.2.2.3 Using the Rules: Side-by-side Structures
We have taken advantage of the differences in adsorption behavior of these and
other polymers, using directed adsorption as a tool to effectively control the re-
gion of film deposition and create two component, laterally patterned polyelectro-
lyte multilayer films on the surface [24]. A demonstration of side-by-side multi-
layer adsorption using LPEI and PAH was accomplished by first adsorbing multi-
layers of LPEI with polyacrylic acid (PAA) onto the COOH surface, followed by
the adsorption of PAH/polyanion based multilayers onto the EG regions of the
surface. The red sulfonated ruthenium dye, Ru(phen�)3

4–, was chosen as the multi-
ply charged anionic species to be directed to the EG regions by PAH. The result-
ing composite structure, shown in the AFM micrograph in Fig. 10.7 a, consists of
the PAH/Ru(phen�)3

4– surrounded by a continuous region of LPEI/PAA multi-
layers. This technique can be extended to demonstrate the adsorption of two inde-
pendent dye systems on one substrate, as shown by the images in Fig. 10.7 b. The
permanently charged polycation, poly(diallyldimethylammonium chloride) (PDAC)
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was used to assemble patterned films with a sulfonated poly-p-phenylene (PPP(–))
blue dye on the COOH regions. PAH was then co-adsorbed with the ruthenium
dye at pH 4.8, resulting in the adsorption of the red dye on the EG circular re-
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COOH

EG

LPEI PAH

Fig. 10.6 Surface force curves obtained from
chemical force microscopy utilizing a molecu-
lar force probe with a polyamine modified col-
loid functionalized tip and COOH and EG

SAMs on gold. Force measurements shown
were made at a pH of 4.8. Advancing curve is
shown in red; retracting curve is in blue. Area
under the curve indicates adhesion force.

Fig. 10.7 (a) An AFM topographic image of
patterned (LPEI/PAA) multilayers adsorbed on
a patterned COOH SAM surface (outer re-
gions) and (LPEI/PAA)10(LPEI/Ru(phen4–) ad-
sorbed on the EG surface respectively (circu-
lar dots). Schematic shows cross-sectional
view. (b)Laterally patterned bicolor OLED
model structure, containing 10(PDAC/PPP(–))

on COOH surface and 5(PAH/PAA)10(PAH/
Ru(phen)4–) on the EG surface. The image on
the left is a fluorescence micrograph taken
with the filter for red dye on the EG surface
and the image on the right is the same sam-
ple taken with the fluorescence filter for the
blue dye on the COOH surface.



gions. The result was an alternating surface pattern of red and blue luminescent
dye multilayers on a single surface.

10.2.2.4 The Next Steps: Surface Sorting of Multilayers and Other Elements
In the previous studies described above, it was found that secondary interactions
such as hydrophobicity can be used to selectively direct deposition of specific
charged polymers, despite the presence of strong competing ionic attractions. These
findings suggest that such interactions might be used, in conjunction with electro-
static interactions and steric forces, to guide the assembly of multi-element arrays of
polymers on surfaces. This idea has been demonstrated with the use of the polya-
mines LPEI and PAH to direct the deposition of two different dyes to alternating
regions of a surface. The ability to use different chemical functional groups as a
guide to directing assembly leads to the simple concept that we have termed “sur-
face sorting”, a process by which elements with different chemical functionality
are drawn to specific complementary surface sites. This idea has been used success-
fully in biological fields, in which specific binding sites are created with DNA seg-
ments or proteins such streptavidin and biotin, for the creation of sensors or ar-
rays. The schematic in Fig. 10.8 illustrates a general approach which may be used
to form a three component array; the “objects” indicated in the schematic can repre-
sent polyions, molecular dyes or chromophores, nanometer scale quantum dots, or
micron sized particles. An adaptation of this approach can be used to create complex
electro-optical devices, three color pixel displays, biological arrays for sensors, and
even biomaterials surfaces for co-cell cultures.

In the example of this concept given above, with red and blue luminescent dye
systems, surface groups are used which can promote adhesion of one polymer,
but resist or repel deposition of other polyion types, leading to the formation of
laterally patterned, or side-by-side, multilayer thin films. More complex multiple
layer assemblies can be formed by using surfaces which are selective to one poly-
ion multilayer system, but not another, allowing the creation of blanket layers
such as those described in Section 10.2.1 with strong polyelectrolytes, as well as
multiple component lateral films. This approach can lead to novel approaches to de-
vice fabrication which would be difficult to emulate with traditional photolithography.
In particular, a single patterned surface can be prepared at low cost to guide de-
position of materials in situ without further processing steps. Photolithography
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Fig. 10.8 Schematic representation of the concept of
surface sorting with multiple surface components
during the adsorption process. Cylinders represent
charged functional “objects” present in solution rang-
ing from macromolecules to micron sized particles
with a specific binding group. Colored dots on the
surface indicate surface regions with complementary
functionality which act as regions for deposition.



traditionally involves masking and etching processes that are required subsequent
steps following each materials deposition to form a lateral or vertically patterned
film. This concept is universal, in that it can apply to polymers, low molar mass
dyes and other small molecules, as well as mesoscale systems and objects, as will
be discussed in the section on colloidal assembly.

10.3
Polymer-on-Polymer Stamping

It is clear from the use of surface chemistry described above, as well as a myriad
of other studies from numerous groups which utilize surface monolayer chemis-
try [15, 25–27], that the ability to create chemically patterned surfaces can lead to
the templating of one, two or more materials systems to a surface through adsorp-
tion, polymerization, and other materials deposition methods. The use of alka-
nethiols on gold [4, 6] or trichloro and triethoxy silanes on glass [4] has brought
with it a broad range of potential systems for surface templating; however, the use
of such systems can be limiting in the numbers of commercially viable applica-
tions that are accessible using traditional chemisorbed SAMs on metal or metal
oxide surfaces as substrates. There is a strong interest in the use of polymers as
lightweight substrates for displays, sensors, electronic media, and other applica-
tions; however, most such surfaces are not accessible to patterning using silane or
thiol chemistry. The use of thiols or silanes also often requires targeted synthesis
to gain new functional systems. Finally, the ability to pattern on top of an existing
polyelectrolyte multilayer can lead to the development of complex patterned 2D or
3D multilayers and hybrid materials systems, allowing the possibility of taking
full advantage of the range of functional groups that can be incorporated into
multilayer films for device and other applications. We have developed a new
approach to the creation of chemical surface patterns which does not rely on the
use of traditional chemisorbed monolayers [28], and have since begun to explore
the use of functionalized polymers, polyions and low molar mass substituents
which can be stamped directly onto other surfaces, particularly plastic substrates
and multilayer films, by careful selection of surface chemistry [29]. Our motiva-
tions for exploring these routes are two-fold: 1. The functionalization and subse-
quent patterning of ionic multilayers and other materials on a broad range of sub-
strates, including polymeric surfaces, without elaborate pretreatment; 2. the crea-
tion of complex multiple level heterostructures via stamping atop continuous or
patterned polymer thin films, followed by subsequent selective adsorption or de-
position steps.

Fig. 10.9 illustrates the polymer-on-polymer stamping process schematically. A
polymer is transferred directly to the top surface of a polyelectrolyte multilayer
thin film based on covalent and/or non-covalent interactions. For example, a poly-
anion can be stamped directly onto a charged polycation top multilayer surface to
create alternating regions of plus and minus charge. On the other hand, block
and graft copolymers can present a reactive functional group for attachment to
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the surface, and a second functional group to modify the surface, as will be dis-
cussed further. We have found that even a single adsorbed layer of polyelectrolyte
can be used as a functional surface for stamping. By creating patterned functional
chemistry atop a polyelectrolyte surface, we ultimately introduce a broad approach
that enables modification of any surface which can be covered with at least one
surface layer of polyion. Because a number of existing polymers may be used for
this technique, many new functional surfaces can be achieved through the use of
block copolymers or graft copolymers. This approach is much more commercially
viable for the modification of flexible film using roll-by-roll processing than litho-
graphy or ink jet printing, and does not require a metallization or the creation of
an oxide layer on the substrate, as with most SAMs.
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Fig. 10.9 Schematic illustrating the concept of polymer-on-polymer stamping
(POPS). Utilizing a PDMS stamp and a polymer “ink” to microcontact print a
polyelectrolyte or block copolymer to a multilayer surface.

Fig. 10.10 An AFM image of a multilayer sur-
face adsorbed onto a polystyrene substrate,
which has been functionalized with the EO–
MAL graft copolymer, followed by multilayer

adsorption of SPS/PDAC bilayers, which de-
posit only on the regions which did not con-
tact the stamp [28].



The polymer stamping concept has been illustrated through the patterning of
an oligoethylene glycol resist atop a polyelectrolyte multilayer surface. A resist
layer was created by stamping an oligoethyleneoxide–maleic anhydride graft co-
polymer (EO–MAL) onto the top polyamine surface. Further deposition of poly-
mer multilayers results in the formation of a patterned polymer film atop the
original continuous multilayer thin film platforms as shown in Fig. 10.10. When a
patterned polyelectrolyte film is used as the base layer or substrate in this process,
a second pattern can be stamped atop the original patterned array. Subsequent se-
lective adsorption of polymers yields a second level of microstructures, illustrating
the concept of multiple level patterning for layer-by-layer thin films, as demon-
strated in Fig. 10.11 [28].

Polymer-on-polymer stamping can be broadened to include selective deposition
of numerous materials on top of multilayer polymer systems [28] and other func-
tional surfaces. These films may then be used to template materials deposition,
including other layer-by-layer thin films [28], polymers, metals [30], and colloidal
particles [31].

10.3.1
Fundamental Studies of Polymer-on-Polymer Stamping

A number of issues exist for the application of polymer-on-polymer stamping. The
transfer of polymers using a direct contact method requires that the polymer be
applied to the PDMS stamp, and transferred in a dry or highly concentrated state
after the removal of solvent. Due to the high molecular weight and lowered diffu-
sion rate of polymers, the kinetic timescales of polymer transfer to the surface are
expected to differ from those of typical alkanethiols on gold. It is also important
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Fig. 10.11 An illustration of multiple level patterning, in which an existing patterned multilayer
set of stripes is patterned with a second set of lateral stripes using EO–MAL [28].



to consider differences in reactivity between the chemisorption of thiols or si-
lanes, and the much less reactive groups on many polymer systems involved in io-
nic or hydrogen bonding interactions between the polymer and the surface. Per-
haps more importantly, the nature of the transferred layer will be a function of
the type of interaction used, the solvent used to create the polymer “ink”, and the
wetting properties of the polymer with the stamp and the multilayer surface.

10.3.1.1 Stamping of Ionic Polymers
Charged polymers can be transferred directly to a polymer surface of opposite charge
using microcontact printing. This approach has been demonstrated for the transfer
of strong polyelectrolytes to a polyelectrolyte multilayer platform. In the stamping
process, a solution containing the polymer of interest is applied to a PDMS
stamp. The excess solvent is then removed through air or nitrogen drying, and
the stamp is placed on the substrate surface to be patterned. We have found that
when a permanently charged polycation, PDAC is transferred to a negatively
charged surface of an SPS/PDAC multilayer, a thin layer of positively charged poly-
mer adheres to the surface even after thorough rinsing and sonication in water [32].
The thickness of the stamped layer is approximately 30 to 40 Å, close to the amount
of film adsorbed from solution in the formation of multilayer thin films. A funda-
mental question that must be answered is whether the stamping process is analo-
gous to the adsorption of polymers from solution. If the stamping process is com-
parable to adsorption from solution, then it should be possible to manipulate the
thickness and the number of “free” ionic or functional groups present on the sur-
face by varying the ionic strength or pH of the inking solution [32].

The rate at which the polymer is transferred in such processes is also of great
interest; the kinetics of transfer of the polymer chains to the surface will influ-
ence the processing times for this technique. It is generally known that during
the solution adsorption process used to form multilayers, more than 90–95% of
the final amount adsorbed is achieved in the first few minutes of the adsorption
process, making short contact times feasible for the formation of multilayers. To
achieve good surface coverage during the stamping process, the kinetics of macro-
molecular rearrangements at the surface must be accommodated; for this reason,
it is expected that stamping time will be a critical factor in polymer-on-polymer
stamping. Furthermore, the solvent used, as well as temperature and other param-
eters, may greatly influence polymer dynamics and the required time required for
contact of the stamp with the surface.

10.3.1.2 Stamping of Block Copolymers
Block and graft copolymers present an opportunity to introduce long polymer
chains as a means of surface modification; thus these systems are expected to be
particularly effective in creating chemical patterns or templates. A second benefit
of using block copolymers is the wealth of copolymer systems already in existence
and commercially accessible, many of which contain charged or ionizable polymer
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segments such as polyvinylpyridine, polymethacrylic acid, polyacrylic acid, sulfo-
nated polystyrene, and many others. Further, a number of straightforward techni-
ques are available to synthesize graft and block copolymers containing a func-
tional group of interest.

In general, a copolymer presents two different chemical groups, one block that
acts as an anchor, and interacts with the underlying surface, and a second, func-
tional block that acts to present a new functionality on the surface, as illustrated
in the left and center images of the schematic in Fig. 10.12. The stability of che-
mi- or physisorbed block copolymers on the surface is of critical importance, as
the anchoring block must remain bound to the surface, and the polymer chains
in the graft segments or second block must provide dense coverage of the exterior
of the surface. Rearrangements of copolymers at interfaces can occur when the
polymer is introduced to different solvent media due to minimization of interfa-
cial free energy. For this reason, it is important to understand and control the ad-
hesion of the first block to the surface. The stamping of polystyrene–PAA block
copolymers has been examined recently [32]. The stability of the monolayer can
be tested by examining the contact angle with water following stamping after a se-
ries of treatments in aqueous and organic solvents. We have found that when the
surface is pretreated to obtain neutral, basic –NH2 groups, the monolayer is more
stable than when stamped onto a protonated amine surface containing primarily
–NH3

+ groups. Similarly, more stable films are formed at high rather than room
temperature. Both of these observations suggest that the formation of covalent, as
well as ionic or dipolar interactions, may be critical to the formation of a stable
block copolymer monolayer.

Polymer-on-polymer stamping of block copolymers allows patterned modifica-
tion of the surface properties of a film, and can be used to vary reactivity, charge,
or wetting characteristics selectively. For example, a PS–PAA block copolymer
stamped onto a polyamine functional surface can yield alternating hydrophobic
and hydrophilic regions, as seen in Fig. 10.13. Such surfaces can act as templates
for materials deposition, as will be discussed in detail below. A real advantage of
this process is that it can be done on virtually any substrate onto which a multi-
layer can be adsorbed: polystyrene, Mylar® film, ink jet transparencies, glass sur-
faces, and metals of all types.
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Fig. 10.12 Illustration of surface func-
tionalization via polymer-on-polymer
stamping of block and graft copoly-
mers and polyelectrolytes.



In the printing of polymers on multilayer surfaces, the composition of the mul-
tilayer surface is a critical component of the stability of the film. In particular,
weak polyelectrolyte multilayers can vary a great deal in their thickness, degree of
interpenetration, and surface functional density [33, 34]. In collaboration with the
Rubner research group at MIT, the role of the weak polyelectrolyte multilayer is
currently being examined in polymer-on-polymer stamping. Weak polyelectrolyte
systems such as PAH and PAA are also being stamped directly onto multilayer
surfaces to create functional amino and acid functionalized surfaces for a variety
of applications.

10.3.2
POPS as a Template for Other Materials Deposition

The chemically templated surfaces formed using polymer-on-polymer stamping
can be used to direct materials deposition onto glass, metal, semiconductor, and
plastic surfaces. By selecting a block or functional polymer with a given interac-
tion or reactivity, various materials deposition processes will be examined. One ex-
ample of materials deposition is metal plating. Early investigations have shown
that polymer-on-polymer stamping can be used to template electroless plating on
polymer surfaces. In this work, the electroless plating chemistry developed in the
groups of Rubner and Cohen for plating of continuous multilayer films [35] was
applied to stamped polyelectrolyte multilayer surfaces in a collaborative effort. An
oligoethylene oxide allyl ether–maleic anhydride alternating copolymer (EO–MAL)
was stamped atop the PAH surface of a PAA/PAH multilayer. When the substrate
is immersed in the catalyst bath, followed by the Ni plating bath, only the regions
that were stamped are plated, resulting in a patterned metal film with high edge
resolution and fidelity to the original pattern, as seen in Fig. 10.14 [30]; templat-
ing may also be accomplished through the use of stamped polyelectrolyte patterns
utilizing strong polyelectrolytes. We have found that the metal plated onto the sur-
face exhibits excellent adhesion to the underlying multilayer thin film. This
approach provides a simple means of creating micron scale patterned metal re-
gions for electrodes and device applications atop an existing polyelectrolyte multi-
layer. What is particularly attractive about this approach is that the multilayer may
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Fig. 10.13 Water condensation figures are
formed on an amino functional surface
stamped with a PS–PAA block copolymer.
The stamped hydrophobic regions are the
exterior areas of the pattern, and the under-
lying amine functionalized hydrophilic re-
gions are circles onto which water droplets
are pinned. These results can be achieved
on glass and polymer surfaces [29].



contain a functional system of interest, such as chromic or luminescent films for
devices. Further, simple plastic surfaces may be treated with a single or a small
number of polyion bilayers, and subsequently patterned without the use of elabo-
rate surface treatments.

A second area in which the techniques described above can be applied to practi-
cal problems is the creation of conducting polymer electrodes such as polyaniline
and the transparent conducting polymer, PEDOT with micron scale dimensions.
Here the real challenges involve achieving unusually high adsorption selectivity
on the surface, particularly with polymer systems which can undergo multiple
secondary interactions such as hydrogen bonding. Conducting polymers are of
particular interest for applications in which flexibility is an issue, such as Mylar
substrates. Very recent preliminary results show that we can effectively pattern
polyelectrolyte multilayers containing PEDOT (Baytron P® suspension with SPS
from Bayer) utilizing alternating COOH/EG functional surfaces. Similar results
have been found with polyaniline (PANI) multilayer thin films. At this time, we
are continuing to investigate a number of conducting polymers using selective de-
position onto patterned substrates, including plastic and silicon substrates. We
can also use polymer-on-polymer stamped polyelectrolyte multilayer surfaces as
templates for spin cast or solvent cast films of conducting polymers. MacDiarmid
and coworkers have shown that alternating hydrophobic and hydrophilic regions
of a surface created by laser printing [36, 37] can be used as a means of control-
ling the morphology of polyaniline deposited on the surface from solution, creat-
ing many orders of magnitude difference in the conductivity of films on the
hydrophobic versus hydrophilic regions of the surface [36, 38]. In this work, the
resolution of patterning was in the range of millimeters. Here we can examine
similar effects with micron scale resolution utilizing alternating hydrophobic/hy-
drophilic surfaces created by stamping of block copolymers such as the PS–PAA
system described above; the resulting surfaces can be exposed to a polymerizing
bath of polyaniline to create patterned conducting films.
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Fig. 10.14 Electroless metal deposition on
a polymer template formed by stamping
EO–MAL graft copolymer atop the surface
of a PAA/PAH polyelectrolyte multilayer.
Dark regions are Ni metal, smallest dimen-
sions are 2–3 microns wide [30].



10.4
Directed Assembly of Colloidal Particles

Recently, there has been strong interest in the self-assembly of particles to create
ordered structures in two and three dimensions. Such systems have a range of po-
tential applications: functional templates and catalysts for chemical and biological
processes, sensor arrays, masks for non-lithographic patterning of deposited spe-
cies, and novel optical materials and photonic crystal devices. Fabrication of photo-
nic crystals that operate at visible wavelengths, for example, benefits from the
sub-micron size scale accessible using self-assembled systems. Self-assembly is
thus a tool of great interest based on the need for an inexpensive approach to con-
trolling the arrangement of small objects over large areas.

The stability and adhesion of colloids adsorbed to a molecular monolayer (SAM)
can vary to a large extent, depending on the specific interactions of the particle
with the surface, and the nature of the monolayer. Adhesion can be improved by
manipulating the film thickness, or the density of functional groups on the upper-
most surface layers. Further, a number of new applications for ordered colloidal
arrays may be realized by incorporating functionality into the underlying layers.
An ideal approach would therefore utilize patterned layer-by-layer thin films as
functional templates for the assembly of particles on the polymer surface. We re-
cently demonstrated for the first time an approach that utilizes patterned layer-by-
layer thin films as functional templates for the assembly of particles on the poly-
mer surface, as shown in schematically in Fig. 10.15 [39], and have extended it uti-
lizing surface chemistry, secondary interactions and confinement effects [40–43].
In this process, multilayers patterned onto alternating COOH/EG surfaces act as
regions for deposition of charged particles, and the bare EG regions act as neutral
regions which resist particle deposition at standard adsorption conditions. The
ability to incorporate functionality in the underlying film is a novel and promising
approach that takes full advantage of the layer-by-layer assembly method. The inte-

10.4 Directed Assembly of Colloidal Particles 289

Fig. 10.15 Schematic of approach for templating of colloidal assembly on patterned
polyelectrolyte multilayers.



gration of conducting or luminescent polyelectrolyte multilayer films, nonlinear
optical dyes, or electrochemical mediators with patterned colloidal assemblies can
lead to components in optical or photonics devices or sensors. Further, adhesion
of the particle to the surface is greatly enhanced with the use of polymer tem-
plates over self-assembled monolayer films derived from low molar mass com-
pounds.

10.4.1
Selective Deposition and Controlled Cluster Size on Multilayer Templates

We have demonstrated control over the density and selectivity of particle adsorp-
tion. Three mechanisms have been used to control adsorption of charged parti-
cles: 1) Adjustment of the pH of the colloid suspension, which determines the io-
nization of the uppermost surface of the polyelectrolyte multilayer; 2) adjustment
of the ionic strength of the suspension, which determines the extent of charge
screening about the colloid and polyelectrolyte; and 3) variation of the concentra-
tion of added surfactant, which introduces charge screening on the particle sur-
face, and introduces hydrophobic interactions between the particles and the un-
derlying surface. We have extended the concepts developed above for the selective
deposition of polyelectrolyte multilayers onto micron-sized particles, demonstrat-
ing the appropriateness of the selective deposition approach for mesoscale as well
as molecular scale systems. By varying these parameters, as well as the hydropho-
bic or hydrophilic nature of the particle surface, we can successfully template par-
ticles on the surface. These concepts were first explored in a series of studies uti-
lizing silica particles and negatively charged latex spheres, and SPS/PDAC multi-
layers patterned as lines on surfaces as a template. When the area of the region
of deposition is limited in width, we can direct single lines of particles onto a pat-
terned polyelectroltye template, as shown in Fig. 10.16 (a) [39]. In more recent
studies, we have extended this concept and examined the effect of confinement of
the adsorbing particle by confining the size of a polyelectrolyte multilayer dot-
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Fig. 10.16 Colloids directed to confined re-
gions of a surface arrange in ordered pat-
terns. (a) one micron particles on a two mi-

cron wide stripe [39], and (b) a single particle
array on a dot pattern multilayer surface [40].

a) b)



shaped template to achieve a single particle array of particles, as shown in
Fig. 10.16 (b) [40]. This concept allows us to direct the organization of colloidal
particles and precisely control cluster size and organization on multilayer surfaces
by a systematic variation in the size of the multilayer template onto which the
particles can adsorb; the result of systematic changes in template size are illu-
strated in Fig. 10.17. The self-organization technique resulting from this work ex-
pands the possibility of fabricating complex micro- and nanostructures by the ma-
nipulation of submicron particles via an elegant, self-driven process.

Similar templating effects can also be achieved by using polymer-on-polymer
stamping techniques to stamp a polyelectrolyte onto the oppositely charged top
surface of a continuous, unpatterned polyelectrolyte multilayer [43]. The resulting
patterning of alternating positive and negatively charged regions acts as a tem-
plate for the deposition of particles, in which the oppositely charged regions at-
tract and the like-charged regions repel the adsorbing particles. The advantages of
this technique include the fact that a gold or silicon oxide is no longer needed to
template the particle array; a multilayer on any surface will work effectively. It is
also possible to stamp a positively charged polymer directly onto a Si oxide sur-
face, and achieve a similar templating effect; however, the presence of the multi-
layer is important for enhanced adhesion to the original surface.
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Fig. 10.17 Left: Schematic illustrating effect of
confinement in a circular patterned layer-by-
layer film in which the dot pattern is varied in

size. Right: Controlled colloid cluster arrays
adsorbed LBL templates of increasing size
from top to bottom and left to right.



10.4.2
Surface Sorting with Particles on Multilayer Surfaces

Mesoscale objects may also be directed using the concept of surface sorting. A sig-
nificant finding of the colloid adsorption studies was that by simply changing ad-
sorption conditions such as pH and ionic strength, the preferred region of adsorp-
tion and degree of selectivity can be changed drastically [39]; these adsorption pa-
rameters can be used as tools in the construction of complex particle/polymer as-
semblies. A unique tool that we have found to be effective in controlling selectiv-
ity is the use of a positively charged surfactant, DTAB, added to shield the surface
of a negatively charged particle. Without the addition of DTAB, the deposition of
negatively charged polystyrene latex particles occurs selectively on the uppermost,
positively charged PDAC surface of an SPS/PDAC multilayer via ionic interac-
tions. Hydration and steric forces from the EG SAM resist region effectively pre-
vent deposition of charged particles onto the EG surface. When low concentra-
tions of DTAB are added to the colloidal suspension (10–6�10–5 M), the particles
deposit primarily on the multilayer surface, but with small increases in their pack-
ing density due to favorable inter-particle hydrophobic interactions and increased
ionic shielding [39]. As more DTAB, (10–4�10–3 M) is added, the surfaces of the
particles become increasingly hydrophobic and the selectivity of the particles for
the PDAC surface decreases sharply, resulting in little or no selectivity. Finally, at
high degrees of shielding, the selectivity is reversed, and deposition occurs prefer-
entially on the EG surface, with no deposition on the positively charged multi-
layer surface [39]. It was proposed that hydrophobicity is the main driving force in
directing spheres to the EG surface when the degree of shielding with DTAB for
0.5 �m spheres reaches about greater than 100% shielding due to favorable inter-
actions between the surfactant on the particle surface and the hydrophobic ethyl-
ene groups present in the EG SAM repeat units, in much the same manner that
the polyion, PAH, is attracted to the EG surface in a specific pH range. Recent
measurements indicate that the sharp transition from the EG SAM as a resist to a
region for deposition occurs at about 190 and 95% charge shielding for the 1.0
and 1.9 �m PSS spheres, respectively. By taking advantage of the resulting differ-
ences in selectivity, we have successfully fabricated two component colloidal arrays
on a single patterned PDAC/EG surfaces simply by varying the conditions for ad-
sorption in each case, as shown in Fig. 10.18 (a) [42].

We can also use hydrogen bond interactions in place of hydrophobic interac-
tions to achieve two component “surface-sorting” of colloidal particles on the mul-
tilayer/EG patterned surface. For example, the amidine functional group is known
to undergo strong hydrogen bonding interactions. Adsorption of amidine functio-
nalized polystyrene latex particles on an EG/polyelectrolyte multilayer surface at
moderate to high pH levels leads to adsorption of the amidine functionalized par-
ticles on the EG regions of the surface. The image shown in Fig. 10.18 (b) illus-
trates the presence of two different sized particles on the surface. In this case,
SPS/PDAC multilayers were adsorbed onto the COOH regions of a COOH/EG
functionalized gold surface. Negatively charged sulfonated latex particles microns
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were then adsorbed onto the top layer of PDAC on the polyelectrolyte multilayer
films. To prevent the desorption of sulfonated particles on exposure to aqueous
basic solution, a single layer of polycation was adsorbed onto the sulfonated parti-
cles. Following this adsorption step, a second set of smaller amidine functiona-
lized spheres was then adsorbed onto the EG regions of the surface at high pH
[42]. The result for each of these two examples is a patterned two-dimensional ar-
ray in which particles are confined to specific regions of the surface based on sur-
face chemistry. On both surface regions, in this case, the particles form single
monolayer arrays with good edge resolution.

10.4.3
Selective Electroless Plating of Colloidal Particle Arrays

It is possible to utilize the plating chemistry adapted for multilayer thin films
[35], and apply it to the selective plating of colloidal arrays. Because catalysts con-
taining a positively or a negatively charged palladium complex can be used to di-
rect electroless nickel plating on charged surfaces, we can utilize this approach to
plate the particle without plating the underlying multilayer, or both the multilayer
and the particle. Fig. 10.19 shows the results of a two-step metal plating technique
for the formation of particle arrays on the surface using the patterned polyelectro-
lyte multilayer technique, in which metal coated particle arrays on surfaces are
prepared [41]. These controlled and stable metal coated particle arrays on surfaces
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Fig. 10.18 Two different types of particles can
be adsorbed to the charged multilayer surface
or the alternating oligoethylene glycol mono-
layer based on ionic charge interactions com-
bined with hydrophobic (left (a) large parti-

cles are DTAB shielded) and hydrogen bond-
ing (right (b) large particles are amidine func-
tionalized) interactions [42]. In both cases,
small particles are on the multilayer surface,
large particles are on the EG surface.



have a great potential application in many areas, including opto-electronic and
magnetic, sensor, photonic, and bio-chip applications. Samples of 2D colloidal ar-
rays on patterned polyelectrolyte templates were pretreated with Na2PdCl4 (a nega-
tively charged Pd complex, see Fig. 10.19b) and [NH4]4PdCl2 (a positively charged
Pd complex, see Fig. 10.19a, c, and d) at 5 mM concentration in DI water for 10 s;
then the pretreated samples were dipped into a Ni bath containing nickel sulfate
(Ni source). Negatively charged colloidal particles selectively adsorb on the posi-
tively charged multilayer region only, not on the EG SAM resist area, but nickel
selectively plates to the positively or negatively charged surfaces depending on the
charge of the catalyst. Positively charged Pd complexes also go readily to the EG
SAM area.

10.5
Functional Polymer Thin Films for Electrochemical Device and Systems Applications

The motivation for creating patterned thin films is, in many cases, the develop-
ment of devices and sensors on the sub-micron to millimeter length scale for a
number of applications, including displays. Many of the interesting functional
properties of polyelectrolyte multilayer films utilize electrochemistry in their appli-
cation. In this section, preliminary work involving the formation of ionically con-
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Fig. 10.19 Selective nickel deposition in con-
trolled particle arrays. Catalyst 1 (Na2PdCl4)
was used in b to plate the multilayer, EG re-
gion and particle, and catalyst 2

([NH4]4PdCl2) in a, c, and d, to plate the par-
ticle and surrounding EG regions, but not the
underlying multilayer
.



ducting polyion multilayers, and work focused on the assembly of electrochromic
thin films is addressed. The goal of this project has been to construct an electro-
chromic device using layer-by-layer (LBL) assembly. The elements of such a device
are an electrochemically reactive cathode and anode, along with a solid electrolyte
that separates the two electrodes and provides sufficient ionic conductivity to sup-
port a fast electrochemical reaction within the electrodes. Candidate polymers for
anodes and cathodes include the electrically conducting polymers, most of which
are electrochromic in the UV–Vis range, and most of which are polycations in the
doped state. This class of polymers was originally assembled using layer-by-layer
techniques by Rubner et al. [44–48], with a focus on the investigation of electronic
conducting properties of these films; our recent studies have examined the electro-
chemical behavior and electrochromic response of these films on applied poten-
tial. Electrochromism and redox behavior within polyelectrolyte multilayers has
also been studied by the Schlenoff’s research group using polyviologens to form
redox-active polymer films [49, 50].

10.5.1
Electrochromic Polyelectrolyte Multilayer Device Construction

In our work, we have constructed solid state electrochromic films containing
PANI and poly(3,4-ethylenedioxythiophene): sulfonated poly(styrene) colloid
(PEDOT: SPS, Baytron P from Bayer), colayered with several counterpolyions [51].
The redox-active properties of the LBL films containing these two electrically con-
ducting polymers have been demonstrated and characterized by cyclic voltamme-
try [51]. The films show redox activity typical of the conjugated polymer contained
in the film. Co-layering with different polyanions can be shown to affect the num-
ber of redox states available in PANI. The spectral electrochemical properties of
these films have been also been assessed [51]. Characteristic absorption can be ob-
served at the different redox states for each polymer. For each of the polymers,
the neutral, polaron, and (in some cases) bipolaron absorptions can be observed
as the polymer is progressively doped to increasing degeneracy.

As PANI is an oxidatively coloring material (anodic electrochrome) and PEDOT
is a reductively coloring material (cathodic electrochrome), the two materials were
combined into a complementary coloring electrochromic device. This prototype
device had an anode material consisting of PANI co-layered with poly(2-acrylami-
do-2-methyl-1-propane sulfonic acid) (PAMPS), LbL assembled for 20 bilayers –
(PANI/PAMPS)20. The PEDOT: SPS colloid was co-layered with linear
poly(ethylene imine) (LPEI), also assembled for 20 bilayers – (LPEI/PEDOT: SPS)20.
The electrode materials were LBL assembled atop plasma treated ITO glass with a
thickness of about 2000 Å for both. The electrolyte for this first device was a gel
electrolyte consisting of a solvent-cast PAMPS film. An electrochromic cell with
40-bilayer elements was also constructed. These devices performed well for first-
generation devices from commercially available materials, with a switching speed
less than 2 s and maximum optical contrast of 30% (see Fig. 10.20).
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10.5.2
Ionically Conducting Multilayers for Electrochemical Device Applications

Candidate polymers for the ionically conducting solid polymer electrolyte vary
widely, but include those employed as commercial gel-type polyelectrolytes, per-
fluorinated ionomers, and even weak polyelectrolytes with pH-dependent behavior.
In all cases, the strategy in formulating solid electrolytes from LBL thin films has
been to create a high dielectric constant, hydrophilic matrix in which small mole-
cule ions (most often protons on polyacids) still contained in the LBL films can
dissociate and migrate freely. The analysis of ionic conductivity in LBL thin films
is currently underway, and should allow the replacement of the PAMPS gel as an
ionic transport medium in the second-generation electrochromic cell with a layer-
by-layer polymer system, so that the entire electrochromic cell can be assembled
from the bottom up on a conductive substrate. The ionically conductive LBL films
offer promise in a number of applications aside from eletrochromic devices, in-
cluding membranes in lithium polymer batteries and proton exchange mem-
branes in fuel cells. Thus far, (LPEI/PAMPS), (LPEI/PAA), and (LPEI/NAFION)
films have been assembled at several pH conditions and tested by impedance
analysis [52, 53]. Films constructed using hydrogen bonding interactions, (PEO/
PAA), (PEO/PMAA), and (PEO/NAFION), have also been tested [52, 53]. The io-
nic conductivity of these systems at an intermediate humidity of �50% varies by
four orders of magnitude. The peak conductivity at this humidity is approximately
10–8 S cm–1. However, we have shown that the conductivity of a single film can
vary by almost 5 orders of magnitude, depending on the level of hydration as de-
termined by relative humidity. At very high humidity conditions, the conductivity
of (LPEI/PAMPS) approaches 10–5 S cm–1, conductivity appropriate for electro-
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Fig. 10.20 Demonstration of colored and bleached cell contain-
ing 40 bilayers of each chromic multilayer system. Table gives
performance characteristics for 20 and 40 bilayer cell systems.



chromic devices, but still too small for power delivery applications. Efforts con-
tinue to fully explore the response of these films to changes in humidity.

10.6
Summary

Surface chemistry can be used to effectively direct the deposition of layer-by-layer
thin films formed from solution. By establishing a set of rules that define the con-
ditions required for selective deposition on specific surface regions for both strong
and weak polyelectrolyte adsorption, it is possible to use this understanding for
the assembly of complex, multicomponent 2D lateral and 3D film microstruc-
tures. Surface patterns can be used to assemble two or more elements of different
type onto a surface in a desired arrangement. This concept of adsorption directed
by chemistry is universal, in that the same sets of rules derived for polymeric sys-
tems can also be applied to meso-scale systems as, including particles, colloids,
and biologicial elements. We have successfully expanded this understanding of
polyion–surface interactions to mesoscale systems, including functionalized mi-
cron sized colloidal particles. Arrays of particles of different surface functionality
can be directed to different regions of a substrate, and single particle arrays on a
lattice can be assembled on surfaces using patterned polyelectrolyte multilayers as
a template. This deposition is driven by the spatially-varied electrostatic and sec-
ondary interactions between the colloid and the substrate. New developments in-
clude the investigation of hydrogen bonding, and other more specific interactions,
as a means of directing the deposition of polymers and other materials.

A second important area of development is the ability to pattern polymer multi-
layer and other functional surfaces without the use of thiol or silane coupling
chemistry, which is appropriate only for metal or metal oxide surfaces. This tech-
nique of polymer-on-polymer stamping opens up a broad range of possibilities
with respect to the functionalization and manipulation of polymer thin films to
make multi-level three-dimensional structures using cheap and easy processing
techniques. Plastic substrates may now be used in place of the silicon, metal or
metal oxide surfaces needed to functionalize surfaces with alkanethiols or triethox-
ysilanes. Further, the use of polymer-on-polymer stamping can be used to create
multiple level patterns on surfaces and build up three-dimensional microstruc-
tures on the surface, in which more than one polymer system can be selectively
placed on a surface. Ongoing collaborative efforts have led to new applications
using this technique, including its use to direct colloid assembly, electroless metal
plating, and even the growth of cells on engineered polyelectrolyte multilayer sur-
faces. Finally, new approaches to the assembly of polyelectrolyte functional multi-
layer systems which exhibit ionic as well as electronic conductivity and/or are elec-
trochromic will prove useful for a number of new applications. New patterning
techniques, combined with functional polyelectrolyte multilayer systems, lead the
way to a wide range of applications in plastic electronics, thin film power devices,
electro-optic systems, and biomaterials.
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Abstract

Layered multilayer assemblies based on electro- and photo-active building blocks
were fabricated by the ionic self-assembly technique. It is demonstrated that this
technique is a powerful way to fabricate multilayer film-based chemically modi-
fied electrodes. By incorporating electroactive materials into multilayers, chemi-
cally modified electrodes based on both single and binary active species were fab-
ricated. This technique allows tailoring of the properties of the chemically modi-
fied electrodes by incorporating multi-component species in a designed way. By
combining the ionic self-assembly technique with post photoreaction between the
film, an easy way to fabricate covalently attached multilayer assemblies has been
developed. This concept is applicable to building blocks containing diazonium
groups and their counterparts containing sulfonate, acrylic acid and even phenol
groups. The stability of the covalently attached assemblies increases dramatically
when compared with those held together by electrostatic interaction or ionic
bonds. It is anticipated that active components could be engineered into stable as-
semblies that take synergic interaction to produce new functions.

11.1
Introduction

Supramolecular chemistry at interfaces has made continuous progress [1]. When
molecular assembly occurs at the liquid/solid or gas/liquid interface, the mole-
cules are in a confined state, in contrast with molecular self-assembly in solution.
This may allow fabrication of molecular assemblies with controlled composition
and orientation. Many types of state-of-the-art surface and interface instruments
can be used to characterize the assembling process in situ. Moreover, this may fa-
cilitate the integration of molecular architecture and functional assembly, leading
to various thin-film-based devices and sensors.

There are many kinds of interfacial assembly techniques, such as the Lang-
muir–Blodgett (LB) technique [2], self-assembly based on interfacial chemical reac-
tion [3], the layer-by-layer (LbL) assembly technique [4], etc. Among them, the io-
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nic self-assembly technique, introduced by Decher in 1991 [5], provides an elegant
way of controlling the composition of the resulting assemblies and the thickness
of an individual layer on the nanometer scale. Large varieties of charged materi-
als, including almost all kinds of polyions, dyes, organic/inorganic particles, pro-
teins, viruses, and other biosystems have been incorporated into multilayer assem-
blies using this technique [6, 7]. These thin film assemblies have potential applica-
tions in nonlinear optical materials [8], conductive films [9], permselective gas
membranes [10], light emitting devices [11, 12], sensors [13], etc.

Furthermore, the driving force for the layer-by-layer assembly need not be elec-
trostatic interaction. Other forces, such as hydrogen bonding [14, 15], coordination
bonding [16, 17], charge transfer [18], molecular recognition [19], etc. can also be
used as the driving force for the assembly process. For example, the alternating
deposition between polyelectrolyte and bolaform amphiphile bearing mesogenic
groups led to the formation of multilayer assemblies with an improved interfacial
structure, as shown in Fig. 11.1A [20]. The driving force for the layer buildup is
electrostatic interaction as well as �–� stacking. Xiong et al. fabricated a multi-
layer film on the basis of coordination bonds by alternate adsorption of poly(cop-
per 4-styrene sulfonate) (PSS-Cu) with poly(4-vinylpyridine) [16]. Through in situ
chemical reaction, an organic–inorganic hybrid nanocomposite can be obtained,
as shown in Fig. 11.1B. Moreover, Wang et al. fabricated alternate multilayer as-
semblies of poly(4-vinylpyridine) and poly(acylic acid) based on hydrogen bonding
between pyridine and acrylic acid (Fig. 11.1C) [14]. Even though FTIR data have
clearly revealed that hydrogen bonding is the dominant driving force for the layer-
by-layer assembly, recent data of single molecular force spectroscopy have demon-
strated that the force value was much larger than that of hydrogen bonding, indi-
cating that combined interaction of different forces must be responsible for the
multilayer formation. Actually, in most cases, multilayer assemblies are not based
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Fig. 11.1 Attempts to fabricate layered na-
noarchitectures: (A) Electrostatic multilayer
assemblies of polyelectrolyte and bication
bearing a mesogenic group; (B) multilayer as-

semblies of PSS(Cu2+)1/2 and PVP based on
coordination bonding; (C) multilayer assem-
blies of PAA and PVP based on hydrogen
bonding.
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Fig. 11.2 Building blocks for layer-by-layer as-
sembly. (A) CuTsPc, (B) tpps4, (C) CoTsPc,
(D) PyC6BPC6Py, (E) NC6BPC6N, (F) PVP-Os,

(G) PSS, (H) PAPSAH, (I) DAR, (J) PAH, (K)
PAA, (L) SNAN, (M) BST and (N) PR.

N2
+HSO4

–



on a single type of driving force, but on a synergetic interaction of several kinds
of forces.

Among other charged species, assemblies of electro- and photo-active materials
have attracted considerable attention. On the one hand, these materials will en-
dow the resulting assemblies with novel properties and finally realize functional
assemblies due to the boundless materials with different functions that can be
incorporated. On the other hand, assemblies with photo- and electro-active groups
will provide models for the investigation of the relationship between nanostruc-
tures and their functions. The integration of nanoarchitecture and function in one
self-assembly system is one of the ultimate goals of scientists and the best way to
fabricate nanosized devices and sensors [21]. However, there is still a long way to
go to bridge the gap between structural architecture and functional assemblies.

In this chapter, the assemblies of electro- and photo-active polyelectrolytes pro-
duced by the ionic self-assembly technique, based mainly on our work, will be
presented and discussed in detail. All the building blocks used are shown in
Fig. 11.2.

11.2
Multilayer Assemblies of Electroactive Species for Chemically Modified Electrodes

The interest in chemically modified electrodes (CMEs) has increased tremen-
dously during the last decade. To develop a general method for production of
CMEs in which electroactive materials can be controlled at the molecular level
and deposited in a three-dimensional manner is of importance not only in basic
research but also in technical applications. It is known that there exist several
strategies for fabricating high quality CMEs [22]. Covalent immobilization and
self-assembly of alkanethiol-containing electroactive compounds have proved to be
particularly attractive. Polymers have been coated onto electrodes by dipping, spin
coating, organosilane bonding, electrochemical precipitation and polymerization,
adsorption from solution, and plasma discharge polymerization, etc. However,
there are also requirements to produce multilayer-based CMEs, which guarantee
that both the type and quantity of electroactive materials will be loaded onto the
electrode surface in a controlled way. Ionic self-assembly of charged electroactive
materials may be an alternative approach to the fabrication of CMEs.

Since Sun et al. reported the first example of a chemically modified electrode
fabricated by the ionic self-assembly technique in 1995 [13], the research and fab-
rication of CMEs or sensors based on this technique has received extensive inter-
est. A large variety of chemically modified electrodes and sensors have been fabri-
cated and their properties have been well studied [13, 23–30]. The ionic self-as-
sembly technique has three main advantages over other techniques when used to
fabricate CMEs: (1) It is applicable to electrodes of any material, size and topol-
ogy. This is due to the self-adjusting ability of the technique, which makes the in-
fluence of the substrates on which the layers are built up decrease after several cy-
cles of deposition. (2) It is particularly suitable for the production of chemically
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modified electrodes with multi-components in a designed way. This is determined
by the ability of this technique to produce three-dimensional composite multilayer
assemblies. Usually, the detection of the substrates in these types of electrodes is
based on a series of reactions between the substrate and the electroactive materi-
als bound to the electrode surface. The sequence of the materials assembled on
the electrode surface will play an important role in the detection of the substrate.
(3) Electrodes fabricated by this technique are satisfactory with respect to their re-
producibility. This originates from the ability to control the assemblies at the mo-
lecular level.

11.2.1
Controlled Fabrication of Multilayers with a Single Active Component

The ionic self-assembly technique can be used to fabricate layered nanoarchitec-
tures not only for polyelectrolytes, but also for oligo-charged species, e.g., disk-
shaped porphyrins and phthalocyanines containing sulfonic groups. These por-
phyrins and phthalocyanines are planar conjugating molecules that have unique
physiochemical properties. Assembly of these molecules into multilayer assem-
blies can find applications in catalysis, voltaics, electrochromics and nonlinear op-
tics, etc. Zhang et al. incorporated meso-tetra(4-suofonyl)porphyrin (tpps4) or cop-
per phthalocyanine tetrasulfonic acid, tetrasodium salt (CuTsPc) into multilayer
assemblies by a method based on the ionic self-assembly technique, alternately de-
positing with bipolar pyridine salt (PyC6BPC6Py) [31]. Furthermore, this technique
has been utilized to fabricate functional supramolecular assemblies of pure rigid
porphyrin and phthalocyanine [32]. Combining the ionic self-assembly and electro-
analytical chemistry, we have demonstrated a series of chemically modified elec-
trodes of porphyrins and phthalocyanines which have the ability to detect Cu2+,
I–, carbohydrates, glucose, hydrazine, etc. in solution [13, 23–25]. At the begin-
ning of this work, single component electrodes were fabricated on which only one
type of electroactive material was alternately deposited on the electrode surfaces.
This method of constructing electrodes is simple, but has provided a new way to
fabricate complex sensing surfaces, as summarized in Tab. 11.1.

Copper(II)-selective electrodes based on mixed copper(II) sulfide and silver(I)
sulfide membranes have been reported in the past. The nature of the potential re-
sponse of these kinds of electrodes is complex and their sensitivity towards copper
(II) ions is lost in highly oxidizing systems or in the presence of chloride ions.
Therefore the development of potentiometric copper (II) sensors with good perfor-
mance remains a fascinating challenge for scientists. Herein, we discuss a new
kind of copper(II)-selective electrode fabricated by alternately depositing negatively
charged copper phthalocyanine tetrasulfonic acid (CuTsPc) with a bipolar pyridine
salt (PyC6BPC6Py) on a gold electrode [13]. The original motivation was to charac-
terize the multilayer assemblies of CuTsPc/PyC6BPC6Py with an electroanalytical
method. We failed in this regard because of the very small redox currents. How-
ever, it shows, interestingly, a potential dependence on the copper(II) ions. Com-
pared with conventional copper(II)-selective electrodes, it has advantages such as
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low resistance, short conditioning time, fast response and perfect operation in the
presence of chloride ions.

The fabrication of CuTsPc/PyC6BPC6Py multilayer assemblies on a gold elec-
trode is shown schematically in Fig. 11.3. A freshly cleaned gold electrode was
immersed in an ethanolic solution containing 0.01 M 3-mercaptopropionic acid to
get a self-assembled monolayer. Afterwards, the gold electrode with negatively
charged surface was alternately immersed in aqueous solutions of PyC6BPC6Py
(0.5 mg ml–1) and CuTsPc (0.1 mg ml–1), and washed with water and dried in N2.
By repeating the two immersion steps in a cyclic fashion, an electrode modified
with a multilayer of PyC6BPC6Py/CuTsPc can be obtained. The progressive
deposition was confirmed by means of UV–Vis spectroscopy. In the experiments,
a gold electrode with 6 layers of CuTsPc deposited on it was used throughout.
Between measurements, the sensor was stored in a dry state at room tempera-
ture.

Fig. 11.4 shows cyclic voltammograms of a gold electrode modified with 6 layers
of CuTsPc in 0.2 M acetate buffer solution (pH 4.5). It can be seen that a pair of
redox peaks of CuTsPc appear in the potential range +0.8 to –0.5 V (vs. SCE) in
each cyclic voltammogram. The peak current of the electrode modified with 6 bi-
layers of PyC6BPC6Py/CuTsPc is proportional to the square root of the scan rate.
This indicates that CuTsPc has been modified on the gold electrode and the elec-
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Tab. 11.1 Examples of chemically modified electrodes fabricated by ionic self-assembly

Assemblies Electrode Detection Comments Ref.

CuTsPc/PyC6BPC6Py Gold Cu2+ 1�10–5–0.1 mol L–1, potentiometry [13]

CoTsPc/PyC6BPC6Py Gold Carbohy-
drates

Detection limit: 150 pmol for glu-
cose, 6 pmol for maltose

[23]

CoTsPC/PyC6BPC6Py Gold Hydrazime 1�10–5–1�103 mol L [24]

tpps4/polypyrrole Silver I– 1�10–6–0.1 mol L [25]

PVP-Os/PSS
PVP-Os/PAPSAH

Gold NO2
– PAPSAH can improve the response

of the electrode
[26]

Bis-bipyridinium/Au
nanoparticles

ITO p-Hydroqui-
none

Receptor-colloid superlattice acts as
a rough interface for the precon-
centration and electrochemical
interface

[27]

Glucose oxidase/ferrocene
derivative

Gold Glucose An electrical “wire” is introduced
between glucose oxidase and elec-
trode surface

[28]

Polyoxometalate/PVP-Os Gold Cyclic potential sweeps was used
for the multilayer deposition

[29]

Glucose oxidase/glucoa-
mylase

Gold Maltose/
glucose

Take the co-functions of bienzyme
for catalyzing

[30]



trochemical reaction in the multilayer assemblies is a diffusion-controlled redox
process.

It was found that the properties of the PyC6BPC6Py/CuTsPc modified electrode
were dependent on the pH of the solution. A stable response potential was obtained
in a pH range of 1–5 in 0.2 M potassium nitrate in the presence of 1�10–3 M copper
(II). Meanwhile, we also found that there existed a dependence of the response of the
electrode on the types of buffer at the same pH value and concentration. As indi-
cated in Fig. 11.5, the electrode has its best performance in the acetate buffer and
potassium nitrate solutions, with its response slopes being 29 and 31 mV decade–

1, respectively. In sodium dihydrogenphosphate medium, the response of the elec-

11.2 Multilayer Assemblies of Electroactive Species for Chemically Modified Electrodes 307

Fig. 11.3 Schematic illustration of the structure of a CuTsPc/
PyC6BPC6Py modified electrode.

