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THE ULTIMATE VISUAL DICTIONARY OF SCIENCE

Introduction

|
|

T[II:‘ ULTIMATE FISUAL DICTIONARY OF SCIENCE is
the definitive reference book for the major
sciences. Its unique style allows you to browse
the thematic sections at your leisure or to use it as a
quick-reference visual dictionary. Two spreads at the
beginning of the book introduce science and discuss
its nature, history, and practice. The main part of the
book is divided into nine themed sections, each one
covering a major scientific discipline. These sections
begin with a table of contents listing the key entries,

Subjects featured:

Phngrsms
Physics is perhaps the most fundamental scientific
discipline. It concerns matter and energy, and its
theories can be applied in every other scientific
discipline, often creating a new subdiscipline
such as astrophysics or medical physics.

Life sciences and ecolo
This section concentrates on biology, lookin%gll
the forms and functions of living organisms. It begins
with consideration of the microscopic scale of cells,
the building blocks of all living things, and ends with
ecology, the study of how plants and animals interact
with each other and their environment.

followed by a historical spread that puts the subject
into its developmental context. Throughout the book
you will find some words in bold typeface: these are
words that you will find defined in the glossary.

Bold words on the historical spreads are the names
of important scientific figures featured in the
“Biographies” (pp. 394-397). A 20-page “Useful Data”
section at the back of the book contains essential
scientific formulas, symbols, and charts. The book
ends with a glossary and an extensive index.

Chemistry
The science of chemistry is concerned with chemical
elements, the compounds they form, and the way elements
and compounds react together to make new substances. It is
important in several other scientific disciplines, in particular
life sciences. Biochemistry, for example, examines the
compounds and reactions involved in the processes of life.

Human anatom
Anatomy is the study of the s?:uclure of living
organisms. The investigation of human

anatomy and internal parts is particularly essential
to medical science. This section also includes human
physiology, which deals with the functions of the
various systems of the human body.
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Medical science

Modern science gives us a sophisticated understanding

of the human body. This enables medical professionals

to provide accurate and effective diagnoses and treatments,
which often involves drawing on other scientific disciplines
such as physics and chemistry. The medical science
section of this book includes modern diagnostic

techniques and emergency care.

Earth sciences
The main branches of Earth sciences are geology
(the study of the origin, structure, and composition of
the Earth), oceanography (the study of the oceans),
and meteorology (the study of the atmosphere and
how it affects weather and climate).

Astronomy and astrophysics
Astronomy - the study of the universe beyond

Earth’s atmosphere - is the oldest science. Astrophysics is a
branch of astronomy that attempts to understand the physical
processes underlying the existence and behavior of planets,
stars, and galaxies. Cosmology - the study of the origins and
destiny of the universe - is an important part of astronomy.

Electronics and
computer science

All electronic devices are made up of simple electronic
components, such as transistors, connected together to
form electronic circuits. This section examines the
main types of components and electronic circuits

and outlines the function of the modern computer.

Mathematics
Numbers and shapes are fundamental to

all sciences and to society at large. Mathematics

is the science of numbers and shapes. This section
of the book explains some of the key features
of mathematics, including areas of modern
mathematics, such as chaos theory and fractals.

Useful data

1t is essential for a scicnce reference book to include
scientific formulas, symbols, and charts. The information
contained in this section reinforces and extends the
information found in the main body of the book.
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What is science?

HE WORD “SCIENCE” comes from the Latin scientia, meaning

knowledge. Science is both the systematic method by which
human beings attempt to discover truth about the world, and the
theories that result from this method. The main “natural sciences”
are physics, chemistry, life sciences (biology), earth sciences, and
astronomy. All of these — except life sciences — are called physical
sciences. Subjects such as anatomy and medicine — and usually
ecology — are considered parts of life science. Mathematics is not
strictly a natural science, because it does not deal with matter
and energy directly; it examines more abstract concepts, such as
numbers. However, mathematics is important because it is used
to describe the behavior of matter and energy in all the sciences.

SCIENCE AND

PRECIPITATION
REACTION
BETWEEN LEAD
NITRATE AND
LEAD 10DIDE

TECHNOLOGY

Scientists rely on technology

to carry out their experiments.
It may be as simple as a quadrat —
a rigid square thrown at random in
a field in order to take a representative
sample and estimate populations of
plants or animals. Or it may be very
complex, such as a supercomputer that
applies statistics to millions of collisions
taking place in particle accelerators.
The relationship between science and
technology works the other way, too.
The design of a car’s transmission, for
example, requires a good undcrstanding
of the physics of simple machines.
Despite this close relationship, science
and technology are not the same thing.
Unlike science, technology is not a quest
for understanding - it is the application

of understanding to a particular problem

or situation. To discover the true nature
of science, we need to briefly outline
the history of scientific thought.

MYTHICAL WORLD VIEW
People in ancient civilizations
developed stories — myths - to
explain the world around then.
Creation myths which attempted
to explain the origin of the
universe were common, for
example. Most myths were
probably never intended to
be belicved. However, in the
absence of other cxplanations,
they often were. These myths
were handed down from

PRECIPITATION REACTION
The precipitation reaction between
lead nitrate and lead jodide, shown

of atoms and moleeunles. Science
has proved the existence of atoms.

here, is caused by a rearrangement

generation to generation as folktales,
and some persist today in many cultures
and religions. The roots of the scientific
approach to understanding the world are
generally thought to be in ancient Greece,
where natural philosophers began to rcject
the mythical worldview and replace it
with logical reasoning.

ARISTOTLE AND DEDUCTION

The ancient Greek approach to
understanding natural phenomena

is typified by the writings of Aristotle
(384 - 322 rc). Like others of his time,
Aristotle used.a process known as
deduction, which seeks explanations for
natural phenomena by applying logical
arguments. An example of this comes
from Aristotle’s Physics. It was assumed
that some types of matter, such as
smoke, have the quality of “lightness,”
while others, such as stone, have the
quality of “heaviness.” (The truth of why
things float or sink is not as simple as
this.) Applying logic to this assumption,
it scemed to Aristotle that all matter
naturally movces either upward or
downward. He therefore claimed that
any matter that neither falls nor rises
upward, such as the stars and the
planets, must be made of something
fundamentally different from matter on
Earth. The problem with this deductive
process was that flawed assumptions led
to incorrect conclusions. Aristotle and
his contemporaries saw no need to test
their assumptions, or explanations,

and this is what sets the process of
deduction apart from true scicncee.

THE SCIENTIFIC REVOLUTION

The explanations given by the ancicnt
Grecek natural philosophers werc
adhered to across Europe and the
Arab world during the Middle Ages —
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LOCATION OF AN ELECTRON AT DIFFERENT
DISTANCES FROM AN ATOMIC NUCLEUS

there was little original scientific
thought during this period. In
Renaissanee Europe in the 15th

and 16th eenturies, there was a
reawakening of the spirit of euriosity
shown by the aneient Greeks. People
began to question many of the untested
ideas of the aneients, beeause new
observations of the world were at odds
with them. For example, Aristotle and
his eontemporaries had reasoned that
the Earth lies at the center of the
universe. During the Renaissanee,
several astronomers showed that
this idea was not consistent with the
observed motions of the planets and
the Moon and the Sun. A new idea -
that the Earth is in orbit around the
Sun - was put forward in 1543 by
Nicolaus Copernicus (1475 - 1543).
There were also several other major
challenges to the aceepted ideas of
the time. 1t was a period of rapid
discovery, a scientific revolution.

SCIENTIFIC METHOD

Recognizing the importanee of
observation — empiricism - is one of the
major features of the scientific method.
Another is the testing of suggested
explanations by performing experiments.
An experiment is an observation under
carefully eontrolled conditions. So, for
example, the hypothesis (idea) that all
objects on the Earth fall at the same rate
in the absence of air, can be tested

by setting up suitable apparatus and
observing the results. The proof of
this hypothesis would support the
current theory about how objects

fall. A theory is a general

explanation of a group of

related phenomena. Examples

SCIENCE AND REALITY

The behavior of electrons can be predicted

by a branch of physics known as quantum

theory, which uses the mathematics of

probability. The curve shown here is a
graph of the probability of an electron
being located at different distances

from an atomic nucleus.

are the theory of gravitation and
the theory of evolution. The more
evidenee in favor of a partieular

theory, the more strongly it is held onto.

Theories ean be refined or completely
replaced in the light of observations
that do not support them.

THE LAWS OF NATURE

A scientifie law is different

from a seientific theory. A law is
a mathematieal relationship that

NATURAL LAWS

The forces acting on a weight on a slope can be
measured — here they are measured using a newton
meter. If this process is repeated for steeper or

describes how something behaves.
(The law of eonservation of mass

states that no mass is lost or gained
during a chemical reaction.) 1t is
derived from painstaking measurements
and other observations, and a theory
may be formulated to cxplain the
observed law. In the case of the
conversion of mass, one plausible
theory is that matter consists of
partieles that join in particular ways,
and a chemieal reaction is simply a
change in the arrangement of the
particles. Diseovering the laws of
nature and formulating theories to
account for them can explain, in ever
greater detail, only how — but not

why - things happen. However, the
methodieal efforts of the scientific
eommunity — together with the
inspirational work of many individuals
- have led to a deep understanding of
the natural world.

shallower slopes, a relationship between the force and
the angle of the slope arises. A law can be formulated
from this, and a theory to explain the law may follow.

MEASURING THE
FORCES ACTING ON
A WEIGHT ON A
SLOPE WITH A
NEWTON METER
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BECOMING A SCIENTIST

Scientists need to be up-to-date with
the latest developments in their field of
interest. For this reason, most professional
scientists have a university degree and
are members of professional societies.
The first such societies were formed

in Europc during the 17th century.
Since that time, the number of people
worldwide engaged in scientific activity
has increased enormously. The amount
and detail of scientific understanding
have also increased, with the result that
most scicntists can be experts in only a
very tiny part of their subject. Scicntific

ELECTRONIC COMPONENTS

SCIENCE AND SOCIETY
Electronics is an area of scientific research that has had a

The practice of science

S INCE THE SCIENTIFIC REVOLUTION of 17th- and 18th-
century Europe (see pp. 8-9), science has had an ever
increasing impact on our everyday lives. The proportion of
the population engaged in scientific or technological activity
has increased dramatically since that time, too. The number
of regularly published scientific journals in the world stood at
about 10 in 1750. By 1900, there were about 10,000, and there
are now over 40,000. Science is carried out by professionals
as well as amateurs, and by groups as well as individuals.
They all communicate their ideas between themselves, to
their funding agencies, and to the world in general.

societies encourage professionalism in
science and communication between
scientists. There are, howcver, many
amateur scientists whose contribution
in certain fields of science is highly
valuable. 1n astronomy, in particular,
amateurs have been responsible for
many important discoveries, such as
finding new comets.

LABORATORIES

The word “laboratory” may conjure
up images of wooden benches and
countless bottles of chemicals. Some
laboratories — particularly those devoted
to chemistry — are indeed something like
this, but arc today also equipped with
high-tech devices, such as infrared
spectrometers, which can accurately
identify a substance by analysis of the
infrared radiation it emits. They arc
safe, clean, and efficient placcs.
However, many laboratories arc not hike
the popular image at all. A laboratory is
defined as the place where a scientist
carries out his or her experiments. So,
a geologist sometimes considers his or
her laboratory to be, say, a rock face.

A biologist or medical researcher may
have a field laboratory, with cquipment

installed in a tent or temporary building.

Fixed laboratorics are well-equipped
roomns, usually in universities or
industrial research buildings. For

huge effect on society. The subject began with the discovery

{ the electron in 1897. Less than a century later, the technology
of electronics enabled the development of computers, television

sets, and digital wristwatches, and has made possible
nternational digital cominunication and trade.

WELWITSCHIA
(Welwitschia mirabilis)

THE HUBBLE
SPACE TELESCOPE

THE COST OF SCIENCE
Much of the research at the forefront
of modern science is far too costly in
time and money for any individual to
undertake. The development of the Hubble
Space Telescope, for example, has cost billions
of dollars, and has involved thousands

of scientists from many ¢ountries.

those engaged in theorctical scicnce,
their computers or even their own minds
can be thought of as their laboratory.

FUNDING |
Science is often expensive. A space-probe
mission to Mars, for example, costs
many millions of dollars, which may
have to be paid by just one organization.
The effort to produce a map of all
human genes — known as the human
genome projcet — is a lengthy and costly
procedurc that involves thousands of
scientists in several diffcrent countries.
There are two reasons commonly put
forward to justify the huge amounts of
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money spent on

scientific research. First,

scientific progress
brings technological

advances. For
example, without
advances in medical
science, diseases such
as cholera would still

often put forward to justify
spending public money on science is a
more philosophical one. Human beings
are inquisitive creatures, and science
provides answers to some fundamental
questions — about our own origins,
our place in space, the history of our
planet, and so on. The money needed
to carry out science comes from a
variety of different sources. Much
of the pure scientific research
that goes on is government-
funded and is based
in universities. Some
universities are partly funded
by industries or wealthy individuals.
Research laboratories in large
companies tend to carry out applied
science (technology), because most
large companies are in the business
of applying scientific knowledge to
the development of new commercial
devices or processes.

COMMUNICATING SCIENCE

There are many ways in which scientific
ideas are communicated and as many
methods for doing so. Scientists in the
same field of research clearly need to
communicate with one another to
ensure that they do not duplicate on
another’s work and to ensure that
others are aware of of potentially
useful findings. Scientific journals and
electronic mail (e-mail) are conduits for

INTERNATIONAL SYSTEMS

The plant below is identified by all botanists as
Welwitschia mirabilis. This binomial (two-part)
classification is an internationally recognized system.
Another well-known system is the SI (Systeme
Internationale), which enables all scientists to

use clearly defined standard measurements,

such as the meter, in their work.

much of this communication.
Researchers also need to communicate
with the agencies who give grants —
if thosc in charge of funding do not
rccognize the importance or quality
of a piece of scientific research, they
may cancel funding for it. New
discoveries in one field must often be
communicated clcarly to scientists
in different but related fields. New
discoveries in organic chcmistry
may benefit scientists working on
research in other areas, for example.
The progress of science must also
be communicated effectively to
governments and to the public at
large. Finally, accuinulated scientific
knowledge must be passed on from
generation to generation, and so school

and college education have a role to play

in communicating scientific ideas.

RECOGNITION
Many scientists pursue their
work for the sake of their
own curiosity and passion
for their subject, or
becausc of a desire

to make a useful
contribution to science.
They are further
encouraged

by the possibility of
recognition in the event

of a great discovery or
good scientific practice.
Many different prizes are
awarded each year by
organizations across the world.
The most famous are the Nobel
Prizes, first awarded in 1901. They
are given out yearly in six areas of
human achievement, three of which
are sciences (physics, chemistry, and
physiology or medicine). In some
cases, scientists who have made truly
great contributions become household
names, such as Albert Einstein (1879 -
1955) and Isaac Newton (1642-1727).

PUBLIC UNDERSTANDING OF SCIENCE
Most people have heard of viruses, even if they
do not understand how they work, A virus is
shown here entering a living cell (top), reproducing
(middle), and leaving the cell with its replicas
(bottom). Scientific knowledge such as this
can filter through to the public in school
science lessons or via the media.

INVASION OF A
LIVING CELL BY
A VIRUS
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GALILEO'S CL.OCR

The Nahan scienlist Galileo Galilei noticed that
although the distance a pendulum swings may
vary, the e Laken for each swing remains
constanl. He explonted 1his idea in his design
for a pendulum clock. The elock shown here
was bl in 1833, hased on Gahleo's drawings
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Discovering physics

HE WORD “PHYSICS” derives from the Greek word for natural

philosophy, physikos, and the early physicists were, in fact,
often called natural philosophers. To a physicist, the world
consists of matter and energy. Physicists spend much of their
time formulating and testing theories, a process that calls
for a great deal of experimentation. The study of physics
encompasses the areas of force and motion, light, sound,
electricity, magnetism, and the structure of matter.

ANCIENT GREECE

The study of physics is generally considered
to have begun in ancient Greece, where
philosophers rejected purely mythological
explanations of physical phenomena and
began to look for physical causes. However,
Greek physics was based on reasoning,
with little emphasis on experimentation.
For example, early Greek philosophers
reasoned that matter must be made of tiny,
indivisible parts (aloms), but saw no need
to establish experimental proof for the
theory. Nevertheless, several areas

of physics thrived in ancient Greece:
mechanics (force and motion) and optics
(the behavior of light) in particular. The
most notable contributions to ancient
Greek physics were made by Aristotle,
whose ideas would influence physics for
2,000 years, despite the fact that many

of them were fundamentally flawed.

MIDDLE AGES
When the first universities were founded
in Europe in the 12th and 13th centuries,
Greek physics was the basis of the study of
the natural world. The ideas of the ancient
Greeks had been preserved by Muslim
academics, who had learned of them from
Greek philosophers who journeyed to the
East. In the universities, the ideas
of Aristotle were accepted but
gradually altered. For example,
Aristotle’s views on force and
motion were developed into the
“impetus” theory — an idea similar to
the modern concept of momentum -
in the 14th century.

RENAISSANCE

In the 15th, 16th, and 17th centuries,
experimentation became the norm.
Inevitably, there was conflict between
1hose who believed 1he views of Aristotle,
and those who accepted the new idcas
arising from experimentation. The most
famous example of this conflict is the
story ol Italian physicist Galileo Galilei.
Persecuted for his ideas by the Roman
Catholic Churely, Galileo established new
laws of motion, including proof 1hat objects
aceeterate as they fall. The French

philosopher René Descartes helped
to place physics on a new track by
concentrating on the idea that all natural
phenomena could be explained by
considering particles of matter in motion. |
This was called the “mechanical” or \
“mechanistic” philosophy, and it enabled i
physicists to develop new theories.

NEWTONIAN PHYSICS i
Isaac Newton made huge contributions to
mechanics, oplics, and gravilation, as well |
as to mathematics. In particular, his ideas g
about motion developed the mechanistic
philosophy into a precise framework,

called Newtonian physics. This view held

that all of the phenomena of the Universe

could be explained by particles and forces

and was summarized by Newton’s own Laws

of Motion. Newton’s theory of gravitation

made an undeniable-link between the motion

of falling objects on the Earth and the

motions of planels around the Sun. In !
optics, Newton identified white light as !
consisting of a spectrum of colors, and

he investigated the effects of interference.

He also explained many optical effects in

terms of light behaving as particles, a view
challenged by many physicists, who believed

that light was the result of a wave motion.
Experiments during the 18th century put

the wave theory of light onto a firm footing.

NATURAL FORCES

Whether particles or waves, light was seen

as one of a set of separate “natural forces.”

Others included heal, electricity, and
magnetism. During the 18th and 19th
centuries, progress was made toward

realizing the links between these forces,

which were seen as “imponderable

fluids” that flowed between substances.
Temperature, for example, was seen as

the concentration of particles of “heat
fluid,” called “caloric.” The modern
interpretation of heat, as the random
motion of particles, was not widely
believed until later, when it was realized
that friction could generate endless amounts
of heat. This could not be explained by the
idea that heat is a fluid contained within
an object. As the connection between




DISCOVERING PHYSICS

motion and heat was established, so
other natural phenomena were
linked, in particular electricity and
magnetism. In 1820, Hans Christian
Oersted showed that an electric current
produces magnetism. Electromagnetism
was studied by many experimenters,
in particular Michael Faraday.

ENERGY AND
ELECTRO-MAGNETIC RADIATION
In the 1840s, James Joule established
the “mechanical equivalent of heal”: the
amount of heat generaled by a particular
amount of mechanical work. The
conversion was always consistent, and a
similar result when producing heat from
electric current led to the definition of
energy. It was soon realized that light,
heat, sound, electricity, magnetism, and
motion all possessed energy, and that
energy could be transferred from object to

object, but neither created nor destroyed.

This “unified” view of the world was
further established in the 1860s, when
James Clerk Maxwell proved that light
was related to electricity and magnetism.
The idea led to the discovery of other
forms of electromagnetic radiation: radio
waves (1888), X rays (1896), and gamma
rays (named in 1903). Also around this
time came the first evidence of an inner
structure to the atom. The electron was
discovered in 1897, and in 1899 its mass

was found to be less than that of an atom.

New models of the atom arose, in line
with quantum physics, which, along with
relativity, would reshape forever the
physicist’s view of the world.

MODERN PHYSICS
Albert Einstein developed
his theories of relativity to
make sense of space and
time. Newtonian physics
relied on the assumptions |
that space and time were
absolute, assumptions that

FARADAY’S RING
Michael Faraday explored

the relationship between
electricity and magnetism,
producing the world’s

first transformer.

work very well in most siluations.

But Newtonian physics was only an
approximation to any real explanation.
Einstein’s relativity showed that time
and space could not be absolute. This
demanded a completely new outlook on
the laws of physics. Einstein was also
involved in the development of quantum
physics, which studies the world of very
small particles and very small amounts
of energy. Quantum physics challenged
the wave theory of light and led to the
conclusion that light and other forms
of electromagnetic radiation act as
both particles and waves. 1t enabled the
structure and behavior of atoms, light,
and electrons to be understood and
also predicted their behavior with
incredible accuracy.

GRAND UNIFIED THEORY

In the 1920s, showers of subatomic
particles — produced by cosmic rays that
enter the atmosphere — were detected
using airborne photographic plates. This
led to the study of particle physics, using
huge particle accelerators. In the middle
of the 20th century, forces began to be
understood in terms of the exchange of
subatomic particles and were unified
into just four fundamental interactions:
gravitation, electromagnetism, the strong
nuclear force, and the weak interaction.
The “holy grail” of physics is a
grand unified theory (GUT)
that would unify all the four
forces as one “superforce”
and describe and explain
all the laws of nature.

NEUTRON DETECTOR

Inside this apparatus, particles
from a radioactive source struck a
beryllium target. Neutrons were given
off but could be detected only when
they “knocked” protons from a piece
of paraffin wax. The protons were

then detected with a Geiger counter.

TIMELINE
OF DISCOVERIES

oncludes
of

400 se—Democril
that matter consists
260 g ndivisible particles

Flotation principle
discovered by
Archimedes, who
also studies
principles of levers _ <0 William Gilbert claiins
that the core of the
Galileo Galilei 1638 Earth is a giant magnet
founds the science
ol mechanics _ {645 — Air pressure
discovered and
1saac Newton 1665 measured by
publishes Mathermatical Evangelista Torricelli
Principles, in which he _ 20,
formulates the laws of
motion and gravitation

—Joseph Sauvenr
suggests term
“acoustics” for
science ol sound

Battery invented by _ 799
Alessandro Volta

1800 —Infrared waves
discovered by

Atomiic theory of 1803 William Herschel

matter proposed by

John Dalton _ 1819 —pans Christian
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Electromagnetic 1821 electromagnetism
rotation, discovered
by Michael Faraday 1831 —Electromagnelic
induction discovered
Relationship between _ 1845 by Michael Faraday
heat, power, and
work formulated by 1846 —Laws of
James Joule thermodynamics
developed by
William Kelvin
Dmitri Mendeleyev 1869
devises the periodic
table, which classifies _ 1888 _Existence of radio
elements into groups waves demonstrated
by atomic weight by Heinrich Hertz
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Wilhelm Rontgen

1897 _Electron discovered
by Joseph Thomson

Quantum theory 1900
proposed by
Max Planck _ 1905 _ajpert Einstein
publishes his special
Atomic nucleus 1911  theory of relativity
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physicist Ernest _ 1915 _glectron shells
Rutherford around nncleus of
Albert Einstein 1915  atom proposed by
publishes his general Niels Bohr
theory of relativity _ 1919

—Ernest Rutherford
converts nitrogen
nuclei into oxygen
nuclei

First particle 1932
accelerator built by
John Cockeroftand 955 _ Nyclear fission
Ernest Walton discovered by Otto
First nuclear reactor 1942 Hahn and Fritz
built by Enrico Fermi Strassmann

1964 —~Existence of quarks
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Chaos theory 1ggps ©Gell-Mann
developed by
American

) 1986 —Snpercondnetors,
nathematicians

substances with
extremely low
resistances to
electricity,

are developed




PHYSICS

Matter and energy

PHYSICS 1S THE STUDY OF MATTER AND ENERGY. Matter is anything
that occupies space. All matter consists of countless tiny particles,
called atoms (see pp. 72-73) and molecules. These
particles are in constant motion, a fact that explains

a phenomenon known as Brownian motion. The |
existence of these particles also explains evaporation l
and the formation of crystals (see pp. 34-35). Energy B

is not matter, but it affects the behavior of matter. '
Everything that happens requires energy, and
energy comes in many forms, such as heat, light,
electrical, and potential energy. The standard
unit for measuring energy is the joule (J). Each
form of energy can change into other forms.
For example, electrical energy used to make
an electric motor turn becomes kinetic
energy and heat energy (see pp. 32-33).
The total amount of energy never changes;
it can only be transferred from one form

to another, not created or destroyed. This is
known as the Principle of the Conservation
of Energy, and can be illustrated using a

Eyepiece

Glass

R = =Ly

| Sankey Diagram (see opposite). MICROSCOPE
MATTER AS PARTICLES
DISSOLVING EVAPORATION
— B = S
s Y Gluss =———
beaker Heated i

liquid
evaporates
Solid dissolves to
Jorm a solution

— Hater

Solution
-Solid is leated
potassium

permanganale

ltom breaks away Escaping lu molecule
= I,U ‘A 13 water
: X molecule

r:“ dgﬂj.@ _Hater %

5 ‘) molecule
D

g . v lu;m al

surface
‘ of solid Water a b b

molecule

0 e

E\'AI’()R.\ TION

DISSOLVING
I'he particles of

a solid are held together in
When a solid dissolves
a liquid, its particles break away
from this strueture and mix evenly in
the liquid, forming a sohution

1 rigid struetur evaporate.

or moleeules ol which they

lo become gas particles.

SMOKE CELL

compartment
conlains smoke

Objeclive

_ Dissolved

Solid  Regular crystal struclurcl
’ particle

Iater adds on to

molecule structure

evaporates

Surface of
solution

Atom from
solid in
solution

When they are heated, most liquids

This means that the atons
are made
break tree Irom the body of the liquid

PARTICLES IN MOTION

BROVNIAN MOTION

When observed through a microscope,
smoke particles are seen Lo move about
randomly. This motion is caused by the
air molecules around the smoke particles.

Air molecules
in constanl
motion, nudge

the smoke Path of
particle to random
and fro movement

Light
source
Smoke
particle
Smoke cell . A B!
in place UNDER THE MICROSCOPE
Air
molecule / J Smoke
; \ ? particle |
Ajnl:;lf('ule ks |
24 of atoms {
bombards - ': 4 y
smoke
particle | Edge of
smoke
particle

BOMBARDMENT OF
SMOKE PARTICLE

CRYSTALLIZATION

Glass
beaker__

Glass
beaker

solid does not
evaporate
Water has
evaporated —.

Purple crystals

of polassium
permanganale
remain beliind

Surface
of solid

CRYSTALLIZATION

When all of the liquid in a solution
has evaporated, the solid is left
behind. The particles of the solid
normally arrange in a regular
structure, called a crystal.




MATTER AND ENERGY

Energy radiates

into space

Solar cell

| Radiation is made in the
Sun’s core during nuclear
reactions and is the source
of most of the Earth’s
energy

Hire

Silicon to motor
crystal

PHOTOVOLTAIC CELL

A transfer of energy, from
electromagnetic radiation
to electrical energy, takes
place in a photovoltaic
cell, or solar cell. When
no sunlight falls on it, it
can supply no electricity.

ENERGY TRANSFER

SANKEY DIAGRAM
This Sankey diagram
shows the energy
transfers in an
electric motor.

Width of the

JSrom cell

b}

At each energy
transfer somne energy
is “lost” as heat

0.1 J of kinetic energy POTENTIAL ENERGY
As the motor turns, it
winds a string around a
shaft via a set of gears.
The string lifts a 0.1
Arrowhead kilogram mass against
shows where gravity. The kinetic

Sun  THE CONSERVATION OF ENERGY

ELECTRIC MOTOR

Inside an electric motor, electrical
energy becomes the energy of
movement, also known as Kinetic
or mechanical energy.

The faster the motor
turns, the more

eisergy it has . Motor’s spindle

turns gears

— IForm gear

Crown
wheel

String
winds
around
shaft

|
0.1 kg mass
lifted to 1 m

arrow here shows energy is energy transfers to
how much energy | transferred potential, or stored Mass has
is available energy. If the string is potential
broken, the energy will energy of 1J
0.31 J of electrical energy 0.21 Jwasted as be released, and the
supplied each second heat in the motors mass will fall, gaining String lifts
Kinetic energy. l 0.1 kg mass

ENERGY TRANSFERS IN A CAR

A car’s energy comes from burning Gasoline
gasoline in the engine. This includes (chemical
the electrical energy in its battery, the o

. N energy)
potential energy stored as it climbs
a hill, and any heat generated in the
brakes or the engine. The arrows
show energy transfer.

Car stereo

(electrical to
sound energy)

Climbing a hill
(potential energy)

Heat energy
generaled
in engine

Car battery
(electrical
energy)

@ il

| Braking (heat energy)

Headlight (electrical
to light energy)

Kinetic energy greater
at higher speed

Mass has
potential

energy of
0.97]

1 kg mass
lifted to 0.9 m

1 Mass has

potential

0.1 kg mass }\ energy of
lifted to 0.8 m \ 0.8J

0.1 kg
mass




PHYSCS

Measurement
“and experiment

THE SCIENCE OF PHYSICS IS BASED on the formulation and

and involve making measurements — of mass, length, time,
| other quantities. In order to compare the results of various
experiments, it is important that there are agreed standard
units. The kilogram (kg), the meter (i), and the second (s)

objects, a graph can show the relationship
between the duration and the height of the fall.

Jaws measure either internal

or external diameter of object MEL 6 WIS,

Jaws

eyepiece

VERNIER CALLIPERS
For the accurate
i measurement of

@ an ohject’s width, . .
physicists often use Ly e RALITS
Vernier callipers. This Jine crossed wires

| is read off a Vernier scale,
®  which here allows reading
to an accuracy of 0.1 mm.

Veasured |

object § .
Focusing

knob
Vernier
scale

Ordinary Microscope

scale

Turning
knob moves
microscope
along rails

testing of theories. Experiments are designed to test theories

are the fundamental units of a system called SI units (Systeme

International). Physicists use a variety of instruments Fulerum
for making measurements. Some, like the Vernier P ~.
o . . o = g
callipers, traveling microscopes, and thermometers, = Q
are common to many laboratories, while others will A 1l
o X £i%  The metal object and the 1kg
be made for a particular experiment. The results of £ 1% powder shown here have the mass
measurements are interpreted in many ways, but f 13 same mass and therefore £ 4 3
. g" 1 the same weight. Y Powder
most often as graphs. Graphs provide a way of § \ i lobe
illustrating the relationship between two I /"[Iqtal 0.2 kg ;e‘ weighed
measurements involved in an experiment. For § ﬂ oviect mass_ F
. . . . . F N
example, in an experiment to investigate falling i T a———02kg :
g ¥ mass

Adjustable

body—~"

MASS AND WEIGHT
Mass is the amount of
matter in an object, and is
measured in kilograms.
Gravitational force gives

the mass its weight. Weight Spring
is a force, and is measured stretches 427"
in newtons (see pp.10-11), . :
using a newton meter like Pointer
the one shown on the right. moves
Itis common to speak of down
weight being measured in scale
kilograms, but in physics .
OF  ihis is not correct. Pointer
reads 10 N.

