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Preface

Polymers are al around us. We have grown accustomed to the ubiquity of synthetic materialsin our
lives—in packaging, household products, clothing, and medical products, to name afew. When one also
considers the occurrence of natural polymers, such as paper, wood, cotton, and wool, the prevalence of
repetitive macromolecular structures becomes even more apparent. The identification and
characterization of such large molecules has become an important goal for manufacturers of consumer
goods, foods, pharmaceuticals, coatings, adhesives, and other products, as well as for plastics
producers. High-resolution nuclear magnetic resonance (NMR) spectroscopy is one of the chemist's
most versatile tools for characterizing molecular structure, and its application to polymer solutions has
provided unparalleled qualitative and quantitative information about these materials.

While the interpretation of NMR spectra of polymer solutions generally follows the same approach as
for smaller molecules, the characterization of commercial materials can be a more complicated task.
Chemical-shift calculations, spectral editing techniques, and comparison to published data can all be
used to assign the observed resonances, but afull explication of the spectrum often requires an
understanding of materials formulations as well. Many polymers exhibit inherent structural
complexities, such as stereoisomerism and comonomer incorporation, but commercial products are
often blends of two or more polymers and may include additives at relatively high concentrations. One
of our goalsin collecting these spectra has been to provide not just a compilation of chemical-shift data
for nearly 300 polymers and polymer additives but also pragmatic advice relevant to acquiring and
interpreting NMR spectra of these materials. We hope that the result will be useful to NMR specialists
who need information about the spectral characteristics of polymers, and to polymer scientists who may
not be familiar with the subtleties of NMR.

In selecting the materials to be included in this compilation, we have striven first and foremost for
utility. They are, for the most part, the commercialy significant polymers with the exception of those
that are insoluble, such as thermosetting resins. The data are predominantly 13C spectra, but, where
useful, spectra of other nuclei (1H, 19F, 295, and 31P) were recorded as well. With the exception of the
19F data, all were acquired on our trusty JEOL GX400/Eclipse 400 spectrometer equipped with a 10-
mm broadband probe. Each entry is accompanied by molecular structure(s), peak assignments,
experimental parameters, literature references, and comments that include synonyms, trade names,
likely blend components and additives, important end uses, and other practical background information.
The polymers are grouped according to the chemical structure of the backbone (aliphatic hydrocarbons,
unsaturated hydrocarbons, ethers, esters and amides, and miscellaneous) and by the nature of any
pendant groups (aliphatic hydrocarbons, aromatic hydrocarbons, esters and amides, and miscellaneous).
Each chapter includes an introduction that surveys samples preparation, characteristic spectral features,
and typical analyses for the polymersin that group.

Aswith any work of this type, there are many people who contributed to our efforts. In particular, we
thank all those friends and colleagues who encouraged (or, in some cases, mercilessly nagged) us over
the years we have worked on this project. We extend our particular gratitude to Dr. Michael Frey of
JEOL USA (Peabody, MA), who recorded the 19F spectrafound in Chapter V. Our coworker, Patricia
Nelson, of Mobil Chemical, recorded the photomicrographs shown in Chapter |. Scientific Polymer
Products (Ontario, NY) donated many of the polyacrylates and methacrylates characterized in Chapter
IV, and Genesee Polymers (Flint, MI) most of the silicone materialsin Chapter 1X. Samples were
received from many of our
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former colleagues at Mobil Chemical's Edison Research Laboratory—Dr. Ellen Brandes, Dr. Robert
Duttweller, Dr. Hitesh Fruitwala, Dr. Binnur Gunesin, Dr. Y ury Kissin, and Dr. Michael Krause—and
from other associates. Dr. H. N. Cheng (Hercules), Professor Cecil Dybowski (University of Delaware),
Dr. Richard Eckman (formerly of Exxon Chemical), Jackie Morris (Ciba Specialties), Dr. Joe Ray
(formerly of Amoco), Dr. Nitu Sekhon (formerly of Montell), Dr. Mark Stachowski (University of
Connecticut), Dr. Laurie Weddell (DuPont), and Professor Adolfo Zambelli (Universita di Salerno).
Helpful discussions with Dr. Connie Ace (Ethicon), Professor Frank Blum (University of Missouri—
Rolla), Dr. Laurie Galya (DuPont), and Professor Lon Mathias (University of Southern Mississippi) are
also acknowledged. The support of our management at Mobil Chemical's Edison Research Laboratory,
particularly of Dr. Herbert Spannuth, is greatly appreciated. Finally, we thank Moraima Suarez of
Marcel Dekker, Inc., for her helpful suggestions.

ANITA J. BRANDOLINI
DEBORAH D. HILLS
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|_
I ntroduction

l.A—
Structure-Property Relationsin Polymers

Plastic garbage bags, medical implants, textile fibers, bulletproof vests—these are just afew of the
diverse applications of modern polymeric materials [1]. This breadth of applicability is possible because
of the wide range of properties these substances can exhibit. Although the ubiquity of polymers has
largely resulted from the development of synthetic materials, natural macromolecules (cellulose and
derivatives and natural fibers, such as wool and silk) also continue to be important. Polymers, which are
composed of one or more repeating subunits called monomers, belong to awide variety of chemical
classes: hydrocarbons, esters, amides, ethers, and others. The chemical identity and stereochemical
configuration of the long polymer molecules govern the intra- and interchain interactions that ultimately
lead to the bulk properties that suit the material to a specific use[2,3].

High-resol ution nuclear magnetic resonance (NMR) spectroscopy of solutions has proved to be a
powerful aid in the structural characterization of all types of chemical compounds [4—7]. NMR isalso
an invaluable tool for the qualitative and quantitative analyses of polymers, enabling description of
subtle molecular details. Spectra of either carbon or hydrogen nuclei are the most generally useful, but,
In appropriate cases, other nuclides (e.g., fluorine, phosphorus, silicon, or nitrogen) can provide
information not available from the more common nuclei [8,9]. The chemical shift isthe NMR
parameter most often used for structure determination, although analysis of coupling patterns,
relaxation behavior, or nuclear Overhauser enhancements can supply additional details. The
multidimensional NMR approach [10-12] allows complex chemical structures to be described even
more fully by facilitating correlation of various spectral parameters. The applicability of NMR
spectroscopy extends even beyond chemical characterization, to the investigation of various physical
phenomena: kinetics, dynamics and morphol ogy.

Thisintroductory chapter will overview the application of high-resolution, solution-state NMR
spectroscopy to the study of polymers. Insoluble materials necessitate the use of special techniques,
such as dipolar decoupling and magic-angle spinning, to obtain a solid-state spectrum; these will not be
described here [13-16]. Structure-property relations will be discussed first, because they are akey to
defining the ultimate usefulness of the material. This introduction will show how NMR can help
elucidate these salient details of polymer molecular structure. Neither polymer science nor NMR
spectroscopy can be covered comprehensively in afew pages; the interested reader is referred to other
sources for further information on polymers [1-3], NMR [4-12], or more specifically, NMR of
polymers [17-23].

|.B—
An Overview of Polymer Structures

Commercially important synthetic polymers belong to many different classes of chemical compounds:
hydrocarbons, esters, amides, dienes, and so on. Polymers are products of a controlled chain reaction of
smaller molecules called monomers. Generally speaking, one can form polymers by: (1) opening a
multiple bond or ring; or (2) reacting difunctional monomers. The resulting molecules are long
(molecular weights can exceed 109), and have final properties quite different from those of the
constituent monomers. These properties depend on details of molecular structure, such as
stereochemistry or degree of branching. By manipulating these details, the bulk properties of these
materials can be tailored to fit an intended application.
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(A)

Figurel.l
Molecular architecture of of polymer
molecules. (A) linear; (B) branched; (C) cross-linked.

The overall molecular architecture of a polymer chain can be linear, branched, or cross-linked, as
shown in Figurel.1. Most linear and slightly branched materials melt and flow; these are called
thermoplastics. The cross-linked, or network, polymers are referred to as thermosets.

|.B.1—
Polymerization Reactions

One commercialy important polymer produced by breaking multiple bonds is polyethylene (PE), which
Is manufactured from gaseous ethylene:

CH=CH,+ CH=CH,— =CH;CH;~CH;-CHy-
LA

This reaction can beinitiated by either afree-radical generator (such as a peroxide) or by an
organometallic catalyst [1]. The free-radical process resultsin a highly branched polymer; catalytic
routes tend to produce a more linear material. Each form of PE has distinct properties that will be
discussed in detail in Section 1.B.3. Many other familiar polymers [such polypropylene, polystyrene,
poly(vinyl chloride), and the acrylics] are made from unsaturated monomers in this way (see Chapters
[-V).

Polymers produced from dienes may retain some unsaturation. For example, polymerization of 1,4-
butadiene results in a polymer with residual unsaturation in the backbone (1,4 addition):

CH,=CH=CH=CH _+CH_=CH=CH=CH =~ =CH;CH=CH=CH~CHyCH=CH=CHy
|.B
(both cis and trans) or with pendant vinyl groups (1,2 addition):
—CH;{I:H—CH;{I“,H—
CH CH
CH,  CH,

[.C
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Not all dienes behave in thisway, however. For example, on polymerization, 1,6-hexadiene formsin-
chain cyclopentyl rings:

CH, =CH=CHCHz CHy CHy CH=CH 7 —CH;

with both cis and trans isomers.

A polymer that results from aring-opening reaction is polycaprolactam (or, as more commonly known,
Nylon 6):

CHa c?” 0
CH, \ I
I NH —+ =CH;CH-CH;-CH;CHC~NH~-
CH,
cu-“H:

I.E
Polycaprolactam is classified as a polyamide, after the repeating amide linkage.

Another possible route to polyamides is a condensation reaction between two difunctional monomers,
such as hexamethylenediamine and decanedioic (sebacic) acid, which react to give poly(hexamethylene
decanediamide), or Nylon 6/10:

*NH=CH~CH»CH~CH=CH»CHs=~NH= C=CH= CH?CH;ECH;];CH;CHE-CHE- ﬁ'}"
I
o o
I.F

Other condensation polymers include polyesters and polyethers (see Chapters VI and VII). The
polymers that result from such reactions are usually linear, but their bulk properties can be varied by
changing the constituent monomers. For example, if hexanedioic (adipic) acid replaces nonanedioic
acid in reaction | .F, poly(hexamethylene hexanediamide), or Nylon 6/6, is produced:

+NH=CH>~CH>CH>~CH-CHs~CHx NH-E-CH;CH; CHE_EHE-ﬁ-}-n
o o
1.G

which has a melting point fully 40°C below that of Nylon 6/10.
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If monomers with tri- or higher functionality are used, the resulting polymer is a network, asin aurea—
formaldehyde resin:

~CHzN-—CH;
C=0

—ﬂ—ﬂﬁ;ﬁ—CH;T—

C=0 C=0

—N— N
I.H

for which the molecular weight is extremely high, approaching infinity. In general, these materials are
polymerized in situ (i.e., the monomers are mixed together where needed and allowed to react). Except at very
low molecular weights (MWs), these materials are insoluble in most solvents. Other examples of network
polymers are epoxies and melamine-formaldehyde resins.

|.B.2—
Chemical Structure of Polymers

The most fundamental molecular structural feature affecting polymer properties is the molecular weight
(MW). In most polymerization processes, termination steps occur somewhat randomly, leading to a statistical
distribution of chain lengths, which can be described by an average molecular weight and by a molecular
weight distribution (MWD) (Fig. 1.2). The average MW can be calculated in several ways. The number-
average MW, M,,, isgiven by:

_ NM, weight of system
T N, no. of molecules

M, (1.1}

where N, represents the number fraction of molecules of mass M,. The weight-average MW, M,,, is defined as:

_ WM,

.
W, (L.2)

M.,

where W, is the weight fraction of molecules of mass M. Theratio M, /M,, the polydispersity index, indicates

the breath of the MW distribution. Some polymerization processes |ead to monodisperse distributions (i.e., al
chains are the same length), and for such systems, the polydispersity index is nearly 1.

Mw

Figurel.2
Molecular weight distribution curve.
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The effect of MW on properties can be easily seen for the case of polyisobutylene (PIB):

CH,
|
CH-CY,
CH,
[l

which isaviscousliquid initslow-MW form and an elastomer (rubber) at higher MWs. The liquid
polymers are used as tackifying agents in the production of cling films, whereas the elastomers form the
basis of the butyl rubber used to make, among other things, O-rings and gaskets[1].

It is often the more subtle details of molecular structure, not ssmply the chemical classification or even
the molecular weight, that ultimately account for a material's bulk properties. For example, branched PE
has properties quite different from the linear form, and the density of branched PE is significantly less
than that of linear (0.90 g/cm3 versus 0.95 g/cm3). In fact, branched PE is commonly called low-density
polyethylene (LDPE); the linear form, high-density polyethylene (HDPE).

Some polymer structures can exhibit either geometric or stereoisomerism, which also affects polymer
properties. For example, polybutadiene (PBd) has two major geometric isomers, the cis:

CH=CH CH=CH
' AN i “ d
CH; CH_,_ CH; GH:
1.J
and the trans;
,
CH=CH
™
EHE— l!::H2
S
I!I."-'H=I231~l~-~l
EH;_,— EHI:I?
I.K

High-cis and high-trans content PBd are strikingly different materials. The high-cisform is arubber at
room temperature, the high-trans form is crystalline, and a polymer chain containing approximately
equal amounts of both isomersis also elastomeric.

Another type of isomerism that strongly influences a polymer's properties is stereoi somerism, or
tacticity. This effect is especially important in polymers with the general structure:

— CH;- '-?H—
X

l.L

where X can be any one of a number of pendant groups, such as a chlorine atom for poly(vinyl
chloride), a methyl group for polypropylene, or a phenyl ring for polystyrene. A simple ball-and-stick
drawing illustrates that a pair of pendant groups (designated by the black circle) may be situated on one
"side" of the polymer backbone in a meso (m) configuration:



.M

or on alternate "sides’, in arac meic (r) arrangement:

[.N
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A length of the polymer chain may be viewed as a series of pairs, or dyads. Long sequences may be

Isotactic (-mmmmmmm-):

fhdhdbdhdhdhdhd

syndiotactic (-rrrrrrr-):

TtT

._
...._._

or atactic (-rmmrrmr-):
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Polypropylene (PP) is a polymer for which the iso- and syndiotactic forms melt well above room
temperature (160 and 135°C, respectively). In contrast, the atactic form is soft and weak at room
temperature.

Y et another form of isomerism observed in some polymersis regioselectivity [17-21], the directionality
of addition along a polymer chain. Monomers such as vinyl fluoride can add in either a head-to-tail:

= CH;- (I::H— CH; f.l':H—
F F
I.R
or in a head-to-head fashion:
~ CHy CH—CH-CHy
F F

.S

In most such systems, the head-to-tail configuration is strongly preferred on steric grounds. The
structures of polymers with many head-to-head inversions are quite complex, because tacticity is
superimposed on regioirregularity, resulting in amyriad of structures: meso head-to-head, racemic head-
to-head, meso head-to-tail, and racemic head-to-tail.

Even more control over polymer characteristics can be achieved by production of copolymers, which
are made by reacting two or more different monomers called comonomers. The resulting polymer
structure may be blocky:

AAAAAAAAAAAABEEEBBBBAAAAAAAAAAAA

I.T
aternating:
ABEABABABAEABAEABABABABABABABABABAB
.U
or random:

ABBAAAABBABABEBEBAAABABBBABBBAABBAAA

.V

or a second chain can be grafted onto the first:

AAAAAAAAAAAAAAAAAAAAAAAAAAAA
B

B
B
BEBBEBBEEBBBEBBEB

W

Blocky and random copolymers are the most common. In block copolymers, the length of the block
segments can influence properties. In "random" copolymers, the exact distribution of the comonomers
(called the sequence distribution) is a consequence of the polymerization conditions. The sequences can
be statistically random (Bernoullian), for which the distribution is afunction only of the relative amount
of each comonomer, or they can deviate predictably from randomness
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(Markovian), in which the identity of the next unit added is influenced by the identity of the
comonomer at the end of the growing chain [18].

|.B.3—
Physical Structure and Properties of Polymers

Although many of the physical properties of polymers are similar to those of lower-MW compounds,
others are unique to macromolecules and arise from their large size. Some polymer molecules
crystallize, others have amorphous structures, and still others possess combination, or "semicrystalline”
morphologies. Thermal or mechanical treatment can alter these structures. This variety givesrise to
very complex thermodynamic behavior, with many materials exhibiting several different transition
temperatures. The chemical and physical structural features of a material also affect the way it can be
processed into afinal product, as well as the mechanical properties that the product will have.

High- and low-density polyethylene (HDPE; LDPE) demonstrate the effect of molecular structure on
polymer morphology. Each is"semicrystalline,” with both ordered (crystalline) and disordered
(amorphous) domains (Fig. 1.3; 24). The layers (called lamellae) are made up of folded PE chains. The
regions around the lamellae are amorphous, composed of randomly coiled chains. The greater structural
irregularity of LDPE (because of its branches) inhibits crystallization, resulting in a material with a
higher proportion of amorphous chains, and with less perfectly formed crystals (Fig. 1.4). Many
materials, such as atactic polystyrene, poly(methyl methacrylate), and polyisobutylene exhibit no
crystaline structure at al. Their chains all adopt the randomly coiled, amorphous conformation.