Fig. 11.4 Cyclic voltammograms of the Au
electrode modified with 6 layers of CuTsPc
in 0.2 M acetate buffer (pH 4.5). Scan rate:
(a) 10, (b) 50, (c) 100 mV s–1. The inset
shows anodic peak current as a function of
the square root of the scan rate.



trode was worst, with a response slope of 25 mV decade–1 and linear range between
10–4 and 10–1 M. In a potassium chloride medium, the response of the electrode was
good, but its response slope of 41 mV decade–1 was higher than Nernstian.

From the typical calibration graph for the gold electrode modified with 6 layers
of CuTsPc in an optimized condition of 0.2 M acetate buffer (pH 4.5), it can be
seen that the electrode has a linear response over the range 1�10–5 to 0.1 M with
a Nernstian response slope of 29 mV decade–1 and a detection limit (extrapolation
of linear graph) of 7�10–6 M. The typical dynamic response time of the electrode
(t95) was 15–30 s with stirring. The steady state potential response after the addi-
tion of copper (II) remained constant for 60–120 s, then slowly increased in the
negative direction and reached a final steady potential value.

The potential response of the electrode towards copper (II) ions has a good re-
producibility. The relative standard deviation (RSD) is 1.7% for ten determinations
of 1�10–5 M Cu2+ at pH 4.5 in 0.2 M acetate buffer. The selectivity of the elec-
trode toward copper(II) is very satisfactory, as shown in Tab. 11.2. Except for Fe3+,
Fe2+ and Co2+, other common inorganic cations do not interfere in the determina-
tion of copper (II). The interference of Fe2+ ions can be eliminated by oxidizing
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Fig. 11.5 Effects of different buffer media on the responses of
the electrode to copper (II). Buffer: 0.2 M, pH 4.5, sodium dihy-
drogenphosphate (�); acetate (�); potassium nitrate (�); potas-
siumchloride (�).



them to Fe3+, which can be masked with F– ions. Anions such as NO3
–, Cl–, ace-

tate and SO4
2– do not interfere with copper (II) during the detection.

As metallophthalocyanines and porphyrins represent a family of compounds well
known for their catalytic activity for a wide range of redox processes, a similar con-
cept can be applied to fabricate chemically modified electrodes with designed sen-
sing properties. When CuTsPc is replaced by cobalt phthalocyanine tetrasulfonate
(CoTsPc), PyC6BPC6Py/CoTsPc alternating assemblies can be fabricated similarly
on gold electrodes. It was found that the gold electrode modified with 6 bilayers
of PyC6BPC6Py/CoTsPc exhibited an excellent electrocatalytic response for the oxida-
tion of hydrazine, therefore it could act as an amperometric sensor of hydrazine [24].
In combination with flow-injection analysis, hydrazine can be detected with high
sensitivity using the above electrode. The linear response of the electrode towards
hydrazine ranges from 1�10–3 to 1�10–6 M, with a detection limit of 6�10–7 M.
Meanwhile, this electrode also shows an electrocatalytic response for the oxidation
of carbohydrates, such as glucose, fructose, sucrose and maltose, as shown in
Tab. 11.1 [23]. Furthermore, tetraphenylporphine tetrasulfonic acid (tpps4) can alter-
nately assemble with polycationic polypyrrole on a silver electrode, which can act as a
potentiometric sensor for iodide ions [25]. The electrode has good selectivity com-
pared with a poly[tetrakis(p-aminophenyl)porphyrin] film-modified electrode.

As mentioned, the above electrodes fabricated by the ionic self-assembly tech-
nique have many advantages. Among them, the incorporation of more than one
kind of correlative electroactive species in a designed way, which may endow the
electrode with novel functions by a synergetic effect of these electroactive species
giving better results than any one of them alone.

11.2.2
Controlled “Cascade” Modification with Binary Active Components

The assembly of ultrathin films containing biological macromolecules such as
proteins and DNA has attracted considerable interest, e.g. for the construction of
bioreactors and biosensors containing enzymes and other biological catalysts. Pro-
tein can be adjusted to be anionically or cationically charged by simply changing
the pH value of the solution to be higher or lower than its isoelectric point (IEP).
In this sense, proteins can be treated as anionic or cationic polyelectrolytes and al-
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Tab. 11.2 Selectivity coefficients of CuTsPc/PyC6BPC6Py modified copper(II) selective electrode

Cation logKpot
�� Cation logKpot

��

Ca2+ –3.0 Al3+ –3.0
Mg2+ –3.0 Co2+ –1.0
Zn2+ –3.1 Mn2+ –3.0
Cd2+ –3.0 Fe3+ 0
Ni2+ –3.1 Fe2+ 0
Pb2+ –3.2



ternately assemble with oppositely charged species. Kong et al. extended the con-
cept of Decher and immobilized glucose isomerase in a layer-by-layer fashion by
alternating deposition with a bipolar amphiphile [33]. Moreover, the same concept
was applied to enzyme immobilization in porous trimethylamine polystyrene [34].
To our knowledge, this is the first demonstration of ionic self-assembly on a non-
flat substrate. At almost the same time, Lvov et al. constructed multilayer films
containing DNA [35], biological colloids such as charged virus particles [36], and
many other enzymes such as myoglobin (Mb), lysozyme (Lys), hemoglobin (Hb)
and glucose oxidase (GOD), etc. [37]. The possibility of creating ordered protein
layers on a solid substrate opens the way for microreactors and biosensors.

11.2.2.1 Bienzyme Assemblies of Glucose Oxidase and Glucoamylase
Glucose oxidase (GOD) and glucoamylase (GA) are widely used enzymes in the
fields of enzyme engineering and biosensors. Sun et al. selected GOD and GA as
a model system to demonstrate the possibility of incorporating these two enzymes
in one-multilayer assembly. GOD and GA have IEPs of pH 4.3 and 4.2, respec-
tively. Under a deposition condition of pH 7.0, both enzymes can become nega-
tively charged. So a positively charged bipolar quaternary ammonium salt
NC6BPC6N was used to alternately assemble with these two enzymes. An enzyme
multilayer film was fabricated in which GOD and GA are alternately sandwiched
between the bi-cationic compound NC6BPC6N [30]. Quartz crystal microbalance
(QCM) measurements show that both GOD and GA are loosely, rather than den-
sely packed in the film. The relatively loose packing of enzymes is favorable for
the easy diffusion of the substrate in the film, which will guarantee that the reac-
tion of the substrate with the immobilized enzyme proceeds smoothly.

Fig. 11.6 shows the change in overall activity of the bienzyme in multilayers
with the number of layers. The total activity increases with the number of layers,
which means the higher the number of layers deposited, the more enzyme is im-
mobilized. On the other hand, since the diffusion of the substrate plays an impor-
tant role in the determination of enzyme activity, the average activity per enzyme
layer decreases with the increase in the number of layers. These results are con-
sistent with those reported previously.

In the electrochemical experiment, two layers of GOD followed by two layers of
GA were alternately deposited with NC6BPC6N on the surface of a 3-mercaptopro-
pionic acid modified gold electrode. The conceptual construction of bienzyme
multilayer assemblies is shown schematically in Fig. 11.7. The enzymes were ar-
ranged in this way in the multilayer film because of the coupled reaction between
GOD and GA, as shown below:

Maltose � H2O
Glucoamylase� 2D-Glucose

�-D-Glucose � O2
Glucose Oxidase� Gluconic � H2O2
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H2O2 �� O2 � 2e� � 2H�

The resulting multilayer can act as a maltose sensor in which maltose can first re-
act with outside GA layers to produce glucose. �-D-glucose then diffuses and re-
acts with the inside GOD layers to produce H2O2, which is oxidized on the elec-
trode surface and detected. Fig. 11.8 shows a typical maltose response curve, from
which it can be seen that the time required to reach 95% of the steady-state cur-
rent is less than 60 s after the addition of maltose. The calibration curve for the
determination of maltose is given in Fig. 11.9. A linear relationship up to 6 mmol
L–1 was obtained between the response current and the maltose concentration. In
comparison with a similar electrochemical sensor, the uppermost detection con-
centration of the present sensor is higher. The reason being that the multilayer
limits the diffusion of the substrate and reduces the effective substrate concentra-
tion within the enzyme layer to well below the saturation threshold.

It was confirmed that only when GA and GOD are fabricated rationally on the
surface of gold electrode could the sensor be used to detect maltose. The GA as-
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Fig. 11.6 Relationship between relative
activity and the number of bienzyme
layers. Total activity of bienzyme on the
slide (�); average activity per bienzyme
layer (�). (Total activity of 18 layers of
bienzyme is defined as 100% in curve
(�); average activity of 6 layers of bien-
zyme is defined as 100% for curve
(�)).

Fig. 11.7 The schematical construction of a bienzyme multilayer of GOD and GA on a
gold electrode surface.



sembled alone on the gold electrode does not have the ability to detect maltose. This
supports the idea that new functions could come from assemblies. Meanwhile, it
was discovered that the gold electrode fabricated with GOD and GA can catalyze
the oxidation of glucose due to the existence of the inner GOD layers. For the deter-
mination of either maltose or glucose, the current response examined was all the
oxidizing current of H2O2 that was produced in the enzymatic reactions.
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Fig. 11.8 Typical response of
the sensor to addition of mal-
tose. Arrows indicate the addi-
tion of 0.1 mL of 0.1 M maltose
to the test solution (initial solu-
tion volume 10 mL). Operating
potential controlled at +0.7 V vs.
SCE. 0.1 M phosphate buffer of
pH 7.0 was used as the sup-
porting electrolyte.

Fig. 11.9 Relationship between steady-state current and concen-
tration of maltose.



11.2.2.2 Alternating Assemblies of Glucose Oxidase and Polycationic
Electron Transfer

The redox active centers of GOD, i.e., flavin adenine dinucleotide (FAD)/hydroge-
nated flavin adenine dinucleotide (FADH2) are situated at the inner core of the
glycoprotein, and covered by a non-conducting oligosaccharide shell. This makes
direct electron transfer between GOD and the electrode surface on which it was
immobilized difficult. An efficient method to solve this problem is to establish an
easy electrical communication between GOD and the electrode surface by using
an electron mediator. Its role can be described as follows:

Glucose � GOD�FAD� � Gluconic acid � GOD�FADH2�

GOD�FADH2� � 2Mox � GOD�FAD� � 2Mred � 2H�

2Mred � 2Mox � 2e�

Here GOD(FAD) and GOD(FADH2) represent oxidized and reduced forms of
GOD, Mox and Mred the oxidized and reduced forms of the mediators. The inti-
mate contact between the GOD redox centers and the electroactive species facili-
tates the flow of electrons from the enzyme to the electrode surface.

Combining the enzyme assembly with the concept of electron transfer, we have
realized alternating assemblies of GOD and quarternized poly(4-vinylpyridine) par-
tially complexed with [Os(bpy)Cl]+/2+ (PVP-Os) on the surface of a gold electrode
[38, 39]. The ideal structure of PVP-Os/GOD multilayer assemblies on the surface
of a gold electrode is shown in Fig. 11.10. As indicated in this figure, the ad-
sorbed PVP-Os on the underlayer GOD could fold along the enzymes and pene-
trate into them, thus mediating electron transfer from the FADH2 center of the
enzyme to the electrodes. Fig. 11.11 shows the response of a 3-bilayer PVP-Os/
GOD modified gold electrode in the presence of 40 mM glucose. In the absence
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Fig. 11.10 The ideal structure of PVP-Os/GOD multilayer assemblies on the surface
of a gold electrode.



of glucose, a pair of cathodic/anodic peaks of almost equal magnitude could be
observed over the range 0.1 to 0.6 V (vs. Ag/AgCl), which corresponds to the re-
versible redox reaction of PVP-Os. Upon addition of glucose, an obvious increase
in the oxidative current and concomitant decrease in the reductive current were
found, indicating that GOD was reduced by glucose diffusing into the assembled
films, then electrons were transferred through the polymer bearing osmium com-
plex films to the electrode surface. From the dependence of the glucose catalytic
oxidation current on the electrode potential, the optimized potential for the detec-
tion of glucose could be selected as 0.35 V (vs. SCE), which is much lower than
without electron transfer. At this low potential, the influence of some interfering
materials, such as ascorbic acid and uric acid can be largely eliminated.

11.2.3
The Incorporation of Conductive Species to Improve the Performance
of the Modified Electrodes

It thus has been proven that the ionic self-assembly technique is a very easy and
efficient way to fabricate a composite film modified electrode, in which more than
one kind of electroactive material can be incorporated in the normal direction of
the electrode surface. The properties of the electroactive material in the multi-
layer-modified electrode will depend much on the way it is assembled. It is mean-
ingful to investigate the structure-related function in multilayer-modified electro-
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Fig. 11.11 Cyclic voltammograms of the three bilayers of a PVP-
Os/GOD modified electrode (a) without glucose and (b) in the
presence of 40 mmol l–1 of glucose. Conditions: 0.1 mol l–1 phos-
phate buffer, pH 6.4: scan rate 5 mV s–1.



des in order to find a general way to improve their performance. We have studied
comparatively the molecular assemblies of PVP-Os with the conductive polyanion
of poly(aniline-co-N-propanesulfonic acid aniline) (PAPSAH) [40] and the non-con-
ductive polyanion of poly(sodium 4-styrene sulfonate) (PSS) in an attempt to find
a way to improve the performance of the chemically modified electrodes fabri-
cated by the ionic self-assembly technique [26].

Two kinds of electrodes were fabricated. The electrode modified with PVP-Os/PSS
was denoted electrode I, and that modified with PVP-Os/PAPSAH was denoted elec-
trode II. Cyclic voltammetry was employed to characterize the electrochemical prop-
erties of the modified electrodes. The resulting cyclic voltammograms (CVs) of elec-
trode I (PVP-Os + (PSS/PVP-Os)5) and electrode II (PVP-Os + (PAPSAH/PVP-Os)5)
in 0.2 M Na2SO4 (pH 1.0, adjusted by H2SO4) at different scan rates are shown in
Fig. 11.12(A) and (B), respectively. For electrode I, only one pair of anodic/cathodic
peaks appears with formal potential (E1/2), taken as the average value of the anodic
and cathodic peak potentials, of 340 mV, which is related to the Os2+/Os3+ redox cou-
ple in PVP-Os. While, for electrode II, two pairs of anodic/cathodic peaks appear
with E1/2 peaks at 150 mV and 295 mV, which correspond to those of PAPSAH
and PVP-Os, respectively. As can be seen, with increasing scan rate, the anodic/
cathodic peak currents of PVP-Os in both electrodes increase linearly in the range
from 10 to 200 mV s–1, which indicates a surface redox process. Comparing the
CVs of electrodes I and II, it is obvious that electrode II yields more symmetrical
voltammograms, e.g., at a scan rate of 200 mV s–1, the peak-to-peak separation
was 30 mV for electrode II and 80 mV for electrode I (with respect to the redox peak
of PVP-Os on both electrodes). This shows that the electron transfer on electrode II
is much easier than that on electrode I.

We further examined the dependence of the electrode response on the number
of deposition layers for electrodes I and II. There exists a critical number of de-
position layers (CNDL) for both electrodes, beyond which the electrode response
begins to decrease. The existence of a CNDL in a multilayer-modified electrode is
related to the vertical electron transfer within the film. Fig. 11.13 shows the de-
pendence of the cathodic peak currents of both electrodes on the number of PVP-
Os layers deposited, from which it can be seen that the CNDLs for electrodes I
and II are 8 and 12, respectively. This confirms again that by replacing PSS with
PAPSAH, electron transfer becomes much easier.

It is found that both electrodes consisting of PVP-Os have the ability to catalyze
the reduction of nitrite in 0.2 M Na2SO4 (pH 1.0). Catalytic currents obtained on
both electrodes with an operating potential controlled at 200 mV (vs. SCE) are pro-
portional to the concentration of nitrite as shown in Fig. 11.14(A) and (B). It is
worth noting that the reduction currents of electrode II are much larger than
those at electrode I.

Based on the difference in peak-to-peak separation, CNDL and the response to
nitrite reduction, it has been proven that by replacing PSS with PAPSAH, the per-
formance of the resulting PVP-Os modified electrode can be improved to some ex-
tent. The only difference between these two electrodes is the polyanions used. For
electrode I, PSS is nonconductive and should act as a barrier to electron transfer
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within the film, whereas, for electrode II, PAPSAH is conductive and should thus
facilitate the electron transfer. In our experiment, the supporting solution used
was 0.2 M Na2SO4 with pH 1.0. It is believed that the acidic condition of the solu-
tion may help to keep the PAPSAH layers more conductive. Thus, PAPSAH in-
corporated between PVP-Os layers may act as a conductive “wire” and decrease
the ohmic film resistance, which provides a way for easy transfer of electrons.

From the view of increasing the electrical conductivity of the multilayer film to
improve the performance of the electrode, it is believed that the incorporation of
Au nanoparticles should have a similar effect to that of the conductive polymer
PAPSAH. Au nanoparticles have good conductivity and their surface is easily
modified negatively or positively making it suitable for assembling with any
charged electroactive materials. Another advantage of Au particles as linker be-
tween electroactive PVP-Os or other electroactive materials is that, in general, the
roughness of the particle-covered surface is greater than that of the polymers
which can increase largely the area of the electrode, and thus the amount of elec-
troactive materials immobilized. To increase the load of the electroactive materials
on the electrode surface by a simple and general method is very important in
practical applications because it can improve the sensitivity and detection limit of
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Fig. 11.12 Cyclic voltammogram of (A) elec-
trode I and (B) electrode II in 0.2 M Na2SO4

at pH 1.0. Electrode I consists of 1 layer of
PVP-Os and 5 bilayers of PSS/PVP-Os, while

electrode II consists of 1 layer of PVP-Os and
5 bilayers of PAPSAH/PVP-Os. Scan rates
(mV s–1): (a) 10, (b), 20, (c) 50, (d) 100 and
(e) 200.



the resulting chemically modified electrode. Briefly, by carefully choosing the con-
ductive species as counterpart for the construction of a multilayer-modified elec-
trode, the performance of the resulting chemically modified electrode can be opti-
mized to some extent.
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Fig. 11.13 Dependence of cathodic peak current on the number of
PVP-Os layers deposited. (a) electrode I and (b) electrode II. Scan rate:
70 mV s–1.

Fig. 11.14 The calibration curves of
current vs. nitrate concentration (a)
on electrode I and (b) on electrode
II.



11.3
Ionic Self-assembly of Photoactive Materials and the Fabrication
of “Robust” Multilayer

The neighboring layers of an ionically self-assembled multilayer are held together
by electrostatic interaction or ionic bonds. The stability of this kind of multilayer
assembly can be affected by the environmental conditions, e.g., the type of sol-
vent, ionic strength, pH of the solvent, etc. In some cases, the stability of the
films is particularly important. Films having the ability to resist the etching of
some special solvents and to work under more severe conditions are required.
Since the covalent bond is, in general, stronger than the electrostatic interaction,
it is reasonable to use covalent bonds instead of electrostatic interaction to form
stable multilayer assemblies. The traditional method using stepwise chemical re-
action to fabricate covalently attached multilayer films is one of the choices, but
suitable chemical reactions are limited and tiresome work is involved. We have
considered whether or not we can make use of the simplicity of the ionic self-as-
sembly technique in operation and the subsequently induced reaction within mul-
tilayers to get covalently attached multilayer assemblies. The possibility of achiev-
ing this hinges on the discovery of charged pair groups which can undergo reac-
tion to form covalent bonds. It is well known that diazonium groups can undergo
photoreaction with a variety of polyions containing sulfonate or acrylic acid
groups under UV irradiation or by heating. By deliberately choosing a photoreac-
tive diazo-resin (DAR) as the polycation and combining its post photoreaction
with sulfonate groups induced by UV irradiation, we successfully achieved this, as
shown in Fig. 11.15 [41]. The stability of the thus-fabricated multilayer assemblies
improved remarkably, as expected. Till now, we have fabricated stable multilayer
assemblies from polyanions containing sulfonate and carboxylic acid groups,
e.g. (PSS), PAPSAH, oligo-charged organic molecules, inorganic colloids and
poly(acrylic acid) (PAA) [42–46]. Along the same line of research, Bruening et al.
used poly(allylamine hydrochloride) (PAH) and PAA to construct multilayer films,
and the following heat treatment induced the formation of amide bonds, through
which the films were crosslinked thus improving their stability greatly [47]. A vari-
ety of other crosslinked multilayer films which employed the photo-induced addi-
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Fig. 11.15 Schematic representation for structure changes of multilayer assemblies from ioni-
cally to covalently attached upon UV irradiation.



tive reaction of oligo-molecules containing double carbon–carbon bonds within
the layers have also been constructed.

11.3.1
Ways to Fabricate Covalently Attached Multilayer Assemblies

In general, the above way to fabricate covalently attached multilayer assemblies in-
volves two steps: ionic self-assembly followed by UV irradiation. Take the fabrica-
tion of covalently attached DAR/PSS multilayer on a positively charged substrate
for example [41, 42]. First, an electrostatic interaction based multilayer of DAR/
PSS is obtained by alternately dipping the substrate in aqueous solutions of PSS
and DAR. Next, the films are exposed to UV irradiation for a given time to ensure
complete photoreaction. In this way, the covalently attached multilayer films can
be obtained. It is worth noting that the ionic self-assembly step must be con-
ducted in the dark to avoid decomposition of the DAR.

UV–Vis spectroscopy was used to follow the ionic self-assembled multilayer fab-
rication process. Fig. 11.16 shows the UV–Vis absorption spectra of 2, 4, 6 and 8
bilayers of DAR/PSS assembled on a quartz slide. The absorbance at 380 nm was
attributed to the �–�* transition of the diazonium group. The linear increase in
absorbance at 380 nm with the number of layers indicates a progressive deposi-
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Fig. 11.16 UV–Vis absorption spectra of multilayer films of DAR/PSS. From
the lower to upper, the number of bilayers is 2, 4, 6 and 8. Inset shows the
absorption at 380 nm vs. the number of bilayers.



tion with almost equal amount of deposition of the polyions in each cycle. Owing
to the well known high reactivity of diazonium and sulfonate groups, the above
assembled films containing 8 bilayers of DAR/PSS were irradiated with a 30 W
mercury lamp at a distance of 10 cm. Fig. 11.17 shows the changes in the UV–Vis
spectra of the films with irradiation time, from which we can clearly see that with
UV irradiation, the diazonium groups decomposed with a dramatic decrease in
the absorbance at 380 nm and a concomitant increase in the absorbance in the vi-
cinity of 290 nm. At the same time, an isosbestic point at 332 nm appears.
Throughout the experiment, it was found that the decomposition proceeded com-
pletely within 5 min. The presence of photo-induced sulfonic ester within the
layers was confirmed by FTIR. The photoreaction between diazonium connected
phenyl and sulfonate groups takes place, as shown in Fig. 11.18. First, DAR was
converted into its phenyl cationic form after releasing N2 upon UV irradiation,
then an SN1 type of nucleophilic reaction by sulfonate occurred.

The photoreaction in between the film can also be confirmed by the improved
stability of the film after UV irradiation. The ionically assembled film of DAR/
PSS was etched by immersing in a ternary mixture of H2O–DMF–ZnCl2 (3 : 5 : 2,
w/w/w) to test its stability. The ternary system was chosen because of the high
solubility of the DAR/PSS polyelectrolyte complex in this solvent. Nearly 30% of
the assembled film was dissolved after 5 min immersion, according to the de-
crease in absorbance at 250 and 380 nm. This result shows that this type of ioni-
cally self-assembled film is not adequately stable in the ternary solvent. As a com-
parison, we etched the irradiated film by sonicating it in the same ternary solvent
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Fig. 11.17 UV–Vis absorption spectra of eight bilayers of
DAR/PSS upon UV irradiation for (a) 0 s, (b) 20 s, (c) 40 s,
(d) 1 min, (e) 1.5 min, (f) 3 min and (g) 5 min.



for 0.5 h. No detectable damage of the film was found, according to the absor-
bance at 250 nm, indicating a much greater stability of the UV irradiated film.
Photoreaction changes the crosslinking structure of multilayer films from ionic to
covalent bonds so that a three-dimensional network is formed which covers the
whole substrate including the four side faces. This can explain why, although the
interaction between the substrate and the first layer of multilayer films was not
covalent, the films were stable in many solvents, like MeOH, DMSO, DMF,
CHCl3, and even the ternary solvent as described previously.

It has been observed that the thickness of an individual adsorbed polyion layer
can be influenced by the ionic strength of the solution, changed by adding inor-
ganic salt or adjusting its concentration. In our experiment, we kept the concen-
tration of PSS at 1.0 mg ml–1 while changing the concentration of DAR or adding
NaCl to DAR solution to realize thickness tuning of the films. Three cases were
investigated, (1) DAR 1.5 mg ml–1 dissolved in 0.5 M NaCl; (2) DAR 1.5 mg ml–1;
(3) DAR 0.3 mg ml–1. Thickness measurements by X-ray diffraction were per-
formed on the above samples after UV irradiation. As shown in Fig. 11.19, a se-
ries of well resolved Kiessig fringes is found in all cases, which proves the homo-
geneousness of the films. The existence of only Kiessig fringes but no Bragg
peaks was similar to typical polycation/polyanion systems based on electrostatic
interaction, indicating an interpenetrating structure between the layers. For a
quartz slide covered with 10 bilayers of DAR/PSS deposited from solutions of dif-
ferent concentration or ionic strength of DAR after UV irradiation, the total thick-
ness of films in the cases (1), (2) and (3) was calculated to be about 23.4 nm, 16.8
nm and 15.2 nm, respectively. So the thickness of one bilayer can be tuned in the
range 15 Å to 23 Å by simply changing the ionic strength or the concentration of
DAR solution. The control of the individual layer thickness of polyion deposited is
simply due to the well-known changes in the coil structure of the polyions in so-
lutions of different ionic strength. Most importantly, all films after UV irradiation
were very stable in the ternary solvent, examined in the same way as described be-
fore. This means that this method of fabricating covalently attached multilayer
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Fig. 11.18 Photoreaction between
diazonium connected phenyl and
sulfonated groups in DAR/PSS mul-
tilayer assemblies.



film is applicable for multilayers whose individual layer thickness can be tuned in
a wide range.

By using a heat treatment after ionic self-assembly, Bruening et al. developed a
way of fabricating a kind of passivating, nylon-like coating through crosslinking
ultrathin polyelectrolyte film [47]. First, multilayer assemblies of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) were fabricated by the ionic
self-assembly technique, then the film was heated at 130 �C or 215 �C for some
time under N2 atmosphere. In this way, crosslinking between the ammonium
groups of PAH and the carboxylate groups of PAA occurs through formation of
an amide bond, as confirmed by FTIR spectroscopy. The change in the structure
of the PAH/PAA film after heat treatment is shown in Fig. 11.20. Both cyclic vol-
tammetry and impedance spectroscopy show that the film permeability decreases
dramatically upon cross-linking and depends on the heating conditions. Crosslink-
ing of a PAH/PAA multilayer film stabilizes the film over a wide pH range.
These nylon-like, crosslinked films could find potential applications as ultrathin
membranes or corrosion-resistant coatings.
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Fig. 11.19 X-ray diffraction of 10-
bilayer DAR/PSS film deposited
on quartz slides. (a) DAR
1.5 mg ml–1 dissolved in 0.5 M
NaCl; (b) DAR 1.5 mg ml–1; (c)
DAR 0.3 mg ml–1.

Fig. 11.20 The chemical reaction in PAH/PAA multilayer assemblies after heat treatment.

�



11.3.2
Stable Entrapment of Oligo-charged Molecules Bearing Sulfonate Groups
in Multilayer Assemblies

As mentioned before, the ionic self-assembly technique has provided an effective way
to realize the three-dimensionally layered assembly of oligo-charged organic mole-
cules. Compared with the polycation/polyanion assemblies, a multilayer containing
small organic molecules is even less stable because the bonding sites on small organic
molecules are relatively fewer. As a continuous program of work, we have further
developed this method in an attempt to realize the stable entrapment of organic dyes
bearing sulfonate groups [44, 46]. Covalently attached multilayer assemblies were
fabricated by exposing the assemblies of DAR and a variety of organic dyes bearing
sulfonate groups, ranging from 2 to 4 per molecule, such as tpps4, CuTsPc, SNAN and
BST. As indicated in Tab. 11.3, the stability of the films after UV irradiation improved
greatly compared with those before UV irradiation. However, it failed to stabilize each
small molecule in the film because the reaction between diazonium and sulfonate in
the film cannot reach 100%. By covering the DAR/dye assemblies with additional
layers of photoreactive DAR/PSS or fabricating DAR/dye/DAR/PSS alternate film,
the stability of dyes in the assemblies will be further improved.

The electrochemical response of Fe(CN)6
3–/4– on DAR/tpps4 film was largely sup-

pressed after UV irradiation. This means that the UV irradiation made the film more
impermeable. As for a 6 bilayers tpps4/DAR covered ITO electrode, after UV irradia-
tion, the electron communication between the ITO electrode and Fe(CN)6

3–/4– could
be blocked almost completely. The impermeability of the film makes it a good can-
didate for corrosion prevention but not for multilayer-film-based sensors. A sensor
requires the film to be both stable and permeable. How to make the film stable and
permeable at the same time becomes crucially important for its applications in mu-
lilayer-film-based sensor. It was found that solvent etching the covalently attached
film could make it more permeable. As shown in Fig. 11.21(a), an ITO electrode cov-
ered with 3 bilayers of DAR/tpps4 film was scanned in 0.1 M KCl solution contain-
ing 1 mM Fe(CN)6

3–, the peak currents are very small. After sonicating this electrode
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Tab. 11.3 Stability test of small molecules bearing sulfonate groups in the multilayer assemblies
of DAR/dyes

Multilayer assemblies Fraction desorbed a)

a b c d Absorbance/nm

(DAR+tpps4)*8+DAR 84 91 5.6 11 426
(DAR+CuTsPc)*8+DAR 71 83 6.8 12 232
(DAR+SBT)*8+DAR 47 72 9 12 284
(DAR-SNAN)*8+DAR 70 80 7 23 535

a) a: Immersion for 5 min (before UV irradiation); b: Sonicated for 5 min (before UV irradiation); c:
Immersion for 5 min (after UV irradiation); d: Sonicated for 5 min (after UV irradiation).



in ternary solvent for 5 min, the peak currents increase obviously (Fig. 11.21 (b)).
Another 5 min sonication increased the peak currents lightly again but not as much
as the first sonication did (Fig. 11.21 (c)). We would speculate that the solvent etching
of the unreacted absorbates would be responsible for the increasing permeability,
and the reacted tpps4 in the film is stable enough to resist further solvent etching.
It is believed that the permeability of the resulting film could be controlled easily
by many factors, e.g., by the reaction ratio, by trapping some larger template mole-
cules or by replacing DAR with diazonium-containing copolymers. The possibility to
covalently entrap electro-active species in the multilayer assemblies, combined with
the high permeability caused by solvent etching should make this technique a pre-
ferred candidate for the fabrication of stable chemically modified electrodes.

11.3.3
Covalently Attached Multilayer Assemblies of Polycationic Diazo-resins
and Polyanionic Poly(Acrylic Acid)

Acrylic acid-containing materials are another kind of everyday used negatively
charged species. Now it is important to know whether this new method of fabri-
cating covalently attached multilayer film is applicable for acrylic acid-containing
species. Herein, we choose poly(acrylic acid) (PAA) as a model material to investi-
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Fig. 11.21 CVs of a (DAR+tpps4)*3 + DAR modified ITO electrode
(a) after UV irradiation, (b) after sonication for 5 min in ternary
solvent and (c) after another 5 min sonication in ternary solvent.
Conditions: 0.5 M KCl solution containing 1 mM Fe(CN)6

3–, scan
rate: 100 mV s–1.



gate the possibility of using this method to fabricate DAR/PAA covalently at-
tached multilayers [45]. It was well demonstrated that DAR could alternately as-
semble with PAA in aqueous solution to form multilayer assemblies. Within the
PAA chain, there are two kinds of groups, acrylic acid and acrylate. The ratio of
these two groups is dependent on the pH of the solution. Therefore the driving
force for the assembly is based on a combination of electrostatic interaction be-
tween diazonium and acrylate groups and hydrogen bonds between secondary
amine and acylic acid groups. Upon UV irradiation, a partially covalently attached
multilayer of DAR/PAA can be formed, which improves the stability of the result-
ing film greatly compared with that without UV irradiation. The reaction in the
DAR/PAA film is shown in Fig. 11.22 (A). Since PAA is a weak polyelectrolyte, the
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Fig. 11.22 Photoreaction of (A) DAR and PAA, (B) DAR and PR in
the multialyer assemblies.



conformation of PAA chains is very sensitive to the change in pH of the solution.
By changing the pH of the PAA solution, the thickness of an individual layer can
be finely tuned on the nanometer scale. One more interesting example is con-
cerned with hydrogen bonding directed self-assembly and post-chemical reaction
to fabricate covalently attached films. Cao et al., reported the fabrication of alter-
nately assembled multilayer film of DAR and phenol-formaldehyde resin (PR)
based on hydrogen bonding as the driving force [48]. UV irradiation converted the
hydrogen bonds into a covalently attached multilayer, as shown in Fig. 11.22(B).
Its stability towards polar solvents was proved to increase dramatically. We would
anticipate that the same concept might be applied to other building blocks bear-
ing carboxylic and phenol groups.

11.3.4
Robust Nanoassemblies with Complex and Hybrid Structures

The improved stability leads to these kinds of covalently attached multilayer as-
semblies finding applications in a wider range. When functional species were in-
corporated, functional assemblies with high stability could be obtained. For exam-
ple, when an electroactive material was used, this technique could produce a che-
mically modified electrode with high stability. PAPSAH is a kind of water-soluble
self-acid-doped conducting polyaniline in which the sulfonic acid groups are lo-
cated in the polyaniline chain [40]. The sulfonate groups along its chain makes
PAPSAH suitable for fabricating a covalently attached film with DAR [43].
Fig. 11.23 shows the cyclic voltammagrams of (a) a self-assembled monolayer
(SAM) of 3-mercapto-1-propane-sulfonate (MPS) on a gold electrode, (b) a 3-bi-
layer-(DAR/PAPSAH) modified gold electrode and (c) a 6-bilayer-(DAR/PAPSAH)
modified gold electrode (both after UV irradiation) in 0.2 M Na2SO4 (pH 1.0) at a
scan rate of 10 mV s–1. Within the potential range studied, –0.1 to 0.7 V, no redox
peaks are observed in curve (a) for electroinactive MPS. In contrast, both the PAP-
SAH-containing multilayer films exhibit one minor (I–I�) and one major (II–II�)
redox peak at ca. 0.15 and 0.44 V, respectively. These two redox peaks should be
assigned to the two-step PAPSAH-based redox processes. The first redox peak cor-
responds to oxidation from the fully-reduced insulating leucoemeraldine salt form
to the partially-oxidized conducting emeraldine salt form; the second redox peak
corresponds to oxidation from emeraldine to fully-oxidized insulating permigrani-
line. Like the other types of polyaniline, the redox properties of PAPSAH incorpo-
rated in a covalently attached film is also pH dependent. When the pH of the so-
lution decreases, the redox peak potentials of PAPSAH shift positively and the
peak currents increase obviously. The increase in peak currents with the decrease
in pH value should arise from the fact that the acidic condition of the solution is
helpful in keeping the PAPSAH multilayers conductive because of the protonic
doping effect. All these results show that the properties of PAPSAH still remain
in the covalently attached mulilayer. It is anticipated that this robust PAPSAH-
containing film could find applications in chemically modified electrodes and elec-
trochromics.
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Organic–inorganic hybrid materials, with fascinating properties stemming from
their synergic effect, have been paid increasing attention [49–52]. More recently, a
robust gold nanoparticles/polymer hybrid multilayer was fabricated by alternately
assembling DAR and MPS covered gold nanoparticles followed by UV irradiation
[53]. The ideal structure of this covalently attached gold nanoparticles/polymer hy-
brid multilayer is shown schematically in Fig. 11.24. The properties of gold nano-
particles were kept in the covalently attached multilayer assemblies, meanwhile,
the stability of the resulted film increased greatly. It is believed that the same con-
cept may be applied to other particles containing sulfonate or carboxylic acid
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Fig. 11.23 CVs of (a) a monolayer of MPS modified gold elec-
trode, (b) 3 bilayers of DAR/PAPSAH modified gold electrode
in 0.5 M KCl solution containing 1 mM Fe(CN)6

3– and (c) 6
bilayers of DAR/PAPSAH modified gold electrode in 0.5 M KCl
solution. Scan rates: 50 mV s–1.

Fig. 11.24 The ideal structure of a gold nanoparticles/DAR hybrid multilayer and its change
upon UV irradiation.



groups to fabricate a variety of robust hybrid multilayer assemblies with tailored
properties.

11.4
Summary and Outlook

We have demonstrated a variety of multilayer assemblies of electro- and photoac-
tive species by means of the ionic self-assembly technique. By combining the io-
nic self-assembly technique with in situ chemical reaction in between the film, ro-
bust multilayer assemblies in which the neighboring layers are held together by
covalent bonds can be easily fabricated. This technique is particularly suitable for
charged building blocks containing diazonium groups and their counterparts con-
taining sulfonate, acrylic acid and even phenol groups, but it can also be extended
to other systems when pairs of appropriate reactive materials are selected. This
technique to fabricate covalently attached multilayer films could be used to pro-
duce chemically modified electrodes with high stability, which guarantees the ap-
plication of these electrodes under severe conditions. Because DAR or diazonium-
containing polycations are photosensitive, this will also provide a new kind of sur-
face patterning material. For example, due to the different solubility of the multi-
layer assemblies before and after UV irradiation, when a proper solvent is chosen
which can dissolve the multilayer formed without UV irradiation but not that
formed after UV irradiation, robust multilayer patterning surfaces can be pro-
duced. By incorporating electroactive materials into multilayers, chemically modi-
fied electrodes based on both single and binary active species have been fabri-
cated. In the binary active species modified electrodes, two components can be
incorporated in such a way that the function is based on their organization. In
other words, multi-component active species could use their synergy to produce
new functions which are unavailable for any individual species.
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Abstract

The preparation of nanocomposite colloids with tailored properties, and the subse-
quent assembly of nanostructured materials from these particles provide new op-
portunities for the technological application of colloids in areas such as coatings,
catalysis, sensing, separations, drug delivery, electronics and photonics. This chap-
ter highlights a recently developed self-assembly layer-by-layer (LbL) process for
the surface engineering of colloid particles at the nanoscale level. Through poly-
mer-mediated adsorption of charged species from solution onto colloids, new
classes of functional core–shell colloids are produced. The versatility of the LbL
strategy is demonstrated by a number of examples of nanoengineered colloidal en-
tities, including magnetic, fluorescent, and biocolloids. Extension of the LbL pro-
cess to encapsulate a variety of biomacromolecules and low molecular weight
compounds is also detailed. Additionally, the creation and potential applications of
multilayered functional thin films and ordered colloidal assemblies from the
core–shell colloids are described.

12.1
Introduction

Colloids are ubiquitous, present all around us. Technologically, they have been of
importance for centuries, being exploited in diverse areas ranging from additives
and pigments (e.g. in foods, cosmetics, inks and paints), to catalysis, as well as in
the photography, agriculture and mining industries [1–5]. A prerequisite for the
successful utilization of colloids for many applications is that they remain colloi-
dally stable. The two main components of the intermolecular interactions that in-
fluence colloidal stability, namely the electrostatic repulsion and van der Waals at-
traction, have been intensively studied [1, 2]. These interactions can be tuned by,
for example, the addition of salt and polymers to the colloidal dispersion, provid-
ing the basis for the use of optimized colloidal systems for various fundamental
investigations or for the manufacture of hierarchically ordered structures. The
size and type of colloids available nowadays is quite broad, varying from organic
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(e.g., latexes) to inorganic (e.g., silica, gold, semiconductors). These types of col-
loids are routinely employed for scientific investigations and technology-driven ap-
plications [3–5]. The emerging nanotechnology and biotechnology fields, however,
will require tailor-made building blocks for the construction of advanced materials
and devices. Since colloid particles are useful components of such systems, the
availability of colloids with unique and tailored functional properties (e.g., optical,
mechanical, thermal, electrical, magnetic, catalytic, biological) is highly desired,
and routes that allow their preparation have attracted considerable interest [6].

One strategy to prepare colloids with novel physical and chemical properties in-
volves their surface modification and/or coating with a range of compounds,
either organic or inorganic [6, 7]. Several techniques have been used for forming
polymer coatings [7], although polymerization-based methods are the most com-
monly employed. These include direct polymerization of monomers adsorbed
onto the particle surface [8, 9], heterocoagulation-polymerization [10], and emul-
sion polymerization [7, 11]. Inorganic coatings are often formed by precipitation
and/or surface reactions of inorganic precursors with the particle surface [12–14]
or by the sonochemical generation of nanoparticles in the presence of larger col-
loids [15, 16]. Such coated colloids often display improved properties over the sin-
gle-component particles, thus making them attractive for use in a broader range
as well as new applications. For example, coated (or core–shell) colloids have been
applied in encapsulation technologies, as immobilized catalysts, in drug delivery,
electronics, separations, and diagnostics, as well as in the synthesis of combinato-
rial libraries [7, 17–23]. Despite the widespread use of coated colloids in these
areas, many of the existing coating methods do not allow nanoscale control of the
coating composition and thickness, and often the particles are non-uniformly
coated, thus promoting aggregation. Therefore, there is much interest in the de-
velopment and implementation of new particle coating technologies, especially
ones that are both flexible and facile, and that are independent of the particle sur-
face morphology and composition to deposit multicomposite coatings.

This chapter presents an overview of a recent, new, versatile layer-by-layer self-
assembly process (when applied to colloids) that permits the preparation of coated
(and encapsulated) colloids of different shapes and sizes, with uniform layers of
diverse composition as well as controllable thickness. Herein, the method is de-
noted layer-by-layer colloid templating, LbL-CT. Following some practical issues
that are important for the successful coating of colloids using the LbL-CT tech-
nique, emphasis will be placed on the wide variety of layer constituents as well as
core colloids that can be used in the process. This will be exemplified by present-
ing a number of systems, ranging from coatings comprised solely of polymers, to
nanoparticle-, protein-, and phospholipid-based coatings on colloids. It will be
demonstrated that the colloid cores can be varied from enzyme crystals to crystal-
lized low molecular weight dyes to biological cells. In these cases, the LbL-CT
approach is exploited for encapsulation of the cores. The nanoscale control that
can be afforded over the wall thickness will also be highlighted. An alternative
procedure for colloid coating, termed controlled precipitation, will also be de-
scribed. This is of particular interest when thick coatings are desired. Examples
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demonstrating the mesoscopic arrangement of the coated colloids will be pre-
sented, followed by the properties of various functional (e.g. catalytically, optically,
etc.) core–shell colloids, along with their utilization in various areas, such as
photonics and immunodiagnostics.

12.2
Preparation and Characterization of Coated Colloids

Application of the LbL self-assembly to colloid templates represents a new and
promising approach for the construction of coated particles. The LbL technology
for “coating” macroscopically flat surfaces is now well established. Its origins can
be traced back to the mid-1960s, when Iler showed that it was possible to deposit
particles onto solid substrates in a LbL manner [24]. However, it was only after
the pioneering work of Decher in the early 1990s, involving the LbL assembly of a
combination of linear polycations and polyanions [25, 26], that an explosive
growth occurred in the use of the LbL technology [27]. In ensuing years, the LbL
technique was expanded to include, among other species, a host of inorganic na-
noparticles, biomolecules, clays, and dyes in polyelectrolyte multilayer assemblies
[27]. The LbL method was also applied to various particles, thus permitting the for-
mation of nanocomposite core–shell particles [28, 29] and the encapsulation of
various species [30–33]. For example, in the mid-1990s, Keller et al. reported the
construction of alternating composite multilayers of exfoliated zirconium phos-
phate sheets and charged redox polymers on silane-modified silica particles [28].
Several years later, Chen and Somasunduran deposited nanosized alumina parti-
cles in alternation with poly(acrylic acid), which acts as the bridging polymer, on
submicrometer-sized alumina core particles [29]. In other related studies, it was
shown that the use of sequentially deposited polycation/polyanion multilayer coat-
ings on preformed alginate-based microcapsules are effective in controlling their
permeability. Vogt et al. showed that enzymes could be retained within alginate
microcapsules upon coating with polycation/polyanion multilayers [30, 31]. A later
study showed that one bilayer of alginate and chitosan deposited on preformed al-
ginate–chitosan capsules only had a minor influence on the permeability of im-
munoglobulin G (IgG), whereas four double layers yielded a large effect in limit-
ing the diffusion of IgG [32]. In most of these aforementioned studies [28–33], ex-
perimental evidence was provided for the formation of the coatings, however, the
coatings were not characterized in detail after deposition of each layer, step-by-
step. This section will deal specifically with our recent work on the LbL coating of
colloids [34–39], outlining the practical considerations for coating colloids, as well
as illustrating the layer-by-layer growth of various species on a host of different
colloids, as assessed by a range of experimental techniques.
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12.2.1
Layer-by-Layer Adsorption

The LbL-CT method allows the deposition of multiple layers on colloids in a con-
trolled fashion [34–39]. In this strategy, depicted in Fig. 12.1, the first added spe-
cies usually has an opposite charge to that on the colloids, thereby adsorbing
through electrostatic interactions. An overcompensation of charge often results
with adsorption of each layer, and at this stage the charge on the surface of the
particles is reversed. This facilitates the alternate deposition of subsequent layers
of a wide range of charged components. As is the case on planar supports [27],
generally a polyelectrolyte is used to separate layers of the same or different mate-
rials. These polyelectrolyte interlayers not only act as molecular “glue”, but they
can also impart enhanced colloidal stability to the coated particles via electrostatic
as well as steric contributions.

Although there are various experimental parameters that need to be optimized
in order to LbL coat particles uniformly (e.g., particle concentration and size, poly-
mer type, length, and concentration, and total salt concentration in the adsorbing
solution; see later), the chief issue in transferring the LbL technology from macro-
scopic (planar) supports to colloid particles is the effective separation of the re-
maining free (unadsorbed) charged species from the colloidal dispersion prior to
the next deposition cycle. Here we consider the case of polyelectrolyte adsorption,
although many charged species can be treated in the same way as described in
the following. The LbL assembly of polyelectrolytes onto colloid particles can be
performed in two main ways. Either the concentration of polyelectrolyte added at
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Fig. 12.1 Schematic illustration of LbL-CT
constructed colloids. The coatings can be
polyelectrolytes (A), or nanocolloids such as
inorganic nanoparticles or proteins (B). Dyes
or lipids can also be used as layer compo-
nents (see text for details). The templates can
be of synthetic (latexes, metal, crystallized low
molecular weight compounds etc.) or

biological origin (proteins, cells), with diame-
ters in the nanometer to micrometer regime.
The process typically involves the consecutive
deposition of oppositely charged species onto
the colloid particles, with repeated centrifuga-
tion or filtration and intermittent water wash-
ings between deposition of each layer.



each step is just sufficient to form a saturated layer [38], or adsorption is carried
out at an excess concentration of polyelectrolyte [34–37]. Fig. 12.2 illustrates the �-
potential behavior of PS particles, as well as the fluorescence of the non-adsorbed
oppositely charged polyelectrolyte, as a function of total concentration of added
polyelectrolyte [38]. The amount of “free” fluorescently labeled polyelectrolyte was
measured in the supernatant after the particles were separated by centrifugation.
The �-potential data show that with increasing bulk concentration of the adsorb-
ing polyelectrolyte, recharging of the particle surface takes place. At a certain con-
centration, the �-potential levels off and, below this concentration, the polyelectro-
lyte is mostly adsorbed on the particles, depleting the bulk solution from the ma-
jority of polyelectrolyte. Further increasing the bulk polyelectrolyte concentration
beyond this value does not influence the �-potential or the amount of polyelectro-
lyte on the particles. Repeating this process with optimized polyelectrolyte to parti-
cle concentrations can lead to the formation of polyelectrolyte multilayers on parti-
cles when oppositely charged polymers are employed.

In the second method, the excess, non-adsorbed polyelectrolyte is removed prior
to the addition of the next polyelectrolyte (of opposite charge) in order to avoid
the formation of polyelectrolyte complexes in bulk solution. The removal of excess
polyelectrolyte can be achieved efficiently by performing several repeated centrifu-
gation/washing cycles in pure water, followed by re-suspension of the particles
[34–37], or by using a filtration set-up where the colloid particles are retained on
the filter, but the polyelectrolytes are small enough to pass through the pores of
the filter [40].

The above different approaches allow the formation of multiple layers of
charged species on colloid particles, however some differences exist in the ad-
sorbed amount of material, the number of particle aggregates, the ease of varia-
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Fig. 12.2 �-potential of negatively charged
640 nm diameter PS particles and fluores-
cence intensity of non-adsorbed FITC-labeled
PAH as a function of total concentration of

added FITC-PAH. The adsorption of FITC-
PAH was performed from aqueous solutions
containing 0.5 M NaCl. The particle concen-
tration was 2.2�108 particles mL–1 [38].



tion of the deposited substances, the degree of material loss during preparation,
and the possibility to scale-up production of the coated particles [36, 38]. Regard-
less of the method used, typically, particle concentrations of a few (up to 10) wt.%
are used in order to avoid particle aggregation upon addition of the coating spe-
cies (e.g., polyelectrolyte, inorganic nanoparticles, proteins, lipids etc.).

In the following we address the main advantages and drawbacks of the afore-
mentioned coating approaches. The main general challenge in the coating process
is to suppress particle aggregation at different stages of the preparation, as it is of-
ten rather difficult (or even impossible) to resuspend strongly aggregated particles
without significant modification or damage to the particle surface (e.g., due to so-
nochemical treatment when attempting to separate aggregated particles). The cen-
trifugation/dispersion process can make the subsequent resuspension of the parti-
cles difficult if high centrifugal forces are applied. Other drawbacks of this strat-
egy are the associated difficulties in centrifuging smaller particles (e.g. < 50 nm)
and the significant loss of particles during preparation. For instance, assembling
20 layers of polyelectrolytes on 640 nm diameter particles under typical coating
conditions [36] can result in an accumulated total loss of 80% of the particles orig-
inally introduced. Washing and redispersing the particle suspension by means of
centrifugation can also be rather time consuming, particularly if relatively small
(< 100 nm) particles are used. Nonetheless, the centrifugation approach continues
to be widely used for the LbL coating of colloids, as the experimental conditions
can be readily adapted for a variety of systems.