Spring in meter
produces force to
balance weight

NEWTON METER AND
KILOGRAM MASS

Scale pan

STANCE

TRAVELING MICROSCOPE
A Vernier scale makes the traveling microscope
an accurate instrument for measuring small
distances across objects. Two readings are taken
and the difference hetween the positions of the
microscope on its sliding scale provides

the measurement.

Ordinary
scale

Vernier
scale

Microscope slides
on rails




MEASUREMENT AND EXPERIMENT

THERMOMETERS
There are two types of thermometers commonly used in inodern
physics. The mercury thermometer has a glass bulb containing
mercury that expands as the temperature rises, while the digital
thermometer contains an electronic probe and has a digital readout.
Electromagnet

DIGITAL THERMOMETER

?ﬁ ¢ (<)
Mercury | Electronic Digital Plastic case

columnn

probe (LCh) contains L Ty
readout electronics :..
Glass tube Steel ball is T
held up by
MERCURY THERMOMETER Scale electromagnet 7 Clamp
’ e e e s T e R U . e O A
T - - - — ' [’ "\_‘&_ Steel ball
Mercury bulb Human body Glass tube h
temperature (37°C)
MAGNIFIED VIEW OF
MERCURY THERMOMETER
Glass bulb
INTERPRETING DATA @
TABLE OF RESULTS FOR A FREEFALL EXPERIVIENT X

A steel ball is dropped from a variety of heights and the duration of each
fall is timed. The results of these measurements are entered into a table.

.051 0.10] 0.15 [0.20 [ 0.25 [ 0.30 | 0.35 [ 0.40 | 0.45 [0.50
10 | 0.14 | 0.17 | 021] 0.22 | 024 | 0.26 | 0.27 | 0.30 | 0.31

RESULTS OF A FREEFALL EXPERIMENT IN GRAPI1 FORM
A graph allows us to visually identify the relationship between the time and the
height of the fall. There is an element of uncertainty or error in every result

obtained, so each is plotted on the graph as a short range of values forming an error Ball
bar instead of a point. The curve is drawn so that it passes through all the bars. ot accelerates
: due to the
L pull of
Y-axis gravity

Ball approaches
terminal velocity

Some points fall

Bars show below curve

margin of error

As ball hits base,
second swiltch is
activated

Duration of fall (s)

T o
005 010 015 020 025 030 Switch

Height of fall (m)

-
Q
8
Ed

normally
held apart)

Wire from
Sirst switch

Electronic
limer:

(two contacts

FREEFALL EXPERIMENT

Wire from
Jirst swilch

APPARATUS FOR
TIMING THE FALL
OF AN OBJECT

A switch turns off
the electromagnet,
releasing the ball
while simultaneously
starting the timer. As
the ball hits the ring
stand base, a second
switch is activated,
and the timer stops.
Times of falls from
various heights are
measured and plotted
on a graph (see left).

I
|

Ring stand
base

Hire to
battery,

Electronic
timer stand

Digila

display!  second
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PINSICS

REACTION FORCES

FORCES ON A LEVEL SURFACE

A table provides a force called a reaction, which exactly
balances the weight of an object placed upon it. The resultant
force is zero, so the object does not fall through the table.

Forces 1

A FORCE IS A PUSH OR PULL, and can be large or small. The
usual unit of force is the newton (N), and can be measured using

a newton meter (see pp. 18-19). Force can be applied to objects
at a distance or by making contact. Gravity (see pp. 22-23) and

.10 N reaction force
/

electromagnetism (see pp. 44-45) are examples of forces that Solid
can act at a distance. When more than one force acts on an object, surface

the combined force is called the resultant. The resultant of

several forces depends on their size and direction. The
object is in equilibrium if the forces on an object are
balanced with no overall resultant. An object on a solid

flat surface will be in equilibrium, because the P T—
surface produces a reaction force to balance the Hiaass
| object’s weight. If the surface slopes, the object’s
weight is no longer completely canceled by the FORCES ON A SHALLOW SLOPE
reaction force and part of the weight, called a Gravity acts downward on the Reaction force  nroi0n
g q q 1 kg mass shown. The slope produced by T
component, remains, pulling the object toward provides a reaction force slope

the bottom of the slope. Forces can cause rotation
as well as straight line motion. If an object is free
to rotate about a certain point, then a force can
have a turning effect, known as a moment.

i RESULTANT FORCE

IFire 1 kg
| A | kg mass has a weight of 10 N. Here, this weight is . mass
supported by two lengths of wire. Each wire carries a 2.4 N force
force that pulls against the other at an angle. The down slope .
combination or resultant of these forces is 10 N Shallow 2.4 Nwill
vertically upward and exactly balances slope SopD s
the weight. The force carried by each S Jrom sliding
wire is measured by newton meters.
-

Newlon meters
held at an angle

Resultant upward
Jorce of 10 N
exactly balances
10 N weight

Reading Reading
J.EN /
Force acts

atan

angle _____ ll

THE METER READINGS
Between them, the two
wires suppori a weight
of 10N, so why is the
reading on each newton

Force acts
at an angle

meter ntore than 5 N? As 1 kg 6 N force
vell as pulling upward, mass down slope

vires are pulling
vays against each
other, 86 the overall
foree showing on

3.8 N

Steep
slope

each meter is

10N weight

that acts upward,
perpendicular to the
slope and counteracts
some of the weight.

All that remains of the
weight is a force acting
down the slope.

10 N weight *;

FORCES ON A STEEP SLOPE
As the slope is made
steeper, the reaction
force of the slope
decreases, and the
force pulling the
mass down the
slope — which is
measured by the
newton meter —
increases. This
force can pull
objects downhill.

——_ Part of weight
acting into slope

Newton
meler

Reaction force

produced by
slope

1 kg
mass

Part of |
weight
acling i

slope

Weight 10 N
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FORCES 1

TURNING FORCES AROUND A PIVOT

Aforce acting on an object that is free to rotate
will have a turning effect, or turning force, also
known as a moment. The moment of a force is
equal to the size of the force multiplied by the
distance of the force from the turning point
around which it acts (see p. 378). It is measured
in newton meters (Nm) or joules (J). The mass
below exerts a weight of 10 N downward on a

TURNING FORCES

OBJECT SUSPENDED AT CENTER OF GRAVITY

Counterclockwise Suspended at Clockwise
mornernt | center of gravity  moment

7z
(4

The weight of the beam above is spread along its

o . | [, length. The moments are balanced if the object is
pivoted beam. The newton meter — twice as far NG 61 B el @ iy

from the pivot — measures 5 N, the upward . 3 P o g Je

force needed to stop the beam turning. The Newton f '

clockwise moment created by the weight and meter 4 -

counterclockwise moment created by the

OBJECT SUSPENDED AWAY FROM CENTER OF GRAVITY
upward pull on the newton meter are equal,

Reading 5 N

Point of Center of Resultant
A . Ere enter :
i = . W urning
and the object is therefore in equilibriun. : | suspension / gravity effect S
eight 10N, 0.25 =
Ring stand JSrom the pivot :
Upward C:;lét;[ryof
JSorce 5 N, 8 e
0.5 m from T -
the pivol. Beam - .
\\\ - L3
Heiah 1& v When this beam
(et w is suspended at a
of beamn

point away from its
center of gravity, there
is a resultant turning effect.

The beam turns until the center of
gravily is under the point of suspension

Pivol point

Clockwise moment, | Counterclockwise mmoment,
2.5 Nm (10N x0.25 mn) 25 Nm O Nx0.5 m)

PRESSURE
Why can a thumbtack be pushed into a wall, and yet a
building will not sink into the ground? Forces can act Small force
over large or small areas. A force acting over a large exerted by
area will exert less pressure than the same force acting thumb —
over a small area. The pressure exerted on an area can
be figured out simply by dividing the applied force by
the area over which it acts (see p. 378). Pressure is
normally measured in newlons per square meter
(Nm?) or pascals (Pa). A thumbtack concentrates
force to produce high pressure, whereas the Tiny area
foundations of a building spread the load to reduce at pin poinl
pressure. Gases also exert pressure (see pp. 38-39). concentrates

Jorce to produce
high pressure

Mass of Height of
block: 2 kg block: 20 N

Block Block
Mass of Height of
block: 1 kg block: 10 1\"

THUMBTACK
Mauass of
block: 2 kg

Weight of
block: 20 N

_Grid with
squares of
area 0.01 m?
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PHASICS

Forces 2

WHEN THE FORCES ON AN OBJECT do not
cancel each other out, they will change the
motion of the object. The object’s speed,
direction of motion, or both will change. The
rules governing the way forces change the
motion of objects were first figured out by Sir
Isaac Newton. They have become known as
Newton’s Laws. The greater the mass of an
object, the greater the force needed to change
its motion. This resistance to change in motion
is called inertia. The speed of an object is
usually measured in meters per second (ms™).

Velocity is the speed of an object in a particular

direction. Acceleration, which only occurs
when a force is applied, is the rate of change in
speed. It is measured in meters per second per
second, or meters per second squared (ms?).
One particular force keeps the Moon in orbit
around the Earth and the Earth in orbit around
the Sun. This is the force of gravity or
gravitation; its effects can be felt over

great distances.

NEWTON’'S SECOND LAV IN ACTION
Trucks have a greater mass than cars. According to
Newlton’s second law (see right) a large mass requires a
larger force to produce a given acceleration. This is why
a truck needs to have a larger engine than a car.

Car Sinall mass
\ Small

T'ruck |

| Large mnass

\Large engine

First cart
maoves o left

Spring exerts force
Lo the left on first cart

NEWTON'S FIRST LAW
When no force acts on an object, it will remain in a state of rest or
continue its uniform motion in a straight line.

Cart is
stationary

No force acts
on cart

NEWTON’S LAWS
|

No force, no acceleration: state of rest
Cart is moving
al constanl speed

No force acts
on cart

No force, no acceleration: uniform motion

NEWTON’S SECOND LAW

When a force acts on an object, the motion of the object will change. This
change in motion is called acceleration and is equal to the size of the force
divided by the mass of the object on which it acts (see p. 378).

Cart with small mass .
acceleraltes to a high speed

Spring exerts Cart accelerates only
Jorce on when force acts on il
cart

Force acts on small mass: large acceleration

Mass on

cart
Same force
acls on Cart with large
heavier mass accelerates
carl Lo a low speed
L

Same force acts on large mass: small acceleration |

NEWTON’S THIRD LAW
If one objcct exerts a force on another, an equal and opposite force, called
the reaction force, is applied by the second to the first.

Second cart
moves Lo right

An equal and opposile reaction
Joree acts on the right-hand cart

Action and reaction




FORCES 2

FORCE AND MOTION
In the images below, each row of balls is a record of the motion of one ball, photographed
once each second beslde a ruler. This shows how far the ball noved during that second
and each subsequent second, giving a visual representation of speed and dcceler.mon

SPEED

Speed is the distance an object travels in a set

amount of time. It is calculated by dividing distance

covered by time taken (see p. 378). In physics, specd Ruler
is measured in meters per second (ms™'). I

MOMENTUM
The momentum of an object is equal to its mnass
multiplied by its velocity (see p. 378). Momentum is

Ball

m‘-_n L

Ball/</ After 3 seconds ball /guz traveling at
has moved 6 meters 2ms!

ACCELERATION

Acceleration is the rate that the speed of an object
changes. It is calculated by dividing the change in speed
by the time it took for that change (see p. 378). It is

measured in meters per second per second (ms?). Ruler

J | e |

Ball After 2 seconds, After 4 seconds,
accelerating the ball is the ball is
at 1 ms* moving at 2 ms”! moving at 4 ms*

measured in Kilogram meters per second (kgms™). Ruler
The two balls below have the same momentum.
'} | i I
& @ . . 8@ 9 ee
Aﬁer 6 aeconds‘ ball Ball traveling Ball, mass Ball travclmg Momentum
has moved 6 meters at ms’ 1 kg at ! ms* 1 kgms’
—~— Lo o
Ball, mass Ball traveling Momen[um
05 kg at 2 ms? 1 kgms'

NEWTON’S SECOND LLAW APPLIED TO ACCELERATION

BALL ACCELERATES AT [ ms™*
Force of Ball reaches

1N S5 ms! after
b 4‘ Q 5 seconds ’
Ball, mass 1 kg
Force of BALL ACCELERATES AT 2 ms?
2N, .
Twice the force
produces twice /
L — the acceleration
Ball, mass 1 kg

BALL ACCELERATES AT 1 ms*

Force of

2N,

Ball, Doubling both force and mnass
mass 2 kg, leaves acceleration unchanged

GRAVITATIONAL FORCE

Gravitation, or gravity,
is a force that acts on
all matter. The force
between any two
objects depends upon
their masses and the
distance between them
(see p. 378).

Earth

Jorce on Earth

If the Moon had twice
the mass that it does,
the force between the
Earth and Moon would
be twice as large.

If the Moon were half
the distance from the
Earth, the gravitational
force would be four
times as large. This

is because the force
depends upon the
distance squared.

Half the
distance

1

Distance Moon
@
. ’-<j
Earth exerts
, JSorce on Moon
Moon
Twice Twice
Four times the force the mass
the force
b | Moon
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PHYSICS

AIR RESISTANCE

. [
Air resistance is a type of friction that occurs when an object nioves
through the air. The faster an object moves, the greater the air resistance.
Falling objects accelerate to a speed called terminal velocity, at which

| ] . LY A T - . the air resistance exactly balances the object’s weight. At this speed, there
}1 RICTION IS A FORCE THAT SLOWS DOWN or prevenls is no resultant force and so no further acceleration can occur.

motion. A familiar form of friction is air resistance, which FALLING FALLING
limits the speed at which objects can move through the FEATHER . ; : BALL

. o g all accelerates
air. Between touching surfaces, the amount of friction due to its weight
depends on the nature of the surfaces and the force or
forces pushing them together. It is the joining or bonding
of the atoms at each of the surfaces that causes the friction.
When you try to pull an object along a table, the object
will not move until the limiting friction supplied by
these bonds has been overcome. Friction can be reduced
in two main ways: by lubrication or by the use of rollers.
Lubrication involves the presence of a fluid between two Weight V’
surfaces; fluid keeps the surfaces apart, allowing them to  feather.
move smoothly past one another. Rollers actually use

Feather
accelerates due
Lo ils weight

Air resistance on
Jeather increases
quickly and soon
maltches weight

Air resistance
on ball slowly
increases

friction to grip the surfaces and produce rotation. Instead ,F; ”{‘l’c‘;l’f:
of sliding against one another, the surfaces produce terminal
turning forces, which cause each roller to roll. This velocily Weight of
leaves very little friction to oppose motion. holi
Terminal velocity of
FRICTION BETWEEN SURFACES ball much higher
- than feather’s
LOW LIMITING FRICTION o
Limiting friction must be g 5 Newton meter 3 N force just
overcome before surfaces can _,-" RS measures overcomes friction
move over each other. Smooth limiting friction |
surfaces produce little friction. '

Only a small amount of force
is needed to break the bonds
between atoms.

Newton
meter

SNOLMIN

Smooth plexiglass surface

. . Lower surface
produces lilile friction / 4

of 1 kg mass

Small friction
/ force

Atoms form weak bonds
between the two surfaces

Smooth surface

of plexiglass
MICROSCOPIC VIEW
HIGH LIMITING FRICTION 7 q
Rougher surfaces produce a larger : © /\ﬁ".["”]u“:l. 9 Newton
friction force. Stronger bonds are Newton meter overcomes friction meter
made between the two surfaces measures

nd more energy is needed to
eak them. The mass requires
irge force to slide

ver sandpaper.

liiting friction

Large friction
) force

1 kg
mass

Lower surface of
1 kg mass

Atoms form strong
bonds between the
Lwo surfaces
Irregular surface of
sandpaper

Rough sandpaper surfuce MICROSCOPIC VIEW
produces large friction




FRICTION

i ) i LUBRICATION
MOTORCYCLE BRAKE ™ The presence of oil or another fluid between two surfaces
F‘l'lclu)n is putto good use keeps the surfaces apart. Becausc fluids (liquids or gases)
' in the disk brakes of a flow, they allow moveutent between surfaces. llere, a
motoreyele. The friction lubricated kilogram mass slides down a slope, while an
\% force between disk and unlubricated one is prevented froni moving by friction.
e brake pad slows down . . )
9. the rotation of the wheel, Unlubricated mass

remains stationary

Patclr of oil
reduces friction

reducing the vehicle’s
speed. In doing so, it
converts the kinetic
energy of the vehicle
into heat (see p. 17).

High friction prevents
mass from moving _

~. Brake pad (inside

Piston / caliper unit)

Caliper unit| Metal brake disk Inclined plane

BALL BEARINGS

Bearings are a type of
roller used to reduce
friction between moving
machine parts such as a
wheel and its axle. As a
wheel turns on its axle,
the balls roll around
inside the bearing,

drastically reducing the kg » Lubricated mass
friction between wheel Masse: moves down slope
Ball Ball and axle.
race bearing
ROLLERS

THE ACTION OF A ROLLER ON A SLOPE
Friction causes the roller to grip the slope so that it turns. If there

were no friction, the roller would simply slide down the slope. — 1 kg

mass

Roller

Force down
the slope

Frictional force
Shallow slope| ———_

Steel
roller

Flat surface

USING ROLLERS TO AVOID FRICTION .- 3 5 7 5
Rollers placed between two surfaces keep the surfaces apart. The rollers Friction forces between surfaces | Mass moves Underside
allow the underside of the kilogram mass to move freely over the grouud. create a turning force that -\‘Illrmlfll)" of 1 kg
An object placed on rollers will move smoothly if pushed or pulled. turns the rollers over surface mnass

o
(1}



PHYSICS

Simple machines

[N PHYSICS, A MACHINE IS ANY DEVICE that can be used to transmit a
force (see pp. 20-21) and, in doing so, change its size or direction.
When using a simple pulley, a type of machine, a person can lift a
load by pulling downward on the rope. By using several pulleys
connected together as a block and tackle, the size of the force can
be changed too, so that a heavy load can be lifted using a small
force. Other simple machines include the inclined plane, the lever,
the screw, and the wheel and axle. All of these machines illustrate
the concept of work. Work is the amount of energy expended
when a force is moved through a distance. The force applied
to a machine is called the effort, while the force it overcomes
is called the load. The effort is often smaller than the
load, for a small effort can overcome a heavy load
if the effort is moved through a larger distance.
The machine is then said to give a mechanical
advantage. Although the effort will be smaller
when using a machine, the amount of work
done, or energy used, will be equal to
or greater than that without
the machine.

Ax
handle

WEDGE A .
The ax is a wedge. The applied i
force moves a long way into the blade
wood, producing a larger force,
which pushes the wood apart
a short distance.
Small force
applied

Screw thread
unraveled

AN INCLINED PLANE
The force needed to drag an object up a slope is
less than that needed to lift it vertically. However,
the distance moved by the object is greater when
pulled up the slope than if it were lifted vertically.

Weight of
plane cart

Tension
Jorce

Turning force (effort)

SCREW
A screw is like an inclined plane
wrapped around a shaft. The
force that turns the screw is
converted to a larger one, which
moves a shorter distance and
drives the screw in.

Screw is pulled into wood with

JSorce greater than the effort —'

Block of
wood

Large force _~~ llbpd
produced =~ splits
apart

The corkscrew is a clever combination of several
different machines. The screw pulls its way into the
cork, turned by a wheel and axle. The cork is lifted
by a pair of class one levers (see opposite).

Handle and
shafl form a
wheel and axle

Neck of

CORKSCREW

Class one
lever

Cork

bottle




SIMPLE MACHINES

PULLEYS

Pulley Rope is
wheel attached to
upper pulley.

Rope is
attached to
upper pulley.

Rope

Load shared

between ropes Load shared

between Newton
our ropes )
Lower S pe melter
Newton pulley Pulley
x Newton iy
meter wheel vhee
meter s

Nt kg mass

&

10N Reading Rea(l;'ng
T 2 7
weight 1 kg mass SN 25 N
(load)
ok 1 kg
10N t 10 N weight (load) s
orce Ty
10 N weight (load
(eﬁ"ort)A 5 N force (ejforz)_‘ weight (load)
2.5 N force ((j[ﬁ)l‘l)/‘
SIMPLE PULLEY DOUBLE PULLEY QUADRUPLE PULLEY
A simple pulley changes the direction of a force A double pulley will lift a one kg mass with Lifting a one kg mass with a quadruple pulley,
but not its size. Here a one kg mass, weighing only a five newton effort, because the force in which the rope goes over four pulley
ten newtons, is lifted by a ten newton force. in the rope doubles up as the rope does. wheels, feels almost effortless. However,
The mass and the other end of the rope move However, pulling the rope by one meter pulling the rope by one meter lifts the mass
through the same distance. raises the mass by only half a meter. by only one quarter of a meter.
THREE CLASSES OF LEVERS
CLASS ONE LEVER
In a class one lever, the fulcrum (pivot point) is between the effort and the load. WHEEL AND AXLE

The load is larger than the effort, but it moves through a smaller distance. As the pedal and chainwheel of a bicycle turn through one

revolution, the pedal moves farther than the links of the chain.
Effort Load Effort For this reason, the force applied to the chain is greater than

U . . .
the force applied to the pedal. The steering wheel of a car is
another example of a wheel and axle.

If the pedal were on a shorter
crank it would be more

Fulcrum)

Fulcrum difficult to turn the pedal
CLASS TWO LEVER Bicycle fi
In a class two lever, the load is between the fulcrum and effort. Here again, the icycle frame
load is greater than the effort, and it moves through a smaller distance. Crank

Fulcrum

Load

Very large
CLASS THREE LEVER Jorce at axle

In a class three lever, the effort is between the fulerum and the load. In this case,
the load is less than the effort, but it moves through a greater distance.

Smaller force
applied o
pedal

Load Effort

éi i Fulerum,  Load

N —

Effort Chain |
Fulecrum Chainwheel!

Large force
at chain




PHYNCS

Circular motion

VWHEN AN OBJECT MOVES IN A CIRCLE, its direction is continuously
changing. Any change in direction requires a force (see pp. 22-23).
The force required to maintain circular motion is called
centripetal force. The size of this force depends on the size

of the circle, and the mass and speed of the object (see p. 378).
The centripetal force that keeps an object whirling around on
the end of a string is caused by tension (see pp. 34-35) in the
string. When the centripetal force ceases - for example, if the
string breaks — the object flies off in a straight line, since no force

is acting upon it. Gravity (see pp. 20-21) is the centripetal force
that keeps planets such as the Earth in orbit. Without this centripetal
force, the Earth would move in a straight line through space. On
a smaller scale, without friction to provide centripetal force, a
motorcyclist could not steer around a bend. Spinning, a form

of circular motion, gives gyroscopes stability.

MOTION IN A CIRCLE

ASPECTS OF CIRCULAR MOTION

The force that continuously changes the direction of an object moving in a circle
is called centripetal force. It is directed toward the center of the circle. The
smaller the radius of the circle, the larger the force needed.

Object moves
in a circle

Direction of
motion at
one instant

)
\
‘\\
\ Centripetal

~~

Circular

| path
[

) Jorce acts

» o « toward
center of
R ] circle
‘ Direction \ /
’ of motion X ’ =
changes X 7
< Radius determines

continuously,
_____ JSorce required

HAMMER THIROWER

Tension in muscles provides the centripetal force needed to whirl a

hammer round in a circle. When the thrower releascs the chain, no

force acts upon the hammer, and it moves off in a straight line.

Hammer
thrower
\ ' Hammer
moves in a

3 (o, I
Chain straight line

Hanmuner | Chain is

released

{
Thrower
moves in
a circle

Harmmer moves

in a circle i
—J <

CENTRIPETAL FORCE
In the experiment below, centripetal force is provided ‘
by tension in a length of string, which keeps a 1 kg mass |
moving in a circle. The mass can move freely as it floats like |
a hovercraft on the jets of air supplied from beneath it. When
the circle is twice as large, half the force is needed. However,
moving twice as fast requires four times the force (see p. 378).

CONTROL EXPERIMENT

Speed of
object 1 ms’!

Radius of |
circle 0.2 m

Frictionless '\ Air

1 kg ! i
table hole 1

mass!

5 N tension
provides the
centripetal
Jorce

TWICE THE SPEED, FOUR TIMES THE FORCE

Spged of Radius of
object 2 ms _’\ / circle 0.2 m

1kg ‘

mass l
20 N centripetal
Jorce

Higher speed

requires greater

centripetal force

TWICE THE RADIUS, HALF THE FORCE

Speed of 1 kg Radius of
object mass 7 circle 0.4 m
1 ms’ 4

25N
centripetal
Jorce

Larger radius
requires smaller
centripetal force ~~




CIRCULAR MOTION

PLANETARY ORBITS N 2
Gravity provides the

GRAVITATIONAL FORCES Orbital — centripelal force
The orbit of a planet around the path e
Sun is an ellipse (like a flattened \ —
circle). Centripetal force is ‘_/“"
needed to keep the planets from (v g
moving off in a straight line into / Gravitational
(= crminizar BT o on Vo
N € z ‘orce on the Ear B o
toward the center of the Solar e o thie Earth -~ R -~
System, the Sun. Venus is L= B
roughly the same mass as the -
Earth, but travels much faster. .
This is possible because Venus Earth = ;
is closer to the Sun, so the force Orbital speed
of gravity, and therefore the ; s of Venus:
:‘entrip(elal fon;c;é )is much Orbital speed of the Venus 34,900 ms
arger (see p. 378). k speea of i o5 o F . o
e P Eartli: 29,800 ms" ”’*"l‘l”’_"é (!/'[}:li,‘)[l{l)(ﬁz ’b Distance of Venus to the Sun:
Itn;i;;x)‘n nsler ? 108,000 million meters
GYROSCOPE
Bearing Axis
Gyroscope fBc e -
TURNING A CORNER precesses Metal

guard

FRICTION

One of the forces acting on a motorcycle as it turns a bend
is the centripetal force caused by the friction between the
tires and the road. Without this friction, for example on
an icy surface, a motorcycle would simply continue in

a straight line.

Spinning
, Rider leans wheel ____

/ /into curve
t i) /1o balance
| / cenltripetal force

ANGULAR MOMENTUM
Any spinning object, like a
wheel or a top, will behave

like a gyroscope. Once spinning,
a gyroscope possesses angular
momentum. This gives the
gyroscope stability. The force of
gravity acting on the gyroscope
will not topple it. As gravity tries
to tilt the axis, its axis moves at
right angles to gravity’s force.
This causes a motion called
precession, in which the axis
traces a small circle.

—— Plastic
stand

Friction force
increases
with the
sideways "
direction " .
Friction occurs
between lires

and road —————— —_F

No friction force acts
in sideways direction

Motorbike
moves in a
straight line
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PHYSICS

PENDULUM

"Waves and oscillations

AN OSCILLATION IS ANY MOTION BACK AND FORTH, such as that of a Bob is

String

pendulum. When that motion travels through matter or space, it ‘;{l)‘fhlg?:j‘l’ T
becomes a wave. An oscillation, or vibration, occurs when a force acts the string
that pulls a displaced object back to its equilibrium position, and the Restoring forcé
size of this force increases with the size of the displacement. A mass Forces are is a component
on a spring, for example, is acted upon by two forces: gravity and not balanced ;)’{tf;’e ;’veight of
the tension (see pp. 38-39) in the spring. At the point of equilibrium, -
the resultant (see pp. 20-21) qf these forces is zero: they C'fmcel Pendulum bob A}(;;lnegzim
each other out. At all other points, the resultant force acts in a :’ake:”"
direction that restores the object to its equilibrium position. through the
. . . . o : . L tlie
This results in the object moving back and forth, or oscillating, Net l'estonllz;g = & equ{[lfb'lum
oas 3 . . . £ ) 3 3 osiion
about that position. Vibration is very common and results in the bﬁ%rif,’c’/i‘ o o i
phenomenon of sound. In air, the vibrations that cause sound equilibrium /
are transmitted as a wave between air molecules; many other POSLICH I
substances transmit sound in a similar way. , ~ Equilibrium Weight
WAVES IN SPRINGS position of bob
TRANSVERSE WAVE Energy travels along spring LONGITUDINAL WAVE
0, Spring, Rarefaction

! 2 : T, Nt o
S ‘_\\\‘ N T(m’,ﬁ'ﬂl"(”’i i T
A AN VAUV UL U R it v
I\ (22
Spring ’ I { Compression Energy travels along spring
Havelength Amplitude
OSCILLATION
MOTION OF MASS ON SPRING MOTION OF MASS ON SPRING, MASS SEEN IN ISOLATION

The first mass shown (below left) is in equilibrium. The two forces
acting on it — its weight and the tension in the spring — exactly cancel

each other out. The mass is given an initial downward push. Once the A becomes apparent
mass is disptaced downward (below center), the tension in the spring
exceeds the weight. The resultant upward force accelerates the mass back :

Wave nature of motion

up toward its original position, by which time it has momentum, carrying

| it farther upward. When the weight exceeds the tension in the spring Mass Appears as A A
| (below right), the mass is pulled down again. This cycle repeats. S transverse wave

e

l Spring |

Tension 10 N -
Tension in
spring now
less than 10 N

1 kg mass

Tension in the
spring increases
as the mass is
displaced and
now exceeds 10 N

y 1 kg mass at
n | equilibrium
; position

~ Mass will remain at
N equilibrium

Net downward
restoring force

1 kg mass

Mass will slow to
a stop and move
downward

_ The forces no

< longer balance
"% and there is a
N\ Height is 10 N oy net upward

K restoring force Height 10 N
Height 10 N
e Fin stand pr——




WAVES AND OSCILLATIONS

SOUND AS VIBRATION OF THE AIR
PROPAGATION OF SOUND

A vibrating object, such as the tuning fork shown here, causes variations

Air molecules

The compression travels closer than

in pressure in the surrounding air. Areas of high and low pressure, as a wave al about usual
Kknown as compressions and rarefactions, propagate (1nove) through 330 meters
the air as sound waves. The sound waves meet a microphone and create  |per second 6
electrical oscillations displayed on an oscilloscope. Q ’ ’
High-pressure area
Low-pressure area O b Q
: (compression) b
(rarefaction) - i
- Q e 8
Tuning fork 1
produces  Sound 1
sound wave |
L COMPRESSION
Microphone produces
y electrical oscillations

Cable takes Wave has a
electrical signal | frequency

jali 7‘ } to oscilloscope of 440 fiz
Pressure variations A
move outward
JSrom tuning fork ' v o Screen
HWavelength . " displays

Prongs of
Jork vibrate

electrical

al 440 times
each second

e
Air molecules ‘

Jarther apart

signal

Compressions and
rarefactions reach
the microphone

than usual | ‘
Tuning fork

rated al 440

hertz (Hz)

RAREFACTION

NOTES PRODUCED BY COLUMNS OF AIR

FREQUENCY AND WAVELENGTH

The distance between each compression of a sound wave is called its
wavelength. Sound waves with a short wavelength have a high frequency
and sound high-pitched. The frequency of a note is the number of
vibrations each second and is measured in hertz (Hz). The columns of
air in these jars produce different notes when air is blown over them.

Air blown across
the top of the jar

Air column
0.14 m long

of air

Sound

produces sound u p———
Large Large
displacement displacement
of air of air

One quarter of

one wavelength  one wavelength |

No displacement No displacemnent

produced has produced has
a frequency of a frequency of
about 590 Hz about 295 Hz
and sounds and sounds
high-pitched lower pitched
Colored Narrow
water glass jar.