Polymer morphology gives rise to complex thermal behavior. For example, the more regular crystalline
domains of HDPE melt at 135°C; the less ordered crystallites of LDPE melt at 110°C. This melting
transition does not involve the amorphous regions of the material. Instead, amorphous polymers exhibit
a secondary transition characterized by the glass-transi-

Figurel.3
Electron micrograph of high-density polyethylene, showing well-defined lamellae.
(From Ref. 24.)
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Figurel.4
Electron micrograph of low-density polyethylene, showing poorly defined lamellae.
(From Ref. 24.)

tion temperature T,. Below T, the material is elastomeric; above T, it is brittle. For example, at room

temperature, polyisoprene (natural rubber) is an elastomer; at liquid nitrogen temperatures, it shatters easily.
Not all T,s are subambient. Atactic polystyrene hasa T, of 160°C; hence, it is brittle at room temperature.

Many different processing techniques are employed to turn polymersinto useful products. Much of this
processing is done with the material in afluid state (higher than T, for semicrystalline polymers or higher than

T, for glassy polymers). For example, during injection molding, molten polymer isfirst forced into amold.

After cooling, the part is removed. Obviously, the polymer must flow easily and crystallize (solidify) rapidly to
be useful as an injection-molding resin. On the other hand, when afiber is spun from the melt, the material
must not flow too easily, or the fiber's integrity will not be maintained during the spinning process. Because
fibers are also stretched as they are produced to align the molecules for improved strength, crystallization
should not occur too rapidly. These "rheologica™ (flow) properties can be tailored by adjusting the molecular
structural parameters, such as molecular weight and MWD, or by incorporating an appropriate comonomer.

Polymeric materials exhibit complex behavior when they are subjected to stress, as shown in Figure 1.5, which
displays atypical relation between stress and strain during elongation. Stress, o, is the applied force/unit area;
strain, [, isthe resulting change in length, 1/1,. In the elastic region (A), thereisasimple, linear relation

between o and [:
o= Ee (1.3)

where the proportionality constant E is known as the Y oung's or elastic modulus. In this part of the o—J curve,
al deformation is recoverable (i.e., if the stressis removed, the material returnsto its original length). An
elastomer exhibits this behavior up to the breaking point. On amolecular level, elastic deformation
corresponds to small displacements or conformational changes of chemical bonds. For athermoplastic
material, such as PE, thereisa"knee" in the o—[1 curve, called the
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€

Figurel.5
Stress—strain curve for atypical polymeric
material: (A)elastic region; (B) yield point;
(C) flow; (D) strain hardening; (E) failure point.

yield point (B), above which elongation requires relatively little additional force (i.e., the material

flows; C.). Above the yield point, morphological changes occur, with the crystalline regions reorienting,
aligning themselves along the stretch axis. This process continues until the stress can no longer be
accommodated by reorientation. The slope of the o—L1 curve then increases again. The material
becomes more difficult to elongate, and strain-hardening sets in. Ultimately, the material cannot
withstand further stress (D).

The rather complicated behavior illustrated in Fig. 1.5 results from avery simple type of uniaxial
applied stress. In real-world applications, polymeric materials undergo even more complex modes of
deformation: impact, bending, twisting, tearing. Tests have been devised to evaluate the effect of these
different types of mechanical stress. For example, polymers intended for applications requiring
toughness, such as appliance housings, are subjected to a dart-drop test to simulate the effect of a
sudden, sharp impact. Materials used in garbage bags, on the other hand, are checked for tear resistance,
by measuring the force required to propagate a small notch.

|.B.4—
Multicomponent Polymer Systems

The foregoing sections have illustrated that a polymer's chemical and physical structures can be very
complex. Many of these details can be manipulated, at least to some extent, to produce a material that
has a desired set of characteristics. Physical blending of two or more resinsis yet another strategy for
tailoring polymer properties. Some blends exhibit characteristics of each component; in other blends,
the properties are intermediate. For example, polystyrene homopolymer is very brittle and prone to
sudden failure. When it is blended with polybutadiene, however, the resulting material, called high-
impact polystyrene, is much tougher and more resistant to crack propagation. This blend can be used in
certain applications (e.g., appliance housings) for which pure polystyrene is unsuitable. Sometimes, the
end use may require properties intermediate between those of alow- and a high-cost resin. In such
instances, the higher-cost material may be "diluted" with the lower-cost. Not all combinations of
polymers mix equally well. Whereas some combine on amolecular level (such as some polyethylenes),
others appear to be uniform, but actually form discrete domains on a microscopic scale (such as high-
Impact polystyrene). Still other combinations of polymers do not form stable blends, at some or all
concentrations. Occasionally, this difficulty can be overcome through use of a compatibilizing agent,
which promotes miscibility. These agents are very often block copolymers of the monomersin the each
blend component.

Additives can also be used to confer desired properties. Pure poly(vinyl chloride) (PVC), for example,
isrigid, brittle, and glassy at room temperature. To produce a soft material suitable for waterproof
clothing or furniture covering, the T, is lowered by addition of afew percent of a plasticizer, often a

phthal ate ester, which turns the base polymer into a more useful, ductile material (1). Other additives
used at relatively high levels aid in processing, or confer either slipperiness or tackiness to the surface.
Many other additives, such as antioxidants and light stabilizers, are blended into the polymer matrix at
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parts-per-million (ppm) levels. These stabilizing additives help maintain the material's properties by limiting
processing or environmental damage.

|.C—
NMR Spectroscopy of Polymers

This section will assume a basic understanding of the Fourier-transform NMR experiment, and will deal only
with the application of NMR spectroscopy to polymer structural analysis. For a more complete treatment,
several excellent references are available [4-12]. Most of the discussion will focus on 13C NMR, although
other nuclei will be mentioned as appropriate.

|.C.1—
The Zeeman I nteraction

The source of nuclear magnetic resonance is the Zeeman interaction (i.e., the interaction between the magnetic
moment of a nuclear spin and a static magnetic field):

w = yH, (1.4)

where w denotes the resonant (Larmor) frequency, y is the gyromagnetic ratio, afundamental property of a
nuclide, and H, is the static magnetic field. Only nuclei with nonzero spin are observable by NMR; this

excludes many abundant nuclides, such as 12C or 160. These elements do have NM R-active isotopes, although
they occur naturally only at low concentrations (1.1% for 13C; 0.04% for 170).

The consequence of the simple relation in Eq. (1.4) isthat 13C, 1H, 31P, or any other NMR-active nucleus, has
aunique frequency at which it can be observed. Most elements in the periodic table have at |east one NMR-
active nucleus [8,9]; Table 1.1 summarizes the NMR properties of several commonly studied nuclei. For
organic systems, 13C and 1H provide the most useful information. Unfortunately, the NMR properties of many
other potentially interesting nuclei (such as 17O or 15N) are not favorable. Furthermore, many nuclides are
guadrupolar (i.e., their spinsare > 1/2), which generally leadsto relatively broad resonance lines. NMR's
ability to observe only one nuclide, without an interfering background signal from any others, can be useful.
For example, many phosphorus-containing chemicals are used as antioxidants in polymers, typically at levels
of 0.05-0.5 wt%. It can be difficult to identify the additive, or to study its degradation pathways, by other
spectroscopic techniques, because the bands attributable to the additive are lost among those from the base
polymer. 31P NMR signals, however, arise only from the additive, permitting study of the additives chemistry
in situ [25].

|.C.2—
Chemical Shift

The greatest strength of NMR isits sensitivity to subtle details of chemical structure. The Larmor equation (Eq
1.27) reveals the approximate resonant frequency for a particular nuclide, but slight variations from that basic
frequency result from differences in chemical structure. The exact resonant position, or chemical shift,
primarily depends on the electronic environment around the nucleus, with effects being observed over several
bond lengths. Electronic deshielding, with resulting higher chemical shifts, occursin, for example,

hal ogenated, olefinic, and aromatic species. Because the effect of chemical shiftis

TABLE I.1 NMR Properties of Selected Nuclei

Nucleus Spin Natural abundance (%) Larmor frequency (MHz)

1H 12 99.99 100.0
19F 12 100 94.1
31p 12 100 40.5
13C 1/2 111 25.1
295 12 4.70 19.9
2H 1 0.02 154
170 5/2 0.04 13.6

I5N 12 0.37 10.1



TABLE |.2 Chemical Shift Calculations?

Substituent a
>C< 91
—O0— 49.0
—N< 28.3
—S— 11.0
—CeHs 22.1
—F 66.0-70.1
—C1 31.1430
—CN 31
=C=0 225
—COOH 20.1
—COO0— 24.5
—COO0— 22.6
(C-bonded)
—COO0— 54.5-62.5
(O-bonded)
C=C 215

a Some steric corrections are also required.
Source: Ref. 25.

BCshift=—23+a+B+y+d

P
9.4

10.1
11.3
12.0

9.3

7.8
10.0
2.4
3.0
2.0
3.5
2.0

6.5

6.9

Y
-2.5

-6.0
51
=51
—2.6
—6.8
-5.1
-3.3
-3.0
—2.8
—2.5
-2.8

0.3
0.3
0.3
-0.5
0.3
0.0
-0.5
0.5
0.0
0.0
0.0
0.0

0.0

0.4
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predictable, calculational schemes, based on substituent effects, can estimate shifts for a particular molecule [5,6,26].
Thisis particularly true for 13C, the most commonly observed nucleus; one such schemeis summarizedin Table|.2.
This approach can be very helpful in afirst attempt to assign the peaks in a spectrum. For example, Table 1.3 compares
calculated and observed chemical shiftsfor poly(vinyl acetate):

+CH~CHY}
| n

TABLE 1.3 Comparison of Experimental and Calculated 13C
Chemical Shiftsfor Poly(vinyl acetate)

A B
-CH,-CH-
0
¢-0
C L'.!:HJ1

o)

|
C=0
I

CH,

[.X

Carbon Experimental Calculated

A 38.2 41.4
B 66.5 66.6
C 20.3 18.1
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Although these calculation schemes give approximate shift positions, they do not account for the full
variety of structural features observable by NMR. NMR spectoscopy would still be a useful, if
somewhat limited, tool in polymer analysisif simple structural identification were its only application.
However, it is also an extremely powerful technique for determining the microstructural details of
polymer chemical structure. The NMR spectrum is sensitive to both geometric and stereoisomeric
structure. The presence of both cis- and trans-isomers in PBd (see Structures 1.J and | .K) iseasily
detected in the spectrum of Figure |.6. Tacticity, which has such a marked effect on a polymer's
physical properties, is clearly observed in the NMR spectrum of Figure 1.7, which contrasts the spectra
of isotactic, syndiotactic, and atactic polypropylene.

NMR isalso auseful tool in copolymer analysis. In addition to the low- and high-density forms of
polyethylene, thereis athird, commercially important type of PE, the linear low-density polyethylenes
(LLDPES), which are actually copolymers of ethylene and afew mole percent of a 1-olefin, usually 1-
butene, 1-hexene, 1-octene, or 4-methyl-1-pentene [1]. The LLDPEs have alinear backbone, with side
branches, the length of which are determined by the choice of comonomer (ethyl branches result from 1-
butene, butyl branches from 1-hexene, and so on). These materials combine the advantages of the
properties of HDPE with the better impact strength of LDPE. LL DPE products of various densities are
available, and their properties are governed by the branch type, the branching concentration, and the
way in which the branches are distributed along the backbone.

The chemical shifts observed in the 13C spectrum of an LLDPE fall into avery narrow range (~ 1040
PPM), as in the spectrum of poly(ethylene-co-1-butene) copolymer (Fig. 1.8) [27]:

~CH;~CH,= CH;~ CH,~CH~CH— CHy- CH,= CH- CH,-
CH,
|
CH,

.Y

a(mrans) | {a(cis)

b (cis, trans)
CDCl4
(1,2) (1,2)
| J 5 8 1), Gt
160 140 120 100 80 60 40 20

Figurel.6
13C NMR spectrum of polybutadiene.
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Figurel.7
Comparison of 133C NMR spectra of (a) isotactic, (b) syndiotactic, and (c) atactic polypropylene.
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Figurel.8
13C NMR spectrum of poly(ethylene-co-1-butene).
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The main resonance at 30 ppm is due to backbone carbons far from a branch point. The secondary
branch resonances in the spectrum arise from isolated branches (i.e., branches separated by at least two
ethylene units). Because the butene concentration of this LLDPE islow (~3 mol%), most of the
branches are isolated. Spectra of other LLDPES, such as ethylene-1-hexene [28], ethylene-1-octene
[29,30], and ethylene-4-methyl-1-pentene [30], have similarly distinctive peak patterns. Even under
nonquantitative experimental conditions, these patterns can readily be used to identify the 1-olefin
comonomer in an LLDPE.

Figure 1.8 also has resonances that cannot be attributed to isolated branches. Some of them arise from
groups at the ends of polymer chains[27] (from which M,, can be estimated),

J2.2 22.8 14.1
~CH; CH,~ CH,
1.Z

whereas others are attributabl e to nonisolated branches [27] arising from nearby 1-olefin groups. When
spectra of such polymers are recorded under quantitative conditions, it is possible to calculate the
distribution of comonomer sequences and to derive other parameters, such as the average length of
ethylene and 1-olefin runs, nz and ng [27]. For example, the spectrum of Figure |.8 leads to values of

26.3 for ngz and 1.04 for ng.

Analysis of comonomer sequences and tacticity distributions can provide insight into polymerization
mechanisms. Simple statistical models can be applied to investigate whether Bernoullian (random) or
Markovian (end-effect) statistics [31,32] best reflect the sequence or tacticity distribution. It is not
possible to describe the resulting distributions by such simplistic models for many commercial
polymerization processes. For example, many polymerization catalysts have more than one active site;
hence, the resulting material has two or more components, each of which can be described by its own
characteristic sequence or tacticity distribution [32,33]. Other compositional heterogeneities can arise
from process-related variables (i.e., variation of comonomer levels, feed rate, temperature, or agitation
speed) during the reaction [32]. NMR has been used to study all these effects.

.C.3—
Dipolar and Scalar Coupling

Interactions among nuclei in a sample induce coupling of their nuclear spins, which resultsin a
broadening or splitting of the resonances. In NMR spectra of small molecules, these interactions are
averaged to zero by rapid, isotropic tumbling. However, in polymer solutions, molecular motion is slow
enough that these couplings can contribute significantly to the spectrum. This problem is particularly
severe for abundant spins, asin the 1H spectrum of poly(isobutyl methacrylate)

cH.
~CH;-C—
c=0
5CH;EH—EH3
CH

3

[LAA

shown in Figure 1.9, illustrates. This broadening can, in fact, obscure other, more complex coupling
patterns. For nuclei with spin > 1/2 (such as 27Al, 14N, or 2H), another source of peak broadening is the
guadrupolar interaction. In general, however, quadrupolar nuclei are not used in polymer analysis.

Scalar, or J, couplings can be homonuclear, such as those among 1Hs, or heteronuclear, such as those
between 13Cs and 1Hs. Homonuclear J couplings can result in very complex splitting patterns, although
these patterns are often obscured by the relatively strong homonuclear dipolar interactions present in
polymer solutions. 13C—1H coupling resultsin simpler splitting patterns. As shown in Figure 1.10 for
the spectrum of poly(isobutyl methacrylate), the observed multiplicity isN + 1, where N is the number
of protons directly bonded to a carbon. Thisis useful information, but most 13C signals are recorded
with 1H decoupling to simplify the spectrum. There are several experimental schemes for recovering
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IH NMR spectrum of poly(isobutyl methacrylate).
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Figurel.10
13C NMR spectrum of poly(isobutyl methacrylate), recorded without 1H decoupling,
revealing 13C-1H splitting patterns.

Page 17



Page 18

13C peak multiplicities without overly complicating the spectrum. Adjustment of the decoupling frequency can
reduce the magnitude of the splitting, and other approaches, such as DEPT, INEPT, and APT, have been
devised which selectively invert or null particular multiplicities [4—7].

|.C.4—
Nuclear Relaxation

The behavior of nuclei during the pulsed, or Fourier-transform, NMR experiment is time-dependent. The
equilibrium magnetization is perturbed by the radiofrequency excitation pulse used. After the pulse, relaxation
occurs by various processes, each of which is governed by a characteristic relaxation time. The effect of spin—
spin relaxation, the time constant of which is designated T,, is observed in the free-induction decay signal (Fig.

[.11). A more rapid decay implies a shorter T, or faster relaxation, which is reflected by broadened peaksin
the final spectrum. T, isrelated to the rate of molecular reorientations, with a shorter T, indicating slower
motion. In general, large polymer molecules move more slowly (and therefore exhibit shorter T,s) than small
molecules. T, is most sensitive to motions in the kilohertz (kHz) frequency regime, which usually correspond

to short-range segmental reorientations. Although the average rate of polymer chain motion can be increased
by reducing the solution concentration or raising the sample temperature, there is often an inherent limit on the
achievable spectral resolution for polymer solutions.

A second relaxation process is spin-attice relaxation, characterized by T,. The rate of spin-attice relaxation is

influenced by relatively rapid (MHz regime) motions, such as methyl group rotation. This process governs the
frequency with which the pulsed experiment can be repeated. To ensure that the spin system has returned to
equilibrium, it is necessary to wait many (fiveto ten) T,s between scans. Polymer solutions tend to have short

T,S, which means that pulsed experiments can be repeated more rapidly than for most small molecules; this
reduces the total experiment time.