In the case of the sequential addition of polyelectrolyte at a suitable concentra-
tion to just coat the total available particle surface area, it is possible to prevent
the direct formation of aggregates. In contrast to the centrifugation and filtration
protocols, there is no loss of the polyelectrolytes used as layer constituents or the
core particles. Further, once the conditions for the multilayer coating are deter-
mined (which may not always be straightforward), the coating process can be per-
formed on a relatively short time scale because the adsorption of a polyelectrolyte
layer (in the concentration range employed) usually takes only a few minutes. The
major and highly limiting drawback of this procedure is that the probability of
forming polyelectrolyte complexes and particle aggregates, as revealed by single
particle light scattering (SPLS), is rather high [36]. This can, to some extent, be
overcome by employing a dilute particle suspension. Notwithstanding, the concen-
trations of all components of the suspensions need to be accurately determined
and controlled during the entire coating process; this can turn out to be laborious
and highly involved. For these reasons, this method remains attractive only in a
select few cases.

The filtration method is essentially the most practicable approach to scaling-up the
LbL process for coating a large variety of colloid particles [40]. The particles are not
subjected to intense centrifugal forces but are permanently and gently stirred. The
liquid level above the filter can be exactly controlled by the interplay between the
inflow and outflow of the components, including the suspension medium, and pres-
sure applied for filtration. Since the filtrate can be recovered easily, this preparation
procedure can, in principle, be readily automated. The membrane filtration unit has
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adaptation capacity to meet the requirements of a variety of chemical and colloid
chemical systems. Some limitations exist when dealing with smaller particles in
this system, as this makes the use of filters with small pore size necessary, hence
slowing down the process. This can lead to frequent replacement of filters due to
clogging of the pores by the polyelectrolytes. Despite such issues, this method is
the most attractive for preparing large quantities of coated particles.

The next subsections will deal with the fabrication and characterization of a
range of novel core–shell materials using the LbL-CT approach. The first part will
focus on the coating of colloids with multilayers of different composition and the
second part on the use of different core materials. It will be shown that parame-
ters such as shell thickness, composition and coating uniformity can be readily
controlled. An alternative technique to obtain coatings on colloids via precipitation
from solution onto particles will then be described.

12.2.1.1 Multilayered Coatings
As depicted in Fig. 12.1, colloid particles can be coated with a range of different
species. These include, among other charged species, polyelectrolytes, inorganic
nanoparticles, proteins, dyes and lipids. The following provides examples of such
systems and data to verify their layer-by-layer preparation.

Polymers
Several experimental techniques can be employed to monitor the formation of
each polyelectrolyte layer deposited sequentially on colloids. Microelectrophoresis
provides a qualitative indication as to whether or not multilayers are deposited
[34–38]. Fig. 12.3 shows the �-potential as a function of polyelectrolyte layer num-
ber for negatively charged polystyrene (PS) particles coated with poly(allylamine
hydrochloride) (PAH) and poly(styrenesulfonate) (PSS), or with poly(diallydimethyl-
ammonium chloride) (PDADMAC)/PSS. As expected, the negatively charged (un-
coated) PS particles show a negative �-potential, ca. 65 mV. The presence of a sin-
gle layer of adsorbed positively charged polyelectrolyte on the PS particles causes
a reversal in �-potential to positive values, and subsequent deposition of a nega-
tively charged polyelectrolyte reverts the �-potential back to negative values.
Further polyelectrolyte depositions cause the �-potential to alternate in sign, de-
pending on whether the outermost layer is positively or negatively charged. This
alternation in �-potential qualitatively demonstrates a successful recharging of the
particle surface with deposition of each polyelectrolyte layer, suggesting that step-
wise layer growth occurs on the particles. Similar data have been observed for a
broad range of LbL assembled polyelectrolyte coatings [35, 36, 38, 40–43].

Quantitative evidence for the sequential deposition of polyelectrolyte multilayers
on particles is provided by the technique of single particle light scattering (SPLS)
[41]. SPLS involves recording the light scattered from a single particle at a given
moment in time, and is therefore sensitive to the amount of adsorbed material on
the colloid particles. This method is capable of unambiguously identifying coated
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particles and discriminating between singlets, doublets, and triplets (as well as
higher order aggregates) of particles. The layer thickness resolution of SPLS is
about 1–2 nm. Currently, monodisperse particles as small as 200 nm up to about
950 nm in diameter can be investigated by SPLS. In Fig. 12.4, the intensity distri-
bution of the control bare particles is compared with particles coated with 11 and
21 layers assembled by the filtration technique [40]. From the shift of the peak of
the intensity distribution, the adsorbed mass can be derived. Given the refractive
index of the polyelectrolyte layers (1.47), these data can be converted into layer
thicknesses for the adsorbed polyelectrolyte multilayers. The polyelectrolyte film
thickness increases proportionally with the number of layers deposited (Tab. 12.1)
[41]. The mean polyelectrolyte layer thickness is approximately 1.5 nm (equivalent
to approximately 1.0 mg m–2) for PAH/PSS and PDADMAC/PSS coatings as-
sembled from 0.5 M NaCl. Similar thickness values are obtained, regardless of
whether the layers are prepared by centrifugation or filtration methods [40, 41]. It
should be noted that the average layer thickness of polyelectrolyte multilayers can
depend strongly on the type of polyelectrolytes and especially the salt concentra-
tions used to process the layers [44]. Typically, increasing the salt concentration in
the solution from which the polyelectrolytes are adsorbed leads to thicker layers.
The above SPLS data show that the coating thickness can be controlled at the
nanometer level for the polyelectrolyte layers, and that step-wise growth of the
layers on colloids is achieved by using the LbL strategy. The thickness values ob-
tained are also in agreement with those from X-ray reflectivity measurements for
similar polymer multilayer films formed on planar silicon substrates under the
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Fig. 12.3 �-potential of negatively charged
640 nm diameter PS particles as a function of
polyelectrolyte layer number for (circles)
PAH/PSS- and (squares) PDADMAC/PSS
coatings. The odd layer numbers correspond

to PAH or PDADMAC deposition and the
even layer numbers to PSS adsorption. (Re-
produced by permission of the American
Chemical Society [41])
.



same ionic strength conditions [44]. The deposition of polyelectrolytes that contain
strongly absorbing or fluorescing chromophores can be verified by UV–vis spec-
trophotometry and/or fluorescence spectroscopy, respectively [36, 42, 43].

Further confirmation for the successful nanoscale coating of colloids with poly-
electrolyte multilayers is provided by transmission electron microscopy (TEM).
Electron microscopy analysis of coated particles allows visualization of the in-
crease in particle diameter with increasing layer number. Fig. 12.5 shows a TEM
image of 640 nm diameter PS particles coated with 21 layers of PAH and PSS.
The average diameter of the coated particles is increased to approximately 720
nm. The calculated coating thickness from TEM is in good agreement with the
SPLS data (see Tab. 12.1). Uniformly coated and individual particles are seen.
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Fig. 12.4 Normalized SPLS intensity distribu-
tions (from left to right) of bare 640 nm diam-
eter PS particles, and the same particles

coated with a total of 11 and 21 PAH/PSS
layers. (Reproduced by permission of the
American Chemical Society [40].)

Tab. 12.1 Thickness of polyelectrolyte multilayers assembled on 640 nm diameter PS particles as
a function of layer number.

Film thickness, d (nm) a)

Layers PAH/PSS PDADMAC/PSS

1 1.2 1.4
3 3.4 3.3
5 5.6 6.6
7 8.4 8.5
9 11.5 11.7

11 15.0 –
15 b) 24.8 –
21 b) 33.9 –

a) Thicknesses were determined from SPLS data and using a refractive index of 1.47.
b) The layers for these samples were prepared by using filtration (instead of centrifugation) to sepa-

rate excess, unadsorbed polyelectrolyte. Adapted from [41].



The internal structure of polyelectrolyte multilayers is known to consist of an
overlapping network of polycations and polyanions. That is, polyelectrolytes in
multilayer films do not form strictly stratified layers but show an overlap (or inter-
penetration) over about 4 neighboring layers [27, 45]. This is supported by experi-
ments involving PS particles coated with PAH/PSS multilayers of varying thick-
ness (1 to 34 nm or 1 to 21 layers) and loaded with the multivalent fluorescent
dye, pyrenetetrasulfonic acid, tetrasodium salt (4-PSA) [41]. After exposure to PSS
solution, the PSS displaces the dye from layers within the film, suggesting that
the top polyelectrolyte layer extends at least 4 layers downwards into the film,
whilst the seventh layer contacts the fourth layer from the top.

Polymer–inorganic particles
By substituting one of the charged polyelectrolyte components with nanoparticles,
nanoparticle-based multilayer assemblies can be constructed on colloid particles
by the LbL-CT technique. The step-wise and regular formation of a wide range of
nanoparticle-based coatings, from metals to metal oxides and semiconductors,
have been prepared on submicrometer-sized particles via this approach. These in-
clude silica [37, 46–48], zeolite [49], iron oxide [50, 51] titania [48, 52], clays [48],
gold [53], silica-coated gold (Au/SiO2) [54], and luminescent semiconductors
(CdTe) [55, 56]. The thickness of the multilayer coatings could be controlled with
nanometer precision. Growth of the individual layers and morphology of the re-
sulting coated particles were followed by electrophoresis, light scattering and elec-
tron microscopy. The representative TEM images in Fig. 12.6 show the highly uni-
form coatings obtained and the nanoscale control over the coating layer thickness
(and hence the composite particle diameter) through simple variation of the num-
ber of deposition cycles for Au/SiO2 nanoparticles (�20 nm diameter) [54]. (The
nanoparticles were deposited in alternation with PDADMAC on 640 nm diameter
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Fig. 12.5 TEM image of 640 nm di-
ameter PS particles coated with a to-
tal of 21 layers of PAH/PSS. The par-
ticles were prepared by the LbL-CT
approach shown in Fig. 12.1. The 21-
layer coating resulted in an increase
in particle diameter from 640 nm to
approximately 720 nm. The polyelec-
trolyte coating cannot be seen by
TEM due to the similar electron con-
trast of the core and coating [6].



PS spheres.) By using processing conditions that screen the silica surface charge
on the nanoparticles sufficiently (e.g., salt-based solutions), thereby allowing them
to pack closely on the particle surface, approximately one monolayer of nanoparti-
cles was adsorbed at each deposition step. The coated particles remain as individu-
al, unaggregated colloidal entities in solution. If the Au/SiO2 nanoparticles were
deposited directly from pure water solutions, only sparse nanoparticle coverage on
the spheres was obtained, and particle clumping occurred. The above study, as
well as others [37, 46–53, 55, 56], underscores the importance of controlling the
solution conditions to achieve uniform nanoparticle coatings on larger colloids
when using the LbL technique. Microelectrophoresis experiments also show a re-
versal of surface charge when oppositely charged nanoparticles and polyelectro-
lytes are deposited onto larger colloid spheres, while SPLS and scanning electron
microscopy (SEM) data verify that the coatings can be tuned with a thickness pre-
cision equal to the diameter of the nanoparticles for each nanoparticle deposition
step [37, 46–53]. Additionally, atomic force microscopy (AFM) can be used to re-
veal a uniform nanoparticle coating and a systematic increase in the diameter of
the coated colloids [47].

In contrast to the pure polyelectrolyte coatings, the incorporation of nanoparti-
cles can introduce further structural stability to the layers. This is especially im-
portant in the creation of hollow spheres (see Section 12.3.1.2 and Chapter 13).

Polymer–proteins
The LbL-CT approach has also been shown to be suitable for the construction of
protein multilayer architectures on colloid particles [57–61]. By the alternate
deposition of protein and oppositely charged polymer on PS spheres, multilayer
films of various proteins have been formed, including bovine serum albumin
(BSA) [57], immunoglobulin G (IgG) [57], glucose oxidase (GOD) [58, 59], horse-

12.2 Preparation and Characterization of Coated Colloids 341

Fig. 12.6 TEM micrographs of PS
spheres coated with (a) PDAD-
MAC/PSS/PDADMAC and an addi-
tional (b) one, (c) three, and (d)
five Au/SiO2 nanoparticle/PDAD-
MAC multilayers. A high uniformity
of the Au/SiO2 nanoparticle coat-
ing on the PS spheres can be seen,
as well as a systematic increase in
diameter of the particles with in-
creasing layer number [54].



radish peroxidase (POD) [59], �-glucosidase (�-GLS) [60], and urease [61]. The
thicknesses of the protein coatings varied from several to tens and even hundreds
of nanometers [57], depending on the protein, the number of protein layers depos-
ited, and the conditions of assembly. For example, by using the appropriate refrac-
tive indices for the protein (n = 1.43)/polyelectrolyte (1.47) coatings, the average
thickness of the coatings could be determined from the SPLS data. For the fluo-
rescein isothiocyanate-labeled BSA (FITC-BSA) multilayers, the coating thickness
increases linearly with the number of protein layers deposited [57]. (The thickness
of the polyelectrolyte interlayers, separating FITC-BSA layers, is approximately
0.5 nm.) The calculated average layer thickness increment for the FITC-BSA
layers was 3.3± 1.1 nm when adsorbed from pure water (pH�5.6), and 5.8 ± 2.5
nm when deposited from a phosphate-buffered saline solution, pH 7. This differ-
ence in thickness was largely attributed to the higher percentage of charged
groups on BSA at pH 7, and hence the greater degree of electrostatic interaction
with the PDADMAC surface onto which it adsorbed. For IgG coatings, individual
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Fig. 12.7 TEM micrographs of PDADMAC/
PSS/PDADMAC-coated PS spheres (a and c)
and the same spheres additionally coated
with [(FITC-BSA/PDADMAC)2/FITC-BSA]
(b and d). FITC-BSA was adsorbed from pure
water. The presence of FITC-BSA on the sur-

face can be seen (images b and d). The
“bridging” seen at the surface where the parti-
cles are in contact is due to sample drying
effects. (Reproduced by permission of the
American Chemical Society [57].)



layer thicknesses of up to �37 nm were observed, corresponding to the equiva-
lent of several monomolecular protein layers [57].

TEM micrographs of PS particles (a and c) and those coated with three BSA
multilayers (b and d) are shown in Fig. 12.7 [57]. The “control” PS particles dis-
play a smooth surface, whereas the PS particles coated with BSA multilayers
show both an increase in surface roughness and an increase in diameter (com-
pared with the “control” PS spheres). From the TEM images, the diameter in-
crease of the particles coated with the three BSA layers is approximately 20 nm,
corresponding to a coating/layer thickness increase of �10 nm, a value which is
in accord with the SPLS data. Although there can be a tendency for protein-coated
particles to aggregate during or immediately after the protein deposition step,
careful selection of the processing conditions for the coatings can alleviate this.
Additionally, enhanced colloidal stability can be imparted to the systems by the
presence of one or more outermost polyelectrolyte layers; subsequent deposition
of outer polyelectrolyte layers is typically performed prior to storage and use of
the particles. The LbL-CT approach permits the preparation of biofunctional coat-
ings on colloids with a high density of biomolecules, making them of interest in
applications where the signal, as a result of biological interaction, needs to be am-
plified for the successful detection of various species, or where a higher efficiency
of product from enzyme–substrate reactions is required [58–61]. (Examples of this
will be given in Section 12.3.2.)

Polymer–low molecular weight compounds
The alternating adsorption of multivalent ions and oppositely charged polyelectro-
lytes on colloid particles has been investigated recently [62]. Multilayer films com-
posed of Tb3+/PSS and 4-PSA/PAH were assembled on PS and melamine formal-
dehyde (MF) particles. The amount of assembled material was estimated by fluo-
rescence spectroscopy. Linear growth of the “coating amount” versus the number
of layers deposited was demonstrated. These multilayers are not stable and can be
decomposed by the addition of salt and by varying the temperature, providing a
means of altering the stability of the layers. Extraction of the low-molecular
weight compounds from the coating can also lead to the break up of the layers.

Polymer–lipids
Lipids were shown to be involved in the LbL assembly on colloid particles when
alternately adsorbed with polyelectrolytes. Lipid assembly can be performed by ad-
sorbing the lipids on the particles from methanol solution or by adsorption of lip-
id vesicles from aqueous solution, following spreading of the lipids on the colloid
particle surface [62–65]. The conformation of the assembled lipids is presumably
in the form of bilayers, as was indicated by energy transfer measurements [63],
but can depend on the type of lipids used. In the particular case investigated, the
charged lipids formed bilayers and the non-charged lipids formed multilamellar
structures. The attractive forces between the lipids and polyelectrolytes appear to
determine the final conformation of the lipids on the particles.
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In the case of lipid-coated hollow polyelectrolyte shells (obtained after core
removal; see Chapter 13), the lipid coating was shown to affect the permeability
properties of the polyelectrolyte shells. The shell wall becomes impermeable to
water-soluble dyes [64] and less permeable to ions [65]. The presence of lipid
layers on a supporting skeleton of polyelectrolyte, as for the polyelectrolyte shells,
makes such systems attractive models for basic biophysical studies. They have a
high stability and can be prepared with a defined size and shape (see Chapter 13).

12.2.1.2 Coating of Specific Cores

Influence of core size
Colloids of different sizes, shapes and composition can be employed as template
particles in the LbL-CT method. Concerning organic colloid spheres, typically latex
particles, both PS and MF, in the approximate range of 500 nm to 5 �m diameter
are utilized [35–41]. Reducing the size of the latex particles represents a challenge
with respect to establishing the appropriate experimental methods and conditions
to generate uniform coatings and stable dispersions of the coated colloids. The
importance of the experimental protocol mainly resides in the effectiveness of the
separation procedures; that is, separating excess polyelectrolyte from coated parti-
cles that are less than 100 nm in diameter. It was shown that conventional centrif-
ugation, using commercial, bench-top systems, could be applied to separate latex
particles down to about 70 nm in diameter [42], although the centrifugal force
needed (40000 g) was considerably higher than that required for colloids larger
than 500 nm in diameter (�10 000 g). If latex particles of even smaller size are
employed, centrifugation becomes less attractive for routine separation of polymer
and particles, particularly with respect to the time required, as typically several
centrifugation/water wash cycles are employed. However, inorganic colloids, espe-
cially metals, can be readily separated by centrifugation, due to their inherently
high density (compared with latex particles, for example). Gold nanoparticles are
especially attractive for this purpose because the optical properties of the colloids
can also be used to investigate the deposition of coatings on their surface [66, 67].
Despite the fact that the separation science is quite clear for the use of metal na-
noparticles, as the template particles reduce in size, issues with regard to particle
curvature become important. As already mentioned in Section 12.2.1, some of the
important general experimental parameters that affect the coating of particles
with polyelectrolytes are the nature of the polymer, polymer length, polymer con-
centration, and total salt concentration in the adsorbing solution. By taking into
account the polymer length, polymer stiffness and added salt (leading to finite
screening lengths), suitable conditions can be established that lead to polyelectro-
lyte-coated nanoparticles [66, 67]. In agreement with theoretical predictions [68],
experimental conditions of 1 mM salt and polymers in the range of about 15–
20 kDa were used to LbL deposit polyelectrolyte multilayers on gold nanoparticles
of 30 nm in diameter. Red shifts in the spectral position of the surface plasmon
absorption band peak (with little broadening) of the gold nanoparticles were ob-
served, confirming the uniform deposition of polyelectrolyte multilayers [66, 67].
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Preliminary studies show that sub-10 nm diameter particles can also be LbL
coated; the importance here lies in modulating the unique size-dependent optical
properties afforded by colloids in this size range, as well as their surface character-
istics.

Enzyme particles
The LbL-CT protocol has been extended to coat, or more specifically to encapsu-
late, biologically significant materials in the form of biocolloids. Enzyme crystals
(e.g., catalase) were encapsulated via the sequential deposition of oppositely
charged polyelectrolytes onto their surface [69]. The catalase crystals, approxi-
mately 10 �m in diameter, exhibit a positive surface charge in water at pH 5 (�-po-
tential = + 20 mV, catalase isoelectric point = 5.8). This positive charge on the sur-
face of the crystals facilitated the adsorption of FITC-PAH/PSS multilayers. As is
the case for other colloidal systems, alternating �-potentials were obtained depend-
ing on the outermost layer (FITC-PAH, +20 mV; PSS, 30 mV), which is character-
istic of polyelectrolyte multilayer growth on colloid templates (see earlier). Since
the crystals are soluble in water above pH 6 and below pH 4, the coating steps
were performed at pH 5 and 4 �C, and from polyelectrolyte solutions containing
1 M potassium acetate, to minimize enzyme dissolution. Fig. 12.8 shows a fluores-
cence micrograph of coated catalase crystals: the fluorescence originates from the
surface of the polymer multilayer-coated enzyme crystals. No change in morphol-
ogy of the crystals was observed as a result of coating. These particles contain an
extremely high enzyme loading in each polyelectrolyte multilayer coating, and the
activity of the encapsulated catalase is preserved after coating. The polymer multi-
layers assembled on the enzyme crystals underwent a morphology change from
essentially rectangular to almost spherical upon solubilization (at pH 2) of the en-
zyme crystals [69]. This was attributed to the osmotic pressure build up inside the
capsules as a result of solubilization of the enzyme (the coatings are permeable to
small ions and water), since the enzyme was entrapped inside the polyelectrolyte
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Fig. 12.8 Fluorescence optical mi-
crograph of micrometer-sized cat-
alase crystals coated with eight
[(PSS/FITC-PAH)4] polyelectrolyte
layers, highlighting the applicabili-
ty of the LbL-CT method for en-
capsulation. The multilayer coat-
ing does not alter the enzyme
crystal morphology, or the activity
of the enzyme. (Adapted from
[69].)



coating. The thin coatings also act as protective layers for the catalase, shielding
them from enzyme degrading substances, such as proteases [69].

Polyelectrolyte multilayer assembly can also be performed on amorphous parti-
cles consisting of aggregates of proteins, which are formed prior to multilayer
build-up. The use of micron-sized amorphous protein aggregates as templates for
polyelectrolyte multilayer assembly was demonstrated for lactate dehydrogenase
[70] and chymotrypsin [71]. As for the enzyme crystals, the polyelectrolyte multi-
layer coating of these aggregates encapsulates them and also provides a selective
barrier for the diffusion of different species (substrates, inhibitors) from the exter-
ior. A general scheme of protein aggregate encapsulation by polyelectrolyte multi-
layers is presented in Fig. 12.9. The concept of polyelectrolyte multilayer forma-
tion on protein aggregates is similar to that of multilayer deposition on colloid
particles. It was shown that chymotrypsin, chosen as a model protein because its
activity can be easily monitored [71], could be salted out to form chymotrypsin ag-
gregates (Fig. 12.9 a,b). The precipitation of protein started immediately after mix-
ing of the enzyme and saline solutions and was followed by an increase in turbid-
ity of the solution. After a certain time the turbidity remained constant. Variations
in the �-chymotrypsin and sodium chloride concentrations used permitted optimi-
zation of the enzyme precipitation reaction. Due to the positive charge of chymo-
trypsin at pH 2.3, the negatively charged polyelectrolyte PSS was deposited as a
first layer to begin the multilayer assembly process (Fig. 12.9c). PAH was as-
sembled next (Fig. 12.9 d). Finally, these aggregates could be covered with a de-
fined number of polyelectrolyte layers (Fig. 12.9e). A typical SEM image of chymo-
trypsin aggregates coated with PSS/PAH/PSS layers is shown in Fig. 12.10.
Rather amorphous aggregates of micron size were found. Each aggregate con-
sisted of numerous, smaller protein particles, so called primary aggregates, in the
shape of small spheres with a diameter of the order of 100–300 nm. This indi-
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Fig. 12.9 Schematic of the LbL adsorption of polyelectrolytes onto pro-
tein aggregates preformed in salt solutions. See text for details. (Repro-
duced by permission of John Wiley and Sons [71].)



cates a hierarchy in the formation of the protein aggregates. A characteristic fea-
ture of the aggregates is their large surface area, where pores within the aggre-
gates can be observed. Such structures can be formed as a result of secondary ag-
gregation of the primary aggregates, which is enhanced upon polyelectrolyte de-
position. Further sequential polyelectrolyte layer assembling then preserves the
structure of the secondary aggregates. Generally, the morphology of aggregates
should depend on the preparation conditions, such as the time of aggregate
growth, the nature of the polyelectrolyte used, and the number of layers depos-
ited, which might influence the composition of aggregates. Enzymatic studies re-
vealed that about 70% of the activity of the encapsulated chymotrypsin remained.
As was the case for the enzyme crystals [69], the encapsulated enzyme is pro-
tected from high molecular weight inhibitors, which cannot penetrate the poly-
electrolyte coating and influence the enzyme functionality [70]. In a related study,
the assembly of three polyelectrolyte layers was performed on condensed DNA
particles, with sizes of about 50–100 nm. Certain polymer compositions used for
coating the DNA particles yield stable suspensions [72, 73], and facilitate the up-
take of these particles by biological cells with sequential gene expression [73, 74].

Crystals of low molecular weight species
Similar to the crystals comprised of enzymes, crystallized, largely water-insoluble
low molecular weight substances can also be encapsulated by LbL coating [75, 76].
However, unlike latex and biocrystal particle templates, the crystals used, either
pyrene or fluorescein diacetate (FDA) [75, 76], were uncharged and required a pre-
charging step prior to polyelectrolyte multilayer coating. Following exposure to a
solution containing amphiphilic molecules (e.g., surfactants or phospholipids), the
crystals could be redispersed in aqueous solution and were then found to be
amenable to coating with polyelectrolyte multilayers. The pyrene and FDA tem-
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Fig. 12.10 SEM image of protein ag-
gregates coated with PSS/PAH/PSS.
(Reproduced by permission of John
Wiley and Sons [71].)



plates could then be removed by exposure of the encapsulated particles to ethanol
solution, which resulted in their solubilization. The LbL-CT coating of uncharged
templates represents a significant step forward in encapsulation technologies, as
the process can be applied to a variety of other low molecular weight, crystallized
(or amorphous) materials, such as drugs. Studies have also shown that the release
rate of the encapsulated low molecular weight materials is a function of the poly-
mer coating thickness and the nature of the precharging layer [76].

Biological cells
Biological cells can also be utilized as cores for encapsulation. Gluteraldehyde-
fixed echinocytes have been coated with polymer [77, 78] and polymer/nanoparticle
[39] multilayers. The biocolloids have a jagged and highly structured surface, how-
ever the coating tends to follow the contour with nanoscale precision. Following
removal of the core by treatment with a highly oxidizing solution, it was shown
that the structure of the coating left behind mimics the original shape, including
the secondary structure (spikes) of the biocolloid [39, 77, 78]. This is shown in
Fig. 12.11 for the polymer/nanoparticle coatings [39]. Coating of biological cells in
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Fig. 12.11 (a) SEM image of echinocytes and
(b) TEM image of hollow composite nanoparti-
cle/polymer structures, derived by depositing
three SiO2 nanoparticle/PDADMAC layer pairs
on polyelectrolyte-modified echinocytes and
then removing the core by using an oxidizing
solution [39].



this manner can provide an attractive means to encase them in ultrathin coatings,
thus protecting them from external, undesirable species. Additionally, the surface
properties of the cells can be modified by simple solution self-assembly of compo-
nents onto their surface.

Overall, the above examples highlight the versatility and effectiveness of the
LbL-CT method for preparing core–shell colloids with unique properties (see Sec-
tion 12.3) and as a novel means for the facile encapsulation of a variety of com-
pounds.

12.2.2
Colloid Precipitation

In contrast to the LbL method, the controlled surface precipitation (CP) approach
consists of forming coatings of only one component. Additionally, this method
can use charged and non-charged polymers and nanoparticles as coating constitu-
ents. The idea lies in controlling the heterocoagulation process when the quality
of polymer or nanoparticle solution worsens (with respect to solubility), and pre-
cipitation begins. Since a particle suspension contains a large number of colloid
particles, the precipitating materials collect on the surface of the particles. It was
demonstrated that the slow heterocoagulation of polymer within a suspension of
colloids leads to the controlled coating of particles by polymeric films [79]. Precipi-
tation could be caused either by non-soluble complex formation between the poly-
electrolyte and multivalent ions or by mixing the polymer solution with non-sol-
vent. The proper choice of concentration ratio between the polymers, particles,
and the speed of coagulation provides a coating coverage with a defined amount
of precipitated polymer on each particle. The particles harvest the coagulated poly-
mers and their complexes with multivalent ions on the particle surface. A theoret-
ical consideration of this heterocoagulation of polymers in the presence of collec-
tor particles has been presented [79]. Experimental observations of the formation
of a smooth film on the colloid particles have also been reported [80, 81], where it
was shown that coatings composed of only one component (DNA), utilizing non-
charged polymers (dextran), or complexes between ions and polyelectrolytes
(Me3+/PSS) [80], and coatings composed of PAH/PSS complexes formed in the so-
lution prior to precipitation could be formed on colloid particles. The PAH/PSS
complex was formed by slightly changing the solution pH from alkaline
(pH�12), where there is no complex between these polymers, to pH around 8, re-
sulting in polyelectrolyte complex formation. DNA and dextran were precipitated
on the particle surface by the dropwise addition of ethanol in aqueous solution.
As revealed by confocal microscopy images, the resulting coating is homogeneous
for the investigated systems. The thickness of the polymeric film on colloids can
be tuned down to the level of a few monomolecular layers. The CP method has
an advantage in that it can be applied to compounds that cannot be deposited by
means of LbL assembly. Conditions for precipitation, such as changing the sol-
vent conditions or adding complexing ions, might be found for a wide class of
polymers and nanoparticles as well. As shown by TEM, a homogeneous coating
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on submicron sized latex particles can be formed from 4 nm semiconductor CdTe
nanocrystals by their precipitation in ethanol (Fig. 12.12) [82]. These coatings can
be formed with tunable thicknesses. Homogeneous and complete coverage of the
colloid cores with a shell of luminescent nanocrystals with a thickness in the
range 15–40 nm was achieved [82]. Controlling the precipitation of the solution
components on the colloids implies that an adequate window is found with re-
gard to the range of concentration of polymers, particles, and coagulation speed
for each species to be deposited. Theoretical estimations of the concentration pa-
rameters in the system on the basis of a simple coagulation model give good
agreement with experimentally observed optimal values [79]. Another advantage of
the CP method of coating colloid particles, compared with the LbL technique, is
that it is significantly less time-consuming, especially if thicker coatings (e.g. tens
of monomolecular layers) are desired. By CP, the assembly is complete within
minutes. The drawback of the CP approach is the crucial dependence of aggrega-
tion of the components on the diameter of the collector particles. Successful coat-
ings by CP were obtained on particles with diameters of more than 400 nm,
while the LbL-CT method has been explored for particles of diameter below
30 nm. Both the CP and LbL-CT methods complement each other. Additionally,
the ordering of the monomolecular layers in the z-direction to the particle surface
appears to be higher for coatings prepared by the LbL-CT method than those
obtained by CP. While the LbL technique usually results in the formation of
stable films, the CP assembled films can be easily decomposed by solubilizing the
polymer again or by extracting the complexed ions. Added benefits should be
brought by a combination of both of these methods, allowing the assembly of
multicomposite films. LbL- and CP-processed colloid building blocks may provide
solutions to diverse tasks related to the manufacture of micro- and nanostructured
materials.

12 Coated Colloids: Preparation, Characterization, Assembly and Utilization350

Fig. 12.12 TEM image of PS
spheres covered by CdTe nanocrys-
tals. The coating was formed by
precipitation of the nanocrystals
onto the spheres by drop-wise ad-
dition of ethanol into the aqueous
nanocrystal solution. The coating
can be seen as a ring around the
spheres. Some excess (i.e., non-ad-
sorbed) material can also be seen
[82].



12.3
Assembly and Utilization of Coated Colloids

12.3.1
Mesoscopic Arrangement

12.3.1.1 Colloidal Crystals
Monodisperse colloid spheres (e.g., silica or polystyrene) can spontaneously self-
organize into crystal structures at optical wavelength scales with long-range peri-
odicity [83–88]. These ordered colloidal assemblies, otherwise known as colloidal
crystals, can possess an optical stop band in the visible and near-IR spectral
ranges when the spheres are in the micron- and submicron-size regime. Although
numerous studies exist on the formation of photonic materials from colloids, few
have exploited the use of coated colloids as building blocks [89, 90]. The employ-
ment of LbL coated colloids in the formation of these crystals, with independent
control over the size of the core, as well as thickness and composition of the coat-
ing, opens up a versatile and attractive route to tailoring their optical properties.
Recently, via LbL control of the coating thickness and coating composition, colloi-
dal crystals with tunable optical properties have been constructed [56, 91, 92].
Coatings comprised of pure polyelectrolyte multilayer [91, 92], semiconductor
nanoparticle/polyelectrolyte [56], and gold nanoparticle/polyelectrolyte [92] coat-
ings have been formed on submicron-sized PS spheres, and the resulting coated
colloids have been assembled into ordered arrays by either sedimentation of the
colloids or by using a specially designed filtration-flow cell. Fig. 12.13 shows a re-
presentative example of the utilization of CdTe(S)/polyelectrolyte-coated PS parti-
cles to form colloidal crystals. Such LbL-CT processed colloids can be crystallized
[56], although optimized coating conditions should be employed to prepare uni-
formly coated, isolated particles in solution since the presence of even a small
number of aggregates can significantly influence or prevent their crystallization.
The position of the optical stop band of colloidal crystals prepared from LbL
coated colloids can be tuned with nanoscale precision, through variation of the
coating thickness and/or by the composition of the coating [91, 92]. The above in-
vestigations into the formation of colloidal crystals from LbL-CT prepared colloids
are very recent. It is anticipated that following further elaborate studies into the
crystallization behavior of multilayer-coated particles, considerable progress will be
made with the formation of novel colloidal crystals with unique optical properties.

12.3.1.2 Macro- and Mesoporous Materials
Colloid particles have also found wide use in the formation of a broad range of
three-dimensional macroporous materials. These materials are generally com-
prised of highly ordered air spheres interconnected by small channels [93, 94].
They can be produced by using colloidal crystals as a three-dimensional ordered
scaffold, around which other materials can be infiltrated or synthesized using wet
chemistry techniques, such as sol–gel processes. The templates are then removed
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by calcination or decomposition with a solvent, leaving a periodic and open pore
structure in the dielectric matrix, also known as “inverse opals”. Inverse opals of
metals [95, 96], metal oxides [97, 98], semiconductors [99], carbon and silicon [100,
101], and polymers [102–105], have been fabricated by using a variety of colloidal
crystal templates. LbL-CT constructed colloids have also been used to prepare
macroporous inorganic and inorganic-composite materials [49, 106]. It was shown
that an ordered silicalite (zeolite) macroporous monolith was formed by gravity
sedimenting prefabricated PS sphere–silicalite nanoparticle/polyelectrolyte core–
shell particles into close-packed assemblies, followed by calcination (Fig. 12.14)
[49]. The wall thickness and pore diameters of the hierarchically ordered monolith
were controlled by the coating thickness and template diameter, respectively. In a
related study, macroporous TiO2 and inorganic-composite structures were pro-
duced by infiltrating a titanium dioxide precursor into templates of sedimented,
close-packed coated colloid spheres, followed by removal of the organic material
by calcination [106]. The pore morphology of the resulting macroporous struc-
tures was controlled by the nature of the multilayers deposited on the colloid
particles: open and closed pore structures were observed for spheres coated with
polyelectrolyte multilayers and silica nanoparticle/polyelectrolyte multilayers, re-
spectively. The wall thickness of the pores was tuned on the nanometer scale by
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Fig. 12.13 SEM images of 3D colloi-
dal crystals of 640 nm diameter PS
spheres coated with polyelectrolyte/
CdTe(S) nanocrystals. The coating
thickness is 5–8 nm [56].



varying the number of deposited multilayers (e.g., from about 10 to 40 nm for PS
spheres coated with 5 and 21 polyelectrolyte multilayers, respectively). In a further
study, regularly spaced, linear chains of up to 600 �m of core–shell particles com-
prising latex cores and iron oxide nanoparticle shells have been formed under the
influence of an external magnetic field [107]. The separation and the length of the
individual chains can be tuned by the magnetic field strength and the concentra-
tion of the particle solution. This opens new avenues for the creation of organized
structures from magnetic core–shell building blocks.

Coated colloids can also be used as precursors to the formation of hollow col-
loids (or hollow capsules), which are of immense interest in a range of areas, in-
cluding drug delivery, catalysis, waste removal, piezoelectric transducers, and func-
tional materials processing [39]. The hollow colloids can be derived from the
coated colloids upon removal of the core by either chemical or thermal means
(see Chapter 13). Since the coatings are semi-permeable, the core can be removed,
leaving behind a “shell”, that is, the coating. Hollow polymer [34, 38, 42, 66, 108,
109], inorganic [37, 48, 49, 51, 52, 54], and organic–inorganic composite [37, 39]
colloids have been prepared. The hollow polyelectrolyte colloids are usually gener-
ated by using a solvent-decomposable colloid, which acts as the template for coat-
ing. When hollow inorganic colloids are formed, the nanoparticles in the coating
are sintered through the high temperature treatment used to generate them, pro-
viding structural integrity for the hollow colloids. The hollow capsules can be LbL
engineered to be robust, biocompatible, decomposable, and with tuned permeabil-
ity. Additionally, they can exhibit macropores, mesopores and/or micropores in
their walls. Chapter 13 deals specifically with the formation of hollow capsules
and their application.
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Fig. 12.14. SEM image of an ordered
macroporous monolith, formed by as-
sembling PS spheres coated with five
silicalite nanoparticle/polyelectrolyte
layer pairs into a close-packed ar-
rangement, and subsequently calcin-
ing. (Reproduced by permission of the
American Chemical Society [49].)



12.3.2
Enzymatic Catalysis

12.3.2.1 Dispersions
Enzyme multilayer-coated colloids are attractive enzyme reactors. This is mainly
due to the inherently high surface area of colloids, which provides the potential to
yield higher enzymatic reaction efficiencies than their planar film counterparts. It
was shown that by using the LbL-CT approach, control could be exerted over both
the total amount of enzyme deposited on colloid particles and the architecture of
the enzyme film [58–61]. Glucose oxidase (GOD), horseradish peroxidase (POD),
or preformed enzyme–polyelectrolyte complexes were assembled in alternation
with oppositely charged polyelectrolytes onto PS particles [58, 59]. It was found
that deposition of polyelectrolyte onto particles with GOD or POD forming the
outermost layers resulted in partial removal of the adsorbed enzyme layer,
whereas no such enzyme removal was observed with subsequent polyelectrolyte
deposition onto coated particles when the enzyme was pre-complexed with poly-
electrolyte prior to adsorption. The latex carrier particles coated with the enzyme
multilayers such as GOD and/or POD were exploited as specific enzyme reactors
[58, 59]. Use of the colloidal biocatalysts for enzymatic catalysis showed that the
enzymatic activity (per particle) increased with the number of enzyme layers im-
mobilized, irrespective of whether or not the enzyme was pre-complexed. Particles
coated with preformed enzyme–polyelectrolyte complexes, however, displayed a
significantly lower enzymatic activity (about 10 times less) than those prepared by
the direct adsorption of free enzyme. Fig. 12.15 shows the rate of change of absor-
bance at 500 nm (i.e., a direct measure of the enzymatic activity) for PS particles
coated with one to four PEI/GOD layers, and with one to five PSS/POD layers
[59]. (Here, the enzyme and polyelectrolytes were not pre-complexed before de-
position.) The differences in the relative increase in activity with layer number for
the two systems was attributed to differences in the enzyme/polymer layer struc-
ture. These studies demonstrate that enzyme multilayer-coated particles with tai-
lored enzymatic yields could be prepared. Multi-component enzyme multilayer
films on colloids were also prepared and exploited in sequential enzymatic cataly-
sis. In addition, particles pre-modified with an electrostatically deposited layer of
magnetic nanoparticles and subsequently coated with enzyme multilayers were re-
peatedly used as catalysts [59, 61]. These particles were fabricated by using the
LbL approach, beginning with the magnetic nanoparticles, followed by the en-
zyme multilayers. They were rapidly and easily separated with a magnet after the
enzymatic reactions were performed. These colloidal systems are of major signifi-
cance because of their inherently high surface area for reaction, their ability to in-
crease the catalytic output in relation to the number of immobilized enzyme
layers, their complex and multiple catalytic functions, and because the particles
can be easily separated and reused multiple times.
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12.3.2.2 Thin Films
As outlined in Section 12.2.1.2 enzyme particles, the LbL-CT encapsulation of
crystallized enzymes yields a high loading of encapsulated biomaterial within a
very thin coating of polyelectrolytes [69]. Such encapsulated enzyme microcrystals
are attractive for use as immobilized catalysts. This was achieved by employing
them as building blocks in the preparation of novel enzyme multilayer films.
They were LbL assembled on planar supports with an oppositely charged polymer
to create stable, relatively thin (few micrometers), high enzyme content multilayer
films for biocatalysis applications [110]. Through the number of layers deposited,
thin films of controllable thickness and biocomponent content were prepared. The
formation of the films was monitored by using a quartz crystal microbalance,
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Fig. 12.15 Activity (�A500/min) of colloidal catalysts–PS particles coated
with enzyme multilayers: (a) PEI/GOD bilayers and (b) PSS/POD bilayers.
The data is normalized for particle number. (Adapted from [59].)



which showed that each enzyme layer formed from polyelectrolyte-encapsulated
catalase crystals had a mass of about 3870 ng (equivalent to 120 mg m–2), com-
pared with 378 ng for uncoated catalase crystals and about 100 ng for solubilized
catalase. This highlights the fact that the polyelectrolyte coating facilitated film
growth with regard to higher enzyme loadings. The thin films were found to be
highly bioactive, exhibiting biocatalytic activities of up to 50 times higher than
those prepared by conventional LbL deposition of solubilized enzyme. Even films
formed by the deposition of the encapsulated catalase crystals for only 10–30 s
(adsorption equilibrium was reached after 60 min) showed enzymatic activities
20–30 times higher than corresponding films formed from solubilized enzyme.
These films can also be used as biosensors: since they are very thin, they can pro-
vide fast response times [111]. Additionally, multicomponent films can be pre-
pared simply by depositing polyelectrolyte-encapsulated colloids of different en-
zymes. These films form attractive candidates for use in various biotechnological
applications.

12.3.3
Tailored Optical Properties

Coating colloids with optically functional materials such as dye-labeled polymers
and metal nanoparticles permits the creation of colloids with unique optical prop-
erties [53, 54, 112]. Fluorescent microspheres were prepared by the LbL assembly
of dye-labeled PAH and PSS onto PS particles [112]. By selecting different fluores-
cent dyes (FITC, RhBITC, Cy5) to conjugate with PAH, 640 nm diameter particles
with three different emission maxima were prepared. As shown in Fig. 12.16, the
emission maxima of FITC–PAH, RhBITC–PAH and Cy5–PAH coated PS particles
were 526 nm, 586 nm, and 665 nm, respectively, showing that particles with pre-
determined emission wavelengths can be readily prepared. Equally important is
that the fluorescence intensity of LbL-CT prepared particles can be tuned, depend-
ing on the number of dye-labeled polyelectrolyte deposition cycles. Fluorescence
microscopy image (FMI) analysis of individual particles showed that the fluores-
cence intensity of the coated particles increases linearly with increasing number
of FITC–PAH layers [112]. The LbL-CT approach represents a promising method
to fabricate powerful fluorescent particles, which may be utilized in immunoas-
says (see Section 12.3.4).

The deposition of metal nanoparticles on larger spheres provides a new class of
micron-scale colloidal entities with optical properties that can be tailored by chang-
ing the hierarchical assembly of the nanoparticles [53, 54]. It was shown that the
optical properties of PS–Au/SiO2/PDADMAC core–shell particles, prepared by
LbL-CT (e.g., see Fig. 12.6), can be modulated via altering the thickness of the nano-
particle-based multilayer shell [54]: the spectral position of the surface plasmon ab-
sorption band maximum, �max, due to the core of Au/SiO2 nanoparticles, red-shifted
with increasing shell thickness. �max for the particles coated with one, three, and five
Au/SiO2 nanoparticle/PDADMAC multilayers shifted from 588± 2 to 618± 2 to
642± 2 nm, respectively. This red shift in �max is due to the coupling of the surface
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plasmons in neighboring particles. (�max of the Au/SiO2 nanoparticles in aqueous
solution is at 520± 1 nm.) However, the gold nanoparticles behave as discrete but
coupled particles and not as a thin, continuous metal shell.

Colloids coated with CdTe nanoparticle/polyelectrolyte multilayers were also pre-
pared and used to form colloidal crystals (as mentioned in Section 12.3.1.1; see
Fig. 12.13) [56]. These particles display luminescence properties due to the nanopar-
ticles embedded in the polymer coatings. The luminescence maximum red-shifted
from 590 nm for CdTe(S) nanoparticles in aqueous solution to 595 nm for the nano-
particles in the colloidal crystal. This difference was attributed to the close packing of
the CdTe(S) nanoparticles in the polyelectrolyte layers and the change in the environ-
ment for the semiconductor nanoparticles from water to polymer. Designing colloi-
dal crystal systems where the emission spectrum of, say the nanocrystals in the coat-
ing, overlaps with the photonic stop band of the colloidal crystal provides the oppor-
tunity to control the spontaneous emission using both the electronic (semiconductor
nanoparticles) and photonic (artificial opals) states.

12.3.4
Other Applications

Biologically-modified particles are widely used in immunodiagnostics. Such parti-
cles are commonly fluorescent with specific immunoreagents adsorbed onto their
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Fig. 12.16 Normalized fluorescence spectra of
�640 nm diameter PS particles LbL coated
with dye-labeled PAH. The unlabeled polyelec-
trolyte PSS was used as the interlayer. (a) PS/
(FITC-PAH/PSS); (b) PS/(RhBITC-PAH/PSS);

(c) PS/(Cy5-PAH/PSS). The morphology of
the coated particles is similar to that of the
particles shown in Fig. 12.5. (Reproduced by
permission of Academic Press [112].)



surfaces. Biofunctional fluorescent microparticles for application in immunoas-
says were prepared by the LbL-CT method: multiple layers of fluorescently labeled
polyelectrolytes were deposited onto colloid particles, followed by deposition of the
protein [112]. The suitability of the mouse immunoglobulin G (IgG)-coated fluo-
rescent PS particles for immunodetection was investigated by a solid-phase immu-
notest. Goat anti-mouse IgG adsorbed on the polystyrene culture dish surface
acted as the capture antibody to recognize mouse IgG. Strong binding between
anti-mouse IgG and mouse IgG immobilized on the fluorescent PS microparticles
was observed, leading to fluorescence from the dish. Control experiments verified
the specific interaction between passively adsorbed immunospecies on the parti-
cles and the immobilized antibodies or antigens on the dish. Similar studies were
conducted with smaller particles (< 100 nm) as templates in order to compare the
sensitivity of the biofunctional particles with conventional immunoprobes. The
preliminary data of the sandwich microplate assay showed this to be a promising
approach to increase the sensitivity of fluorescent immunoassays.

When low molecular weight uncharged model drugs in crystalline form are en-
capsulated in polyelectrolyte multilayers (see Section 12.2.1.2 Crystals of low mo-
lecular weight species), the drug release rate, after solubilization of the drugs, can
be tuned by varying the number of layers deposited and the nature of the pre-
charging species [76]. This, and similar systems [113], are highly attractive for the
sustained release of drugs (also see Chapter 13). They are also appealing for im-
munoassay applications when the low molecular weight compounds are fluores-
cent and when receptor molecules are attached to the surface of these coated par-
ticles. Biomodified, polyelectrolyte-encapsulated crystals of low molecular weight,
fluorescent compounds have recently been utilized in immunoassays [114]. After
interaction of these particles with the immobilized biomolecules in the immunot-
ests and exposure to ethanol to solubilize the uncharged core molecules, extreme-
ly high fluorescent signals are obtained, providing a novel means to conduct
highly sensitive immunoassays.

Core–shell microspheres containing catalytically active complexes [115] or metal
nanoparticles [116] have also been prepared for catalysis investigations. These
studies make use of the LbL-CT protocol to prepare multilayer-coated colloids.

12.4
Summary and Outlook

The examples presented in this chapter demonstrate the wide range of coated col-
loids that can be nanoengineered through application of the LbL technique to col-
loids. The inherent flexibility and unparalleled simplicity of the LbL method, dem-
onstrated for over a decade on planar supports, can be equally well adapted to col-
loids, provided that parameters such as the concentration, and the nature and size
of the core particles are considered along with the appropriate conditions to de-
posit the coating layers; for example, polymer type, length, and concentration for
polyelectrolyte coatings, and nanoparticle type and size for nanoparticle coatings.
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As documented in studies involving the formation of planar thin films, the role of
salt in the adsorption solutions is important in determining the final structure
and thickness of the layers; however, the influence of salt on the interaction be-
tween the template particles and the coating species needs also to be considered
when LbL coating colloids, as it can lead to aggregation of the particles. Use of
“suitable” salt concentrations can make the polyelectrolyte more flexible so that it
coats more effectively, and can screen the charges between the nanoparticles
being deposited to make them pack closer to each other and give more uniform
nanoparticle coatings. These conditions need to be determined and optimized for
specific systems and become more important as the size of particles to be coated
is decreased into the nanometer regime. The control that has been available for
processing thin films on planar supports has also been shown to apply to coatings
on particles: the coating thickness can be modulated with nanometer precision,
and the coating composition is defined by the step-by-step deposition of each spe-
cies. The LbL-CT approach not only allows the creation of novel core-shell colloids
with various functions (e.g. catalytic, optical, chemical magnetic etc.) but it pro-
vides a facile means to encapsulate a variety of significant compounds. Examples
given of the utilization of LbL processed coated/encapsulated colloids emphasize
the enormous technological relevance of such colloids. When used as building
blocks, complex, hierarchical structures with predefined functions can be con-
structed. This opens new, exciting opportunities for the application of these col-
loids in various applications in the physical and life sciences, including photonics,
catalysis, sensing, diagnostics, and drug delivery.
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Abstract

A procedure to produce hollow capsules with equally defined walls from a defined
polyelectrolyte multilayer is described. Decomposable colloid particles are coated
by the layer by layer technique, the core is then dissolved and low molecular
weight residuals permeate through the wall. The core may consist of inorganic,
organic or biological materials, polymers, or cells, consequently the removal chem-
istry is highly varied. The walls can consist of the whole diversity of materials that
have been used for planar multilayers. Because of the great diversity and modular-
ity permeation can be controlled by pH, ionic strength or temperature, and there
are also prospects for control via light. The stability and mechanical properties
can be optimized via material selection but also via additional chemical treatment,
e.g. crosslinking. One may make use of specific physical and chemical processes
inside the wall, in particular

� precipitation and crystallization
� polymerization and polymer functionalization
� enzymatic and heterogeneous catalysis
� photocatalysis and crosslinking

Use is made of the specific wall features, selective permeability, and controlled
composition of inner and outer surface. The rapid progress in the field has been
achieved by building on the knowledge of the preparation and characterization of
planar multilayers with the addition of newly developed techniques of colloid
characterization such as scanning force microscopy, confocal microscopy and sin-
gle particle light scattering, in combination with traditional methods. Thus a sys-
tem is described with many application perspectives in materials and life sciences
but also with new features for additional film characterization by techniques re-
quiring much surface.
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13.1
Preparation and Structure

13.1.1
General Aspects

13.1.1.1 Core materials
In Chapter 12 the coating of different core materials by polyelectrolyte multilayers
was discussed. This will not be reiterated here. Instead the special issues that con-
cern removal of the core to obtain a hollow capsule or a capsule with a specific
function inside will be addressed.