One quarter of

Air column
0.28 m long __|

of air

Sound

Maximum Minimum
points of wave
correspond to

compression

Oscilloscope
(cathode ray
oscillograph)
rarefaction

points of wave
correspond to

LOUDSPEAKER

A changing electrical signal is fed to the voice coil of a
loudspeaker, which lies within the magnetic field of a
permanent magnet. The signal in the coil causes it to
behave like an electromagnet (see pp. 44-45), making
it push against the field of the permanent inagnet. The
speaker cone is then pushed in and out by the coil in
time with the signal.

If the signal is from a sound
recording, the original sound
will be reproduced

Voice coi
Collar: ice coil

Speaker
cone is
pushed in
and out to
produce
sound

Permanent

i magnet
Terminal &
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PINSICS

RANGE OF TEMPERATURES

Heat and temperature g

! . . . 25 million °F):
HEAT IS A FORM OF ENERGY (see pp. 16-17). This energy is the kinetic energy of Cenler of the Sun

the atoms and molecules that make up all matter. The temperature of a substance
is related to the average kinetic energy of its particles. Units of temperature
include the degree Celsius('C), the degree Fahrenheit (‘'F), and the Kelvin (K).

—— 30,000K
? (30,000°C,

Some examples of equivalent values are shown below. The lowest possibie 54,000°F): 1
temperature is called absolute zero (zero K). At this temperature, atoms Average boll
i of lightning

and molecules have their lowest energy. The state of a substance is
determined by its temperature and most substances can exist as a solid
(see pp. 34-35), a liquid (see pp. 36-37), or a gas (see pp. 38-39). If two
substances at different temperatures make contact, their particies
will share their energy. This results in a heat transfer by conduction,
until the temperatures are equal. This process can melt a solid,
in which case the heat transferred is called latent heat. Heat
can also be transferred by radiation, in which heat energy
becomes electromagnetic radiation (see pp. 48-49), and

does not need a material medium to transfer heat.

7 15,800K (5,530°C, 10,000°F):
Surface of the Sun

No N\ 3,300K (3,027°C; 5,480°F):
d Metals can be welded

1,808K (1,535°C, 2,795°F):
Melting point of iron

933K (660°C, 1,220°F):
Natural gas flame

600K (327°C, 620°F): TEMPERATURE SCALES

Melting point of lead All temperature scales
except the Kelvin scale

. (K) need two or more

5%31‘ (250°C, 482°F): reference temperatures,

ITood burns such as boiling water and

melting ice. Under

=g 457K (184°C, 363°F): controlled conditions,
i : these two temperatures
s
373.15K (100°C, 212°F):
Boiling point of water
331K (58°C, 136°F):

73K (-200°C, 184K (-89°C, -128°F): 273 15K (0°C, 32°F):
-328°K): Air  Earth’s lowest Freezing point of
liquefies temperature water

OR (-273.15°C, 234K (-39°C,

459.67°F): -38.2°F): Earth’s highest
Absolute zero Freezing point temperature Q GAS
of mercury Heat energy applied to a liquid allows
Q Q particles to become free of each other and

become a gas. However if enough energy
is removed from a gas, by cooling, it
condenses to a liquid.

STATES OF MATTER 0 Q o
<

SUPERCOOLED LIQUID
[ The particles ol a GAS Q

| supercooled liquid Sublimation Evaporation
are in fixed pnsili_uns. (solid to gas or (Hqindi A sas)
| like those of a solid, but zas 10 solid)
| they are disordered and °
P WL 3, P £ 1
cannot be called a true { Condensation
solid. Snpercooled - iqui
as to liquid
liguids flow very Y i
‘ slowly and have no !
definite melting point.
Crystallization Supercooling
| (glass tosolid) _ 58 48 SUPERCOOLED (liquid to glass)

LIQUID (GLASS)

SOLID LIQUID

The particles of a solid
norimally have no motion
relative to each other, as
they are only free to vibrate
abont a fixed position. An
iput of energy breaks the
bonds between particles, Freezing
and the solid melts. SOLID (liquid to solid)

Melting (solid or
&glass o liquid)

Particles in a liquid do
not occupy fixed
positions like those in

a solid, but neither are
they completely free,

as in a gas. The particles
move over one another,
allowing a liquid to flow.

)
v




HEAT AND TEMPERATURE

EQUALIZATION OF TEMPERATURES
TRANSFER OF HEAT
When two objects at different temperatures
are brought into contact, a transfer of kinetic
enrergy takes place in thie form of heat. Here,

OBJECTS AT DIFFERENT TEMPERATURES
The particles of objects at different temperatures
have different kinetic energies. The colors

of the blocks below are an indication of

EQUAL TEMPERATURES

Eventually, the average Kinetic energies of
particles in two touching objects become equal.
The temperatures of the two objects are then

their temperature.

Hot s 3 3 . of .
D §— Reading — Reading Reading . Reading
object S of -9.3°C of 81°C of | 300/!

/" of 104.5°C

Hot
object
loses heat
energy
Cool &
object

BLOCKS IN CONTACT

BLOCKS SEPARATED

Atoms in cool object
gain kinelic energy,

Atoms in ot block
| have high energy

the Irot and cold blocks are touching.

/~ gains heat
i

said to be equal, as shown by the blocks below.

Y/ Reading
of 47.7°C

Reading

Cool object of 47.7°C.

Heat is
transferred from
hot to cold

Blocks at the same
temperature

NO FURTHER IEAT TRANSFER

No further net
heat Il‘allsﬂfl"

00000000
00000000

The kinetic | & Q Q9 Q @9 Q
energy is shared-.@,a 00 3 Q0 J
Q0000000

000 00 o tomin 90000000
o i | A b ¢ it
900 o000 . 100000000
900 900 Wobectiose | QP OO0 00
Q09 Q09 kinetic enesy 190090
MOLECULAR VIEW MOLECULAR VIEW

LATENT HEAT

MELTING A SUBSTANCE

At the melting point, the supplied energy must
break the attraction between all the particles,
melting all the solid, before the temperature
will rise again. This extra supplied energy is
called latent heat.

HEATING A SUBSTANCE
Heat transferred from a hot
flame to a cooler substance
can cause the substance

to melt. The temperature
of the substance (here,
naphthalene) rises

with the transfer of

more energy, until 0
it reaches the ]
O ..
melting point. Liquid o o o
¢ particle e O o O
Thermormeler 7 . o
reads 80.5°C Solid o
particle Q 0
gains Q Q
Temperature stays the energy. p
same during melting
MELTING .
Yoirs 5
Betiber Temperature
= increases
after melting
Gauze ——— 2 1 Liquid Durt'ng
melting, no
naphthalene 5
temperature
Solid increase

naphthalene

Temperature rises
as solid is heated

Temperature

Bunsen
burner,

Time

GRAPIL TO SHOW MELTING

MOLECULAR VIEW

TRANSFER OF HEAT BY RADIATION
An object at room temperature produces radiation —
called infrared radiation. A hot object, such as the lamp
below, produces a lot of infrared. This radiation can heat
up other objects. The hot object cools as it loses energy
as radiation.

Metal block at
room lcmpemlureI

< @Bo

Thermometer
reads 18.7°C

COOL OBIECT

Desk laniyp ——

Temperature of
Jilament about
2,500K .

Thermometer
reads 31°C

—2
Radiation CCCCC( Radiation
abso,‘bcd_by 0000 (\ ;/ travels
particles in p { ) ; p through
the block __ space !
@@ o

RADIATION

33



PHYSICS

Solids

THE ATOMS OF A SOLID ARE CLOSELY PACKED, giving it a greater density
than most liquids and all gases. A solid’s rigidity derives from the strong
altraction between its atoms. A force pulling on a solid moves these

STEEL RAILS
The expansion of a solid with an increase in
temperature (see below) would cause rails
to buckle badly in hot weather. To prevent
this, rails are made in sections. The gap
between the two sections allows each
section to expand without buckling.

Train can pass smoothly

Expansion
joint

atoms farther apart, creating an opposing force called tension. If a
force pushes on a solid, the atoms move closer together, creating
compression. Temperature (see pp. 32-33) can also affect the nature
of a solid. When the temperature of a solid increases, its particles gain
kinetic energy and vibrate more vigorously, resulting in thermal
expansion. Most solids are crystals, in which atoms are arranged in
one of seven regular, repeating patterns (see below). Amorphous
solids, such as glass, are not composed of crystals and can be molded
into any shape. When the atoms of a solid move apart, the length of
the solid increases. The extent of this increase depends on the applied
force, and on the thickness of the material, and is known as elasticity.

over diagonal joint

THERMAL EXPANSION

EXPERIMENT TO SHOW THERMAL EXPANSION Metal atoms | Vibration
When a substance is heated, its atoms gain Kkinetic gain energy | around fived
energy. In a solid, this results in the atoms vibrating point v
more vigorously about their fixed positions. As a The higher the
result, solids expand when heated. Below, a thin temperature,
steel rod is heated by a gas flame, and the resulting the greater
expansion is measured using a micrometer. the vibration Steel rod pushes
- against rigid block

Micrometer measures

small increase in length MICROSCOPIC VIEW

Thin steel = -
(!j rod \g_ ’
- |
,\% B % -
Clamp Clamp

—Gas

| Bunsen Sflame
| burner
J g~y

?

EXTERNAL FEATURES
The seven crystal systems
are based on the external
shapes of crystals, but

|  they also correspond
to the arrangement of
atoms within. The basic

THE SEVEN CRYSTAL SYSTEMS

The unit cell of each crystal system has an identifiable form, based on
hypothetical axes composed by joining up the particles of the cell. A group
of unit cells form a crystal lattice.

arrangement that is 90° angle 90° angle
I Catled the unit sell. Jivo es
1s calle > -} o
| Axes equal equal
|
X 90" angle _ 90
- L~ o 9r angle angle
RN angle 90 angle
i g Vi Axes
‘P}w . t 90" angle 90" angle unequal
4T Al
- :
L e T )
B ..'t‘" AR 1

CUBIC SYSTEM

Atomns in a cubic systein are
equally spaced, and the angle
between each axis of the
repeating cell is always 90°.

ORTHORHOMBIC SYSTEM

All of the angles within the cell
are 90°, but none of the three
axes (shown in black) is

equal in length.

TETRAGONAL SYSTEM

All of the angles within the cell
are 90° and of the three axes
(shown in black), two are the
same length.

L =

4




Wooden

Hook support

ATOMS IN
UNEXTENDED RUBBER

e Y. Vi Ve Yo Y

Rubber strip

Length of strip

i Line showing

original length
of rubber strip

Rubber strip
now has length
of17 cm

EXPERIMENT TO TEST ELASTICITY
An elastic substance is a solid
that gets larger (extends) under
tension, gets smaller under
compression, and returns to its
original size when no force acts
on it. All nonamorphous solids
are to a certain extent elastic. This
experiment, which tests rubber
under different degrees of tension,
shows that twice the tension force
results in twice the extension.

1 kg mass
(weight 10 N)

SOLIDS EXTEND
UNDER TENSION

ATOMS IN RUBBER
UNDER TENSION

Atoms in Bonds

rubber between

move atoms

apart extend
Rubber strip
now has length
of 19 cm

Extension of
rubber 2 cm

Much larger force
would break the
_material

2 kg mass
(weight 20 N)

ATOMS IN RUBBER UNDER
GREATER TENSION

Y YaYaYaYa

Thick rubber
strip

Strip is twice

Atoms in as thick as

between rubber thin strip
atoms move apart
extend Rubber strip
JSarther now has
Much larger length of
JSorce would 17 em
break bonds
b.rlenzszon 2 kg mass
cm | weight 20 N)

Extension of
rubber 4 cin

CROSS-SECTIONAL AREA
Another factor involved in
elasticity is the cross-sectional
area of the material involved. The
thick rubber strip (above) extends
less under the same tension than
the thinner one (above left).

None of
e 120° angle the three .
e angles is No axes
unequal 90° equal
90° angle '

S Two axes None of

All axes the three

equal angles is

90°
MONOCLINIC SYSTEM HEXAGONAL SYSTEM TRIGONAL SYSTEM TRICLINIC SYSTEM

Two of the axes of the cell meet at
90°. No two axes (shown in black)
are equal in length.

The edges form angles of 120” and
90°. Two of the three axes (shown
in black) are equal in length.

No two edges meet at 90°. All of
the edges are equal in length.

No two edges meet at 90°. No two
axes (shown in black) are cqual
in length.
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PHYSICS

L [ J

Liquids
lensmnl )

UNLIKE SOLIDS, LIQUIDS CAN FLOW. Their particles :

move almost independently of each other but are

not as free as the particles of a gas. Forces of

attraction called cohesive forces act between the

particles of a liquid. These forces create surface

tension, which pulls liquid drops into a spherical

shape. If the surface tension of water is reduced,

by dissolving soap in it, then pockets of air can

stretch the surface into a thin film, forming a bubble.

Forces of attraction between liquid particles and

adjoining matter are called adhesive forces. The

balance between cohesive and adhesive forces causes

. [ . . PHERICAL SOAP BUBBL

capillary action, and the formation of a meniscus curve P UEEEE o

at the boundary between a liquid and its container. Curved surface AT o
v of drop within

Liquids exert pressure on any object immersed in
them; the pressure acts in all directions and increases
with depth, creating upthrust on an immersed object.

If the upthrust is large enough, the object will float. WATER DROP ON A SURFACE SURFACE TENSION

Narrow 0.5 mmn LIOUERSIIN RS

CAPILLARY ACTION capillary tube 4 mm diameter
Water adheres to glass. This /glass il
adhesion can lift water up into a h

glass tube; an effect known as |
capitlary action. I it
H 5 mm diamneter
. i glass tube
L . . Hater
Water is lifted higher in a level !
!

narrow tube than in a wide
one because the narrow
column of water weighs less

Shallow
glass dish

Body of liquid

MOLECULAR VIEW
Capillary action is
caused by adhesive
and cohesive forces
between particles of
glass and water. Here,
water molecules
adhere o glass and
the adhesive force lifts
the edge of the water
up the glass. The
cohesive forces
between water
molecules means that

Molecules of
the glass

Nater is pulied
upward by
adhesive forces

Hater
molecules

u’ Cohesive forces

pull other water
this lifted edge also

d molecules up
raises water molecnles v

Iving farther out from é

the edge of the glass, S~

A

S

»

LIQUID DROPS AND BUBBLES

COHESIVE FORCES

— No resultant force acts on any particle

within the liquid, because cohesive
forces pull it in every direction. But
\ at the surface, the resultant force
on each particle pulls it inward.
This causes surface tension,
~  which pulls drops and bubbles
into spheres. A water drop on
a surface will be flattened
slightly by gravity.

 Cohesive Curved
Jorces act in |surface Surface
all direclions/ of drop Iparticle

liquid

MENISCUS

Where a liquid meets a solid surface, a curve
called a meniscus forms. The shape of the
meniscus depends on the balance between
cohesive and adhesive forces.

DOVWNWARD MENISCUS

Narrow lube
Glass

Downward
meniscus forms
because adhesion is
stronger than
cohesion

Hater drop

UPVWARD MENISCUS

Narrow tube

Glass

Upward meniscus
Sorms because
cohesion is
stronger than
adhesion

Drop of
mercury
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LIQUIDS

UPTHRUST ON IMMERSED OBJECTS

Liquids exert pressure on immersed objects,
‘ resulting in an upward resultant force called
upthrust. The upthrust is equal to the weight of
liquid displaced by the immersed object. Here, a | kg
mass, weighing 10 N in air, displaces water weighing
1.2 N. Consequently the apparent weight of
the submerged mass is 8.8 N (10 N - 1.2 N).

Newton
meter i
10 N reading Water level 88N

Water displaced rises as

Newton by immersed object is
meter object immersed
Pan
1kg - o 3
‘ . Weight of o 1hg
7 water 1.2 N R % mass
N -n ) 2
Scale graded Water
in newtons 3
OBJECT SUSPENDED
IN AIR OBJECT IMMERSED IN WATER

UPTHRUST AT WORK

If the upthrust on an object is greater than the weight of the object, then
the object will float. Large metal ships float, because their shape means
that they displace huge amounts of water, producing a large upthrust,

-
L L BT R =

% ——
2 TEIY MO Sel IO s seewe sews VW PR O3 nn L!B%.\-rh
N T T Y ST <o ot CLITT .
- e — o W
o, T

Newediv

Metal hull Upthrust force from the water equals the

downward force of the ship’s weight

reading

THE WATER JETS

The water in the jets coming from the tank breaks into
drops as it falls. Surface tension pulls the water into drops
as the jet weakens and cohesive forces keep the drops in
a near spherical shape. When the drops fall into the tray,
they form a pool. Unlike solids, liquids can flow, so under
the influence of gravity the surface of this pool becomes
flat and horizontal.

Stream is alinost
horizontal

Shallow tray,  Flat and Colored water
horizontal
surface

\

PRESSURE INCREASES WITH DEPTH
The pressure at any point in a liquid depends on tlre weight
of liquid above that point. So pressure increases with depth.
In the experiment shown below, water from a targe tank
escapes through holes at various depths. The greater the
pressure, the faster the water escapes.

The pressure of a
liquid is measured in
newtons per square
meter (Nm?)

Atmospheric
pressure above
the water’s
surface is
100,000 N2

Pressure gauge

Clear plastic
tank

Pressure at
0.1 m depth is
101,000 Nm {H

™~ . -
Only a E
dribble
of water
escapes — o

Water
escapes
quickly,

\

Pressure al
0.2 mdepthis _-~
102,000 Nm2=~

Pressure at
0.3 m depth is
103,000 Nmv%__

Water escapes
very quickly,

Water pressure
grealest al the base
of the tank

Colored water
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PIYSICS
[
| — Gases
Clear - r ‘ -
leviglass ]
o = 25 A GAS COMPRISES INDEPENDENT PARTICLES — atoms or molecules - in random
motion. This means that a gas will fill any container into which it is placed.
If two different gases are allowed to meet, the particles of the gases will mix
Closed together. This process is known as diffusion. Imagine a fixed mass of gas - that
L10seda

is, a fixed number of gas particles. It will occupy a particular amount of space,
or volume, often confined by a container. The particles of the gas will be in
constant, random motion. The higher the temperature of the gas (see pp. 32-33),
the faster the particles move. The bombardment of particles against the sides of
the container produces pressure DIFFUSION

(see pp. 20-21). Three simple The random movement of gas particles ensures that any

laws describe the predictable two gases .sharing the same container will totally mix..This
e T gases They . is diffusion. In the experiment below, the lower gas jar

contains bromine, the top one air.
Boyle’s Law, the Pressure )
Law, and Charles’ Law. Each =

glass tube __|

S s v P

-

Thick tube
wall

withstands
pressure

AN

- <
=
% =5

Random

of the gas laws describes
a relationship between
the pressure, volume, and

Random motion
leads to random
mixing of the
molecules

motion of the
molecules
leads to the
complete

. mizing of air
— Air and bromine

Slip separating
air from bromine
is removed

, temperature of a gas.
Folume of
trapped air_L. Some

i bromine
moves into
the air and

mixes with it

BOYLE’S LAW

The volume of a mass of gas at a fixed
temperature will change in relation to
the pressure. lf the pressure on a gas
increases, its volume will decrease.
The apparatus on the left is used to
illustrate Boyle’s Law. A foot pump

is used to push a column of oil up

a sealed tube, reducing the volume
occupied by the gas in the top part of
the tube.

Some air moves
into the bromine
and mixes with it

Column
of oil

Bromine
gas

GRAPH OF PRESSURE AND
VOLUME READINGS

Pressure is measured
at various volumes
and the resulls are
shown as a graph
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- the pressure
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& 25 volume
)
. 4 £ 20
| . Bourdon C
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{fter each measures
pressire pressure 100 120 140 160 180 200
| change, Pressure (x 1,000 Nm-?)
| apparatus
| s allowed Rubber
| to revert (ubi
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temperature ""’
Foot pump
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GASES

PRESSURE LAW
The pressure exerted by a gas at constant volumne increases as the tenperature
of the gas rises. The apparatus shown is used to verify the Pressure Law, A mass
of gas is heated in a water bath, and thie pressure of the gas measured. WWhen
plotted as points on a graph, the results lie on a straight line.

Doubling the temperature

; > ; .
doubles the pressure __ L APETLIOE VDI

5RAPH OF PRESSURE AND

Thermormeter .
measures N
temperature i ;
of the water copihion
bath _( =
5 110 9
i Glass Y
- tubing 5 405 4
O 2
3
o . & 100 1
Clamp . “ g I e —
= o - ——————
# 300 310 320 330 340
Temperature (K)

Spherical =~ K. :
Sask & -

Glass
beaker

Gauze

Bourdon

Bunsen Temperature of gas is
burner- the samne as that of gauge
walter bath measures

gas pressure

HOT-AIR BALLOON - CHARLES’ LAY IN ACTION

The air in the envelope of a
hot-air balloon is heated by a
gas burner. As its temperature
rises, the gas expands in
accordance with Charles’
Law. The envelope is open
at the bottom, so some hot
air escapes. Because air has
mass (and therefore weight),
the balloon weighs less
once some air has escaped,
although its volume is still
large. The pressure of the air
outside the envelope produces
an upthrust, which (if enough
air has been lost from the
envelope) will be great
enough to lift the balloon.

.
”
Envelope Vi

Hot air escapes

CHARLES’ LAW
The volume of a mass of gas at a fixed pressure depends on
its temperature. The higher the temperature, the greater the
volume. The apparatus shown is used to illustrate Charles’
Law. The volume of a gas sample in the glass bulb is noted
al various temperatures. A graph shows the results.

Opening clip keeps
pressure of gas
sample constant

Reservoir tube can
be used to supply
gas other than air

o Clamp

Walter stirrer

ensures

wateris al — y

an even {

temperature = ==

’ | Glass

Thermomelter == P sphere

i - ¢ enclosing

gas
sample

Volume

of gas 1 Water

measured

againsl scale

Glass beaker__

Bunsen
burner

GRAPH OF TEMPERATURE AND
VOLUME READINGS

144 Doubling the

temperature
doubles the volume

~ 324

E

<

=

< 30

5

> 28]
T T T T T T T
290 300 310 320 330 340 350

Temperature (K)
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PINSICS

Electricity and magnetism

ALL ELECTRICAL EFFECTS ARE CAUSED by electric charges. ELECTRIC FIELDS AND FORCES

There are wo Hv 5 a . iti ; Charges of the same type repel, while charges of a different
'l here are two types of electric CI_lal ges, positive and el type attract. One way to think of an electric field is as a set
These charges exert electrostatic forces on each other. An of lines of force, as illustrated below. Charges attract
electric field is the region in which these forces have effect. Lines- of force each other

In atoms, protons (see pp. 56-57) carry positive charge, while \I // W //////
electrons carry negative charge. Atoms are normally neutral, ==
| having equal numbers of each charge, but an atom can gain or
| lose electrons, for example by being rubbed. It then becomes a
charged atom, or ion. lons can be produced continuously by a

//// ( \\\ N—= ,—-////// h\\\kI

Van de Graaff generator. lons in a charged object may cause | |
. . . TWO DIFFERENT CHARGES

another nearby object to become charged. This process is called | Electric field

induction. Electricity has many similarities with magnetism Li,m, of force

(see pp. 44-45). For example, the lines of the electric field NN /// 7 N
between charges (see right) take the same form as lines of ’ j \
etwee rges (see right) i W

\

magnetic force (see opposite), so magnetic fields are equivalent to = V ;
electric fields. Iron consists of small magnetized regions called \ ’
domains. If the magnetic directions of the domains in a piece

/// \\ 1\

of iron line up, the iron becomes magnetized.

TWO SIMILAR CHARGES

STATIC ELECTRICITY

GOLD LEAF ELECTROSCOPE INDUCTION
A polyethylene rod can gain extra When a charged object is brought near to other materials,

Charges repel
each other

-, . electrons when it is rubbed. Touching IRt such as paper, electrostatic forces cause a displacement
the charged rod to the top of an i ) of charge within that material. This is called induction.
electroscope causes electrons to pushed by Negative charges in the paper are displaced, so the
move into the electroscope. The exira electrons Metal edge of the paper nearest the rod becomes positively
inrod atoms charged and clings to the negatively charged rod. i

electrons in the central strip and in
the gold leaf repel each other, |

and the leaflifts. o 0 va

Polyethylenp-, \) O 0 Charged
| Charged rod :Q polyethylene
polyethylene Electrons 0‘ O rod
rod touchestop—____—____ transfer__| Q: Paper clings

to rod

‘ Metal top

Metal top _|

TRANSFER OF CHARGE

Electrons - -
push apart Metal Small pieces | Rod has overall
Electron \ atom l of paper negative charge

(lass case
lo stop air

|
urrents p—_ {, s -0 @ L4
gL \ -0 'I“ L Molecule Edge of
2 . @ ® ” -
Central I XK .;—-. e E . in paperl paper
strip tewme o s. 9 @ 1 Chargesin |
Ll . o molecules
Thin gold Tewven . shift
leaf » e .:. K .
"X X EE.
{.;:N{m LR e Positive end
ylec ELEZ attracted to
REPULSIVE FORCE ‘ rod
Gold leaf
Deflection Positively
scale charged end
of molecule

INDUCTION IN PAPER




ELECTRICITY AND MAGNETISM

Electrons jump from metal
objects, neutralizing
positive ions in the dome,
and appear as a spark

e
Metal / \

dome—____

/

VAN DE GRAAFF GENERATOR

GENERATION OF IONS

A Van de Graalf generator separates electrons
from the atoms of a moving belt. The positive ions
created are carried upward by the belt, and take
electrons from atoms of a metat dome. The electric
field around the dome becomes very strong.

Foltage of \

tens of

thous arlds//
of volts R

o
/ . Millions of
Metal object s et
Plastic support / brought positive ions
Yo / near dome
/ Rotation

of belt

Belt driven by
electric motor

Positively charged belt
strips negative charges
(electrons) from dome via
meltal comnb, giving dome
a positive charge

Metal
support

Moving rubber

belt gains a
positive charge
Positive metal comb
sirips negalive
charges (electrons)

Metal
dome

Pulley
wheel

Insulating coluinn

prevenls charge
leaking away

3 Negatively charged

Every magnet

Needle is a smnall Needle is Rl s
magnel that is suspended has tw (_) uz(‘s.
Jree lo turn . in fluid or poles >

Bar Like
magnel poles
repel

MAGNET DOMAINS
Direction of
magnetization -y L
within domain Q ;
is random

V' 260 =280

ud

Domain

Bearing Dormain 4 Y
readings are boundary — S8
taken from

this scale UNMAGNETIZED IRON

Jrom belt metal plate
Base unit Connectlion o Pulley wheel
containing positive electrical
motor supply
Connection Rotation
(o negative of belt
electrical supply
MAGNETISM
MAGNETIC COMPASS MAGNETIC FIELDS AND FORCES
Walkers apd sailors use magnetic compasses fror Profile of  South-seeking Nortli-seeking
to find their way. The needle of a compass lines o I 9 Ie le
» = 5 .l filings magnelic pole pole
up with the Earth’s magnetic field, and always S Sfield -
points north-south. The Earth’s magnetism is ol )
thought to be caused by currents in its molten ]
iron core. ’

North:

Opposite “South-
seeking poles seeking
pole allract pole

Direction of magnetization
within domain has aligned
e . . .
s, Domain aligned with
N magnelization has grown

Ao ——~— Domain not aligned
witlt mnagnelization
has slirunk

)

- Direction of overall
magnelizalion
MAGNETIZED IRON
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PHYSICS

ELECTRIC CURRENT

° ® °
Regions of positive or negative charge, such as those at the
‘ C I 1 1 u terminals of a battery, force electrons through a conductor.

The electrons move from negative charge toward positive.

AN ELECTRIC CIRCUIT IS SIMPLY THE COURSE along which an e s o o Bl g iR
electric current flows. Electrons carry negative charge and can

be moved around a circuit by electrostatic forces (see pp. 40-41). Direction of

A circuit usually consists of a conductive material, such as a NMetal cu‘,’:’;f;‘”""“’

metal, where the electrons are held very loosely to their atoms, ;.

thus making movement possible. The strength of the electro-

static force is the voltage and is measured in volts (V). The ZZ ecjmns
resulting movement of electric charge is called an electric + &Y .,.,. .ol o n, g J
current, and is measured in amps (A). The higher the voltage, ¥ m' XN

the greater the current will be. But the current also depends + . o, °' "' "

.29
on the thickness, length, temperature, and nature of the Wl T B °~'

avey %%, 1B
material that conducts it. The resistance of a material is the ® B ¥
extent to which it opposes the flow of electric current, and is Direction of L
measured in ohms (Q). Good conductors have a low resistance, ~ ¢lectronflow
which means that a small voltage will produce a large current. In Electrons move from Metal
batteries, the dissolving of a metal electrode causes the freeing negalive Lo postlive B
of electrons, resulting in their movement to another electrode
and the formation of a current. RESISTANCE
Qs Lum 22 © RESISTANCE

A thin wire has a resistance to the flow of current. The
longer and thinner the wire, the higher the resistance.
An object’s resistance can be figured out by dividing
the voltage by the current (see p. 378).

Electrical components called
resistors allow current in
circuits to be controlled. The
current flowing around a
circuit can be figured out
using Ohm’s Law.

Current flowing
through resistor:
0.18 A

Ammeter.

Voltmeter
measures Negative
voltage |\ lerminal
Connecting Positive
wire terminal

Ammeter
measures
current

T‘“’ 4.5 I battery
22 Q resistor

47 Q RESISTANCE

The larger the resistor, the
smaller the current. The
smaller the resistor, the
larger the current.

Banana plug

Clip
Foliage across — Current through
wire: 0.99 1 wire: 1.21 A

Current flowing through
resistor: 0.09 A

Negalive

Cell terminal
Long, thin wire Resistance of Positive
made of nichrome wire: 0.82 Q terminal

Thick connecting
wire has little
resistance

| i
T;7 Q resistor




ELECTRIC CIRCUITS

WORKING ELECTRIC CIRCUIT

BULBS IN A CIRCUIT

In this circuit, a 4.5V battery creates
a current. As the current flows
around the circuit, it divides.

The bulbs in the circuit have

a high resistance, and they use
the energy of electrons to produce
light and heat. Two bulbs in series
(one after the other) share the
battery’s energy.

Amuneter Ioltineter
reads 1.91 A reads 1.5 V.

Foltmeter
reads 1.5 V.

Light bulb = Light bulb Connecling wire

U

. Two light bulbs
Circuit and current divide: 1.91 A share the vollage
in one wire and 2.63 A in the other so glow dimly Voltmeter measures

supply battery
voltage of 3.18 17

Amuneter
reads 4.54 A
CURRENT

o Current is a measure of the
- number of electrons passing
a particular point each
second. The current in a
nonbranching circuit is

. Positive
terminal

the same alt all points, since Negu_{il‘c

no electrons are lost. terminal Switch
Ammelter Battery
reads
2.63 A

AU

VOLTAGE

" Vollage is a measure of the force
on each electron. The greater the
force with which the electron is
moved around the circuit, the
grealer ils energy, so voltage is
also a measure of energy.

Voltmeter
measures voltage
0f2.97 V taken by
bulb

Single bulb takes full

Bulb glows voltage of 2.97 I, this is
brighily. less than 3.18 1V because of
\\ energy losses in the wires
/ /\
LIGHT BULB o1, SWITCH
Many electrical Thin metal s Lgnied Most circuits include
components can make JSilament separales some kind of switch.
use of the energy of lwo wrres A switch consists of
moving electrons. Glass metal pieces that can Metal
They include light bulb be touched together contact
bulbs. When current Connection to so that a current can
flows through the St screw thread flow, or held apart
bulb, a filament inside ‘}”Lud so that it cannol.
glows as il gets hot. e Wire from bottom
of bulb
Glass piece separales screw Metal Spring
thread from bottom of bulb. case Connecling wire Spring
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PHYSICS

Electromagnetism

ANY ELECTRIC CURRENT WILL PRODUCE magnetism that

affects iron filings and a compass needle in the same

electric current is increased by making the current-

field produced by the coil magnetizes the iron bar,

coils and permanent magnets are arranged inside an
electric motor so that the forces of electromagnetism

be used on a large scale to generate immense forces.