The measurement of relaxation times, such as T, and T,, is auseful approach for studying the molecular

dynamics of polymer solutions or polymeric liquids. Relaxation times can, for example, be related to
rheological (flow) properties of amaterial [33].

|.C.5—
Nuclear Overhauser Enhancement

A secondary effect of the use of 1H irradiation to remove J couplings is the nuclear Overhauser effect (NOE),
which results in atered signal intensities. The maximum enhancement factor attainable through the NOE is
governed by the gyromagnetic ratios of the coupled spins| and S:

| —
NOE _'Il_}m (L.5)

For the 13C—H pair, this value is 2.988, which means that 13C signals can be enhanced up to threefold. For
nuclei with negative ys, such as 29Si, the signal can be attenuated, rather than increased.

For 13C, the extent of NOE observed is generally related to the number of directly bonded H nuclei; that is
CH,>CH,>CH>C

|.BB

and is governed by the proportion of spin-attice (T,) relaxation that is due to dipolar effects. As discussed in

Section I.C.3., polymer solutions have strong dipolar interactions, so that a maximal NOE (threefold
enhancement) is realized for most protonated carbons. Nonprotonated carbons, such as carbonyls or
guaternaries, do not exhibit the full effect.

|.C.6—
Multidimensional NMR

Straightforward NMR experiments can provide much detail about polymer structure; however, on occasion,
they cannot provide the necessary answer. More sophisticated experiments, such as multidimensional
spectroscopy, facilitate correlation between two or more different NMR parameters. Table 1.4 lists several such
experiments. A discussion of the application of multidimensional NMR to polymer systemsis beyond the
scope of thisintroduction [7-12,34].
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Figurel.11
Typical free-induction decays (FIDs) for NMR signal, with (A) long and (B) short T,.
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TABLE 1.4 Some Common Two-Dimensional NMR Experiments
Name of experiment Correlated parameters

Homonuclear J-resolved 1H chemical shift
IH—H J-coupling
Heteronuclear J-resolved 13C chemical shift

13C—1H Jcoupling

Homonuclear correlated 1H chemical shift
spectroscopy (COSY) IH chemical shift
Heteronuclear correlated 13C chemical shift
spectroscopy (COSY) 1H chemical shift
Double-guantum exchange 13C chemical shift
spectroscopy (inadequate) 13C chemical shift
|.D—

Practical Considerationsfor NMR of Polymers

Because of the large size of apolymer chain relative to that of atypical organic molecule, the sample
preparation procedure and spectrometer parameters used in acquiring the NMR spectra of polymers are
dightly different from those used for small molecules. These operational concerns are particularly
important if the spectral intensities are to be interpreted quantitatively.

|.D.1—
Sample Preparation

Preparation of a polymer solution for NMR analysisis not always a simple matter. Some polymers,
such as polystyrene, are soluble in many common solvents (e.g., chloroform or benzene), whereas
others, such as poly(1,4-butadiene), swell in the presence of these solvents [35]. In either case, the 13C
NMR spectrum can be obtained easily at room temperature. Other polymers, such as polyethylene or
polypropylene, dissolve in solvents, such as 1,2-dichlorobenzene, only near the crystalline melting
point. The specific temperature at which the spectra are to be recorded must be chosen carefully. If itis
too high, thermal decomposition of the sample may occur while data are being acquired. If it istoo low,
the restricted polymer-chain motion and possible residual crystallinity may cause a degradation of
spectral resolution. Because of the high viscosity of most polymer solutions, sample homogeneity can
be a problem. Care must be taken to minimize concentration gradients and to ensure that no air bubbles
are present. The ssimplest way to accomplish thisisto let the samples stand for several hours, with or
without heating. Another potential problem (for colored samples) arises from pigments that may contain
paramagnetic impurities. Thisis particularly troublesome for beige, brown, or orange materials, which
often contain iron oxide. During spectral accumulation, these magnetic particles migrate, causing
fluctuations in the magnetic field, which leads to an extremely broad, often uninterpretable spectrum.

|.D.2—
I nstrumental Conditions

When a quantitative solution 13C NMR spectrum is required, careful attention must be given to several
of the spectrometer settings: pulse width, repetition rate, and 1H-decoupling mode [4-7]. When using a
90° 13C radiofrequency pulse for data acquisition, it is necessary to wait at least five times the longest
spin-attice relaxation time T, [4—7] between data acquisitions to ensure that the spin system returns to

equilibrium with the external magnetic field before the next transient is recorded. If aflip angle of less
than 90° is used, a correspondingly shorter pulse delay may be used. Fortunately, polymers tend to have
relatively short TS, so that pulse delays of lessthan 1 min are usually adequate to ensure accurate

quantitation [22]. Gating of the 1H-decoupling (on, during data acquisition; off, during pulse delay) is
commonly recommended to circumvent the potential problem of unequal NOES [4—7]. This applies
particularly to nonprotonated carbons, such as carbonyls[3-5]. When all carbons are protonated, the
NOEs are al maximized (i.e., anearly threefold intensity enhancement is obtained), and the peak areas
are relatively correct under continuous H decoupling. If 13C NMR spectroscopy isto be used as a
routine tool for quantitative analysis, there is a distinct advantage to using continuous decoupling when
possible because an NOE of 1.988 reduces the total accumulation time by a factor of 4. Quantitative 1H
spectra can be obtained much more
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guickly than quantitative 13C spectra, because the natural abundance of 1H is much higher (essentially
100% versus 1.1% for 13C), and because 1H T, are shorter, permitting faster pulsing.

|.E—
Concluding Remarks

Nuclear magnetic resonance is an extremely powerful tool for the study of polymers, with its ability to
probe both chemical structure and molecular dynamicsin great detail. The first step in applying this
technique to polymers isto understand the spectral features, particularly the origin of each resonance
observed. This collection of polymer spectra strives to provide a ready reference for such peak
assignment, by presenting fully assigned solution-state spectra of over 300 polymers. A compilation of
solid-state polymer spectrais aso available [36]. We have made an effort to collect as many
commercially available materials as possible, and to include some interesting newer polymers. The
spectra have been organized into categories according to molecular structure. Each chapter is preceded
by abrief introduction which includes relevant information about sample preparation, spectral
interpretation, and quantitative analyses for each type of polymer. Most entries are 13C spectra, because
generally, this nucleus is the most common. Occasionally, 1H or other heteronuclear spectraare
included, if they are particularly useful for that material. Experimental conditions are provided for each
spectrum. Furthermore, most entries list synonyms, summarize the most common applications of the
material, and cite literature references.

The polymers have been organized primarily by backbone structure, and secondarily by the type of
pendant group: Chapter 2, saturated hydrocarbon backbone; aliphatic pendant groups,; Chapter 3,
saturated hydrocarbon backbone; aromatic pendant groups; Chapter 4, saturated hydrocarbon backbone:
ester pendant groups, Chapter 5, saturated hydrocarbon backbone: miscellaneous pendant groups;
Chapter 6, unsaturated hydrocarbon backbone; Chapter 7, ether backbone; Chapter 8, ester or amide
backbone; Chapter 9, miscellaneous,; Chapter 10, polymer additives.

Copolymers are included with the predominant monomer, even when the common name lists the lesser
comonomer first. For example, the spectrum of poly(styrene-co-butadiene) (5% styrene) isin located in
Chapter 6 with the other polybutadienes, whereas poly(styrene-co-butadiene) (95% styrene) is included
in Chapter 2 with the polystyrenes. The same categorization applies to blends.
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I —
Aliphatic Backbones:
Aliphatic Pendant Groups

This group of polymers has the general chemical structure:

R

|
_{EHE '{I:‘}T.I

R
A

where R is either ahydrogen atom or an aliphatic group such as methyl or ethyl. Copolymersin this
category may carry some other functionality, such as an ester group, in the secondary component, but
the structure of the predominant monomer (> 50%) is as shown.

This group includes (A) polyethylene and ethylene copolymers and derivatives; (B) polypropylene and
propylene copolymers and derivatives, and (C) polymers and copolymers based on other 1-olefins.
Many of these polymers, particularly those in categories (A) and (B) are commodity resins, with 1994
U.S. production topping 35 billion b (15.9 billion kg) [1]. Most are semicrystalline and exhibit distinct
melting points. Others are thermoplastic elastomers, which are poorly crystalline or completely
amorphous. The density of unpigmented resin is usually less than 1.0 g/cm3, and the fact that many of
these materials float on water serves as a quick identification test. These polymers are typically used to
make films (e.g., food wrap and bags) and molded products (e.g., bottles and containers) [2]. Polymers
in this group are commonly found blended with other resins, in an attempt to improve or modify
properties, or to reduce material costs. Multilayer products are also often encountered, particularly in
packaging applications.

. A—
Sample Preparation and Spectral Acquisition

High molecular weight (MW) samples of most of the polymersincluded in this group are insolublein
common deuterated solvents at room temperature. In these cases, the best sample preparation procedure
involves melting the sample in the presence of an appropriate solvent, such as 1,2-dichlorobenzene-d,

(ODCB) or 1,1,2,2-tetrachloroethane-d, [ 3]. Because of the high viscosity of the molten polymer, extra

care must be taken to ensure that the sample is homogeneous (i.e., that no air bubbles or concentration
gradients are present). If the melt is transparent, this can be simply accomplished by visual inspection of
the molten sample. For pigmented samples, or those with additives that render the melt opaque, it is
often necessary to leave the sample at temperature for many hours, perhaps even overnight. Spectra of
these polymers are typically recorded at high temperature (120-150°C) to ensure high-resolution
spectra. Lower-MW samples are often soluble at room temperature in solvents such as chloroform-d or
benzene-d, [3], and their spectra can be acquired at ambient to moderate (50-60°C) temperatures.

Itisfairly easy to achieve quantitative 13C spectral accumulation conditions for this group of polymers.
The relatively high molecular weight of most specimens slows down overall molecular motion, and the
high degree of protonation equal-
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izes most nuclear Overhauser effects (NOES) [4]. Accordingly, a pulse (relaxation) delay of 15 s
following a90° pulseis sufficient to give correct relative 13C intensities for all but highly mobile nuclei
(e.g., methyl groups) or nonprotonated (e.g., carbonylsin some copolymers) carbons [5]. Quantitative
spectra can usually be acquired with continuous 1H decoupling because the NOEs of all protonated
carbons are equivalent. Quantitative 1H spectra can generally be recorded with a 5-s pulse delay
following a 90° pulse.

[1.B—
Spectral Features

The main resonances of polymersin this group lie at 13C chemical shifts between 10 and 60 ppm, and at
IH shifts between 0.8 and 2 ppm. In general, 13C is the preferred nucleus for identification of unknown
polymers, because the larger chemical-shift range permits differentiation among subtle structural
variations. In favorable cases, 1H NMR is useful for rapid quantitative analyses, such as comonomer
contents; several examples will be discussed later. If the chemical structure of the comonomersis
similar, then 13C is the better aternative for quantitation.

I1.B.1—
Ethylene Polymers and Copolymers

Ethylene copolymers of relatively high ethylene content are most easily recognized by the dominant 13C
resonance at 30 ppm, which arises from long (more than four) sequences of methylene carbons [6]. In
purely linear (high-density) ethylene homopolymer {11-A-1}, for example, the only other observed 13C
resonances are due to alkyl end groups [4]:

a2.2 228 14.1ppm
-CHE-CHE-EH_E

B

In most ethylene polymers and copolymers, chain branching occurs, which complicates the spectrum. In
branched (low-density) ethylene homopolymer {11-A-3}, pendant alkyl groups vary in length. Those
from methyl (C,) through butyl (C,) can be unambiguously identified from the 13C spectrum; pendant

groups of six carbons and longer usually give rise to indistinguishable peak patterns [6,7]. Ethylene
homopolymers are sometimes derivatized (chlorinated or chlorosulfonated) to improve their properties.
This considerably complicates the spectrum, as the substitution pattern is random. A few examples are
included in this chapter {see IlI-A-5 and 11-A-6}.

Many materials generically referred to as "polyethylene” are, in fact, ethylene-based copolymers. One
such exampleisthe family of linear, low-density polyethylenes (LLDPES), which are produced by
copolymerization of ethylene with afew mole% of a 1-ol€efin, usually 1-butene, 1-hexene, 4-methyl-1-
pentene, or 1-octene. The resulting polymer has primarily alinear structure, with the unsaturated
carbons from the 1-olefin incorporated into the backbone. The remaining carbons of the 1-olefin give
rise to pendant branches of fixed length (ethyl from 1-butene, butyl from 1-hexene, and hexyl from 1-
octene). The 13C NMR spectra of these materials {11-A-7, [1-A-10, 11-A-11, 11-A-13, 11-A-15 through 11-
A-20} have distinct patterns that can be used to readily identify the comonomer type in an unknown
resin [6]. Chemical shifts for the common LLDPE products are summarized in Table 11-1.

13C NMR provides the best method for calculating the branch content (i.e., the comonomer content) of
an LLDPE, particularly if the comonomer is unknown. For example, in the spectrum of poly(ethylene-
co-1-butene) (5%B) included in this chapter { 11-A-10}, the average, per-carbon areafor a branch

resonance, Ag, is 1.5. Thisvalueis calculated from the total area of the observed peaks, other than the

one at 30 ppm and the methyl peak at 11.2 ppm, which is nonquantitative under the experimental
conditions used to record the spectrum. This area contains contributions from six distinct carbon types

(one branch CH,, one branch point CH, two a-CH.,s, and 2 3-CH.s):

8 y B a «a B vy &
—EHE—cHz—cHg—cHz—ti:H-CHz—chcHE—GHF
CH,
|
CH;,

C
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TABLE 11.1 13C NMR Chemcal Shifts for Some Ethylene Copolymers

Al A2 A3 Ad

oo =CH—CH;—CH;—CH— ...
..
B1
Polymer Al A2 A3 A4 Bl B2 B3 B4 B5 B6
Poly(ethylene-co-propylene) 333 37.6 274 31.0 20.1 — — — — —
Poly(ethylene-co-1-butene) 39.8 34.2 27.3 30.5 26.7 11.1 — — — —
Poly(ethylene-co-1-pentene) 38.0 346 27.3 305 371 20.4 14.3 — — —
Poly(ethylene-co-1-hexene) 38.2 34.6 27.3 305 34.2 29.4 23.4 14.5 — —
Poly(ethylene-co-4-methy-1-pentene) 36.1 34.8 27.2 30.6 44.9 26.0 23.2 — — —
Poly(ethylene-co-1-octene) 38.2 34.6 274 30.5 34.7 27.4 30.0 32.3 22.9 141
Poly(ethylene-co-norbornene) 50.9, 35.2, 29.7 29.7 39.9 318 29.9- — — —
47.0, 37.0 31.0
54.4
Poly(ethylene-co-styrene) 45.9 36.0 276 207 1467 1339 1334 1258 — —
Poly(ethylene-co-vinyl acetate) 74.6 33.7 25.7 30.0 169.4 20.8 — — — —
Poly(ethylene-co-acrylic acid) 45.6 325 29.5 30.6 180.1 — — — — —
Poly(ethylene-co-methyl acrylate) 46.1 329 27.8 30.0 175.9 50.9 — — — —
Poly(ethylene-co-ethyl acrylate) 456 322 26.8 305 1758 591 14.0 — — —
Poly(ethylene-co-butyl acrylate) 457 32.7 27.2 30.5 175.6 63.5 30.0 18.9 139 —
Poly(ethylene-co-methacrylic acid), Na* 47.0 40.0 253 30.6 183.2 224 — — — —
Poly(ethylene-co-vinyl acohoal) 72.5 38.6 26.2 30.0 — — — — — —

If the area of the main resonance at 30 ppm is set to equal 100, the branch content, in ethyl branches per 1000 carbons, B, is given by:

_ __ 1000Ag

Be: = 150 + (TAg)

(IL.1)
Copolymers of ethylene and non—1-olefin comonomers, such as vinyl acetate, methyl acrylate, or acrylic acid, are produced for specia
applications. Many of these are available in awide concentration range, from nearly 100% ethylene to nearly 100% comonomer. These
copolymers are manufactured in a high-pressure process, such as that used for low-density polyethylene, so the resulting materials exhibit
the same distribution of branch lengths observed in LDPE, as well as unique resonances attributabl e to the specific comonomer used.
Chemical shiftsfor many such copolymers are also summarized in Table 11-1.

In addition to the primary resonances seen in the 13C spectra of ethylene copolymers, smaller peaks due to comonomer sequences (see Sec. |.
B.2) are also observed, particularly at higher comonomer levels. The distribution of comonomer sequences can reveal details of the
polymerization mechanism and conditions [8]. Resonances arising from sequences are noted in the following spectra, but specific
assignments are not made. These assignments can be found in the reference(s) listed for each spectrum.

1H spectra of ethylene homopolymers and copolymers such as the LLDPEs are not particularly informative, because all resonances overlap
in avery narrow chemical-shift range. Certain copolymers, however, are amenable to 1H analysis of comonomer content (Table 11-2). For
example, poly(ethylene-co-vinyl acetate) {11-A-25H} exhibits awell-resolved 1H resonance at 5.4 ppm, owing to the proton at the backbone
branch point:

CHz-{:HE-CI‘I—f-CHE—CHQ-CHQ
OCOCH;

D
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TABLE 11.2 IH NMR Chemical Shiftsfor Some Ethylene Copolymers

HT H2 H3
...—CH—CH;—CHy—. ..