The first hollow capsules were made from a polymeric core, in this case weakly
crosslinked melamine formaldehyde [1, 2]. For this core, methods of preparation
were established to obtain very uniform core diameters between 100 nm and
10 �m, spherical shapes and low surface roughness and it was also known that
the core could be destroyed by going to a pH < 1.6 or by treatment with dimethyl-
formamide. In addition, techniques to fabricate latices are very well developed and
hence are presumably economical. One may also envisage other ways to destroy
the polymer e.g. by light, heat or enzymes. However, there may also arise poly-
mer-specific problems like unspecific side reactions or residual oligomers sticking
to or inside the walls. These aspects will be considered in detail in Section 13.1.2.

The problem of product removal after core destruction is less severe if the core
is an inorganic colloid. Also one does not need to worry about toxic side effects if
the core is e.g. CaCO3, which in addition is very cheap. The kinetic hindrance of
a reaction induced by a pH change or by a complexing agent like EDTA is also a
less severe problem than with polyelectrolytes. However, techniques to obtain in-
organic particles of uniform sizes in the �m range are not yet well developed for
most candidate materials. Depending on the demands for a certain application,
inorganic cores are a promising alternative. A special case of an inorganic, rather
low-cost, sufficiently monodisperse core is silica. It can be easily coated and the si-
lica can be removed afterwards by treatment with hydrofluoric acid. The disadvan-
tage of silica is that the core removal procedure involves a dangerous step when
the hydrofluoric acid is applied. The polyelectrolyte coat was found to be rather
stable in hydrofluoric acid.

Other alternatives are organic particles of low molecular weight compounds [3, 4].
They often have the problem of being soluble in solvents different from those for
polyelectrolytes. This may be overcome by using surfactants or polymeric amphi-
philes covering the particle surface, thus rendering them water soluble and/or
charged. However, one thus obtains a multicomponent system and some of these
surfactants remaining in solution may undergo unwanted reactions, or complexa-
tion, during further coating processes. Also the techniques to prepare organic parti-
cles of uniform size and shape in the �m range do not exist, and one typically has to use
organic solvents which are undesirable from many other, e.g. environmental aspects.

Special types of core are precipitates of enzymes [5] or of DNA [6]. They are not
meant to be destroyed but to function while being protected by the shell that may

13 Smart Capsules364



later be destroyed, e.g. after attaching to a cell nucleus. To this class also belong
cores of inorganic/organic composites where later the organic component is re-
moved and the inorganic one remains inside as a particulate catalyst, fluorophore
or magnetic tag.

Compared to the solid core, liquid cores are more difficult to handle due to
their higher flexibility and mobility. However, it has been possible to freeze this
flexibility by coating oil droplets with polyelectrolytes. For this the oil did not have
to be coated and charged by an ionic surfactant since even charged polyelectro-
lytes like PSS are somewhat enriched at the oil/water interface and are then
amenable to further coating by oppositely charged polyelectrolyte. It is desirable to
use polymeric amphiphiles with higher interfacial activity because polymers not
residing at the interface may complex with oppositely charged ones on further
coating and the resulting unwanted structures may have to be removed. In any
case, coating of oils is technically very promising since it yields a new type of
emulsion with low dynamics and stabilized by Coulombic forces, for use e.g. in
cosmetics, the food industry or pharmacy.

Early in the development of the subject, erythrocytes or yeast cells were success-
fully coated [7]. Here the coat may be useful as a protective surface or as a way to
target the cell to a specific location. On the other hand many cells have very pecu-
liar shapes and one may obtain hollow capsules with anisometric shapes. Red
blood cells have been fixed in shape by glutardialdehyde crosslinking (thus losing
their function). Although the charge pattern on a cell surface is very nonuniform
it was possible to obtain alternating overall surface charge patterns after four coat-
ing cycles. Methods to destroy cell material have also been developed, e.g. treat-
ment with NaOCl, called a deproteinizer. It has been possible thus to obtain hol-
low capsules with templated shapes (see Fig. 13.1). However, the treatment is very
harsh and in Section 13.1.2 various side reactions will be discussed.

13.1.1.2 Wall materials
First we set technical limits to the selection of wall materials:

� The coating process includes the bending of a polymer on a curved surface.
This is not a problem for micron-sized colloids but becomes an issue for di-
mensions below 100 nm when the particle size approaches the length of the
polymer. As an important example DNA wrapping a histon protein has also
been studied theoretically, where the competition between electrostatic interac-
tion and bending yields an ionic strength window where coating is possible.

� For smaller particles at reasonable concentration (100 nm, (1% �/�)) stability
against flocculation becomes a problem because the time between particle colli-
sions due to thermal motion and that of charge reversal becomes comparable.
Acceleration of charge reversal is possible using smaller polymers or oligomers.

� Another problem associated with the smaller size is that at particle concentra-
tions as low as 1–3% it becomes increasingly difficult to adjust the polyelectro-
lyte concentration in such a way that polymer is present in sufficient excess in
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the aqueous solution. The total surface area of the particles at the same volume
fraction increases with r–1 while the polyelectrolyte concentration has a practical
limit due to solubility and the viscosity of the solution.

The first wall materials used were polyelectrolytes poly(styrene sulfonate) (PSS)
and poly(allylamine hydrochloride) (PAH). Since then a variety of polymers have
been used and there is virtually no restriction if the polymer contains multiple
charges. Depending on some specific requirement chitosane, chitosanesulfate and
a variety of other modified polysaccharides have been used as biocompatible and
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Fig. 13.1 Confocal microscopy scans of a
polyelectrolyte shell consisting of 11 layers of
PSS/PAH templated on an echinocyte. The
outer layer is FITC labelled PAH. The width of
the images is 7 �m. The scans (left-right, top-

bottom) were made in two planes separated
by a distance of 1 �m. Scan runs through the
upper part of the shell. The SEM image on
the bottom shows the initial echinocyte cells.



biodegradable polymers, DNA was used as a stiff polymer that later may offer
some function like gene therapy. Co-polymers with another functionality, e.g. ther-
mal responsiveness were used successfully where the second uncharged compo-
nent could be in fractions close to 90%. Also other building principles than elec-
trostatics like biospecific ligand binding, hydrogen bonding and metal coordina-
tion were applied successfully to the preparation of shells. In these latter cases
special care had to be taken to ensure colloid stability, because Coulomb repulsion
as a stabilizing mechanism is at least reduced.

Inorganic particles could be used as a wall material in combination with an op-
positely charged polyelectrolyte to render the wall magnetic [8], luminescent or
simply to change the elastic properties of the wall. As an extreme into the latter
direction SiO2 particles could be calcined, leading to sintering and thus building
of solid bridges between the particles [9]. This leads to porous inorganic hollow
capsules. Another promising route may be metal particle incorporation to give a
conducting wall and/or to have an efficient microwave absorber.

It is also possible to build up the walls from a combination of multiply charged
low molecular weight molecules or metal ions [10]. This is attractive if the wall is
supposed to absorb or to emit light and if the chromophore is arranged at a spe-
cific location along the surface normal. This may be required, e.g. to build an
electron transfer chain through the wall, to study the accessibility to quenchers
and thus their diffusion or to generate a charge separation by light at a specific lo-
cation inside the wall. In many of these cases, however, it is simpler to incorpo-
rate a polyelectrolyte with a dye covalently coupled to it. A special advantage of
using low molecular weight compounds may be that their coupling is not very
stable. Thus the wall can be destroyed again, e.g. by adding high salt concentra-
tions (�1 M).

In order to achieve specific functions it has also been possible to incorporate
proteins as a structural material. Because the build-up defines a position along
the normal it is thus possible to design enzyme cascades whilst still protecting
the enzymes against proteases. Of course, in this case one has to be careful that
the core removal chemistry does not destroy the enzymes. For the purposes of tar-
geting one may envision attaching antibodies or other specific ligands at the outer
surface. These attempts, however, are far from being optimized.

The more biomimetic approach would be to adsorb a lipid monolayer or bilayer
at the outer surface. In this case the capsules become soluble in hydrophobic sol-
vents or impermeable to hydrophilic components [11]. In these attempts binding
occurred through Coulombic interactions, but these could be reduced by e.g.
using mixtures of charged lipids. In the latter case the problem of having exclu-
sively bilayers has not yet been solved, but the coupling was low enough to keep
liquid crystalline and solid phases as observed for free bilayers. In Section 13.2.1
we will also discuss the problem of controlling defects in the bilayers which dra-
matically affect their ion permeability such that we are far from the insulating
properties of a black lipid membrane. Still, at this stage, the bilayer coating is suf-
ficiently homogeneous and perfect that studies with incorporated ion channels
and receptors become meaningful.
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13.1.1.3 Molecular Dynamics
Obviously the dynamics of molecules is of high relevance for the control of wall
properties, e.g. permeability, but the shells also provide a unique possibility of
studying this dynamics: because of their large specific surface area they enable
the application of typical bulk techniques like NMR and flash spectroscopy. For
typical diameters near 1 �m they may be considered as free standing film which
can be made asymmetric at will, and for smaller dimensions curvature effects
may come into play. These features are just beginning to be explored, and there-
fore this section does not contain many hard facts. Dynamics usually involves
many motional modes, length and time scales. There are not yet any data avail-
able on time scales below 1 �s and the segment mobility also could not be eluci-
dated. A way to get access to this could be 2D NMR for highly swollen walls, but
this is demanding as regards technique, deuterated material and preparation with
the proper degree of swelling. The translational motion of polymer melts is gener-
ally described by the reptation model, where a polymer moves in a tube with di-
ameter equivalent to its cross section. For polyelectrolyte multilayers one expects
electrostatic coupling with neighboring molecules, and it is thus not surprising
that one could not measure any lateral polyelectrolyte mobility in planar films, i.e.
the diffusion coefficient is below 10–15 cm2 s–1 as measured by fluorescence recov-
ery after photobleaching (FRAP). One also expects similarly small values for cap-
sules.

More interesting, and also quantitatively measurable, is the translational mobili-
ty of small molecules and ions. This process is generally described by a free vol-
ume model, i.e. in order for a species to move a free volume Vf has to be created
thermally and the molecule can then jump into this vacancy. The free energy of
this hole depends exponentially on the necessary free volume and the compressi-
bility and one therefore expects a drastic dependence on these parameters. This
has been verified for polymeric glasses, and also for polyelectrolyte multilayers by
studying the fluorescence quenching by molecules of different sizes. In the latter
cases diffusion coefficients between 10–15 and 10–12 cm2 s–1 were determined, and
modeling of the data also revealed that the mobility was up to two orders of mag-
nitude larger in the top 10 nm of the multilayer adjacent to water. This has been
ascribed to swelling of the film adjacent to water and one may expect even ten or-
ders of magnitude faster diffusion if one has a completely swollen film. This has
not yet been verified for planar films, and also the equivalent experiments have
not yet been performed for capsules. One could principally learn about diffusion
from the permeation experiments described in Section 13.2.1 if the latter were
due to diffusion through the matrix, not through the pores. In this case values of
D�10–11 cm2 s–1 were derived. These might be attributed to a different prepara-
tion protocol of capsules (always in water) compared to planar films (dried after
each adsorption step) but more probably it is due to the fact that diffusion is not
the permeation mechanism.

Obtaining more quantitative information on diffusion has been inhibited by the
fact that there are slow aging mechanisms (see Section 13.2.2). These may be re-
lated to the internal dynamics of the polyelectrolyte complex which is basically
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due to the low stability of the Coulomb interaction in an aqueous environment.
As a simple estimate the attractive energy E of two opposite charges a distance

R = 2.5 Å apart in matter (�= 80) amounts to E � e2
0

4���0r
� 2�8 kT , where k is Boltz-

mann’s constant and T the absolute temperature.
The lifetime � of the bond would thus be �=�0exp (nE/kT), where n is the num-

ber of bonds, and with �0 � 10–13 s, a typical inverse vibration frequency, one ob-
tains �= 2.5 �s for six simultaneous bonds. Thus individual bonds would reform
much faster than 1 �s if they were not stabilized by lower water content in the
film and by neighboring bonds. These effects, however, depend strongly on the in-
dividual polymers and one should not be surprised to find drastic differences in
the internal dynamics when comparing different systems.

Indirect information on the dynamics of water in the shells can be obtained from
1H-NMR relaxation experiments. There one basically determines the fraction of
water immobilized multiplied by its “immobilization strength”. One thus finds that
water is immobilized in the film, even in the inner layers, but the amount depends
drastically on the charge of the outer layer, as if the latter either compresses or ex-
pands the total film to remove or create water pockets. Recently the swelling ki-
netics of films brought into contact with water or with air of different humidity were
analyzed in terms of two processes, the faster one (100 s) ascribed to permeation of
water into the films and the slower one to reorganization of the matrix. Such a slow
water diffusion (100 s) would be very surprising since, judging from experiments
with dye probes, one would expect diffusion of water, metal ions, protons, and other
small solvent molecules to penetrate in less than 1 ms.

13.1.2
Physics and Chemistry of Core Removal

The above, mostly qualitative, remarks on dynamics were necessary to conceive
that small molecules can permeate the walls and that the multilayers possess vis-
cosity and possibly also elasticity. Hence to remove the core one first has to break
it into small entities that can diffuse through the wall. Consequently, we will first
discuss the process of core destruction and then removal of core material and con-
comitant changes of the wall.

13.1.2.1 Core Destruction
Depolymerization
The first core material used was melamine formaldehyde. It is prepared by poly-
merization from a precondensate solution. The particle formation involves kinetic
control of droplet growth as well as crosslinking. This leads to uniform size distri-
bution with polydispersities of less than 5%. The crosslinking reaction is acid cata-
lyzed and proceeds more slowly than particle formation. It can be stopped at an
early stage. In this way melamine resin particles are fabricated which can easily
be dissolved afterwards in 0.1 M hydrochloric acid.
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The decomposition process of the melamine formaldehyde cores has been studied
in detail [12]. The melamine resin represents a network of melamine formaldehyde
crosslinked either by ether linkages or methylene bridges. Primary hydroxy and ami-
no groups not utilized for crosslinking are also present. Upon treatment with hydro-
chloric acid the ether linkages are hydrolyzed, while the methylene bridges remain
intact; as a result the core is decomposed into oligo- as well as polymeric units. In
parallel with the hydrolysis of the ether bridges, melamine is hydrolyzed to amme-
line, as was evidenced by the appearance of a characteristic amide group.

It is remarkable that in parallel with hydrolysis a second acid catalyzed re-poly-
merization reaction occurs which results in the formation of C–N–C linkages. If
this reaction is faster than the hydrolysis the core will be converted to an insol-
uble resin. It is hence a subtle balance which should be obeyed, otherwise hollow
shells cannot be produced. This occurs frequently if the pH is either too large or
too small. A mild acid pretreatment will typically produce insoluble cores. If the
hydrochloric acid is too strong (> 0.1 M) the re-polymerization becomes increas-
ingly faster than the hydrolysis.

The size of the degradation products was estimated from diffusion coefficient
measurements which were conducted by means of fluorescence correlation spec-
troscopy. It was concluded that the products of hydrolysis were on average com-
posed of melamine formaldehyde polymers consisting of about 60 monomers. If,
however, the core was dissolved in dimethyl formamide, a good solvent for mela-
mine formaldehyde, polymeric products composed of about 4000 monomers were
obtained. The hydrodynamic radius of the melamine formaldehyde polymer ob-
tained by means of hydrolysis is about 3–4 nm. This is too large for fast diffusion
through the shell walls. The increase in osmotic pressure is currently thought to
be responsible for widening the pre-existing pores or for the formation of new
pores which then allow passage of the melamine resin degradation products. The
physico-chemical aspects of this process will be discussed later. The osmotically
induced stretching of the wall is clearly visible when the degradation is followed
under the confocal microscope. In parallel with a remarkable diameter increase
the core products are released. If the layer is too thick this pore widening is im-
possible. As a result of the increased osmotic pressure the shells will break. This
occurs typically if, for example, more than 8 pairs of PAH and PSS are assembled
onto a micron sized core. Other shell wall materials may be less suitable for shell
formation due to their different mechanical and permeability properties.

The polymeric nature of the degradation products has another less favorable
consequence. Some core material almost always remains inside the shells. As
soon as the driving force for release disappears, which takes place toward the end
of release, the pores will close and some core material is captured inside. Various
fluorescence techniques such as confocal microscopy and Förster energy transfer
have revealed that most of the remaining material is adsorbed on the wall. Since
the melamine formaldehyde degradation products are positively charged they pre-
ferentially interact with the polyanion in the multilayer. This may lead to a modifi-
cation of the layer properties and has to be taken into account if the shells are
used afterwards.
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Another alternative core could be protein precipitates or cells. For their destruc-
tion a treatment with NaOCl, called deproteinizer, is well established [7]. Hypo-
chlorite is widely used as a strong disinfecting and cleaning agent. Its function is
based on its reductive potential, +0.89 mV, as a result of electron release when the
compound is hydrolyzed. It is interesting to recall that hypochlorite is an agent re-
leased in the human body by neutrophils during their immune reaction against
bacteria. It destroys the proteins of the invading microorganism by oxidation in
very much the same way that an erythrocyte core can be destroyed inside a poly-
electrolyte multilayer adsorbed on top of it. The proteins are broken into smaller
pieces which can leave the shell. However, a deeper analysis showed that, for ex-
ample, PSS is also degraded. It was found that as much as 90% of the originally
present PSS was lost during the deproteinizer treatment. PAH is also degraded. A
large variety of oxidation reactions occur which convert the amino groups into ni-
trile, nitro and nitroso groups. Aldehydes and carboxylic acid groups are also pro-
duced. Secondary reactions may then cross-link these entities forming azo, azo-
methine and azoxy-bridges.

Hence it can be concluded that the deproteinizer treatment finally produces a
loose polymer network which is completely different from the original multilayer
structure. It does not have any cationic groups. The nature of the obviously pre-
sent anionic groups is still uncertain, the negative charge may result from some
remaining sulfonic acid groups.

It is worth mentioning that successful shell formation is closely connected with
the presence of the PAH. With other polycations the process of shell fabrication
does not yet work properly. For example pure polysaccharide multilayers were
completely degraded during core decomposition.

Core dissolution
If the core is made of precipitates of low molecular weight compounds destruc-
tion requires merely change of the solubility product. This can be achieved by
changing the pH, as exemplified for an organic molecule by adding a strongly
complexing agent, e.g. EDTA in the case of CaCO3 or CdCO3 [13]. In these cases
one does not expect any side reactions. There are problems related to the attrac-
tion of divalent ions or EDTA to the polyelectrolyte but these problems are not
major. The limiting factor lies more in obtaining inorganic cores of the desired
size and dispersity and free of stabilizing polymer.

Since techniques to prepare SiO2 particles of defined dimensions have been
well developed it is desirable to develop these techniques to induce core removal.
It has been possible to dissolve these cores in HF, a standard method for dissolv-
ing glass and applicable here, too.

Other techniques of core destruction
In principle, it should also be possible to destroy cores with light, but this has not
yet been attempted successfully. Another way is heat treatment and the extreme
of this is calcination [9]. For this case protocols have been developed to destroy
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thermally a polymeric core while leaving an inorganic shell largely intact,
although porous. Such a treatment was elaborated for cores coated with a SiO2/
polyelectrolyte composite. In this case the organic components were destroyed,
the SiO2 particles at the walls were sintered, i.e. bridges were built between indi-
vidual particles. This enabled the formation of porous hollow SiO2 spheres. These
shells are stable even after calcination from walls with one monolayer SiO2, but of
course they are much more stable if prepared from SiO2 in many multilayers.

13.1.2.2 Core Material Release
As has become clear above, different core materials require different destruction
processes, and this in turn will affect material removal and its optimization. The
process has been investigated in detail for MF cores [12] and these will now be
considered in detail here. In this way it will become clear that there are many fea-
tures to be optimized for a successful preparation, and these may depend drasti-
cally on the system.

Fig. 13.2 shows a confocal microscopy sequence of the removal of fluorescently
labeled MF. One clearly observes the removal of the material first from the outer
parts and this process takes of the order of 1000 s. One also sees an increase in
the capsule diameter followed later by a decrease. This indicates an increase in os-
motic pressure that is later relaxed due to material permeation into the external
medium. The shells are apparently elastic, the degree depending on the material.
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Fig. 13.2 CLSM images of the core decompo-
sition process as a function of time. Rd-la-
beled MF colloids with a diameter of 6.4 �m
deposited with (PSS/PAH)8. The arrow in

(d) indicates the residue of the core. 13.2d
corresponds to transmission light microscopy.
The numbers in the insets indicate the core
decomposition time.



E.g. for PSS/PAH we observe full recovery of the initial diameter after a long time
but for PSS/PDADMAC there is only partial recovery.

The osmotic pressure release may also lead to shell rupture, and this again de-
pends sensitively on the preparation conditions. Thus Fig. 13.2 shows for the spe-
cific system MF coated with 8 layers PSS/PAH that there is a narrow optimum of
pH at which the preparation is successful. Then one obtains more than 90% in-
tact capsules. Next we present some estimate of important numbers to demon-
strate which parameters are crucial and where one does expect limits.

Let us first estimate the maximum osmotic pressure that might be built up if
the core material were not released. If we assume that it breaks up into small en-
tities of molecular weight 200 g mol–1 this would correspond to a density of about
�= 5 mol l–1 and according to van’t Hoffs law �max = RT� to 10 MPa. This very high
value may be reduced by up to an order of magnitude due to volume increase, it
may also be reduced if the fragments are larger. However, if the fragments are io-
nic the counter ions will dominate the osmotic pressure. Hence values of 10 MPa
are realistic upper limits. The case of inorganic particle dissolution is less relevant
for the estimate since the resulting ions may quickly diffuse through the wall.

The next question to be asked is: Is this pressure �max ever reached? For this

we consider a capsule of volume
4�
3

r3, surface 4�r2, permeability P and solute
concentration ci(ci�cexternal).

From
�dci

dt
� 4�

3
r3 � P � 4�r2 � ci we obtain

c1 � c0
i exp

�3P
r

� �
t �1�

From permeability studies (Section 13.2.1) we derive for typical organic dyes

P = 2–7�10–9 m s–1, hence for a typical radius r = 1 �m we obtain
3P
r

� �
�

�6 � 21� � 10�3s�1 with the lower values for the thicker walls. In the experiment
of Fig. 13.2 we saw that core removal takes some 102 s. Consequently the maxi-
mum osmotic pressure may be reached.

Inspecting Eq. (1) one also realizes that release slows down with r, i.e. because
of the lower surface to volume ratio a larger osmotic pressure may build up. We
should also remark that with diffusion coefficients measured for planar films a
three orders of magnitude lower permeability would be obtained, hence the maxi-
mum osmotic pressure would be reached. This indicates that during core removal
the osmotic pressure of 10 MPa leads to a tension of 10 N m–1 in the wall of a
particle of 1 �m in radius. This tension is rather large given the very small thick-
ness of the layer. It exceeds, for example, the known limit of stability of a lipid bi-
layer by a factor of 100. Pores are created in the shell through which material
may escape. Consequently we expect that pores are formed by templating from
polymeric cores and there remains an open question whether these pores may an-
neal with time.
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Altogether we conclude that to template a capsule from a polymeric core the
shell has to sustain osmotic pressures of the order of 10 MPa, templating is easier
for smaller cores, since the tension responsible for rupture is proportional to the
particle radius. As regards the dependence on wall thickness d, the permeability
decreases with d leading to an increase in �, but the rupture strength is also ex-
pected to increase with d. Since both features are nonlinear and opposite one can-
not yet make a prediction as to the dominating effect. Experimentally, however, it
was observed that there is an optimum thickness corresponding to a minimum of
broken shell fraction. For the example of PSS/PAH this is close to 10 layers.

Another question on core removal concerns sticking of core material to the
wall. The fluorescence micrographs in Fig. 13.2 show enhanced intensity from the
walls. Obviously there were also fluorescent oligomers produced which were stick-
ing to the walls. In order to quantify this amount single particle light scattering
may contribute. Fig. 13.3 shows the distribution of scattering intensities before
and after core removal. Also shown is the distribution expected theoretically if all
core material is removed. From the comparison one may deduce that about 1% of
the core material remains in the wall. This may not only be problematic for medi-
cal and pharmaceutical applications but it may also affect the physico-chemical
properties of the wall. E.g. for a typical wall thickness of 10 nm and a core radius
of 2 �m the volume ratios of wall and core are:

Vwall

Vcore
� r2 � 10 nm

3r2 � 1�5� �2�
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Fig. 13.3 Experimental and theoretical single particle light scattering distribu-
tion as a function of capsule radius.



Hence in the example above almost half of the wall material consists of oligomers
from the unremoved core.

Finally some remarks on inorganic templates. One expects diffusion through
the walls to be fast, hence there is no osmotic pressure build-up and no mechani-
cal stress. This is certainly the case if the water permeability is of the order of the
ion permeability. While current experience supports this assumption it may not
generally be the case. Sticking to the wall may also be less of a problem. The re-
maining task then is to have cores with the desired dimensions.

13.1.3
Modification of walls

The last section on core removal already hinted at a process that may become use-
ful if performed in a dedicated way: The covalent cross-linking of polyanion and
polycation, for the special case of amino and sulfonate groups.

For steric reasons one does not expect it to proceed quantitatively, but even so
the cross-linking may lead to an elastic network. This should not necessarily give
a higher elastic modulus but a lower loss modulus and a shape memory, which
have not yet been tested. Also, having in mind the network of an elastomer, con-
trolling the mesh size should yield selective permeability for nanometer-sized enti-
ties.

Another method of wall modification results if homopolymers are grafted from
the walls. This was achieved by incorporating polymers with benzophenone side
groups into the shell. These side groups then serve as photoinitiator for the light-
induced polymerization of styrene sulfonic acid. Thus an additional (anionic) PSS
shell could be built up with thickness and density depending on the polymeriza-
tion parameters. This should lead to ion selective permeability and it was indeed
shown that the wall was impermeable to low molecular weight anions [14].

Another way to control the wall permeability might be through a photoreaction
in the wall. It was shown that the photoisomerization of azobenzenes as main
chains and as side chains is possible, presumably due to a sufficiently large free
volume inside the wall, however a change of properties has not yet been estab-
lished.

In recent years much progress has been achieved in enriching polymer ma-
trices by inorganic ions that later were reacted to form inorganic particles [15].
This should also be possible in a polyelectrolyte multilayer since there are many
polar groups available for metal coordination. Moreover one may use the fact that
metal organic precursors are more soluble in the wall than in the water surround-
ings. Thus Ti·org was dissolved in the wall, then reacted to give TiO2 particles
causing the wall to have a higher refractive index [16]. This may become useful if
the shells are to be arranged periodically to become a photonic crystal. As another
example Ag+ ions were used to construct shells. These could then be reduced by
light to form metallic silver particles. Because they absorb light they can be visual-
ized by confocal microscopy, and hence the process may be used to label individu-
al shells (Fig. 13.4) [17]. On the other hand the process may be used to form con-
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ductive shells, at least to form wires on the wall. This may become useful in sen-
sor applications where a reaction inside the capsule is detected electrically by an
electrode. Another perspective of metallized shells results from their increased mi-
crowave absorbance by the conducting electrons. This may be used for local heat-
ing. e.g. in controlled drug release. The latter process may be less efficient if the
wall is made conducting by organic polymers like polyanilines [17].

Concluding this section on wall modification, we have demonstrated the feasi-
bility of many different processes, in one case also one resulting property, but the
concomitant structural changes have not yet been studied. These, however, are to
be expected if local bonds are changed or due to the aggregation tendency of me-
tal particles. Hence each direction will require elaborate structural studies, and
some of them will also have to be performed with planar films because they are
more suitable for some techniques like X-ray, neutron reflectivity or ellipsometry.

13.2
Properties and Utilization

13.2.1
Permeability Control

The large variability of wall materials in principle also leads to many ways of con-
trolling capsule permeability. This is one of the salient features of these systems,
which is therefore described in detail. By means of specific examples we discuss
possible mechanisms and methods. Subsequently we will pinpoint ways to control
and switch permeability. We will concentrate first on the transport of molecules
and then briefly consider transport of charges and small ions.
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Fig. 13.4 Silver-painting on colloidal
particles. Ag+/PSS– multilayer films
were assembled on 5 �m MF parti-
cles. Silver ions were reduced to the
metallic state by the laser of the con-
focal microscope. The letters
MPIKGF in the painting stand for
Max Planck Institut für Kolloid und
Grenzflächen-Forschung (Colloid and
Interface Research).



13.2.1.1 Permeation Mechanisms
In Section 13.1.1 we described a diffusion model that is established for polymeric
glasses and for solutes of molecular weight between 100 u and 1000 u. Within
this model fluctuations create transient voids into which the solute can jump.
Since void formation depends drastically on the energy to create a sufficiently
large free volume one thus expects a drastic dependence on solute dimensions
and compressibility. Hence for an ultrathin film that is more swollen towards the
water phase this should result in a spatially dependent diffusion coefficient. Since
experiments are generally not sufficiently precise to resolve this distribution one
may simplify the analysis by assuming two different diffusion coefficients D. This
was done by analysing experiments with planar multilayers, and a data fit yielded
a two orders of magnitude higher value of D for the outer 10 nm of the film adja-
cent to water [18]. As a more crude estimate, with only one diffusion coefficient
one may assume this to increase with film thickness.

For the experiment to be analyzed we assume for simplicity a uniform value of
D. The experiment is a typical release situation where a drug crystal is contained
inside the capsule. Changing the pH leads to a saturation concentration cs inside
the capsule. The concentration gradient drives the drug to the outside yielding a
time dependent concentration c0� cs there. c0(t) is measured by fluorescence spec-
troscopy since the drug crystals do not fluoresce and since the volume is much
larger outside than inside. This stationary state is established when cs is reached
after the pH jump until the whole crystal is dissolved and cs decreases again.

With the capsule permeability P=D� thickness, solution volume V0 and capsule
surface s one then obtains for the flux J

J � dc0

dt
V0 � Pcss �3�

Hence one expects a linear time dependence of c0 and from measurement of
dc0

dt
P can be derived. The time dependent release measured by fluorescence spec-

troscopy is indeed linear over a large time interval. One can understand the devia-
tion at the beginning because cs first has to be established and the later almost ex-
ponential approach to a saturation value is also expected because now all the crys-
tals are dissolved. For the latter interval one expects a time dependence according
to

c0�t� � �1 � exp��Ps�V�t�

with V the capsule volume. This yields another way to determine P but it is less
accurate if the capsules are not sufficiently monodisperse.

From the slope in the linear regime (see Fig. 13.5) we can calculate the diffusion
coefficient D, and the thickness dependence is as expected qualitatively. D is large for
small thickness, then decreases and becomes constant at large thickness. However,
the absolute values of D are more than 3 orders of magnitude larger than those mea-
sured for flat films [4]. There may be two reasons for this discrepancy:
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1. The preparation conditions for flat film and hollow capsule are different. E.g.
the hollow capsules, in contrast to planar films, are prepared without any dry-
ing step between adsorption cycles and also core removal involves chemistry.

2. The capsule may exhibit transient or permanent pores through which mole-
cules could permeate. The constant value of D = P� thickness for large thick-
ness could then be explained if the fraction of these pores or their conductiv-
ity decrease with thickness.

Experiments are under way to distinguish which of these mechanisms dominates.
The difficulty in obtaining quantitative information results from the fact that
there is material and preparation specific aging leading to a reduced permeability.

13.2.1.2 Controlled Release Profiles
In most practical applications one aims for either release to establish a constant con-
centration over a long time or a burst release. For a time independent concentration
one has to adapt the release to a drain term related to drug removal or decomposi-
tion. The discussion above has shown that the release time can be varied by more
than an order of magnitude with feasible thickness changes. More dramatic
changes are possible by varying cs via the pH (�103), but this is often not a freely
variable parameter. One may also imagine that P can be fine tuned via other param-
eters but quantitative data on this are still missing (see Section 13.2.1.3).

Achieving a burst release is, in principle, easier since processes can be irreversi-
ble and without detailed control of local structure. Proven examples are:
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Fig. 13.5 Fluorescence increase with time, obtained by dissolving fluor-
escein particles covered with shells of different thickness (9, 13, 15, and
18 layers), compared with naked (0) fluorescein particles. Insert: Time-
dependence of core-decomposition time on the number of layers in the
shells



� Inclusion of osmotically active compounds like polyelectrolytes or proteins.
Then via dissolving a protein crystal inside or changing the external ion content
an osmotic pressure is established leading to wall rupture.

� Build-up of the wall by a low and a high molecular weight polyelectrolyte. The
electrostatic bond can then be weakened by high salt concentration leading to
capsule decomposition. Less drastic changes can be effected by salt acting on
otherwise stable systems. Then only a sustained release without decomposition
may occur.

� Build-up of the wall of heat, light or pressure sensitive materials. The burst has
been demonstrated up to now only for heating to 40 �C for specially selected
materials. The very steep temperature dependence is probably due to the high
cooperativity of adjacent electrostatic bonds.

13.2.1.3 Switchable release
One may envisage many reversible reactions which may lead to reversible struc-
tural and hence permeability changes. However, since the multilayer is essentially
a non-equilibrium system, reversibility is a critical issue. To switch permeation of
small molecules and inorganic ions one may insert selective or gated ion chan-
nels as used in biology, but examples on this are lacking. Permeation of large
molecules could, however, be switched via pH, and the example discussed below
my also be extended to other situations.

In the example PSS/PAH capsules were prepared and kept at pH�8. Then
fluorescently labeled proteins or sugars were added and by confocal fluorescence
microscopy it was shown that these molecules did not penetrate the shell (see
Fig. 13.6) [19]. Then on reducing the pH to below 6 the wall becomes permeable
and one observes fluorescence of the macromolecules from inside the capsules.
Returning to pH 8 and removing molecules from outside (by centrifugation) the
remaining emission exclusively from inside proves that the fluorophores have
been entrapped [19]. This experiment thus shows reversible switching of the per-
meability via pH with a threshold near pH 7 (Fig. 13.6).

The pH induced structure change can be understood as follows: The multilayer
consists of the strong polyelectrolyte PSS and the weak polyelectrolyte PAH. Thus
at the conditions of preparation (pH�7.5) some side groups of PAH are charged
and others are not. Since only the charged side groups compensate the PSS nega-
tive charges the film interior contains additional uncharged side groups from
PAH. Now on reducing the pH some of these are protonated, the film interior be-
comes altogether charged, and Coulombic repulsion tends to destabilize the film.
This is partly compensated by counter ions penetrating the film, but this results
in an osmotic pressure with, qualitatively, the same destabilization.

The above discussion reveals that one expects structural changes of the film if
one component is a weak polyelectrolyte. The effect should be most pronounced
if the film is prepared at pH values near the apparent pK, but it should exist also
at other pH values since, for weak polyelectrolytes, the degree of dissociation typi-
cally depends only weakly on pH. Because the force is due to osmotic pressure
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from counter ions it should decrease with ionic strength. However, this depen-
dence is expected to be more complex since counter ions also screen the electro-
static interactions responsible for film stability. We also would not be able to pre-
dict whether a pH change causes pores to form, as in this example, if the forces
are too small to effect any change or too large leading to total destruction of the
film. Hence this opens a large area for research relating structure and permeabil-
ity. The discussion also suggests that the threshold of permeability could be
shifted by preparation conditions and dissociable side groups, hence yielding per-
spectives to tailor the threshold.

We also would not have predicted a reversible change. This is presumably not
the case concerning the total structure, but pores seem to close again, and anneal-
ing processes will be discussed in the next section.

13.2.2
Stability and Mechanical Properties

The polyelectrolyte film possesses a defined structure along the surface normal
with only nanometer precision and no order in the plane. The preparation from
sheet or blob-like polyelectrolytes is also not expected to yield an equilibrium
structure, therefore we foresee many features in analogy to polymeric glasses.
There, relaxation processes are known to occur over time scales from seconds to
centuries, and it is difficult to assess especially long times which may become re-
levant for applications. It has become useful to extrapolate long times from mea-
surements at high temperatures and quantitative relations for this extrapolation
are known as the time/temperature superposition principle. The parameters enter-
ing into the relevant equations have not been established for our systems, and
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Fig. 13.6 Schematic representation of open and closed state of the
capsules composed of 8 PSS/PAH layers assembled at neutral pH.
Labeled penetrant is dextran-FITC (Mw = 70000).



therefore we do not include mathematical details. Instead we will discuss first spe-
cial features observed at elevated temperatures and then conclude on stability be-
fore considering mechanical studies.

13.2.2.1 Temperature Dependent Structures
Fig. 13.7 shows capsules of PSS/PAH before and after heating to 70 �C [20]. Ob-
viously heating caused a shrinking of the surface area, in this case by 20%. In
scanning force microscopy measurements (with dried samples) we observe that
this is accompanied by a wall thickness increase by about 20%. Hence the three-
dimensional arrangement is temperature independent, the initially stratified poly-
electrolytes become more coiled. This increases the film thickness and hence re-
duces the area. The alternative might be that the film is no longer planar and con-
sists of blobs. These can also be observed at higher resolution with characteristic
lateral dimensions around 100 nm. However the blobs are connected, and we do
not encounter increased permeability.
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Fig. 13.7 CLSM images (a), (b), and SFM
(contact mode) topview images (c), (d) of 10-
layer (PSS/PAH)5 polyelectrolyte capsules pre-

pared on melamine formaldehyde resin latex
(� =8. �m) solution, (a), (c) before and (b),
(d) after annealing at 70 �C for 2 h.



In order to understand qualitatively that a change from 290 K to 340 K can al-
low for these structural rearrangements we can estimate the energy barrier that
has to be overcome for this change. For this we assume that to change the struc-
ture n electrostatic bonds with energy E (see Section 13.1.2) have to be broken. n
corresponds to a persistence length and we may thus estimate the lifetime � of
the bound state

� � �0 exp
nE
kT

� �
�4�

With reasonable values n = 14, �= 45, d = 2.5 Å Eq. (4) yields values in agreement
with experiment : � (290 K) = 2�106 s , � (340 K) = 4.3�103 s. However, one has to
keep in mind that due to the high value of the activation energy nE small
changes have a tremendous influence on �� similar to the effect of changing the
temperature by 20%. This estimate leads to the following conclusions:

� For low water content, i.e. dry films when �< 5 the multilayer is expected to be
stable.

� For high water content (5 < �< 80) stability is critical and depends also on persis-
tence length and charge–charge distance d. Hence one expects capsules of swel-
lable polymers to be less stable and also those where e.g. methyl groups shield
the tertiary amine group against electrostatic binding (PDADMAC see below) to
decompose more easily.

� In any case one expects a very steep temperature dependence of all properties,
which again can be tuned via molecular parameters.

Altogether this means that there are qualitative guide lines to control stability but
each system will require a dedicated treatment

Again, in analogy with classical systems, temperature treatment may have dif-
ferent consequences:

1. Mild treatment may help the annealing of defects and thus improve the struc-
ture

2. Going to higher temperatures may destroy the capsules completely.

The latter was observed for the system PSS/PAH above 100 �C and PSS/PDAMAC
above 40 �C. The former case was encountered for PSS/PAH on heating below
70 �C. Then a reduction in permeability was observed, as expected for a reduced
defect density. The latter is also expected if the capsules are stored over months,
and indeed one observes that aged capsules are less permeable. Consequently pro-
cess 1. is essentially an acceleration of processes that at room temperature take
months, but at higher temperature only hours.

13.2.2.2 Capsule Elasticity
One of the important features of the hollow capsules is that their elasticity can be
tuned from that of ultrathin flexible polymer films to polymer/inorganic compo-
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sites to totally inorganic sintered films and it can additionally be controlled via re-
actions within the wall. This potential, however, requires measurement of these
properties and the large variety will need different methods. Up to now only the
pipette and the osmotic pressure technique have been applied, and first results ob-
tained with these will be described.

With the osmotic pressure technique one uses the fact that the capsules are
generally impermeable to large molecules like polyelectrolytes [21]. Hence adding
polyelectrolytes to the outside medium causes a concentration gradient and thus
an osmotic pressure difference predominantly due to the associated counter ions.
Increasing the osmotic pressure leads initially to an affine compression and then
to a deformation (Fig. 13.8). This can be observed microscopically and the critical
pressure pc can be determined [21]. Over the short measurement times viscous ef-
fects can be neglected and one can model the capsule as a spherical shell with ra-
dius R and wall thickness �. With the elastic modulus � the critical pressure is
then given as

pc � 4�
�2

R2
�5�
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Fig. 13.8 The deformation of polyelectrolyte
capsules consisting of 10 layers of PSS/PAH
as a function of the PSS (Mw =70000) bulk

concentration. (a) control, (b) 2.5 wt.% PSS,
(c) 5 wt.% PSS, and (d) 10 wt.% PSS. Capsule
radius 2 �m.

(a)

(c)

(b)

(d)



� denotes here the shear elastic modulus. Eq. (5) was obtained assuming K	�,
where K is the compression modulus. Hence � is related to Young’s modulus by
E = 3�, with the Poisson ratio equal to ½.

The dependence on �2 and R–2 could be experimentally verified and one there-
fore obtains � from the measurement of pc. For PSS/PAH capsules containing
PAH with a molecular weight of 8–15 kDa one obtains values of ��500 MPa.
For PAH with Mw = 50–65 kDa � increases to 750 MPa. In both situations the Mw

of PSS was 70 kDa. The dependence on molecular weight is as expected qualita-
tively. These values are very similar to those of plastic bulk materials, where, for
example, polyvinyl chloride has an elasticity modulus of 560 MPa. One might ar-
gue against the simple model to analyze the measurements, since a continuum
model was used while the thickness of the polyelectrolyte multilayer is consider-
ably smaller than the contour length of a polyelectrolyte molecule. The wall is
also not uniformly thick and � may vary locally. However the functional depen-
dence of Eq. (5) has been verified, which is a strong argument for the applicabili-
ty of the simple continuum elastic theory approach.

Application of the above technique to PSS/PDADMAC capsules leads to consid-
erably lower values of � (�= 140 MPa). This is in agreement with qualitative obser-
vations and can be explained by the fact that the repeat distances of the charged
groups of PSS in a helical arrangement along the chain (drep = 0.62 nm) [22] and
PDADMAC (drep = 0.91 nm) [23] are different, in contrast to the situation with
PSS/PAH. In addition PDADMAC does not have a regular conformation, and
furthermore, the quarternary amino groups are shielded by methylene groups,
thus increasing the distance of closest mutual charge approach. This mismatch
must reduce cohesion between the oppositely charged polyelectrolyte pair PDAD-
MAC/PSS compared with PAH/PSS.

Attempts to measure the elastic properties of polyelectrolyte multilayer capsules
templated on melamine resin cores with the micropipette aspiration technique
failed. Upon touching the capsule with the pipette plastic deformations occurred,
which increased further upon releasing the capsule. The adhesion to the pipette
mouth was probably too strong. Furthermore, when the sucking pressure was in-
creased, instead of gradually sucking in the capsule a crumpling transition oc-
curred, which prevented any further interpretation. The volume of these capsules
is not defined. Hence, it seems to be difficult to prevent shape changes where the
local bending is small. The resistance toward bending is obviously not large. This
is understandable since the layer is very thin, and, consequently, E � �

S
	2ds which

describes the resistance toward elastic bending out of plane (small deformations)
is a rather small value, even if Young’s modulus is large. Here s is the cross sec-
tion and 	 the distance to the neutral plane. Interestingly, when, however, the
layer was a composite consisting of polyelectrolytes and a lipid bilayer the bend-
ing was completely inhibited in the range of pressures applicable with the aspira-
tion technique (p< 104 Pa). This result is not fully understood. It might have been
caused by the fact that the lipids were in the condensed state. It is also possible
that the limited water permeability contributed to the remarkably decreased bend-
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ing deformability, preventing volume changes from occurring. Only when rather
large pressures generated by osmotic pressure differences were applied did the
capsules respond with an irreversible shrinking.

When, however, capsules prepared by templating red blood cells were investi-
gated by the aspiration technique it was possible to successfully suck in the cap-
sules. An interesting behavior was observed: when the deformation was applied
for a longer time, of the order of minutes, it was irreversible, but applied forces of
the order of seconds demonstrated an elastic behavior. The polyelectrolyte network
is apparently much softer than the original multilayer, however, it has a shape
memory over a shorter period of time.

13.2.2.3
Plasticity, viscosity and rupture strength

Due to a lack of dedicated experiments we list below only some observations perti-
nent to this topic. By releasing polyelectrolytes from the inner wall or synthesiz-
ing them inside (see Section 13.2.3) one may establish an osmotic pressure gradi-
ent from inside to outside. This may cause an increase in capsule size or, at high
tensions, rupture. In Section 13.1.2 we have already argued that rupture occurs
for tensions exceeding 10 N m–1. For smaller tensions we observe reversible size
changes if the pressure is relaxed after some 100 s, for PSS/PAH, but for PSS/
PDADMAC most of the change is irreversible. Maintaining the pressure over
longer times we observe a size increase by up to a factor of 2 (area change factor
4!), and this is obviously due to plastic deformation.

13.2.3
Chemistry and Physics in Nanovolumes

Various applications of capsules may be derived from the fact that the inner vol-
ume is loaded via a chemical or a physical process. Combinatorial chemistry also
makes use of the fact that reactions can be followed in small volumes, hence
many processes can be run parallel. The interesting basic science in this field is
that the wall influence becomes dominant and that one deals with small num-
bers, limiting thermodynamics. E.g. a typical enzyme concentration of 10 nM
yields 6 molecules in a volume of 1 �m3. Hence the capsules should enable obser-
vation of the action of an individual catalyst while small molecules are exchanged
with the outside medium. These possibilities have not yet been made use of, but
we can cite quite a few interesting routes along this line. We first consider experi-
ments to create a specific chemical composition inside the capsule to enable pro-
cesses to occur exclusively there. Then we consider physical and chemical pro-
cesses.
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13.2.3.1 Chemical Gradients from Inside to Outside
Various strategies have been successful in achieving a chemical environment in-
side a capsule that is different from the environment outside:

1. A Donnan equilibrium was established making use of the fact that generally
the wall is impermeable to polyelectrolytes. Thus by adding a polyacid to the
outside the dissociated protons could penetrate the wall but if they dominate
the ionic content of the solution this would create a charge imbalance. Conse-
quently the proton concentration outside will be larger than inside (Fig. 13.9).
The resulting pH difference has been verified experimentally using pH sensi-
tive fluorescent probes in the capsules [24]. In this way pH differences of
about 1 unit, or if the polyelectrolyte is deposited inside even up to 4 units,
could be established. This is in agreement with theoretical calculations of the
Donnan equilibrium taking into account the finite volume and compressibility
of the container. Also in agreement with calculations the pH difference de-
creases with adding salt. This gives a handle to control the pH but it is also a
problem if one has to work at high salt content.

2. A particulate, a polymeric catalyst or an enzyme may be caged inside. This
can be achieved by either adsorbing it to the template before polyelectrolyte
coating or depositing with decomposable components in the inner layers [25].
This process, however, may often be critical if core decomposition requires
harsh conditions causing deterioration of the catalysts. Hence a milder way
that makes use of the fact that wall permeability for large molecules can be re-
versibly switched near neutral pH (see Section 13.2) may be used. This allows
incorporation after capsule formation. However, since typically the inner vol-
ume fraction of the solution is of the order of per cent the encapsulation effi-
ciency may be low. That it was observed to be nearly 1 may be ascribed to the
fact that there is a specific affinity between catalyst and material in the wall or
inside. A detailed control and understanding of this process is still pending.
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Fig. 13. 9 Schematic representation of the Donnan
equilibrium developing in the presence of bulk poly-
meric acid not capable of penetrating the wall of the
hollow polyelectrolyte capsule.

Electroneutrality (COH =CH)
yields pH=7



3. Preparing the inner wall such that the catalysts or solvents are enriched in-
side. Verified examples are excess charges at the inner wall where an initiator
or catalyst of opposite charge is enriched or preparing the inner (or outer) wall
with an amphiphilic polymer. Thus e.g. hydrophobic solvents can be en-
trapped inside. This leads essentially to stable emulsions where many selective
reactions have been established. One obviously imagines the inner wall to be
composed of a co-polymer with components of different hydrophilicity and yet
oil encapsulation was achieved even with PSS as the inner wall material. Ap-
parently even this polyelectrolyte is sufficiently amphiphilic.

13.2.3.2 Precipitation and Dissolution
Selective precipitation inside a capsule is an efficient method of loading. On the
other hand the capsule environment may be chosen so as to achieve a desired
shape, size and morphology. These possibilities have been demonstrated for or-
ganic precipitates using all four principal ways to establish chemical disequili-
brium:

� The negatively charged dye carboxyfluorescein (CF) precipitates at pH lower
than 3. Hence incorporation of a strong polyanion, like PSS, in the capsule inte-
rior establishes a Donnan equilibrium with lower pH inside and dye precipita-
tion will commence inside. Thus more monomeric CF will be sucked inside un-
til the capsule is filled with dye precipitates (Fig. 13.10).
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Fig. 13.10 Scanning electron microscopy image of CF preci-
pitates formed in the capsule loaded with PSS due to the
lower pH inside the capsule.



� Inserting a polymeric crystallization promoter inside also causes exclusive pre-
cipitation there.

� Forming the inner wall from the positively charged PAH the dye CF is enriched
there. Hence precipitation starts from there to the inside and hence the shape
of the inner volume is templated [26]. This way even the discoidic shapes of ery-
throcytes could be obtained as dye aggregates.

� Establishing polarity gradient by encapsulation of hydrophilic polymers. These
capsules being immersed in water/organic solvent mixture keep higher water
content inside the capsules than outside (Fig. 13.11). On evaporation of organic
solvent the molecules that are poorly soluble in water are collected in the cap-
sule interior due to the lower solubility there. Finally one has an aqueous sus-
pension of capsules containing precipitates of organic molecules [27].

We found that the precipitates formed inside capsules did not show any X-ray dif-
fraction signals unless later annealed. Hence they are either amorphous or consist
of nanocrystallites. This is a highly desirable feature for many drug applications
since it facilitates dissolution and hence release. However, the time dependence
and control of dissolution processes as well as their mechanisms have not yet
been studied.

In order to synthesize inorganic particles exclusively inside the capsule one
could again make use of the Donnan equilibrium establishing also a different po-
tential inside. The capsules loaded with polycation are at a more basic pH inside
than outside [28]. Thus Fe2O3 particles of very uniform ellipsoidal shape were
formed from iron chloride solution exclusively in the capsule interior (Fig. 13.12).
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Fig. 13.11 Diagram demonstrating the polarity variation
(acetone/water ratio) in the capsules filled with hydrophilic
polymer bearing fluorescent markers. Polarity outside the
capsules is given by the aceton/water mixture [27].
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13.1.3.3 Chemistry in Capsules
Chemical processes within capsules have previously been discussed in conjunc-
tion with core removal, and also reactions within the wall have already been con-
sidered. Thus below we will concentrate on processes making use of or being use-
ful for the micro- or nanocontainer.