ELECTROMAGNETISM AFFECTING A COMPASS NEEDLE
A compass needle is a small magnet that is free to swivel around. It
normally points north-south, in line with the Earth’s magnetic field.
But when a current flows in an adjacent wire, the needle swings
around to line up with the field created by the current.

NO CURRENT, NO
MAGNETIC FIELD

Ammeter shows
that there is no
[ current flowing
in circuit

Slowing

4.5
battery.

No current
Slows in
wires

Compass
needle points
north-south

Variable
resistor
clicked off
Lo prevent
Sow of
current

;

Clip

as an ordinary, “permanent” magnet. The arrangement of
“force lines” around a wire carrying an electric current —
its magnetic field - is circular. The magnetic effect of

create rotation of a central spindle. This principle can

- PRODUCED
No current

MAGNETIC FIELD AROUND A
CURRENT-CARRYING WIRE

The magnetic field produced by a current in a single
wire is circular. Here, iron filings sprinkled around
a current-carrying wire are made to line up by the
magnetic field.

way

White
card

Iron
Jfilings

No current flowing
through wire

carrying wire into a coil. When a coil is wrapped around
an iron bar, it is called an electromagnet. The magnetic

strengthening the overall effect. A field like that of a bar
magnet (see p. 41) is formed by the magnetic fields of the
wires in the coil. The strength of the magnetism produced : : —

depends on the number of coils and the size of the current L
flowing in the wires. A huge number of machines and
appliances exploit the connection between electricity and
magnetism, including electric motors. Electromagnetic

NO CURRENT THROUGH WIRE

Each piece of iron
lines up with the
JSield to form a
circular pattern

Circular Wire carrying
magnelic field large current

CURRENT THROUGH WIRE

CURRENT FLOWING,
MAGNETIC FIELD

Ammeter

shows that
current is
Slowing

Compass
needle aligns
with magnetic
Jield produced
by current
Variable
resistor
adjusted
to allow
currernt
to flow.

Current
Sows in
wires

Compass

Current
produces
magnelic
Jield




ELECTROMAGNETISM

ELECTROMAGNETS

THE STRENGTH OF AN ELECTROMAGNET

An electromagnet is a coil of wire wrapped around an iron
bar. 1t behaves like a permanent magnet, except that it can
be turned off. Here, the size of the magnetic force produced
by an electromagnet is measured by the number of paper
clips it can lift. The strength of an electromagnet depends
on the nummber of turns in the coil and the current {flowing
through the wire.

Field produced by Clainp

coil magnetizes

iron bar

L Ring
stand

Coil of
30 turns

ires to Clip

battery

About 15 paper
clips cling to
electromagne!

An electromagnetic crane picks up scrap
metal using a powerful electromagnet. The
electromagnet is switched on, scrap metal
containing iron clings to it, and can be moved
around. The metal is dropped by switching
the magnet off.

4.5 V battery Clip

Ballery, electromagnet,
and wires make a circuil

Ring stand
base

A SOLENOID

The maguetic field around a coil of current-carrying wire resembles
that around an ordinary bar magnet. The fields of each individual
wire add up to give the overall pattern. A coil like this, with no iron

bar at its core, is called a solenoid.

Direction of magnetic

Jield (fromn Iu%
to south pole)

Magnelic RO RRES
90|

Jield — 4
He

U0

Electric current
produces
magnetic field

Coil carries

\"

i )

)

. R
electric current L- ‘/ !

Direction of
current

Metal wire
(conductor) coated
with plastic
(insulator)

Positive

L Four 1.5 volt
terminal

cells (total of
6 volts)

Negative
terminal

L[]

. Coil
(_Jooll of of 100
50 turns /«\3‘* turns

Holds 30
paper clips

Holds 30
paper clips

,Two 4.5 V balleries
/" connected together
Lo produce lwice
the current

1.5 I baltery

EFFECT OF DOUBLING
CURRENT *

EFFECT OF DOUBLING
NUMBER OF TURNS ON COIL

ELECTRIC MOTORS

Inside the motor, an electric current is sent through a series of
wire coils one by one, providing a magnetic field around each
coil, one after the other. The magnetism of the coils interacts with
the magnetic fields of permanent magnets placed around them.
The push and pull of this interaction turns the motor. As the
rotor turns, a new coil is activated and the motion continues.

Steel casing Iron core

Coated copper wire

Y= Conunutator
makes conlacl
to each coil in

turn

Lr“'
’I‘r'rmiu(:r \Spindle

Permanent magnet
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PHYSICS

GENERATOR

)
Inside a generator, you will find coils of wire and magnets
1 ‘ I I ‘ I a 1 (or electromagnets). In the generator shown below,
‘ electromagnets spin rapidly inside stationary coils
\ 1 ° °
electricit \
|

An electric current will
Sflow if the terminal is . Terminal

connected o a circuil [ box
£
/

/

of wire. A voltage is then produced in the coils.

THERE ARE MANY WAYS TO GENERATE electricity.

The most common is to use coils of wire and

magnets in a generator. Whenever a wire and
| magnet are moved relative to each other, a
voltage is produced. In a generator, the wire is
wound into a coil. The more turns in the coil
and the faster the coil moves, the greater the
voltage. The coils or magnets spin around at
high speed, turned by water pressure, the wind,
or, most commonly, by steam pressure. The
steam is usually generated by burning coal
or oil, a process that creates pollution.
Renewable sources of electricity — such
as hydroelectric power, wind power,
solar energy, and geothermal power —
produce only heat as pollution. In a generator,
the Kinetic energy of a spinning object is
converted into electrical energy. A solar
cell converts the energy of sunlight
directly into electrical energy, using
layers of semiconductors.

; Main rotor turns in

| magnetic field produced
/by coil of wire in stator
I

Fan

Drive end

Shayft

Bearing
housing

Nondrive
end

Secondary

(exciter) rotor Coil of wire

WATER POWER
HYDROELECTRIC POWER STATION Transformer.
Water flows into a hydroelectric
power station from a reservoir

Insulator

|

Switch gear High voltage

above. 'I.ll(‘ water exerts pressure including VT TP I \ cable
on turbines within the power it . ” N
o y | . circuit w - = X
| station. The pressure pushes the - < X -
water through the turbines, turning : << ED<P<]X ~I Rotor house
| them at great speed. The turbine 2 ] /
| runs a generator, which Gate lj /#'r‘[‘
produces the electricity. . .
\ : Generator unit
Screen H Generator
" rotor turned
| by turbine
Potential energy of L — Shaft
vater admitted Francis
turns turbine 17" turbine
Gate

Curved blade

Water builds up in
reservoir and flows

through turbines Afterbay
Tailrace
Penstock IWater that
y Slows out
Draft tube has lost

some energy
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GENERATING ELECTRICITY

WIND POWER

WIND TURBINE
Energy from the wind is converted to
electricity by wind turbines. The rotating
turbine blades are connected to a generator,
which produces a voltage. The faster the
wind blows and the larger the blades, the
greater the energy available.

Lightning

conductor

Hut can be rotated

Hut into the wind
Generator
. A ¥ Gears increase or
] decrease speed of
| 4 A rotation
. A
4
» “'

blade

WIND FARM

Large numbers of
turbines stand together
in a wind farm

OTHER SOURCES
Two further examples of renewable sources are tidal power and
geothermal power. The tides are a result of the gravitational pull
of the Moon. Geothermal heat is produced by the disintegration of
radioactive atoms in the Earth’s core.

Excess hot
walter carried
away to heat

homes __ Steamn
s emerges
Stean turns
turbine to 3
produce - Hater .
electricity: [APCH:
. underground
becores
GEOTHERMAL POWER ga g
Water pumped underground is turned into high-pressure
steam by geothernal heat. The steam returns to the surface
under pressure and turns turbines.
Tidewater

Barrier

Turbines in
barrier turn
to produce
electricity

TIDAL POWER STATION
Seawater is held back by a barrage as it rises and falls, When
there is a difference in height between the water on either side of
the barrage, the water escapes through tunnels, turning turbines.

The energy of sunlight produces electricity in solar cells by causing

behind a gap, or hole. Other electrons move into the hole, leaving
holes in their atoms. This process continues all the way around a
circuit. The moving chain of electrons is an electric current.

Top layer of
semiconductor
material

Sunlight
unlight

_Current

Bottom layer of
semiconductor
‘ material

SOLAR ENERGY

electrons to leave the atoms in a semiconductor. Each electron leaves

_~" collector

| Wire to
electric
circuil

Electrons flow

Solar cells are
| usually made of
silicon crystals

SOLAR CELL

Silicon around the
atom _| circuit
| Top layer \0 Q Electron is
‘ has positive attracted by
charge___| 0 positive charge
Sunlight __| Electron
displaced
° JSrom atom
Ifo{[or i o |__ Electron moves
layer has 9. into hole created
negative o o 0 by displaced
charge 1 electron
MICROSCOPIC VIEW
I




PHYSICS

RADIATION AS PARTICLES AND WAVES

[
°
Electromagnetic g
All electromagnetic radiation has behavior typical
. . of waves, such as diffraction and interference. It

can be thought of as a combination of changing
electric and magnetic fields.

E1LECTRICITY AND MAGNETISM ARE DIRECTLY related

(see pp. 44-47): a changing electric field will produce

a changing magnetic field, and vice versa. Whenever /

an electric charge, such as that carried by an electron,

accelerates, it gives out energy in the form of electromagnetic

radiation. For example, electrons moving up and down a radio

antenna produce a type of radiation known as radio waves.

Electromagnetic radiation consists of oscillating electric and Two fields at

Oscillating
electric field Direction of wave’s
motion is at right
angles Lo the electric
and magnetic field

magnetic fields. There is a wide range of different types of right angles .
electromagnetic radiation, called the electromagnetic spectrum, Wavelength Oscillating ]
extending from low-energy radio waves to high-energy, short- magnetic field

wavelength gamma rays. This includes visible light and X rays.

Electromagnetic radiation can be seen as both a wave motion KlfllOlTONS ; .

q electromagnetic radiation also has behavior
(see pp. 30-31) or as a stream of particles called photons ‘ typical of particles. Foriexample.jiis orit TRETEIRE.
(see pp. 56-57). Both interpretations are useful, as they each provide in individual bundles called photons.

a means for predicting the behavior of electromagnetic radiation.

Antenna Radiation AV
[ spreads in all RADIO WAVES Photon as wave

' directions PRODUCTION OF RADIO WAVES packel of energy
The electric current in a radio antenna changes

/Uag;l;; tll((l direction rapidly and produces a changing
magnetic field around the antenna. This
magnetic field produces an electric field, which Red light has
in turn produces a magnetic field, and so on. long wavelength
Magnetic field produced
by electric current PHOTON OF RED LIGHT
X Blue photon has
One section of aboul twice the
the radiation energy of red

photon; the shorter
the wavelength,

ﬁfs&mc \ the higher the
: energy
Blue light has

' \— Electric circuit - shorter wavelength: !
\ ! called an oscillator waves are inore l
{Changing  produces electric - tightly packed
magnetic  current which < .
Sield changes direction OO, @ T LG

Electric field produced by
changing magnetic field

One Oscillating
Direction of wave wavelength| N 1nagnetic field
|
[ THE ELECTROMAGNETIC SPECTRUM
Fery high- |
Long-wave Medium-wave Short-wave  frequency Infrared
radio radio radio (VHF) radio Microwaves radiation
WAVELENGTH : ! . 1 | |
| (METERS) N U ! "
10 10 1% 1] 107

ENERGY
(IOULES) 104 104 102 107 10| 107 10| 1071 10|
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ELECTROMAGNETIC RADIATION

THE WHITE LIGHT SPECTRUM
IHHuman eyes can detect a range of wavelengths of electromagnetic radiation,
from “red light” to “blue light.,” When all of the wavelengths within that
range are perceived together, they produce the sensation of white light.

Glass prisu

Red light (wavelength:
6.2-7.7x 10'm)

Orange light (wavelength:
3.9-6.2x10'wm)_

Yellow light (wavelength:
5.7-3.9210°m)

Green light (wavelength:
4.95.7x10°'m) |

Blue light (wavelength:
4.5-4.9x 1071) -

Fiolet light (wavelength:
3.94.5 2 10'm)~

X RAYS

PRODUCTION OF X RAYS
Near the high-energy end of the electromagnetic spectrum come X rays. In an
X-ray tube, electrons are accelerated by a strong electric field. They then hit a

metal target, and their kinetic energy is turned into electromagnetic radiation.

Oil is used as
a coolant

Electrons leave
Jilament

High
voltage
positive
supply

Facuum

o o ]
Glass o O o I
envelope i l TLgats
Copper i Il ne tfl(;ll)fl()zlg,;em
anode ) ;
K A Jilaments
Tungsten l Fast-moving \ Heated

Jilament

target electron

X-RAY PHOTOGRAPH

The main use for X rays

is in medical photography.
Radiation from an X-ray
tube does not pass through
bone, so when an image is
recorded on paper sensitive
to X rays, an image of the
bone remains. Thus fractures
can be investigated without
the need for surgery.

Xrays

Bones can be examined
Sor fractures without the

RADIATION FROM HOT OBJECTS
The atoms of a solid vibrate (see pp. 32-33). Atoins contain electric
charges in the form: of protons and electrons. Because they vibrate,
these charges produce a range of electromagnetic radiation. The
rate of vibration — and therefore the wavelengths of radiation
produced - depends on temperature, as this steel bar shows,

Hot metal atoms produce some red light

| Steel bar

Cooler atoms radiate
invisible infrared

OBJECT HEATED TO
ABOUT 900K (627°C)

At 900K, objects give
out a range of radiation,
mainly infrared. The
graph shows how much
of each wavelength

is radiated.

No blue light
produced

Radiation now
appears yellow

OBJECT HEATED TO
ABOUT 1,500K (1,227°C)
As the metal atoms
vibrate more
vigorously, the
radiation has more
energy. It therefore
includes more of the
visible spectrumn.

More of the
spectrum is
rvadiated

Radiation now
appears white

OBJECT HEATED TO
ABOUT 1,800K (1,527°C)
Near its melting point,
the 'bar produces even
more light. The range
of light now includes
the entire visible
spectrum. This is why

The complete
visible spectrum
is radiated

need for surgery it looks bright white,
Image
B/ B
Visible Ultraviolet
radiation X rays Gunu[nu rays
: mml : I 1
10| 107 107 107 107 10" 107 10 107
10771 107 104 101 1071 10" 1071 107 107 10°
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PHYSICS

Color

THE HUMAN EYE CAN PERCEIVE ONLY a small section of the
electromagnetic spectrum (see pp. 48-49). We call this section
“visible light.” Different colors across the spectrum of visible light
correspond to different wavelengths of light. Our eyes contain cells
called cones, which are sensitive to these different wavelengths and
allow us to see in color. Three different types of cones are affected
by light in the red, green, and blue parts of the spectrum. These
correspond to the primary colors. Different light sources give out
different parts of the spectrum, which appear as different colors.
When combined, colored lights appear as different colors. This
is called the additive process. Adding primary light sources in the
correct proportions can produce the sensation of other colors in
our eyes. When light hits a pigment in an object, only some colors
are reflected. Which colors are reflected and which absorbed
depends on the pigment. This is the subtractive process. Looking
at a colored object in colored light may make it appear different.
This is because pigments can only reflect colors that are present
in the incoming light.

SOURCES OF LIGHT

This spectrum shows which
colors are produced

All colors of light together
combine lo produce white
BRIGHT FILAMENT LAMP

With a high electric current, the
' - whole spectrum of visible light is
pR— G produced (see p. 49).

LED produces colors in the
green part of the spectrum

An LED (light-emitting diode) is
made of a semiconductor, and
produces certain colors of light.

CONE SENSITIVITY

Sensitivity of green Sensitivity of blue
cone peaks in the green cone peaks in the
part of the spectrum . blue part of the

spectrum

Sensitivity of red

cone peaks in the Red

red part of the and blue

spectrum sensitivily
does not
overlap

White light
(visible) spectrumn

COLOR VISION

There are three different types of cone in the
normal human eye, each sensitive to a different
part of the spectrum. White light stimulates all
three types of cone cells.

LED appears green

GREEN LED

GREEN LED

Two colors of light very close

Red, yellow, and green light
combine to produce orange

Lamp appears
orange

I'No blue light
produced

DIM FILAMENT LAMP

together in the orange part of the
spectrum are produced

Lamp appears orange

SODIUM LAMP

With a smaller current, the
temperature of the filament
(see pp. 42-43) is low.

DIM FILAMENT LAMP

Lamp produces certain colors
in each part of the spectrum

N

and lamp appears white

FLUORESCENT LAMP

In a fluorescent lamp, chemicals
called phosphors produce colors
in many parts of the spectrum.

FLUORESCENT LAMP

All three types of cones are stimulated

In a sodium lamp, an electric current
excites electrons in sodium vapor,
giving them extra energy. The
electrons give the energy out as light.

SODIUM LAMP
Only certain colors
characleristic of neon
are produced

Lamp appears orange

NEON TUBE

In a similar way to a sodium lamp,
a neon discharge lamp produces a
characteristic orange glow.

NEON TUBE




COLOUR

ADDITIVE PROCESS

Adding red, green, and blue light in the correct
proportions can create the illusion of any other
color. These three colors are called primary
colors. A color made from adding any two
primary colors alone is called a secondary color.

MAGENTA (SECONDARY)

Primary red and primary blue
combine to appear as magenta —

WHITE LIGHT
All the primary colors together stimulate
all types of cones and appear white

RED LIGHT (PRIMARY) T
stimulates the red cone /!

ADDITIVE

SUBTRACTIVE PROCESS

These three filters contain pigments that
absorb some of the colors in the white light
passing through them from a light beneath.
By mixing primary pigments together, all
colors except true white can be produced.

BLUE (SECONDARY)

Magenta and cyan filters together
only allow blue light through —

BLACK (NO COLOR)

Ihere all three filters overlap, they
absorb all colors and appear black

MAGENTA FILTER (PRIMARY)

A primary magenta filter will
absorb all light except red and blue”

FOR THE SUBTR

G COLORED OBJECTS IN
sreen pot
appears
green

IWhite pot
reflects all
colors

(;reen pot
appears
black

IWhite pot

reflects the
blue light and
appears blue ~
IN BLUE LIGHT

When only blue light is available,
the green pigment can reflect no

green light and appears black.

o~

IN WHITE LIGHT

The green pot only reflects the
green part of the spectrum,
absorbing the other colors.

PRIMARY COLORS FOR THE

The primary pigment colors are
different to the primary light colors

COMBINING PRIMARY COLORED FILTERS

BLUE LIGHT (PRIMARY)

— Primary blue light
stimulates the blue cone

CYAN (SECONDARY)

— Primary green and primary blue
combine to appear as cyan

GREEN LIGHT (PRIMARY)
Primary green light
stimulates the green cone

YELLOW (SECONDARY)
~ Primary red and primary green
combine to appear as yellow

PROCESS

CYAN FILTER (PRIMARY)
A primary cyan filter will absorb all
light except blue and green

GREEN (SECONDARY)

Cyan and yellow filters together
only allow green light through

YELLOW FILTER (PRIMARY)

A primary yellow filter will absorb
all light except red and green

RED (SECONDARY)

Magenta and yellow filters together
only allow red light through

ACTIVE PROCESS

Bl t
COLORED LIGHT ue po

appears

Red pot black

appears

Blue pot
appears

black  black —
Red pot
appear S
red —
Green pot White pot

appears greens
IN GREEN LIGHT

When only green light is available,
the green pigment reflects green
light and appears green.

appears black?

IN RED LIGHT

When only red light is available,
the green pigment can reflect no
green light and appears black.

-




PHYSICS

Reflection and refraction

[LIGHT IS A FORM OF electromagnetic radiation

(see pp- 48-49). In free space, it travels in a straight
line at 300 million meters per second. When a heam
of light meets an object, a proportion of the rays may
be reflected. Some light may also be absorbed and
some transmitted. Without reflection, we would only
be able to see objects that give out their own light.
Light always reflects from a surface at the same angle
at which it strikes it. Thus parallel rays of light meeting
a very flat surface will remain parallel when reflected.
A beam of light reflecting from an irregular surface
will scatter in all directions. Light that passes through
an object will be refracted, or bent. The angle of
refraction depends on the angle at which the light
meets the object, and on the material from which the
object is made. Lenses and mirrors can cause light rays
to diverge or converge. When light rays converge, they
can reach a point of focus. For this reason, lenses and
mirrors can form images. This is useful in binoculars

SEEING BY REFLECTED LIGHT
Light travels out from a source and hits
objects such as this plant. The plant
reflects some of this light, a proportion

of which will enter our eyes.

Light travels

Plant is visible to
us only because it
reflects light

/ /
in all directions ’[/(é
S

Light reflects in
all directions

Eye

Convex
lens

Plant does
Some light

Plant

not emil its |

i
ix Light source

\

i

. A
Ny
0y

f K\

/

|‘.l.
/

and other optical instruments.

REFLECTING AND REFRACTING
The illustrations below show what happens when
parallel beams of light reflect regularly and
irregularly and when they refract.

Beamns
remain
parallel

— Flat surface,
such as a
mirror

Beains
scatter in all
directions

— Irregular
surface such
as paper

IRREGULAR REFLECTION

Y

Light

is bent

as it
—___enters

Glass block

W

= Light
is bent
as it
leaves

|

REFRACTION IN A GLASS BLOChK

own light! sl

enters the eye

TOTAL INTERNAL REFLECTION
When light moves from one medium to another, for example from glass to air,
some of the light will normally be reflected. When the light striking the boundary
reaches a certain angle - the critical angle - all of the light reflects back. This is
called total internal reflection. 1t is put to use in binoculars, where the light path is
folded by prisms so that it can be contained within a compact case.

Light
source

Slit produces
narrow beam ~

Srnall glass
prism ————

DEMONSTRATION OF TOTAL INTERNAL REFLECTION « Light undergoes tolal
internal reflection at
Eyepiece glass-air boundary

Focusing

mechanism ___ .
Prism
Sturdy case .

o,

Light reflects
twice in
prisms

Total
internal
reflection

Objective lens

BINOCULARS




REFLECTION AND REFRACTION

LENSES AND MIRRORS

The images below show how beams of light from a bulb are affected by  have surfaces that curve outward at the center, while concave lenses
concave and convex mirrors and lenses. Convex lenses and mirrors curve inward and are thicker at the edges.

CONCAVE LENS (BENDS LIGHT OUTWARD) CONYEX LENS (BENDS LIGHT INWARD) . Light rays converge

Convex lens bends Light rays

Light \Light rays Concave First convexr Focal length Light focused
source travel outin diverging raysinto lens diverge lens produces lens to a point
straight lines  parallel beains Convex parallel beans Concave
CONVEX MIRROR (REFLECTS LIGHT OUTWARD) mirror,

CONCAVE MIRROR (REFLECTS LIGIIT INWARD) mirror

Convex lens bends Light rays Convex lens bends Light rays

Light diverging rays into Parallel diverge as Light diverging rays into converge as f Focal
source parallel bearns light rays they reflect source parallel beams they reflect length
CONCAVE LENS LENSES IMAGE FORMATION
N Concave lenses make objects Because they focus light, convex lenses can be used to project images onto a screen.
Resul. appear smaller, and allow a The screen must be placed at a point where the rays focus in order for a clear image to
I larger field of vision. Objects be produced. Only objects that lie within a range of distances from the lens, called the
squares lying within the focal depth of field, will be in focus at any one time.
length of a convexlens 1\ g NVERTS PROJECTED IMAGE
appear larger.
; Black arrows drawn
A concave lens is _‘_% Ray 1 starts o 84l
often fitted to the Optical / par.allle[ to_ Convex lens \ on ltracing paper
rear window ofa  auxis oplicai axts
Saou 0ot tol oted! vehicle to improve a =
"!:2':&.@::?:‘. driver’s field of vision Ray'3 goes
SR through the =
s Jocal point :
S CONVEX LENS Convexr in front of -
agzggf-s A convex lens can lens the lens
e be used as a
through lens ragnifying ) §
it glass Ray 2 goes Screen
through .
centerl'gof g __ Ray 11is bent and
s, 50 63 goes through focal
undeviated point of lens
Ray 3 is bent Focused

parallel to tV image on
oplical axis screen

The rays focus on — Image is
appear the opposite side of inverted
magnified the optical axis, so vertically and
through lens the image is inverted horizontally-




PHYSICS

N

Wave behavior

ALL TYPES OF WAVES CAN COMBINE OR INTERFERE. If

two waves are in step so that the peaks coincide, the
interference results in a wave that will be larger than the
original one (constructive interference). If the waves are
out of step, the peak of one wave will cancel out the trough
of another (destructive interference). Where the waves

are equal in size, they can cancel out entirely. As waves
pass around objects or through small openings, they can

be diffracted, or bent. Diffraction and interference can be
observed in water waves, using a ripple tank. The colors seen

in soap bubbles are the result of some colors being removed
from the white light spectrum by destructive interference.
Light is reflected off the front and back surfaces of the film;
its interference is dependent upon the wavelength of the light
and the thickness of the film. The vibration of a light wave

is restricted to one plane by passing the light through a
polarizing filter. The resulting “polarized light” has found
many applications in the modern world, including in

liquid crystal displays (LCDs) and stress analysis.

Waves diffract
around edge ..

Edge of object :
placed in water~|

Bright lamp projects
light onto table top

Electric motor turns
eccentric wheel

Wires to
power
supply

Eccentric -

DIFFRACTION AND INTERFERENCE

PRINCIPLE OF SUPERPOSITION
When two waves meet, they add up or interfere, combining
their separate values. This is called the Principle of
Superposition and is common to all types of waves.

CONSTRUCTIVE INTERFERENCE
Peak of first wave Peak is point Peak
in step with peak of maximum
of second displacement
I
IThen a peak meelts a peak,
the resulting wave is larger
DESTRUCTIVE INTERFERENCE Trough
Peak of first wave is
in step with trough
of second wave A
\/\/\’/ Peak |
IWhere a peak
meets a trough,
Trough is the point the waves
of minirnum Trough cancel out
displacement

Waves radiate in
semicircles in water

Plane
waves
created
by bar

Small hole
in barrier.
Plane
waves
created
by bar.

wheel moves o
bar up and EDGE DIFFRACTION
down
-T_ - ;ﬁ Water
| \ —Shallow
tank
. ‘ o Rubber tops
Support Oscillating bar or balls on legs stop
Jor bar creates waves on unwanted
surface of water vibrations
reaching

RIPPLE TANK tank
Diffraction and interference are probably best
observed using a ripple tank. A bar moving up
and down (oscillating) creates plane waves in
shallow water. These waves bend around
edges and produce semicircular waves after
passing through a small hole.

DIFFRACTION THROUGH
SMALL HOLE

Waves interfere
constructively

Waves interfere
destructively
at this point

Circular wave
travels out in
all directions

Circular wave
produced by
oscillating ball

Oscillating ball

INTERFERENCE




WAVE BEHAVIOR

|

THIN FILM INTERFERENCE
White light reflects off the front and back
surfaces of a soap film. The two reflected
beams of light interfere. Somme wavelengths,
and therefore some colors, will be lost
from the white light by destructive
interference. Which colors are lost
depends on the thickness of the film.

__ Soap bubble
_ At this point, film is
1 x10°m thick
_ At this point, film is
3 x107m thick
- At this point, filmm is
5 x107m thick
. At this point, film is
6 x107 m thick
~ At this point, film is
S x 107 m thick

Vertical film where
two bubbles meet

Soap
bubble >~ Colors produced by
interference

Film is thicker at
bottomn as water
drains down

. Bowl
Incoming
. Light reflects red light
Incoming off back
green light surface
Reflected Reflected
waves are waves are

. y o
Light splits at

out of step in step
' Jront surface

Light splits al
Jront surface

Light reflected Light reflected ____Film thickness
back from back from increases lower
front surface JSront surface down
Light reflected Light interferes Light ref 7‘?"""1
from back destructively, so no Jr om back Light interferes
surface green light will be surface constructively
observed at this point
P Film is a few
wavelengths thick
GREEN LIGHT, DESTRUCTIVE INTERFERENCE RED LIGHT, CONSTRUCTIVE INTERFERENCE

POLARIZED LIGHT

POLARIZATION

Light is a wave motion of vibrating electric light at all can pass through. Certain liquid crystals
and magnetic fields. A polarizing filter only  can alter the direction of polarization, which is a
lets through light waves whose electric fields process used in liquid crystal displays. Stresses in
vibrate in one plane. If two polarizing filters  certain plastics can affect polarized light, and this
are arranged at right angles to each other, no is the basis of photoelastic stress testing.

iishow region
/ under low
stress
Haves of polarized Liquid crystal display contains
Light waves from  Polarizing light vibrate in one two polarized filters
unpolarized light  filter direction only .
source vibrale in

all directions v
— |y,
4
A

Polarizing filter arranged at right |

angles to first polarizing filter |
blocks light

POLARIZING FILTER LIQUID CRYSTAL DISPLAY (LCD)

Crowded stress
lines show region
under high stress

PIIOTOELASTIC
STRESS ANALYSIS

Z/} Z/ﬂ//////ﬂ//z/ﬁ
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PHYSICS

Electrons

ALL ORDINARY MATTER consists of tiny particles called
atoms (see pp. 72-73). Each atom consists of a
positively charged nucleus (see pp. 58-59)
surrounded by negatively charged electrons.
Electrons in the atom do not follow definite paths, as
planets do, orbiting the Sun. Instead, they are said to be
found in regions called orbitals. Electrons in orbitals
close to the nucleus have less energy than those farther
away and are said to be in the first electron shell.
Electrons in the second shell have greater energy.
Whenever an excited electron releases its energy by
falling to a lower shell, the energy is emitted as
electromagnetic radiation. When this radiation is visible
light, this process is called luminescence, and explains
“stimulated emission” — the process by which lasers
produce light. In one form of luminescence, called
fluorescence, certain substances glow when illuminated
by ultraviolet light. Electrons can be separated from
atoms in many ways. In a cathode ray tube, a strong
electric field tears electrons away from their atoms.
Free electrons in the tube are affected by electric and
magnetic fields. Cathode ray tubes are used in
television, where a beam of free electrons forms

the picture on the screen.

STIMULATED EMISSION

The word “laser” stands for light amplification by stimulated emission of
radiation. Laser light is generated by atoms of a substance known as the
lasing medium. One type of laser uses a crystal of ruby as the lasing medium.
In such a laser, an intense flash of light excites electrons to a higher
energy level. Somne of these electrons emit photons of light, which stimulate
other excited electrons to do the same, resulting in a kind of chain
reaction. The result is an intense beam of light with a precise frequency.
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RUBY LASER

Light emitted is
coherent

ATOMIC ENERGY LEVELS
When an electron gains energy, it inoves to a higher energy level. This is
called excitation. As excited electrons return to their original level, the extra
energy is emitted as a photon of light. This process is called luminescence.
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FLUORESCENCE
The mineral sodalite produces visible light when illuminated
by invisible ultraviolet light. This is an example of a type of
luminescence called fluorescence. The color of the light emitted 1
depends upon the difference in energy betwcen the energy
levels in atoms within the sodalite.
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ultraviolet
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SODALITE IN ULTRAVIOLET LIGHT




ELECTRONS

ELECTRON BEAMS

Anode

CATHODE RAY TUBE
Inside a cathode ray tube,
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Jork electrical
DEFLECTING THE ELECTRONS supply
Because electrons have electric Iire
charge, forces can be applied to connecting
them by electric and magnetic anode to Glass tube

fields in the cathode ray tube. The
direction of the force depends upon
the direction and type of the field.
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HOW A TELEVISION WORKS

Red, green,
and blue
electron guns

DEFLECTED ELECTRON BEAMS
At the heart of most televisions
is a cathode ray tube. Electron
beams are produced at the back
of the tube. Coils of wire around
the tube create magnetic fields,
which deflect the electron
beams to different parts of the
screen. The screen itself is
coated with phosphorescent
materials called phosphors.