CHo— ...

H4
Polymer H1l H2 H3 H4 H5 H6 H7
Poly(ethylene-co-vinyl acetate) 5.40 1.50 1.29 1.90 — — —
Poly(ethylene-co-acrylic acid) 2.38 1.62 127 9.55 — — —
Poly(ethylene-co-methyl acrylate) 2.29 1.58 1.29 3.56 — — —
Poly(ethylene-co-ethyl acrylate) 2.23 155 1.27 4.03 0.80 — —
Poly(ethylene-co-butyl acrylate) 227 1.27 1.27 4.02 1.27 1.27 0.87
Poly(ethylene-co-vinyl alcohol) 4.62 2.05 147 3.59 — — —

A spectrum suitable for measurement of vinyl acetate (VA) contents > 0.5 wt% can be acquired very quickly (lessthan 10 min); the
corresponding 13C spectrum would take several hours. If the areas of the of the 1H peak at 4.8 ppm and the main resonances between
0.8 and 2.0 ppm are integrated, the VA content can be easily cal culated:

Al4.8 ppm)

VA (mol%) = 2728 ppm) + A(0.8-2.0 ppm)

(I1.2)

This value can be easily converted to units of wt%, which are generally used. A similar approach works well for 1H spectra of many
non-1-olefin copolymers {11-A-27H through I1-A-30H, 11-A-33H}.

The properties of ethylene homopolymers and copolymers are frequently modified by blending different materials. For example, high-
density polyethylene film is stiff, but lacks toughness (i.e., it tendsto tear easily). Addition of afew weight-percent of an elastomer
can greatly reduce the film's propensity to split. In other cases, aless expensive resin may be blended with a costly material. If the
properties of the blend are still suitable for the intended application, this reduces the cost of the final product. Identification of blends
of different types of polyethylene can be difficult, even by 13C NMR, because many of the blend components have overlapping
resonances. For example, as discussed in the foregoing, branched, LDPE contains some butyl branches. Therefore, an ethylene-co-1-
hexene LLDPE component contributes no unique resonances to the spectrum of an LDPE/LLDPE blends {11-A-39}. The only way
that this combination can be identified as ablend by NMR is to note that the relative ratios of the branch peaks have changed. The
peaks attributable to LLDPE are enhanced (compare, for example, the relative intensities of the peaks at 23.4 and 22.9 in {I1-A- 3, II-
A-16, and 11-A-39} . This effect can generally be readily observed only for LLDPE/L DPE blend compositions greater than about
20/80. If the LLDPE content is exceeds 20%, the effects may be too subtle to be detected by visual inspection alone. Blends of linear,
high-density polyethylene and LLDPE, or blends of two different LL DPE resins containing the same comonomer, are
indistinguishable based on the 13C NMR spectrum.

I1.B.2—
Propylene Polymers and Copolymers

In polypropylene, one of the R groups shown in Structure A is a methyl group; the other is hydrogen:

T
~CHa=Cr
H
E

The main 13C spectral features of polypropylene and propylene copolymers are three dominant resonances at approximately 48, 30,
and 23 ppm, attributable to the CH,, CH, and CH, carbons, respectively. Striking tacticity effects are seen in the spec-
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tra of these materials; thisis particularly noticeable for the methyl carbon at 2023 ppm. This resonance
typically splitsinto three groups of resonances, which correspond to mm, mr, and rr triads, as discussed in
Section |.B.2. The tacticity effect isless obvious, but still observable, for the other two carbons. The most
commonly encountered commercial polypropylene resins are "isotactic” (85-99% mm) {I1-B-1}. Anisotactic
index can be calculated from the 13C spectrum by dividing the methyl peak areainto mm, mr, and rr
contributions. Thisindex is given by either %mm or %m, where

S%m = Semm + Somr (I1.3)

Syndiotactic polypropylene (> 95% rr) {I1-B-3} is emerging as another commercially important material.
Atactic polypropylene (mm, mr, and rr triadsin theratio 1:2:1) {11-B-4} is sometimes used as an adhesive.
The 13C spectra of some polypropylenes also exhibit regioregularity effects, such as "head-to-head," or "tail-to-
tail," or both insertions of the monomer unitsin the polymer backbone (see Sec. 1.B.2) [9].

Poly(propylene-co-ethylene), poly(propylene-co-1-butene), and poly(propylene-co-ethylene-co-1-butene) are
common propylene copolymers. The presence of these comonomers can be detected based on their distinct
pattern of resonances.

11.B.3—
Polymers and Copolymers of Other 1-Olefins

There are a'so commercially available homopolymers and copolymers made from higher 1-alkenes, such as 1-
butene, 3-methyl-1-propene (isobutylene), and 4-methyl-1-pentene. Although they are manufactured in lower
volumes than the ethylene- and propylene-based polymers and copolymers, they do find some specific
applications. 13C spectra of poly(1-olefins) are usually straightforward, with n major resonances, wherenis
the number of chemically distinct carbons in the polymer repeat unit [10], and tacticity effects are usually
evident, especially in the case of poly(1-butene).
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SATURATED HYDROCARBON BACKBONE; ALKYL PENDANT GROUPS

List of Spectra

A. Polymers and Copolymers of Ethylene

1-A-1

I-A-1H

1-A-2

11-A-3

11-A-3H

I1-A-4

I1-A-5

I1-A-6

-A-7

11-A-8

11-A-9

11-A-10

1-A-11

11-A-12

11-A-13

11-A-14

I1-A-15

11-A-16

I-A-17

11-A-18

I1-A-18H

11-A-19

11-A-20

I1-A-21

11-A-22

11-A-23

11-A-24

11-A-25

I1-A-25H

11-A-26

11-A-27

I-A-27H

11-A-28

11-A-28H

11-A-29

11-A-29H

11-A-30

I1-A-30H

11-A-31

11-A-32

11-A-33

I1-A-33H

11-A-34

11-A-35

11-A-36

11-A-37

11-A-38

Polyethylene, linear or high-density
Polyethylene, linear or high-density
Polyethylene, ultrahigh-molecular weight
Polyethylene, branched or low-density
Polyethylene, branched or low-density
Polyethylene, oxidized

Polyethylene, chlorinated

Polyethylene, chlorosulfonated
Poly(ethylene-co-propylene) [~5%P]

Poly(ethylene-co-propylene) [~40%P)

Poly(ethylene-co-propylene-co-5-ethylidene-2-norbornene) [~40%P;,~2%ENB]

Poly(ethylene-co-1-butene) [~5%B]
Poly(ethylene-co-1-butene) [~0.1%B]
Polybutadiene, hydrogenated
Poly(ethylene-co-1-butene-co-1-hexene)
Poly(ethylene-co-1-butene-co-styrene)
Poly(ethylene-co-1-pentene)
Poly(ethylene-co-1-hexene) [~5%H]

Poly(ethylene-co-1-hexene) [~0.1%H]

Poly(ethylene-co-1-hexene) [~0.1%H], Cr-catalyzed

Poly(ethylene-co-1-hexene) [~0.1%H], Cr-catalyzed

Poly(ethylene-co-4-methyl-1-pentene)
Poly(ethylene-co-1-octene)
Poly(ethylene-co-norbornene)
Poly(ethylene-co-styrene)
Poly(ethylene-co-1,5-hexadiene)
Poly(ethylene-co-vinyl acetate) [~3% VA]
Poly(ethylene-co-vinyl acetate) [~25% VA]
Poly(ethylene-co-vinyl acetate) [~25% VA]
Poly(ethylene-co-acrylic acid) [~5% AA]
Poly(ethylene-co-acrylic acid) [~15% AA]
Poly(ethylene-co-acrylic acid) [~15% AA]
Poly(ethylene-co-methyl acrylate)
Poly(ethylene-co-methyl acrylate)
Poly(ethylene-co-ethyl acrylate)
Poly(ethylene-co-ethyl acrylate)
Poly(ethylene-co-buty! acrylate)
Poly(ethylene-co-butyl acrylate)

Poly(ethylene-co-methacrylic acid), Na* salt

Poly(ethylene-co-methacrylic acid), Zn2* salt

Poly(ethylene-co-vinyl acohol)
Poly(ethylene-co-vinyl acohol)

Poly(ethylene-co-carbon monoxide)

Polyethylene, branched/poly(ethylene-co-propylene) [40%P], 90/10 blend
Poly(ethylene-co-1-butene)/polyethylene, branched, 80/20 Blend
Poly(ethylene-co-1-butene)/poly(ethylene-co-propylene) [40%P], 90/10 blend

Poly(ethylene-co-1-butene)/poly(ethylene-co-vinyl acetate) [14%V A], 80/20 blend
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[1-A-39

A-

40

1-A-41

[1-A-42

[1-A-43

[1-A-44
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Poly(ethylene-co-1-hexene)/polyethylene, branched, 80/20 Blend

Poly(ethylene-co-1-hexene)/poly(ethylene-co-propylene) [40%P], 90/10 blend

Poly(ethylene-co-1-hexene)/poly(ethylene-co-vinyl acetate) [14%V A], 80/20 blend
Poly(ethylene-co-1-octene)/polyethylene, branched, 80/20 blend
Poly(ethylene-co-1-octene)/poly(ethylene-co-propylene) [40%P], 90/10 blend

Poly(ethylene-co-1-octene)/poly(ethylene-co-vinyl acetate) [14%V A], 80/20 blend

B. Polymers and Copolymers of Propylene

-B-1

-B-1H

[1-B-2

[1-B-3

1-B-4

[1-B-5

[1-B-6

-B-7

[1-B-8

Polypropylene, isotactic

Polypropylene, isotactic

Polypropylene, stereoblock
Polypropylene, syndiotactic
Polypropylene, atactic
Poly(propylene-co-ethylene)
Poly(propylene-co-1-butene)
Poly(propylene-co-1-butene-co-ethylene)

Poly(propylene-co-ethylene)/poly(ethylene-co-propylene) [40%P], 80/20 blend

C. Polymers and Copolymers of Other 1-Olefins

-C-1

-C-2

N-C-3

-C-4

-C-5

[1-C-6

-C-7

1-C-8

-C-9

Poly(1-butene)

Polyisobutylene
Poly(isobutylene-co-isoprene)
Poly(isobutylene-co-isoprene), chlorinated
Poly(isobutylene-co-isoprene), brominated
Poly(4-methyl-1-pentene)

Poly(1-hexene), isotactic

Poly(1-hexene), atactic

Poly(1-decene)
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[1-A-1—
Polyethylene, Linear or High-Density (L PE or HDPE)

Comments

The primary resonances arise from chain-backbone carbons; secondary peaks are due to saturated end
groups. This material is also known as low-pressure polyethylene; its density is greater than 0.94 g/cms.
It isahard, stiff plastic produced by Ziegler-Natta or other organometallic catalyst, and is commonly
used for pipe, containers, films, and bottles. It melts at ~140°C.

Ad

e Mthl‘LAAJjE .Mj1

&0 50 40 30 20 10 £

135 Chemical Shift (ppm)

Ad A4 Adq A3 Az AT
+GH;CH¢FH;GH;EH;CH3
Code Shift (ppm)
Al 14.1
A2 22.9
A3 32.2
A4 30.0
Experimental Parameters
Nucleus. 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 20,000 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°
Broadening: 2 Hz Pulse delay: 2s

Reference

A. Kgji, Y. Akimoto, and A. Murano. J. Polym. Sci. A Polym. Chem. 29:1987, 1991.
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[1-A-1H—
Polyethylene, Linear or High-Density (L PE or HDPE)

Comments

The primary resonance is from backbone methylenes; the very small secondary peak arises from end-
group methyls. Solvent resonances are marked by X. This material is also known as low-pressure
polyethylene; its density is greater than 0.94 g/cm3. It isahard, stiff plastic produced by Ziegler-Natta
or other organometallic catalysts, and is commonly used for pipe, containers, films, and bottles. It melts
at ~140°C.

H2

-

| /ﬂ PAGL

VH Chemical Shift (ppm)

F2 2 H2 H2 M2 H1

+ CH; CHE}n‘CH; CH-CH;-CH,

Code Shift (ppm)

H1 0.84

H2 1.27
Experimental Parameters
Nucleus: 1H (400 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 100 Spectral width: 8 kHz
Data points: 4096 Pulse width: 30°

Broadening: 5 Hz Pulsedelay: 5s



[1-A-2—

Polyethylene, Ultrahigh Molecular Weight (UHMWPE)

Comments

Because the MW > 106, only main-chain carbons are visible under normal spectral acquisition

Page 32

conditions. This material has high-impact strength, good abrasion resistance, and alow coefficient of

friction, making it suitable for applications in bearings and chutes. It melts at ~145°C.

L

Al

L.

&0 a0

Experimental Parameters

Nucleus: 13C (100.4 MH2z)

40

30 20 10

3¢ chemical Shift (ppm)

Al

A1

4CHyCHp.

Code

Al

Shift (ppm)

30.0

Temperature: 130°C

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 20,000
Data points: 16384

Broadening: 2 Hz

Reference

A. Kgji, Y. Akimoto, and M. Murano. J. Polym. Sci. A Polym. Chem. 29:1987, 1991.

Concentration: 30% w/w

Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2s
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[1-A-3—
Polyethylene, Branched or Low-Density (BPE or LDPE)

Comments

The primary resonance arises from backbone methylenes; secondary resonances are due to a
distribution of short- (C,;, C,, C,) and long-chain (>C,) branches. This material is also known as high-
pressure polyethylene. It is produced by a peroxide-initiated, free-radical polymerization; its density is
approximately 0.91 g/cm3. This soft, flexible plastic is commonly used for film and other packaging
applications. It meltsat ~110°C.

A4 ASE3

E I‘AEI F1 D2
A3E2

EG,D4
,A.'i" DI D'a'
Al ES
A2 || E4 |
o | | C1
Al | TR R c2
ﬂ1'| |IG'| . ::. F'n-’.i ! B1 | F2
; |
i) 50 40 30 20 10 i

13¢ chemical Shitt (ppm)
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AS AS A4 A3 Az At
4 CH,~CH}CH,~CH,~ CH,~ CH-~
A5 A5 A4 AZ A2 A1 cr CH
4 CH,~CH3.CH,~CH - CH - CH~ I,

F2CH, ¢ CH
ar CH, i 5
|'.I 2

A5 A5 Ad AT A2 [
+ CH e EH:'}HCHF CH e l'.'.tH;* ?A_I

A5 A5 A4 A3 AZ  ArI G1CH,
-{-CH;EH;}'HEHE—CH;CH:-(I:H“ :

E1CH, EH;
Ab A5 A A3 A Al |
+CH?—CH;}”{:H?—CHE—EH?—?H- f-:_u:I:H2

o1 {IJHE £3CH,
|
p2 ?HE E-H:I:H?

D3 ?Hz Eﬂ{i"_,H
D CH3 F6 lt::H3

2

Code Shift (ppm)
Al 32.8
Al 39.8
Al" 38.2
A1™ 39.2
A2 374
A2 34.6
A2" 374
A3 27.2
A3 25.9
A4 30.6
A5 30.0
Bl 20.1
C1l 27.0
C2 10.9
D1 34.3
D2 27.3
D3 23.3
D4 14.0
El 34.6
E2 27.2
E3 30.0
E4 32.3
E5 22.8
E6 14.0
F1 29.5
F2 8.1
Gl 36.0
Experimental Parameters
Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 2000 Spectral width: 25 kHz
Data points: 8192 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2's

Reference

J. C. Randall. J. Polym. Sci. Polym. Phys. Ed. 11:275, 1973,
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[1-A-3H—
Polyethylene, Branched or L ow-Density

Comments

The primary resonance arises from backbone methylenes; secondary resonances are due to methyl
protons in branches and chain ends. Solvent resonances are marked by X. This material is also known
as high-pressure polyethylene. It is produced by a peroxide-initiated, free-radical polymerization; its
density is approximately 0.91 g/cms3. This soft, flexible plastic is commonly used for film and other

packaging applications. It melts at ~110°C.

H2

1H Chemical Shift {ppm)
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HZ FZ o HZ HZ H2
+ CH - CHE-}anJH— + CHE—CHE-}“GH—
|
CH, #r l'.I,':H2 H2
HZ  HZ  H2 CH, hr
4 CH-CH_» CH~-
ni CH, Hr
CH, ~2 [
| CH, uz
Hz Hz EH? 'I:H? H2 H2 H2 i
CH~-CH H- - C-
+CH, ;J»nl CH, 1 +CH=CH A (C
H2 CH._H2
CH, H2 , I
I 2 (I:HE H2 CH:I- HT
II:E:HE qe EH:I H1
CH, H!
Code Shift (ppm)
H1 0.89
H2 1.29
Experimental Parameters
Nucleus: 1H (400 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 100 Spectral width: 8 kHz
Data points: 4096 Pulse width: 30°

Broadening: 3 Hz Pulsedelay: 5s
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I1-A-4—
Polyethylene, Oxidized

Comments

Oxidation of polyethylene can lead to formation of species such as acids, secondary alcohols, esters,
and lactones. The relative amounts depend on the conditions under which degradation occurred.
Unintentional oxidation can be caused by aging or heat exposure (during processing, transportation,
storage, or use), and is usually accompanied by yellow or brown discoloration and deterioration of
properties.