An obvious advantage of the system is that in general large molecules do not
penetrate the wall but small molecules do. Hence enzymes can be entrapped and
protected against proteases and high molecular weight inhibitors. Small sub-
strates can penetrate to react inside and products can be released. These possibili-
ties have been established for model enzymes like chymotrypsin [29] and horse-
radish peroxidase. There the protection was quantitative but encapsulation was ac-
companied by activity losses. Future optimization for each individual enzyme and
application will be necessary. No use has yet been made of the fact that inside the
capsule one may prepare a suitable microenvironment, arrange neighborhood or
co-factors and co-enzymes and organize the capsules on e.g. sensor surfaces or via
magnetic/electric fields.
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Fig. 13.12 Transmission electron microscopy
images of iron oxide particles synthesized in-
side a polyelectrolyte capsule filled with PAH.
Since these capsules, are immersed in iron
chloride solution the iron oxide particles are
formed due to the higher pH in the capsule

interior. The insert shows a general view of a
capsule filled with iron oxide particles. De-
tailed view of these elongated particles taken
close to the capsule edge for better resolution
[28].



For optical or sensing applications it may also be attractive to prepare functional
polymers inside the capsule. They may also serve as nucleation sites for subse-
quent precipitation or as adsorption sites for various materials. This has been real-
ized with quite a number of polymers. With a water soluble initiator and a solu-
ble monomer, for example, monomeric styrene sulfonate, then synthesis will start
both in the bulk phase and in the capsule interior. The polymer produced outside
can very easily be removed afterwards and polymer filled capsules are obtained
[14]. This idea can also be transferred to the synthesis of nanoparticles. The prin-
ciple of synthesis in cages is quite promising. By controlling the diffusion of the
substrate through the wall one gets a new means of controlling the polymeriza-
tion reaction. Among the various applications we mention here only the case
where a dye/PSS co-polymer was fabricated inside. These capsules worked well as
pH-sensors based on the functionality of the particular dye. By bleaching the inte-
rior, individual capsules can be optically addressed. The situation when a weak
polyelectrolyte was included by synthesis is also quite interesting. By changing the
external ionic conditions reversible volume changes occurred. This should allow
manufacture of osmotic pumps with nanodimensions.

Being able to prepare functional polymers inside a capsule yields perspectives
for further reactions, e.g. photocrosslinking and photobleaching [30].

These examples point to future applications where small volumes are required,
the most popular at the time concern combinatorial chemistry and DNA/RNA re-
plication schemes. They are important, but one should not forget that especially
interesting basic science at the single molecule and nanovolume level has not yet
been addressed.

13.3
Summary and Outlook

In this contribution we have gone from a defined multilayer on a colloidal tem-
plate to a hollow capsule. The shell of the capsule can be varied in many different
ways depending on the desired properties. Of these the most important are per-
meability, stability and mechanical properties. Finally physics and chemistry in
nano- and micro-containers have been considered. The system was shown to be
extremely modular involving inorganic and organic molecules and particles, poly-
mers, proteins and biomolecules such as DNA. Consequently the research in-
volves many disciplines, and the applications are highly varied. Many aspects have
only been considered qualitatively since we only have a quantitative understand-
ing in some cases. Also most examples are from the work of our group since
there are not yet many others active in this emerging field. This chapter is also
meant to change this situation, since not only are the application perspectives
broad but also there is too much to be done to understand most of the basic as-
pects. If this chapter stimulates and motivates more groups to join this endeavour
then it has been worth writing!
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Abstract

Electrostatic layer-by-layer self-assembly (ELSA) to fabricate thin multilayers on a
solid planar surface is discussed. The fundamental parameters that govern multi-
layer formation and structure as well as adsorption kinetics are discussed in de-
tail. Most importantly, the ionic strength of the polyelectrolyte dipping solution
has a profound impact on the formation and structure of these layers. Clearly,
electrostatic interactions are identified as a primary driving force for multilayer
formation in the case of strong polyelectrolytes. These multilayers are very
smooth and homogeneous, as indicated by X-ray and neutron reflectometry. Gen-
erally, ELSA multilayers are not strictly stratified because adjacent polyelectrolyte
layers can interdigitate. Fluorescence measurements indicate that the interfacial
region is more permeable and more loosely packed than the inner part of the
multilayers. Implementing functional components based on metallosupramolecu-
lar coordination polyelectrolytes (MEPEs) or polyoxometalate clusters (POMs) gives
rise to materials with tailored properties, such as electrochromic windows. The
structure and function of these novel layers is presented in detail. The intrinsic prop-
erties of these functional devices offer novel opportunities to implement value-add-
ing functions in multilayers as well as to address fundamental questions concerning
the formation, structure, and microenvironmental effects in such multilayers.

14.1
Introduction

From nature we learn that self-organization through weak non-covalent interac-
tions represents an efficient and elegant way to combine, position, and orient mo-
lecular components in a well-defined supramolecular architecture. The progres-
sion of the structural hierarchy from the atom to the molecule, the supermole-
cule, and the supramolecular assembly is paralleled by an increase in diversity
and complexity. At each level of the hierarchy, characteristic functions emerge that
do not exist at lower levels. The final supramolecular entity evolves spontaneously
from suitably instructed components through a sequence of recognition, growth,
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and termination steps [1]. Discrete nano-sized supramolecular assemblies have
been prepared exploiting ligand–metal ion interactions [2], �-� interactions [3] or
hydrogen-bonding [4]. The applications of such systems are intriguingly diverse,
including information storage, signal transduction and amplification, as well as
host–guest recognition [5]. However, the realization of molecular based devices
faces two entirely different challenges: First, components possessing suitable
physical properties have to be identified and synthesized. Second, the active com-
ponents have to be combined and positioned in a pre-defined way into the archi-
tecture of the final device. The ability of supramolecular species to spontaneously
form from their components, bypassing microfabrication, and to accomplish intri-
cate functions provides opportunities that go far beyond current silicon-based
technology [6]. The ultimate goal is, therefore, to exploit the principles of molecu-
lar self-organization in device fabrication in order to overcome some of the prob-
lems associated with conventional technologies: i.e. parallel fabrication, (molecu-
lar) dimension control, component alignment, and thermodynamically driven
mechanisms for self-repair. In order to support, handle, manipulate, and operate
such devices, it will be necessary to collect and arrange the components in surface
structures, however, until now there have been no generic methodologies available
to achieve this goal [7].

A favorable possibility to fabricate ultrathin films is the so-called electrostatic
layer-by-layer self-assembly (ELSA) method, where polyanions and polycations are
alternately adsorbed onto a substrate [8]. This method is of great versatility, pro-
vides nm thickness control, can easily be adapted for automated fabrication, and
is applicable to any substrate shape. Typically, the thickness of ELSA films in-
creases linearly with the number of dipping cycles [9]. The thickness of a single
polyelectrolyte layer is of the order of several Angstroms and, therefore, the total
film thickness can be precisely controlled by the number of adsorbed layers. In
general, ELSA multilayers are not strictly stratified because adjacent polyelectro-
lyte layers partially interdigitate and are also less ordered than self-assembled
monolayers or Langmuir–Blodgett (LB) films [10, 11].

Two kinds of driving forces for multilayer formation are discussed in the litera-
ture: electrostatic interactions [12] and hydrogen bonds [13]. Other interactions
like hydrophobic ones can also play a role. This review focuses on multilayers
which form primarily through electrostatic interactions. The electrostatic interac-
tions can be tailored by modifying the degree of polymer charge, which is
achieved by changing the pH of the dipping solution in the case of weak polyelec-
trolytes or by using copolymers containing different ratios of ionic groups. More-
over, an increase in salt concentration of the dipping solution screens the electro-
static interactions. At high salt concentration or at low polymer charge density,
the electrostatic repulsion between different polyelectrolyte segments is reduced,
thereby favoring adsorption. On the other hand, the electrostatic attraction be-
tween the polyelectrolyte and the oppositely charged surface is reduced, which
counteracts polyelectrolyte adsorption. This balance between the polyelectrolyte
segment–segment and the polyelectrolyte segment–surface interactions governs
layer growth and thickness.
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During the adsorption process, complexation of polyanions and polycations oc-
curs, which is associated with an exchange of counter ions. The formation of com-
plexes may also lead to interdigitation between adjacent polyelectrolyte layers.
Nevertheless it is possible to establish a property gradient perpendicular to the in-
terface within the multilayer. Gradients are required for sequential reactions,
which need a separation of reaction space, like the conversion of biomolecules
[14] by enzymes, or vectorial transport processes, including charge separation. The
permeability properties are also important with respect to the selectivity of ions or
molecules. ELSA multilayers have been employed as selective membranes for the
separation of gases [15] and dissolved compounds [16]. Depending on the chemi-
cal nature of the polyelectrolytes, coatings with diverse functions can be prepared,
including thermosensitive materials [17]. Therefore, understanding and develop-
ing methods to control the structure and the properties of ELSA multilayers is a
major concern.

The first part of this chapter deals with basic questions concerning multilayer
formation and the structure of simple synthetic polyelectrolytes at planar inter-
faces. In the second part, composite systems based on metallosupramolecular de-
vices are presented, which may lead to novel functional materials.

14.2
Formation and Structure of Multilayers

14.2.1
Adsorption Kinetics of Polyelectrolytes

The adsorption kinetics at solid interfaces has been investigated by several meth-
ods, including optical and scattering techniques, and they all show that the ad-
sorption process is complete within 20–30 min. In situ investigations are possible
with surface plasmon resonance spectroscopy (SPR). Under attenuated total reflec-
tion (ATR) conditions, the adsorption of the polyelectrolyte at the surface can be
detected with high sensitivity and time resolution by monitoring the shift of the
plasmon absorption. The thickness and the refractive index of the layer can be cal-
culated from standard electrodynamic theory [18]. Other related methods for in
situ measurements include optical ellipsometry [12] and reflectometry [19]. An al-
ternative method to study adsorption kinetics with high time resolution and great
precision is the quartz crystal microbalance (QCM) [20] where a decrease in crys-
tal resonance frequency is detected during adsorption. Plech and coworkers inves-
tigated the adsorption process of sodium poly(styrene sulfonate) (PSS) onto
poly(ethylenimine) (PEI) by X-ray reflectivity in an energy dispersive mode with a
time resolution lower than 1 min [21].

The influence of polyelectrolyte concentration on the adsorption time and the
amount adsorbed can be studied by total internal reflection fluorescence (TIRF).
In a TIRF apparatus a laser beam is coupled into the glass substrate, which serves
also as the top of a flow cell. For the adsorption experiments, the substrate is first
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coated with polyelectrolytes, then an aqueous solution of an oppositely charged
dye-labeled polyelectrolyte is flushed into the cell. The evanescent field, induced
by the totally reflected laser beam, excites the dye near the substrate surface, and
the fluorescence intensity is measured by an optical multichannel spectrometer.

The adsorption process of small molecules is governed by their transport to the
surface and by their adsorption kinetics. In contrast to small molecules, polymers
are able to change their conformation during adsorption with an associated rear-
rangement of the polymer chains at the surface. The adsorbed chain can be di-
vided into three parts depending on their contact with the surface: Those parts of
a polymer chain, which are adsorbed with all segments at the surface are called
trains. A loop connects two trains and its segments are not adsorbed at the inter-
face. The tails are the free ends of a polymer chain, directed towards the solution.

The concentration of additional salt in the polyelectrolyte dipping solution has a
profound influence on the adsorbed amount and the adsorption kinetics. Fig. 14.1
shows the adsorbed amount of fluorescein-labeled poly(allyl amine hydrochloride)
(FITC-PAH) as a function of the incubation time at different ionic strengths. At
any fixed adsorption time, the adsorbed amount increases with increasing ionic
strength, which is rationalized in terms of chain conformation: In solutions of
low ionic strength the charges along the polyelectrolyte chain repel each other
and the polyelectrolytes are stretched (large radius of gyration). After adsorption
the chains form trains or long tails. With increasing ionic strength the charges
along the polyelectrolyte are screened (intrachain screening) and the polyelectro-
lytes become more flexible and coiled (decrease in persistence length and in ra-
dius of gyration). Adsorption of the randomly coiled chains leads to an increased
number of loops and, therefore, thicker layers. In addition, salt reduces the inter-
chain repulsion (interchain screening), which also favors adsorption. Another in-
teresting feature becomes obvious within the first few minutes of adsorption.
While at low salt concentrations the fluorescence intensity increases with time in
a monotonic way, at high ionic strength and high polyelectrolyte concentration an
overshoot that is adsorption followed by partial desorption of adsorbed material is
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Fig. 14.1 Change in TIR-fluores-
cence intensity during adsorption
process as a function of the ionic
strength. The point t= 0 corre-
sponds to the time when FITC-
PAH (10–2 monomol L–1) solution
is flushed into the cell.



observed. This leads to the conclusion that some polyelectrolytes bind more
strongly than others. A polyelectrolyte with many surface interactions can form
additional interactions with the surface at the expense of chains with fewer ad-
sorption interactions. This is due to entropic reasons: For a polyelectrolyte with
many surface interactions, the formation of additional adsorption interactions re-
sults in a smaller loss of translational entropy compared to chains attached with
fewer binding sites. The replacement of chains with few interactions sites during
layer formation results in an apparent loss of material from the surface. On the
other hand, the adsorption energy of a polymer segment is independent of the
polymer chain length and, therefore, independent of the number of segments,
which are already adsorbed. The fact that the overshoot does not occur at low
polyelectrolyte concentration is trivial with respect to the explanation given above.
At low ionic strength the stiffness of the chain can counteract the conformational
rearrangement of the polyelectrolyte. Likewise, a decrease in the polyelectrolyte
concentration of the dipping solution reduces the adsorbed amount and increases
the time scale of the adsorption process, while increasing the polyelectrolyte con-
centration enhances adsorption. This is due to the fact that a change in the poly-
electrolyte concentration also affects the ionic strength of the solution and, there-
fore, the polyelectrolyte conformation.

14.2.2
Multilayer Formation

ELSA multilayers are prepared by successive adsorption of polycations and poly-
anions from aqueous solutions and intermittent washing steps. After the sub-
strate (e.g. glass, silicon) is cleaned, it is typically dipped in the polyelectrolyte dip-
ping solution for 20 min. It is then rinsed with water followed by a dip in the so-
lution of the oppositely charged polyelectrolyte. After rinsing with water the pro-
cess is repeated. One polycation/polyanion layer is called a double layer. The films
are either dried after certain adsorption steps or only at the end of the preparation
in a gas stream. This can be important since the drying process is assumed to
change the conformation and the interdigitation of the polyelectrolyte chains.

In many cases, the first few double layers, which are directly adsorbed onto the
substrate, are somewhat thinner than the following layers. This has been con-
firmed by UV–vis spectroscopy [9], quartz crystal microbalance [20] measure-
ments, X-ray reflectometry [22], surface force microscopy (SFM) [23] and ellipso-
metry. The thickness increment (adsorbed amount) per double layer increases and
stabilizes to a final constant value after approximately three double layers. This
formation behavior can be explained by a change in surface roughness, which is
calculated from SFM measurements [23]. The roughness increases for the first
few layers and becomes constant after a certain number of layers are deposited.
In comparison to a smooth surface a rougher one has a larger surface area i.e.
more charges, which in turn require a larger amount of oppositely charged poly-
electrolytes for charge compensation.
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14.2.3
�-potential

The constant increment in film thickness gives a hint for the reproducibility of
the surface properties after each double layer deposition. In the case of electrostat-
ically driven multilayer formation, not only the roughness, but also the surface po-
tential remains the same after a complete polyanion/polycation deposition cycle.
Typically, the surface potential is not accessible, but the �-potential is, which also
takes into account the adsorbed counter ions [24]. In general, the �-potential
changes sign after deposition of a polyelectrolyte layer, indicating a reversal of sur-
face charge [25]. For example, after adsorption of PSS on positively charged mela-
mine formaldehyde particles, the surface potential amounts to (–40 ± 10) mV and
after adsorption of PAH it is (+30 ± 10) mV [26]. The same experiments on nega-
tively charged polystyrene latex particles result in a surface potential of about +50
mV after PAH and –40 mV after PSS deposition, respectively [27]. Streaming po-
tential measurements on PAH and PSS solutions through a silica capillary result
in a �-potential of +20 mV and –20 mV, respectively [28]. Similarly, force measure-
ments in a surface force apparatus (SFA) between two PAH/PSS covered mica
surfaces result in a potential of 50 mV [29]. However, the sign of the potential can-
not be determined by this method.

In TIRF experiments the electrostatic properties are measured via the proton
distribution within the film [30]. A pH sensitive fluorescent dye (fluorescein) is
positioned at different defined distances from the surface in the multilayer by ad-
sorbing a different number of layers on top of the dye-containing layer (FITC-
PAH). Titration of the dye shows that the pKa value depends on the position of
the dye inside the film.

The presented methods measure the potential at different positions within the
interfacial region of the multilayer, which should be taken into account if poten-
tial values determined by different techniques are compared. In SFA measure-
ments, the surface potential is determined at a distance from the film surface
where a transition from purely electrostatic to steric/entropic interactions occurs.
Here, the forces are dominated by tails. Also, in the electrokinetic experiments,
the shear forces act predominantly in the tail region, i.e. the outer part of the sur-
face. TIRF provides information about the inner part of the multilayer where the
polymer density is higher and the structure is determined by loops [31].

14.2.4
Effect of Polymer Charge

The polymer charge density is the predominant quantity, which determines
whether multilayer formation can take place or not. Fig. 14.2 shows the film thick-
ness as a function of the number of double layers as a function of polymer
charge density. The polyanion is PSS and the polycation is a copolymer consisting
of cationic DADMAC [32] and neutral NMVA [33] monomers, respectively. When
the ratio of charged to neutral groups in the polycation exceeds 68%, a multilayer
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of PSS and P(DADMAC-stat-NMVA) can be formed. By increasing the charge
density from 75% to 100% (fully charged chain) the film thickness decreases
slightly. This is due to a difference in chain conformation: At a charge ratio of
75% the chains can adsorb in a coiled conformation (reduces intrachain repul-
sion) whereas the fully charged chain (100%) is more stretched (full intrachain re-
pulsion). The change in conformation is reflected by a decreased surface rough-
ness from 40 Å (75%) to 15 Å (100%), determined by X-ray reflectivity data using
a box model with Gaussian roughness. The larger roughness is due to loops at
the surface whereas chains with flat segments lead to a smoother surface. This in-
crease in roughness is also confirmed by SFM images. At a charge ratio below
68% the adsorption stops after the second double layer. In the case of neutral
PNMVA no layer formation is observed, demonstrating the importance of electro-
static interactions. It can be concluded that electrostatically driven multilayer for-
mation requires a minimum charge density of both the surface and the polyelec-
trolyte [34].

A sharp maximum in film thickness at intermediate charge density, as found
for multilayers of weak polyelectrolytes, is not observed in the present case [35–
37]. This can be explained by the fact that, in the case of weak polyelectrolytes,
the polyanion is charged at high pH and uncharged at low pH, and vice versa for
the polycation [38]. Therefore, an intermediate pH, where both polycation and
polyanion are partially charged, is favorable for the formation of multilayers with
weak polyelectrolytes.

If charge overcompensation after each adsorption step is insufficient for the for-
mation of the multilayer, salt has little influence on the film thickness [34]. Above
the charge reversal threshold the thickness can be fine-tuned by the salt concen-
tration of the dipping solution. This leads to the conclusion that surface/polyelec-
trolyte interactions play the most important role for polyelectrolyte deposition. In-
teractions between the polymer segments (influenced by ionic strength and also
by charge density) affect only the thickness but do not determine whether adsorp-
tion takes place or not.
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Fig. 14.2 Thickness of PSS/
P(DADMAC-stat-NMVA) films as
a function of the number of de-
posited double layers at different
charge densities of the polyca-
tion. The aqueous polyelectrolyte
dipping solutions contain 10–

2 monomol L–1 and 0.1 mol L–1

NaCl. The experimental error is
within the size of the symbols.



14.2.5
Influence of Ionic Strength

It has already been mentioned that the adsorbed amount increases with increas-
ing salt concentration in the polyelectrolyte dipping solution. Due to charge
screening at high ionic strength, there are fewer binding sites per chain and,
therefore, more polyelectrolytes can adsorb at the surface. The increased polyelec-
trolyte coiling is reflected in the interfacial roughness. SFM images show a more
irregular interfacial structure with deeper ridges at higher ionic strength, imply-
ing that more loops are present at the surface [23].

The dependence of the film thickness on the ionic strength is discussed contro-
versially in the literature. While some data suggest that the film thickness is lin-
early dependent on the ionic strength, others show that the former is proportional
to the square root of the latter. For the system PSS/PAH at the air/solid interface,
it is shown by UV–vis spectroscopy, TIRF, X-ray and neutron reflectometry that,
at low salt concentration (below 0.5 mol L–1), the thickness increases with the ion-
ic strength as I0.5. The same dependence is found for solvent-swollen PSS/PAH
multilayers at the solid/liquid interface by neutron reflectometry [39] (Fig. 14.3)
and also for PAH/PSS multilayers at the air/liquid interface by ellipsometry [40].
The fact that both, wet and dried film show a I0.5 dependence of the thickness on
the ionic strength leads to the conclusion that the water content in the film
should also increase with I0.5. Consequently, the number of water molecules per
polyelectrolyte should be independent of the ionic strength. This assumption was
confirmed by neutron reflectivity measurements against D2O, which resulted in a
constant density of the films, independent of the salt concentration. In a concen-
tration range between 0.5 and 3 M NaCl, Lösche and co-workers showed by neu-
tron reflectivity that the thickness of a non-deuterated PSS/PAH multilayer at the
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Fig. 14.3 Thickness of PSS/PAH double layer
versus the square root of the total counter
ion concentration. The straight line is a guide
for the eye to reveal the deviation from a lin-

ear relationship at higher counter ion concen-
trations. The experimental error is within the
size of the symbols.



solid/air interface (100% relative humidity) varied linearly with the ionic strength
of the dipping solutions [41].

The molecular architecture of the polyelectrolyte also has to be considered as
the following example illustrates. In the case of commercially available branched
PDADMAC a linear dependence of film thickness on the ionic strength is found
for PSS/PDADMAC multilayers [23, 42]. In contrast, custom made linear PDAD-
MAC shows an I0.5 dependence of the thickness of the PSS/PDDAMAC multi-
layers on the ionic strength, as indicated by X-ray reflectivity [34] and ellipsometry.
Apparently, branching has a profound effect on the conformation and the struc-
ture of the polyelectrolyte in solution, therefore also affecting multilayer forma-
tion.

A common feature encountered in all these studies is an increase in the film
thickness with increasing salt concentration of the dipping solutions. This effect
even continues above an ionic strength of 1 mol L–1 (see Fig. 14.3). The Debye
length at this ionic strength is about 3 Å, which is less than the diameter of the
hydrated ions. Under this condition, the surface potential and the charge of the
polyelectrolyte chain should be completely screened. Hence, a decrease, or at least
a plateau, in the adsorbed amount would be expected at this ionic strength. How-
ever, experimentally the adsorbed amount is found to increase up to an ionic
strength of 3 mol L–1 [43]. A possible explanation could be that a mean field ap-
proximation like the Gouy–Chapman model does not adequately describe the mul-
tilayer formation under these conditions. Local charge fluctuations may also have
to be taken into account. These fluctuations could lead to a temporary attraction
between the polyelectrolytes and the surface, which could be sufficient for irrever-
sible adsorption. Finally, it should be noted that both ionic strength and polymer
charge density have only little effect on the polymer density in the multilayer [44].

14.2.6
Permeability of Polyelectrolyte Multilayer

The permeability of polyelectrolyte multilayers has been measured for different com-
pounds using TIRF [45]. A fluorescent dye is embedded into the film at a certain
distance from the surface. For this purpose, FITC-PAH is adsorbed onto a PSS-
coated glass substrate and a different number of PSS/PAH layers is deposited onto
this sensing layer. The fluorescein fluorescence is quenched by penetrating probe
molecules, such as Rhodamine or 2,2,6,6-tetramethyl-4-piperidinol 1-oxide (TEM-
POL). While Rhodamine is much smaller than TEMPOL, both molecules also show
different quenching mechanisms. In the case of Rhodamine, energy transfer occurs
from fluorescein to Rhodamine via dipole–dipole interaction with an interaction ra-
dius of about 60 Å (Förster energy transfer). The spin label TEMPOL enhances the
spin–orbit coupling in fluorescein with an interaction radius of about 6 Å (paramag-
netic quenching). Fig. 14.4 shows the fluorescence of fluorescein as a function of the
incubation time of the Rhodamine solution for different distances of FITC-PAH
from the film/liquid interface. Obviously, the fluorescence decreases faster if the
FITC is closer to the film/liquid interface. If the distance of FTIC to the interface
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is smaller than 80 Å, quenching is due to Rhodamine either adsorbed at the film
surface or in solution with a distance from the surface smaller than the Förster ra-
dius. A quantitative analysis shows that the diffusion coefficient within the multi-
layer amounts to 10–14 cm2 s–1. In contrast, in the interfacial region of the multi-
layer (distance to the film/liquid interface �100 Å) the diffusion coefficient is found
to be higher by a factor of 50 compared to the inner part of the multilayer. Hence, the
Rhodamine permeability in the interfacial region is higher than within the multi-
layer. Apparently, the outer layers are more loosely packed. It is interesting to note
that the diffusion coefficient of multilayers, which are prepared without additional
salt, is higher by a factor of two than that of multilayers prepared with a NaCl con-
centration of 1 mol L–1. In this case, the number of deposited layers has been chosen
in such a way that the distance between the dye and the surface is the same at both
ionic strengths. The difference in the permeability is explained by the size distribu-
tion of defects in the multilayers, from a few large defects at low ionic strength to
many small ones at high ionic strength.

The transport velocity of Rhodamine molecules can be reduced by the deposi-
tion of amphiphilic dioctadedyl dimethyl ammonium bromide (DODAB) layers
within the multilayer because hydrophobic areas present a barrier for the hydro-
philic Rhodamine molecules. This lowers the diffusion coefficient by a factor of
two. In all cases, the diffusion coefficient of the first 100 Å is between 1 and 2 or-
ders of magnitude higher than that of the inner part of the multilayer.

The permeability of TEMPOL is much higher due to its smaller size. The diffu-
sion is estimated to be two orders of magnitude higher than that of Rhodamine.
Obviously, the large difference in the permeability cannot be explained solely on
the basis of molecular size. It is assumed that Rhodamine transport requires slow
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Fig. 14.4 Change in TIR-fluorescence inten-
sity of FITC, deposited at different distances
away from the film/liquid interface, as a func-
tion of the incubation time in an aqueous
Rhodamine solution. The fluorescence inten-

sity is normalized with respect to FITC fluo-
rescence before flushing in the Rhodamine
solution (I0). The multilayer is prepared at a
NaCl concentration of 1 mol L–1.



conformational changes of the polyelectrolyte chains while TEMPOL may diffuse
directly through the (water filled) defects and cavities formed by the interdigitated
polyelectrolyte chains.

14.2.7
Internal Structure

X-ray reflectivity measurements on multilayers on solid surfaces as a function of
the number of dipping cycles provide direct evidence for the sequential nature of
the layer-by-layer deposition process. Typically, the polyelectrolyte adsorbs as indi-
vidual layers at a time. However, the internal structure of the systems remains in-
accessible by X-ray reflectometry due to the lack of contrast between adjacent
layers. The question concerning the internal film structure was addressed for the
first time in 1993 by Schmitt et al. [10], who investigated multilayers of proto-
nated and deuterated polymers, H-PSS, D-PSS and PAH, in a combined X-ray
and neutron reflectivity study. While there is no indication of Bragg peaks in the
X-ray reflectivity of a 48 layer sample where every sixth layer is deuterated, the cor-
responding neutron reflectivity curve shows two pronounced Bragg peaks. This is
due to the superlattice introduced in the film by the selective isotopic labeling.
Korneev showed that the maximum repetition rate of labeled layers to observe
Bragg peaks is one out of four [46]. At a higher repetition rate (e.g. 1/2) no Bragg
peak could be observed due to the lack of contrast. This leads to the conclusion
that adjacent polyelectrolyte layers interdigitate, that is these multilayers are not
strictly stratified. Moreover, interpenetration also depends on the polyelectrolytes
used [47]. For simple flexible polyelectrolytes that can form 1:1 complexes, like
PAH and PSS, the roughness of the internal interfaces can be of the order of the
thickness of a single layer [48, 49]. More rigid building blocks like lipid bilayers
[50], inorganic platelets [51] or polymers with a stabilized conformation [11] can
have a smaller interfacial roughness due to decreased overlap of adjacent layers.
The improved stratification in these multilayers is discernible by the appearance
of several Bragg peaks in reflectometry [52, 53]. A possible explanation of the pro-
nounced interdigitation could be the formation of complexes between polyanions
and polycations. Farhat et al. [54] showed by FTIR spectroscopy that complexes in
multilayers are similar to those in aqueous polyanion/polycation solutions. The
exchange of counter ions during complexation explains the low counter ion con-
centration typically found in ELSA multilayers [30, 54, 55].

Most of the structural investigations have been performed on ‘dry’ films at the
solid/air interface because many methods can be applied under these conditions
such as X-ray and neutron reflectivity, SFM, UV–vis and FTIR-spectroscopy as
well as ellipsometry. In situ studies on adsorption kinetics and transport proper-
ties are usually carried out at the solid/liquid interface. Since it is assumed that the
multilayer structure is different under ambient conditions and in an aqueous en-
vironment, investigations of the internal structure at the solid/liquid interface are
very important.
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In neutron reflectivity measurements at the solid/liquid interface a silicon sin-
gle crystal is used as a solid substrate, which is also part of a flow cell. Silicon is
transparent for neutrons, and, therefore, the sample can be irradiated from the
back [56]. The neutron reflectivity data is analyzed by applying classical electrody-
namic theory [57–59]. Neutron reflectivity studies of protonated polyelectrolytes
against D2O usually show Kiessig fringes [60] due to coherent interference of the
beams from the film/D2O and film/substrate interface. The occurrence of Kiessig
fringes indicates that the films are very smooth and homogeneous. Typically, no
Bragg peaks are observed because the difference in scattering length density be-
tween individual layers is too low and because of interdigitation of adjacent layers.
Steitz et al. found that the corresponding density profile retrieved from the reflec-
tivity data shows a decrease in polymer density towards the film/D2O interface
[39]. This result is in agreement with the permeability experiments discussed
above.

After drying, the film thickness is reduced by 30% and the reflectivity curves
can be fitted with a homogeneous density. This means that the outer layers (to-
wards air) lose more water than the inner layers in the drying process. After re-
swelling in water the scattering curve is the same as before drying, suggesting
fully reversible swelling [43]. Apparently, uptake and loss of water does not affect
the binding sites within the multilayer. These experiments reveal that the average
water content inside fully hydrated films (100% relative humidity) is larger than
40% by volume with twice as much water associated with PSS than with PAH
[41]. This corresponds to 8 water molecules associated with one ion pair in a poly-
anion/polycation complex. Farhat et al. [61] found a similar hydration number of
6 water molecules for the system PSS/PDADMAC by infrared spectroscopy.

While the effect of ionic strength of the dipping solution on the film structure
is well documented, the ionic strength of the swelling solution has no influence
on the multilayer structure. Fig. 14.5 shows X-ray reflectivity results for a multi-
layer prepared without additional salt. First, the film was measured against D2O
and subsequently against a solution of 0.5 mol L–1 NaCl in D2O. The identical re-
flectivity curves shown in Fig. 14.5 demonstrate that the film structure is not af-
fected. This is due to the irreversible formation of complexes between the poly-
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Fig. 14.5 Neutron reflectivity curves of
PEI(PSS/PAH)6 prepared without additional
salt, measured against D2O and (D2O + 0.5 M
NaCl).



electrolytes upon adsorption. The replacement of a polyelectrolyte charge by a salt
ion of equal charge and, in consequence, desorption of the polyelectrolyte chain
from the surface is entropically unfavorable. Therefore, the film structure is deter-
mined by the adsorption conditions and cannot be changed afterwards.

14.3
Metallosupramolecular Devices in Thin Layered Films

14.3.1
Introduction

Metal ion induced self-assembly involves the generation of well-defined discrete
[62] and extended [63] metallosupramolecular architectures, either in solution or
in the solid state [64]. Metal ions have properties of special interest as functional
components in supramolecular devices and materials [65]. They provide a set of
variable coordination geometries, a range of different binding strengths, and li-
gand exchange kinetics that allow reversible assembly–disassembly of supramole-
cular architectures, including switchable interaction sites, e.g. electrochemical in-
terconversion between redox states leading to different coordination geometries.

Metallosupramolecular assemblies based on organic ligands and metal ions of-
fer a wide range of properties (Fig. 14.6). Through the judicious choice of metal
ions and ligands it is, in principle, possible to tailor their thermodynamic, kinetic,
and functional properties. Strong optical absorption, high quantum yields, suit-
able excited state life times, and luminescence make metallosupramolecular struc-
tures promising components for photonic devices. The optical absorption bands
are often associated with large optical non-linearities [66]. Through the coordina-
tion geometry of the central metal ion, it is possible to introduce chirality into the
final metallosupramolecular architecture, that in turn may be utilized in molecu-
lar recognition or to generate materials with non-centrosymmetric space groups.
Photo-induced charge separation in polynuclear coordination compounds has
been studied extensively with ligands such as bipyridines and second or third row
transition metal ions such as Ru(II) and Os(II) because they possess suitable ex-
cited-state and redox properties [67]. While photo-induced charge separation has
been studied in terms of artificial photosynthesis, such systems are also interest-
ing for information processing devices. But also first row transition metal ions,
especially Fe(II), show exciting possibilities due to spin-transitions [68]. The im-
portance of transition metal complexes for constructing molecular based, photo-
reactive devices and materials becomes apparent in effects like light-induced ex-
cited spin-state trapping (LIESST) [69], reverse LIESST [70] and low spin (LS)
LIESST [71] effects, metal-to-ligand charge transfer in nitroprusside [72], metal-to-
metal charge transfer as in Prussian Blue analogues [73], valence tautomerism
[74], as well as ligand driven light-induced spin-state change (LD-LISC) [75].

Polyoxometalates (POMs) represent another interesting class of metallosupra-
molecular structures with a wide range of applications in fundamental and ap-
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plied science such as catalysis, [76] electrochemistry, [77] electrooptics, [78] medi-
cine, [79] corrosion protection, dyes/pigments, dopants, bleaching of pulp, and
analytical chemistry. [80]. In contrast to many semiconductor nanoparticles and
quantum dots, POMs are discrete, molecularly defined monodisperse transition
metal-oxide clusters with a broad range of structures and properties that form
through sequential self-assembly processes of metal–oxygen building blocks
(Fig. 14.7). An attractive feature of POM clusters is the size-dependence of their
physicochemical properties, such as the ability of the metal–oxygen framework to
accommodate excess electrons [81]. This reduction is reversible and occurs with
marginal structural rearrangement. The electron storage capacity increases with
cluster size: Thus, small �-Keggin-type POMs, [XM12O40]n– (X = Al3+, Si4+, P5+,
M= Mo6+ or W6+) display reversible one- or two-electron reduction steps, while
larger ones (e.g. Preyssler-type POMs [XW30O110]n–, where X= Na+, Eu3+) support
multi-electron reduction. The reduced POMs frequently display a deep blue color.
The ability to accept electrons under alteration of the light-absorbing properties is
perhaps the most promising effect for the construction of functional devices and
materials. The extinction coefficient of the colored POM state is comparable to
that of organic dyes, however, the photochemical stability of POMs is far superior
to that of organic molecules. Photochromic properties arise in the presence of cer-

14 Multilayers on Solid Planar Substrates: From Structure to Function406

Fig. 14.6 Representative examples of func-
tional metallosupramolecular assemblies.
(a) Supramolecular MII

4–[2�2] grid (M= CoII,
FeII; R= Ph or Me) displaying reversible ther-
mal- or light-induced spin cross-over. [120].

(b) [MnIV
4 MnIII

8 O12(RCOO)16(H2O)4] (R = Ph or
Me), a single molecule magnet [121]. (c) Dou-
bly threaded (hermaphrodite-type) dinuclear
CuI assembly as part of a unimolecular syn-
thetic “muscle” [122].



tain counter ions, such as alkylammonium, anilinium and pyridinium, that can
undergo photoinduced proton transfer to the POM framework. The reduction of
the POM cluster results in accumulation of negative charge, which increases the
basicity of the POM anion. The reduction process may be accompanied by proto-
nation steps and, therefore, the redox properties of POMs are markedly pH sensi-
tive. Their valuable physicochemical properties suggest using POMs as functional
components in advanced materials [82]. With the recent discovery of self-assem-
bling, discrete and nano-sized polyoxomolybdates (giant wheels, Keplerates) [83] nov-
el inorganic components are now available that open access to constructing nano-
reactors for transformation (catalysis) and molecular recognition (sensing)
(Fig. 14.7).

In summary, metallosupramolecular assemblies offer intriguing prospects for
the construction of technological devices. While through crystal engineering, ex-
tended 2- and 3-dimensional solid-state arrays may be constructed using either in-
teraction of metal ions with multitopic ligands [84] or by using other weak inter-
molecular forces to organize metallo-units [85] the exploitation and the encoding
of value-adding properties of metallo-units as functional components of advanced
materials remains elusive, mainly due to the fact that these materials are obtained
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Fig. 14.7 The emergence of structural hierar-
chy in polyoxometalate clusters. Left: Funda-
mental building units. Right: Selected exam-
ples of giant POMs emerging from self-as-

sembly: {Mo11}16 = [Mo176O528H16(H2O)80]16–;
{Mo11}12 = [Mo132O372(CH3COO)30(H2O)72]42–,
an inorganic superfullerene (Keplerate)
(Adapted from [83a] with kind permission).



as crystalline solids that are hard to process. Due to the high lattice energies asso-
ciated with crystallization, the occurrence of distinct supramolecular architectures,
such as liquid crystalline phases, is rarely observed [86]. The encoding of new
properties and the exploitation of a material‘s potential will depend on developing
methods to combine, position, and orient the components in the final device ar-
chitecture. For these reasons, we have explored layer-by-layer self-assembly as a
means to implement functional metallo-units into thin layered films.

14.3.2
Metallosupramolecular Coordination Polyelectrolytes

Currently, polypyridine ligands attract considerable attention as synthons in metal-
losupramolecular chemistry because of their interesting photo- and electrochemi-
cal properties [87]. Bipyridine ligands in combination with second and third row
transition metal ions, in particular Ru(II) and Os(II), have favorable excited-state
redox properties and first row transition metal ions, such as Fe(II), show interest-
ing spin-transitions. However, in terms of structure, bipyridine is not an ideal syn-
thon because bidentate ligands give rise to isomers in an octahedral coordination
geometry [88]. The tridendate terpyridine ligand is much more convenient in this
regard because metal ion coordination leads to stereochemically defined octahe-
dral complexes. Also, substitution in the 4�-position does not cause isomerism and
offers a possibility to align the substituents in a pre-defined direction.

Based on the structural advantage of the terpyridine group, we have investi-
gated polynuclear metallosupramolecular assemblies utilizing the ditopic ligand
1,4-bis(2,2� : 6�,2��-terpyridine-4�-yl)benzene and related ligands (Fig. 14.8). The de-
sign of the ligand with back-to-back metal ion receptors and the high directional-
ity of the terpyridine metal ion interaction lead to linear, rod-like polynuclear
structures. We refer to these assemblies as metallosupramolecular coordination
polyelectrolytes (MEPE) because of the overall positive charge.

The high positive charge of MEPE opens a route to assemble these units on in-
terfaces through electrostatic interactions using the ELSA deposition protocol
(Fig. 14.9) [89]. First, the substrate is covered by a layer of PEI followed by a layer
of PSS to render the interface negatively charged. Film formation is carried out by
alternate immersion of the substrate in solutions containing MEPE and an oppo-
sitely charged polyelectrolyte such as PSS and intermittent washing steps.

The strong and characteristic absorbance of MEPE provides a means to follow
ELSA deposition by UV–vis absorption spectroscopy. The occurrence of character-
istic MLCT bands demonstrates that metal ion coordination is not affected by
multilayer assembly. X-ray photoelectron spectroscopy confirms that the expected
elements are present. Qualitative analysis reveals a metal to nitrogen atomic ratio
of 1 : 6, as expected for octahedral complexes. In all cases that we have investi-
gated so far, we observe linear growth of film thickness as a function of deposi-
tion cycles. This indicates that in every deposition step an equal amount of mate-
rial is adsorbed at the interface.
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From the UV–vis absorption spectra of the multilayers, we can calculate the sur-
face coverage, �, according to Lambert–Beer’s law �= (A�· N)/2��, where �� is the
isotropic molar extinction coefficient (M–1 cm–1), N is Avogadro‘s number, and A�

is the absorbance at a specified wavelength. Typically, we find that approximately
two MEPE monolayers adsorb per deposition step. Linear growth of the film thick-
ness is independently confirmed by additional techniques including optical ellip-
sometry, QCM studies and SPR spectroscopy (Fig. 14.10). That the layers are
smooth and homogeneous is indicated by the appearance of Kiessig fringes in X-
ray reflectometry of (PSS/Fe-MEPE) multilayers deposited on silicon wafers. The
solid lines in Fig. 14.10 (II) represent the corresponding calculated reflectance
curves and reveal a layer thickness of 17 Å for Fe-MEPE and an overall interfacial
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Fig. 14.8 Metal ion induced self-assembly of
ditopic bis-terpyridine ligands results in me-
tallosupramolecular coordination polyelectro-
lytes (MEPE). Different structural and func-
tional components, R, can be introduced in

the ligand, including (rigid) phenyl- or (flex-
ible) alkyl-spacers. The availability of ligands
and the diversity of terpyridine coordination
chemistry provide a high degree of modular-
ity.

Fig. 14.9 Due to the positive
charge, MEPE adsorbs irreversi-
bly on negatively charged inter-
faces. Repeated immersion of the
substrate in solutions containing
MEPE and PSS and intermittent
washing steps result in multi-
layers.

n n



roughness of less than 1 nm. The absence of Bragg reflexes in the X-ray reflecto-
metry, which would indicate an internal structure, could have two reasons: Either
the quality of stratification within the multilayers is not sufficient for adjacent
layers to interdigitate, or the electron density contrast between PSS and MEPE is
not large enough.

Microgravimetry allows direct weighing of the adsorbate with a very high sensi-
tivity and complements UV–vis spectroscopic measurements [90]. The gold elec-
trodes of the QCM are first coated with a monolayer of mercaptopropionic acid
(MPA) to provide a permanently charged electrode surface suitable for subsequent
ELSA deposition. Then a layer of poly-(ethylenimine) (PEI) is adsorbed on the
MPA derivatized gold surface. The QCM is coated on both sides with a (PSS/
MEPE) multilayer. The change in resonance frequency after each deposition is
measured ex situ. Each deposition step is associated with a decrease in the reso-
nance frequency, indicating an increase in the total mass on the electrodes. In the
case of Fe-MEPE, the frequency change caused by a single layer is 87 Hz or 237
ng cm–2. Similarly, deposition of a single PSS layer gives rise to a frequency
change of 83 Hz, corresponding to a mass of 227 ng cm–2. The mass loading can
be converted into a layer thickness if the density of the layer is known. As an ap-
proximation for the density of the layers we use the bulk densities. With a density
of 1.5 g cm–3 the thickness of a single MEPE layer is 2.0 nm. Likewise, the PSS
layer thickness is 1.5 nm (density 1.2 g cm–3) [91]. Very similar results are ob-
tained with Co-MEPE, indicating reproducible coating characteristics.

The QCM also allows determination of the up-take and loss of water in these
films. If the QCM crystal, coated with a (PSS/MEPE) multiplayer, is exposed to
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Fig. 14.10 (I) Representative UV–vis spectra
of (PSS/Fe-MEPE) multilayers deposited on
quartz wafers. The MLCT band at 590 nm is
characteristic for bis-terpyridine complexes of
Fe(II). Plotting the absorbance at selected wa-
velengths versus the number of layers results
in straight lines, indicating linear growth (in-
sert). (II) X-ray reflectometry of (PSS/Fe-
MEPE)3PSS, (PSS/Fe-MEPE)4, (PSS/Fe-
MEPE)4PSS on silicon substrates. The appear-

ance of Kiessig fringes indicates that the mul-
tilayers are homogeneous and very smooth.
The solid lines represent calculated reflec-
tance curves. The film thickness for a single
Fe-MEPE layer amounts to 17 Å and the total
roughness to approximately 8 Å. (III) Film
thickness determined by SPR spectroscopy
versus the number of layers in air and in
water. The average layer thickness is approxi-
mately 17 Å (dry) and 25 Å (water).



water vapor the frequency drops as a result of water adsorption and reaches a pla-
teau within a few minutes. Likewise, exposure to dry air results in a frequency in-
crease in the QCM resonator due to desorption of water. The frequency change is
completely reversible. The total uptake of water is approximately 20% of the total
mass loading. Swelling of the layers is also confirmed by thickness measurements
using SPR spectroscopy.

Linear multilayer growth is also confirmed by IR spectroscopy. For experimental
considerations, the multilayers are assembled on gold surfaces and IR-spectra are
recorded in reflection mode [92]. In Fig. 14.11, reflection–absorption infrared
(RAIR) spectra of a series of multilayers (PSS/MEPE)n (n = 1, 2, 3, 4, 5, 10) are
shown. First we note that the characteristic strong IR absorption bands corre-
sponding to acetate anions are absent. Apparently, the counter ions are exchanged
during ELSA deposition. From the position of the sulfonate group in the RAIR
spectrum we can draw conclusions about the nature of the counter ion [93]. For-
mation of sulfonic acid during layer build-up can be ruled out because the charac-
teristic vibrational modes of the –SO3H group at 1097, 1350, 1172 cm–1 are clearly
absent in the spectra. The splitting of the S–O stretching modes located at around
1200 cm–1 provides information about the counter ion. Typically, the splitting in-
creases with the strength of the electric field generated by the cation. For Na+ the
splitting is 38, for Co2+ 77, and for Fe3+ 130 cm–1, respectively. In (PSS/MEPE)
multilayers the sulfonate bands are located at 1197 and 1223 cm–1. The small
splitting of 26 cm–1 is attributed to the presence of the MEPE polycation. Appar-
ently, the bulky terpyridine groups that coordinate around Fe2+ in an octahedral
fashion shield the charge of the central cation.

Using SPR spectroscopy we can monitor (PSS/MEPE) multilayer deposition in
situ [94]. A quantitative analysis of SPR scans indicates that initially up to three
PSS layers adsorb at the interface while only two Fe-MEPE layers are deposited
under similar conditions. If one takes into account that PSS can tail and loop into
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Fig. 14.11 Reflection–absorption infrared
spectra of MPA/PEI(PSS/MEPE)n (n= 1, 2, 3,
4, 5, 10) multilayers on gold coated sub-
strates (reported in absorbance). The graph
on the right shows the absorbance at selected

wavelengths as a function of the number of
layers demonstrating linear film growth. The
water absorbance and the CH-stretching
modes are shown in the inset on the left
(n= 10).



the aqueous phase and that an entangled multilayer can form at the interface,
one would expect an excess of polymer at the interface. In contrast to PSS, Fe-
MEPE has many fewer degrees of freedom due to the rigid-rod-like structure. The
possibilities for Fe-MEPE to form tails, loops or entangled multilayers are thus di-
minished. We, therefore, conclude that Fe-MEPE adsorbs flat on the surface with
few tails and loops. Loosely bound excess polyelectrolyte is removed from the sur-
face during washing steps. The adsorption kinetics is described by two processes.
In the beginning, adsorption obeys a t dependence. According to Fick’s second
law this observation implies that that every molecule that reaches the surface is
immediately adsorbed. We can conclude that in the early stages, adsorption is a
diffusion-controlled transport process. To get a higher surface coverage, penetra-
tion of the molecules through the existing layer combined with conformational
changes has to take place, which can be described by a (slower) first order rate
law [95]. Both processes occur at widely separated time scales, resulting in a dis-
tinct crossover in the SPR scans.

The reversibility of the metal ion–ligand interaction offers an opportunity to mod-
ify the (PSS/MEPE) multilayers. While MEPEs readily exchange metal ions in solu-
tion, a direct exchange of metal ions in multilayers is not observed. Apparently, elec-
trostatic interactions between MEPE and PSS slow down the metal ion exchange
considerably. However, metal ions can be removed from the multilayer with a com-
peting complexing agent such as ethylenediamine (en) [96]. The (PSS/Co-MEPE)
multilayers are first subjected to en in order to remove the Co(II) ions from the mul-
tilayer. It should be noted that the layer is not decomposed in this step. Then, the
vacant metal ion receptors are filled with Fe(II), which is readily detected by the oc-
currence of the characteristic MLCT bands. Quantitative analysis s. UV–vis spectra
indicates that approximately 50% of the Co(II) ions are replaced by Fe(II) ions.

The Co-MEPE has a suitable potential window in order to investigate the elec-
trochemical properties [97]. In solution, Co-MEPE shows a pair of current waves
with a redox half-wave potential of 87 mV, which is independent of the scan rate,
and consistent with mononuclear Co-bis-terpyridine complexes [98]. The appear-
ance of only one pair of current waves indicates electrochemically isolated sub-
units in Co-MEPE [99]. The anodic and cathodic currents are proportional to the
scan velocity. The proportionality between the current and the scan velocity re-
flects the reversibility of the redox process. The potential difference between the
two current peaks �Ep is 74 mV and remains constant during the variation of the
scan velocity, indicating fast electron transfer. The redox potential E1/2 of a (PSS/
Co-MEPE) multilayer is slightly shifted to 128 mV. In this case, the anodic and
cathodic current peaks are proportional to the square root of the scan velocity.
This behavior is consistent with electron self-exchange reactions within the elec-
trochemical sites in the film, in which a semi-infinite electrochemical charge dif-
fusion condition prevails [100]. The current peak difference �Ep increased to ap-
proximately 123 mV in the film, which may reflect a higher ohmic resistance of
the multilayer, presumably caused by the intermittent PSS layers. These results
indicate that the electrochemical properties of MEPE are fully maintained in the
corresponding multilayers.
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Using K3[Fe(CN)6] as electroactive probe we investigated the permeability of
these multilayers. We note a significant difference in permeability if we compared
(PSS/PAH) and (PSS/Co-MEPE) multilayers. Deposition of two PAH/PSS layers
on the electrode reduces the current by an order of magnitude. However, in (PSS/
PAH) multilayers the electrochemical signature of the Fe(CN)6

3–/Fe(CN)6
4– couple

remains discernible, indicating that the redox active probe diffuses through the
multilayers and undergoes electron transfer reactions at the underlying Au-elec-
trode. Similarly, (PSS/Co-MEPE)n multilayers show a reduction in the peak cur-
rent (n = 1, 2, 3). But (PSS/Co-MEPE)5 multilayers show only a capacitive current
and no electroactivity of the redox probe, indicating that the electrode is complete-
ly blocked at this stage.