Electron beams
(cathode rays)

Phosphorescent
screen
which builds up
Picture built
up as bearns
scan across
the screen

NCathode
ray tube

Electromagnetic
JSed with varying electric
signals from antenna,

Srom the electron beamn

process and amplify

PHOSPHORESCENCE
When the cathode rays hit the special
coating on a television screen, the screen
glows because it is phosphorescent.
Phosphorescence is a form of luminesccnce
where the incoming energy is not reemitted
immediately but is stored and
reemitted over a period of
time. This means that
as the cathode ray
quickly scans the picture,
the phosphor glows for
long enough for a whole
picture to form.

coils are

e Signal received
Sfrom television
anlenna consisls
of a varying
electric current

Electronic circuits

the signal
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PHYSICS

Nuclear physics

AT THE CENTER OF EVERY ATOM LIES a positively charged
nucleus. It consists of protons and neutrons. The number of
protons in the nucleus is called the atomic number. Because they
all have the same electric charge, protons repel each other.
The nucleus holds together despite this repulsion because of the
strong nuclear force (see pp. 60-61). The balance between the

repulsive force and the strong nuclear force determines whether Proton

a nucleus is stable or unstable. On the whole, small nuclei are
more stable than larger ones, because the strong nuclear force
works best over small distances. An unstable, larger nucleus can
break up or decay in two main ways, alpha decay and beta decay.
These produce alpha and beta particles. In each type of decay, the
atomic number of the new nucleus is different from the original
nucleus, because the number of protons present alters. Nuclei can
also completely split into two smaller fragments, in a process
called fission. In another nuclear reaction called fusion, small
nuclei join together. Both of these reactions can release huge
amounts of energy. Fusion provides most of the Sun’s energy,
while fission can be used in power stations to produce electricity.

RADIOACTIVITY

Smaller and
potentially
more stable

nucleus

Alpha particle:
Lo neutrons
and two protons

Large unstable
nucleus ___ A gamma ray may

also be released

1
I.'

ALPHA DECAY

An unstable nucleus may reduce its

;
size by releasing an alpha particle. New nucleus has one

more proton and one
less neutron

Tﬁ‘as[ electron

Potentially more
stable nucleus

Unstable (beta particle)
nucleus A gamma
ray may
BETA DECAY also be
In beta decay, a neutron of an unstable released

nucleus changes into a proton and an electron.
The proton remains in the nucleus, while the
electron is released at high speed.

COSMIC RAYS

The Earth is constantly
bombarded by particles from
space. They are called cosmic
rays. Most of them are
protons from atoms of the most
abundant element, hydrogen.
Occasionally, the protons collide
with atoms in the air, producing
showers of secondary particles
called secondary cosmic rays.

- Tracks lefl by cosmic rays
in a bubble chamber

Neutron _

.
AT

FLUORINE-19 NUCLEUS

The number of protons in a nucleus defines what
element the atom is. For example, all fluorine atoms
have nine protons. Fluorine has an atomic number of 9.
The number of neutrons can vary. Fluorine-19 has ten
neutrons, while fluorine-18 has nine.

Fluorine-19 has an
atomic mass of 19

Nucleus of
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Nuclear
| | diameter
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ANALYZING RADIOACTIVITY

Because of their electric charges, alpha and beta rays will be deflected
into curved paths by a strong magnetic field. Cloud chambers are used
to show these paths, as in the illustration below.

Alcohol vapor is present
in cloud chamber

Beta ray

Drops form, indicating
course of particles, from
which mass and charge
can be calculated

Gamma ray unaffected
by magnetic field

Alpha ray
Radioactive source

GEIGER-MULLER TUBE

As they pass through the air, alpha and
beta rays hit atoms, separating electrons
and creating ions, which can

be detected inside a |
Geiger-Miiller tube.

Wire to
deteclor

Radioactive
particles
enter here




NUCLEAR FISSION

A neutron hitting a large, unstable nucleus may split
or fission into two smaller, more stable fragments,
releasing large amounts of energy. Often, more

free neutrons are produced by this fission, and

these neutrons can cause other
nuclei to split. The process may
continue, involving

many nuclei in a

chain reaction.

Free

s il Large large amount Lalge amount of
parent of energy energy released
nucleus Free neutron
‘ .. Free neutron
Nucleus becoines Fission fragment .
distorted and Fission fragment (daughter nucleus) ‘
i begins to split (daughter nucleus) La‘!ge
NUCLEAR FUSION parent

Just as large nuclei can split, so some small nuclei can
join together, or fuse. Like fission, fusion can release
energy. One of the highest energy fusion reactions
involves nuclei of hydrogen, which collide at great
speed, forming a nucleus of helium.
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NUCLEAR PHYSICS

Large

releases free
neutron

-’\ Fission releases

parent nucleus
Free neutron

nucleus
Large
parent
nucleus

Free neutron

Nucleus becomes
distorted and

New nucleus of begins to split 1

helium-4 B = Jarge

. amount
Fission fragment ) of energy
(daughter nucleus) released
Free ?
Neutron ejected —. neutron Large
from helium Rate of fission pare{zl
nucleus multiplies as more nucleus
neutrons are released
A Large parent
nucleus

Steam
generator
Concrete
shielding >
Water

pressurizer—.

Steel girder
Jramework —.

Control rod ——

Reactor core_

Pump —

Moderator

(water)
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NUCLEAR POWER STATION

A nuclear chain reaction releases huge amounts of heat.
This heat can be used to generate electricity (see pp. 46-47),
in a nuclear power station. The reactions occur in the nuclear
reactor, and the heat produced is used to make steam.
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PINSICS

Particle physics

PARTICLE PHYSICS ATTEMPTS TO EXPLAIN matter and force
in terms of tiny particles. The atom, once thought to be
the smallest particle, is actually made of protons, neutrons,
and electrons. But the proton and the neutron are
themselves made up of smaller particles, known as quarks.
There are four types of forces acting between matter,
namely gravitational force, the electromagnetic

force, the strong nuclear force, and the weak
interaction. According to current theory, each of these
forces is explained by the exchange of particles called
gauge bosons between the particles of matter. For example,
the nucleus holds together as a result of the exchange of
particles called mesons (a type of gauge boson) between
the protons and neutrons present. These exchanges can be
visualized in Feynman diagrams, which show the particles
involved in each type of force. The most important tools of
particle physics are particle accelerators, which create
and destroy particles in high-energy collisions. Analysis
of these collisions helps to prove or disprove the latest
theories about the structure of matter and the origin of
forces. One of the current aims of large particle accelerators,
such as the Large Hadron Collider at CERN (see opposite),
is to prove the existence of a particle called the Higgs
boson. 1t may be responsible for giving all matter mass.

HADRONS

Protons, neutrons, and mesons are examples of hadrons. A hadron is a
particle consisting of quarks. There are six types of quarks, including the
“up” and “down” quarks. The quarks of hadrons are held together by gluons.
One “down” One “up”
quark, quark,
. - . . . .2 e .
charge: -/, charge:”/, Two “down” Anti “down”

quarks,
4 clharge: -Y,

Gluons
Total
/ charge: 1

Gluons
Total

Two “up”
charge: 0

quarks,

PROTON charge:’,  NEUTRON PI-PLUS MESON

FEYNMAN DIAGRAMS
The diagrams below show which gauge bosons are exchanged to transfer each

of the four forces. The horizontal lines represent the gauge boson, whereas
the diagonal lines and the circles represent the two inter: a(‘[mg particles.
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PARTICLE COLLISIONS
The images below show the results of collisions
between particles in particle accelerators. Particles
of opposite charge curve in different directions in
the strong magnetic field of the detector.
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When a particle and an antiparticle meet, they
destroy each other and become energy. This
energy in turn becomes new particles.
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ELECTRON-POSITRON COLLISION by collision
Here, an electron collides with its

antiparticle, a positron. The detector is

linked to a computer, which produces this

picture of the collision.
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PARTICLE PHYSICS

THE LARGE HADRON COLLIDER

MAP OF THE SITE

The Large Hadron Collider (LHC), at CERN near Geneva, will be a huge

particle accelerator, in a tunnel about 100 meters below ground. The
tunnel will be a ring 27 Kilometers long, which is already used for
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in the detector
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THE ACCELERATOR

In the main experiment of the LHC, protons injected into the ring
will be accelerated to nearly the speed of light, traveling in opposite
directions in two tubes. Centripetal force provided by powerful
electromagnets keeps the protons moving in a circle.

Very forward  here
calorimeter

Electromagnets are
kept extremely cold
by liquid helium

Each tube is 0.056 m

another particle accelerator, the Large Electron Positron (LEP) collider.
Two beams of protons will move around in tubes at very high speed,
and will be made to collide in detectors, such as the CMS (see below).
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THE COMPACT SOLENOIDAL (CMS) DETECTOR
Several detectors will be built for detecting the particles
produced by collisions in the LHC. The detectors have
different parts that detect different types of particles. The
hadron calorimeter, for example, can only detect hadrons.
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PHYSICS

Modern physics

THE SCIENTIFIC DESCRIPTION OF FORCES, energy, and matter before 1900
is known as classical physics. Modern physics — physics since 1900 —is based
on quantum theory and relativity. Quantum theory deals with the behavior of
tiny particles and very small amounts of energy. The quantum description
of the world is very different from that which our common sense would
predict. For example, it was found that a small object such as an electron
behaves both as a wave and as a particle. The differences between the
quantum world and the world of classical physics disappear on the scale of
our everyday experience. However, this leads to various paradoxes, such as
the Schrodinger’s-cat thought experiment, in which a cat is said to be both
dead and alive at the same time. Relativity also seems to contradict common
sense. It shows that measurements of distance and time are not the same for
everyone — that these are relative rather than absolute quantities. There are
two theories of relativity: special relativity is concerned with high-speed
movement at a constant velocity; general relativity is an attempt to explain
gravitation and acceleration.

SCHRODINGER’S-CAT THOUGHT EXPERIMENT
In quantum theory, a system exists in all its poison bottle, releasing deadly fumes. This sealed
possible states simultaneously until it is box and its contents are a system within which all
observed to be occupying just one of these possible states could be said to apply - either the
states. Austrian physicist Erwin Schrodinger cat is still alive, because not enough radioactive
(1887-1961) attempted to demonstrate this with material has yet decayed to release the hammer,
a thought experiment in which a cat is placed or it is dead, because sufficient material has
inside a box with a sample of a radioactive already decayed and the poisonous fumes have
material and a bottle of poison. If enough done their work. The cat is therefore both dead
radioactive material decays, it triggers the and alive, until the box is opened and its one
release of a hammer, which then breaks the observable state is revealed.

Hithin the sealed
system of the boz,
the cat occupies all
possible states

There is a 50/50 chance
that the radioactive
material will trigger the
Geiger counter

Radioactive
material

ENERGY LEVELS
Energy can exist only in multiples
of a basic unit, or quantum. Electrons
in an atom therefore exist only at
certain energy levels. Photons of
electromagnetic radiation are
emitted by atoms when their electrons
move from one level to a lower one.
The wavelength of this radiation
depends upon the difference in levels.

Above this
energy level,
electrons are

Jree of the

atom

Ex

Electron

Ground state

Wi

E (lowest
! energy level)
PARTICLES AND WAVES

Light is a wave - it produces interference
patterns (see pp. 54-55), but it is also a
stream of particles called photons. Quantum
theory shows that all particles have wavelike
properties. In the experiment below,
electrons produce an interference pattern.
The experiment works even when electrons
are sent through the apparatus individually —
which indicates that they must be interfering
with themselves.
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Screen detects More ! Fringe pattern

electrons
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MODERN PHYSICS

SPECIAL RELATIVITY

TRAVELING LIGHT

The speed of light is absolute — the same for all observers. This fact has strange
consequences, especially for objects traveling at close to the speed of light. Spacecraft
A and B are traveling at the same speed — and are therefore stationary relative to each
other. A pulse of light takes one second to pass between them. As seen from spacecraft
C, the path of the light is longer. The speed of light is fixed, and the only possible
conclusion from this is that time runs at a different rate for C than for A and B.

seen by C)

Position of B when
light reaches it (as

Path of the light
pulse in A’s and B’s
JSrame of reference—

/< Path of the light

pulse in C’s frame
of reference

P,

Position of A when
light pulse is emitted
(as seen by C)

% Spacecraft A and B are

stationary relative to
each other

1
The frame of reference /

of spacecraft C

GENERAL RELATIVITY

SPACE-TIME DISTORTION

In relativity theory, time is treated as a dimension that, together with the three
dimensions of space, forms the phenomenon of space-time. General relativity shows
how massive objects distort space-time, and this gives rise to gravitational forces. The
greater the mass, the greater the distortion. Even light does not travel through space in
a straight line - it follows the distortions of space-time around massive objects.

- Massive
object
distorting
space-time

of space-time

RELATIVE DISTANCE

For a meson particle traveling at close to the speed of light
relative to the Earth, time runs much more slowly, and so the
meson takes longer than usual to decay. Within the meson’s
frame of reference, time runs at the normal rate, but
distances become distorted - so that the Earth is flattened,
and the meson can reach the Earth’s surface before it decays.

The Earth as
seen in our

JSrame of

reference

The Earth as seen
in the meson’s
JSrame of reference

FAMOUS EQUATION

In modern physics, the mass of an object is a relative
quantity. Special relativity shows that mass is also in fact a
form of energy. Therefore, an object’s mass increases as its
energy increases. Even a stationary object has energy,
however. This rest energy can be worked out using the
famous equation shown below.

Rest 2 ‘2
m =M

Constant speed
of light, squared

Rest mass

GRAVITY AND ACCELERATION

In general relativity, there is no difference between
gravitation and acceleration. In free space, where there is
no acceleration and no gravitational force, light travels in
a straight line. However, in an accelerating frame of
reference, light appears bent, as it would be by gravity.

. % %
Inertial A 2 . )
(stationary) NG

%
Srame of . ’
reference :

L»— Light beam
travels in

Representation

Light-
beam
emilter

straight line
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Accelerating Light
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CHEMISTRY

P

AIR PUMP

The air pump shown here was operated with
levers, which worked two pistons. As the pistons
moved, they extracted air from the glass dome,
allowing experiments to be performed in an
airless environment. The first artificiat
vacuum was demonstrated in the 1650s.

Discovering

chemistry
C

HEMISTRY IS THE STUDY OF ELEMENTS and compounds, their
properties, composition, and the way they react together

to form new substances. Chemistry has an impact on our
everyday lives in many ways - not least through the chemical
industry, which is responsible for the large-scale production of
artificial fertilizers, medicines, plastics, and other materials.

THE ROOTS OF CHEMISTRY

Two ideas dominated ancient Greek
thinking about the nature of matter:

the theory of the four elements, and the
concepl that matter is composed of tiny
pieces, which the Greeks called atoms.
The four-elements theory claimed that
all matter was composed of the elements
air, fire, water, and earth. Each element
was a combination of the qualities hot or
cold and wet or dry. Earth, for example,
was cold and dry, while fire was hot and
dry. Puzzling over the nature of matter in
this way was important in the development

| of the philosophical basis of chemistry.

The practical side of the science of
chemistry was encouraged by activities
such as metallurgy and alchemy.

ALCHEMY

The main quest of alchemy was the
search for the hypothetical philosophers’
stone, which would enable alchemists
to change base metals (such as lead)
into gold. The word “al” is Arabic for
“the” and “khem” is the ancient name
of Egypt. The exact origins of alchemy
are unclear, though it seems to have
begun in Egypt during the 6th century ap.
In their search for the philosophers’
stone, alchemists developed many
important methods of working that
were of benefit to chemists.

MEDICINE AND METALLURGY
Medicine and chemistry were first
linked during the 16th century, in a
combination known as iatrochemistry.
The founder of iatrochemistry was
Paracelsus. He changed the direction
of alchemy toward a search for
medicines. The connection between
chemistry and metallurgy is not
surprising, since metals are prepared
from their ores by chemical reactions.
Much about the nature of matter was
learned by metallurgists studying
metals and ores. An important
figure in the development of
meltallurgy was Georg Bauer,

also known as Georgius Agricola.

Paracelsus and Agricola helped
enormously to put chemistry onto
a firm experimental footing.

THE SCIENCE OF CHEMISTRY

The belief that all natural phenomena
are explainable by physical laws became
fashionable among scientists in the

17th century. As a result, mystical ideas
lost much of their importance in natural
philosophy during the 17th century, and
chemistry became a true scientific
discipline. In 1661, in his book The
Sceptical Chymist, Robert Boyle attacked
the four-elements theory. He defined

an element as a pure substance that
cannot be broken down
by chemical means —
the same as the modern
definition. During this
period, various theories
sprang up to explain
chemical reactions.
Perhaps the most important
of these was the phlogiston
theory. Phlogiston was a
hypothetical substance
possessed by all matter.
When an object burned,
phlogiston was released,
leaving ash behind. A major
flaw in this theory was the
fact that when metals burn
they increase in weight. The
theory was disproved when
it was realized that oxygen
was involved in burning.
Joseph Priestley was the
first chemist to isolate
oxygen, calling it
dephlogisticated air.

VOLTAIC PILE

Alessandro Volta noticed that
when two different metals were
placed in contact with each
other they produced an electric
current. This led him to
develop the first battery, by
placing tayers of cardboard
soaked in brine between

disks of copper and zinc.
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DISCOVERING CHEMISTRY
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Antoine Lavoisier found the = N ; i
link between the process of RO = Ged Agh
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burning qnd Prlestle') § new e e ™ NG
gas. He did so by weighing 5 B B L

the reactants and products
of burning reactions very
accurately. Such careful
measurements — of mass,
temperature, and other
quantities — are a vital part
of modern quantitative
chemistry. Lavoisier
discovered that the gas
Priestley had called dephlogisticated
air was absorbed during burning,
accounting for the fact that metals gain
weight as they burn. He had therefore
shown the phlogiston theory to be false,
and made chemistry a truly quantitative
discipline. Soon after Lavoisier’s
discoveries, John Dalton restated the
ancient Greek idea of atoms in a more
modern sense. Dalton realized that atoms
of the elements combined in definite
ratios to form molecules.

ORGANIC CHEMISTRY

AND ELECTROCHEMISTRY

The 19th century saw the emergence of
organic chemistry and electrochemistry.
It had long been believed that organic
chemicals - those found in living
organisms — were somehow different
from inorganic ones. In the 1820s,
Friedrich WYWohler proved that so-called
organic substances could be produced
from inorganic ones. At about the same
time, Humphry Davy discovered several
new metallic elements by passing electric
current through various compounds -
a technique called electrolysis. The
importance of electricity to the formation
of chemical bonds was realised later in
the 19th century. Svante Arrhenius
suggested that electrolytes — compounds
or mixtures that conduct electricity — are
composed of electrically charged atoms,
which he named ions. The discovery

of the electron, in 1897, confirmed
Arrhenius’ idea. It was realized that
electrons are to be found in every atom,
and loss or gain of an electron creates
the ions that Arrhenius had predicted.
The existence of electrons was also
used in explanations of many chemical
phenomena, including so-called
oxidation and reduction (redox)
reactions and acid-base reactions.

PERIODIC TABLE

Another important advance of the 19th
century was spectroscopy, which allowed
chemists to identify elements by the light

THE PERIODIC TABLE

Dmitri Mendeleyev noticed that elements listed in
order of atomic weight showed regular, repeating
(periodic) properties. In 1869 he published a list of
all known elements in the form of a table based upon
this periodic property. He left spaces for elements
that were yet to be discovered.

they emit or absorb. Spectroscopists
discovered several chemical elements by
observing spectra they did not recognize.
With the discovery of previously
unknown elements, there was an effort
to organize the known elements into
some order. Dmitri Mendeleyev was the
first to do this successfully, in 1869. He
put the 63 elements known in his day into
a table of rows (periods) and columns
(groups), according to their properties
and atomic masses. There were several
gaps in the table, which Mendeleyev
correctly predicted would be filled

as new elements were discovered.

THE 20TH CENTURY

One of the great mysteries of chemistry
during the 19th century was the way
chemical bonds form between atoms.
One of the triumphs of the 20th century
was the explanation of bonding. The
idea that the electric charges of ions
held certain atoms together in crystals
was generally accepted, and named ionic
bonding. The covalent bond - which had
previously been suggested as a simple
sharing of electrons between atoms —
was finally fully explained in terms
of molecular orbitals in the 1930s.
The 20th century has also seen a huge
increase in the number of synthetic
materials, including plastics. This is
just one feature of the dramatic rise of
the chemical industry. Biochemistry
also advanced rapidly during the 20th
century, and the complex chemical
reactions inside living cells could finally
be figured out. Another important
advance was X-ray crystallography,
which allowed crystallographers

to figure out the structure of large

molecules, including DNA.

TIMELINE
OF DISCOVERIES

First glassworks, —

in Egypt and
Mesopotamia

Philosophers suggest —

that malter is made

of four elements
(in Greece) or five
elements (in China)

Chinese invent —

gunpowder

Henry Cavendish _

discovers
hydrogen gas

Antoine Lavoisier —

proves that inass is
conserved during
chemical reactions

Joseph Proust shows —
that elements are
always combined in
definite proportions
in a compound
(Proust’s Law)

The elements —
potassium and sodium
are the first to be
discovered using
electrolysis, by
Humphry Davy

Robert Bunsen —
invents the
Bunsen burner

Russian chemist —
Dmitri Mendeleyev
publishes his
periodic table

Siren Sorensen —

establishes the
pH scale to

measure acidity

Emilio Segre finds _
technetium, the first
artficial element

.’(()n — Egyptians use fire and
N charcoal to obtain
s000  copper from its ores
BC
25 s — First comprehensive
atomic theory
developed in Greece
by Democritus

300 sc

an 180 — The first work on
alchemy is published
in Egypt. Alchemy
reaches the Arab world

b 900 about 600 years later

1661 — Robert Boyle
questions the ideas
of the ancient Greeks
and develops a modern
definition of

1772
an element

1766 — Karl Scheele
discovers oxygen gas.
He calls it “fire air.”
Joseph Priestley
independently
discovers the gas in
England two years later

1782

1783 — Lavoisier shows
that hydrogen
burns in oxygen to
produce water

1799

1803 — English chemist
John Dalton proposes

1807  modern atomic theory

1828 — German chemist
Friedrich Wéhler
produces an organic
compound (urea) from
mnrganic reacltants

1855

1860 — Cesimn becomes
the first element to
be discovered by
spectroscopy, by
Robert Bunsen
and his colleague
Gustayv Kirchholt

1871

1884 — Svante Arrhenius
proposes his
dissociation theory,
which explains the
formation

of ions in solution

1909

1920s — X-ray crystallography
enables the deduction
of crystal structures

1957

1939 — Linus Pauling
produces the first
comprehensive
modern explanation
of chemical honding




CHEMISTRY

A SELECTION OF ELEMENTS AND COMPOUNDS

=
| These pure samples of elements and compounds show the
‘ e I I I e I l S a I I diversity of substances found in nature.
Carbon present
as graphite
CO I I I Ou I l S crystals and C
buckminsterfullerene
CHEMISTRY IS THE STUDY OF MATTER. All ordinary matter consists of tiny
units called atoms (see pp. 72-73). An element is a substance that contains
atoms of one type only. However, pure elements are rarely found in nature —
they are nearly always combined with other elements. A compound is
a substance in which the atoms of two or more elements are
combined in definite proportions. The atoms in a compound
are often bound together in units called molecules. For

example, each molecule of the compound ammonia, NH_,
consists of one atom of nitrogen, N, bound to three of

CARBON'BLACK
Elemental

i°

hydrogen, H. Atoms interact with one another during chemical & 000 cold B |
reactions, making or breaking bonds to form new substances. s iron sulfide, i
The products of a reaction often have very different RoN PYRRE Fes, TN Jivdrogen

(=]

properties to the original reactants. For example,
iron, a magnetic element, reacts with the yellow
element sulfur to produce iron(Il) sulfide,

which is neither magnetic nor yellow.

Similarly, the compound mercury(Il) oxide

Macromolecular . I
as, I, _|
crystals of 1, - &4

Elemental *3

i
is an orange powder — very different 4 . i ; '
from its constituent elements ALUMINUM : LEAD SHOT lead, Pb 10DINE & ;
‘ Powder coated with i
aluminiumn oxide, ALO, Lead |
sulfide,
PbS

Elemental
mercury, Hg

ey

\

HYDROGEN

Veins of
elemental

~— -

MERCURY

Quariz, silicon

Elemental /

o ) old, Au SALE!
nickel, Ni/ NICKEL . ; ¢ - 7
GOLD AND QUARTZ CRYSTAL
| Oxygen Bond
l MOLECULES Oxygen ae bug
MOLECULAR MODELS alom
| Many compounds exist as individual Hydrogen
molecules. Models of molecules can Hydrogen @iy
help us to understand and predict atom __
chemical reactions. Space-filling Oxygen Bond angle
models show how the atoms that . alom 105°
make up a molecule overlap. Ball o N B
| and stick models show the llnmd.s \ Bond Space-filling model Ball and stick model
and bond angles between the atoms. \_ \ beleen WATER, I,0

‘ Oxygen atoms Bond Nitrogen
‘ atom between atom

‘ L T aloms

‘ Iydrogen atom i

Carbon Nilrogen

alom
alom atom
-,\, Ilydrogen |
Hydrogen \ atom |
atom \ ] Bond
3 \ angle
B Carb 107° :
f 2 tcl)m“” Ball and
’ stick model Ball and stick model
Space-filling model Space-filling
ETHANOL, C,11L,OH model AMMONIA, NH{ !
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ELEMENTS AND COMPO

LINDS

PREPARATION OF IRON(II) SULFIDE
CHEMICAL REACTION

Test tube

Sulfur and
iron atoms
in roughly
equal
numnbers

sulfur

the

Sulfur
Iron

Iron

CORRECT PROPORTIONS EXCESS IRON

MIXING IRON AND SULFUR

Magnetic iron and
yellow sulfur
retain their
properties, and can
be easily separated,
in a mixture

(see pp. 70-71). left

Iron and sulfur
mixed but not

Not all the
can react ——

Sulfur S5
Not all of

can react

Magnel altracts
iron filings

iron

Yellow sulfur

behind

Heating the elements iron and

sulfur together causes a chemical

reaction to occur. The iron and
sulfur combine in the ratio 1:1
to form the compound iron(ll)

sulfide. With equal numbers
of iron and sulfur atoms, the

elements would combine

with 1to residue.

]

Unreacted
sulfur

RESULT WITII EXCESS SULFUR

Iron(ll)
sulfide

RESULT USING CORRECT
PROPORTIONS

MERCURY(II) OXIDE

chemically Iatch
= combined glass
MIXTURE OF IRON SEPARATING THE
AND SULFUR MIXTURE
DECOMPOSITION

Ring temperature, and escapes into the air.
stand
Oxygen escapes
Jrom tube
Clamp

| -

__ Flame would

Rin
£ provide heat

stand |

Bunsen
burner

This form
of mercury(ll)
oxide is an
orange powder

Test tube

Beads of
mercury

When heated, the compound mercury(Il) oxide decomposes
to produce its constituent elements, mercury and oxygen. The
heat provides the energy needed to break the bonds between
the atoms of the two elements. The oxygen is a gas at room

Iron(ll)
sulfide

Iron(ll)
sulfide

No residue

Test tube

—mmnmwmJ“WW
R

L Ring stand

TRON(II) SULFIDE
Iron and sulfur
chemically combine
to form iron(ll)
sulfide, FeS, which
is a gray, non-
magnetic solid at
room temperature.

Unreacted

iron

RESULT WITII EXCESS IRON

Mercury(ll) .,  mercury _ oxygen

Oxygen oxide metal gas

atom _|
=0 +
Mercury

atom _

211g0 = 2llg + O,

MOLECULAR MODEL OF REACTION \()J'_)‘g('n
CLOSE-UP VIEW molecule

A closer view of the reaction shows tiny
beads of the mercury metal produced.
The models above present a molecular
view of the reaction, while tlre equation
summarizes the reaction symbolically.
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CHEMISTRY

Mixtures

A MIXTURE CONTAINS TWO or more pure
substances (elements or compounds), which '
may be solids, liquids, or gases. For example,

air is a mixture of gases, cement is a mixture
of solids, and seawater is a mixture of solids,
liquids, and gases. A solution is a common type
of mixture, consisting of a solute (often a solid)
mixed evenly with a solvent (usually liquid).
When the solvent is water, the solute particles
are usually ions. Other types of mixtures include

AIR AS A MIXTURE
The colored balls
in this column
represent the
proportions of
gases in dry air.
Usually, air also
contains water
vapor and dust
particles.

Nitrogen (white)
makes up 78%
of the air

Oxygen (orange)
makes up 21 %

SOLUTIONS
Nickel(Il) nitrate is a solid at room temperature.
1t dissolves well in water to give a green colored
aqueous solution.

100 ml beaker

Hater (solvent)

Solid dissolves
in water

Nickeldl) nitrate
(solute)

Aqueous solution of

q . . . . . of the air nickel(Il) nitrate forms
colloids, like milk, in which the dispersed g
particles are slightly larger than ions, and R ) SOI&?&%&T&L?\I;?Q(H)
suspensions, in which they are larger still. B3489  Argon (red) makes )
p N g z .
- 3 SZEE up 0.93% of the air Particle in
Because the substances making up a mixture 5?‘-:?»?& solution
are not chemically combined (see pp. 78-79), Ky -
they can be separated easily. Chromatography mo légl[fl;
is used to separate mixtures for analysis, for Particles
example in Breathalyzers. A technique called break away

filtration is used to separate suspensions such
as muddy water. Solutions may be separated by
distillation, in which the solvent is boiled off
and collected, and the solute is left behind. If
both the solute and the solvent are liquids, then
a technique called fractional distillation is used
(see pp. 112-115).

PAPER CHROMATOGRAPHY
Ink from a felt-tip pen is dissolved in alcohol in a glass dish. The alcohol
soaks into the absorbent filter paper, carrying the ink with it. Colored ink
is a mixture of several pigments, which bind to the paper to different
extents. Those pigments that bind loosely move more quickly up the paper
than the others, and so the ink separates into its constituent pigments.

Strip of
absorbent

¢ Brown ink
Purple ink L consists of
consists yellow, red,
of red a{zd blue
and blue pigments
pigments Blue
Blue pigment
pigment Alcohol Red
Red soaks into pigment
pigment

Yellow
Pigments move piginent

up paper with

paper.
v Solution
alcohol, then of ink in
. ; / alcohol
separate \\

s — ‘_’. ><
. Glass

dish

—

PURPLE INK BROWN INK

Carbon dioxide
(black) makes up
0.03% of the air

Jrom solid

MICROSCOPIC VIEW

When a solid dissolves in a liquid solvent
such as water, the particles of the solid
break away and mix evenly and thoroughly
with particles of the liquid.