BS

B1,86

Al

3¢ Chemical Shitt (ppm)

o
I

¥ o ¥

B5  B6
o

i CHzCHz
24
—CHz CH?E 0- C{‘I
81 B2 3
I CH>CH;
BS “ B
Code Shift (ppm)

Al 24.0
A2 44.5
A3 208.4
Bl 26.0
B2 34.5
B3 175.9
B4 72.0
B5 37.2

B6 26.0
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Experimental Parameters

Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2's
References

T. Kuroki, T. Sawaguchi, S. Niikuni, and T. Ikemura. J. Polym. Sci. Polym. Chem. Ed. 21:703 1983; H.
N. Cheng, F. C. Schilling, and F. A. Bovey. Macromolecules p 363, 1976.



[1-A-5—
Polyethylene, Chlorinated [25% CI] (CIPE)

Comments
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A wide distribution of resonancesis observed, because of the many possible chlorination patterns.
Treatment of HDPE with Cl, produces an elastomeric material, which can be vulcanized to further

improve its properties. It is used primarily for wire and cable jacketing.

A2

81,83 AT|
[ 1R
BIE; II B4 Ad I L
R {'F".. Nae| )
| LY I§ ."UM'
- e rema T LI S———

HM
55

4 e chemical Shift (ppm)



AT
~CH~~CHCH~CH~CHs
A2
=CH~CHCI=CH~=CH~CH -
A3
=CHClI=CHs~CHs~CHs~CHz
Ad
=CH;CHCI=CH~CHCI=CH s
AS
~CHz=CHCl=CH = CH = CHCl=
AS
= CHCl=CHs»~CHs~CH~CHCIi~

A7
= CHCl=CHCl=CH = CHCI=CHCl|=
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AB
= CHCI= CHCIl= CHz~ CH CHCI~
Ag
= CHC|= CHCl= CHz CHCl= CH s
81
~CH~CH~CHCI=CH~CH>
82
=CH ~CHCI=CHCI=CH;~CH
83
=CH=~CHCl=CHCIl=CH=CHCIl=-

B4
= CHCl=CH ;= CHCl=CH = CHCl~

Code Shift (ppm)

Al 30.0

A2 38.9

A3 26.8

A4 47.9

A5 35.5

A6 23.8

A7 41.9

A8 32.7

A9 44.5

Bl 63.4

B2 65.8

B3 63.4

B4 59.9
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 2000 Spectral Width: 25kHz
Data point: 8192 Pulse Width: 90°
Broadening: 3Hz Pulse delay: 2's

Reference

B. Hoeselbarth, F. Keller, M. Findeisen. Acta Polym. 40:351, 19809.



[1-A-6—
Polyethylene, Chlor osulfonated

Comments
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The pattern of resonancesis similar to that of chlorinated PE {11-A-5}. Treatment of HDPE with Cl,
and SO, produces an elastomer, which can be vulcanized to further improve its properties. It isfound in

automotive, wire, cable, and liner applications.
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as A
e
| Al |
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B1,83 i
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Al AR
=CH~CHr~CH~CH~CHs =CHCI=CHCIl=CH g~ CHCI=CHCI~
AZ AD
=CH=CHCI=CH~CH=~CH =CH;=CCl;>CHz=CH=CHCl=
A3 81
“GHE"EH;CHFCHFCHE— —CH;CH;CHCI—CH;CH;
A4 B2
= CHzCHCI=CH;CHCI=CH s =CH=CHCI=CHCI=CHsCHs
AS 83
~CH;CHCI=CH;CHz CHCI= = CH;CHCI=CHCI~CH3-CHCI=
Ad B4
=CHCl=CH~CHzs=CH~CHCIl-~ =CHCI=CH;=CHClI=CH~CHCI=
AT ci
~ CHCI= CHCl~ CH= CHC!~ CH s =CHyCH=
|
S0,CI
Code Shift (ppm)
Al 30.0
A2 38.9
A3 26.8
A4 47.9
A5 35.5
A6 23.8
A7 41.9
A8 32.7
A9 44.5
Bl 63.4
B2 65.8
B3 63.4
B4 59.9
Cl 76.8

Experimental Parameters

Nucleus: 13C (100.4 MH2z) Temperature: 130°C
Solvent: ODCB-d4/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 2000 Spectral width: 25 kHz
Data points: 8192 Pulse width: 90°
Broadening: 3 Hz Pulsedelay: 2's
Reference

B. Hoeselbarth, F. Keller, and M. Findeisen. Acta Polym. 40:371, 1989.



[1-A-7—

Poly(Ethylene-Co-Propylene) [~5% P]

Comments
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The polymer-chain structure is primarily linear, with pendant methyl branches created by incorporation
of propylene into the backbone. Because of the relatively low propylene content, the methyl branches
are mostly isolated. Resonances from comonomer sequences, marked by S, increase in intensity with

propylene content.

Al | B

60 50

3 20 14

13 ¢ chemical Shitt {ppm)

Ad

AS A5 Ad Az Al
{CH; CH,}.CH;- CH,—~CH~CH-

Experimental Parameters

Nucleus: 13C (100.4 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 8192

Broadening: 2 Hz

References

Code

Al

A2

A3

A4

A5

Bl

|
g1 CH,

Shift (ppm)
33.3
37.6
274
31.0
30.0

20.1

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2 s

J. C. W. Chien and B. Xu. Makromol. Chem. Rapid Commun. 14:109, 1993; H. N. Cheng and D. A.

Smith. Macromolecules 19:2065 1986; H. N. Cheng. Macromolecules 17:1950, 1984.
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[1-A-8—
Poly(Ethylene-Co-Propylene) [~40% P] (EPR)

Comments

Although the general pattern of resonances is similar to that of poly(ethylene-co-propylene) [~5%P] {II-
A-T7}, the higher level of propylene comonomer leads to more clusters of branches; peaks arising from
such sequences are denoted by S. This material is also known as ethylene-propylene rubber (EPR). It is
athermoplastic elastomer that is often blended with polyethylene or polypropylene to improve
toughness{11-A-34, 11-A-36, 11-A-39, and 11-A-42} . Its primary uses are hoses, gaskets, and as a
viscosity-index improver for lubricants.

A5
A2 . A3
A4l
|
|
Al
B1
|
| s |
| i
I g 1 I‘ ! :
Al 3
f | i|Ii f .'. :il:| .I|!
o e A ____-'lL I'-«,._._..I"H-"I I-..._-'. Jl"’ T iIH_ _I_..-"'I' Life T
| R o
&0 50 40 30 20 10 1]

13¢ chemical Shit (ppm)

A5 AS Ad Ad AZ Al
{CH;-CH,} CH- CH?—CH?—I;.:H—
81 CH,

Code Shift (ppm)

Al 33.3

A2 37.6

A3 274

A4 31.0

A5 30.0

Bl 20.1
Experimental Parameters
Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°
Broadening: 3 Hz Pulsedelay: 2 s

References

J. C. W. Chien and B. Xu. Makromol. Chem. Rapid Commun. 14:109, 1993; H. N. Cheng and D. A.
Smith. Macromolecules 19:2065, 1986; H. N. Cheng. Macromolecules 17:1950, 1984.



[1-A-9—
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Poly(Ethylene-Co-Propylene-Co-5-Ethylidene-2-Nor bor nene) (EPDM)

Comments

The general pattern of resonancesis similar to that of poly(ethylene-co-propylene) [~5%P] {1I-A-7}
and EPR {11-A-8} ; sequences are again denoted by S. Pendant unsaturated groups are potential cross-
linking sites. This material is also known as ethylene-propylene-diene (EPDM) copolymer. Itisa
thermoplastic elastomer that is often blended with polyethylene or polypropylene to improve toughness;
it isalso used for hoses, gaskets, and viscosity index improvers in lubricants.

AS
| A3
A2 ‘“! .
i
At |
81
i.:
AE|=
c
AT .‘ E? 'II"F 5 g
ﬂ| . Mep .
__.__Mct':sn.,._lLlswuj_L-'l a-':l--'!F.'-—"' "“_"l -—|-—-Erjl.__ EIT
| IR R | '
B0 50 40 30 20 10 i

13¢ Chemical Shift (ppm)
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Adl

AL AL Al AZ Al
4CH; CH, 3. CH - cHE—r::Hi—rf:H-
81 CH,

ey ESH - EﬁH . JE'H—ERH -
c2C-—CH 4
ce l“:H e
c7 l',l,":I-'I3
Code Shift (ppm)
Al 33.3
A2 37.6
A3 274
A4 31.0
A5 30.0
A6 31.3
A7 46.3
A8 47.1
Bl 20.1
Cl 36.7
C2 147.5
C3 34.0
C4 42.3
C5 50.7
C6 111.7
C7 13.8
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulse delay: 2 s



[1-A-10—

Poly(Ethylene-Co-1-Butene) [~5% B] (EB-LL DPE)

Comments
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The polymer-chain structure is primarily linear, with pendant ethyl branches created by incorporation of
1-butene into the backbone. Because of the relatively low 1-butene content, these ethyl branches are
mostly isolated. Resonances caused by comonomer sequences, marked by S, increase in intensity with

butene content. Poly(ethylene-co-1-butene) is one of the materials known as linear, low-density

polyethylene (LLDPE), which are produced by an organometallic-catalyzed |ow-pressure process
similar to that used for HDPE {I1-A-1}. These copolymers typically contain 1-10% wt% 1-butene; their

density ranges from 0.91 to 0.94 g/cm3. They are used in film, bag, and liner applications. This

particular material melts at ~125°C; the melting point of these copolymers increases as the 1-butene

content decreases.

| AS
i|
|
Al
i

Al Ll e
e i 8
fl I 'PI
ts i JiMg .
wmﬁJIILI-—rJ I"'_'I'.. b :‘"\--\.r"\-.-.-- L I.'H—\,
I | i |
&0 S50 40 30 20 10

13¢ Chemical Shift (ppm)

A A5 A4 A3 A2 Al
4CH;-CH,}. CH- CH,-CH;-CH-
g1 CH,
I
B2 CH,
Code Shift (ppm)
Al 39.8
A2 34.2
A3 27.3
A4 30.5
A5 30.0
Bl 26.7

B2 11.1



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans. 200
Data points: 8192

Broadening: 2 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

E. T. Hsieh and J. C. Randall. Macromolecules 15:353, 1982.
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1-A-11—
Poly(Ethylene-Co-1-Butene) [~0.1% B] (EB-HDPE)

Comments

The polymer-chain structure is primarily linear, with pendant ethyl branches created by incorporation of
1-butene into the backbone. Because of the extremely low 1-butene content, the peaks from the chain
ends are approximately the same intensity as those from the ethyl branches. This copolymer is produced
by an organometallic-catalyzed low-pressure process similar to that used for HDPE {11-A-1}. The
density of these low-butene copolymersis > 0.94 g/lcms3, and their principal uses are for films and
bottles. This particular material melts at ~135°C; the melting point of these copolymers decreases as the
1-butene content increases.

&40

a0

30

13¢ Chemical Shin (ppm)

| |
B
| |A4,A5
||
|
||

fe.o

! |

3| |
24
A2 :' | A
{ E2 E1
Al J {81 !
| *.'J l B2
: |




Experimental Parameters

Nucleus: 13C (100.4MH2z)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 8192

Broadening: 2 Hz

Reference

81 éHi

B2 (I:HJ
Code Shift (ppm)
Al 39.8
A2 34.2
A3 27.3
A4 30.5
A5 30.0
Bl 26.7
B2 11.1
El 141
E2 22.9
E3 32.2

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2 s

E. T. Hsieh and J. C. Randall. Macromolecules 15:353, 1982.
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[1-A-12—
Polybutadiene, Hydr ogenated

Comments

Hydrogenation of polybutadiene (PBd) {1V-B-1} yields a polymer that is structurally similar to poly
(ethylene-co-1-butene); the ethyl branches arise from the pendant vinyl groupsin the original material.
This material exhibitsimproved oxidation and weathering resistance over the original PBd because the
unsaturation has been removed.

AS
A3
Pl
A2 | [
| |
I
aq)l
e
i
Al A ]
i : !I i B2
Al " |
i
| ‘ | l
A2 § b ] 1] |
| - ]| t
’IF: 1 o | | !! | | |
oy _“-rl .u-' |--|;| I\“‘._..l. 5 i -“-\-n"u_ 4 1'-"_ o
| I | | i !
&0 50 40 a0 20 10 0

13¢ chemical Shift (ppm)

AS A5 Ad Ad Az Al
+CH; CH,%. CH - CH,~CH;~CH-
&1 (IEH,
82 CH,

A AT

Ad Ad AZ Al
~CH;- CH,— CH;- lIZH—EH; ?H—
81 IlI:HE 81 l;.‘:H:
82CH, 562CH,

Code Shift (ppm)
Al 39.8
Al 37.5
A2 34.2
A2 39.4
A3 27.3
A4 30.5
A5 30.0
Bl 26.7

B2 11.1



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

E. T. Hsieh and J. C. Randall. Macromolecules 15:353, 1982.
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[1-A-13—
Poly(Ethylene-Co-1-Butene-Co-1-Hexene) [~5% B, ~5% H]

Comments

The polymer-chain structure is primarily linear, with pendant ethyl and butyl branches created by
incorporation of 1-butene and 1-hexene, respectively, into the backbone. Poly(ethylene-co-1-butene-co-
1-hexene) is one of the materials known as linear, low-density polyethylene (LLDPE), whichis
produced by an organometallic-catalyzed |ow-pressure process similar to that used for HDPE {I1-A-1}.
The density of these copolymersis 0.91-0.94 g/cm3, and their principal uses are for films and bottles.
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A5 A5 Ad AJ Az Al
-‘:CH!—GH;}HEH;{:H!—EH;?H—
BT?H’
82 CH,
AS AS Ad AJ Ar At
+cH;cH,+ncH;cH,-cH;rl:H— aanll:n,
¢1CH, &4CH,

c2 CH,
Code Shift (ppm)
Al 38.1
Al 39.8
A2 34.6
A2 34.2
A3 27.3
A4 30.5
A5 30.0
Bl 34.2
B2 294
B3 23.4
B4 141
Cl 26.7
C2 11.1
Experimental Parameters
Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 8192 Pulse width: 90°
Broadening: 2 Hz Pulse delay: 2s

Reference

E. T. Hsieh and J. C. Randall. Macromolecules 15:353, 1982.
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[1-A-14—
Poly(Ethylene-Co-1-Butene-Co-Styrene)

Comments

Hydrogenation of poly(styrene-b-butadiene) (SBS) {111-A-6} yields a polymer with blocks of
polystyrene and blocks similar to poly(ethylene-co-1-butene), in which the ethyl branches arise from
the pendant vinyl groups in the original material. Solvent resonances are marked by X. This material
exhibits improved oxidation and weathering resistance over the original SBS because the unsaturation
has been removed.

_,.-—-M
AT
| s
Al
A8 | |
C1
82,83 c2
i x
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B4
1 Az]
B1 I
"I: J.I-- h_:"'-..l'h-.! 'J':u—_jn._,,...l_
|
LR ] B o o e
200 160 120 80 40 0
13¢ chemical Shift (ppm)
A2 Al A2 Al A A3 A4 A4 A5 AB A7 A8
-(-CH;C;-}-"FH;CE-CH;CH;{OH,—EH;)FFH,—GH;CH;FH-
g2 B2 82 m?”*
c2CH,
83 B3 Ba
B4 B4
Code Shift (ppm)
Al 45,2
A2 42.0
A3 38.0
A4 34.7
Ab 34.7
A6 27.8
A7 34.7
A8 40.3
Bl 146.6
B2 128.9
B3 128.9
B4 126.5
Cl 27.4

C2 11.6



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans. 200
Data points: 8192

Broadening: 2 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

Page 57



Page 58

[1-A-15—
Poly(Ethylene-Co-1-Pentene)

Comments

The polymer-chain structure is primarily linear, with pendant propyl branches created by incorporation
of 1-pentene into the backbone. Because of the relatively low 1-pentene content, these propyl branches
are mostly isolated. Resonances caused by comonomer sequences, marked by S, increase in intensity
with pentene content. Poly(ethylene-co-1-pentene) is not currently commercially available, but exhibits
properties similar to those of poly(ethylene-co-1-hexene), and is produced by an organometallic-
catalyzed low-pressure process similar to that used for HDPE {I1-A-1}. These copolymers typically
contains 1-15% wt% 1-olefin; their density ranges from 0.91 to 0.94 g/cm3. This particular material
melts at ~125°C; the melting point of these copolymers increases as the 1-pentene content decreases.

AS
g
A2 | A3
Adl
| B2 i
B1
Al
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60 50 40 30 20 10 0
3¢ chemical Shin {ppm)
A5 AS A4 A3 A2 Al
%CHE—CH;}HDH;{:HE-EH;?H—
81 'll: H.
g2 ?H 5
g3 CH g
Code Shift (ppm)
Al 38.0
A2 34.6
A3 27.3
A4 30.5
A5 30.0
Bl 37.1
B2 204

B3 14.3



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 2,000
Data points. 16384

Broadening: 3 Hz

Source

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

Y.V. Kissin, Mobil Chemical Company, Edison, NJ.