Deposition of MEPE is not restricted to planar substrates but also works for
charged nanoparticles [101]. Consecutive adsorption of PSS and Fe-MEPE on cetyl-
trimethyl ammonium-stabilized, positively charged polystyrene (PS) latices with
an average diameter of 73 ± 14 nm results in multilayers.

Evidence for the deposition of PSS/Fe-MEPE multilayers on PS-latices is ob-
tained by visual inspection: Upon deposition, the PS-latices turn blue, the charac-
teristic color of Fe-MEPE. Layer-by-layer growth is confirmed by recharging the
particle surface with each deposition cycle. The neat PS-latices have a positive �-
potential of +60 mV. Deposition of PSS reverses the sign of the �-potential (ap-
proximately –42 mV); subsequent deposition of Fe-MEPE results in a positive �-po-
tential (approximately +18 mV) [102]. While no quantitative conclusions can be
drawn from �-potential values, alternating �-potentials are characteristic of regular
multilayer growth on colloidal templates [103]. Additional evidence for the adsorp-
tion of Fe-MEPE on the particles is provided by energy dispersive X-ray analysis,
which clearly shows the presence of Fe(II) on the PSS/Fe-MEPE-coated particles.

Using decomposable colloidal templates, such as weakly crosslinked melamine-
formaldehyde particles, it is possible to generate hollow (PSS/MEPE) shells. [104].
These results demonstrate that it is possible to assemble MEPEs on colloidal parti-
cles of micro- and nanometer size, thereby creating particles with tailored properties.
In contrast to planar surfaces, these particles can be dispersed in solution, allowing
investigations of structure and properties with solution based methods, such as nu-
clear magnetic resonance. These assemblies bridge the gap between discrete metal-
losupramolecular assemblies comprising a small number of components (metal
ions and ligands) and extended solid-state structures with an infinite number of
components. These particles are expected to have potential applications in electro-
nics, photonics and catalysis. The functional and stable hollow shells consisting of
(PSS/MEPE) multilayers are potentially useful as micro-reactors.

This approach can also be extended to the deposition of discrete transition met-
al ion complexes if we introduce secondary interactions to stabilize the metallo-
units at the interface (Fig. 14.12). [105]. The low charge of these units typically
does not provide sufficient interactions for irreversible adsorption. Previously, it
has been demonstrated that aryl tails can be used to control the aggregation of
metallo-units through �–� interactions [85]. Such arrays afford several advantages
over conventional coordination polymers: facile ligand synthesis, reversible assem-
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bly even with kinetically inert metal ions, good solubility and straightforward char-
acterization. We selected pyrene as the aryl moiety to control the supramolecular
organization. Pyrene has a strong propensity to form coplanar pyrene stacks. In
addition, stacking is associated with excimer absorption and emission bands,
which allows monitoring stack formation spectroscopically. Reaction of 4�-(1-py-
renyl)-2,2� : 6�,2��-terpyridine (Pyr-tpy) with divalent transition metal cations affords
the [ML2]2+ complexes as anticipated from the coordination chemistry of unsubsti-
tuted tpy. Crystallographic analysis of the iron(II) complex confirms the anti-
cipated pyrene–pyrene stacking motif. The structure contains six-coordinate iron
bis-terpyridyl units linked into a linear array through pyrene–pyrene �-stacks.
Using PSS as counter polyelectrolyte we observe multilayer formation for [M(Pyr-
tpy)2]2+ complexes (M= Zn, Fe). UV–vis absorption spectroscopy, X-ray reflectomet-
ry, and optical ellipsometry confirm linear layer growth. Quantitative analysis
shows that the surface coverage is approximately 1.1 metallo-units per nm2 or
0.9 nm2 per metallo-unit. The dimensions of the metallo-unit can be estimated
from the crystal structure. The metal–metal distance is �1.7 nm and the width of
the terpyridine unit is �1.1 nm. The occupied surface area of a single unit is,
thus, estimated to be �1.9 nm2 if we assume that the metallo-units are oriented
with the long axis parallel to the substrate. The experimentally determined value,
therefore, corresponds approximately to one to two molecular layers. The multi-
layers are very smooth, as demonstrated by the occurrence of Kiessig interference
fringes in X-ray reflectometry. The surface roughness of the layer is below 1 nm
and the thickness of a layer pair is 2.5 nm, respectively. The thickness measure-
ments suggest that the multilayers are composed approximately of molecular
layers in agreement with the UV–vis data. A solution of the [Zn(Pyr-tpy)2]2+ com-
plex in methanol shows a characteristic fluorescence emission band at 455 nm at-
tributed to the luminescence of the molecular units (no stacking). In contrast,
(PSS/[Zn(Pyr-tpy)2]2+) multilayers exhibit a broad emission band centered around
520 nm. The band is characteristic of excimer or excimer-like pyrene emission
[106]. attributed to the -stacked pyrene units. The excimer emission clearly demon-
strates that the pyrene tails are stacked in the multilayer adopting the same struc-
tural motif as in the solid state. The absence of any detectable 455 nm fluores-
cence in multilayers of [Zn(Pyr-tpy)2]2+ implies that virtually all metallo-units en-
gage in �-stacking in each layer (as in the crystal). In contrast, simple bis-terpy-
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Fig. 14.12 Immobilization of discrete metallo-
units in thin films is achieved by combining
electrostatic interactions of oppositely

charged species and aryl aggregation within
the metallo-units as secondary interactions.



ridine complexes [M(tpy)2]2+, which do not bear aryl tails do not form layers un-
der these conditions. From this it is clear that the aryl tails play a vital role in the
ELSA deposition process.

14.3.3
Polyoxometalate Clusters

The negative charge and the water solubility of polyoxometalate (POM) clusters
permit us to implement these functional units in layered materials using ELSA
deposition. In the first step, a (PEI/PSS/PAH) multilayer is assembled on the sub-
strate forming the base for subsequent POM deposition. Alternate adsorption of
POM anions and PAH results in multilayer formation. The largest POM cluster
assembled in multilayers so far in our laboratories is the novel giant Keplerate
with the chemical formula [Mo132O372(CH3COO)30(H2O)72] (Mo132) (Fig. 14.13)
[107]. The nearly spherical Mo132 cluster shows promising perspectives in host–
guest chemistry and size-selective catalysis because it possesses an open Mo–O
framework architecture that encloses a central cavity with an approximate inner
diameter of 1.7 nm. The Mo132 framework spans (Mo–O) 9-ring openings with
an average ring aperture of 0.43 nm, which is comparable in size to the pores in
zeolitic architectures.

The ELSA method appears most promising for the fabrication of permeable
coatings in order to exploit Keplerates in catalytic and sensing applications. Due
to the dark-brown color of Mo132, UV–vis spectroscopy permits facile evaluation
of the deposition process. The constant increase in the absorbance confirms ad-
sorption of Mo132 anions and is in agreement with linear multilayer growth. Ap-
parently, the 42 negative charges provide sufficient electrostatic interactions for ir-
reversible adsorption. We notice that for the first layer, a significantly larger
amount of Mo132 is immobilized on the PEI/PAH precursor film. This is possi-
bly due to penetration of Mo132 anions into the underlying precursor layer. Based
on the absorbance data the average surface concentration of Mo132 per layer is
(4.4 ± 0.2)�1012 clusters cm–2 or (7.3 ± 0.3)�10–12 mol cm–2. This corresponds to
an average area of (22.7± 1.0) nm2 cluster–1. In the crystal structure of
(NH4)42[Mo132O372(CH3COO)30(H2O)72] · ca. 300 H2O· ca. 10 CH3COONH4 the
packing density is 9.1 nm2 cluster–1 in the (111) plane and 10.6 nm2 cluster–1 in
the (100) plane. The Mo132 packing density in the multilayer is, therefore, ap-
proximately 50% of that of the crystalline material. Most likely, the repulsive elec-
trostatic and dipolar interactions are not compensated as efficiently in a two–di-
mensional film as in the solid state.

Film growth was monitored with the quartz crystal microbalance. The change
in resonance frequency after rinsing and drying the film shows that the deposited
quantity of Mo132 anions for a single layer amounts to (3300 ± 150) ng cm–2. For a
Mo132 monolayer we would expect a mass change of 158 ng cm–2. Hence, the ex-
perimentally determined mass corresponds to many Mo132 layers. If PAH is ad-
sorbed on top of the Mo132 layer the total mass on the QCM crystal decreases.
The mass for the Mo132/PAH layer pair amounts to (375 ± 18) ng cm–2. The de-
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crease in mass loading can be rationalized as follows: Weakly adsorbed Mo132 an-
ions are extracted from the surface during PAH deposition. Possibly, the Mo132
can form a complex with PAH in solution. In contrast, electrostatically immobi-
lized Mo132 cluster anions, directly adsorbed on the underlying PAH layer, can
form a surface confined Mo132/PAH complex. For this reason it is not possible to
determine the individual weight contribution of each component by microgravi-
metric measurements because adsorption of PAH on, and extraction of Mo132
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Fig. 14.13 Polyhedral representations of
POMs used in ELSA thin film formation.
(Abbreviations:
Eu-POM= [EuIII(H2O)P5W30O110]12–;
Co-POM= [CoII

4(H2O)2P4W30O112]16–;

Mo57= [H3Mo57V6(NO)6O183(H2O)18]21–;
Mo132= [Mo132O372(CH3COO)30(H2O)72]42–).
The bottom illustration shows a scheme of
the resulting POM-based ELSA multilayers.



cluster anions from the interface occur simultaneously. Based on the surface cov-
erage determined by UV–vis absorption, a single layer of Mo132 would have a
mass of 158 ng cm–2. The remaining 217 ng cm–2 are attributed to the PAH layer
and water, which is always present in these multilayers. For comparison, a single
PAH layer with a thickness of 1.2 nm and a density of 1.2 g cm–3 is expected to
have a mass of 150 ng cm–2. The mass loading in both cases is consistent with
one to two molecular layers.

The appearance of Kiessig interference fringes in X-ray reflectance curves indi-
cates that the multilayers are uniform and homogeneous. The average film thick-
ness for a Mo132/PAH layer pair is 2.2 ± 0.2 nm and the total roughness of the in-
terface is typically below 1 nm. No Bragg reflections are observed that would indi-
cate an internal structure. The reason for this could be that due to the low Mo132
surface coverage the electron density contrast is (a) reduced and (b) smeared out.

The next smaller POM anion that we investigated is the
[H3Mo57V6(NO)6O183(H2O)18] cluster (Mo57), which has approx. 21 negative
charges (Fig. 14.13) [108]. The external form of the Mo57 cluster resembles a flat-
tened ellipsoid with dimensions 1.6�2.4 nm2 (determined by X-ray crystallogra-
phy). The wide-spread application of the Keggin type POM in solid state devices,
catalysis, biochemistry and medicine provides further impetus for investigation of
this new class of molybdenum polyoxometalate clusters. As shown in the previous
example, we observe linear film growth as determined by UV–vis absorbance, el-
lipsometry, and X-ray reflectometry. We notice that deposition of PAH always
causes same loss of cluster from the interface, which is attributed to weakly
bound material and complex formation in solution as discussed above. The sur-
face density of Mo57 in PEI/PSS/PAH(Mo57/PAH)n films amounts to
(1.4 ± 0.4)�1013 clusters cm–2 for n >1. This corresponds to an average area of
7.1± 2.0 nm2 per Mo57 anion. Hence, assuming that a single Mo57 anion occu-
pies an area of approximately 3.2–4.8 nm2, depending on its relative orientation,
the average surface coverage is 56 ± 12%. The average surface density for the first
layer of Mo57 deposited onto the PEI/PSS/PAH precursor film is approximately
twice as large, indicating that the anions penetrate the underlying PEI/PSS/PAH
layer. X-ray reflectometry shows Kiessig fringes, indicating that the layers are
homogeneous and even. As in the previous example, we do not observe Bragg
peaks in the reflectance curves. The average thickness for the Mo57/PAH layer
pair (for films with n> 1) is 0.8± 0.1 nm and the interfacial roughness is approxi-
mately 1 nm. Due to concomitant removal of Mo57 and deposition of PAH the
thickness of an individual layer cannot be derived from these measurements.

The next smaller POM anion in this series of clusters is the sandwich type co-
balt(II)-substituted POM compound [CoII

4(H2O)2P4W30O112]16– (Co-POM) [109].
This cluster with 16 negative charges is approximately 2.3 nm in length and
1.4 nm in width (Fig. 14.13). As in the previous examples we observe linear and
regular growth, indicating irreversible adsorption of the POM anion. However, it
should be noted that X-ray reflectometry of these layers did not produce well-re-
solved Kiessig fringes. Obviously, the interfacial roughness is too large to provide
coherent interference of the rays from the top and bottom of the layer. Kiessig
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fringes become apparent if we place an additional PAH/PSS layer pair on top of
the multilayer.

Cyclic voltammetry of the Co-POM in solution indicates two 2e–/2H+ redox pro-
cesses. In ELSA multilayers, such as (Co-POM/PAH)n and (PSS/PAH/Co-POM/
PAH)n (n< 20), the cathodic peak potentials shift slightly towards negative and the
anodic peak potentials shift slightly towards positive potential values. The peak
current increases linearly with the number of layers, confirming that the assem-
bly process is highly regular. Moreover, the CVs of the modified electrodes show
the characteristics of reversible surface redox electrochemistry. A plot of the ca-
thodic (ipc) and anodic (ipa) peak currents as a function of scan rate, �, is linear
with zero intercept, and the ratio ipc/ipa is unity at all scan rates, which implies
that the redox processes of surface confined Co-POM anions are fast and not dif-
fusion limited [110]. These results demonstrate that the electrochemical property
of Co-POM is fully maintained in the multilayer.

It is interesting to note that the details of the electrochemical response of Co-
POM-containing multilayers depend on the layer architecture. The CVs of (PSS/
PAH/Co-POM/PAH)10 and (Co-POM/PAH)10 modified electrodes are shown in
Fig. 14.14. The (PSS/PAH/Co-POM/PAH)10 modified ITO electrode assembled
from salt-free PAH solution (solid line) shows redox waves with peaks at –0.574 V
(C1) and 0.73 V (C2) and 0.52 (A1). A different electrochemical response is ob-
served if the film is assembled with a PAH solution containing NaCl (0.5 M). Dur-
ing the cathodic sweep, only one reduction peak appears at a potential of –0.744 V
(C3), and during the anodic sweep two peaks appear at –0.563 (A1) and –0.687
(A2). Apparently, the two two-electron reduction steps merge into one four-elec-
tron process. Yet a different response is observed if the layer sequence is altered.
The CV of a (Co-POM/PAH)10 multilayer (dotted line) assembled with PAH con-
taining NaCl (0.5 M) exhibits two peaks at potentials of –0.643 (C1) and –0.731
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Fig. 14.14 Representative CVs of (PSS/PAH/Co-
POM/PAH)10 assembled with salt-free solutions
(solid line) and PAH solution containing NaCl
(0.5 M) (dashed line) and of (Co-POM/PAH)10

(dotted) assembled with PAH solution containing
NaCl (0.5 M). (Adapted from [109]).



(C2) during the cathodic sweep, and two peaks at –0.554 (A1) and –0.69 (A2) dur-
ing the anodic sweep, respectively. These examples demonstrate that the redox
properties of the immobilized Co-POM can reveal subtle variations in film struc-
ture and composition [111]. This property suggests the use of POM anions as an
electroactive probe to study microenvironmental effects in ELSA multilayers. It is
interesting to note the accumulation of electrons on the Co-POMs in the com-
bined reduction wave (C3) because it may give rise to novel chemical and catalytic
effects.

The electrochemical response of ELSA-based Co-POM multilayers is also pH-de-
pendent. The reason for this behavior is that reduction of the POM changes the
basicity of the anion and may, therefore, be accompanied by protonation of the
cluster. The overall redox process can be formulated as

Co-POM�mH��ne � �HmCo-POM���n�m� �

where m is the number of protons and n the number of electrons participating in
the redox process. Representative CVs of a (Co-POM/PAH)10 multilayer as-
sembled with a PAH solution containing 0.5 M NaCl are shown in Fig. 14.15. The
relationship between the redox potential and pH is shown in the insert. With de-
creasing pH, the redox potentials shift to positive potentials. This property sug-
gests that electroactive POMs in ELSA films may be used as pH sensors.

These findings demonstrate two new important features of POM-based ELSA
films. First, Co-POM can be used to probe microenvironmental effects in multi-
layers. Second, the electrochemistry of Co-POM functionalized multilayers is re-
markably pH-dependent. This feature makes Co-POM based multilayers potential
candidates for pH microsensors, e.g. in physiological media. Our approach has sev-
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Fig. 14.15 Representative CVs of (Co-POM/PAH)10 as-
sembled with PAH solution containing NaCl (0.5 M).
Solid line: pH 5.0, dotted line: pH 6.0, dashed line:
pH 7.0. The inset shows the dependence of redox po-
tentials on pH (ITO electrode, supporting electrolyte:
0.2 M PBS, scan rate: 10 mV s–1, potential E vs. Ag/
AgCl). (Adapted from [109]).



eral advantages over other pH sensors [112]: it is simple and inexpensive to fabricate,
operates reversibly, possesses long-term stability and, in addition, the electrochemi-
cal response characteristic, such as sensitivity and response time, can be adjusted by
the structure and composition of the sensing layer.

The cluster with the smallest number of charges in this series is the Eu(III) de-
rivative of the Preyssler-type [113] heteropolytungstate [Eu(H2O)P5W30O110]12– (Eu-
POM, Fig. 14.13) [114]. This cluster exhibits reversible electrochemical behavior ac-
companied by a large electrochromic response [115]. As can be seen in Fig. 14.16,
the oxidized form of Eu-POM is completely transparent in the visible region,
while the reduced Eu-POM exhibits a broad adsorption band at approximately
700 nm. Each individual redox step is accompanied by an increasing coloration of
the solution.

An electrochromic device is fabricated by ELSA deposition of Eu-POM, PAH, and
PSS on indium tin oxide (ITO)-coated glass slides. In order to achieve a high surface
coverage the dipping solutions contain NaCl. The CV of the (PSS/PAH/Eu-POM/
PAH)20 modified ITO electrode indicates three peaks at potentials of –0.384 (C1),
–0.466 (C2) and –0.522 (C3) V during the cathodic sweep, and three peaks at –
0.371 (A1), –0.453 (A2) and –0.508 (A3) V during the anodic sweep, respectively.
The CV demonstrates that the electrochemical property of Eu-POM is fully main-
tained in the multilayer. A visually noticeable optical contrast (transparent to blue)
during potential scanning between 0.2 and –0.6 V demonstrates that the film is elec-
trochromic. The UV–vis spectrum of the (PSS/PAH/Eu-POM/PAH)20 modified ITO
electrode shown in Fig. 14.16 is recorded during cyclic voltammetry. The absorbance
at 700 nm A700 nm increases to 0.12 at –1.75 V. For a (PSS/PAH/Eu-POM/PAH)100

modified ITO electrode, A700 nm becomes as large as 0.7 at –1.85 V. A single PSS/
PAH/Eu-POM/PAH layer generates an optical density of 0.006 in the reduced
state. A film less than 1 �m thick would create an optical density of approximately
1, which is sufficient to lead towards practical device applications.

To evaluate device performance, a double potential step chronoamperometric ex-
periment was undertaken by simultaneously recording the absorbance of the film.
Fig. 14.16 shows the applied potential, the current, and the absorbance of a (PSS/
PAH/Eu-POM/PAH)20 multilayer at 700 nm. We observe a charging current,
which decays rapidly to zero (during bleaching) or to a residual leakage current
(during coloration). The residual leakage current may result from reduction of
buffer solution. Both current and absorbance respond within seconds during col-
oration and bleaching. The stability and reversibility of the multilayer was evalu-
ated by performing repetitive double potential steps. The CVs, the response times
for coloration and bleaching, and the optical density do not change noticeably
after 500 cycles. The multilayers also show a considerable optical memory, that is,
after reduction the layer remains in the colored state even if the potential is re-
moved. Therefore, it is possible to display information with this device without
power consumption.

In conclusion, we have identified the Preyssler ion as a technically attractive
component for electrochromic devices. Device fabrication rests on principles of
molecular self-organization involving sequential adsorption of the POM and an
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oppositely charged polyelectrolyte on the conducting and transparent substrate
from aqueous solution. The method is readily extended to patterned substrates, so
films can be prepared on predefined areas. The device operates reversibly with
suitable response times, which may be reduced further by optimizing the poly-
electrolyte matrix. Low operation voltage and low power consumption are addi-
tional advantages of this device. Power is required only for switching and leakage
currents can be minimized by operating the device under open circuit conditions.
Finally, sufficiently high optical contrast can be achieved even for thin films.

14.4
Conclusions

Without doubt, layer-by-layer self-assembly of oppositely charged polyelectrolytes
has become a buoyant procedure to fabricate thin film, which provides numerous
opportunities in fundamental and applied science alike. The popularity of this
method originates from the simplicity of layer formation, the excellent thickness
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Fig. 14.16 Left: (I) Representative CVs (vs.
Ag/AgCl) of Eu-POM in solution (dashed line,
ITO electrode, 0.25 mM, ordinate magnified
5�) and a (PSS/PAH/Eu-POM/PAH)20 multi-
layer (solid line). Corresponding UV–vis spec-
tra of oxidized (dashed line) and reduced
(dotted line, –0.65 V vs. Ag/AgCl) Eu-POM in
solution and a reduced (PSS/PAH/Eu-POM/
PAH)20 multilayer (solid line). Right: Potential

(vs. Pt electrode), current, and absorbance at
700 nm of the (PSS/PAH/Eu-POM/PAH)20

coated ITO electrode during subsequent dou-
ble potential steps between –0.4 and –1.8 V.
Bottom: solid line 1st cycle, dashed line 500th
cycle (traces offset for clarity). The response
times for coloration and bleaching are 4.2 s
and 4.4 s, respectively. (Adapted from [114a])



control, the stability of the multilayers, and its broad applicability. While earlier
work focused on planar substrates, recent developments include particle coatings
and patterned surfaces.

A particularly attractive feature of this method is that the electrostatic interac-
tions that govern multilayer assembly can be easily changed, for instance through
the ionic strength of the dipping solution, thus allowing control of polyelectrolyte
conformation, film thickness, and surface coverage. This simple measure provides
extensive control over the structure and function of the resulting multilayers, thus
giving rise to tailored properties.

For these reasons, it is safe to predict that the realization of thin film devices
will be the future trend both in fundamental and applied research. As charge is
the chief requirement for successful ELSA-processing an almost unlimited range
of functional components lies ahead to be implemented into ELSA structures; ex-
amples include nanoparticles for light emitting diodes [116], electroluminescent
heterostructures [117], enzyme electrodes for sensing [118], composite membranes
for separation [119], polyoxometalate clusters for display and sensing devices as
well as nanoreactors, to name just a few examples.

Acknowledgements

Helmuth Möhwald is acknowledged for valuable discussions. DGK, DV and RvK
thank the BMBF and DFG for financial support. RvK is grateful to Roland Steitz
for neutron- and X-ray reflectivity measurements and to Werner Jaeger and co-
workers for the synthesis of P(DADMAC-NMVA) and P(DADMAC). Furthermore,
we thanks Thomas Hellweg, Mario Rodrigez, Claire S. Peyratout and John Wong
for proofreading parts of the manuscript.

Abbreviations

ELSA Electrostatic layer-by-layer self-assembly
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LD-LSC: Ligand driven light-induced spin-state change (LD-LISC)
LIESST: Light-induced excited spin-state trapping
MEPE: Metallosupramolecular coordination polyelectrolytes
MLCT: Metal-to-ligand charge transfer
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POM: Polyoxometalate
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PSS: Poly (styrene sulfonate)
QCM: Quartz crystal microbalance
SFM: Scanning force microscope
SPR spectroscopy: Surface plasmon resonance spectroscopy
TEMPOL: 2,2,6,6-Tetramethyl-4-piperidinol 1-oxide
TIRF: Total internal reflection fluorescence
TIR: Total internal reflection
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Abstract

Our recent research activities in the field of functional ultrathin films prepared by
alternating electrostatic adsorption of polycationic and polyanionic compounds on
solid supports are reviewed. Films of polyelectrolytes, bolaamphiphiles, organic–
inorganic hybrid polymers, inorganic mixed valence complex salts, and latex parti-
cles are described. Functional properties such as photo- and electroactive behav-
iour, intense absorption in the visible and near-infrared, selective permeation of
small molecules and ions are reported.

15.1
Introduction

The purpose of this contribution is to review recent activities of our research
group in the field of functional ultrathin films prepared by layer-by-layer (LBL) as-
sembly on solid supports. For several years ultrathin organised films have been re-
ceiving much attention for both fundamental scientific and practical reasons. Sci-
entific interest is based on the possibility of designing and manipulating molecu-
lar architectures and studying physical phenomena on a molecular level, while
practical interest arises from the possible application in microelectronics, photon-
ics, materials separation and sensing. Ultrathin films of controlled thickness and
molecular arrangement can either be prepared by the Langmuir–Blodgett (LB) de-
position method, or by self-assembly techniques [1–4]. While functional LB-films
were subject to intense research in the 1980s, self-assembled films became more
and more popular in the 1990s and now dominate over LB-films, mainly because
of their easier preparation and higher stability. Among the self-assembly tech-
niques, physisorption methods based on electrostatic interaction have been proven
to be a very powerful tool for regular growth of ultrathin films. Electrostatic layer-
by-layer deposition of organic polyions was first investigated by Decher and co-
workers [5–9]. The method is based on the dipping of a charged substrate into a
solution of an oppositely charged polyionic compound so that the compound is
adsorbed and the surface charge is reversed. After careful washing, the substrate

427

15

Functional Layer-by-layer Assemblies with Photo-
and Electrochemical Response and Selective Transport
of Small Molecules and Ions
B. Tieke, M. Pyrasch, and A. Toutianoush

Multilayer Thin Films. Edited by Gero Decher, Joseph B. Schlenoff
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA

ISBNs: 3-527-30440-1 (Hardback); 3-527-60057-4 (Electronic)



is again dipped into a solution of an oppositely charged compound so that it is ad-
sorbed and the surface charge is reversed again. Multiple repetition of the adsorp-
tion steps leads to multilayer films in a simple, yet elegant manner. Various com-
pounds such as organic di- or polyions, polyelectrolytes, charged particles, inor-
ganic complex ions etc. are suitable for adsorption and by a careful choice of the
compounds to be adsorbed a variety of films with interesting functional properties
become accessible. The progress in the field has recently been reviewed [10–15].

Having studied functional LB-films for several years [16, 17], our research group
became interested in self-assembled films as soon as the first reports on func-
tional LBL assemblies appeared [18–21]. Since 1994, we have studied a number of
assemblies with

� photochemical reactivity,
� intense coloration,
� electroactive properties,
� selective transport of small molecules under pervaporation conditions,
� selective transport of ions,
� and selective uptake of ions.

Moreover, the electrostatic self-assembly of charged latex particles at oppositely
charged interfaces has been investigated [22, 23]. The studies on the latex particles
have recently been reviewed [24] and will not be treated further here. The purpose
of this article is to review our recent research activities in the field of self-as-
sembled functional multilayer films obtained by alternate adsorption of charged
organic and/or inorganic molecular compounds.

15.2
Photoreactive Assemblies

Photochemical processes in the solid state are quite often restricted to a specific
state of order of the system. A typical example is the diacetylene derivatives,
which undergo a radiation induced 1,4-addition polymerization of the unsaturated
units only, if the molecules attain a dense packing and a distinct mutual orienta-
tion (Scheme 1) [25–27]. Another example is the azobenzene derivatives, which
undergo E/Z-photoisomerization, if irradiated with UV light (Scheme 2) [28]. The
reaction only takes place in a partially disordered environment providing a certain
free volume, because the cross-sectional area of the Z isomer is much larger than
that of the E isomer. Thus a study of these photoreactions in LBL assemblies is of
interest because the reactions can be used to probe the structure of the films.
Moreover, if the reaction takes place, the films might be applicable in photopat-
terning and optical data storage, for example. In the following, our recent studies
on the photoreactivity of diacetylene and azobenzene derivatives in LBL assem-
blies are described.
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15.2.1
Diacetylene Derivatives

In order to study the photopolymerization of diacetylenes in LBL assemblies, a
variety of bolaamphiphiles 1–5 carrying the diacetylene unit in the mid position
of the alkyl chain were synthesized (Tab. 15.1). A first study of the photoreaction
was carried out on LBL assemblies containing the disodium 10,12-docosadiyne-
1,22-disulfate 1 (Tab. 15.1), a dianionic bolaamphiphile, and polyallylamine hydro-
chloride (PAH) as a cationic polyelectrolyte [29]. Upon UV-irradiation, compound
1 was highly photoreactive. Already after short irradiation times, the PAH/1-film
turned red and an intense absorption band with a maximum at about 536 nm oc-
curred indicating the formation of the fully conjugated polydiacetylene backbone
(Fig. 15.1). However, the increase in the absorbance was not perfectly linear with
respect to the number of deposited layers (see the inset of Fig. 15.1). The low ab-
sorption of the first four layers was ascribed to some disorder in the packing of
the bolaamphiphiles partially preventing the topochemical polymerization. The
strong absorbance in the subsequent layers was either ascribed to improved order-
ing of the bolaamphiphiles, or to the adsorption of a larger number of molecules
of 1 per dipping process, perhaps due to occasional adsorption of bi- or trilayers
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Scheme 15.1 Topochemical polymerization of diacetylene derivatives.

Scheme 15.2 Reversible (E/Z)photoisomerization of azobenzene.



instead of monolayers. A model illustrating the polymerization process within the
LBL assembly is shown in Scheme 3. In a more comprehensive study [30], the
PAH/1 system was investigated with respect to its structure and morphology
using X-ray diffraction and scanning force microscopy (SFM). X-ray diagrams
showed Bragg (00l)-reflections from which a layer spacing of 2.7 nm could be de-
termined. This allowed us to develop a model structure, in which the bolaamphi-
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Tab. 15.1 List of compounds used for preparation of functional LBL assemblies

Compound No.

n= 9 1
n= 4 2
n= 1 3

4

5

6

7

8

9

10

11

12



phile monolayers are sandwiched between the polyelectrolyte layers, the individual
amphiphiles attaining a crystal-like arrangement with their longest molecular axis
being tilted with regard to the layer plane by an angle of about 38 � [30]. Due to
the tilting, the mutual arrangement of the monomers was favourable for the topo-
chemical reaction. The surface topology of the polymerised samples was studied
using SFM [30]. As shown in Fig. 15.2 (a), an assembly of 12 layer pairs of PAH/1
consists of a multitude of small, isolated domains of a few hundred nanometers
in diameter. Individual domains are between 100 and 200 nm apart from each
other. The height of the domains was slightly different, which can be ascribed to
the occasional adsorption of bi- or trilayers of the bolaamphiphiles, as mentioned
above.

Compounds 2 and 3 (Tab. 15.1) with shorter alkylene spacers between the diace-
tylene unit and the polar head groups were photoinactive in the solid state and in
multilayer assemblies and thus were not investigated further [30]. Alternating
multilayers of the diphosphate 4 and PAH were only slightly photoreactive [31].
This could be derived from the low polymer absorbance per layer reached after
prolonged irradiation time. The reason is most likely that the mutual arrange-
ment of the monomer molecules 4 is unfavourable for the photoreaction to take
place, a phenomenon that quite often limits the conversion of a lattice-controlled
reaction [32]. Probably for the same reason, the multilayer assemblies of the cat-
ionic bolaamphiphile 5 and poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS) were completely photoinactive [31]. Besides the polyelectrolyte/bolaam-
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Fig. 15.1 Optical absorption spectra of LBL
assemblies of PAH/1 measured after 8 min
UV irradiation. Samples differ in the number

n of dipping cycles applied. The inset shows a
plot of the polymer absorbance at 536 nm
versus n.
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phiphile systems, systems composed exclusively of oppositely charged bolaamphi-
philes were also investigated [31]. A system composed of the compounds 1 and 5
in alternating sequence was highly photoreactive, as indicated by the deep red col-
oration of the polydiacetylene backbone already appearing after very short UV irra-
diation times. However, a view of the polymerised samples in a microscope indi-
cated a very inhomogeneous coloration. Some deeply colored islands were distrib-
uted over large areas of less intense color. A closer inspection by SFM showed a
very inhomogeneous surface structure with phase boundaries and edges of crystal-
lites (Fig. 15.2 (b)). It was concluded that parts of the monomeric sample crystal-
lized and formed perfectly ordered microcrystals with strongly enhanced photo-
reactivity, while the non-rearranged parts were less photoreactive and thus less in-
tensely coloured.

In the same publication [31], the preparation of LBL assemblies upon alternate
adsorption of PAH and the water-soluble, anionic polymer of 1 (poly-1) was re-
ported. Poly-1 had previously been prepared by �-irradiation of crystals of 1. While
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Fig. 15.2 SFM surface views of LBL assem-
blies of PAH/1 (12 dipping cycles), scan area
4�4 �m2 (a); 5/1 (6 dipping cycles), scan
area 2�2 �m2 (b); and PAH/poly-1 (42 dip-
ping cycles), scan area 7�7 �m2 (c). Sub-
strates: Pretreated quartz plates. Samples
(a) and (b) contained diacetylene derivatives,

which were polymerised on the substrate sub-
sequent to adsorption of the monomer, while
sample (c) contained the polymer of 1, which
was directly adsorbed from aqueous solution
(a) reproduced with permission from Ameri-
can Chemical Society; (b),(c) reproduced with
permission from Elsevier, Amsterdam).

�

Scheme 15.3 Diacetylene UV polymerization in the self-as-
sembled multilayer (adapted from [29, 30]).



the solid polymer was red, the aqueous solution as well as the multilayer samples
were orange with an absorption maximum at 460 nm. Different colours of �-con-
jugated polymer chains are known to originate from different conformations of
the backbone [33–35]. Yellow and orange colors of polydiacetylenes are usually as-
cribed to a coil conformation with short conjugation length occurring in solution,
while the red colour indicates extended chains with large conjugation length, as
formed by UV irradiation in the crystalline state. Thus the orange color of the ad-
sorbed polymer was taken as an indication that the polymer chains were adsorbed
as coils and did not change their conformation on the substrate subsequently.
SFM-pictures indicated that the direct adsorption of the polymer led to a smooth
surface structure, much smoother than the adsorption of monomeric bolaamphi-
philes followed by polymerization on the substrate (Fig. 15.2 (c)). The reason is
that the polymer chains cover a larger substrate surface than the bolaamphiphiles.
Consequently, substrate areas of only low charge concentration are more easily
covered and charge defects in the surface structure are more easily healed, if poly-
electrolytes instead of the much smaller bolaamphiphiles are adsorbed.

15.2.2
Azobenzene Derivatives

Azobenzene and its derivatives are known to undergo a transition from the thermo-
dynamically more stable trans (E) to the cis (Z) configuration upon irradiation with
UV light (�1 < 370 nm) [28] (Scheme 2). The reaction can be reversed upon heating or
irradiation with visible light (�2 > 450 nm). However, the isomerisation only occurs in
systems providing the necessary free volume. In order to study the photoisomerisa-
tion in LBL assemblies, the dipolar amphiphiles 6–8 (Tab. 15.1), carrying the azoben-
zene unit in the mid position of the molecule, and the ionenes 9 and 10 (Tab. 15.1),
with the reactive unit in the main chain, were prepared. In a first study [36], alter-
nating multilayers of bolaamphiphile 6 and the cationic polyelectrolytes PAH, poly-
ethyleneimine (PEI), polydiallyldimethylammonium chloride (PDADMAC) and
chitosan (CHI) were investigated. The samples showed characteristic differences
in their absorption spectra (Fig. 15.3 (a) and (b)). Samples of PAH/6 and PEI/6
had a strong and narrow absorption band with a maximum at 314 nm, which could
be ascribed to densely packed, H-aggregated chromophores in parallel alignment, in
agreement with previous studies on the aggregation behaviour of azobenzene-con-
taining amphiphiles [37, 38]. The other samples showed a broad absorption with a
maximum at 340 nm, indicating less ordered dimeric chromophores in smectic
layers above the phase transition temperature. The H-aggregated chromophores
were photoinactive, while the less ordered chromophores could be readily switched
between the E- and Z-rich photostationary state (Fig. 15.4 (a) and (b)). Quite ob-
viously the molecular structure of the polyelectrolytes is important for the arrange-
ment of the bolaamphiphiles in the adjacent layers. As known from polyelectrolyte–
surfactant complexes [39, 40], the highly charged polyelectrolytes induce a tightly
packed structure, while the less charged polyions force the bolaamphiphiles into a
smectic arrangement leaving enough free volume for the photoreaction to take
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place (see also the structure models in Fig. 15.5). In a subsequent study [41], LBL
assemblies of the ionenes 9 and 10 and PSS or PAMPS as polymeric counterions
were investigated. Two types of films were prepared by adsorbing the ionenes either
as Z- or E-isomers. In both cases, a reversible photoisomerisation was found. The
films only differed in the optical density, which was three times higher for the sam-
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Fig. 15.3 Optical absorption spectra of LBL
assemblies of PAH/6 (a) and PDADMAC/6
(b). Samples differ in the number n of dip-
ping cycles applied. In the insets, the maxi-

mum absorbance of 6 in the respective as-
sembly is plotted versus n (adapted from
[36]).



ple adsorbed as the Z-isomer. The difference was explained by orientational effects of
the chromophores. The photoisomerisation of the cationic bolaamphiphiles 7 and 8
was studied in LBL assemblies with PSS as counterion [42]. Both compounds were
photoreactive, no matter whether they were adsorbed as Z- or E-isomers. Again, the
optical absorption of the E- and Z-rich state was significantly higher, when the sam-
ples were prepared by direct adsorption of the Z-isomer.
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Fig. 15.4 Photoinduced switching between
the trans isomer and the cis-rich photostation-
ary state in the self-assembled multilayer of
PDADMAC/6 (36 bilayers) (a). The inset
shows the change of the maximum absor-

bance at 340 nm upon alternate irradiation at
�1 < 370 nm and �2 > 450 nm. Sample (b) con-
sisting of PEI/6 is nearly photoinactive due to
the formation of H-aggregates of 6 (adapted
from [36]).

(a)

(b)



The interaction of linearly polarized light with azobenzene moieties offers the
opportunity to orient these groups in thin films and thereby to generate an optical
anisotropy [43–45]. The photoorientation is based on the fact that only those mole-
cules undergo a Z/E isomerisation in polarized light, whose chromophore axis is
parallel to the electric field vector, and that the subsequent reverse photoreaction
leads to any possible molecular orientation of the E-isomer (provided that the mol-
ecules are not forced into their original position by steric restrictions). Hence a re-
peated photocycling in polarized light at a wavelength of about 457 nm, where the
Z-rich photostationary state and the E-state are almost equally likely, induces a
preferential orientation of the chromophoric units with the molecular axes being
oriented perpendicular to the incident light vector. The photoorientation of com-
pounds 6 to 10 in LBL assemblies has recently been studied [46]. Except for the
H-aggregated systems of PEI/6 and PAH/6, a significant azimuthal dichroism
could be induced in all cases. The dichroism induced in the originally isotropic
samples of PDADMAC/6 or PAH/9 was 0.34 and 0.17, respectively (Fig. 15.6).
These values were lower than for LB films of photochromic side chain polymers
and spin coated films of the same type of polymers [45, 47, 48]. This originates
from a restricted mobility of the azobenzene moieties in the LBL assemblies
caused by the strong electrostatic interactions of the cationic groups with the op-
positely charged polyelectrolyte matrix. The reduced mobility was especially pro-
nounced for the ionenes 9 and 10 and the bolaamphiphiles 7 and 8 with short
spacer units of only three CH2 groups.
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Fig. 15.5 Proposed orientation of dianions of
6 in non-photoreactive, H-aggregated assem-
blies with PAH or PEI as counterion (upper

part), and in photoreactive, smectic-like as-
semblies with PDADMAC or chitosan as
counterion (lower part).



15.3
Diphenyldiketopyrrolopyrrole Derivatives

Besides the diacetylene and azobenzene systems discussed above, other chromo-
phoric units also display interesting absorption behaviour and are suitable for
probing the molecular organisation in LBL-assemblies. A relevant example is the
diphenyldiketopyrrolopyrrole (DPP) chromophore, which is known as a bright red
pigment [49–51] showing interesting color effects [52]. For the preparation of LBL
assemblies, the water-soluble DPP derivatives 11 and 12 (Tab. 15.1) were used [53,
54]. Multilayers consisting of dye 11 [53] with the sulfonic acid units attached to
the phenyl rings and PAH or poly-L-lysine as counter-polyions were deep red in
color, while the corresponding multilayers containing 12 were orange. Gelatine
was also suitable as a cationic counterpart, but the resulting films were only
weakly colored because of the low charge concentration along the polymer back-
bone allowing poor dye adsorption in the next layer. 11 mainly differs from the N-
substituted derivative 12 in the ability to form aggregates via hydrogen bonding of
the lactam units (Scheme 4). As a consequence, the maximum absorption of 12
in LBL assemblies is hypsochromically shifted by about 50 nm compared to 11
(Fig. 15.7 (a) and (b)). From the optical spectra it is also evident that the absor-
bance of multilayer films containing 12 is much higher than for those containing
11, although the extinction coefficient of 11 in solution is much higher than that
of 12. This can be ascribed to different chromophore orientations in the films as
illustrated in Fig. 15.7 (a) and (b). If the longest chromophore axis of 11 is more
or less oriented parallel to the incident light vector, the absorption must be low,
while a preferentially perpendicular alignment of the molecular axis of 12 will fa-
vor a strong absorption. LBL assemblies of PAH/11 showed absorption bands at
534, 488 and 466 nm. The two bands at the shorter wavelengths also appear in
the solution spectra, but the band at 534 nm originates from intense �–�-interac-
tions in the stack direction perpendicular to the �-planes of the chromophoric
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Fig. 15.6 Polar plots of angular-dependent
absorbance at 367 nm prior and subsequent
to irradiation with linearly polarized light
(wavelength: 460 nm, power: 100 mW cm–2).

Sample: Self-assembled multilayer (12 layer
pairs) of PDADMAC/6 on pretreated quartz
(adapted from [46]).

D= 0 D= 0.34

h*� E
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Fig. 15.7 Optical absorption spectra of LBL
assemblies of PAH/11 (a) and PAH/12

(b) (left), and proposed orientation of the
chromophores (right) (adapted from [54]).

Scheme 15.4 Hydrogen bonding of lactam units in diphenyldiketopyr-
rolopyrrole (from [54]).



units and is only found in crystalline DPP [55]. The occurrence of this band in
LBL assemblies is therefore a clear indication for a crystal-like arrangement of the
chromophoric units within the layer planes. If the counterions in the LBL assem-
blies are varied, the position of the long wavelength absorption band is also
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Fig. 15.8 Optical absorption spectra of LBL assemblies of 5/11 (a), and Ba2+/11
(b). Differences in the spectra are due to different �–�-interactions of the chro-
mophores (adapted from [56]).



changed. This is shown in the absorption spectra of the multilayer samples of 5/
11 and Ba2+/11 in Fig. 15.8 (a) and (b), which are significantly different from each
other and from PAH/11 [56]. The reason is that the counterion variation changes
the distance between the chromophores so that the �–�-interactions responsible
for the long wavelength absorption band are also changed.

15.4
Electroactive Assemblies

Besides organic di- or polyionic compounds, inorganic ions are also suitable as
building blocks for the preparation of LBL assemblies. This was demonstrated in
the previous section for the example of the Ba2+/11 multilayer, and is also known
from studies in the literature [57–63]. Using divalent metal cations, we prepared
novel self-assembled films of organic–inorganic hybrid polymers such as poly-
(metal tetrathiooxalates) [64, 65] and completely inorganic mixed-valence complex
salts such as iron hexacyanoferrate (also denoted as Prussian blue) [66–68] display-
ing interesting electroactive properties. Due to the formation of intense coordina-
tive interactions between the transition metal ions and the counterions the adsorp-
tion process is not merely driven by electrostatic forces, but can be looked at as a
mixture of physisorption and chemisorption, and may be called ‘reactive self-as-
sembly’ [69]. In the following two sections, the films are characterised in more de-
tail.

15.4.1
Poly(metal tetrathiooxalates)

The self-assembled films of poly(metal tetrathiooxalates), [MTTO]n, were prepared
by alternate adsorption of divalent transition metal cations such as palladium, co-
balt, nickel or copper, and the tetrathiooxalate (TTO2–) dianion from aqueous solu-
tion onto charged substrates [70, 71]. While the starting compounds were only
weakly colored, the adsorbed films immediately showed a deep coloration and in-
tense metallic reflection; a clear indication that the film formation was accompa-
nied by coordinative d�–p� interactions between the compounds. A corresponding
scheme illustrating the self-assembly process is represented in Scheme 5. The re-
action scheme indicates that the self-assembly can be looked at as a grafting-from
polyaddition reaction. UV–visible absorption spectra of films with M being nickel
and palladium are shown in Fig. 15.9 (a) and (b). They indicate a broad absorption
in the visible and near-infrared. In the case of the [PdTTO]n films, back donation
of the d electrons from the Pd to the sulfur atoms of TTO is responsible for a par-
ticularly strong absorption. The coordinative interaction between the metal and
sulfur atoms was also indicated in the infrared by a characteristic shift of the C–S
stretching mode to higher wavenumbers. An interesting property of bulk
[MTTO]n samples is their high specific conductivity �, which is about 30 S cm–1

for [NiTTO]n, for example [64]. The conductivity of the self-assembled films was
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lower, but �-values measured parallel and perpendicular to the layer plane were
still as high as 3�10–3 S cm–1, the anisotropy being very small [71]. The lower �-
values might be caused by a partial substitution of the sulfur atoms by oxygen
while the TTO dianions were dissolved in an aqueous medium. A partial hydroly-
sis was evident from the infrared spectra of self-assembled [NiTTO]n films show-
ing the C = O stretching mode in addition to the C = S mode.

15.4.2
Prussian Blue and Analogues

Prussian blue (PB) and related mixed valence hexacyanometalate salts are known
for their interesting electrochemical [66], electrochromic [68], photophysical [72]
and magnetic properties [73]. The insoluble PB complex salt of composition
Fe4[Fe(CN)6] is obtained as a deep-blue precipitate, if aqueous solutions of Fe3+

and [Fe(CN)6]4– ions or Fe2+ and [Fe(CN)6]3– ions are mixed together. As recently
demonstrated [74], the multiple alternating dipping of a charged substrate into so-
lutions containing Fe2+ and hexacyanoferrate(III) ions is a useful method to pre-
pare ultrathin PB films of variable thickness on the substrate. Upon dipping into
the two solutions, the substrate immediately turned deep blue. This is a clear indi-
cation that the electrostatic adsorption was accompanied by the simultaneous for-
mation of FeIII–C–N–FeII sequences exhibiting intense charge transfer between
the di- and trivalent iron atoms. As shown in Fig. 15.10, the charge transfer band
at 700 nm increases nearly linearly with the number of dipping cycles. The alter-
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Scheme 15.5 Preparation of a poly(metal tet-
rathiooxalate) film via (n +1) fold alternate ad-
sorption of C2S4

2– ligand anions and the M2+

center (M: Cu, Co, Ni, Pd). The tilt angle be-
tween polymer chains and substrate surface
is unknown (from [71]).



native preparation route via dipping of the substrate into solutions of Fe3+ and
[Fe(CN)6]4– also results in the formation of deep blue films. The absorbance of
these films was always three times higher than for the previous ones. This was as-
cribed to the higher charge density of the Fe3+ and hexacyanoferrate(II) ions.
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Fig. 15.9 Optical absorption of poly(metal
tetrathiooxalate) films with M being nickel (a)
and palladium (b) after various dipping cycles
n. The insets show plots of the absorbance at

distinct wavelengths versus n. Substrates:
quartz plates precoated with three layer pairs
PSS/PAH (adapted from [70, 71]).



Upon adsorption of these ions, the surface charge is more effectively reversed so
that in the next deposition step more ions can be adsorbed. The self-assembled
films show the typical reversible redox behaviour of PB with cyclovoltammetric
peaks for the oxidation to Prussian Green at 830 mV (vs. SCE) and reduction to
Everitt’s salt at 160 mV. Simultaneously the color of the films changes from blue
to green or colourless, respectively, making the films attractive for applications in
electrochromic devices. The peak intensities increased linearly with the number of
dipping cycles. This is demonstrated for the potential range from –200 to 700 mV
vs. SCE in Fig. 15.11 (a). The self-assembled PB films also showed interesting
photoelectrochemical behaviour, similar to observations reported previously for LB
films containing PB [75]. Switching polychromatic light on and off at an applied
potential of 1 V is accompanied by a repeated generation and disappearance of a
photocurrent (Fig. 15.11 (b)). The self-assembly route is also useful to prepare
films of PB analogues containing other transition metal ions such as cobalt, in-
dium or copper. With other metal ions, charge transfer interactions, peak poten-
tials and electrochromism are decisively altered [76].
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Fig. 15.10 UV/visible absorption spectra of
self-assembled PB films after various dipping
cycles n, the aqueous solutions containing
hexacyanoferrate (III) and iron(II) ions. The

inset shows the plot of the absorbance at
700 nm versus n. Substrates: quartz plates
precoated with three layer pairs PSS/PAH
(adapted from [74]).
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Fig. 15.11 Electro- and photoresponsive prop-
erties of self-assembled PB films on ITO-
coated quartz supports. (a) Cyclic voltammo-
grams after different numbers n of dipping
cycles using a potential range from –200 to
700 mV vs. SCE (scan rate: 5 mV s–1,
T= 20 �C); the inset shows a plot of the ano-
dic peak current vs. n. (b) Current changes

induced by switching on and off the irradia-
tion of a PB film (16 dipping cycles) with
white light from a 500 W lamp. Applied po-
tential: 1 V vs. SCE. The inset shows the de-
pendence of the photocurrent on the applied
potential. Supporting electrolyte: 0.5 M KCl
(adapted from [74]).
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15.5
Transport of Small Molecules and Ions across Polyelectrolyte Multilayers

15.5.1
Transport of Small Molecules

The use of polyelectrolytes for the preparation of separating membranes of macro-
scopic thickness was already demonstrated several years ago. From these studies
[77–80] it is known that solution-cast membranes exhibit favorable properties in
alcohol/water separation and the dehydration of organic solvents. Thus it was also
interesting to study LBL assemblies of polyelectrolytes with respect to their trans-
port behavior and potential use as ultrathin separating membranes. Our activities
in this field have recently been reviewed [81, 82], the important aspects are de-
scribed in the following. For the studies of transport behaviour [81], we always
used highly porous polyacrylonitrile-based supporting membranes treated with
oxygen plasma in order to increase the surface charge. The porous supports were
alternately dipped into the solutions of the two oppositely charged polyelectrolytes,
the polyelectrolytes were adsorbed on the substrate surface and formed a multi-
layer membrane of thickness in the nanometer range (Scheme 6). The pore sizes
of the support were between 20 and 200 nm. Porous supports were chosen be-
cause they did not influence the permeation, so that any separation achieved
could be exclusively ascribed to the polyelectrolyte multilayer membrane.