GAS CHROMATOGRAPHY
The sample for analysis is vaporized and carried through
a granulated solid by a immoving stream of an inert gas such
as helium. Different parts
of the sample travel at
different rates through
the solid, and can be
identified by a sensitive

Solid
detector. holds back
Column particles of
packed sample
with solid
Sample Inert gas
introduced at moves
this point through
| column

The sample is

. Detector
vaporized

senses
components

of sample
Inert gas (’?as milz(fzd
enters Laporl‘ ol
apparaltus sample leav

column

Pen recorder produces
chromatogram from detector signals




Bulb of

thermormeter

measures
the vapor
temperature

Clamp

Solution of

sodium
dichromate

Gas flame
heats the
fask L

Glass

Junnel

FILTRATION
FILTERING MUDDY WATER
Muddy water is a mixture. It contains some substances
in solution, and soine larger soil particles in suspension.
Filter paper acts like a sieve, allowing watcr and anything

. Filter

DLt

dissolved in it to pass through, but keeping back the paEr
F suspended particles of soil.
E Soil particles
Muddy water contains gy ed by
€ Mercury suspended soil particles Jilter paper
£ thermoimeter

reads 100°C

f b Some of the larger ~,
E ! soil particles fall to - Small |
% 3 the bottom of the flask Sask ||
1 § 250 ml
£ DISTILLATION Ly
] DISTILLING SODIUM DICHROMATE SOLUTION l
i If the solvent of a solution is boiled away, the solute
l particles are left behind. In distillation, the solvent

is boiled away and then condensed to a pure liquid,
which is collected. Here, an aqueous solution of
sodium dichromate, Na,Cr,0., is distilled.

Solution has
no large soil
particles in it

Fater
vapor
Jorms as
solution
boils

Cold water in
the condenser
jackel cools water
vapor, to form
liquid water

Cold water Harmer water
SHows into the SHows out of the
condenser jacket  condenser jacket

Pure water
collects in
the round-
bottomed

Thermorneter Slask

Condenser
Connector

Bunsen Solid

burner sodium

dichromate

Round-
bottomed flask

Pure
water

SEPARATED COMPONENTS

As the water hoils away, solid sodiuin dichromate
remains in one flask, and pure water collccts in the
other. The distillation is continucd until the components
of the mixturc have been completely separated.

= -— = MIXTURES
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CHEMISTRY

A ATOM OF BORON
[ I ] Every boron atom has five
tO I I I S a_:[]_ d O 1 e CU_l e S electrons in two electron
shells around the
EVERY ATOM CONTAINS AN equal number of electrically One electron in 2p- R T
charged protons and electrons, and a number of uncharged gﬁ’c’fraolf{,fglcf"d - likely to be found
neutrons. Neutrons and the positively charged protons are et
found in the central nucleus. The nucleus is surrounded by fé‘g‘;’;’gf;{?fﬁ orbitals.
negatively charged electrons, which take part in chemical ofsecond
bonding (see pp. 78-79). Each element has a unique atomic gﬁfé‘l‘l"o’l
number - the nuiber of protons in its atoms - though
the number of neutrons varies between different isotopes
of the element. An atom’s mass may be given simply as  nyczeus
the total number of neutrons and protons, since these
particles have nearly equal masses, far greater than that of
an electron. The relative atomic mass (RAM) is a more
precise measure, based on the accurately determined atomic
mass of a carbon isotope. The sum of the RAMs of the elements —
making up a compound is called the relative molecular electrons
mass (RMM). One mole of a substance has the same mass in Is-orbital of
in grams as its RAM or RMM. The mole is a useful unit, because Srstisteqroniiked
it specifies a fixed number of atoms, ions, or molecules.

Proton

Neutron

Each orbital
contains up Lo
two electrons

Electrical forces
belween protons and

ATOMIC ORBITALS  ¢ectrons hold atom together

S-orbitals are

spherical
P-orbitals are shaped \ ’
like dumbbells
l There are five A
» different types
Nucleus of d-orbitals Nucleus
Nucleus at
Nucleus

cenler of sphere

5 T One type o,
S-ORBITAL P-ORBITAL D-ORBITAL d_wbﬁilpa : v D-ORBITAL
RELATIVE ATOMIC MASS (RAM)
NUCLEUS OF BORON-10 NUCLEUS OF BORON-11

ISOTOPES

An element’s atoms are found in various
chemically identical forms called isotopes,
which differ only in the number of neutrons
in the nucleus. Different natural samples
of an element have the same proportions
of the different isotopes. An element’s
RAM takes into account the natural
abundances of different isotopes. The
RAM for boron is just less than 11
(actually, 10.8) since most of the

atoms in nature are of boron-11.

Neulron
Neutron
Neutrons and protons
are held together in the
nucleus by the “strong

Proton interaction”

Proton
In any atom,

most of the mass

. Boron-11 atom
is concentrated

i P Every boron atom has has six neutrons
Jive protons in ils nucleus in its nucleus

Boron-10
atom has
Jive neutrons
in its nucleus

Every boron
atom has
Jfive protons
in its nucleus
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ATOMS AND MOLECULES

One mole of any GAS MOLAR YOLUME
gas at STP would
Sill up more than 22

of these bottles

ONE LITER BOX CONTAINING ONE MOLE OF GAS
BOTTLE
MOLAR MASSES
ONE MOLE OF COPPER 126.9 grams

Copper has an RAM of 64.4,  ofiodine
so the molar mass of copper  (one mole) .
is 64.4 grams. The number B
of atoms present is 6.02 x 10%. b

64.4 grams
of copper
(one mole)

Copper is
a melallic
element

The balance has been

tared, or set lo zero, with ¢ ;}_50 ml
the empty beaker on the K\\ == beaker
pan, so that the mass of B

the sample is displayed Pan

Plastic stopper

GAS VOLUME AT STP

One mole of any gas at
standard temperature and
pressure (STP) always
occupies 22.4 liters of
space. Although the
number of particles (atoms
or molecules) making up
one mole of a gas is
extremely large, each
particle is very tiny. This
means that the volume of
a gas depends upon only
the number of particles
present, and not on the
size of each particle. The
box and the bottle (left)
give an idea of the molar
volume of any gas at STP.

ONE MOLE OF IODINE

The element iodine has an

RAM of 126.9. The molar mass
of iodine is 126.9 grams. The
number of atoms, ions, or
molecules in one mole of
any substance is 6.02 x 10% -
a figure known as
Avogadro’s number.

lodine is a
- wviolet solid at
room temperature

0.1 MOLE OF COBALT CHLORIDE
The RMM of hydrated cobalt chloride,
CoCl,.61,0, is 226.9, obtained by adding
the RAMs of each of the atoms making
up the compound. Here, a chemical
balance is used to measure accurately
0.1 mole of the substance, which has a
mass of 22.69 grams.

—  Cobalt chloride is
| o= e .
a red solid at
room lemperature

__ Accurate
chemical
balance

~.. Digital
readout.
shows that
the mass of
the samnple
is 22.69 grams

5 make exactly one liter

g

PREPARING A 0.1 M
SOLUTION OF COBALT
CHLORIDE
\ / OLUTION
b = 0.1 MOLAR SOLUTION
g.g_.,’ OF COBALT CHLORIDE
- Enough water is mixed
thoroughly with
0.1 mole of cobalt
chloride (below left) to

~

of solution. The cobalt
chloride dissolves to
form a 0.1 molar (0.1M)
solution. This is the
concentration of the
solution, sometimes
known as its molarity.

— Volumetric
Sask

_ Neck of flask
is narrow so
that it may be
accuralely
Silled

_— Etched mark
on flask

indicates one
liter capacity

Solution of
cobalt chloride
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CHEMISTRY

Group 1

1
Hydrogen

1.0

Group 2

The periodic table

THE CHEMICAL ELEMENTS CAN BE arranged according to their atomic number
(the number of protons in the nuclei of their atoms) and the way in which their
electrons are organized. The result is the periodic table. Elements at the beginning
of each horizontal row, or period, have one electron in the outer electron shell of

3 E their atoms (see pp. 72-73). All of the elements in each vertical column, or group,
- of the table have similar chemical properties because they all have the same number
Li Be of outer electrons. The elements of the last group of the table, group 18, have full
Lithium Beryllium = outer electron shells, and are inert, or unreactive. These elements are called the
6.9 %0 noble gases. Moving down the table, the length of the periods increases in steps,
: because as the atoms become larger, more types of electron orbitals become
i e available. Periods six and seven are 32 elements long, but for simplicity a series
Na Mg of elements from each of these periods is placed separately under the main table.
Sodium Magnesium |
) i Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9
23.0 24.3 , | , i | ! |
“’“‘*t — "k‘l 1 1 1 i il [ 1
19 420 ;- 21 22 23 24 25 26 27
K Ca | Sc Ti Vv Cr Mn Fe Co
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt
39.1 401 45.0 47.9 50.9 52.0 54.9 55.9 58.9
37 gal T 39 40 4 42 43 44 45
=
Rb SE Y Zr Nb Mo Tc Ru Rh
Rubidium Strontium | Yttrium Zirconium Niobium Molybdenum (| Technetium Ruthenium Rhodium
85.5 8716 . 88.9 91.2 92.9 95.9 (99) 101.0 102.9
55 56 | 571 72 73 74 75 76 77
Cs Ba | Hf Ta U Re Os Ir
Cesium Bariumn Hafnium Tantalum Tungsten Rhenium Osmium Iridium
132.9 137.3 178.5 180.9 183.9 186.2 190.2 192.2
87 88 | 89-103 104 105 106 107 108 109
Fr Ra Ung Unp | Unh Uns Uno Une
Franciuim Radium Unnilquadium || Unnilpentium || Unnilhexium || Unnilseptium || Unniloctium || Unnilennium
223.0 226.0 (261) (262) (263) (262) (265) (266)

|

ALKALI

|

|

’ KEY TO TYPES OF ELEMENTS
|| METALS

¥
O
]

ALKALINE
EARTH METALS

TRANSITION
METALS

LANTHANIDES
(RARE EARTIIS)

T
s-block

EENEEC

Relative atomic mass is estimaled,

ACTINIDES

POOR METALS

SEMIMETALS

NONMETALS

NOBLE GASES

T
lock

Disputes over the dis

covery and naming of elemnents

1-b 3 .
as element exists fleetingly . 104-109 have led o temporary systemaltic Latin names
57 58 59 60 61 62
La Ce Pr Nd Pm Sm
Lanthanun Cerium Praseodymium || Neodymium || Promethium Samarium
138.9 140.1 140.9 144.2 (145) 150.4
89 90 91 92 93 94
Ac Th Pa U Np Pu
Actinium Thorium Protactiniuimn Uranium Neptuniuin Plutoniuin
227.0 232.0 231.0 238.0 237) (242)

I
Sfblock

b L




THE PERIODIC TABLE

ARTIFICIAL ELEMENTS NOBLE GASES , 3
Uranium, atomic number 92, is the heaviest Group 18, on the right of the table, contains elements whose Group 18
element found on Earth. Heavier elements are atoms have filled outer electron shells. This means that they are
inherently unstable, because the nuclei of their inert elements, reacting with other substances only under
atoms are too large to hold together. The extreme conditions, and so forming few compounds. 2
transuranic elements, atomic numbers 93 to 109, H
are only produced artificially in the laboratory. €

Helium
Group 13 Group 14 Group 15 Group 16 Group 17 4.0
: ! 1 | | ! : I I
Atomic numnber 5 6 7 8 9 10
Chemical symbol ___|____
. B C N 0) F Ne
Name of element ___L_garon Carbon Nitrogen Oxygen Fluorine Neon
Relative atomic mass —_——1p.g 12,0 14.0 16.0 19.0 20.2
L6 14 15 16 17 18
Al Si P S Cl Ar
Aluminum Silicon Phosphorus Sulfur Chlorine Argon
EE N CroR™  Growp 12 27.0 28.1 510 52.1 55.5 10.0
28 29 30 31 32 33 34 55 36
Ni Cu Zn Ga Ge As Se Br Kr
Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
58.7 63.5 65.4 69.7 I 72.6 74.9 79.0 79.9 83.8
46 47 48 49 50 51 57 53 54
Pd Ag Cd In Sn Sb Te I Xe
Palladium Silver Cadmium " Indium Tin Antimony Tellurium lodine Xenon
106.4. 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
78 79 80 81 82 83 84 85 86
Pt Au Hg Tl Pb Bi Po At Rn
Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
195.1 197.0 200.6 204.4 207.2 209.0 210.0 (211) 222.0
: I : i
d-block p-block Different blocks of the periodic
table contain elements whose
atoms have different orbilals
Moving to the in their outer electron shells
adjacent element
Lanthanides and actinides along a period,
placed separately from rest atomic number
of periods six and seven increases by one
I 63 64 65 l 66 67 68 69 70 71
Eu Gd Th Dy Ho Er Tm Yb Lu
Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
95 96 97 98 99 100 101 102 103
Am Cm Bk Cf Es Fm Md No Lr
Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrenciumn
(243) (247) (247) (251) (254) (253) (256) (254) (257)
!
[
J-block
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CHEMISTRY

Metals and nonmetals . een

melals, lin

MOST OF THE ELEMENTS ARE METALS. Metals are usually lustrous (shiny), and, is Justrows
apart from copper and gold, are silver or gray in color. They are all good
conductors of heat and electricity, and are ductile (capable of being drawn into
wire) and malleable (capable of being hammered into sheets) to different
extents. Found at the left-hand side of the periodic table (see pp. 74-75),
metals have few outer electrons, which they easily lose to form cations.
Their compounds generally exhibit ionic bonding (see pp. 78-79).

Most nonmetals are gases at room temperature, and generally
form anions. Many simple ionic compounds are formed by

TIN

Alayer of gray aluininum
oxide coalts the particles of
aluminuin powder

ALUMINUM

metal atoms losing electrons to nonmetals, and the resulting POWDER

ions bonding to form macromolecules. Sodium and chlorine CATIONS AND ANIONS
react in this way to form sodium chloride. In nature, most

metals are found not as elements, but in compounds known as & 2 A zlel:_f;;)’l

ores. Most metals easily combine with oxygen to form metal ‘ orbililse=

oxides, and many ores consist of metal oxides. The simple
removal of oxygen is enough to extract a metal from such
an ore. The more reactive a metal is, the more energy
is needed for its extraction. Iron can be extracted
relatively easily from iron oxide, while more reactive
sodium must be extracted by a powerful electric current.

o 9 v
COPPER TURNINGS
e : Magnesiuin, a
lypical wetal,
is ductile

Nomnelal
atows have

a nearly filled
outer electron shell

NONMETAL ATOM
Gas jar

FORMATION OF SODIUM CHLORIDE =~ MAGNESIUM RIBBON Negative ion .
e ——— FROM ITS ELEMENTS .
N % When metallic sodium, Na, is gently heated and = = Gaining electrons
T placed in the nonmetallic gas chlorine, Cl,, a - : gives a slal?le ,
violent exothermic reaction occurs. The product configuralion
of the reaction is sodium chloride, NaCl - the
familiar white crystals of commmon salt.
Sodium  chlorine sodium 1 — Tiuy pieces of
netal gas ™ chioride sodium chloride
Jovin smoke
; in the jar _ :
e NONMETAL ANION
+ —
g ‘ Q Meltals have few
electrons in their
: ouler shell
2Na + Cl, - 2NaCl »
MOLECULAR VIEW Outer
Each chlorine molecule has two chlorine atoms. electron
Two sodiuin atoms react with each chlorine ovbitals
molecule, to form sodium chloride (see p. 79).
Electrons are transferred from the sodium
atomns to the chlorine atoms. Sodiun metal coaled
] with a layer of METAL ATOM
Cllorine SODIUM METAL sodiwin chloride
gas ike S rtals, sodi . P
‘ e e reacion
metal, found in group 1 with chlorine iguites
of the periodic table. piece of sodiun
i b / |, i — = Sodium lLosing outerk
‘ S odinm i< R N clilovide electrons makes
£ o So dium is the electron
CHLORINE GAS R LLL e SODIUM CHLORIDE configuratiou
Chlorine is a greenish yellow — SSLOS] Sodium chloride is a white wove stable
poisonous gas al room lemperature. T its luster solid at room temperature. 1l
Itis in group 17 ol the periodic table. . consists of macroniolecules. METAL CATION




MIETALS AND NONMETALS

EXTRACTION OF METALS
IRON FROM IRON OXIDE THE DOWNS PROCESS
Carbon can be used to extract iron from the compound iron
oxide, which is found in many iron ores. The reaction needs
a relatively low input of heat energy in order to proceed.

The industrial-scale extraction of sodium metal is normally
achieved by the clecIrolysis of molten sodium chloride. In
the Downs Process, a small amount of calcium chloride is

Watch glass Tiny picces added to the sodium chloride to lower its melting point.
of iron can
. Carbon be seen Chlorine is a useful
# powder Sodium floats on by-product

mokten sodium

chiloride — 7
== Chlorine
—

gas
produced

Iron at anode

The lid is _l_\
larnished —
i |

in the heat

orxide o
> Py -
> Tap i
Metal lid 2 i e
REACTANTS PRODUCTS Mollen sodium 3 = sl
F 09 o
produced at cathode 213N
| Ir bon I — I Downs celt
I folel i (e ron screen Py :
oxide T carbon = e TR, .
. ] Carbon dioxide b7 : :
}! Q I " 9 A leaves the B o i
| \ ' ‘ Q reacltion as a gas -
o . ] X 1 ]
| Circular wire gauze i~ 1 '?I Z,’.”"
o separates sodium and it ““; ) ”‘f(’;
. 2Fe0 + C -  2Fe + CO, chiorine i : :nli::'(ll :rilh
| SIS = - e f
Circular steel e e alei
MOLECULAR VIEW eallode i ) calc ll{lll
Iron oxide is decomposed by heat. The oxygen L Firc bricks  chloride
atoms produced bond to carbon atoms, forming Carbon anode (magnesium
carbon dioxide gas. This is a redox reaclion. resists atlack W oxide) |
L J
METALS AND OXYGEN
BURNING MAGNESIUM i
In the reverse process of extraction Magnesium  oxygen lms magnesium
from metal oxides, most pure metals t ribbon gas (11) oxide

readily combine with oxygen. Here,

. . magnesium ribbon burns with a ! e e
Smoke consists of bright white flame as it reacts with + -
Jine particles of oxygen from the air. Magnesium is | e '

magnesium(ll) used in fireworks (see pp. 100-101),
ovide and was once common in |

photographic flashbulbs.

! 2Mg + 0, = 2MgO
|
; !
This reaction Bright L o i
gives out heat white flarne MOLECULAR VIEW
(exothermi Magnesium ribbon consists of millions of magnesium
,-e(,?lig(;,) 4 ' atoms, Mg, only. Oxygen in the air cxists as diatomic

molecules. During the reaction, bonds form between
the magnesium atoms and oxygen atoms.

MAGNESIUM(II) OXIDE ASH

After burning, an ash of

magnesium(ll) oxide, MgO,

is left. This is a white White ash
compound of magnesium
(a metal) and oxygen
(a nommetal).

Metal lid
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ATOMIC FORCE
MICROSCOPE IMAGE

Bonds between atoms

ATOMS CAN JOIN - OR BOND - in many ways. Instruments called atomic force
microscopes produce images of actual atoms, revealing these bonds. The two most
important types of bonding are ionic bonding and covalent bonding. Compounds
are referred to as ionic or covalent depending on the type of bonding that they
exhibit. In ionic bonding, a transfer of electrons from one atom to another creates
two ions with opposing electric charge. The transfer is generally from a metal to

a nonmetal (see pp. 76-77). Electrostatic attraction between the ions of opposite
charge holds them together. Ionic compounds form macromolecules - giant
structures consisting

of millions of ions. A
familiar example of

an ionic compound

is sodium chloride
(common salt). Each
grain of common salt is
a macromolecule. Atoms
that are bound covalently share electrons in their
outer electron shells. These shared electrons are
found within regions called molecular orbitals.
Another important type of bonding, hydrogen
bonding, occurs between molecules of many
hydrogen-containing compounds, and is the cause
of some of the unusual properties of water.

COVALENT AND IONIC COMPOUNDS

Flane

This image shows atoms of gold
on a graphite surface. The colors
are added to the image for
clarity. The graphite atoms are
joined by covalent bonds.

Gas
Sfame

l Glass
1

~ ‘.
Gas burner \

RELATIVE MELTING POINTS
A covalent compound melts when the
weak bonds between its molecules

Candle

The mantle

SN = reaches such a

2 I) = high temperature
= = in the gas flame
e that it glows, but

still does not melt

Valve
GAS LAMP,
- i WITH MANTLE
< -7

1. NEUTRAL ATOMS OF LITHIUM AND FLUORINE

2s-orbital holds only
one electron

2p-orbital

Is-orbital 2s-orbital

Electron transfe

| 1tomn of lithium, An atom of
a metallic Sfuorine, a non-
element metallic eleinent |

Second electron
shell holds seven
electrons

Wax melts 18 b .
break. An ionic substance consisis of

and then : :
vaporizes in ions held together by strong bonds in
the heal of the a giant macromolecule. More energy
candle flame is needed to break these bonds, so

Candle wax is
quite soft, and
mells easily, like
many covalent
compounds

ionic substances generally have
higher melting points than
covalent ones. Candle wax
(covalent) melts at a lower
temperature than a gas mantle
(ionic), which can be heated
until it glows white hot

T

1s-orbital

Lithium atom loses
2s-electron to become
a lithium cation, Li*

without melting.

CANDLE WAX,

AN EXAMPLE OF IONIC BONDING

2. ELECTRON TRANSFER

Shell now holds eight
electrons and is filled

Oppositely charged ions
attract each other

Li* ion

Fluorine atom gains
an electron to become
a fluoride anion, ¥~

A COVALENT COMPOUND

5. IONIC BONDING: LITHIUM FLUORIDE

~1
@




BONDS BETWEEN ATOMS

MOLECULAR ORBITALS
The outer electron orbitals (see pp. 72-73) of atoms
can overlap to form molecular orbitals, which make
the covalent bond. Sometimes, s- and p-orbitals of an
atom form combined orbitals, called hybrid orbitals,
prior to forming molecular orbitals.

Electrons found

Atoms held together by 6o v ]
within this region

attraction for shared
electrons

Electrons found

within this region - (PI) ORBITAL

Electrons found
within this region

0- (SIGMA) ORBITAL

One s-orbital and
Electrons found
within this region Sour sp’ hybrid
orbitals

Atomic
nucleus

SP*HYBRID ORBITAL

AN EXAMPLE OF COVALENT BONDING

1. NEUTRAL ATOMS OF

HYDROGEN AND FLUORINE 2p-orbital

Is-orbital holds only

one electron )
2s-orbital

Each atomic
orbital can
hold up to

two electrons 2p-orbital

Hydrogen atom Fluorine atom

attract each

Hydrogen atom

three p-orbitals form Each sp’ hybrid orbital
has this asymmetric
dumbbell shape

Electrons found
within this region

Second electron
shell holds seven
electrons

2p-orbital

1s-orbital

HYDROGEN BONDING
Hydrogen bonds occur between some hydrogen-containing motecules, such as water.
In water molecules, negatively charged electrons are concentrated around the oxygen
atom, making it slightly negatively charged relative to the hydrogen atoms. Oppositely
charged parts of neighboring molecules attract each other, forming hydrogen bonds.

e @
> @
Ll

L 4

Hater
molecule _|

Molecules

other _|

is slightly
positive _|
Oxygen atom Hydrogen ’Covalent
is slightly negative bond bond
SODIUM CHLORIDE
A macromolecule of sodium chloride forms when sodium cations
and chloride anions bond together. lons are arranged in the
macromolecule in a regular pattern, forming a crystal.
Atomic
nucleus
\I
Cubic structure of =

sodium chloride ‘ r,

lons add on lo [\ ]
structure =5 ;

Sodium cation,
Na*

lonic bond

Chioride 2
anion, C|-

SODIUM CILORIDE MACROMOLECULE

2. HYDROGEN FLUORIDE MOLECULE

o-orbital By sharing an
electron pair,
both hydrogen
and fluorine
eomplete their
outer electron
shells

Half-filled orbitals (1s- in
hydrogen and 2p- in
Sluorine) overlap

2p-orbital # 2s-orbital

2p-orbital \ Is-orbital
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| Chemical reactions

IN A CHEMICAL REACTION, THE ATOMS or ions of the reactants are rearranged to give
products with different chemical and physical properties. For example, solutions of lead
nitrate and potassium iodide react to produce a solid precipitate. Many reactions are
reversible. Brown nitrogen dioxide gas decomposes at high temperatures to form a
colorless mixture of oxygen and nitrogen monoxide. As the mixture cools, nitrogen
dioxide forms again. The reactants and products are said to be in an equilibrium, the
position of which depends on the temperature. Reactant and product concentrations
may also affect the equilibrium. Reaction rates depend upon a number of factors,
including temperature and concentration. Marble and dilute acid react
together more rapidly if the marble is powdered to give it a greater
surface area. During a chemical reaction, matter is neither created
nor destroyed, only changed from one form to another - so the
total mass of the products always equals the mass of the reactants.

EQUILIBRIUM AFFECTED

bottomed

Slask A~ ™~

N\
DOUBLE DECOMPOSITION \
REACTION
The reaction between solutions of lead
nitrate and potassium iodide is an example
of a double decomposition reaction. The
iodide ions react with the lead ions to form
a solid yellow precipitate, while potassium
nitrate is left in solution. One metal cation
of a cation-anion pair has been exchanged
for the other metal cation.

A

Conical
Sask -

P -
NITROGEN DIOXIDE, NITROGEN MONOXIDE, AND OXYGEN
The flask on the left contains nitrogen dioxide gas. At temperatures
above 140°C (284°F), the gas begins to decompose, forming
oxygen and nitrogen monoxide. Below this temperature, the
equilibrium is pushed the other way and the reaction is reversed.

Lead potassium _, potassium_ lead
. L C oLk e
nitrate iodide nitrate " iodide |

; ) _,'Vﬂﬁ
¢ . v g
b

Y

Pb(NO,), + 2Kl — 2KNO, + Pbl,

MOLECULAR VIEW

In a double decomposition reaction,
the metal cations in solution “swap
partners.” The lead ions bond to

the iodide ions, while the potassiun
ions associate with the nitrate ions
in solution.

Potassium
iodide
solution

Yellow precipitate

MOLECULAR VIEW
of lead iodide

Nitrogen dioxide molecules are in equilibrium with
diatomic molecules of oxygen and nitrogen inonoxide.

BY TEMPERATURE
Glass 1 [ \
stopper —  The gas decomposes  — —|
on heatingl ‘
3
i Reversible
reaction
symbol
Brown - Colorless
\ nitrogen mixture of
5 dioxide gas As the mixture orygen and
Glass bottle! Lead m'lrgtel ‘éf’” cools, nitrogen nitrogen
solution % Round- dioxide reforms 1 monoxide
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EQUILIBRIUM AFFECTED
BY CONCENTRATION 1

COBALT AND CHLORIDE IONS TSt e Dr i . Adding more
A pink solution of a cobalt(1l) salt : ropper water lffl,u:w.
contaius cobalt ions, Co**. When the reaction
concentrated hydrochloric acid is

Cobalt ions, Co*,

I cluster around the cobalt ions, give the solution T
forming a complex ion, CoCl;, in a pink color ‘ (_(;nl(,:,),’,ll,.(ili-x;:
a reversible reaction. The presence ooy | '

of this ion gives the solution a blue L SO oo, &
color. Adding more acid pushes the . ] ink color
equilibriuurposilion O\gr toward C“,'“"””"“h".d_ ) On (f(l(ltl.mn of relurns as
the product — the complex ion. If the hydrochloric ,  1moreacid, the coball ions

acid added solution turns

reform _
completely blue

concentration of chloride ions is
reduced by adding water, the pink
color returns. The addition of
water pushes the equilibrium
position back toward the
reactants — the siinple cobalt(11)
and chloride ions.

Complex ions,
CoCl;, turn
solution blue

Complex ions
begin to
decompose

COBALT(II) SALT
SOLUTION

ADDITION COMPLEX 10N
OF ACID SOLUTION

ADDITION OF
WATER

RATE OF REACTION Dilute acid ~ The mixture fizzes
over the beaker

MARBLE CHIPS SURFACE AREA OF REACTANT 250 ml beaker -~
Marble is one form of the ionic When dilute sulfuric acid ﬁ:--— N \ .
compound, calcium carbonate, reacts with marble (right), ¥ | §
CaCO.,. Relatively few of the ions carbon dioxide gas is produced. ’ - ! Carbon
making up large chips of marble If powdered marble is used 5 Aapt. ' dioxide gas
(below) are found on the chip (far right), more ions come into TR e - is pr Of{'“l'f’d
surfaces — most of the ions are contact with the acid, and the al a faster
within the chips. reaction proceeds more rapidly. rate
G Dilute — Bubbles of
Marble chips B acid S carbon
P -3 Coarse dioxide gas
g;"‘ < marble ~ are produced
A ™ ey e ) s Wk
Y - e B ghirs -
. — 5* ol B . 4 ~ | Fine powder &
— e T N . of marble %
L ‘Y:“-_ F= &
BEAKER WITH CHIPS
BEAKER WITH POWDER
CON S_ER\ ATI.O) OF N.IASS {?ubber Empty beaker

Powder of 1Az In every chemical reaction, mass is conserved. stopper

dilead(ll, The reaction below is carried out in a sealed - K )
lead(IV) ().z'ide) S flask to prevent the escape of the gaseous Chlor mt[ga_.s‘ . < Y

“red Imd:’ < .l product. An accurate chemical balance shows S 1) -

’ - e that there is no gain or loss of mass.

v

Dilute

hydrochloric Mixture of
acid lead chlorides
and walter-

Accurate
chemical
balance

Mass of

roducts
Tare button -

Mass of
reactants

AFTER TIIE REACTION

e
The reactants are weighed before the reaction. The balance The reactants are mixed in the conical flask, and the flask
is tared (or zeroed) with just the glassware, so that only the is quickly sealed so that no reaction products can escape.
mass of the substances inside the glassware will be displayed. The mass of products is identical to the mass of reactants.
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Concentrated
nitric aci

Oxidation and reduction

[N MANY CHEMICAL REACTIONS (see pp. 80-81), electrons are transferred
between the atoms or ions taking part. For example, when nitric acid reacts
with copper metal, copper atoms lose electrons to hecome Cu* ions, while
the acid gains electrons. An atom or ion that loses electrons (or gains
oxygen) is said to undergo oxidation, while an atom or ion that gains
electrons (or loses oxygen) undergoes reduction. Reactions that involve
oxidation and reduction are called redox reactions. When an atom or ion

is oxidized or reduced, its oxidation number changes by the number of
electrons transferred. The oxidation number of any atom is 0 (zero), while
that of an element in a compound is given by Roman numerals or by the

:(’g‘” amount of charge on its ions. For example, iron exists as iron(1l) ions, Fe*,
controls in rust, where it has an oxidation number of +2. An older definition of
{zl;)zl;z::j . ’ oxidation was combination with oxygen, as happens in burning reactions.
acid into v S, ;
Separating funnel
the flask v 8/
Pt OXIDATION OF COPPER RUSTING OF IRON
AT & BY NITRIC ACID The rusting of iron is an example of a redox reaction. [ron
Gas is SR is oxidized to iron(II), with an oxidation number of +2, when
evolved as . . it reacts with water and oxygen. The resulting compound,
reaction = T — = Glass known as rust, is hydrated iron oxide. The tubes below show
takes place — A REDOX REACTION delivery that both water and oxygen are needed for rust to form.
- - When nitric acid and copper tube Oil prevents oxygen
Rubber react, each copper atom loses ! dissolving from the air
stopper two electrons and is oxidized Gas jar
to copper(ll), or C i e | 3 % T
Cu?*. Nitric acid, in o | Test tube
| which nitrogen has = =
— iy an oxidation number Oxygen is
— L_ of +5, is reduced to present in
nitrogen dioxide, air
NO,, also known
as nitrogen(1V)
oxide, in which
nitrogen has Iron nail Oxygen is
an oxidation reduced
number during
of +4. rustin
8
Round- ’1 If.m"
bottomed (e
Sask j‘”qrms, Iron in
:z',(llff/ Is nail has
Brown hdem oxidation
b | nitrogen zpn i number
Pieces of dioxide of 0
copper gas
metal
T " mitvic  _,  copper . nitrogen | Distilled
(TR < acid nitrate T dioxide * pedil water ]
contains Iron in
~ 2 no rust has
o™ dissolved oxidation
Bt = g + u -3 oxygen number

of +2

No rust Rust is

Jorms

hydrated

Cu +41INO; = Cu(NOy), + 2NO, + 21,0

MOLECULAR MODEL OF REACTION

iron oxide

AIR, NO WATER WATER, NO AIR AIR AND WATER

5
J
|




OXIDATION AND REDUCTION

COMBUSTION REACTION

All combustion reactions are redox reactions. Combustion, or burning, is defined as
. the rapid exothermic combination of a substance with oxygen. Candle wax is a mixture
of hydrocarbons, mainly the alkane C, H,. Oxygen combines with the carbon
atoms present to form carbon dioxide, and with the hydrogen atoms to form water.