Page 59



Page 60

[1-A-16—
Poly(Ethylene-Co-1-Hexene) [5% H]

Comments

The polymer-chain structure is primarily linear, with pendant butyl branches created by incorporation of
1-hexene into the backbone. Because of the relatively low 1-hexene content, these butyl branches are
mostly isolated. Resonances caused by comonomer sequences, marked by S, increase in intensity with
hexene content. Poly(ethylene-co-1-hexene) is one of the materials known as linear, low-density
polyethylene (LLDPE), which are produced by an organometallic-catalyzed, low-pressure process
similar to that used for HDPE {I1-A-1}. These copolymers typically contains 1-15% wt% 1-hexene;
their density ranges from 0.91 to 0.94 g/cm3. They are used in film, bag, and liner applications. This
particular material melts at ~125°C; the melting point of these copolymers increases as the 1-hexene
content decreases.
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13¢ Chemical Shift (ppm)

Ad Ad AZ Al
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4CH; CH,} CH - CH,~CH;-CH-

a1 CH,
B2 I:l._:H .
83 [!.:H .
B4 IISH .

Code Shift (ppm)

Al 38.2

A2 34.6

A3 27.3

A4 30.5

A5 30.0

Bl 34.2

B2 294

B3 234

B4 14.5



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

References

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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H. N. Cheng. Polym. Bull. 26:325, 1991; E. T. Hsieh and J. C. Randall. Macromolecules 15:1402, 1982.
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[1-A-17—
Poly(Ethylene-Co-1-Hexene) [0.1% H]

Comments

The polymer-chain structure is primarily linear, with pendant butyl branches created by incorporation of
1-hexene into the backbone. Because of the extremely low 1-hexene level, the peaks from the chain
ends are approximately the same intensity as those of the butyl branches. This copolymer is produced
by an organometallic-catalyzed, |ow-pressure process similar to that used for HDPE {II-A-1}. The
density of these low-hexene copolymersis > 0.94 g/cms3, and their principal uses are for films and
bottles. This particular material melts at ~135°C; the melting point of these copolymers decreases as the
1-hexene content increases.
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A A5 Ad A3 A2 Al A2 A3 Ad AS A5 E3 E2 E1
4CH ~ CH,_,-h.EH; CHE-EH;?H-— CH-~ CHz—EH,‘:{CH; CHE'}HL':HE.—CH; CH,
a1 CH,
B2 II:l.':H A
B3 {I:Hl1
B4 {EHE
Code Shift (ppm)
Al 38.2
A2 34.6
A3 27.3
A4 30.5
A5 30.0
Bl 34.2
B2 294
B3 234
B4 14.5
El 14.5
E2 22.9
E3 32.2
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2s

Reference

E. T. Hsieh and J. C. Randall. Macromolecules 15:1402, 1982.
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[1-A-18—
Poly(Ethylene-Co-1-Hexene) [0.1% H], Cr-Catalyzed

Comments

The polymer-chain structure is primarily linear, with pendant butyl branches created by incorporation of
1-hexene into the backbone. Because of the extremely low 1-hexene content, the peaks of the saturated
and unsaturated chain ends are approximately the same intensity as those of the butyl branches. This
copolymer is produced in a chromium oxide-catalyzed |ow-pressure process, similar to that used for
HDPE {I1-A-1}, which resultsin polymer chains with one alkyl, and one vinyl, end group. Ethylene-1-
butene copolymers can aso be produced by these catalytic systems. The density of these low-hexene
copolymersis > 0.94 g/cm3, and their principal uses are for films and bottles. This particular material
melts at ~135°C; the melting point of these copolymers decreases as the 1-hexene content increases.
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;:aH L':H -EH -{-[?:il EH {i-i‘?H éf—l —E‘EH EH—EH-@H -AE:H -{:‘EH rﬂLlEH*}-'It"*.f!H '.'.".:H C

ar tllH

8z CH

B3 CH

B4 EH
Code Shift (ppm)
Al 38.2
A2 34.6
A3 27.3
A4 30.5
A5 30.0
Bl 34.2
B2 294
B3 234
B4 14.5
El 14.5
E2 22.9
E3 32.2
E4 33.8
ES 138.9
E6 114.2

Experimental Parameters

Nucleus: 13C (100.4 MH2z) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2 s
Reference

E. T. Hseh and J. C. Randall. Macromolecules 15:1402, 1982.
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[1-A-18H—
Poly(Ethylene-Co-1-Hexene) [0.1% H], Cr-Catalyzed

Comments

The polymer-chain structure is primarily linear, with pendant butyl branches created by incorporation of
1-hexene into the backbone. Because of the extremely low 1-hexene content, the peaks from the
saturated and unsaturated chain ends are approximately the same intensity as those of the butyl
branches. Solvent resonances are marked by X. This copolymer is produced in a chromium oxide-
catalyzed, low-pressure process, similar to that used for HDPE {11-A-1}, which results in polymer
chains with one akyl, and one vinyl, end group. Ethylene-1-butene copolymers can also be produced by
these catalytic systems. The density of these low-hexene copolymersis > 0.94 g/cm3, and their principal
uses are for films and bottles. This particular material melts at ~135°C; the melting point of these
copolymers decreases as the 1-hexene content increases.
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H3 M3 H3 H3

H1 HZ H3
CH,=CH =CH#CH;~ CH,% CH CH,~CH~CH= CH; CH,~CH#CH~ CH} CH~CHCH,
n i n

Code

H1
H2
H3

H4

Experimental Parameters

Nucleus: 1H(400 MHz

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

H3 H3 Hi H3 H3 H3
I'.I:Hi H3
CH o H3
|
{I:H . M3
EH.: g
Shift (ppm)
4.87
573

1.27

0.86

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 8 kHz
Pulse width: 30°

Pulsedelay: 5s

H3

H3

M3
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[1-A-19—

Poly(Ethylene-Co-4-M ethyl-1-Pentene)

Comments

The polymer-chain structure is primarily linear, with pendant isobutyl branches created by

Page 68

incorporation of 4-methyl-1-pentene into the backbone. Because of the relatively low 4-methyl-1-
pentene content, these isobutyl branches are mostly isolated. Resonances caused by comonomer
sequences, marked by S, increase in intensity with 4-methyl-1-penten content. Poly(ethylene-co-4-
methyl-1-pentene) is one of the materials known as linear, low-density polyethylene (LLDPE), which
are produced by an organometallic-catalyzed, |ow-pressure process similar to that used for HDPE {11-A-
1}. These copolymerstypically contains 1-10% 4-methyl-1-pentene; their density ranges from 0.91 to
0.93 g/cm3. They are used in film, bag, and liner applications. This particular material melts at ~125°C;
the melting point of these copolymers increases as the 4-methyl-1-pentene content decreases.
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13¢ Chamical Shift (ppm)
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4CH;-CH,3}. CH - t:Hi—cH:,—r.l:H—
g1 CH,
| 83
B2 {i":H- CH,
B3 'l.'.':H:1|
Code Shift (ppm)
Al 36.1
A2 34.8
A3 27.2
A4 30.6
A5 30.0
Bl 44.9
B2 26.0

B3 23.2



Experimental Parameters
Nucleus: 13C (100.4 MHZz)
Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Reference

Temperature: 130°C
Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

K. Kimura, S. Yuasa, and Y. Maru. Polymer 25:441, 1984.
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[1-A-20—
Poly(Ethylene-Co-1-Octene)

Comments

The polymer-chain structure is primarily linear, with pendant n-hexyl branches created by incorporation
of 1-octene into the backbone. Because of the relatively low 1-octene level, these n-hexyl branches are
mostly isolated. Resonances due to comonomer sequences, marked by S, increase in intensity with
octene content. Poly(ethylene-co-1-octene) is one of the materials known as linear, low-density
polyethylene (LLDPE), which are produced by an organometallic-catalyzed, |ow-pressure process
similar to that used for HDPE {11-A-1}. These copolymerstypically contains 1-10% 1-octene; their
density ranges from 0.91 to 0.93 g/cm3. They are used in film, bag, and liner applications. This
particular material melts at ~125°C; the melting point of these copolymers increases as the 1-octene
content decreases.
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13¢ Chemical Shift (ppm)
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Code Shift (ppm)
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A2 34.6
A3 27.4
A4 30.5
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Bl 34.7
B2 27.4
B3 30.0
B4 32.3
B5 22.9

B6 14.1



Experimental Parameters
Nucleus: 13C (100.4 MHZz)
Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

References

Temperature: 130°C
Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2s
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K. Kimura, S. Yuasa, and Y. Maru. Polymer 25:441, 1984; H. N. Cheng. Polym. Commun. 25:99, 1984.
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[1-A-21—
Poly(Ethylene-Co-Nor bor nene)

Comments

Also known as cyclic olefin copolymer (COC). The norbornene ring conformations are predominantly
exo. Because of the relatively high norbomene (N) to ethylene (E) ratio in this material, resonances due
to NEN and NN sequences are pronounced. COC exhibits excellent barrier properties.

 B2,B2'.B2"
Al' |
|
A3-AS5,
A2 | B3,83',83"
B1,B1',B1" |
|
. |
A" = i
! ' T i
&0 50 40 30 20 10 i

13¢ Chemical Shint (ppm)



A5 A5

AL A4 A A2 AT Al

+CH, -CH'}CH CH-CH,-CH,—-CH-CH-

A2 =y

— CH-CH - CH,-C

/ \
H': g2

\ GH /

CH

BJ a3

A" A1
C

VAR,

HG s _CH HC g2

Al
CH-

/ \

At A1 HC 82
H,- CH-CH- 81 \GH /ﬂ
/ \ H,C—CH,
':x ’ ,-':H .’33 k]
B1 \ H:/Lﬂ
ot e
AT
CH

\

EI\EH XE" Bt \CH /E-

HC—CH, HC—CH,
‘Byr B3 ‘83 B3

Code Shift (ppm)
Al 50.9
Al 47.0
Al" 54.4
A2 35.2
A2 37.0
A3 20.7
A4 29.7
A5 20.7
Bl 39.9
B1 39.9
B" 39.9
B2 31.8
B2 318
B2" 31.8
B3 29.9-31.0
B3 29.9-31.0
B3" 29.9-31.0

Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 2000
Data points: 16384

Broadening: 3 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2s
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C. H. Bergstrom, B. R. Sperlich, J. Ruotoisenmaki, and J. V. Seppala. J. Polym. Sci. A Polym. Chem.

36:1633, 1998.



Page 74

[1-A-22—
Poly(Ethylene-Co-Styrene)

Comments

Random (not blocky) copolymer of ethylene and styrene. Resonances caused by comonomer sequences
are marked by S, solvent peaks by X.

Ad
X
B2,83
A2
A3
B4
Al
B1 g |8
| W %, N
S R W e e (R e R I R MU L SR
200 180 120 80 40 0
13¢ Chemical Shift (ppm)
A5 A% Ad A a4 Al
+CH-CH_} CH- CH,—CH;-CH-
g2 Bz
83 Hi

84

Code Shift (ppm)
Al 45.9
A2 36.0
A3 27.6
A4 29.7
A5 30.0
Bl 146.7
B2 133.9
B3 1334

B4 125.8



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2s

P. Longo, A. Grassi, and L. Oliva. Makromol. Chem. 191:2387, 1990.

Source

Prof. A. Zambelli, Université di Salerno, Salerno, Italy.
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[1-A-23—
Poly(Ethylene-Co-1,5-Hexadiene)

Comments
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During polymerization, the 1,5-hexadiene comonomer cyclizes. These rings exhibit both cis- and trans-
forms. This materia is not currently available commercially.

Al1,B1

Al

30 20 10

13¢ Chemical Shift (ppm)

Ad

A5 A3
+ CH;- CHE-}'-‘C H,-

Code

Alcis

Al trans

A2

A3

A4

A5

Blcis

B1' trans

B2 cis

B2' trans

81,871

CH
A2 A1AT.7  ~ZATAT
CH;-CH }'JI'I—
CH;-CH,
B2B82  B2BZ

Shift (ppm)
39.8
41.2
37.5
29.3
30.0
30.0
39.8
41.6
33.8

32.7



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Source

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

M. J. Krause, Mobil Chemical Company, Edison, NJ.
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I1-A-24—
Poly(Ethylene-Co-Vinyl Acetate) [~3% VA] (EVA)

Comments

Distinctive resonances arising from incorporation of vinyl acetate are listed below. Because this
material is produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern
similar to that of LDPE {I1-A-3}; refer to this entry for detailed assignments. EVA is a soft, flexible
material with excellent clarity and heat-seal characteristics; it isused primarily in film and bag
applications where these properties are important. EVA melts between 95 and 115°C; the melting point
of these copolymers increases as the vinyl acetate content decreases.

AS
i
A4,
e
{ 1
Al | B2
JIFE - o] -Jj"ll "'*-i.. Jﬂ_i -y ]
L N N I L B O B
100 B0 [ 11] 40 20 1]

13¢ chemical Shift (ppm)

A5 AS Ad A3 A2 A
4CH; CH,% CH;- CHE—EHE—t’I:H—

0

B1IC=0
B2 {IJH:,_

Code Shift (ppm)

Al 74.6

A2 33.7

A3 25.7

A4 30.0

A5 30.0

Bl 169.4

B2 20.8



Experimental Parameters

Nucleus: 13C (100.4 MHz

Solvent: ODCB-d,/TCB (3/1 viv

Scans: 200
Data points. 16384

Broadening: 2 Hz

References

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

Page 79

H. N Cheng and G. H. Lee. Polym. Bull. 19:89 (1988); H. N. Cheng and G. H. Lee. Macromolecules

21:3164, 1988; H. N. Sung and J. H. Noggle. J. Polym. Sci. Polym. Phys. Ed. 19:1493, 1981.
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[1-A-25—
Poly(Ethylene-Co-Vinyl Acetate) [~25% VA] (EVA)

Comments

Distinctive resonances arising from incorporation of vinyl acetate are listed below. Because this
material is produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern
similar to that of LDPE {I1-A-3}; refer to this entry for detailed assignments. EVA is a soft, flexible
material with excellent clarity and heat-seal characteristics; it isused primarily in film and bag
applications where these properties are important. Higher levels of VA lead to lower melting points and
more elastomeric characteristics. EVA melts between 95 and 115°C; the melting point of these
copolymers increases as the vinyl acetate content decreases.

AdAS
Az |
I
i
| A3
|
Al | B2
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taill
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5 Wl A W
| i | | | F I I | | | | | I | I | i |
100 80 60 40 20 0
13¢ chemical Shift (ppm)
AL A5 Ad A3 A2 Al
4CH;- CH,3. CH ;- CH,—CH;IE:H—
?
e1C =0
I
g82CH,
Code Shift (ppm)
Al 7.6
A2 33.7
A3 25.7
A4 30.0
Ab5 30.0
Bl 169.4
B2 20.8



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

References

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's

Page 81

H.N. Cheng and G. H. Lee. Polym. Bull. 19:89, 1988; H. N. Cheng and G. H. Lee. Macromolecules

21:3164, 1988; H. N. Sung and J. H. Noggle. J. Polym. Sci. Polym. Phys. Ed. 19:1493, 1981.
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[1-A-25H—
Poly(Ethylene-Co-Vinyl Acetate) [25% VA]

Comments

A distinct resonance arising from incorporation of vinyl acetate appears at 4.8 ppm,; this peak can
readily be used to quantify the material's VA content. Solvent resonances are marked by X. EVA isa
soft, flexible material with excellent clarity and heat-seal characteristics; it is used primarily in film and
bag applications where these properties are important. Higher levels of VA lead to lower melting points
and more elastomeric characteristics. EVA melts between 95 and 115°C; the melting point of these
copolymers increases as the viny| acetate content decreases.

H5 i
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I
I [:
H2' |
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1
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TH Chemical Shift (ppm)

HS H3 H.3 H2 M
CH CH; CH,3.CH - fI‘:H—

1
o
CH, #s

Code Shift (ppm)

H1 4.83

H2 1.50

H3 1.29

H4 0.85

H5 1.90



Experimental Parameters

Nucleus: 1H(400 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 8 kHz
Pulse width: 30°

Pulsedelay: 5s
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[1-A-26—
Poly(Ethylene-Co-Acrylic Acid) [5% AA] (EAA)

Comments

Distinctive resonances arising from incorporation of acrylic acid are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. EAA iscommonly found as a
component layer in laminated films; it improves adhesion to metals. EAA melts between 95 and 115°C;
the melting point of these copolymers increases as the acrylic acid content decreases.

|
| AS
A2 || A3
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T3¢ Chemical Shift (ppm)
A5 AS Ad A3 A2 A1
4 CH;- EH?-}hC H;- CH;- CH;- CH-
I
81C=0
I
OH
Code Shift (ppm)
Al 45.6
A2 325
A3 295
A4 30.6
A5 30.0
Bl 180.1



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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I1-A-27—
Poly(Ethylene-Co-Acrylic Acid) [15% AA] (EAA)

Comments

Distinctive resonances arising from incorporation of acrylic acid are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. EAA iscommonly found as a
component layer in laminated films; it improves adhesion to metals. EAA melts between 95 and 115°C;
the melting point of these copolymers increases as the acrylic acid content decreases.