15.5.1.1 Gas permeation
In a first study [83] it was tested, whether the layer-by-layer adsorption of polyelec-
trolytes enables the pores of the substructure to close, and whether a dense separ-
ating layer can be prepared. For this purpose, the flow of nitrogen, oxygen, argon
and carbon dioxide across a PAH/PSS complex membrane was studied as a func-
tion of the number of deposited layer pairs. It was found that the flux of the sup-
port could be reduced by 90%, if 20 layer pairs were adsorbed. If 60 layer pairs
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Scheme 15.6 Layer-by-layer adsorption of
polyelectrolytes on plasma-treated porous
supporting membrane. Multiple repetition of
steps A and B leads to the ultrathin separat-
ing layer. In reality the pore diameter is 20–

200 nm, i.e. much larger than the size of the
polyelectrolyte chains, the individual polymer
chains are less ordered and partially overlap-
ping (adapted from [88, 90]).



were deposited, the flux was reduced by more than 99.9%. Obviously, the layer-by-
layer approach was suitable for closing the pores of the substrate. The studies also
indicated that the permeation rates of N2, O2 and argon were nearly identical,
while for carbon dioxide a higher value was found, probably due to a higher solu-
bility of CO2 in the polyelectrolyte multilayer. Our results on gas permeation were
in good agreement with those of another research group, who also found poor or
no separation when they used LBL assemblies on porous substructures [84].

15.5.1.2 Pervaporation separation of alcohol/water mixtures
In order to study the transport of small liquid molecules, alcohol/water mixtures
were chosen and their separation under pervaporation conditions was investigated
[81–86]. Pervaporation was used, because it represents a promising new technique
for industrial separation of liquid mixtures [85], and because good results on alco-
hol/water pervaporation separation already existed for solution-cast polyelectrolyte
complex membranes of micrometer thickness [78, 79]. In the first studies, etha-
nol/water separation using PAH/PSS multilayer membranes was investigated [83,
86]. A preferential transport of water was found, but the separation was only
rather poor. Moreover, the PAH/PSS membrane was only stable up to a water con-
tent of the feed solution of about 20%. At higher concentration, the network struc-
ture was hydrolyzed and the membrane destroyed.

Further experiments were aimed at improving the separation capability. Before
these studies are described, it is useful to briefly discuss the microstructure of the
membrane. The LBL assemblies of cationic and anionic polyelectrolytes exhibit a
physically cross-linked network structure [87], the ion pairs representing the cross-
linking units of the network. An idealized model of the network structure is
shown in Fig. 15.12. Molecules permeating across the films have to pass the pores
of the network, i.e. the permeability will depend on the size and hydrophilicity of
the individual pores. In other words, the charge density of the polyelectrolytes is
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Fig. 15.12 Idealized structure of the polyelectrolyte complex membrane with the
polyelectrolytes being completely ionized. In reality the individual polymer chains
are less ordered and partially overlapping.



an important structural parameter controlling the permeability of the individual
compounds. To prove this model, a variety of multilayer membranes with differ-
ent charge density �c of the polyelectrolyte complex was prepared under identical
conditions, and the separation characteristics were determined as a function of
the structure [88–90]. The charge density �c was defined as the number of ion
pairs per number of carbon atoms in the repeat unit of the polyelectrolyte com-
plex. As shown in the plot of Fig. 15.13, the total flux was inversely proportional
to �c, while the water content in the permeate increased with �c. The clarity of
this correlation was surprising, especially because, in the definition of �c, any con-
tribution from specific structural elements such as the nature of the ionic groups,
branching of the polymer, flexibility of the main chain and the side groups, pres-
ence of aromatic units etc. had been completely neglected. To a first approxima-
tion, only the charge density controls the flux and separation capability of the
membrane. The main result of this study was that membranes with improved
ethanol/water separation could now be tailored, if polyelectrolytes of high charge
density such as PEI, polyvinylamine (PVA), polyvinylsulfate (PVS), polyvinylsul-
fonate (PVSu) and polyacrylate (PAA) were used.

As a first example, the PEI/PVS membrane was studied [89]. Compared with
the PAH/PSS membrane, the ethanol/water separation could be highly improved.
For 20% (w/w) water in the feed solution, a water content of 99.6% in the perme-
ate was reached, which corresponds to a separation factor of nearly 103. The flux
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Fig. 15.13 Ethanol/water pervaporation sepa-
ration of various polyelectrolyte complex
membranes (60 layer pairs). Dependence of
total flux (a) and composition of the perme-
ate (b) on the charge density of the polyelec-
trolyte complex. Feed solution: 6.2 wt.%

water. All membranes were prepared under
the same conditions i.e. from NaCl-free aque-
ous polyelectrolyte solutions (concentration:
10–2 monomol L–1) at pH 1.7 (adapted from
[82, 89, 90]).



was about 600 g–2 h–1. However, the good separation characteristics could only be
achieved after annealing the membrane at 90 �C for 1 h. The post-treatment was
necessary in order to increase the cross-linking density, because the branching
and low backbone flexibility of PEI were unfavorable for the direct preparation of
a defect-free, regular network structure similar to the one in Fig. 15.12. In order
to further improve the separation, PEI was replaced by the more regular, flexible
PVA. The resulting PVA/PVS membranes showed improved separation character-
istics in ethanol/water pervaporation compared with PEI/PVS [90]. It was no long-
er necessary to anneal the membranes before use, but now a good separation was
only obtained if the polyelectrolytes were adsorbed from aqueous solutions con-
taining an additional supporting electrolyte such as NaCl. In the presence of
NaCl, the diameters of the polymer coils are smaller, and the tendency of the coils
to unfold during adsorption is much lower. Consequently, the thickness of the ad-
sorbed layers is larger, and with increasing thickness the flux becomes lower,
while the separation factor becomes higher.

Besides ethanol/water separation, the separation of other alcohol/water mix-
tures was also studied [81, 91]. It was found that tert-butanol/water mixtures are
more efficiently separated than propanol/water or ethanol/water mixtures
(Fig. 15.14 (a)). Except for a feed composition with less than 5 wt.% water, the
permeate always contained nearly pure water, i.e. the water concentration was
99.9 wt.% or higher. The highest flux was found for tert-butanol/water mixtures,
i.e. with decreasing hydrophilicity of the alcohol the flux increased (Fig. 15.14 (b)).
The excellent results for the dehydration of the less hydrophilic alcohols were
firstly due to the weaker hydrogen bonding between these alcohol molecules and
water. In addition, the close, hydrophilic pores of the PVA/PVS membrane fa-
vored the water permeation and rejected the less polar alcohol molecules. From
the flux J and the separation factor �, the separation efficiency �J, also denoted as
‘pervaporation separation index’ (PSI), was calculated. Highest values of more
than 3�104 were found for the tert-butanol/water mixtures. With increasing hy-
drophilicity of the alcohol, the PSI decreased and the maximum value shifted to-
wards a higher water content in the feed.

As described above, the suitability of polyelectrolyte multilayer assemblies for al-
cohol/water separation is decisively influenced by the charge density of the poly-
mers. The charge density not only depends on the molecular structure of the poly-
electrolytes, but is also a function of the degree of ionisation of the polar groups,
which is controlled by the pH of the polyelectrolyte solutions used for membrane
preparation. The effect of a pH variation on flux and separation of the polyelectro-
lyte membrane is very strong. In the small pH region from 1.8 to 2.4, the total
flux of an ethanol/water mixture across a PAH/PSS membrane varied by a factor
of 4.5; the water content in the permeate was also affected [90]. Even stronger ef-
fects were found, if the pH was raised to 6.8 [92]. In Tab. 15.2, flux and separation
of three membranes of high charge density prepared at pH 6.8 are compared with
membranes prepared at pH 1.7 with or without salt added to the dipping solu-
tion. By far the best separation is found for the PVA/PVSu membrane prepared at
pH 6.8. The separation factor is 3010, while for the same membrane prepared
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from salt-free or salt-containing dipping solutions at pH 1.7 only �-values of 45
and 345, respectively, were obtained. The very good separation can be ascribed to
a high cross-linking density of the membrane caused by the use of polymers of
high charge density, and by a flat adsorption of the polymer chains under the pH
conditions applied [93] so that the structure resembles the model depicted in
Fig. 15.12.
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Fig. 15.14 Dependence of water content in
permeate (a) and total flux (b) on water con-
tent in the feed solution for various alcohol/
water mixtures. Samples: 60 layer pairs PVA/

PVS. Polyelectrolytes were adsorbed from
aqueous solutions containing NaCl as sup-
porting electrolyte in a concentration of 0.1
mol L–1 (adapted from [81]).

a)

b)



15.5.2
Transport of Ions

If aqueous solutions of oppositely charged polyelectrolytes are cast on top of each
other, a so-called bipolar membrane with bilayer structure is obtained. The ion
permeation through bipolar polyelectrolyte membranes of macroscopic thickness
was already investigated several years ago [94, 95]. It was found that divalent cat-
ions receive a much stronger repulsive force from the positively charged layers
than monovalent ones. The same holds for the divalent anions, which are rejected
by the negatively charged layers. Consequently, the bipolar membranes represent
barriers for divalent ions in general and can be used for ion separation [94, 95].
The self-assembled polyelectrolyte multilayers consist of cationic and anionic poly-
electrolytes in alternating fashion and thus can be looked at as a multi-bipolar
membrane on a molecular level, which likewise should be able to separate mono-
and divalent ions. In Fig. 15.15, a model of the ion rejection by a multi-bipolar
membrane is represented [96]. The model implies that the ion separation be-
comes progressively more effective if the number of adsorbed polyelectrolyte
layers is increased, and that the separation achieved is independent of the surface
charge of the membrane. In a first study [88], the permeation of aqueous NaCl
and MgCl2 solutions across PAH/PSS membranes was investigated. A permeation
rate PR for NaCl 15 times higher than that for MgCl2 was found. In a subse-
quent, more comprehensive study, the transport of NaCl, MgCl2 and Na2SO4 was
investigated [96]. It turned out that the PR values of the three salts were signifi-
cantly different so that theoretical separation factors � for Na+/Mg2+ of up to
112.5 and for Cl–/SO4

2– of up to 45.0 could be determined. Numerous parameters
were found to influence the PR values and the separation factor �. Among them
are the number of adsorbed layer pairs, the charge density of the polyelectrolytes,
pH and the presence of NaCl in the polyelectrolyte solution used for membrane
preparation. As expected from the rejection model, the PR values decreased and
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Tab. 15.2 Ethanol/water pervaporation separation of polyelectrolyte multilayer membranes (60
layer pairs) of high charge density as a function of the preparation conditions (feed: 6.2 wt.%
water)

Separating
membrane

Prepared from polyelectrolyte solution Total flux
[g m2 h–1]

Water content
in permeate
[wt.%]

�

of pH in presence of 0.1 M NaCl

PVA/PVSu 1.7 – 483 74.8 45
1.7 + 226 95.8 345
6.8 – 104 99.5 3010

PVA/PVS 1.7 – 431 70.0 35
1.7 + 63 94.9 282
6.8 – 88 99.1 1666

PVA/PAA 6.8 – 75 97.1 507



the � values increased when the number of adsorbed layer pairs was increased. If
polyelectrolyte complexes of progressively higher charge density were used for
membrane preparation, the network became more and more polar and the pore
size was reduced. As a consequence, the PR values decreased, but for ions of high
charge density the change was much stronger than for the monovalent ions; con-
sequently, higher �-values were obtained. In a subsequent study [97], the ion per-
meation across PVA/PVS membranes was investigated. Because of the high
charge density, the membranes exhibited very good separation properties. For the
series of alkali and alkaline earth metal chlorides, the PR values increased from
LiCl to KCl, and from MgCl2 to BaCl2, i.e. in the direction of decreasing charge
density of the cations. When the salt concentration of the permeating aqueous
NaCl and MgCl2 solutions was increased, the PR values were little affected until a
concentration of about 0.3 mol L–1 was reached (Fig. 5.16). At higher salt concen-
tration the permeation rates increased strongly, while the separation factor
dropped. The effect can be explained by considering the equilibrium of the poly-
electrolyte complex formation (with P+ and P– being charged segments of the cat-
ionic and anionic polyelectrolytes),

P�X� � P�M� � P�P� � M�X� �

Upon addition of M+X– the equilibrium is gradually pushed to the left side, i.e.
the ion pairs representing the cross-linking units of the network are partially dis-
sociated. Larger pores are formed, the permeation rates are increased and the se-
lectivity of the membrane is decreased. In order to study the possible influence of
the surface charge of the membrane on the ion rejection, PVA/PVS membranes
with alternate positive and negative surface charge were prepared, i.e. either PVA
or PVS was adsorbed as the uppermost layer [97]. In Fig. 15.17, the permeation
rates of NaCl, MgCl2, Na2SO4 and MgSO4 are plotted as a function of number
and surface charge of the deposited layers. Clearly there is no influence of the
surface charge, i.e. the charged groups in the bulk volume of the membrane con-
tribute to the ion rejection as suggested by the model of Fig. 15.15. Fig. 15.17 also
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Fig. 15.15 Model of ion rejection by a multi-bipolar membrane (left) and idealized mul-
ti-bipolar structure of the polyelectrolyte LBL assembly (right) (adapted from [96, 97]).

1– 1+ 2– 2+
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Fig. 15.16 Plot of permeation rates PR of NaCl and MgCl2 versus the concen-
tration c of the aqueous salt solution. Separating membrane: 60 layer pairs of
PVA/PVS adsorbed from aqueous polyelectrolyte solution at pH 1.7 contain-
ing NaCl as supporting electrolyte (concentration: 0.1 mol L–1) (adapted from
[97]).

Fig. 15.17 Effect of the surface charge of the separating membrane on the
permeation rates PR of NaCl, MgCl2, Na2SO4 and MgSO4. Separating mem-
brane: 59 to 61 layer pairs of PVA/PVS, for preparation conditions see cap-
tion to Fig. 15.18 (adapted from [97]).



shows that the permeation rates of the four electrolytes decrease in the sequence
PR(NaCl) > PR(Na2SO4)�PR(MgCl2) > PR(MgSO4), i.e. in the direction of increasing
charge density of the ions.

15.5.2.1 Uptake of Ions
Using a PVA/PVS membrane, the transport of various metal chlorides including
heavy metal chlorides such as ZnCl2, CuCl2 or LaCl3 was studied [98]. In
Fig. 15.18, the permeation rates of the various metal chlorides are plotted versus
the surface charge density z+r–2(z+: charge number, r: radius of non-hydrated
ions) of the corresponding cations. As expected, the PR values were inversely pro-
portional to the surface charge density, but some of the heavy metal chlorides and
barium chloride showed exceptionally low PR values. This indicates that effects
other than the charge density may also play a role. As recently shown [98], an im-
portant effect on PR originates from selective incorporation of specific metal ions
into the membrane. For example, the incorporation of copper ions is apparent
from the blue color of the PVA/PVS membrane after the permeation of aqueous
copper chloride. From the absorption maximum at about 700 nm a complex for-
mation between copper and the amino groups of PVA according to

4P � NH2 � �Cu�H2O�n�2� � �Cu�P � NH2�4�2��nH2O
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Fig. 15.18 Plot of the permeation rates PR of
various metal chlorides in aqueous solution
(concentration: 0.1 mol L–1) as a function of
the charge density z+r–2 of the metal cation

(z+: charge number, r: radius of metal ion).
Separating membrane: 60 layer pairs of PVA/
PVS, for preparation conditions see caption to
Fig. 15.18 (adapted from [97]).
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Fig. 15.19 Effect of selective uptake of metal
ions incorporation on the ion permeation of
polyelectrolyte LBL assemblies. The permea-
tion rates PR of (a) NaCl and CuCl2, and
(b) NaCl and BaCl2 across a PVA/PVS mem-

brane (60 layer pairs) obtained upon succes-
sive permeation of the two salt solutions are
shown. For preparation conditions of the
membrane see caption to Fig. 15.18 (adapted
from [98]).

a)

b)



was evident. The complex formation increases the network density of the mem-
brane and consequently the permeability is generally decreased. This is demon-
strated in Fig. 15.19 (a) for a repeated alternating permeation of aqueous NaCl and
CuCl2 solutions across a PVA/PVS membrane. Upon repeated permeation, the PR

values of the two salts decrease until a constant rate is obtained, when the mem-
brane is saturated with copper ions. With aqueous barium chloride, a different
kind of interaction with the polyelectrolyte complex was observed. Repeated alter-
nate permeation of aqueous NaCl and BaCl2 is accompanied by an initial increase
in the PR values until they finally decrease again (Fig. 15.19 (b)). The behavior was
explained by considering that the barium salt of PVS is less soluble in water than
the P+P– ion pairs of the PVA/PVS membrane. Consequently the barium ions re-
act with P+P– according to the equilibria

2P�P� � Ba2��X��2 � P�Ba2�X� � P�P� � �P��2Ba2� � 2P�X� �

The initial increase in the permeation rates can be ascribed to the formation of
P–Ba2+X–, which is accompanied by a decrease in the cross-linking density, while
the final decrease in the PR values results from the gradual formation of (P–)2Ba2+

units representing new cross-linking sites in the membrane.

15.6
Summary and Conclusions

Our studies indicate that the layer-by-layer assembly of oppositely charged di- or
polyionic compounds is a versatile method for the preparation of ultrathin func-
tional films. Photoreactive films can be prepared, for example, by self-assembly of
bolaamphiphiles or ionenes carrying photosensitive azobenzene or diacetylene
moieties. However, the photoreactivity of these groups is strongly dependent on
the nature of the polymeric counterion used for the preparation of the LBL assem-
bly. Polyelectrolytes of high charge density such as PAH and PEI favor a crystal-
like dense packing of the bolaamphiphiles, while weakly charged polyelectrolytes
such as chitosan may induce a less ordered, smectic arrangement. The study of
the diketopyrrolopyrrole derivatives shows that even in a densely packed, aggre-
gated monolayer the mutual orientation of the bolaamphiphiles is determined by
the nature of the counterions. The attempts to orient the azobenzene moieties un-
iquely in polarized light were only partially successful owing to the limited flex-
ibility of the compounds caused by the electrostatic interactions in the film. SFM-
studies indicate that the surface structure of the self-assembled films is strongly
dependent on the nature of the adsorbed compounds. Indeed, bolaamphiphiles
and divalent inorganic ions are suitable for construction of LBL-assemblies, but
they are not able to increase the charge density or to homogenise the charge dis-
tribution at the surface. Therefore, the surface structures of films containing
these compounds are always rather inhomogeneous, while polyelectrolyte films or
films containing polyionic inorganic compounds usually exhibit a smoother sur-
face. The use of transition metal ions might have the consequence that the self-as-
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sembly process is not merely driven by electrostatic forces, but coordinative inter-
actions between the d-electrons of the metal ions and p- or d-electrons of the
counterions also play a role. This allowed us to prepare films of organic–inorganic
hybrid polymers such as conducting poly(metal tetrathiooxalate), and of purely in-
organic polymeric complex salts such as redoxactive, electrochromic Prussian blue
by simple alternate dipping of the substrate into solutions of the ionic species
constituting the polymers. By variation of the metal cations, or the anions, films
of other hybrid polymers such as poly(metal tetrathiosquarate), poly(metal ben-
zene-1,2,4,5-tetrathiolate), or PB analogs showing other colors and redox poten-
tials may become accessible.

Our studies also indicate that the LBL approach allows one to prepare dense
polyelectrolyte multilayers of thickness in the nanometer range, which are suit-
able as separating membranes. When the polyelectrolytes are adsorbed on a po-
rous substructure, a new type of composite membrane is obtained. Due to the
charge neutralisation of the cationic and anionic polyelectrolyte substituent
groups, a highly crosslinked polyelectrolyte complex membrane with defined pore
sizes of less than a nanometer in diameter is formed. If polyelectrolytes with high
charge density are used, membranes with small, hydrophilic pores become acces-
sible. These are highly permeable for water molecules, and only little permeable
for organic solvent molecules such as alcohols. The less hydrophilic the com-
pound, the lower the permeability across the membrane. Besides the charge den-
sity, the nature and the ionization of the polar groups and the regularity of the
polymer structure are other important criteria for a good alcohol/water separation.
Branched PEI is less suitable than polymers with more regular, flexible structure
such as PAA or PVSu, which are prepared directly from the corresponding mono-
mers. Moreover, the membranes should be prepared at the pH of the polyelectro-
lyte solution, permitting a complete ionisation of the polar groups. If all parame-
ters are optimised, polyelectrolyte complex membranes with separation factors
and efficiencies comparable to zeolite membranes can be prepared. The reason is
that the polyelectrolyte and zeolite membranes exhibit similar pore sizes with di-
ameters in the range 0.5 to 0.9 nm. Thus the polyelectrolyte complex membranes
may also be denoted as ‘organic zeolite’ membranes.

Due to the alternating sequence of cationic and anionic layers, the polyelectro-
lyte multilayer membranes exhibit a multi-bipolar character. As a consequence,
the permeating ions receive a strong Donnan rejection at equally charged layers,
especially when the charge density is high. Thus the membranes are suitable for
separation of ions of different charge density, as for example Na+ and Mg2+, or
Cl– and SO4

2–. Our studies also show that some transition metal ions, as for exam-
ple Cu2+, or ions of high charge density, are strongly bound to the membrane.
Cu2+ ions are complexed by amino groups of PVA, for example, while Ba2+ ions
are able to form insoluble salts with the sulfate groups of PVS. As a consequence,
the cross-linking density of the membrane is varied and the permeation rates of
all ions are changed. The selective transport of small molecules according to their
hydrophilicity, and of ions according to their charge density, is certainly one of the
most interesting properties of the polyelectrolyte LBL assemblies. Incorporation of
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ion-selective compounds in the polyelectrolyte multilayers, as for example potas-
sium-selective Prussian-blue layers, may further allow one to improve the selectiv-
ity and to use the LBL assemblies in specific sensor applications.
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Abstract

In the 1970s, studies of electro-optic (EO) materials were focused on inorganics
including lithium niobate, and semiconductors such as cadmium sulfide, sele-
nium, and tellurium. In 1982, the first electric field-poled second-order nonlinear
optical (NLO) polymers were reported [1], and since then, intensive studies have
led to the development of commercial electro-optic devices based on these materi-
als, due to their intrinsic large optical nonlinearities, architectural flexibility and
ease of fabrication [2]. Several novel methods for creating noncentrosymmetric
materials incorporating organic molecules with large molecular susceptibilities
have been developed over the past decade. These include Langmuir–Blodgett film
[3–5] and covalent self-assembled monostructure [6–8] methods, and most of this
work has concentrated on poled polymeric materials [9]. The polymer systems for
poled materials include guest–host systems, in which a nonlinear chromophore is
incorporated as a dissolved guest in the polymer host, side-chain polymers, main-
chain polymers and cross-linked polymer systems. However, the fabrication pro-
cess for such electric field-poled polymers, in which the field-induced polar order-
ing is temporarily frozen in by cooling the poled material below the glass transi-
tion temperature of the polymers, typically employs spin-coating techniques,
which are not able to provide the precisely uniform and homogeneous films gen-
erally required by low-loss photonic waveguide devices. Furthermore, the NLO re-
sponse of poled polymers undergoes a spontaneous decay over time because the
system is not in an equilibrium state. Electrostatic self-assembly (ESA) materials
overcome this limitation.

ESA films have recently been developed, and allow detailed structural control at
the molecular level with ease of manufacturing [10–18]. The ESA method involves
the alternate dipping of a charged substrate into aqueous solutions of oppositely
charged ions at room temperature. For the synthetic EO materials, the ESA tech-
nique has been proven to provide a noncentrosymmetric arrangement of NLO
chromophores to yield thin films using commercial ionic polymer dyes and other
materials [19–21]. Results for these EO materials have demonstrated the linear
growth of absorbence with the number of bilayers, and thus the homogeneous de-
position of the EO materials with each successive layer.
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This chapter considers the design, synthesis, structure and characterization of
EO materials formed by ESA processing. The first section describes molecular pre-
cursors, their synthesis routes and structures. The following section describes the
fabrication and characterization of different example materials.

16.1
Nonlinear Optical Polymers

16.1.1
Design, Synthesis and Characterization of Polydyes

In order to have finite second-order susceptibility, a polymer system must consist
of chromophores, which are created through the combined noncentrosymmetries
of molecules. The chromophores of organic molecules possess electron donor and
acceptor groups attached to a �-conjugated system. Several chromophores (1–3)
chosen for studies are shown in Fig. 16.1. These chromophores were designed to
attach to polymers, and the designed polydyes are easy to synthesize. The other
important consideration required by the ESA process is that the designed polymer
must contain a functional group, which allows the molecules to be converted to
water-soluble salts.

Polydye 1 can be made from the reaction of poly(methacryloyl chloride) with
Disperse Red 1 in the presence of triethylamine as shown in Scheme 16.1. Diox-
ane was a suitable solvent because both reactants, including the polymer, are solu-
ble in it. The Tg of this polydye, which was determined from a second heating
scan of a differential scanning calorimetry (DSC) measurement, was 133 �C. The
chemical shift of 1H NMR, and the FT-IR spectrum confirmed the structure of
the side-chain of the obtained polymer.

One of the most frequently used synthetic methods for the synthesis of polyester
is the reaction of equal amounts of diacid and diol in the presence of triphenylpho-
sphine and diethyl azodicarboxylate (DEAD) [22]. Scheme 16.2 shows the poly-
merization of 5-hydroxyisophthalic acid with N-4-[(4-cyanophenylazo)phenyl]di-
ethanolamine, which was obtained from the reaction of p-cyanophenyldiazonium
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Fig. 16.1 Structures of chromophores.



with N-phenyldiethanolamine. Gel permeation chromatography (GPC) showed a
weight-averaged molecular weight of 4380. The Tg of this polyester was 140 �C.
The structure was also confirmed by 1H NMR and FT-IR spectroscopies.

Polydye 3 was synthesized from the reaction of poly(methacryloyl chloride) with
N-4-[(4-cyanophenylazo)phenyl]diethanolamine using the same method as that
used for polydye 1 (Scheme 16.3). The ratio (m/n) could be also controlled by the
addition ratio of Disperse Red 1 to polyacid chloride and the reaction time.

Polymerization of 5-hydroxyisophthalic acid with N-phenyldiethanolamine was
carried out in the presence of triphenylphosphene and DEAD using the same pro-
cedure as that used for polydye 2. The obtained polyester then underwent tricy-
anovinylation with tetracyanoethylene in DMF at 70 �C by a known method
(Scheme 16.4) [23]. GPC measurement showed a number-averaged molecular
weight of 25000. The structure was determined by 1H NMR and FT-IR spectra,
which showed phenyl, hydroxy, cyano and carbonyl groups.
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Scheme 16.1 Synthesis of polydye 1

Scheme 16.2 Synthesis of polydye 2



16.1.2
ESA Fabrication of NLO Thin Films and Their Characterization

Noncentrosymmtric thin films have been fabricated by ESA processing using
commercial ionic polymer dyes, polydyes, such as those discussed above that have
been designed and synthesized especially for �(2) applications and other materials.
Early EO thin films were made from commercial polymer dye Poly S-119
(Fig. 16.2), which consists of a poly(vinylamine) backbone with an ionic azo dye
chromophore that serves as the polyanion for the ESA fabrication, while
poly(allylamine hydrochloride) (PAH), which has no �(2) response, was used for
the polycation [19]. It has been found through measurements of UV–Vis absor-
bance and of film thickness as a function of immersion time that the formation
of each monolayer is complete in less than 20 s of immersion in the polyelectro-
lyte. This allows the rapid build-up of self-assembled, multilayer EO films. The
film is orange in color and exhibits exceptional homogeneity without scattering.
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Scheme 16.3 Synthesis of polydye 3

Scheme 16.4 Synthesis of polydye 4



In Fig. 16.3, the absorbance at 500 nm of several films is plotted versus the num-
ber of bilayers. The linear growth of absorbance with the number of deposited
layers illustrates the homogeneous deposition of the polymer dye with each suc-
cessive layer. The thickness, determined by ellipsometry, as a function of the num-
ber of deposited bilayers for Poly S-119 is shown in Fig. 16.4. Each bilayer is
found to have a thickness of 1.2 nm.

Multi-layer thin films of synthetic polydyes were also self-assembled on glass
substrates with poly(diallyldimethylammonium chloride) (PDDA) as the passive
polycation layer [21]. Polydyes were converted to water-soluble sodium or ammo-
nium salts before ESA fabrication. The films are grown monolayer by monolayer
by first immersing an initially charged substrate into aqueous PDDA solution.
This is followed by rinsing and then by immersion of the substrate into a solu-
tion of polydye salt. The dipping process can be repeated as many times as de-
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Fig. 16.2 Structure of Poly S-119.

Fig. 16.3 Absorbance at 500 nm as a function of number of Poly
S-119/PAH bilayers.



sired. UV–Vis spectroscopy was used to monitor the ESA process, and to charac-
terize of the NLO thin films. The absorbance peaks (�max) of polydyes 1–4 are at
470, 435, 445 and 365 nm, respectively. The ESA method provided films of excel-
lent uniformity. As an example, the UV–Vis spectrum of 30 bilayers of PDDA/
polydye 2 film (Fig. 16.5) exhibits a linear increase with the addition of bilayers,
indicating that each bilayer contributes an equal amount of material to the thin-
film growth [21]. In addition, the maximum differences between data collected at
different locations across each film are, at most, a few percent, indicating excel-
lent uniformity of the films. The ESA method therefore produces thin films that
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Fig. 16.4 Film thickness as a function of the number of Poly S-
119/PAH multilayers.

Fig. 16.5 UV–Vis spectra of polydye 2/
PDDA ESA films: (a) 5, (b) 10, (c) 15,
(d) 20, (e) 25, and (f) 30 bilayers. The
inset shows the linear relationship be-
tween absorbance at 435 nm and the
number of bilayers assembled.



are homogeneous through the film thickness as well as across the width and
length of the film.

16.1.3
Nonlinear Optical Measurements

Second harmonic generation (SHG) experiments were performed by use of both
the 1064 nm fundamental wavelength of a Q-switched Nd: YAG laser and the
1200 nm output from a broadband, BBO optical parametric oscillator (OPO) [19].
The OPO is pumped by the 355 nm third harmonic of the Nd: YAG and is con-
tinuously tunable from 400 to 2500 nm. The 504 nm OPO signal beam is re-
moved from the 1200 nm idler bean using a 700 nm long pass filter. The incident
intensity and polarization on the sample are controlled by a pair of Glan-Laser po-
larizing prisms. The incident fundamental intensity into the sample is measured
using a beamsplitter and photodiode. The polymer sample was held at a 45 � an-
gle to the incident laser beam. A quartz crystal was used as a reference sample.

To determine the �(2) of the polydye films, the SHG data for polydye thin films
was fit to I2�= A (I�)2, where I2� and I� are the second harmonic and fundamen-
tal intensities, respectively [21]. The dependence of the second harmonic intensity
on film thickness and �(2) is given by

I2� � �lc��2�eff �2 sin2 �l
2lc

� �
� �1�

where l is the sample thickness, lc =�/[4(n2�–n�)] is the coherence length, and �(2)
eff

is the effective susceptibility determined by sample geometry and the nonzero
components of the �(2) tensor. In the limit that the sample thickness is much less
then the coherence length, the second harmonic intensity is quadratic in the film
thickness. Since the film studied here are in the l� lc limit, the SHG intensity is
expected to grow quadratically with the number of bilayers.

Fig. 16.6 illustrates the dependence of the SHG signal intensity as a function
of the incident fundamental intensity for a single-sided, 68 bilayer Poly S-119/
PAH film. The solid curve is a best fit to the data of the form I2�= A (I�)b. The fit
yields a value of b = 2.02, in excellent agreement with the expected quadratic de-
pendence on fundamental intensity.

When the ESA films are rotated to normal incidence, negligible SHG is ob-
served. This is consistent with the expectation that the alignment of the chromo-
phores occurs perpendicular to the substrate. Furthermore, when the sample is
oriented at 45 �C to normal incidence and the polarization of the fundamental
beam is varied, the SHG intensity is observed to vary smoothly from a maximum
for horizontal, p-polarized light to a minimum for vertical, s-polarized light, again
consistent with dipolar orientation perpendicular to the substrates. In Fig. 16.7,
(I2�)1/2 is plotted versus the number of bilayers for several Poly S-119/PAH films.
The data are seen to be in excellent agreement with the quadratic dependence.
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This demonstrates that the orientation of the chromophores is the same for each
successive layer.

By comparison to the Maker fringe pattern generated by translation quartz,
where across the fundamental beam the �(2) value of the Poly S-119/PAH film is
found to be 0.70 times the value of quartz, or 1.34�10–9 esu, these films exhib-
ited no measured decay of �(2) over a period of more than one year. Because the
films self-assemble into the noncentrosymmetric, polar-ordered state, this thermody-
namically stable state does not exhibit decay over time. This is in sharp contrast
to the behavior of electro-optic poled polymers.

In order to investigate the thermal stability of ESA films, a 100 bilayer Poly S-
119/PAH sample was heated to 150 �C over the course of 3 h. The temperature
was maintained at the intermediate values of 50 �C and 100 �C long enough to al-
low measurement of the second harmonic intensity. Fig. 16.8 shows data for 23,
50, 100, and 150 �C as the sample was heated. The second harmonic intensity was
observed to decrease monotonically as the temperature was raised. Once the tem-
perature stabilized at 150 �C, the sample was maintained at this temperature for
15 h. In Fig. 16.9, SHG data are shown for this initial time at 150 �C as well as for
3.2, 5.6, and 15.3 h after the temperature had reached 150 �C. Nearly identical
curves for the SHG signal were observed throughout this time period. It is clear
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Fig. 16.6 Dependence of the sec-
ond harmonic intensity at 600 nm
on the fundamental intensity at
1200 nm for a single-side 68 bilayer
Poly S-119/PAH ESA film.

Fig. 16.7 Square root of the mea-
sured second harmonic intensity,
(I2�)1/2, as a function of the num-
ber of bilayers for Poly S-119/PAH
films.



that the �(2) response of the sample exhibited exceptional stability at this elevated
temperature for greater than 15 h.

Second harmonic generation experiments were carried out on the first two poly-
mers we have designed and synthesized, using the 68 bilayer Poly S-119/PAH
film as a standard reference material. Since the �(2) of the PS-119/PAH film had
been determined previously (0.56 pm V–1), the �(2) of the other ESA thin films
could be rapidly determined by comparison to this reference. In this limit, the �(2)

value is determined by Eq. (2), where A is the coefficient of the fit to the second
harmonic intensity as a function of fundamental intensity and l is the path length
through the sample, i.e. the film thickness.

��2� � �
�2�
ref

��������
A

Aref

�
lref

l
�2�

Figs. 16.10 and 16.11 illustrate the comparison of second harmonic intensity of
polydye 1 and polydye 2 films with that for a Poly S-119/PAH film [21]. Since the
thickness of the ESA films is much less than the second harmonic coherence
length, the observed second harmonic intensity increases quadratically with the
thickness of a given material. Although the second harmonic intensity of polydye
2 film in Fig. 16.11 is slightly less than that of the reference film, the Poly S-119
film is 30% thicker than the polydye 2 film. Equation (2) therefore results in a �(2)

value of 0.62 pm V–1, a 10% increase over the Poly S-119 film. The polydye 1 film
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Fig. 16.8 Second harmonic intensity as a
function of incident fundamental intensity for
Poly S-119/PAH film as the temperature is
raised to 150 �C.

Fig. 16.9 Second harmonic intensity as a
function of incident fundamental intensity
for Poly S-119/PAH film as the temperature
is maintained at 150 �C.



is much thinner than the reference film and yet exhibits a second harmonic inten-
sity twice as large as the Poly S-119 film. The �(2) of the polydye 1 film is thus
found to be 3.61 pm V–1, an increase of more than a factor of six over that of ESA
films of commercially available NLO polymers.
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Fig. 16.10 Comparison of second harmonic intensities observed for a 15 bilayer
polydye 1/PDDA film and a 68 bilayer Poly S-119/PAH film.

Fig. 16.11 Comparison of second harmonic intensities observed for a 52 bi-
layer polydye 2/PDDA film and a 68 bilayer Poly S-119/PAH film.



16.2
Electrostatic Self-assembly of CLD-1 Thin Films

EO polymers have been developed in part due to interest in these materials in
high speed, low-drive-voltage modulators [24–25]. Traditional EO polymer modula-
tors use a Mach–Zehnder interferometer architecture with only one arm modu-
lated with a microstripline electrode [26]. The V� of such a modulator can be ex-
pressed as

V� � �h�n3r33L� � �3�

where � is the optical wavelength, h is the gap between electrodes, n is the index
of refraction, r33 is the interaction length, and � is a modal overlap integral. The
most effective approach for low V� can be realized by the increase in the EO coef-
ficient r33. Dalton developed a series of EO polymers, including CLD-1 [27]. For
this material, an EO coefficient over 60 pm V–1 has been demonstrated at
1318 nm. The structure of CLD-1 is shown in Fig. 16.12.

It should be noted that the fabrication of EO modulator devices involves the
synthesis of multiple layers and regions of materials having different and con-
trolled constitutive properties (permittivity, electrical conductivity). Subject to
thickness properties, ESA processing may provide alternative routes to the forma-
tion of partions of the devices aside from the active waveguide material alone.

16.2.1
Modification of CLD-1 and Fabrication of CLD-1 thin films

Dalton and coworkers have developed a CLD-1/poly(methylmethacrylate) guest–
host system for fabrication of an optical intensity modulator [27]. In order to use
this material for the ESA process, we have modified CLD-1 with sulfuric acid to
form water-soluble sulfonated CLD-1. The aqueous solutions of sulfonated CLD-1
and PDDA were then used to ESA fabricate thin films on ITO-coated glass sub-
strates. The layer by layer process was carried out at room temperature to form a
40 bilayer thin film. The thickness of the resulting film was 100 nm.
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Fig. 16.12 The structure of CLD-1.



16.2.2
Measurements of Electro-optic Properties

The electro-optic properties of the samples were measured by employing the
Mach–Zehnder interferometric set-up shown in Fig. 16.13 [28–31]. Since the sam-
ples are very thin, a glass ring spacer of thickness 45 �m with a central hole of di-
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Fig. 16.13 Mach–Zehnder interferometric
set-up for linear electro-optic effect measure-
ments. L1, He–Ne laser; �/2, half-wave plate
at 632.8 nm; P, polarizer; S, sample; D, sili-
con photodetector; AMP, amplifier; VDC, mul-

timeter; HVP, high-voltage probe; LOCK-IN,
lock-in amplifier; OSC, oscilloscope; WG, wa-
veform generator; HV, high voltage amplifier;
PC: computer; W, glass wedge; BSs, beams-
plitters; Ms, mirrors; PH, pin hole; L, lens.

Fig. 16.14 Modulating frequency dependence of r13.
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ameter 25 mm that allows the incident beam to impinge the sample directly, was
placed between one ITO electrode and the film. A high voltage amplifier (Trek
610C) provided a sinusoidal waveform at a level of �1 V �m–1 as the modulating
field. The magnitude of the AC modulating voltage applied to the sample was
measured using a high voltage passive probe (Tektronix P6015) and an oscillo-
scope (Tektronix TDS 210). The employed laser intensity incident on the sample
is 220 mW cm–2 at 632.8 nm. The modulation of the laser beam was detected by a
silicon photodetector (UDT Pin 10) coupled with a transducer-amplifier (UDT
Tramp), and measured using both a lock-in amplifier (Stanford Research System
SRS850 DSP) and a dc multimeter (Hewlett Packard Digital 34401A). Data acqui-
sition was performed with a PC. For each experimental data point, measurements
were collected for 200 s and the average was taken. In this experiment, the re-
sponse of each electronic device, namely the high voltage amplifier, the high volt-
age probe and the transducer amplifier was determined at each measured fre-
quency to ensure a proper characterization of the electro-optic modulation of the
samples. The highest measured modulating frequency, 10 kHz, was limited by the
bandwidth of the high voltage amplifier supplying the modulating voltage.

To demonstrate the birefringence contribution to the overall electro-optic coeffi-
cients, we performed the electro-optic measurements over a broad range of modu-
lating frequency (2–104 Hz). The frequency dependences of the electro-optic coeffi-
cients r13 and r33 of the CLD-1 ESA film are presented in Figs. 16.14 and 16.15.

To compare with the ESA thin film of CLD-1, we also fabricated CLD-1/PMMA
films by spin coating with a thickness of 6 �m. The weight ratio of CLD-1 and
PMMA is 1 :32. The poling was performed at 103 �C for 1 h at 120 V. The fre-
quency dependences of the electro-optic coefficients r13 and r33 of CLD-1/ PMMA
poled film are shown in Figs. 16.16 and 16.17.
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Fig. 16.15 Modulating frequency
dependence of r33.
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16.3
Electrostatic Self-assembly of CdSe/PDDA Thin Films

Nanometer-scale materials promise to be important in the development of next-
generation electronics and optoelectronic devices. II–VI and III–V semiconductor
quantum dots such as CdSe [32, 33] and CdS [34] are particularly attractive be-
cause their optical emission and absorption are directly determined by their di-
mensions. Several groups have reported their synthesis [32, 34–36]. Incorporating
such quantum dots into polymer films is of increasing interest because of their
application in guided wave nonlinear optics and optical communication devices
[27, 37–39]. We have used the ESA method for the creation of noncentrosym-
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Fig. 16.16 r13 of CLD-1/PMMA film.

Fig. 16.17 r33 of CLD-1/PMMA film.
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metric CdSe quantum dot-doped thin films with substantial second-order suscepti-
bility. The advantages of this technique include simple, rapid, inexpensive produc-
tion, long term and thermal stability of �(2) [40], and the avoidance of a high elec-
tric poling field to produce even-order nonlinear optical properties.

16.3.1
Fabrication and characterization

CdSe quantum dots were modified with mercaptoacetic acid in methanol under
nitrogen. The pH was adjusted to 10 by addition of tetramethylammonium hydro-
xide, and the reaction mixture was refluxed for 4 h. The mercaptoacetic acid-passi-
vated CdSe quantum dots were purified by several cycles of precipitation with
acetone followed by dissolution in methanol. Multilayer CdSe/PDDA films were
fabricated on the ITO-coated glass substrates by the ESA process. An atomic force
microscopy (AFM, DI Nanoscope IIIA) image of the film is shown in Fig. 16.18.
One can see that the particle size of the CdSe quantum dots is about 2–3 nm,
with a narrow size distribution.

The ESA process was monitored by UV–Vis spectroscopy and Fig. 16.19 shows
the absorbance of a CdSe/PDDA 40 bilayer film versus the number of bilayers.
The thickness was determined by ellipsometric measurements to be 150 nm. UV–
Vis spectroscopy (Hitachi U-2001) was used to record the absorbance spectra of
this sample. One can see that the peak absorption wavelength is approximately
580 nm.

To determine the concentration of CdSe in the thin film, XPS measurements
were also performed by using a Perkin-Elmer 5400 spectrometer equipped with
an X-ray Mg anode. Data were obtained with Mg-K� radiation (1253.6 eV) at a
power of 300 W. Survey scans were collected over the range 0–1100 eV. Close-up
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Fig. 16.18 AFM image of the CdSe/PDDA nanocomposite film.



scans were collected on the peaks of interest for the different elements with a
71.5 eV pass energy detection and a resolution of 1 eV. A base pressure of 10–8

Torr was maintained during the experiments. From the XPS spectrum
(Fig. 16.20), one can calculate that the concentration of CdSe quantum dots in the
film is 2.14% (w/w).
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Fig. 16.19 UV–Vis spectra of the CdSe/PDDA ESA film.

Fig. 16.20 XPS survey spectrum of the CdSe/PDDA film.



16.3.2
Electro-optic Modulation Measurements

The polymer films have a C�v symmetric geometry. According to Kleinmann’s
symmetry rules [39,41], r113 and r333 (usually called r13 and r33, respectively) are
the only nonzero elements of the linear electro-optic tensor, and r1133 and r3333 are
the only nonzero elements that describe the quadratic electro-optic effect. Two dif-
ferent techniques are usually used to investigate the electro-optic properties of
thin film polymer materials. The first popular configuration is the ellipsometric
technique [42, 43] utilizing a single laser beam, where the transmission amplitude
modulation that results from beating the modulation of a wave polarized in the
plane of incidence (p wave) against that of a wave polarized perpendicular to the
plane of incidence (s wave) is detected. This measurement is relatively easy to per-
form, but allows only for determination of the difference r333–r113. In order to sep-
arate these two coefficients, one has to make an assumption concerning the rela-
tion between r333 and r113. For a weak poling field condition in thin film polymers
r333/r113 = 3 [29, 42]. For our ESA-synthesized materials, a small correction to this
ratio is required. The second conventional technique used in electro-optic property
studies is based on Mach–Zehnder interferometry [28–30]. This technique,
although tedious, allows a straightforward independent determination of the elec-
tro-optic coefficients r113 and r333. Here, we use Mach–Zehnder interferometry to
measure the linear electro-optic modulation and determine the ratio of the linear
electro-optic coefficients r333 and r113. Then, we use the simple ellipsometric tech-
nique to investigate the quadratic electro-optic modulation, and use the value of
the coefficient ratio obtained by the Mach–Zehnder measurements to calculate the
quadratic electro-optic coefficients r1133 and r3333 because it is difficult to derive
the formulas to calculate them based on Mach–Zehnder data.

16.3.2.1 Linear Electro-optic Modulation Measurement
The electro-optic properties of the sample materials were measured by employing
the conventional Mach–Zehnder interferometric set-up shown in Fig. 16.13 in Sec-
tion 16.2. In addition, a polycarbonate housing enclosing the entire measurement
system was used to reduce the influence of air fluctuations on the stability of the
interferometer. The reference arm of the interferometer contains a glass wedge,
which can be slowly translated by a stepper motor to produce a controllable phase
shift between the two interfering optical beams. The electro-optic sample is
mounted on a rotation stage and placed in the signal arm of the interferometer.
When a modulating voltage is applied to the sample, a change in the refractive
index, as well as a change in the path length due to the change in the refraction
angle, occurs. The resulting phase modulation of the signal beam [28–30, 42–45]
is

��ac � 2�
�
�s�n � n�s� � �4�
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where � is the optical wavelength, n is the refractive index of the material, and s
is the optical path length given by s= d/cos�; here, d is the thickness of the sam-
ple and � is the angle of refraction. This phase shift causes a modulation of the
light intensity exiting the interferometer, and the relationship between the phase
and intensity modulation can be expressed as

��ac � 2
���
2

� Iac�rms

Imax � Imin
� �5�

where Iac,rms is the modulated intensity due to the ac electric field, and Imax and
Imin are the maximum and the minimum intensities associated with a � phase
shift of the reference beam due to the wedge translation. For the case of s-polar-
ized light obliquely illuminating the sample, a general formula for the r113 coeffi-
cient of the material can be determined from Eqs. (4) and (5) with the approxima-
tion that ne	no = n; it is given as

r113 � 2�
�nVac�rms


 Iac�rms

Imax � Imin

 �1 � sin2 ��n2�3�2

n2 � 2 sin2 �
� �6�

Here, Vac,rms is the modulating voltage applied to the sample and � is the external
angle of the incidence signal beam on the sample. For p-polarization of the laser
beam, we obtain the expression relating to the coefficients r113 and r333 as

r333 sin2 �� r113 cos2 � � 2�
�nVac�rms


 Iac�rms

Imax � Imin

 �1 � sin2 ��n2�3�2

n2 � 2 sin2 �
� �7�

Therefore, by measuring the modulation for both light polarizations and from Eq.
(6) and (7), one can obtain independent values for r113 and r333.

The CdSe nanocluster/polymer thin film samples were sandwiched between
two ITO- coated glass substrates. The samples were then sealed using UV-curable
epoxy. Before making measurements, the samples were irradiated by a UV-light
source for several hours to ensure that the epoxy fully cured and sealed firmly. A
high voltage amplifier (Trek 610C) provided a sinusoidal drive waveform at a level
of �1 V �m–1 as the modulating field. No external poling electric field was ap-
plied across the sample. Measurements were then performed using the same
approach as used for the CLD-1 films described above.

Figs. 16.21 and 16.22 show the results obtained for r113 and r333, respectively.
Symbols and solid lines correspond to experimental measurements and fitted re-
sults, respectively. One can see that the maximum r333 at a modulating frequency
of 30 Hz is 560 pm V–1 and both electro-optic coefficients r113 and r333 undergo a
rapid decrease at frequencies less than around 100 Hz. At frequencies higher than
100 Hz, they continue to decrease slowly until reaching a diminished stable value.
Reference [30] reports that CdSe quantum dots exhibit a large permanent dipole
moment of 25 �47 D. It is well-known that this moment can be rotated and ori-
ented by the application of an external electric field [46, 47]. When a modulating
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Fig. 16.21 r113 as a function of modulating frequency measured using the Mach–Zehn-
der set-up. Symbols and solid line indicate the measured and fitted results, respec-
tively.

Fig. 16.22 r333 as a function of modulating frequency measured using the
Mach–Zehnder set-up. Symbols and solid line indicate the measured and fitted
results, respectively.
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voltage is applied across the sample, a modulating torque will be applied to the
quantum dots. This results in an orientation distribution induced by the external
electric field at lower frequencies, at which the quantum dots can respond. This
orientation distribution of the permanent dipole moment can contribute to the
electro-optic modulation. At higher modulating frequencies, because the quantum
dots cannot follow the rapid modulation of the electric field to complete their rota-
tion, the permanent dipole moment no longer has significant contribution to the
electro-optic modulation.

To determine the typical frequency of orientation, let us review the tensor com-
ponents of the molecular second-order susceptibility. In the one-dimensional case
[47],

r113 � N	�zzz
�1�5�A1 � �1�5�A3� � �8�

and

r333 � N	�zzz
�3�5�A1 � �2�5�A3� � �9�

where N is the number density of quantum dots, A1 and A3 are order parameters
of the Legendre polynomials, and 	�zzz is the only nonvanishing, local-field-cor-
rected second-order optical susceptibility of single quantum dots.

From Eqs. (8) and (9), one can see that the data in Fig. 16.21 and 16.22 indicate
the frequency dependence behavior of 	�zzz. To fit the experimental data in
Fig. 16.21 and 16.22, let us write

	�zzz � a0 � a1 exp��f �f10� � a2 exp��f �f20� � �10�

where the first term, a0, represents the contribution of pure electron movement,
the second term depicts the contribution from the permanent dipole moment ori-
entation, and the third term arises from the induced dipole moment contribution.
The terms a0, a1 and a3 are constants, f10 and f20 are two typical limiting frequen-
cies for the permanent dipole and induced dipole moments, respectively, and f is
the modulating frequency.