. - Carbor_z qnd hydrogen e = i —  ~— Delivery
Trisdesdnet are oxidized to carbon // - - \ tube
traps gases that dm.zftde_ gas. and water {1
respectively |

are products of
the reaction

TESTING FOR THE PRODUCTS
Anhydrous copper sulfate

(see pp. 92-93) indicates the
presence of water. The presence
of carbon dioxide is indicated
by limewater (see pp. 116-117).

Ring

Water droplets i

JSorm as the
vapor condenses

Unburned carben Rubber stopper

collects as soot

Rubber stopper.

Combustion releases )t
heat, causing unburned |
wax to glow in a flarne

Products of reaction
drawn through the
glassware by pump

Near the flame, the

wax vaporizes and

combines with oxygen
Side arm

Clamp test tube .

Hick
Glass U-tube

Hax candle Lmzewaer
g (calctum
consists of o
hydrocarbons hy roxide
) solution)

Anhydrous copper(ll)
sulfate turns blue,
indicating the
presence of water

Limewater turns
milky, indicating ‘

the presence o,
carbon dioxide ‘

OXIDATION AS TRANSFER OF ELECTRONS :

pump

In many redox reactions, electrons are physically transferred
from one atom to another, as shown. Hydrocarbon + oxygen = water + carbon dioxide

Electron is
: l I _.
+ 2740, -

C,H

187 38

Ozxidation ) .
number of transferred This atom
this atom is reduced

i W

will increase

19H,0 +  18CO,

Oxidation MOLECULAR MODEL OF REACTION

number of Two molecules of the hydrocarbon C H;, react with 55 oxygen
This atom this atom molecules, producing 38 molecules of water and 36 of carbon
is oxidized will decrease” dioxide. Half of these amounts have been shown above.

. ]
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CHEMISTRY

Acids and bases

ACID IS A COMMON WORD in everyday use, but it has a precise
definition in chemistry. An acid is defined as a molecule or an
ion that can donate protons, or hydrogen ions, H*. A base is a
substance, often an oxide or hydroxide, that accepts protons,
and an alkali is a base that is water soluble. Some substances,
such as water, can act as either acids or bases, depending

on the other substances present. Acids and bases undergo
characteristic reactions together, usually in aqueous

solution, producing a salt (see pp. 86-87) and water. In solution,
acid-base reactions involve the transfer of hydronium ions or
hydrated protons, H.O*. These ions form, for example, when
hydrogen chloride gas dissolves in water. The pH scale gives
the concentration of hydronium ions in solution. As pH

falls below 7, a solution becomes more acidic. Conversely,

as pH rises above 7, the solution becomes more alkaline.

The pH of a solution can be estimated using pigments called
indicators, or measured accurately with a pH meter.

UNIVERSAL INDICATOR PAPER

This sample of This ammonia-based

hydrochloric domestic cleaner has =
acid has a pH a pH of :
of about 1 about 10 N

Strip of

universal

indicator

paper

HYDROCHLORIC ACID DOMESTIC CLEANER

Pure distilled water < The pH of liquid soap,
has a plf of 7 y 4 a weak alkali, is
and is neutral " 4 about 8

Hatch glass

DISTILLED WATER LIQUID SOAP

Digital
pll meter,

Hire to
meter.

Knobs to adjust
sensitivity,

Veter reads
pllofs5.83

100 ml
beaker

THE MEANING OF pH

Hydronium
' ion, 11,0

a—

Hydroxide
ion, OH"

" | ater
G!J_ molecule
PURE WATER (NEUTRAL)

Some of the molecules of liquid water break up, or
dissociate, forming hydroxide ions, OH, and
hydrogen ions, H*, that become hydrated, H,0*. In one
liter of pure water at 20°C, there are 107 moles

(see pp. 72-73) of each type of ion. This gives a pH
value of 7 (neutral) for pure water.

Concentration of hydronium
ions lower than in pure water

Hydronium
ion

L ITater
molecule

ALKALINE SOLUTION

When an alkali is added to water, it removes protons,
1I*, from some of the hydronium ions, H.O*, present,
forming more water molecules. The lower the
concentration of H.0, the higher the pH. Typically, a
weakly alkaline solution has a pH of 10, and a strongly
alkaline solution has a pll of 14.

Concentration of hydronium
ions higher than in pure water

Hydronium
ion

|

| ater
molecule

ACIDIC SOLUTION

When an acid is dissolved in water, it donates
protons, 11*, to water molecules, 11,0, making more
hydronium ions, 11,0*. Water th us acts as a base.
The concentration of hydronium ions increases,
and the pH decreases.

Electronic probe measures coneentration of 1,0" ions
Bottle of test solution

MEASURING plI

This digital plf meter accurately measures
hydronium ion concentration. Such meters are
often used to find the pH of colored solutions,
which could mask the true color of indicators.
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ACIDS AND BASES

NEUTRALIZATION OF AN ACID

When acid and alkaline solutions are mixed
Rubber l()gt-l!}e.x: in the correct gx'(_)porli(ms, !hey ]
bulb ll(‘ull('ll‘ll:(‘ each other, giving a solution of
. i pll 7. This reaction is used in a procedure
Ring stand | called titration, shown below. Titrations
are often used to calculate the
ACID ON A concentration of a solution.
HYDROGENCARBONATE
Acids react with hydrogencarbonates and — Dropper
Concentrated carbonates to produce carbon dioxide gas. The concentration of the
sulfuric acid The reaction shown is between vinegar, alkali can be calculated
S - an acid, and sodium hydrogencarbonate, il Jrom the volume of acid
S NatCO,, also kuown as sodium bicarbonate. solution used in the
W neutralization
| Sodium
bicarbonate is
Sodium used in baking
bicarbonate powder as a — Burette
i powder raising agent indicales
{ volume of
| < = - acid used
L -~ 1
o
- — Volume scale
Separating Bubbl(js of
JSunnel ey bon
) dioxide gas
V l Ring
1 400 mnl has .o stand —
i beaker__‘_v_ : ’ . ﬁ{m— Clamp
Tap__i ! S “ l TR -
R X [ Indicator
{ solution
l turns Hydrochloric
L - colorless acid, ICl,
b bor : Rubber tube carries whenthe ¢ o |solution of
stopper Reaction produ(_’es ltydrogen chloride alkali is known ;
hydrogen chloride gas gas to water neutralized concentration
Clamp PREPAR:\TION OF ?
H‘ DROCI’ILORIC ACID ) [{jng Conical
| A solution of hydmchl.onc ;1.('1(!, HCl, stand | flask
\ may be prepared by dissolving base
hydrogen chloride gas in water. The | ne
l gas is prepared by reacting common .
1 e salt, NaCl, with concentrated sulfuric . \ -
C acid, H,80,. HCL + NaOI
becornes

Hydrogen chloride
2NaCl + H,S0,
becomes
2HCl+ Na,SO,

hydronium ions

HCL+ 11,0
becomes
H, 0"+ CI”

Ri tand

b(lgi - Hydrochloric
acid solution

Jorms

Glass dish

dissolves in water, forming

Sodium hydroxide, NaOH,
solution of unknown
concentration, witl

\ indicator solution

H,0 + NaCl

Upturned
Junnel

ANTI-SUCK-BACK DEVICE
Hydrogen chloride, HCI,
dissolves so readily in water
that it can suck the waler
back up the rubber tube and
into the reaction vessel. To
prevent this, an upturned
funnel is used. If water
begins to suck back, the water
level outside drops below
the bottom of the funuel.

Hater
Methyl orange indicator in

water turns red, indicating
an acidic solution




CHEMISTRY

Salts

FORMATION OF SALTS

In the generalized equations below, an acid reacts with three typical bases -
a hydroxide, an oxide, and a carbonate. A cation from the base combines with
the acid’s anion or negative radical, displacing the hydrogen ion to form a salt.

WHENEVER AN ACID AND A BASE neutralize each
other (see pp. 84-85), the products of the reaction
always include a salt. A salt is a compound that
consists of cations (positive ions) and anions
(negative ions). The cation is usually a metal ion,
such as the sodium ion, Na*. The anion can be a
nonmetal such as the chloride ion, CI', although
more often it is a unit called a radical. This is a
combination of nonmetals that remains unchanged
during most reactions. So, for example, when
copper(Il) oxide is added to sulfuric acid, the
sulfate radical (SO;)becomes associated with
copper ions, forming the salt copper(ll) sulfate,
CuSO0,. Salts are very widespread compounds — the
most familiar being sodium chloride, or common
salt. Mineral water contains salts, which are
formed when slightly acidic rainwater dissolves
rocks such as limestone. Water that contains large
amounts of certain dissolved salts is called hard
water (see pp. 100-101). A class of salts called acid
salts contains a positive hydrogen ion in addition to

Hydrogen ion, H

Metal cation Metal cation  jpaer
Anion or Hydrozide Anion or molecule
radical anion, OH" radical |H,0
ACID + BASE (1IYDROXIDE) - SALT + WATER
Hydrogen Metal cation Anion or  Water
ion, H* Metal radical molecule
a “1”0" Oxide anion,
2-
5 g
&
Amon or radical
ACID + BASE (OXIDE) SALT + WATER
Hydrogen ion, I Nezati il Water Cgrb.on
x 8 egaitve carponate molecule, dioxide,

‘ . Metal radical, CO}
cation

@ %
i Qflmonor

radical

Anion or
radical

Metal cation

o 9% b L

by careful titration of an acid and a base.

the usual metal cation. Acid salts can be prepared

Sulfuric

copper(il) copper(ll)
acid oxide ~  sulfate * wate
e .

gt e

H,S0,

+ Cu0 = CuSO, + HO

MOLECULAR VIEW

When the base copper(Il) oxide reacts with sulfuric acid,
copper(Il) ions take the place of the hydrogen in the
acid. The salt formed is therefore copper(Il) sulfate.
Water is the other product. The sulfate ion is a radical.

Copper(Il)
oxide powder

ACID +

COPPER(II) SULFATE

COPPER(II) OXIDE AND
SULFURIC ACID
Copper(Il) oxide, a black
powder, is a base. When
added to colorless dilute
sulfuric acid, a
neutralization reaction
occurs. Hydrogen from the
acid and oxygen from
copper(Il) oxide form water,
while copper ions and the
sulfate radical form

the salt copper(ll) sulfate.

250 ml
beaker

Dilute
sulphuric acid

Watch glass

BASE (CARBONATE) —

SALT + WATER + CARBON

Black
copperdl)
oxide

Salt forms
as copper(ll)
oxide
neutralizes
acid

Blue
solution
contains

copper
ions, Cu**

DIOXIDE




SALTS

I DISSOLVED SALTS IN MINERAL WATER
Mineral water

£ s e gomm

contains . .
L o Bubbles of steain M ater has
g2 v Jorm as the been boiled 4
3. solids . b
< water boils  away.
i
b i Solid residue
3 of salts
£a
Burette ____ : Metal Natural salts
ladle Jrom rocks
4 BOILING MINERAL WATER RESIDUE AFTER BOILING
3 Nearly all salts are ionic, and dissolve to a certain extent When mineral water is boiled, a simall amount of solid
in water. Mineral water contains simall amounts of residue is formed. This consists of salts. Pure water
W dissolved salts. They are normally invisible, because would leave no residue. The salts in mineral water
i they exist as individual ions and radicals. originate in rocks over which rainwater passes.

] ACID ON LIMESTONE

b g Limestone is one form of calcium carbonate,

. CaCoO;. It dissolves in acid to forim a calcium
salt. Carbon dioxide is evolved during the
reaction, and geologists sometimes use this as
a lest for a carbonate rock (see pp. 116-117).

Clamp =~
L 5 Block of
T limestone rock
-
i
1 Effervescence
Solution of > (fizzing) as
sodium 3 rock dissolves

hydroxide

Bubbles of carbon

2. dioxide gas
—= Calcium
X - salt forms
Ring L A S
stand
1N ACID SALTS
i In an acid salt, only some of the hydrogen Watch glass £
ions of the acid are replaced by other e ot
cations. Here, sulfuric acid is neutralized 1’”'?({7_;;:{; Z” ‘:;31[;
by the base sodium hydroxide. The volume . ati Y stot 1
of base used is noted. In a separate flask, @t ‘l“"_ ’41/ e
only half this volume of base is added to salt solulion ———
the same volume of acid, forming the acid .
salt sodium hydrogensulfate. . Soli“f”l
= hydrogensulfate
' w— lap is an acid salt
Sulfuric acid of _ : CRYSTALS OF SODIUM
_ Indicator turns unknown Sodium hydroxide HYDROGENSULFATE
Mixture qf white as the acid concentration solution of known
. sulfyr c is neutralized concentration N oeioom sulfuric _, oo Sodinth !
acid, SOd’.u’ n hydroxide acid hydrogensulfate |
hydroxide, — \
and an ! g |
indicator N % e_ + ] - o8 v |
a » @
Acid is half- 500 ml |
beaker — | NaOll +H,80, — L0 + NallsO,
i H SO. NuOH |
v < - e |

MOLECULAR VIEW
Each unit of sulfuric acid has two hydrogen
ions. Adding the right amount of sodium

hydroxide removes only one of these ious.
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CHEMISTRY

Catalysts

A CATALYST IS A SUBSTANCE that increases the rate at which

a reaction takes place but is unchanged itself at the end of the
reaction. Certain catalysts are used up in one stage of a reaction
and regenerated at a later stage. Light is sometimes considered
to be a catalyst — although it is not a substance — because it speeds
up certain reactions. This process is referred to as photocatalysis
and is very important in photography and in photosynthesis (see

pp. 100-101). Often, catalysts simply provide a suitable surface upon

which the reaction can take place. Such surface catalysis often
involves transition metals, such as iron or nickel. Surface catalysis
occurs in catalytic converters in automobiles, which speed up
reactions that change harmful pollutant gases into less harmful
ones. Enzymes are biological catalysts and are nearly all proteins.

They catalyze reactions in living organisms. For example, an enzyme

called ptyalin in saliva helps to digest or break down starch in food
to make sugars that can be readily absorbed by the body. Enzymes

are also important in turning sugar into alcohol during fermentation.

PHOTOCATALYSIS
Light can promote, or speed up, a reaction.
Here, both tubes contain a yellow precipitate
of silver bromide (see pp. 116-117). For a
period of about ten minutes, one of the tubes
has been left in a dark cupboard while the
other has been left in the light. The light has
caused silver ions to become atoms of silver.
Photographic films contain tiny granules of
silver halides, which produce silver on the
negative wherever it is hit by light.

Precipitate of silver
bromide has turned
black-brown

Test tube

Precipitate of

silver bromide Test tube

Only slight
brown color

Light speeds
up reaction

MOLECULAR MODEL OF REACTION

Black-brown color

The reaction caused by silver metal
proceeds more
slowly in the

¢ Bromine produced by
absence of light

reaction dissolves in water

TUBE LEFT IN DARKNESS

TUBE LEFT IN LIGHT

CATALYSIS AT A SURFACE

Reactant A is

Reactant B L
a diatomnic . approaM
molecule surface

Surface atoms
of catalyst

REACTANTS APPROACH SURFACE
In this reaction, one of the reactants is a
diatomic molecule that must be split
hefore it will react.

Atomn of diatomic
molecule
Reactant
bonds weakly
to surface
atom

REACTANTS BOND TO SURFACE
The reactants form weak bonds with the
surface atoms. As the diatomic molecule
bonds, it breaks into two individual atoms.

Reactants
migrate
across

surface

+

/A

w lErim T Py e

¥E S SR .F'I‘."
2

Reaction
oceurs at
surface

e b 4% A A=

REACTION TAKES PLACE

The reactants move, or migrate, across the
surface. When they meet, the reaction
takes place. The surface is unchanged.

Product of
reaction F

Catalyst
surface is
unchanged

PRODUCT LEAVES SURFACE
The reaction product leaves the surface, to
which it was very weakly bonded, and the
reaction is complete.
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CATALYSTS

' EXAMPLES OF SURFACE CATALYSTS 250 ml  Bubbles of carbon dioxide
. @ beaker coming oul of solution

CATALYTIC CONVERTER
Many automobiles are
fitted with a catalytic
converter, as part of the
exhaust system. Inside
is a fine honeycomb
structure coated with
catalysts. Harmful
carbon monoxide,
nitrogen oxides, and
unburned hydrocarbons

Cleaner
exhaust
leaves from
this end

are converted into carbon p— d /l()n(’ﬂ'mn_b
e e el Ceramic covered with
water and nitrogen. ( honeycomb platinum and
\ Exhaust gas containing has a large rhodiumn
pollutants enters here surface area
; \ SUGAR AS A
/ N s SURFACE CATALYST A E
i \ — Glass 5 3
| U-tube Carbonated drinks v
| contain carbon dioxide
1 Y gas dissolved in water. 7
I Hater prevents The carbon dioxide
] air from enlering normally comes out of
| the reaction solution quite slowly.
| v This reaction speeds up
= Carbon al a catalylic surface,
Rubber | | P~ (b[i()blg;l(. gas such as that of sugar.
= u es oul
S0Pl \ j through water The reaction speeds up in the Carbonated
I presence of sugar as a calalyst drink
- ENZYMES

FERMENTATION

Glucose and fructose are sugars found in fruit such as grapes.
Glass These sugars are turned into alcohol (ethanol) by an enzyme
bottle 3 called zymase in yeast. The zymase catalyzes the decomposition
4 A of sugars into alcohol. Carbon dioxide is also produced.

Glucose or
S => ethanol + cf'irb_on
fructose dioxide

k C
Y

Powdered

laundry

detergent

POWDERED LAUNDRY DETERGENT

Some powdered laundry detergents contain enzymes,
which catalyze the breakdown of proteins that
make up stains in clothing. The enzymes are

denatured, or damaged, at high temperatures, so

these detergents only work at low temperatures.

CH,0, = 2CHOH + 2CO

2

B - .
MOLECULAR MODEL OF REACTION

Grape juice, yeasl, Potato contains starch
water, and extra -
sugar Starch on this side has been
broken down by amylase —___ =
Yeast conlains the Sl(_u‘('h on l{n’.\' -
enzyme zymase side remains

lodine solution turns black,
indicating the presence of starch
Alcohol is
produced

Jodine solution remains
brown, indicating little starch —

DIGESTION OF STARCII
Enzymes called amylases break down starch,
forming sugars. Here, one side of a potato has
been covered in saliva, which contains an
amylase called ptyalin. The presence of starch
can be indicated using an iodine solution. Saliva
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CHEMISTRY

Heat in chemistry

HEAT 1S A FORM OF ENERGY that a substance possesses due to
the movement or vibration of its atoms, molecules, or ions.
The temperature of a substance is a measure of the average heat
(or kinetic) energy of its particles, and is a factor in determining
whether the substance is solid, liquid, or gas. Energy changes are
involved in all reactions. For example, light energy (see pp. 100-
101) and electrical energy (see pp. 96-97) can make reactions
occur or can be released as a result of reactions. Heat energy is
taken in or released by most reactions. Some reactions, such as the
burning of wood, need an initial input of energy, called activation
energy, in order for them to occur. Once established, however, the
burning reaction releases heat energy to the surroundings - it is an
exothermic reaction. Other reactions take heat from their
W, surroundings and are called endothermic reactions. The thermite
: reaction, in which aluminum metal reacts with a metal
oxide, is so exothermic that the heat released can be
used to weld metals.

ACTIVATION ENERGY
Friction between a match head and a
rough surface produces heat. This heat

the match head need to start reacting.
The heat released in this reaction begins
the burning of the wood.

— Match rubbed against
rough surface

Burning wood combines
with oxygen from the air

Maltch head contains
phosphorus

Rough surface

Thermometer
reads 21.5°C,
a few degrees
above room
temperature

EXOTHERMIC REACTION, CaCl, = Ca* + 2CI~
Compounds contain a certain amount of
energy. If the energy of the products of a
reaction is less than that of the reactants, then
heat will ke released to the surroundings. The
reaction is described as exothermic. When
caleium chloride dissolves in water, an
exothermic reaction takes place.

Digital
thermometer.

provides the energy that the chemicals in

ater from the
air condenses
and freezes on
the cold beaker

EXOTHERMIC AND ENDOTHERMIC REACTIONS

ENDOTHERMIC REACTION, NH,NO, - NH; + NO;

If the energy of the products of a reaction is more
than that of the reactants, then heat will be taken
from the surroundings. The reaction is described
as endothermic. An endothermic reaction occurs

when ammonium nitrate is dissolved in water.

250 ml
beaker. 250 ml <= A
2 T F
) beaker— / Digital
Water, C“l"“‘_‘m / \ thermometer
1o (,'I?l()l ide Water,
2 dissolves, HO
releasing ‘
; heat Ammonium
Hatch Calcium chloride Hatch nitrate powder,
glass powder, CaCl, NH,NO,

LIQUID CHLORINE
A gas becomes a liquid if cooled below its boiling point.
Here, chlorine gas has been pumped into a test tube.
Heat energy is then removed from the gas by cooling
the tube in dry ice.

Test
tube

Chlorine is a gas at
room lemperature

Liquid chlorine is
greenish yellow

| :;'(-"_

Dry ice (solid
carbon dioxide) at
-78°C inside beaker

250 ml
beaker

Ordinary water
ice forms on the
outer walls

1

T

s

Thermometer reads
13.8°C, a few degrees
below room tenperature

/ .

Ammonium
nitrate dissolves,
absorbing heat
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HEAT IN CHEMISTRY

THERMITE REACTION

Alurninum
powder REACTANTS
The thermite reaction Thick smoke
can take place between consists of small
aluminum and many particles of reaction
different metal oxides. products

Here, the reactants
are aluminum and
iron(1IT) oxide.

ITrondll)
oxide

Watch
glass

MOLECULAR MODEL OF REACTION

THERMITE WELDING
The tremendous amount of heat released by the thermite
reaction is put to good use in welding railway tracks. Iron
oxide is used, yielding molten iron as one of the reaction THE REACTION
products. The molten iron helps to make the weld. When aluminum reacts
with iron(IIl) oxide,
aluminum(1II) oxide
and iron are produced.

Pot Aluminum is a
containing very reactive metal
reactants (see pp. 94-95) and has a

greater affinity for oxygen
than iron does. The
reaction products have

15 jr
Molten iron much less energy than the

Slows into " reactants, so the reaction

gap lo make of aluminum with iron(IIT)

weld " oxide is exothermic.
| g ’ Burning magnesium strip

provides the activation
energy for the reaction

A large amount of
Metal tray heat is released

Products of the \

reaction are
aluminum
oxide and
metallic iron

Flames

Shower
of sparks
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CHEMISTRY
[

WATER OF CRYSTALLIZATION

[ ] [ ]
Crystals containing water of crystallization
5; are said to be hydrated. Heating a hydrated

crystal causes it to lose water.

EACH MOLECULE OF WATER consists of two atoms of hydrogen E == =
bound to an oxygen atom. Water reacts physically and

chemically with a wide range of elements and compounds.

Many gases dissolve in water — in particular, ammonia dissolves  Blue solution
very readily, as demonstrated by the fountain experiment. Some ?:lc oty erD
compounds, called dehydrating agents, have such a strong evaporation
affinity for water that they can remove it from other substances. COPPER(I) SULFATE SOLUTION
Concentrated sulfuric acid is so powerful a dehydrating agent Gently heating a solution of blue copper(ll) sulfate
that it can remove hydrogen and oxygen from certain compounds, eml)or“[ef,}],l,‘;.:f;.‘;ﬁf:{ f?,‘;:gﬁllﬁl:ﬂ?,?:ue s
making water where there was none before. Water is often held

Glass
dish

Blue crystals
Jorm on

in crystals of other substances, and is then called water of ==
crystallization. A compound can lose its water of crystallization Strongly
during strong heating, and is then said to be anhydrous. Adding heated
X X crystals O T,
water to anhydrous crystals can restore the water of crystallization. dehydrate T o i

Some compounds, described as efflorescent, have crystals that lose

their water of crystallization to the air. Conversely, hygroscopic

compounds have crystals that absorb water from the air.

Desiccators often employ such compounds to dry other substances.
Tripod ___}

SULFURIC ACID AS A DEHYDRATING AGENT
Substances known as dehydrating agents can either simply remove
water from a mixture, or remove hydrogen and oxygen from a

compound in the ratio 2:1, the ratio found in water. Concentrated
sulfuric acid is a very powerful dehydrating agent (below).

Gas
Same

Bunsen
Sucrose molecule is burner
made of two linked Pure Hydrogen and

sugar uni lsl carbon | oxygen form water

ANHYDROUS COPPER(II) SULFATE
Strongly heating the hydrated crystals drives off the
water of crystallization, leaving a white powder of
anhydrous copper(11) sulfate.

Sucrose = carbon + water

__| FEach water
molecule has
two atoms of
hydrogen and
one of oxygen

Bulb &,

'Y
'Y

e

—
j—
et
[=

C,H,0 - 12C +

! .. TR 2" Dropper pipelte

containing water—.

CONCENTRATED
i SULFURIC ACID, 11,SO, MOLECULAR MODEL OF REACTION
HYDRATION
Adding water hydrates
Glass dish the white powder. A Hand
blue color appears,
Stearn condenses as hydrated copper(1l)
on glass sulfate crystals form
once more. .

All the hydrogen : ‘
and oxygen will Iydrated IWater drop |

eventually be copper(ll)
removed from sulfate =
the sucrose orms i W Ta [
| J o 8 Glass :
dish

DEHYDRATION OF SUCROSE
Concentrated sulfuric acid removes
22 hydrogen atoms and 11 oxygen
atoms from each molecule of sucrose,
leaving only black carbon behiud. The
reaction evolves heat, enough to boil
the water produced and form steam.

| Carbon

Sucrose
(sugar) —

9B



WATER IN CHEMISTRY

AMMONIA FOUNTAIN
Water is a good solvent — even many gases dissolve in il.
Ammonia dissolves very readily i water, forming an
alkaline solution (see pp. 84-85). This fountain experiment
employs red litmus solution, an indicator that turns blue in
the presence of an alkali.

Indicator solution
sprays up into the flask

Amumnonia througl the nozzle
dissolves rery d
readily

Partial

vacuum
Jorms

Round-
bottomed

Sfask
Glass
dish
Ring
stand I hite
powder
Jorms —

\

\ Cla mp

VACUUM IN A FLASK
Ammonia gas in a flask
is in contact with a dish
of walter through a glass
tube. As the ammonia
dissolves in the water, it
leaves behind a partial
vacuum. Air pressure

Litmus indicator
turns blue, showing
that water with
amrmonia
dissolved is an
alkaline solution

pushes water up the | ]‘{”bb()f‘_

tube, and the nozzle - stopper

at the ellfl of the ll.ll)(* Glass

produces a fountain. ' 3 e

Valve e

Red litinus shows e lLf(,l ,/{ J;LI;:;:;;{:'Z
that the walter is ' upylhf' tube ]
slightly acidic

-

™

-

Glass
dish

Hater with
indicator
solution

EFFLORESCENCE AND HYGROSCOPY
In these Lwo processes, compounds lose or gain
waler of crystallization. Efflorescent compounds lose
their water of erystallization to the air. 1lygroscopic
compounds gain water from the air.

Sodium
carbonate

Glass dish
|

SODIUM CARBONATE DECAIIYDRATE
The white crystals of sodium carbonate decahydrate
(washing soda) shown here are efflorescent. Two
sodium ions and a carbonate ion are combined with
ten molecules of water of crystallization to form
sodium carbonate decahydrate, Na,CO,.1011,0.

SODIUM CARBONATE AFTER EXPOSURE TO AIR
When left in the air, the sodium carbonate
decahydrate crystals give up most of the water of

crystallization associated with them. The resulting
while powder, called a monohydrate, is visible
here on the surface of the crystals.

DESICCATOR
Some substances need to be kept free of moisture.
A desiccator is a device that removes moisture.  is
usually a glass container with a desiccant, or drying
agent, inside.

i Air can be
removed

Glass container, through vent

Substance

to be dried
Metal
gauze

Drying
agent is
often
e silica gel




CHEMISTRY

The activity series

ALL METAL ATOMS LOSE ELECTRONS fairly easily and become
positive ions, or cations. The ease with which a metal loses
electrons is a measure of its reactivity. Metals in groups 1
and 2 of the periodic table (see pp. 98-101), which have one
and two outer electrons respectively, are usually the most
reactive. Aluminum in group 3 is a reactive metal, but less so
than calcium in group 2. Metals can be arranged in order of
decreasing reactivity in a series known as the activity series.
In this series, zinc is placed above copper, and copper above
silver. Zinc metal is more reactive than copper and can
displace copper ions from a solution. Similarly, copper
displaces silver from solution. Electrons from the more
reactive metal transfer to the less reactive metal ions in
solution, resulting in the deposition of the less reactive metal.
Because electron transfer occurs in these reactions, they are
classified as redox reactions. The reactivity of a metal may
be characterized in many ways — for example, by its reactions
with acids. The different reactivities of metals have a practical
application in the prevention of corrosion in underwater pipes.

TABLE OF METAL REACTIVITY

ALUMINUM METAL
— . m—w_ Unreactive layer of

aluminum oxide

Cotton soaked in
mercury(Il) chloride

DISPLACEMENT OF COPPER(II)

JWerct'zry(II’) ch{f)rzde r_‘er‘noves IONS BY ZINC METAL

aluminum’s oxide layer A displacement reaction is one in which atoms or ions of one
Aluminum reacts with air substance take the place of atoms or ions of another. Here, zinc
to reform oxide layer loses electrons to copper ions and displaces copper from a blue

solution of copper(Il) sulfate. The products of this reaction

are copper metal and colorless zinc(II) sulfate solution.
REMOVING THE OXIDE LAYER

Metallic aluminum, which is used to
make kitchen foil and saucepans, seems
unreactive. Actually, aluminum is quite
high in the activity series. When pure
aluminuin is exposed to the air, a thin
layer of unreactive aluminum oxide
rapidly forms on the surfaces, preventing

further reaction. Zinc metal
dissolves
400 ml beaker lz(:;{g;]’g
ions, Zn*

Blue copper(Il)

sulfate solution
Zinedl)
Zinc is a grayish sulfate
metal, and is Blue color caused solution is
more reactive by copper(1D) colorless

than copper. ions, Cu’*

Red-brown
copper metal
Jorms as it is

displaced
JSrom solution

ZINC METAL COPPER(1l) SULFATE SOLUTION ZINC(I) SULFATE SOLUTION AND METALLIC COPPER
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THE ACTIVITY SERIES

CATHODIC PROTECTION

Sacrificial tubing of  Sleel structure Offshore

oil rig

more reactive metal -

PROTECTION OF OIL RIGS
Many metals corrode when exposed to water and air. To prevent
underwater or underground metal pipes from corroding, a more
reactive metal may be placed in contact with the pipe. Being
more reactive, this metal corrodes in preference to the pipe. This
technique, called cathodic protection, is commonly used in oil rigs.