AS

Al EL' - 5. I 1
| Bl
GO Nd 155 M-’I‘.HL_,_,,,,{L,E’J’*J,JF L,Ljh \ IJL._I_J].:!

60 50 40 30 20 10 0
3¢ Chomical Shitt (ppm)

A5 A5 Ad A3 Az AT
+ CH;- cH,J;cH,— CH- CH;- CH-
|

B1C=0
OH
Code Shift (ppm)
Al 45.6
A2 32.5
A3 29.5
A4 30.6
A5 30.0

Bl 180.1



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-A-27TH—

Poly(Ethylene-Co-Acrylic Acid) [15% AA] (EAA)

Comments

Page 88

A distinctive resonance arising from incorporation of acrylic acid appears at 9.6 ppm; this peak can
easily be used to quantify the AA content. Solvent resonances are marked by X. EAA is commonly
found as a component layer in laminated films; it improves adhesion to metals. It melts between 95 and
115°C; the melting point of these copolymers increases as the acrylic acid content decreases.
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Experimental Parameters

Nucleus: 1H(400 MH2z)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

TH Chemical Shift (ppm)

HS H3 H3 2 HT
CH#CH;- CH,%CH i CH-

=0
OH #is

Code Shift (ppm)

H1 2.38

H2 1.62

H3 1.27

H4 0.89

H5 9.55

Temperature: 130°C
Concentration: 30% w/w

Spectral width: 8 kHz

Pulse width: 30°

Pulsedelay: 5s
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[1-A-28—
Poly(Ethylene-Co-M ethyl Acrylate) (EMA)

Comments

Distinctive resonances arising from incorporation of methyl acrylate are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. EMA is used for medical packaging
and to manufacture gloves. When blended with polyethylene, it improves impact resistance, heat-seal
characteristics, and toughness. It melts between 95 and 115°C; the melting point of these copolymers
Increases as the methyl acrylate content decreases.

AdAL |

A2 | A3

Al |
B2 | g
]l
! ’ ]
| | I | ! | 1 | |
50 0 40 a0 20 10 1]
3¢ chemical Shint {ppm)
A5 A5 Ad A3 A2 A7
4 CH;- EHE-I-HCH;,— CH; CH- CH-
|
81C =0
I
9
82 CH,
Code Shift (ppm)
Al 46.1
A2 32.9
A3 27.8
A4 30.0
A5 30.0
Bl 175.9
B2 50.9
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 2 Hz Pulse delay: 2 s



[1-A-28H—

Poly(Ethylene-Co-M ethyl Acrylate) (EMA)

Comments

Page 90

A distinct resonance arising from incorporation of methyl acrylate appears at 3.6 ppm; this peak can

easily be used to quantify the MA content. Solvent resonances are marked by X. EMA is used for

medical packaging and to manufacture gloves. When blended with polyethylene, it improves impact
resistance, heat-seal characteristics, and toughness. It melts between 95 and 115°C; the melting point of
these copolymers increases as the methyl acrylate content decreases.

X H5

H3

Experimental Parameters

Nucleus: 1H(400 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

TH Chemical Shift (ppm)

4 H. H3 H2 H1
CH;¢ CH- CH?}HCHE— CH-
I

C=0
E}
lillH_,,Hﬁ

Code Shift (ppm)

H1 2.29

H2 1.58

H3 1.29

H4 0.84

HS 3.56

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 8 kHz
Pulse width: 30°

Pulsedelay: 5s
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[1-A-29—
Poly(Ethylene-Co-Ethyl acrylate) [18% EA] (EEA)

Comments

Distinctive resonances arising from incorporation of ethyl acrylate are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {II-A-3}; refer to this entry for detailed assignments. EMA is used for hoses, films,
tubing, and adhesives. When blended with polyethylene, it improves impact resistance, heat-seal
characteristics, and toughness. It melts between 95 and 115°C; the melting point of these copolymers
Increases as the ethyl acrylate content decreases.
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A5 A5 A4 A3 A? Al
4 CHy EH:'}'HC H- CH;-CH; CH-
|
81 l: i 0
|
9
B2 ?H2
g: CH,
Code Shift (ppm)
Al 45.6
A2 32.2
A3 26.8
A4 30.5
A5 30.0
B1l 175.8
B2 59.1

B3 14.0



Experimental Parameters

Nucleus. 13C(100.4 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-A-29H—

Poly(Ethylene-Co-Ethyl Acrylate) [18% EA] (EEA)

Comments
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A distinct resonance arising from incorporation of ethyl acrylate appears at 4.0 ppm; this peak can
easily be used to quantify the EA content. Solvent resonances are marked by X. EEA is used for hoses,
films, tubing, and adhesives. When blended with polyethylene, it improves impact resistance, heat-sedl

characteristics, and toughness.

H2,H3| |
B
X | 1
| 1
P
|
| |
A
éli ) B
| | |
i P
il ~] | ne
R : M1 |
Bl i a1
| i LR
| ! 1Ry
i i | b
| 'f' L
| I 1 1 Yl
i L o e oy £ L T e ___,_.-.l Fer R T _,. s .-\____
t § f | I i ! 1 I | I i E i I l ] I |
10 B & 4 2

Experimental Parameters

Nucleus. 1H(400 MHz)

TH Chemical Shift (ppm)

H4 H3 M3 H2 H
CH CH,- CH,) CH- CH-
|

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

C=0
|
9
f,'l_‘:H M5
CH He
Code Shift (ppm)
H1 2.23
H2 1.55
H3 1.27
H4 0.80
H5 4.03
H6 0.80

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 8 kHz
Pulse width: 30°

Pulsedelay: 5s
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[1-A-30—
Poly(Ethylene-Co-Butyl Acrylate) (EBA)

Comments

Distinctive resonances arising from incorporation of butyl acrylate are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. When blended with polyethylene,

EBA improvesimpact resistance, heat-seal characteristics, and toughness. EBA melts between 95 and
115°C; the melting point of these copolymers increases as the butyl acrylate content decreases.
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B3 CH,
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B4 CH,
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Code Shift (ppm)
Al 45.7
A2 32.7
A3 27.2
A4 30.5
A5 30.0
Bl 175.6
B2 63.5
B3 30.0
B4 18.9

BS 13.9



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-A-30H—
Poly(Ethylene-Co-Butyl Acrylate) (EBA)

Comments

A distinct resonance arising from incorporation of butyl acrylate appears at 4.0 ppm; this peak can
easily be used to quantify the BA content. Solvent resonances are marked by X. When blended with
polyethylene, EBA improves impact resistance, heat-seal characteristics, and toughness. EBA melts
between 95 and 115°C; the melting point of these copolymers increases as the buty! acrylate content
decreases.

H2,H3,H6,H7T
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CH He
Code Shift (ppm)
H1 2.27
H2 1.27
H3 1.27
H4 0.87
H5 4.02
H6 1.27
H7 1.27

H8 0.87



Experimental Parameters

Nucleus: 1H (400 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 8 kHz
Pulse width: 30°

Pulsedelay: 5s
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1-A-31
Poly(Ethylene-Co-Methacrylic Acid), Nat Salt (EMAA)

Comments

Distinctive resonances arising from incorporation of methacrylic acid are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. Because of the presence of ionic
groups, this material is called an ionomer; these groups promote interchain bonding and act as cross-
links. The material istransparent and highly resistant to solvents; it also exhibits good abrasion
resistance and favorable electrical properties. EMAA melts between 95 and 115°C; the melting point of
these copolymers increases as the methacrylic acid content decreases.
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Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-A-32
Poly(Ethylene-Co-M ethacrylic Acid), Zn2+ Salt (EMAA)

Comments

Distinctive resonances arising from incorporation of methacrylic acid are listed. Because this material is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. Because of the presence of ionic
groups, this material is called an ionomer; these groups promote interchain bonding and act as cross-
links. The material is transparent and highly resistant to solvents; it also exhibits good abrasion
resistance and favorable electrical properties. EMAA melts between 95 and 115°C; the melting point of
these copolymers increases as the methacrylic acid content decreases.
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Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-A-33—
Poly(Ethylene-Co-Vinyl Alcohol) [25% VOH] (EVOH, EVAL)

Comments

Distinctive resonances arising from presence of vinyl alcohol are listed. Because this materia is
produced by alow-pressure, free-radical process, it also exhibits an alkyl-branching pattern similar to
that of LDPE {I1-A-3}; refer to this entry for detailed assignments. This material is produced by
hydrolysis of poly(ethylene-co-vinyl acetate) (EVA) {11-A-22, [1-A-23}, so someresidual EVA is
usually observed. EVOH isused in barrier films because of its hydrophilicity. It melts between 95 and
115°C; the melting point of these copolymers increases as the vinyl alcohol content decreases.

Ad AL
A2 : A3
|
I
I
Al !
I
I |
i I
: E1| '1
(] LU
J T it h P WA u.'-f.] :
i | F | | | | i | ! | | I I | | | I
100 80 80 40 20 0
3¢ chemical Shift (ppm)
A5 A5 A Ad AZ AT
+CH-CH3 CH- CH?—GHE—{[':H—
OH
Code Shift (ppm)
Al 72.5
A2 38.6
A3 26.2
A4 30.0

A5 30.0



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 2 Hz

References

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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H. N. Cheng and G. H. Lee. Macromolecules 21:3164, 1988; H. Ketels, J. Beulen, and G. van der

Vel den. Macromolecules 21:2032, 1988.
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[1-A-33H—
Poly(Ethylene-Co-Vinyl Alcohol) [25% VOH] (EVOH, EVAL)

Comments

A distinct resonance arising from presence of vinyl alcohol appears at 3.6 ppm; this peak can easily be
used to quantify the VOH content. Solvent resonances are marked by X. This material is produced by
hydrolysis of poly(ethylene-co-vinyl acetate) (EVA) {11-A-22, [1-A-23}, so someresidual EVA is
usually observed. EVOH isused in barrier films because of its hydrophilicity. It melts between 95 and
115°C; the melting point of these copolymers increases as the vinyl acohol content decreases.

X |
i

Hsi;

i

|
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|!' [ |

I.I i i [}

_rL':; H2 | |

't H1 H5 ! ’_

5 | | H4
I | | | i ] 1 | | I | | 1 I | i | | i |
10 B 6 4 2 0

TH Chemical Shift (ppm)
HS H3 H3  H2  H1
EH;{-CH; CHQ%-HCH;IF':H-
OH ns
Code Shift (ppm)
H1 4.62
H2 2.05
H3 1.47
H4 0.92
H5 3.59

Experimental Parameters

Nucleus: 1H(400 MH2z)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 100
Data points: 4096

Broadening: 3 Hz

Temperature: 130°C
Concentration: 30% w/w

Spectral width: 8 kHz

Pulse width: 30°

Pulsedelay: 5s
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[1-A-34—
Poly(Ethylene-Co-Carbon Monoxide) (ECO)

Comments

Distinctive resonances arising from the incorporation of carbon monoxide in the backbone are listed.
Because this material is produced by alow-pressure, free-radical process, it also exhibits an alkyl-
branching pattern similar to that of LDPE {11-A-3}; refer to this entry for detailed assignments. ECO is
a biodegradable material, which is used for beverage six-pack rings. ECO melts between 95 and 115°C;
the melting point of these copolymers increases as the carbon monoxide content decreases.

| A4
|
[ ]
|
| 1 § 4
A2 b
Eo ]
! |
i il i ".- i
| y I EI § W :.r‘-ll |
y : ,-! I*‘-._..n'q.-\.-" 4 '-J'--' :"'\-v"IF ..L"""F ‘H_.-q_..-u. st q...--\_-'l.\._....-'\,..._._.,_.__p_._
J I 1 |
80 50 40 30 20 10 0
13¢ Chemical Shift (ppm)
A4 A4 A3 A2 A1
CH;- CH. CH ;- CH;-C-
O
Code Shift (ppm)
Al 207.9
A2 42.8
A3 24.2
A4 30.0

Experimental Parameters

Nucleus: 13C (100.4 MH2z) Temperature: 130°C

Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w

Scans: 200
Data points: 16384

Broadening: 2 Hz

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2s
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[1-A-35—
Polyethylene, Branched/Polyethylene-Co-Propylene) (40% P), 90/10 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, LDPE {11-A-3}
(denoted by A) and EPR {11-A-8} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio. The addition of EPR
improves the toughness of the base polymer.

i
AB
AB
| AB
B | |
:n I B
TUH I A A
i 1| | JJIA i
[ _______M____.__._HIJILJ.."' LA '-'Jill_: ,LJ;,____.;H__J%_._._v__._._____.

| | oy 55

60 50 40 et 20 10 0

13¢ Chemical Shift (ppm)

Code Shift (ppm)

A (LDPE) 38.2

B (EPR) 37.6

AB 34.6

B 33.3

AB 30.0

A,B 27.3

A 23.3

A 22.9

B 20.1

A 14.1
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulse delay: 2s



Page 109

[1-A-36—
Poly(Ethylene-Co-1-Butene)/Polyethylene, Branched, 80/20 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, butene-LLDPE {11-A-
10} (denoted by A) and LDPE {I1-A-3} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-butene content of
the LL DPE component; in some cases, L DPE may be the dominant component. These resins are often
blended to produce materials of intermediate properties.

|
AB/
|
|
ol
|
B B B
| A |
o |
..___..I'-F.F-A.-I'LJIIIII'A-_LL' \"" - J |;~.-------- T
| | | o e
G0 50 40 a0 20 10 0

T3¢ Chemical Shift {ppm)

Code Shift (ppm)

B (EB) 39.8

A (LDPE) 38.2

A 34.6

B 34.2

AB 30.0

AB 27.3

B 26.7

A 23.3

A 22.9

A 141

B 11.1
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°

Broadening: 3 Hz Pulse delay: 2 s
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[1-A-37—
Poly(Eethylene-Co-1-Butene)/Poly(Ethylene-Co-Propylene) (40% E), 90/10 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, butene-LLDPE {11-A-
10} (denoted by A) and EPR {11-A-8} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-butene content of
the LLDPE component. The addition of EPR improves the toughness of the base polymer.

fl
ibhu
AB A..,B
A A
B ' A
B B
L e —— i, '—H-'I. L:IJ-—L "' =t — I i E— ‘ - PI— ._-.-_ - e ————— e
| | | I

G0 &0 40 30 20 10 i}

13¢ Chemical Shift (ppm)

Code Shift (ppm)
A (EB) 39.8
B (EPR) 37.6
AB 34.6
B 33.3
AB 30.0
AB 27.3
A 26.7
B 20.1
A 111

Experimental Parameters

Nucleus: 13C (100.4 MH2z) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulsedelay: 2's
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[1-A-38—
Poly(Ethylene-Co-1-Butene)/Poly(Ethylene-Co-Vinyl Acetate)(14% VA), 80/20 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, butene-LLDPE {see Il-
A-10} (denoted by A) and EVA {seell-A-24} (denoted by B), refer to these entries for detailed
assignments. The relative intensities of these peaks will vary according to the exact blend ratio and 1-
butene content of the LLDPE component; in some cases, EVA may be the dominant component. These
resins are often blended to produce materials of intermediate properties, and to improve the toughness
and heat-seal properties of the base polymer.

|
|AB
B
! A,B
|
A A
Bl n
EI | B
B :' ': |. t B
- !' e WS WV AL, b .
| I 1 | | | I | | l | | I I [ | | |
100 80 &0 40 20 0
13 ¢ Chemical Shift (ppm)
Code Shift
B (EVA) 74.6
A (EB) 39.8
A 34.6
B 34.2
AB 30.0
A,B 27.3
A 26.7
B 25.7
B 20.8
A 111
Experimental Parameters
Nucleus: 13C (100.4 MH2z) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulsedelay: 2s
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[1-A-39—
Poly(Ethylene-Co-1-Hexene)/Polyethylene, Branched, 80/20 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, hexene-LLDPE {I1-A-
16} (denoted by A) and LDPE {I1-A-3} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-hexene content of
the LL DPE component; in some cases, L DPE may be the dominant component. These resins are often
blended to produce materials of intermediate properties.

AB
g | AB
AB
AB
AB |B
A
= g ..._.,_..,...L...-.-*'L..-'.-l' I‘.-lL-f‘ Y l*-'-.-'-r*’.'-!n-.-._.-.-._..m-.-..-' S
| 1| i i I I | I

&0 50 40 30 20 10 o

13¢ chemical Shift (ppm)

Code Shift (ppm)
AB 38.2
A,B 34.6
B (EH) 34.2
AB 30.0
AB 27.3
A,B 23.3
A (LDPE) 22.9
A,B 141
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°

Broadening: 2 Hz Pulse delay: 2s
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[1-A-40—
Poly(Ethylene-Co-1-Hexene)/Poly(Ethylene-Co-Ppropylene)(60% E), 90/10 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, hexene-LLDPE {I1-A-
16} (denoted by A) and EPR {11-A-8} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-hexene content of
the LLDPE component. The addition of EPR improves the toughness of the base polymer.