The solid lines in Fig. 16.21 and 16.22 show the fitted results. The two typical
frequencies obtained are f10 = 28.5 Hz and f20 = 5.8�104 Hz. From the value of f10,
one can see that a CdSe quantum dot needs 1/2f10 = 17.5 ms to complete its physi-
cal orientation due to a rotation of its permanent dipole moment. Therefore, at
lower frequencies (< 100 Hz), electro-optic modulation mainly stems from the ori-
entation of the permanent dipole moment. At frequencies higher than 100 Hz,
the electro-optic modulation mainly arises from the induced dipole moment orien-
tation and pure electron movement.

Fig. 16.23 shows the ratio of r333/r113 calculated from the measured data ob-
tained with the Mach–Zehnder set-up. One can see that the ratio based on experi-
mental measurement varies between 4.1 and 4.5 at different modulating frequen-
cies.
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16.3.2.2 Quadratic Electro-optic Modulation
As we mentioned above, since it is difficult to derive concise equations to calcu-
late r1133 and r3333 from the Mach–Zehnder configuration data, we employed the
conventional ellipsometric set-up to investigate the quadratic electro-optic modula-
tion. The experimental set-up is shown in Fig. 16.24.

In this configuration, the modulation of the refractive index of the sample by
the externally applied AC electric field causes a phase retardation between the s-
and the p-polarized components of the incident beam. The input beam, polarized
at 45 � with respect to the plane of incidence (this results in equal amplitude com-
ponents of the s and p polarizations), passes through the sample, propagates
through the compensator and analyzer, and impinges onto a photodetector, which
operates in the photovoltaic mode. The signal from the detector is amplified by
the current/voltage transducer/amplifier (UDT Tramp), and measured using both
a DC voltmeter (Hewlett Packard digital multimeter 34401A), and a lock-in ampli-
fier (Stanford Research Systems SRS 850 DSP). This lock-in amplifier allows us
to measure the modulated signal intensity either at the fundamental frequency
(linear) or at second harmonic frequency (quadratic). The magnitude of the de-
tected light intensity depends on the phase shift 
sp between the s and the p com-
ponents of the light signal, and can be expressed as
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Fig. 16.23 Obtained ratios of
r333/r113 as a function of modulat-
ing frequency obtained using mea-
sured data from the Mach–Zehn-
der set-up. One can see that the
ratio varies slightly with the mod-
ulating frequency.

Fig. 16.24 Ellipsometric set-up: H,
half-wave plate at 632.8 nm; P, polar-
izer; S, sample; C, compensator; A,
analyzer; D, silicon photodetector;
AMP, amplifier; VDC, voltmeter;
HVP, high-voltage probe; LOCK-IN,
lock-in amplifier; OSC, oscilloscope;
WG, waveform generator; HV, high
voltage amplifier; PC: computer.



Id � Im sin2 
sp

2

� �
� �11�

where Id is the intensity arriving at the detector in our experimental set-up, Im is the
incident intensity, and 
sp is the phase difference between the s and p polarizations
after the beam passes through the sample, the compensator and the analyzer. At the
midpoint Ic=Im/2 of the intensity distribution, the sinusoidal curve is in its most
linear region. Applying a small AC field to the sample when operated in this region
yields a modulation in the phase difference, �
sp, which results in a linear modulation
of the transmitted intensity, Iac. For such small modulation amplitude, Iac (either for
the fundamental or second harmonic frequencies) is related to �
sp by the expression

Iac � Ic�
sp � �12�

For a single beam pass through the sample in this geometry, the phase difference
between the s and the p polarizations is given by


sp � 
p � 
s �
2�d
�

np

cos �p
� ns

cos �s

� �
� �13�

where �p,s are the angles of incidence inside the sample with respect to the sam-
ple surface normal for the s and p polarizations, respectively, d represents the
thickness of the sample, and np,s are the refractive indices for the p and s polari-
zation components, respectively. Since the applied field is perpendicular to the
film plane, ns = no, and np is related to no and ne by the index ellipsoid

1
n2

p
� sin2 �p

n2
e

� cos2 �p

n2
o

� �14�

The modulated phase difference �
sp is given by [29, 30, 43, 44]

�
sp � �
sp

�no
�no �

�
sp

�ne
�ne � �15�

If we take both linear and quadratic electro-optic modulations into account, �no

and �ne are related to the elements r113, r333, r1133, and r3333 of the electro-optic
tensor, by

�no � 1
2

n3
o r113 � r1133

Vac

d

� �
Vac

d
� �16 a�

�ne � 1
2

n3
e r333 � r3333

Vac

d

� �
Vac

d
� �16 b�

where Vac is modulating voltage. Evaluating the derivations with the approxima-
tion that n=no�ne, Eq. (15) can be written
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�
sp � 2�d
�


 sin2 ��n2 � 2 sin2 ��
n�n2 � sin2 ��3�2

��ne � �no� � �17�

Let us write Vac as

Vac � VAC cos��t� � �18�

where VAC represents the amplitude of the modulating voltage, � is modulating
radian frequency, and E = Vac/d is modulating electric field across the sample. Sub-
stituting for Vac with Eq. (18) in Eqs. (16), we have

�ne � �n0 � 1
2

�r333 � r113�VAC

d
cos�t � r3333 � r1133

2
V2

AC

d2
�1 � cos 2�t�� �

�
�19�

Using Eq. (12) and separating the fundamental frequency and second harmonic
frequency terms, we have

r333 � r113 � �Iac

�V rms
ac Ic


 �n
2 � sin2 ��3�2

�n2 � 2 sin2 �� 
 1

n2 sin2 �
� �20�

for the linear electro-optic modulation in the ellipsometric configuration and

r3333 � r1133 � �dI2�
ac

��V rms
ac �2Ic


 �n
2 � sin2 ��3�2

�n2 � 2 sin2 �� 
 1

n2 sin2 �
� �21�

for the quadratic electro-optic modulation in the same configuration. Here � is
the external angle of incidence, and I2�

ac is the intensity of the modulating signal
at the second harmonic frequency, as we mentioned above, which can be mea-
sured by the lock-in amplifier. V rms

ac can be measured using the oscilloscope and
Ic can be measured by the multimeter. The difference r3333–r1133 can be obtained
according to Eq. (21). Then, using the ratio r3333/r1133 = 4.3, we can separate the
two electro-optic coefficients, r3333 and r1133.

Figs. 16.25 and 16.26 show the measured results for r1133 and r3333. The ob-
tained maximum value of r3333 is 176�10–20 m2 V–2 at a modulating frequency of
3 Hz. One can see that r3333 and r1133 have a similar frequency dependence to
that of the linear electro-optic coefficents r333 and r113. This indicates that the ori-
entational distribution of the CdSe quantum dots contributes particularly to the
quadratic electro-optic modulation.
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16.4
Summary

In summary, the ESA process can be applied to the fabrication of a variety of ma-
terial structures including semiconductor materials and polymers that possess
separate ionic and NLO-active groups. Accordingly, we have selected, designed
and synthesized polydyes and nanoparticles optimized specifically for both com-
patibility with the ESA process and increased �(2) values. The ESA-formed films
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Fig. 16.25 r1133 as a function of modulating frequency measured
with the ellipsometric set-up.

Fig. 16.26 r3333 as a function of modulating frequency measured
with the ellipsometric set-up.



spontaneously assemble into a noncentrosymmetric structure with a substantial
and stable �(2) value, including a remarkably good high temperature stability.
CdSe and CLD-1 thin films were fabricated and demonstrated to have electro-opti-
cal properties that can be interpreted in terms of simplified assumptions concern-
ing molecular structure. The ESA technique represents an exciting new approach
to the rapid, inexpensive production of optically active thin films for electro-optic
applications.
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Abstract

Multilayered polyelectrolyte films provide a versatile platform for the synthesis of
ultrathin coatings and membranes with tunable ion-transport properties. Electro-
chemical studies show that ion transport through multilayered polyelectrolyte
films varies with the number of layers in the film and the deposition conditions.
Cross-linking of poly(acrylic acid)/poly(allylamine hydrochloride) films through
heat-induced amidation results in especially blocking films, and these ultrathin
coatings provide modest corrosion protection for aluminum. Deposition of films
on porous alumina substrates results in ultrathin membranes that completely cov-
er substrate pores without filling them, and such membranes allow rapid trans-
port of monovalent ions, while largely rejecting multivalent species. Increasing
the intrinsic charge in these membranes through methods such as templating
with Cu2+ enhances membrane selectivity and suggests that Donnan exclusion is
an important part of the selectivity mechanism. Transport can also depend greatly
on the charge at the surface of the membrane, as changing this surface from a
polyanion to a polycation sometimes results in large decreases in Cl–/SO4

2– selec-
tivity. Variation of the surface structure through changes in constituent polyelec-
trolytes allows control over selectivity and yields Cl–/SO4

2– selectivities as high as
1000. The ability to tune the ion-permeability of layered polyelectrolyte films may
allow their application in areas such as corrosion protection and water softening.

17.1
Introduction

Multilayered polyelectrolyte films [1] are attractive for applications in sensing [2–
4], separations [5–7], controlled release [8], and surface protection [9] because of
their ease of synthesis and versatility. However, the utility of polyelectrolyte films
in these areas will depend directly on their permeability to ions and other species
under relevant conditions. Permeability requirements will be specific to a particu-
lar application. For example, completely impermeable films will be ideal for sur-
face protection, while films for separations and sensing applications should be se-
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lectively permeable to specific species. This chapter focuses on studies of the ion-
permeability of multilayered polyelectrolyte films (MPFs) and methods for control-
ling this permeability. By varying the deposition conditions, film composition,
and/or the amount of cross-linking in MPFs, films can be highly permeable, se-
lectively permeable, or nearly impermeable to ions.

Section 17.2 discusses electrochemical characterization of the permeability of
MPFs. Studies in this area focus primarily on the movement of highly charged re-
dox couples through MPFs and show that the permeability of these coatings de-
pends upon the number of layers in the film, the deposition conditions, and the
film composition. Notably, heat-induced amidation of poly(acrylic acid)/
poly(allylamine hydrochloride) (PAA/PAH) films yields cross-linked coatings that
are highly resistive to ion transport. These films provide modest corrosion protec-
tion for aluminum.

Section 17.3 discusses the use of MPFs as ion-selective membranes. Deposition
of MPFs on porous supports results in ultrathin membranes that simultaneously
exhibit high selectivity and allow a high flux of ions. As was the case in the elec-
trochemical studies, the permeability of these membranes varies with the mem-
brane composition, deposition conditions, and post-deposition reactions. Remark-
ably, films with thicknesses < 40 nm exhibit Cl–/SO4

2– transport selectivities as
high as 1000. Section 17.4 presents some of our thoughts on modeling of trans-
port through MPFs.

17.2
Electrochemical Studies of the Permeability of MPFs

17.2.1
As-deposited MPFs

The permeability of MPFs to redox-active species such as Fe(CN)6
3– or Ru(NH3)6

3+

depends on many variables including the number of layers in the film, the deposi-
tion conditions, the surface charge, and the ionic strength. This section discusses
each of these variables in turn.

Cyclic voltammetry experiments show that the first few layers of PAH/
poly(styrene sulfonate) (PSS) are highly permeable to Fe(CN)6

3–, Fe(CN)6
4–,

Ru(NH3)6
3+, and Os(bipy)3

3+ [10–12]. Fig. 17.1 shows cyclic voltammograms of
Fe(CN)6

3– at PAH/PSS-coated electrodes as a function of the number of bilayers in
the film. (The term bilayer in this paper refers to a polycation/polyanion pair. In
some sense the use of the term layer is a misnomer as polymer chains in these
films are highly interpenetrating [1].) Only after deposition of three bilayers does
the film drastically passivate the electrode [11]. Voltammograms of Fe(CN)6

4– at ro-
tating disk electrodes coated with PSS/poly(diallyldimethylammonium chloride)
(PDADMA) also show sharp decreases in currents after deposition of 3–4 polyelec-
trolyte bilayers [12]. Similarly, after adsorption of 3–4 bilayers of PAH/PSS on
gold electrodes, impedance spectroscopy shows a sharp increase in resistance to
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electron transfer between Fe(CN)6
3–/4–, Ru(NH3)6

3+/2+, or Os(bipy)3
3+/2+ and the elec-

trode [10, 11]. All of these data are consistent with the fact that the first few bi-
layers on substrates generally have a different structure than later layers, which
are deposited after the charge distribution of the polymer film is fully established
[13, 14]. The first few layers may not fully cover the electrode or they may swell
and thus be more permeable. After deposition of four or five bilayers, the block-
ing ability of MPFs increases slowly with adsorption of additional layers [12].

The permeability of PAH/PSS films is also a function of deposition conditions.
In the results above, all of the films were prepared with a high concentration of
salt (> 0.2 M) in at least one of the polyelectrolyte deposition solutions. To test
whether the presence of supporting electrolyte in deposition solutions strongly af-
fects the permeability of PAH/PSS films, we also prepared films in the absence of
supporting electrolyte. Because supporting electrolyte greatly increases film thick-
ness, we compared 20-bilayer PAH/PSS films prepared in the absence of salt with
4-bilayer films prepared in the presence of 0.5 M MnCl2 (PSS) or 0.5 M NaBr
(PAH). Both films were about 15 nm thick. Electrodes coated with films prepared
in the absence of salt gave a quasi-reversible Fe(CN)6

3– voltammogram with a peak
current that was 80-fold larger than that obtained at electrodes coated with films
prepared in the presence of salt [11]. These results show the ease with which one
can control the permeability of MPFs simply by varying the amount of electrolyte
in the deposition solutions. Presumably, salt present during deposition helps to
screen charges on the polyelectrolyte and results in an intertwined structure with
many loops and tails [15, 16]. This structure is evidently less permeable than that
of films prepared in the absence of supporting electrolyte. Interestingly, PAH/
PAA films were more permeable when prepared in the presence of salt. The
structure of PAH/PAA films is complicated by a variety of factors, however, in-
cluding deposition pH, ionic strength, and the pH of solutions to which the films
are later exposed [17, 18]. PAH/PAA is likely more sensitive to these conditions
than PAH/PSS because the polyanion is a weak acid.

Most of the charge in MPFs resides on the film surface because in the bulk of
the film, charges on polycations are electrically compensated by charges on poly-

17.2 Electrochemical Studies of the Permeability of MPFs 489

Fig. 17.1 Cyclic voltammograms of
Fe(CN)6

3– (5 mM in 0.5 M Na2SO4) at
a bare gold electrode (solid line) and
similar electrodes coated with one
(dashed line), two (squares), and
three (diamonds) bilayers of PAH/
PSS. Electrode area: 0.1 cm2. Scan
rate: 100 mV s–1.



anions and vise versa [19, 20]. The charge at the film surface can affect permeabil-
ity, however, as anions will be excluded from films with negatively charged sur-
faces and cations will be excluded from films terminated with polycations. Several
recent studies have demonstrated this effect [12, 21, 22]. Lvov showed that voltam-
metric peak currents at electrodes coated with PDADMA/PSS films depend on
the charge of the capping layer [21]. Currents decrease when the capping polyelec-
trolyte and the electroactive species have charges of the same sign and increase
when these moieties have opposite charges. Superimposed on this effect, however,
is the fact that currents decrease with the number of layers in the film. Oxidation
of a neutral redox-active molecule, ferrocene dimethanol, showed little depen-
dence on the charge at the film surface as would be expected. Willner and co-
workers observed similar effects when using PAA/poly-L-lysine films [22].

One additional factor that affects transport of redox-active species through
layered polyelectrolytes is the concentration of supporting electrolyte present dur-
ing electrochemical measurements. Farhat and Schlenoff showed that limiting
currents at rotating-disk electrodes coated with PDADMA/PSS films increased
with the ionic strength of the electrochemical solution [12]. They suggested that
this occurs because high concentrations of Na+ and Cl– ions result in extrinsically
charge-compensated sites in films, i.e. ions enter the film from solution and com-
pensate the charges on polycations and polyanions, rather than having the oppo-
sitely charged polyelectrolytes electrically compensate each other. The presence of
more ion-exchange sites would enhance the transport of Fe(CN)6

4– that occurs by
hopping between these sites. Increasing ionic strength might also affect transport
by decreasing Donnan exclusion [23] and/or swelling the film [24].

As this section shows, the permeability of MPFs to redox-active species depends
on the deposition conditions, the surface charge, the number of layers in the film,
and the ambient ionic strength. These variables complicate an understanding of
the factors that govern permeability in MPFs, but they also offer a means to con-
trol the permeability of these films. This should allow tailoring of MPFs for specif-
ic applications. An additional means of tailoring film permeability involves post-
deposition modification of MPFs as described in the next section.

17.2.2
Cross-linked PAA/PAH Films

Although the permeability of MPFs can be reduced to some extent by altering de-
position conditions, even films with lower permeabilities are not sufficiently
blocking for possible applications in the protection of surfaces from corrosion.
This is probably due to the fact that MPFs are hydrophilic and swell in water [11,
24, 25]. In an effort to prepare layered polyelectrolyte films that are better suited
for protection of substrates, we began exploring the possibility of cross-linking
PAH/PAA films through heat-induced amidation as shown in Fig. 17.2 [26]. This
reaction is analogous to that used in one method for synthesizing nylon, where
heating of dicarboxylate/diammonium salts at 215 �C results in polyamide forma-
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tion [27]. Amidation of PAH/PAA films allows construction of ultrathin (<50 nm
thick) nylon-like films on a surface.

The reflectance FTIR spectra of PAH/PAA films shown in Fig. 17.3 demon-
strate that the amidation reaction is temperature-dependent and proceeds in high
yield at 215 �C. The spectrum of an unheated PAH/PAA film is dominated by
asymmetric and symmetric carboxylate stretches (1570 and 1400 cm–1, respec-
tively) and a carbonyl peak (1710 cm–1) due to residual –COOH groups. Because
we performed film deposition at a pH of 4.5, not all carboxylate groups in the
film are deprotonated, and some –COOH groups are present. After heating the
film at 215 �C for 2 h, amide peaks (1670 and 1540 cm–1) appeared in the spec-
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Fig. 17.2 Schematic diagram of heat-induced
cross-linking of PAH/PAA films via amidation.

The intertwining of neighboring layers is not
shown for figure clarity.

Fig. 17.3 Reflectance FTIR spectra of nine-bilayer PAH/PAA
films before heating (A) and after heating for 2 h at 130 �C (B)
or 215 �C (C). Reproduced from ref. [26] by permission of the
American Chemical Society.



trum, and the –COO– peaks disappeared. This suggests that nearly all of the car-
boxylate/ammonium salts form amides. Heating at lower temperatures (e.g.,
130 �C) also results in some amide formation, but the reaction is not complete, as
indicated by the appearance of smaller amide bands.

Cyclic voltammograms (CVs) at coated gold electrodes show that the permeabil-
ity of PAH/PAA films to Fe(CN)6

3– decreases dramatically after cross-linking. After
heating films at 130 �C, the peak currents in the voltammograms decrease by two
orders of magnitude. Heating at 215 �C results in an additional decrease in peak
current. In fact, capacitive currents dominate the CVs of highly cross-linked films.
Electrochemical impedance spectroscopy confirms the large decrease in film per-
meability due to amidation. After heating at 130 �C, resistance to charge transfer
increases by about two orders of magnitude to 104 � cm2, and heating at 215 �C
results in another order of magnitude increase in this resistance [26].

Gold films are relatively immune to corrosion, so we prepared cross-linked
PAA/PAH films on aluminum-coated Si wafers to investigate whether PAA/PAH
coatings can protect a metal surface [9]. Because the oxidized aluminum surface
carries a positive charge at pH values lower than 8 [28], PAA/PAH films can be
deposited directly on the oxide of aluminum. Corrosion studies on aluminum are
complicated, however, because the native oxide layer already provides a significant
barrier to corrosion reactions.

Electrochemical impedance spectroscopy studies of aluminum electrodes in
0.5 M NaCl (adjusted to pH 3.0 with HCl) show that MPFs provide substantial
protection for the oxide layer on the aluminum surface [9]. After immersion for
4 h in the 0.5 M NaCl solution, the oxide resistance of naked aluminum was
0.07 M� cm2, while the same resistance for aluminum coated with a cross-linked
9-bilayer PAA/PAH film was 70 M� cm2. The resistance due to just the cross-
linked PAA/PAH coating was 5 M� cm2. Thus, PAA/PAH films protect the alu-
minum oxide, and the oxide resistance is then the dominant feature in protecting
the underlying aluminum.

Although cross-linked PAA/PAH provides a much higher film resistance than
does unheated PAA/PAH, unheated PAA/PAH still provides significant protection
for the oxide layer on aluminum. Even a monolayer of PAA can maintain oxide
resistance at 10 M� cm2 after immersion for 4 h in 0.5 M NaCl at pH 3.0. We
speculate that the charged PAA layer inhibits Cl– adsorption and thus protects the
oxide layer [29]. Even though unheated films provide little effective resistance to
ion diffusion, they still protect the underlying oxide layer.

The high resistance of cross-linked PAA/PAH does suggest, though, that over
long periods of time it may provide significantly better corrosion protection than
would unheated films. However, even a film resistance of 5 M� cm2 is not likely
to provide long-term corrosion protection. Practical corrosion-reduction coatings
generally show resistances of at least 10 M� cm2 [30]. One must consider, how-
ever, that the cross-linked polyelectrolyte films we used had thicknesses as low as
10 nm. In mildly corrosive situations, an ultrathin anticorrosion coating such as
cross-linked PAA/PAH may provide advantages in maintaining substrate proper-
ties such as heat transfer coefficients.
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17.2.3
Derivatized Polyelectrolyte Films

Derivatization of polyelectrolytes prior to adsorption combined with post-deposi-
tion modifications provides another means to control the permeability of MPFs.
Fig. 17.4 shows schematically our application of this strategy for modification of
PAH/PAA films. Initially, we derivatized PAA through Fischer esterification and
formed PAH/derivatized-PAA (d-PAA) films [31]. Partial esterification still leaves
enough –COO– groups to form MPFs, but allows dramatic modification of the
wettability of PAH/d-PAA films. For example, PAH/d-PAA films prepared with
PAA that was 60% esterified with butanol exhibited advancing water contact an-
gles of 101 �. Contact angles varied with both the degree of derivatization of PAA
and the nature of the derivatizing group [31].

We hoped to use derivatization to introduce ion-exchange sites into PAH/d-PAA
films through hydrolysis of the ester groups of d-PAA after film formation, but
unfortunately, PAH/d-PAA films delaminate under the basic conditions needed
for ester hydrolysis [11]. To avoid this problem, we cross-linked PAH/d-PAA films
through heat-induced amidation and then hydrolyzed ester groups (Fig. 17.4).
This results in cross-linked films with a high density of ion-exchange sites. Cyclic
voltammetry of Fe(CN)6

3– and Ru(NH3)6
3+ at gold electrodes coated with cross-

linked, hydrolyzed PAH/d-PAA films shows selective reduction of Ru(NH3)6
3+. The

positively charged redox-couple adsorbs in the film so the cyclic voltammograms
are typical of thin film electrodes. In contrast, Fe(CN)6

3– is repelled by the film so
little reduction of Fe(CN)6

3– occurs.
The –COO– groups in cross-linked, hydrolyzed films are also capable of adsorb-

ing multivalent metal cations, and thus the presence of Ca2+ has a large effect on
Ru(NH3)6

3+ reduction currents at these electrodes. Fig. 17.5 shows cyclic voltam-
mograms of mM Ru(NH3)6

3+ at a Au electrode coated with a cross-linked, hydro-
lyzed film as a function of Ca2+ concentration in solution. Decreases in current
occur at Ca2+ concentrations as low as 10–5 M in the presence of 0.1 M NaCl.
Thus these films are possible candidates for sensors of divalent ions. However,
the selectivity among different divalent ions does not appear to be very high [31].

The electrochemical studies described in this section demonstrate the versatility
of MPFs in modifying the accessibility of an underlying electrode. Section 17.3
next discusses application of MPF versatility in preparing ion-separation mem-
branes that exhibit both high flux and high selectivity.
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Fig. 17.4 Synthesis (1 and 2), cross-linking
(3), and hydrolysis (4) of PAH/d-PAA films.
Repeating steps 1 and 2 yields multilayer
films. Reproduced from ref. [31] by permis-
sion of the American Chemical Society.



17.3
MPFs as Ion-Separation Membranes

17.3.1
Membrane Formation

Although membrane separations are attractive because of their operational simpli-
city and low energy costs [32], full exploitation of the advantages of membrane-
based separations will require membranes with higher fluxes and higher selectiv-
ities. MPFs are attractive candidates for ion-separation membranes because their
minimal thickness should allow high flux, and their high surface charge density
could result in Donnan exclusion of multivalent ions [6]. The first challenge in
using MPFs as ultrathin ion-separation membranes is to show that these films
are capable of covering a porous substrate without filling underlying pores. The
highly porous support is needed to provide mechanical strength, while the MPF
presents a discriminating high-flux skin layer. (A recent study showed that free-
standing layered polyelectrolyte membranes can be prepared [33], but the mechan-
ical weakness of those films will likely preclude their use in practical separations.)
Although a number of groups investigated formation of MPFs on permeable sup-
ports [5, 6, 34–38], none of those studies demonstrated whether an ultrathin film
can actually cover a porous support. We chose to work with MPFs on porous alu-
mina because the regular structure of the alumina support facilitates field-emis-
sion scanning electron microscopy (FESEM) investigations of membrane structure
[39].

Fig. 17.6 shows FESEM images (top views) of porous alumina supports before
and after coating with 2, 4, and 5 bilayers of PAH/PSS. Although the initial bi-
layers of polyelectrolyte are not capable of covering the underlying pores, deposi-
tion of 5 bilayers appears to fully cover the 0.02 �m diameter pores in the sup-
port. Below we show that these images correlate well with permeability data for
these membranes.
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Fig. 17.5 Cyclic voltammograms of Ru(NH3)6
3+

in 0.1 M NaCl containing different concentra-
tions of Ca2+ (0 to 10–2 M). The Au electrode
was coated with six bilayers of cross-linked, hy-
drolyzed PAH/d-PAA. d-PAA stands for PAA
that was 60% esterified with propanol. Elec-
trode area: 0.1 cm2. Scan rate: 100 mV s–1. Re-
produced from ref. [31] by permission of the
American Chemical Society.



To learn whether MPFs fill substrate pores, we prepared cross-sectional FESEM
images of alumina substrates coated with 5 bilayers of PAH/PSS. The images,
such as that shown in Fig. 17.7, clearly show that pores are unobstructed after de-
position of the polyelectrolyte film. Although some polyelectrolyte may adsorb in
the support during deposition of the first few bilayers, after coverage of the sub-
strate, little or no polyelectrolyte deposition occurs within the pores. Surface cover-
age is facilitated by the fact that in this particular case, the alumina surface is a
cake layer with 0.02 �m diameter pores, but the bulk of the alumina has pores
with 0.2 �m diameters [7].

17.3.2
Permeability of PAH/PSS and PAH/PAA Membranes

To test the selectivity and permeability of multilayered polyelectrolyte membranes
(MPMs), we perform diffusion dialysis experiments with a series of different salts.
In these studies, we sandwich a membrane between a source phase that is 0.1 F
in the salt of interest and a receiving phase that initially contains deionized water.
By monitoring the increase in the conductivity of the receiving phase as a func-
tion of time, we can determine the flux of ions through the membrane. Vigorous
stirring of both source and receiving phases minimizes concentration polariza-
tion.
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Fig. 17.6 FESEM images (top view) of the fil-
trate side of porous alumina substrates be-
fore (A) and after coating with two (B), four

(C), or five (D) PAH/PSS bilayers. Repro-
duced from ref. [7] by permission of the
American Chemical Society.



Diffusion dialysis studies using PAH/PSS and PAH/PAA membranes show
modest monovalent/divalent and substantial monovalent/trivalent anion-transport
selectivities once the membrane has fully covered the substrate. (We define selec-
tivity as the ratio of the fluxes of two different anions under the same anion-con-
centration driving force.) Fig. 17.8 shows how receiving phase conductivity varies
as a function of time when using membranes containing 1–5 or 10 bilayers of
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Fig. 17.7 Cross-sectional FESEM images of
porous alumina substrates before (A) and
after (B) coating with ten PAH/PSS bilayers.
Film thickness is about 40 nm. Reproduced
from ref. [7] by permission of the American
Chemical Society.

Fig. 17.8 Plot of normalized receiving phase
conductivity as a function of time when the
source phase contained 0.1 F K2SO4. Repre-
sentative data are shown for a bare porous
alumina support (open squares) and for alu-
mina coated with one (diamonds), two
(squares), three (triangles), four (inverted tri-
angles), five (circles), or ten (x) bilayers of
PAH/PSS. Conductivity was normalized by di-
viding by the source-phase conductivity. Re-
produced from ref. [7] by permission of the
American Chemical Society.



PAH/PSS. Consistent with the FESEM images shown above, large reductions in
SO4

2– flux occur only after deposition of four bilayers. Additional bilayers do not
greatly decrease flux.

Unlike SO4
2–, Cl– flux is relatively unaffected by increasing the number of PAH/

PSS bilayers in a membrane. Thus the Cl–/SO4
2– selectivity of these membranes

reaches a limiting value of 4 to 7 after the deposition of 5 bilayers of PAH/PSS.
Similar selectivity values obtain for PAH/PAA membranes. A previous study re-
ported Cl–/SO4

2– selectivities of 17 and 45 for 5- and 60-bilayer PAH/PSS mem-
branes, respectively [6]. Those membranes were deposited under somewhat differ-
ent conditions and on a different (polymeric) support, and this may explain the
differences in selectivity between the two systems. As will be seen below, small
differences in deposition conditions or membrane composition can lead to large
differences in selectivity.

Krasemann and Tieke suggested that the selectivity of MPMs is due in large
part to Donnan exclusion [6]. Our experiments with Fe(CN)6

3– transport are consis-
tent with this concept, as the flux of this trivalent anion is about 500 times less
than that of Cl–. Donnan exclusion predicts that ions with higher charges should
be much more strongly excluded from the membrane [23]. If Donnan exclusion is
indeed the major factor behind selectivity in layered MPMs, we would also expect
that terminating the membrane with a polycation rather than a polyanion should
result in a dramatic change in anion-transport selectivities. This is because, for
most multilayered polyelectrolyte systems, the majority of the uncompensated
charge in the film resides in its top layer [19]. For PAH/PSS, we find that chang-
ing the outer layer of the membrane from PSS to PAH results in a 2- to 3-fold de-
crease in Cl–/SO4

2– selectivity even though the membrane thickness increases
slightly [7]. For membranes with even higher selectivities (see below), Cl–/ SO4

2–

selectivities decrease by up to two orders of magnitude upon changing the top
layer of the film from a polyanion to a polycation.

In contrast, Cl–/Fe(CN)6
3– selectivities are relatively unaffected by a change in

the charge of the top layer of a PAH/PSS membrane [7]. Small Fe(CN)6
3– fluxes

through MPMs must be due to mechanisms other than just Donnan exclusion by
the top layer of the membrane. One possibility is that Fe(CN)6

3– adsorbs to the
polyelectrolyte film, and the membrane becomes negatively charged, regardless of
the sign of the surface charge [40]. Another possibility, suggested by Farhat and
Schlenoff, is that the mechanism of transport of Fe(CN)6

3– through layered poly-
electrolytes involves hopping between transient ion-exchange sites [12]. Because
three anion exchange sites are required for each Fe(CN)6

3– ion, hopping through
the membrane would be very slow if the concentration of these sites was low. A fi-
nal reason for the low flux of Fe(CN)6

3– may be its large size and hydration energy
relative to Cl–. In any case, transport of Fe(CN)6

3– through PAH/PSS is much
slower than transport of monovalent and divalent ions.
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17.3.3
Cross-linked PAA/PAH Membranes

As mentioned in Section 17.2.2, cross-linking of PAH/PAA films dramatically re-
duces their permeability. Because a reduction in permeability may also result in
an increase in selectivity due to reduced swelling of films, we began investigating
ion transport through cross-linked PAA/PAH membranes [41, 42]. Anion flux
through PAA/PAH membranes is a strong function of cross-linking temperature
as shown in Tab. 17.1. Both Cl– and SO4

2– fluxes decrease with increasing cross-
linking temperatures as might be expected due to reduced swelling. At low de-
grees of cross-linking (lower heating temperatures), however, SO4

2– flux decreases
more than Cl– flux, resulting in increased Cl–/SO4

2– selectivities. Selectivities peak
at a value of 20 for films cross-linked at 115 �C. This is a 4-fold enhancement of
selectivity relative to unheated films. Cross-linking of PAA/PAH membranes at
temperatures greater than 115 �C results in further decreases in the flux of both
Cl– and SO4

2–, but Cl– flux decreases faster than SO4
2– flux, and selectivities de-

crease. Heat treatments at 215 �C result in little flux of either ion.
To show that the surface of the membrane plays an important role in these se-

lectivities, we capped films with a layer of PAH (5-bilayer PAA/PAH membranes)
rather than PAA. The presence of the PAH capping layer on unheated films elim-
inates Cl–/SO4

2– selectivity as shown in Tab. 17.1. For films cross-linked at 115 �C,
Cl–/SO4

2– selectivity decreases from 20 to 0.6 upon going from a 4.5-bilayer to a 5-
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Tab. 17.1 Anion fluxes (mol cm–2 s–1) through bare porous alumina and alumina
coated with PAA/PAH films that were partially cross-linked at different temperatures

Film Composition T/�Ca) Cl– flux/10–8 SO4
2– flux/10–8 Cl–/SO4

2– b)

Bare Membrane – 5.3± 3% 3.0± 5% 1.7± 4%
Bare Membranec) 400 5.2± 10% 3.5± 7% 1.5± 2%
4.5 PAA/PAH – 1.3± 6% 0.29± 7% 4.5± 10%
4.5 PAA/PAH 105 1.2± 15% 0.13± 35% 9.5± 25%
4.5 PAA/PAH 110 0.96± 10% 0.092± 25% 11± 20%
4.5 PAA/PAH 115 0.68± 25% 0.043± 60% 20± 45%
4.5 PAA/PAH 130 0.17± 55% 0.026± 60% 7 ± 40%
4.5 PAA/PAH 215 0.0041± 25% 0.0016± 55% 3.1± 55%
5 PAA/PAH – 1.1± 10% 1.1± 10% 0.97± 10%
5 PAA/PAH 115 0.56± 40% 0.97± 45% 0.60± 25%

a) Temperature at which membranes were heated for 2 h to partially cross-link films.
b) Cl–/SO4

2– ratios were calculated from the average of selectivities of different membranes and
not from the average flux values. This results in a lower standard deviation and a slightly
different average value.

c) For cross-linked PAA/PAH films, alumina was heated at 400 oC prior to film deposition to
remove the polymer support ring. These data are for bare alumina heated at 400 oC.

Reproduced from Ref. [41] by permission of the American Chemical Society.



bilayer PAA/PAH membrane. These experiments clearly demonstrate that selectiv-
ity is a strong function of surface charge.

17.3.4
Hybrid PSS/PAH + PAA/PAH Membranes

Although PAA/PAH films are attractive membrane materials because they can be
modified by cross-linking, flux through these films (even before cross-linking) on
porous alumina substrates is at least 3 times less than that through similar PSS/
PAH membranes [41]. In an effort to increase fluxes and maintain the versatility
of PAA/PAH, we began preparing hybrid films composed of 4.5 bilayers of PSS/
PAH capped with 0.5–3 bilayers of PAA/PAH. The PSS/PAH layers allow full cov-
erage of a porous support, and we hoped that the use of only a few bilayers of
PAA/PAH would provide selectivity without greatly hampering flux. An unex-
pected benefit of these hybrid films is that they are 1–2 orders of magnitude more
selective than pure PAA/PAH or PSS/PAH films [41].

Tab. 17.2 lists anion fluxes through PSS/PAH membranes and PSS/PAH mem-
branes capped with 0.5–3 bilayers of PAA/PAH. The Cl– flux through hybrid
membranes shows an increase of 80–200% compared to pure 4.5-bilayer PAA/
PAH membranes. Thus, the notion of increasing flux through preparation of hy-
brid films is feasible. In contrast, SO4

2– flux through hybrid membranes is ex-
tremely low. The combination of low SO4

2– flux and rapid Cl– transport results in
Cl–/SO4

2– selectivities of 70 and 120 for 4.5-bilayer PSS/PAH films capped with 1.5
and 2.5 bilayers of PAA/PAH, respectively. Thus, these films are up to ~30 times
more selective than unheated pure PAA/PAH films.

The remarkable selectivity in hybrid PAA/PAH films implies that they have a
significantly different structure than do pure PAA/PAH films. The FESEM
images shown in Fig. 17.9 confirm that the topology of the surface of hybrid PSS/
PAH + PAA/PAH films is quite different from that of pure PAA/PAH. Unfortu-
nately, we do not yet know how to interpret these images. We speculate that the
PAA/PAH surface in hybrid films is less strongly hydrated than in pure PAA/
PAH films. Less hydration will result in higher charge density and hence more
Donnan exclusion and higher monovalent/divalent anion-transport selectivity.

Rubner and coworkers showed that the pH at which PAA/PAH films are depos-
ited has a dramatic effect on film thickness and structure [17, 18, 43]. With this in
mind, we investigated what effect the deposition pH for the interfacial PAH layer
(the layer at the boundary between PSS/PAH and PAA/PAH) would have on the
selectivity of hybrid PSS/PAH + PAA/PAH membranes. Originally, we deposited
the interfacial PAH layer at a pH of 2.3, while PAA/PAH capping layers were de-
posited at pH 4.5. Changing the deposition pH of the interfacial PAH layer to 4.5
resulted in a small selectivity increase for 4.5-bilayer PSS/PAH + 1.5-bilayer PAA/
PAH films as shown in Tab. 17.2 (from 70 to 120). In the case of the 2.5-bilayer
PAA/PAH capping film, selectivity did not change significantly when altering the
deposition pH of the interfacial layer.
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The selectivity of hybrid membranes is due in large part to Donnan exclusion at
the membrane surface. Capping a 4.5-bilayer PSS/PAH film with 3 bilayers of
PAA/PAH rather than 2.5 bilayers decreases selectivity from 150 to 2.2. This re-
markable difference almost certainly reflects the change in sign of the charge at
the membrane surface.

Cross-linking of the PAA/PAH layers in hybrid films also results in increases in
membrane selectivity in some cases. For films prepared with the interfacial PAH
layer deposited at pH 2.3, cross-linking of 4.5-bilayer PSS/PAH + 1.5-bilayer PAA/
PAH membranes increases Cl–/SO4

2– selectivity from 70 to 160. The change again
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Fig. 17.9 FESEM images (top view) of a 4.5-
bilayer PAA/PAH film (top) and a 4.5-bilayer
PSS/PAH + 1.5-bilayer PAA/PAH film (bot-
tom). Both films were deposited on porous

alumina (0.02 �m pore diameter) and heated
at 115 �C for 2 h. Reproduced from ref. [41] by
permission of the American Chemical Society.



likely occurs because cross-linking of the surface layers results in a denser, highly
charged surface that efficiently rejects divalent ions. For 4.5-bilayer PSS/PAH +
1.5-bilayer PAA/PAH films prepared with a PAH interfacial layer deposited at pH
4.5, cross-linking does not result in a significant increase in selectivity. These
films are probably sufficiently dense that cross-linking does not result in in-
creased Donnan exclusion.

17.3.5
Controlling the Charge Density in MPMs

The work discussed above showed that ion-transport selectivity is strongly depen-
dent on the surface charge in the MPM. In an effort to further increase selectivity,
we began exploring ways of inserting charged groups within the bulk of polyelec-
trolyte films such that there would be a net charge in the interior of the film and
not just at the membrane surface [19, 20, 44, 45]. Section 17.2.3 presented one
way of introducing extrinsically charge-compensated sites into MPFs, but the ba-
sic hydrolysis conditions in that procedure are incompatible with alumina sup-
ports. To overcome this challenge, we developed two new methods for introducing
charged groups into MPFs. The first involves partial complexation of carboxylate
groups with Cu2+ ions during membrane deposition. Subsequent removal of these
ions after film formation results in cation-exchange sites. The second relies on
partial derivatization of polyelectrolytes with photocleavable groups prior to film
formation. Photocleavage after film formation to form –COO– or –NH3

+ functional-
ities results in groups that must be extrinsically charge compensated. Below we
discuss each of these methods in turn.

17.3.5.1 Use of Cu2+ complexes to imprint charged sites into PAA/PAH films [46]
The strategy for synthesis of these films is shown in Fig. 17.10. PAA is deposited
from a pH 5.5 solution containing 0.04 M PAA (molarity is with respect to the re-
peating unit) and 0.005 M CuCl2. This PAA/Cu2+ ratio and pH value result in
about 25 % of the –COO– groups of PAA being complexed by Cu2+ ions. The net
charge on PAA, however, is still negative, and thus PAA–Cu/PAH films will still
form. To prevent Cu2+ from being removed from the film during adsorption of
polycationic layers, we also added 0.005 M CuCl2 to PAH solutions. Immersing
PAA–Cu/PAH films in pH 3.5 water (pH adjusted with HCl) results in removal
of the Cu2+, and formation of cation-exchange sites. Cyclic voltammetry confirms
the presence of Cu2+ in films and its removal at pH 3.5.

The presence of extrinsically charge-compensated –COO– sites in the bulk of
PAA/PAH membranes dramatically increases the selectivity of both cross-linked
and unheated films. For unheated 10.5-bilayer PAA/PAH membranes, Cl–/SO4

2–

selectivity increases from 13 to 55 when using Cu2+ as a templating ion [46,47].
In the case of films cross-linked at 130 �C prior to removal of Cu2+, the selectivity
increases from 26 to 600 when imprinting with Cu2+. One question that arises is
whether imprinting with Cu2+ increases selectivity due to an increase in surface
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charge or whether charge in the bulk of the membrane also contributes to selec-
tivity. To test this, we prepared cross-linked Cu2+-templated films capped with
PAH rather than PAA. The change in the sign of the surface charge decreased
Cl–/SO4

2– selectivity by a factor of 10, but selectivity is still 2–3 times higher than
for non-Cu2+-templated, cross-linked PAA/PAH films that are terminated with
PAA. Thus charges both at the surface and in the bulk of these MPMs contribute
to selectivity.

17.3.5.2 Control of Intrinsically Compensated Charge Through Derivatization
and Photocleavage

To prepare PAA/PAH films with photocleavable groups, we partially reacted PAA
with nitrobenzyl bromide [48]. Subsequent film formation on a porous support
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Fig. 17.10 Schematic diagram of imprinting
of PAA/PAH films with Cu2+ to produce films
containing cation-exchange sites. Repetition

of steps 1 and 2 yields multilayer films. The
intertwining of neighboring layers is not
shown for figure clarity.



followed by photolysis and deprotonation yields extrinsically compensated –COO–

sites in a membrane as shown in Fig. 17.11. As expected, Cl–/SO4
2– selectivities in-

creased with the amount of charge (number of photocleavable groups) in the film.
Selectivities increase from 10 for an underivatized 10.5 bilayer PAA/PAH mem-
brane to 100, 145, and 165 for membranes prepared with 25, 50, and 63% esteri-
fied PAA, respectively [48].

17.3.6
Highly Selective Ultrathin Polyimide Membranes Formed
from Layered Polyelectrolytes

The most anion-selective membranes that we have prepared consist of an ultra-
thin layer of polyimides deposited on a PSS/PAH film on porous alumina [49].
We form these polyimides using the scheme shown in Fig. 17.12. By depositing
the poly(amic acid)/PAH film on PSS/PAH, we ensure full coverage of the alumi-
na substrate, and heating of the film results in imidization of the poly(amic acid)
[50–52]. We generally use heating temperatures of about 165 �C so as to only par-
tially imidize the film. Lower temperatures result in minimal imidization, while
higher temperatures result in low fluxes. The appearance of imide peaks in the re-
flectance FTIR spectrum of heated films confirms partial imidization.

Under optimal preparation conditions, these polyimide membranes are extremely
selective. The Cl–/SO4

2– selectivity of 4.5-bilayer PSS/PAH films coated with 2.5 bi-
layers of imidized poly(pyromellitamic dianhydride–phenylenediamine) (PMDA–
PDA)/PAH approaches 1000, and the Na+/Mg2+ selectivity of these films can be
as high as 200. Such high selectivities make these membranes especially attractive
for applications such as water softening. Interestingly, these films yield both cation
and anion selectivity. If selectivity were governed primarily by surface charge, we
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Fig. 17.11 Schematic diagram showing photoly-
sis of a bilayer of a derivatized-PAA/PAH film
and the formation of extrinsically charge-com-
pensated –COO– sites. The intertwining of
neighboring layers is not shown for figure
clarity.



would expect that polyanion-terminated surfaces would show substantial anion se-
lectivity, but very little cation selectivity. Monovalent/divalent selectivity for both ca-
tions and anions is consistent with the results of Krasemann and Tieke with PAH/
PSS membranes [6]. We suspect that the mechanism behind the selectivity of these
membranes relies on differences in ion sizes and hydration energies.

17.3.7
Modeling of Selective Transport Through Layered Polyelectrolyte Membranes

To semiquantitatively understand the factors that govern the ion-transport selectiv-
ities of MPMs, we will need to utilize a model for transport through these sys-
tems. The most common starting point for modeling ion transport through mem-
branes is Eq. (1), the Nernst–Planck equation [53].

Ji � �Di
dCi

dx
� ziCiDiF

RT
d�
dx

�1�

This equation states that in the absence of convection, the flux, J, of ion i is the
sum of diffusion and migration components. Diffusive flux is proportional to the
concentration gradient dCi/dx, while migration is proportional to the electrical po-
tential gradient d�/dx multiplied by the charge, zi, and concentration, Ci, of the
ion. Di is the diffusion coefficient and F, R, and T are Faraday’s constant, the gas
constant, and temperature, respectively.

The unique property of membranes containing fixed charge is that a Donnan
potential

Cm
B

CB
� �zB�CB

�zB�Cm
B � �zX�Cm

X

� ��zB �
�zA �

�2�

17 Controlling the Ion-Permeability of Layered Polyelectrolyte Films and Membranes506

Fig. 17.12 Schematic diagram of the formation of a polyimide film by heating of a poly(amic
acid)/PAH film.



develops at the interfaces between membrane and solution. Because of the fixed
charges, mobile ions are not present in stoichiometric proportions in the mem-
brane so a potential drop occurs at the membrane/solution interface. By neglect-
ing activity coefficient variation between membrane and solution and assuming
that the standard-state chemical potential is the same in the membrane and the
solution, one can describe the partitioning of ions between membrane and solu-
tion using Eq. (2) [23]. In this equation zX, CX, zB, and CB are the charges and
concentrations of the fixed ions and the excluded ions, respectively. The charge of
the co-ion is zA and the superscript m refers to the membrane phase. The Teo-
rell–Meyer–Sievers (TMS) model of transport through ion-exchange membranes
assumes Donnan equilibria at the two solution/membrane interfaces and uses the
Nernst–Planck equation to calculate flux through the membrane [53, 54]. (Con-
centration polarization at the solution/membrane interface is assumed to be negli-
gible.) To solve the Nernst–Planck equation, one often assumes electrical neutral-
ity throughout the membrane (Eq. (3)), zero current (Eq. (4)), and constant flux
through the membrane [23, 55, 56].

zXCX �
�

i

ziC
m
i � 0 �3�

�
i

FziJi � 0 �4�

Adaptation of the TMS model to MPMs requires some knowledge of the charge
distribution in these membranes. Krasemann and Tieke suggested that the charge
distribution in PAH/PSS membranes consists of alternating positive and negative
regions due to each polycation and polyanion layer [6]. They speculated that this
distribution would result in selectivities that increased with the number of layers
in the film. However, modeling by Lebedev et al. indicates that even if multiple
polycation/polyanion interfaces are present, selectivity will not increase with the
number of layers in the film [57]. Although multiply charged anions are excluded
from polyanionic layers, their concentration is enhanced in polycationic layers due
to the need to electrically compensate fixed cationic sites. After the initial bilayer,
enhancement of anion concentration in polycationic layers effectively cancels the
exclusion in polyanionic layers. A similar phenomenon will occur for cations.

Recent models of charge distribution in MPFs indicate complete intrinsic
charge compensation in the bulk of the film and extrinsic charge present only at
the film surface [1, 19, 20, 44]. These structural models would suggest that Don-
nan selectivity is controlled primarily by the membrane surface. To confirm this,
we showed that changing the top layer of a membrane from a polyanion to a poly-
cation greatly decreases (in some cases reverses) Cl–/SO4

2– selectivity as described
in Section 17.3. Such results are consistent with a membrane structure that con-
sists of a neutral bulk region and a charge distribution in the top layer(s) of the
membrane [20, 58].
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As an initial approximation, we simulated transport through membranes based
on a uniform distribution of charge at the membrane surface [46, 48]. These si-
mulations suggest that high Cl–/SO4

2– selectivities can be accounted for by Don-
nan exclusion only if there is an also an order of magnitude difference in the dif-
fusivities of Cl– and SO4

2–. As mentioned in Section 17.2, Schlenoff suggests that
diffusivities may vary with ion charge due to hopping transport between transient
ion-exchange sites in the bulk of the membrane [12].

Gaining a full understanding of transport through MPMs is challenging be-
cause of a lack of quantitative information about ion diffusivities and the charge
distribution in the membrane. In the future, we plan to study the transport of
neutral molecules through MPMs in order to avoid Donnan exclusion effects on
selectivities. These studies will demonstrate, at least qualitatively, how much of a
role size differences play in membrane selectivity.

17.4
Conclusions

Control over the composition and chemistry of MPFs allows synthesis of films
whose properties range from highly impermeable to highly selective. Although
standard polyelectrolyte films are too permeable to reduce corrosion, heat-induced
cross-linking of PAH/PAA increases film resistance by several orders of magni-
tude. Such films might prove useful under moderate corrosion conditions when
an ultrathin film is advantageous.

As membranes, MPFs can allow highly selective transport of monovalent ions.
Monovalent/divalent ion selectivities can be as high as 1000, and because MPMs
are ultrathin, they also allow high fluxes. The reasons behind ion-transport selec-
tivities are still under investigation, but Donnan exclusion at the surface of the
membrane is a large factor in some cases. This is evident from the fact that
changing the sign of the surface charge can have a dramatic effect on monova-
lent/divalent anion selectivity.

Because Donnan exclusion plays such an important role in determining selectiv-
ity, increases in fixed charge in a membrane enhance ion-transport selectivity. Inser-
tion of ion-exchange sites into films by formation and removal of copper complexes
or by hydrolysis of ester groups on constituent polymers results in order of magni-
tude increases in Cl–/SO4

2– selectivity. Deposition of hybrid membranes containing
PAA/PAH or PMDA-PDA/PAH top-coatings on base layers of PSS/PAH also yields
highly selective membranes, especially after post-deposition imidization.

In short, the versatility of alternating polyelectrolyte deposition coupled with
post-deposition reactions allows the synthesis of a wide variety of films and mem-
branes whose selectivity and permeability can be controlled. Use of this versatility
will allow tailoring of membranes and coatings for specific applications such as
corrosion prevention and water treatment.
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