T i

as
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A.B AB
A8 (M
A
B B A
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! i 1 | i i |
&0 50 40 30 20 10 o

13¢ chemical Shift (ppm)

Code Shift (ppm)
A (EH) 38.2
B (EPR) 37.6
AB 34.6
A 34.2
B 33.3
A,B 30.0
AB 27.3
A 23.2
B 20.1
A 14.1
Experimental Parameters
Nucleus: 13C (100.4 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 2 Hz Pulse delay: 2s
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I1-A-41—
Poly(Ethylene-Co-1-Hexene)/Poly(Ethylene- Co-Vinyl Acetate)(14% VA), 80/20 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, hexene-LLDPE {I1-A-
16} (denoted by A) and EVA {I1-A-24} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-hexene content of
the LLDPE component; in some cases, EVA may be the dominant component. These resins are often
blended to produce materials of intermediate properties.

AB
I
| |
) !
A |
1
A LA ‘ BA
s 1l ‘a ‘
[ ot WAL
e N e W i e PR R B
100 80 &0 40 20 0
13¢ chemical Shift (ppm)
Code Shift (ppm)
B (EVA) 74.6
A (EH) 38.2
AB 34.6
A 34.2
AB 30.0
A.B 27.3
B 25.7
A 234
B 20.8
A 141
Experimental Parameters
Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 2 Hz Pulse delay: 2s



[1-A-42—

Poly(Ethylene-Co-1-Octene)/Polyethylene, Branched, 80/20 Blend

Comments
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The set of observed resonances is the weighted sum of the component polymers, octene-LLDPE {11-A-
20} (denoted by A) and LDPE {11-A-3} (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio and 1-octene content of
the LL DPE component; in some cases, L DPE may be the dominant component. These resins are often
blended to produce materials of intermediate properties.

L L LA LA L L L W L s

AB
AB |
as
: |
e
i B A,B
AB B ,
| A
A 1. :‘ i |
| ’ \ A ‘ E
- I --'-‘...,...l.._.H I ﬂ""""' . L - o -i- !:
| | | | | I i |
1] S0 A0 30 20 10 0

Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 2 Hz

13¢ Chemical Shift {ppm)

Code Shift (ppm)
AB 38.2
A,B 34.6
B (EO) 34.2
B 32.2
AB 30.0
A,B 27.3
A (LDPE) 23.3
A,B 22.9
AB 141

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2's
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[1-A-43—
Poly(Ethylene-Co-1-Octene)/Poly(Ethylene-Co-Propylene)(60% E), 90/10 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, octene-LLDPE {11-A-
20}, (denoted by A), and EPR {11-A-8}, (denoted by B); see these entries for detailed assignments. The
relative intensities of these peaks will vary according to the exact blend ratio. The addition of EPR
improves the toughness of the base polymer.
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13¢ Chemical Shift (ppm)

Code Shift (ppm)

A (EO) 38.2

B (EPR) 37.6

A.B 34.6

B 33.3

A 32.2

AB 30.0

A.B 27.3

A 22.9

B 20.1

A 141
Experimental Parameters
Nucleus: 13C (100.4 MH2z) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulsedelay: 2s
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I1-A-44—
Poly(Ethylene-Co-1-Octene)/Poly(Ethylene-Co-Vinyl Acetate) (14% VA), 80/20 Blend

Comments

The set of observed resonances is the weighted sum of the component polymers, octene-LLDPE, {11-A-
20}, (denoted by A), and EVA {I1-A-24}, (denoted by B); see these entries for detailed assignments.
The relative intensities of these peaks will vary according to the exact blend ratio and 1-octene content
of the LLDPE component; in some cases, EVA may be the dominant component. These resins are often
blended to produce materials of intermediate properties.
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100 80 60 40 20 0
13¢ chomical Shift (ppm)
Code Shift (ppm)
B (EVA) 74.6
A (EO) 38.2
AB 34.6
AB 30.0
AB 27.3
B 25.7
A 22.9
B 20.8
A 141
Experimental Parameters
Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 200 Spectral width: 25 kHz
Data points: 16384 Pulse width: 90°

Broadening: 3 Hz Pulsedelay: 2's



I1-B-1—
Polypropylene, I sotactic (iPP)

Comments
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Splitting of resonances, particularly the methyl carbon at 23 ppm, is due to tacticity of the polymer
chain. Isotactic PP has, primarily (85-99%), mm sequences, in which methyl groups are situated on the

same side of the chain. PP is athermoplastic commonly used in filaments, fibers, housewares,

packaging, and shrink film; it melts at ~160°C.

Al B1

13¢ Chemical Shift (ppm)

Code

Al
A2

Bl

Experimental Parameters

Nucleus: 13C (100.4 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

Az A1
+CH- CH +,

81CH,

Shift(ppm)
30.8
48.4

23.6

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2 s

R. Paukkeri, R. Vaananen, and A. Lehtinen. Polymer 34:2488, 1993.
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I-B-1H—
Polypropylene, I sotactic (iPP)

Comments

| sotactic PP has, primarily (85-99%), mm sequences, in which methyl groups are situated on the same
side of the chain. PP is athermoplastic commonly used in filaments, fibers, housewares, packaging, and
shrink film; it melts at ~160°C.

H3
H
; .
| |
L
1§ |
| !
1 {
1l | H2 ||
lli!! H
| |!I ;! I'.-"I-.. I-.
G O e DR Y L D N R e ey i
10 8 6 4 2 0
'H Chemical Shin (ppm)
H2 H1
{CH-CHY,
I
CH Ha
Code Shift (ppm)
H1 1.59
H2 1.27
H3 0.88
Experimental Parameters
Nucleus: 1H(400 MHz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans: 100 Spectral width: 8 kHz
Data points: 4096 Pulse width: 30°

Broadening: 3 Hz Pulsedelay: 5s



[1-B-2—
Polypropylene, Stereoblock

Comments
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Splitting of resonances, particularly the methyl carbon at 23 ppm, is due to tacticity of the polymer
chain. Stereoblock PP isless stereoregular than isotatic PP; it has relatively short mm sequences, in
which methyl groups are situated on the same side of the chain. PP is a thermoplastic commonly used in
filaments, fibers, housewares, packaging, and shrink film.

A2
Al B1
#
i= (—_—
J (I
2 _r“l IL -"I I‘h_,_.__ _P'"I h"h‘-h-...._-.__- -
1 | i ! | i
&0 50 40 30 20 10 0

13¢ Chemical Shift (ppm)

Code

Al
A2

Bl

Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

A2 Al

{-cuz—rr:H}n

81CH,

Shift (ppm)
30.8
48.4

23.7

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2's

R. Paukkeri, R. Vaananen, and A. Lehtinen. Polymer 34:2488, 1993.

Source

Himont USA, Wilmington, DE.



[1-B-3—
Polypropylene Syndiotactic (sPP)

Comments
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Splitting of resonances, particularly the methyl carbon at 22 ppm, is due to tacticity of the polymer
chain. Syndiotactic PP has, primarily (> 90%), rr sequences, in which methyl groups are situated on
alternating sides of the chain. sPP isarelatively new material; its uses are not yet well established. It

melts at ~160°C.

Al B1

f

|

B0 50

Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

M. Kakugo, T. Miyatake, Y. Naito, and K. Mizumuma. Makromol. Chem. 190:505, 1989.

Source

Himont USA, Wilmington, DE.

13¢ Chemical Shift (ppm)

AZ Al
CH;-CHJ,
I
B81CH,

Code Shift (ppm)
Al 30.6
A2 49.3
Bl 224

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2s




|1-B-4—
Polypropylene, Atactic (aPP)

Comments
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Splitting of resonances, particularly the methyl carbon at 22 ppm, is due to tacticity of the polymer
chain. Atactic PP has comparable levels of mm, mr, and rr groups, because the methyl groups are
randomly situated along the chain. aPP is used as an adhesive.

Al
A2
i
B
bl |
| |
| ;‘ .
J U] o L P 0
1 t i T T | T
&0 50 40 30 20 10

Experimental Parameters

Nucleus: 13C (100.4 MH2z)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

13¢ Chemical Shift (ppm)

A2 Al

€CH;- CHY,
81CH,
Code Shift (ppm)
Al 30.5,31.1
A2 47.7-49.5
Bl 22.2-23.9

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2s

R. Paukkeri, R. Vaananen, and A. Lehtinen. Polymer 34:2488, 1993.
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[1-B-5—
Poly(Propylene-Co-Ethylene) [5% E]

Comments

The propylene segments are mostly isotactic; the ethylene monomers are randomly distributed along the
chain. Thismaterial hasimproved clarity and flexibility compared with iPP homopolymer; it is used to
produce bottles, films, packaging, and shrink wrap.

A2
Al
|
| B1
|
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if
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| A3 Al 1
| |
l | i A !1| .
Lot it 22 5 A ;i"'J"‘ -q_q_-li'-""-"l ! ;*-‘q_._.-'J'\-r"\.—-'l ! |l A e R q
T | T | j ] I | | |
&0 50 40 a0 20 10 L1}

13¢ chemical Shift {(ppm)

A2 Al A2 AT Ad Ad A Ar
+CH- {I:H-J-HEH; CH-CH;- CH,~CH;-CH-

81CH, B1CH, 81 CH,
Code Shift (ppm)
Al 30.3
Al 32.3
A2 47.9
A3 38.9
Bl 23.2

Experimental Parameters

Nucleus: 13C (100.4 MHz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2 s

J. R. Paxson and J. C. Randall. Anal. Chem. 50:1777, 1978.
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[1-B-6—
Poly(Propylene-Co-1-Butene)

Comments

The propylene segments are mostly isotactic; the butene monomers are randomly distributed along the
chain. This material has improved clarity and flexibility compared with iPP homopolymer; it is used to
produce bottles, films, packaging, and shrink wrap.
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| A2 .5
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B1
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13¢ Chemical Shift (ppm)

A2 Al A2 Af Al Ad A3 AT
4CH - t;.:H #,CH ;- L'i}'H— CH- II'I.‘:H-CHE—EH—

|
81CH,  8/CH, C/CH, &1CH,

c2 CH,
Code Shift (ppm)
Al 284
Al 284
A2 46.3
A3 43.2
A4 35.7
Bl 21.6
Cl 28.3

C2 10.6
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Experimental Parameters

Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2's
References

A. Aoki, T. Hayashi, T. Asakura. Macromolecules 25:155, 1992; H. N. Cheng. J. Polym. &ci. Polym.
Phys. Ed. 21:573, 1983; J. C. Randall. Macromolecules 11:592, 1978.

Source

H. N. Cheng, Hercules, Inc., Wilmington, DE.
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[1-B-7—
Poly(Propylene-Co-1-Butene-Co-Ethylene)

Comments

The propylene segments are mostly isotactic; the ethylene and butene monomers are randomly
distributed along the chain. This material has improved clarity and flexibility compared with iPP
homopolymer; it is used to produce bottles, films, packaging, and shrink wrap.

A1AIM
A2
B1
AS
Aﬂ .
A3 A1t [[C1
UL el 3
___I ___\_'_F_lll.\__ s o) ,w__.."l" ujw J In. N F cea |
Sans St shioel SRR e Dt N e
a0 50 40 30 20 10 (i ]

13¢ Chemical Shift (ppm)

A2 At A2 Ar AZ Ad
+CH;- ?H-]*n‘CH;?HhEHrEH,—

81CH, 81 CH,
AZ Al AZ AT A5 AB
+CH - tI:H+ncH,— tI:H—GH,—tI:H-r
81CH, 81 CH, Bn‘.l.‘:H,

c2CH,
Code Shift (ppm)
Al 28.7
Al 30.0
A2 46.4
A3 37.7
A4 244
A5 43.5
A6 35.2
Bl 21.7
Cl 27.9

C2 10.9



Experimental Parameters

Nucleus: 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points. 16384

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w
Spectral width: 25 kHz

Pulse width: 90°

Pulse delay: 2's
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[1-B-8—

Poly(Propylene-Co-Ethylene)/Poly(Ethylene-Co-Pr opylene) (40% P), 80/20 Blend

Comments
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The set of observed resonances is the weighted sum of the component polymers, poly(propylene-co-

ethylene) {I1-B-6}, denoted by A and EPR {11-A-8}, denoted by B; see these entries for detailed

assignments. The relative intensities of these peaks will vary according to the exact blend ratio. EPR is
added to improve the toughness of the base polymer.

A A A
B
i: B g 1 r By
) { BLU Iy .j__;l ”_
ZiE Kot ploi fom) it DR G
60 50 40 30 20 10 o
13¢ chomical Shin (ppm)

Code Shift (ppm)
A (PrE) 46.6
B (EPR) 38.0
A 37.6
B 33.3
A 314
B 30.0
A 29.1
B 27.5
A 24.4
A 21.8,21.0
B 20.1

Experimental Parameters

Nucleus: 13C (100.4 MH2z)

Solvent: ODCB-d,/TCB (3/1 v/v)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2's



[1-C-1—
Poly(1-Butene), | sotactic (PB)

Comments

Slight tacticity splitting can be observed, particularly for the methyl resonance at 12.9 ppm. The
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polymer is commonly used for pipe, cable insulation, and food packaging; it melts between 125 and

130°C.
A2
Al B1
B2
ili I | |
e e it .:-_.. ,__,_.-‘I |l\_.,. T .n.,_u-'l b T— e e oo LA ..\,._-'I'L.\_,“_._H__ etk
| | | | E
&0 50 40 30 20 10 0
13 ¢ Chemical Shift {ppm)
AZ A1
+CH ;- CH L
B1 ?Hz
B2 CH,
Code Shift (ppm)
Al 42.4
A2 37.3
Bl 29.9
B2 12.9

Experimental Parameters

Nucleus:. 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 viv)

Scans: 200
Data points: 16384

Broadening: 3 Hz

Reference

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulse delay: 2's

T. Asakura, K. Omaki, K. Yatamoto, S. Zhu, and R. Chujo. Rep. Prog. Polym. Phys. Jn. 27:557, 1984.



[1-C-2—
Polyisobutylene (PIB)

Comments
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The small resonances arise primarily from various chain-end structures in this low-MW sample. L ow-

MW PIB is sometimes added to polymers, such as polyethylene, to increase film tackiness, or to
polystyrene to improve processing ease. Higher-MW forms are elastomeric.

Al

¢ :
F |

L "

B1

.p-! '\—'iE'\-'\u-_/'FI e "1""I Lr.-]'#_n-’a,_h'—_"-"\-"-

e

3¢ chemical Shift (ppm)

B1
'EH:i
Az ATl

‘('EH; E:_}I"I

CH
61 °

Code Shift (ppm)

Al
A2

Bl

Experimental Parameters

Nucleus:. 13C (100.4 MHZz)

Solvent: ODCB-d,/TCB (3/1 viv)

Scans: 200
Data points: 16384

Broadening: 3 Hz

38.6
60.0

31.6

Temperature: 130°C

Concentration: 30% w/w

Spectral width: 25 kHz
Pulse width: 90°

Pulsedelay: 2's
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11-C-3
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[1-C-3—
Poly(I sobutylene-Co-Isoprene) (BR, Butyl Rubber)

Comments

Isopreneis present in the cis-form. Solvent resonances are marked by X. Butyl rubber has low
permeability to gases, but it tends to be incompatible in blends with other common elastomers. It is
commonly used for tires and sporting goods.

- am) (LAY
X : A3 : g
e A?\./Tm
i ¥ Podil e

A | i | i

| LA
| S A5 AV _ : : ' ¥
T L R e e T Py e PR e
200 160 120 B0 40 0

13¢ chemical Shift (ppm)

a1 Ci
EH EH, EH EH CH
Arl A2 .ﬂ--i a3 A4l s AS A7 Arl %2 arl

+cH C-}CH —CH;C=CH-CHCHz c-(-cH-t:-}

I
CH CH, CH CH
a1 2§ ] &1 i

Code Shift (ppm)

Al 38.3

Al 35.2

Al" 36.6

A2 59.7

A3 55.9

A4 132.3

A5 130.0

A6 23.2

A7 455

Bl 31.3

Cl 18.6



Experimental Parameters

Nucleus: 13C (100.4 MHZz) Temperature: 130°C
Solvent: ODCB-d,/TCB (3/1 v/v) Concentration: 30% w/w
Scans. 200 Spectral width: 25 kHz
Data points. 16384 Pulse width: 90°
Broadening: 3 Hz Pulse delay: 2's
Reference

C.Y. Chuand R. Vukov. Macromolecules 18:1423, 1985.
Source

Exxon Chemical Company, Baytown, TX.
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[1-C-4—

Poly(I sobutylene-Co-lsoprene), Chlorinated (Chlorinated Butyl Rubber)

Comments
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The small resonances arise primarily from various chain-end structures. Chlorination of the isoprene
portion of the polymer causes rearrangement, which provides potential sites for cross-linking. Buty!l
rubber has low permeability to gases, but it tends to be incompatible in blends with other common
elastomers. It is commonly used for tires and sporting goods.

s

Fri=am

100 8o 60 40 20
3¢ Chemical Shift (ppm)
B1 ar c1 B’ 81
Az A:?HSA? m'?Hf‘qa EHzﬂﬁ AE A7 A:"?Hlﬂz M?Ha
+CH - t;:-)hcu; C-CHy gu?HHCH;CH; 1;:.-(- CHr- 'iHi"
ETHa EI'H * o E:I'H ’ EIH ¥
Code Shift (ppm)
Al 384
Al 37.2
A2 60.0
A2 57.6
A3 45.4
A4 147.0
A5 66.6
AbG 35.0
A7 43.1
Bl 313
B1' 29.7