DISPLACEMENT OF SILVER(I) IONS BY COPPER METAL

Acid solutions contain

hydrogen ions, H*, in the .
fnrn} of hydromur'n ions, , e
H,O" (see pp. 84-83). Reactive ¥ e
metals in an acid solution ' pm(.e.e‘ds‘
donate electrons to hydrogen . ‘_fa.u b‘
ions, producing hydrogen gas. p ! rapidly
Metal atoms become positive e
ions and dissolve. The more el
reactive the metal, the faster & Bubbles of
the reaction proceeds. Some -4 v~ hydrogen
metals are so unreactive that . /. gas, H,
they will react only with hot g 5~ § -
concentrated acid, and some 8 j o
will not react with acids at all. : .A”“;‘ 4"’
is a fairly -
Magnesium, Mg, is k reactive S !
a reactive metal metal L, G

Test

tube _§

Copper wire

JSormed in the
shape of a

Colorless
silver(l) nitrate
solution conlains
silver(l) ions, Ag'—_____

Glass
beaker

Copper is a
red-brown
metal

COPPER WIRE “TREE”
Here wire made from copper is formed into the
shape of a tree. This shape has a large surface
area, upon which the reaction can occur.

COPPER TREE IN SILVER NITRATE SOLUTION
When the copper wire is submerged in a
solution of silver(I) nitrate, the coppcr metal
loses electrons to the silver(l) ions.

REACTIONS OF METALS WITH DILUTE ACIDS

=

MAGNESIUM IN ZINC IN

DILUTE ACID DILUTE ACID
: Dilute
*’ Dilute sulfuric
sulfuric acid, H,50,
] acid, H,S0,
1 : Extremely
slow
Hydrogen reaction
gas is given o
== off very i lt No _8
S slowly el ) reaction
@*»ﬂ,' ‘\w
TIN IN SILVER IN PLATINUM IN

DILUTE ACID DILUTE ACID DILUTE ACID

Copper(Il)
ions, Cu?,
Jorm and
dissolve to
malke a blue
solution

A thick
layer of
needlelike
crystals of
silver metal
Jorms on '8
the copper
ree A

DEPOSITION OF SILVER CRYSTALS

The silverions are displaced to form silver
metal, which coats the copper tree. A blue
solution of copper(ll) nitrate forms.




CHEMISTRY

Electrochemistry

ELECTRICITY PLAYS A PART in all chemical reactions, because
all atoms consist of electrically charged particles (see pp. 72-73).
A flow of charged particles is called a current, and is usually
carried around a circuit by electrons, moved by an electromotive
force, or voltage. In solution, the charge carriers are ions,
which are also moved by a voltage. A solution containing ions

ALKALINE DRY CELL (VOLTAIC)
Electrochemistry is put to use in this alkaline dry cell.
Powdered zinc metal forms one electrode, while
manganese(lV) oxide forms the other. This cell produces
electricity at 1.5 volts. Batteries producing 3, 4.5, 6, or 9 volts
are made by connecting a series of these cells.

Cathode cap Mizxture of

(positive ammonium
terminal) chloride

electrolyte
Outer and
steel case powdered

zinc anode

that conducts current is called an electrolyte. There are two \’e”;(‘l’,’ gfg’r’

basic types of electrochemical systems or cells. In an electrolytic Steel nail

cell, two conductors called electrodes are dipped in an fé‘n‘zl/l‘égk"‘ lcollecls

electrolyte, and connected via an external circuit to a battery or o, St ﬁ.ofnefll,:gzz

other source of voltage. Such a cell can decompose the electrolyte Jront and

in a process called electrolysis. Electrolytic cells are also used f;‘jﬁj,‘f,ﬁf,l . “l’}’l’%‘;;

in the electroplating of metals. In a voltaic cell, electrodes of catliode negative

two different metals are dipped in an electrolyte. The electrodes Plastic terntinal

produce a voltage that can drive a current between them. Voltaic  gromme

cells are the basis of common batteries. In both types of cells, the .

anode is the electrode at which oxidation occurs, and the cathode {Zf.ifi”“"g

the one where reduction occurs. The cathode is the positive ; . Migitige
. . . . . alkaline manganese (I1) oxide

terminal of voltaic cells, but negative in electrolytic cells. Insulator cathode and graphite conductor

ELECTROLYSIS Clamp

ELECTROLYTIC DECOMPOSITION OF WATER
Passing an electric current through water
decomposes it, producing the gases hydrogen
and oxygen. A small amount of an ionic
compound is dissolved in the water to

make an electrolyte, into which

two electrodes are dipped. The Folume of iydrogen
battery removes electrons, e, produced is lwice
from one electrode, the anode, that of oxygen

and pushes them toward the

cathode. This is an example Upturned test lubegw_
of an electrolytic cell.
Al the cathode, 4¢ are .

added to 41,0, reducing
water o 2H, + 41,0

11,0% ions in electrolyte
niove toward cathode

Bubble of iydrogen gas

Hater with dissolved ions

Waler = oxygen + hydrogen
| _— 500 ml
‘ Q . ' . *‘ beaker:
. b
; 2.0 - 0, + 2hl,

MOLECULAR VIEW OF OVERALL REACTION
Each molecule of water contains one oxygen and
two hydrogen atoms. Both gases produced are
diatomic - they have two atoms per molecule —
50 two hydrogen molecules are produced for
each oxygen molecule.

Graphile
catliode

Upturned lest lube
collects oxygen gas

Al the anode, the
battery removes 4¢
Jrom 4011, oxidizing
them to O,+ 211,0

OI1" ions in electrolyte
move loward anode

" Graphile
anode Insulqled :
~ electrical wire

Bubble of
oxygen gas

Clip

Negalive
terminal

Positive
terminal

4.5 voll battery
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ELECTROCHEMISTRY

PRODUCING A YOLTAGE

When two electrodes of different metals are
dipped in an acidic solution so that they do not
touch each other, an electric voltage is set up
between them. This arrangement is called a
voltaic cell. If the two electrodes are connected
externally by a wire, the voltage causes an

Copper cathode (positive
terminal of cell)

Clip
Bubbles of hydrogen
gas produced as H*

ions are reduced to
H, gas

Dilute solution
of sulfuric
acid, H,S0,

Glass dish

1.5 volt lightbulb

Battery removes electrons from copper
l atoms of anode, forming copper ions

|___ Sulfate
ion, SOF
| ater
molecule
~— Copper
ion, Cu*
AT THE COPPER PIPE ANODE
The battery’s positive terminal draws
electrons from the anode, oxidizing
the copper atoms to copper(ll)
cations. These ions dissolve and Sulfat
move toward the cathode. . ulfate P
ion, SO
Atoms of
the key
Electron
" Copper
? — atom, Cu
" Q. Copper
-

ion, Cu*

Water
molecule

AT THE BRASS KEY CATHODE
Copper ions that have moved to
the cathode are reduced to copper
atoms by electrons from the battery.
These atoms build up on the
surface of the brass key cathode.

Electric circuil

VOLTAIC CELL

electric current to flow. In the voltaic cell
below, zinc atoms are oxidized to zinc(ll) ions
at the anode. Electrons from this oxidation flow
through the wire, illuminating the lightbulb, to
the copper cathode, where hydrogen ions in
solution are reduced to hydrogen gas.

Zinc anode (negative
terminal of cell)

Insulated
electrical
wire

Zinc
electrode
dissolves
in acid

H,
Sorne bubbles of hydrogen

ELECTROPLATING
COPPER PLATING A KEY

Zine ion, Zn*,

molecule, H,

Hydrogen ion,

Iater

Zinc atoms in electrode

molecule _———

Sulfate

ion, SO;
Electron |

Zine
electrode
dissolves |

in solution

Vater
molecule

ZINC ELECTRODE

Zinc atoms in the electrode dissolve
in the acid, losing electrons to form
cations. Oxidation occurs, so this
electrode is the anode.

Sulfate ion, SO;"I

Electron

Copper
atomns in
electrode

Diatomic
hydrogen

<
o -
- >
v T B
’
= ? s
/. . t

in solution

gas here, since zinc undergoes
local reaction with acid (see p. 33)

In electroplating, a thin layer of one metal is deposited
onto the surface of another. The item to be plated is
made the cathode in an electrolytic cell. The electrolyte
is a solution containing ions of the other metal. Here, a
brass key is plated with copper. The copper ions in

solution are replenished from a copper anode.

Battery’s positive terminal
draws electrons
JSrom copper

anode

At the anode, Cu
becomes Cu*'+ 2e

Negative terminal of
battery pushes electrons
to brass key cathode

Blue solution
of copperdl)

Copper ions,
Cu?*, move
through
solution
toward the
cathode

Copper pipe
anode

sulfate 4

Clip

COPPER ELECTRODE

Here, at the cathode, electrons
arrive from the zinc anode via the
external circuit. They reduce
hydrogen ions from the acid,
forming hydrogen gas molecules.

BRASS KEY (BEFORE)

COPPER-PLATED KEY (AFTER)
Cu?t in solution and 2¢
Jrom battery form
Cu metal at
the catliode

Brass key
cathode

—_ 600l
beaker

Rough
coating of
copper
metal
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CHEMISTRY

T] 1] 1 o t 1 POSITION IN THE PERIODIC TABLE
THE ELEMENTS OF GROUP 1 of the periodic table (see pp. 74-75) -
are called the alkali metals. Atoms of these elements have one = -
outer electron. This electron is easily lost, forming singly charged +—
cations such as the lithium ion, Li*. As with all cations, the lithium = - '_
cation is smaller than the lithium atom. All of the elements in this : o
group are highly reactive metals (see pp. 76-77). They react Ll
violently with acids, and even react with water, to form alkaline AT i
solutions (see pp. 84-85) — hence their group name. The most 5
important element in this group is sodium. Sodium forms many GROUP 1 ELEMENTS
compounds, including sodium chloride, or common salt, and The alkali metals form group 1 of the periodic table.
5 q 2 q q They are (from top):
sodium hydrogencarbonate, which is used in baking powder. By lithium (L), P N
far the most important compound of sodium in industrial use is sodium (Na), & - —— Polassium
di hvieRide. 1ui f din 1 .. inl potassium (K), o>, is a soft,
sodium hydroxide. 1t is manufactured in large quantities, mainly rubidium (Rb), . S silvery
by the electrolysis of brine (a solution of sodium chloride). Sodium Cesdiuflln (Cs), . : metal
hydroxide is a strong base, and it reacts with the fatty acids in fats and francium (F).
and oils to produce soap, which is a salt (see pp. 86-87). POTASSIUM METAL
ATOMS AND CATIONS
. . REACTION WITH WATER Atomns of the alkali metals have one electron, which is .
Red litmus solution easily lost, in their outer electron shell. The cation
formed is much smaller than the atom. Atomic and ionic

— diameters are given betow for the first four alkali metats,
Glass bowl measured in picometers (1 picometer, pm, is 10> m).
gsSpeciy Electron configurations of the elements are also given. ‘

The reaction
evolves heal

Atomic lonic ‘l
; ; diameter diameter |
Sodium skims 304 pmn 136 pm
across the
surface on a LITHIUM ATOM, 18? 28" LITHIUM ION, 18?
cushion of

steam and
hydrogen gas :

o - Alomic Iqmc
Red litmus diameter diameter
begins to turn 370 pmn 194 pm
blue as

alkaline
sodium SODIUM ATOM, 152 282 2P 38! SODIUM ION, 18* 28* 2P*

hydroxide 5

solution forms lonic
SODIUM IN INDICATOR SOLUTION diameler
A piece of pure sodium metal reacts dangerously with water. 266 pm ;
Here, red litmus indicator is dissolved in the water. Explosive X
hydrogen gas is given off by the reaction, and the litmus turns Atomic
blue with the resulting sodium hydroxide solution (above). diameter

462 pm

MOLECULAR VIEW POTASSIUM ION,
Sodium atoms lose POTASSIUM ATOM, 182282 2P¢ 382 3P° 48! [q29G2 o6 582 5P6

electrons to form sodinm
cations, Na*, which dissolve .
in water. Water molecutes . lonic
each gain an electron and diameter
split into a hydroxide anion, 294 pmn
which dissolves, and a
hydrogen atom. TV\.’O atoms e
of hydrogen combine to e
form hydrogen gas, I1,.

! 2 492 pru

RUBIDIUM ATOM, 1822822P%  RUBIDIUM ION, 18?28? 2P*
382 3P° 3D 482 4P 58! 387 3P¢ 3D 482 4P

Sodium
- metal =
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THE ALKALI METALS

SODIUM HYDROGENCARBONATE
Sodium hydrogencarbonate, NaHCO, — also known as sodium
bicarbonate - is a weak base that decomposes on heating or on
reaction with an acid, releasing carbon dioxide gas (see pp. 84-
85). This white powder is used as a raising agent in cooking, and
is an important ingredient of soda bread.

MANUFACTURE OF SODIUM HYDROXIDE
Much of the sodium hydroxide, NaOH, manufactured is made by the
mercury cathode process. This two-stage process begins with the
electrolysis of brine, NaCl, to give chlorine gas and pure sodium. The
sodium then reacts with water to give sodium hydroxide solution.
Mercury is very toxic, and this process is banned in some countries.

Sodium hydrogencarbonate
decomposes in the heat of the oven,
producing carbon dioxide gas

I"“

Soda bread

Light texture
due to bubbles

Bubbles formed
by carbon dioxide

Electrolytic cell

Sodium metal produced

Anode Chlorine gas

Brine (sodium
chloride solution)

by the electrolysis
dissolves in mercury.

J enters cell

Weaker brine
leaves cell

Pump moves
mercury and
dissolved

Dough hardens in the oven

SODA BREAD

Sodium hydrozxide (
solution leaves tank sodium to
to be evaporated tank
Liquid mercury Water
cathode TS
tank

|Steel tank lined | Hydrogen gas
with rubber /4
MERCURY CATHODE CELL

Sodium in the mercury dissolves
in water to form sodium
hydroxide solution and hydrogen

PRODUCTION OF SOAP

-
5

V'

. &8
- .
O D0 0°®

g

299 ® 84
s e e sa s
[ )
¥
®®
o0eeae
Ssannsens
*weewee
s 55880238

b-a8
-}

2.9
.9-9-9.9.9.9.9.9 4

580800995
28800008

([

[ 2
8.4
ap
"

MOLECULAR VIEW
The oil molecule shown consists of three long-chain fatty acids linked

by propane-1,2,3-triol (glycerol). Sodium hydroxide reacts with the fatty
acids from the oil to produce glycerol and the salt sodium octadecanoate.

= Sodiumn
0 hydroxide
N pellets

Glass bottle _,L

Olive o1l

Beaker

Soap forms as a layer on
the top of the mixture

LABORATORY PREPARATION
When fatty acids — weak acids
found in fats and oils - are heated I~ Glass
with sodium hydroxide, a strong .,f stirrer
base, they react to produce a

mixture of salts. The main product /
is the salt sodium octadecanoate, o {
C,;H;;,COONa (a soap). Common 2 3 =2}

salt (sodium chloride) helps to
separate the soap from the mixture.

250 ml
beaker

Oil contains
Jally acids

Sodium hydroxide i
a corrosive chemical

The mixture is
. heated

Tripod

Beaker

Comimnon
salt




CHEMISTRY

THE ELEMENTS OF THE SECOND GROUP of the periodic table
(see pp. 74-75) are called the alkaline earth metals. These elements
are reactive, because their atoms easily lose two outer electrons to
form doubly charged cations, such as the calcium ion, Ca*. Hard
water, which contains large numbers of dissolved ions, often
contains calcium ions. 1t is formed when slightly acidic water flows
over rocks containing calcium salts such as calcium carbonate. The
dissolved calcium salts can come out of solution from hard water,
forming the scale that blocks kettles and hot water pipes. It is
difficult to create a lather with soap when using hard water. In fact,
a simple way to measure the hardness of water is to titrate it with
a soap solution. Calcium compounds are an important constituent
of mortar, which is used as a cement in bricklaying. Magnesium,
another group 2 element, is found in the pigment chlorophyll, which
gives green plants their color. Alkaline earth metals are commonly
used in the manufacture of fireworks, and barium is used in
hospitals for the production of X rays of the digestive system.

Magnesium
atom

molecule. Located at the center of the
porphyrin ring in the head of the
molecule, it absorbs light energy as
part of the process of photosynthesis.

Porphyrin
ring

Phytol
side-chain

Carbon
atom

The alkaline earth metals

POSITION IN THE PERIODIC TABLE

GROUP 2 ELEMENTS

The metlals of group 2 of the periodic table are (from
top): beryllium (Be}, magnesium (Mg), calcium
(Ca), strontium (Sr), barium (Ba), and radium (Ra).

HARDNESS OF WATER

COMPARATIVE TITRATION
Hard water contains calcium

MAGNESIUM IN CHLOROPHYLL Burette hydr;)ger:i(:,arblom(ijle, l(}a(?}(lloi)z,
. or other dissolved salts. These
(%Ill:Ol?Ol’ll\ ]"‘L I salts increase the amount of soap
GREEN PLANTS X needed to produce a lather. The
Green plants contain hardness of different water
large amounts of samples may be compared by
a'vnal compound Ri titrating them with a soap
ﬁ‘lllgd (*Lll()rophyll. ' ll:fd solution of fixed concentration.
absorbs energy s
from sunlight in .
a process called Soap solution contains a little
photosynthesis. alcohol to prevent clouding
The energy is used Clamp -
10 make sugars ____ Buretlte reading is noted
(See PR % TESTING HARD WATER
from carbon dioxide [ X i
T, A A solution of liquid soap
“ in water is slowly added to a
_Green coloris caused sample of hard water. The water
by magnesiumnin is shaken occasionally, and the
A o volume of soap solution is noted
TR T when a lather begins to form.
Leaf conlains a store D_ifferenl water samples require
of energy built up by Each cell of the ; different amounts of soap.
photosynthesis leaf contains ! Ta :
chlorophyll ! . [ 2 Hater samnple
Py . Conical /
Flask is shaken ' Slask Water (bottled mineral
Vlolecule head Nitrozen occasionally | ) \,J sample weHeits Water
P MOLECULE OF CHILOROPHYLL \ (ap . | . [sample
The group 2 element magnesium | walter) (rain-
plays a vital role in the chlorophyll ‘ waler)

Hydrogen
atom

Tail of
maolecule

Covalent
bonds
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THE ALKALINE EARTH METALS

ALKALINE EARTH METALS IN FIREWORKS

Red color given by
strontium salls

Magnesium
salts give an
intense white
color

Ippendix

Pink areas

correspond
lo blocking
of X rays by
barium __]

CHARACTERISTIC COLOURS

Group 2 elements produce bright colors when heated in a flame (see pp. 116-
117). For this reason, compounds of the elements are used in fireworks. As
gunpowder in the fireworks burns, electrons in the group 2 atoms absorb heat
energy and radiate it out as light of characteristic colors.

CALCIUM COMPOUNDS IN MORTAR

PRODUCTION OF MORTAR " -

Bricklayers’ mortar is caleium hydroxide Y 4 SO

- also known as slaked lime, Ca(OH}), - K )
dissolved in water, and mixed with sand 3 =

for bulk. As the mixture dries, the slaked 250ml T

lime crystallizes out of solution, and beaker A

slowly reacts with carbon dioxide o N

in the air to form hard calcium Waler f \
-

carbonate (see below).

Sand and calcium

Spatula

Mold containing
wel mortar

BARIUM MEAL

Large
intestine

Skeleton

X-RAY PHOTOGRAPH OF DIGESTIVE SYSTEM
To obtain an X ray of the digestive system,

a “meal” of barium sulphate, BaSO,, is
administered to the patient. X rays pass
through human tissue, but are stopped

by atoms of barium.

Hater evaporates
Jrom the mixiure

Mortar hardens as il
reacts with carbon
dioxide in air to form
calcium carbonalte

| Mortar takes the
shape of the mold

hydroxide, Ca(OH),, f F 3 ! {
) 0 o \ Calciwmn carbon caleium : {
s | hydroxide T dioxide carbonate T ‘ater |
= | !
MOLECULAR VIEW | |
The ingredients Calcium ions, Ca*, and ' ‘ 9
are mixed hydroxide ions, OH", form N, }
thoroughly when slaked lime dissolves | (=] + - + 0
in water. Carbon dioxide,
CO,, combines with the ions | A |
as water leaves the mixture. |
This reaction is also the vl ‘
basis of a test for carbon | Ga(Oll); + CO, = CaCO;, + H0 |
dioxide (see pp. 116-117). |




CHEMISTRY

THREE TRANSITION
METAL COMPOUNDS

Like many

chromium

compounds,

b chromium(lll)
oxide, ()rz()],

is used as a

pigment

CHROMIUM(III) OXIDE

ChromiumyVl)
oxide, CrO,,
is highly
poisonous

CHROMIUM(VI) OXIDE

This form of
lead(l) oxide is
called litharge

LEAD(II) OXIDE

Transition metals

THE TRANSITION METALS MAKE UP MOST of the periodic table

(see pp. 74-75). Some of the elements are very familiar - for
example, gold and silver are used in jewelry, copper is used in
electrical wiring and water pipes, and tungsten forms the filaments
of incandescent light bulbs. Transition metals share many
properties — for example, they all have more than one oxidation
number. In compounds, chromium commonly has oxidation
numbers of +2, +3, or +6. Like most transition metals, it forms
colored ions in solution, such as the chromate(VI) and the
dichromate(VI) ions. Copper also exhibits typical transition
metal behavior - it forms brightly colored compounds and
complex ions. Perhaps the most important of the
transition metals is iron. It is the most widely used
of all metals, and is usually alloyed with precise
amounts of carbon and other elements to form steel.
Around 760 million tons of steel are produced per
year worldwide, most of it by the basic oxygen
process. Chromium is used in stainless steel alloys,
and as a shiny protective plating on other metals.

COMPOUNDS

OF COPPER

Like most of the
transition metals,
copper forms
brightly colored
compounds. All of
the compounds
shown here are of
copper(Il), and
they all contain
the ion Cu*.

POSITION IN THE PERIODIC TABLE

Gold is very
unreactive, 4

- ‘ Silm

CopperdD) hydroxide
can be prepared by
adding a strong alkali

r'd
COPPER(fT) OXIDE

Copper(ll)
carbonate contains

; the carbonate
£\ radical, CO}

Red-brown
copper
turnings

This blue-green
sample of copper(l)
chloride contains water
of crystallization

Copper was one of
the first metals to be
used by humans ~

D- AND F-BLOCK ELEMENTS
Most of the transition metals lie in the d-block of
the periodic table. The lanthanides and actinides,
in the f-block, are also transition metals.

THREE D-BLOCK TRANSITION METALS

Silver compounds are
used in photographic

SILVER
COPPER - A TRANSITION METAL

COPPER(I)
HYDROXIDE

N_Copper(l) oxide,
Cu0, is used as a
‘ catalyst in a number
of reactions

) First Second
transition lransition
series[ serz’esl !
d-block N I =1
L Third transition
i series
Lanthanides
Actinides

Platinum is often
used as a catalyst,

PLATINUM

COPPER(II) NITRATE
Copperdl) nitrate is
hygroscopic, which
means that it absorbs
watler from the air

COPPER METAL
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TRANSITION METALS

MANUFACTURE OF STEEL Iron-charging

ladle

Molten iron Oxygen enters at
- arate of up to
800 cubic meters

per minute

Limestone (calcium
carbonate) and scrap
iron are added
. Molten steel
is empltied
JSfrom furnace
through vent

Heavy steel casing is
lined with heat-
resistant magnesite
bricks

—_Top of basic
oxygen furnace

Water-cooled
oxygen lance

A large modern furnace
can produce about

386 tons of steel in

just 40 minutes

Molten steel
= [ron-charging
ladle

BASIC OXYGEN FURNACE |
Iron from a blast furnace is tipped into the basic oxygen furnace. Oxygen is |
pumped in to purify the iron by combining with carbon impurities. When
the “blow” of oxygen is complete, the furnace is tilted to empty the steel.

THE BASIC OXYGEN PROCESS

More than half the world’s steel is produced by the basic
oxygen process. This photograph shows a basic oxygen
furnace (right) being charged, or filled, with molten iron.

CHROMATE 1ONS IN A REVERSIBLE REACTION

Pipette __ - Drop of a dilute
— Drop of a dilute alkaline solution, for Pipette
Y acid, for ?-T{l”ll)l?’ example, sodium -
hydrochloric hydroxide, NaOH —=
acid, HCl 8
= = x % - As alkaline
Conical flask Conical flask Conical flask Sqtionys

added, the
dichromate(V'1)

Aqueous solution of solution turns

IThere acid is

added, the solution p OI(ISSill{II y(:l]qu‘ ‘g
turns orange . § \ chr ()rn'(z(g’('l I% again
| reforms
The solution This part of the solution ) This part of the solution
contains contains dichromate contains dichromate
chromate ions, Cr,07 ions, Cr,0?%-
ions,CrO?, i ke

T
Aqueous
solution of

PN
polassium

chromate(l'l) .5 ‘

—  This part of
the solution &

_Aqueous contains
solution of chromate ke SRS
potassium ions, CrO? ——
- 4 -
chromate(V'l)

POTASSIUM CHROMATE SOLUTION POTASSIUM DICHROMATE SOLUTION TIHE REVERSE REACTION

When dissolved in water, the compound
potassium chromate(Vl), K,CrO,, has

a bright yellow color. Chromium in the

! compound has an oxidation number of +6.

Adding an acid to the solution moves
the position of the equilibrium. Two
chromate(VI) ions combine to produce the
dichromate(Vl) ion, Cr_,();’ , and water.

The addition of more water or an alkaline
solution will push the reversible reaction in
the direction of the original reactants. A yellow
solution of chromate(V1) ions forms once more.

R
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CHEMISTRY

Carbon, silicon, and tin

GROUP 14 OF THE periodic table (see pp. 74-75) contains the POSITION IN THE PERIODIC TABLE

elements carbon, silicon, and tin. Carbon is a nonmetal that — -
is the basis of organic chemistry (see pp. 112-115). It occurs
in three distinct forms, or allotropes. In the most recently , j
discovered of these, called the fullerenes, carbon atoms join -
together in a hollow spherical cage. The other, more familiar,
allotropes of carbon are graphite and diamond. All of the
elements in group 14 form sp hybrid orbitals (see p. 79). In
particular, sp® hybrid orbitals give a tetrahedral structure to many
of the compounds of these elements. Silicon is a semimetal that is
used in electronic components. It is found naturally in many types
of rocks, including quartz, which consists of silicon (IV) oxide.

Quartz is the main constituent of sand, which is used to make GROUP 14 ELEMENTS

G G 5 i P G Group 14 of the periodic table consists of (top to
glass. Tin is a metallic element. It is not very useful in its pure bottom): carbon(C), silicon (Si), germanium (Ge),
form, because it is soft and weak. However, combined with other tin (Sn), and lead (Pb).

metals, it forms useful alloys, such as solder and bronze.

THE ELEMENTS ALLOTROPES OF CARBON
Covalent The main allotropes of
bond carbon are graphite and

diamond (below). In
charcoal, carbon does not

Carbon atom
have a regular structure.

Closed cage
structure

Single
crystal of
pure silicon

microelectronic circuits. between each
carbon atom

is 1.8 x 10%m

Each carbon
atom bonds

3 - ' o ‘, with four
... 2888%88

Strong bonds

BUCKMINSTERFULLERENE, C belwe

Carbon atoms form network structures dlue{l ; a1 S
- ey X ' ; layers is Weak bonds between atoms

called fullerenes. The best-known of B e e’ . within layer

= = o " N g 34x210°m | join the layers ’ 3

these is buckminsterfullerene, which v

consists of 60 carbon atoms arranged == ; 1

as interlinked hexagons and pentagons. ’

It occurs in nature in minute amounts, Layer of 4

but can be made in the laboratory. carbon | Layers slip

aloms | . ' over each other
STRUCTURE OF GRAPHITE l 4 STRUCTURE OF DIAMOND
Graphite is an allotrope of carbon which, combined - = The carbon atoms in a diamond are bonded
g in a very sirong structure. Each carbon

with various clays, forms the “lead” of pencils. The L
carbon atoms in graphite form layers that are loosely atom is bound directly to four others, which
sit at the corners of a tetrahedron.

bound together, and slip easily over each other.

+

Silicon does 1

nol occur am Tt

naturally in .

£
apureform . ¥
SILICON CRYSTAL DIAMOND GRAPHITE CHARCOAL
The element silicon can be IN PENCIL
made into large, pure crystals, “LEAD”

which can be used to make Bond formed it i
thousands of silicon chips. with sp’
These chips are the basis of hybrid orbital Distance
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CARBON, SILICON, AND TIN

SP* HYBRIDIZATION

Jour corners of a

Angle between
orbitals is 109.5°

Hybrid orbital
, Nucleus

Each sp’ orbital has
the same energy

FORMATION OF SP° ORBITALS
The elements in group 14 of the periodic table have
one s- and three p-orbitals in their outer electron
shells. These combine to form four sp® hybrid
orbitals in many of the compounds of the elements.

Sodium carbonate lowers the melling point
of sand, but makes the glass soluble in
water.

2~

SODIUM CARBONATE CALCIUM CARBONATE

regular tetrahedron

QUARTZ AND GLASS

Orbitals point to the

Quartz

crystal ___ SREa ‘( 5.

____ Pure quartz
is clear

QUARTYZ

Quartz is the most abundant rock
type on Earth. It consists mainly of
the compound silicon(IV) oxide.

GLASS

Glass is made from molten sand, which
consists mainly of quartz (above). Sodium
and caleium salts are added to lower the
melting point of the sand. The glass can
be colored by adding impurities such as
barium carbonate and iron(11l) oxide.

Calcium carbonate lowers
the melting point of sand
without making the glass

soluble in water Sand consists of

grains of quartz

mRSE BOTTLE
Bariumn carbonate
gives glass

a brown

color.

SAND (MAINLY QUARTZ) BARIUM CARBONATE

BROVWN GLASS

Iron(lll) oxide

gives glass 9
a green
color

GREEN GLASS
BOTTLE

IRON(III) OXIDE

Insulating
plastic
casing

__Solder has a
low melting
point

Solder Light

Electri —
L ~-. Heated element
cable N
of soldering iron
—— Copper
wire
SOLDER

ALLOYS OF TIN

Electric
soldering iron

Green surface layer
(patina) forms as
copper oxidizes —

Ancient bronze
statue of a horse

BRONZE

Bronze is an alloy
of copper and tin

The most convenient way to connect wires and components
permanently in electric circuits is to use solder. Solder is a soft
alloy of tin and lead that has a low melting point (200-300°C).

First made about 5,000 years ago, bronze is an alloy of tin
and copper (see pp. 102-103). It is easily cast when molten,
but very hard-wearing when solidified.
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CHENHSTRY

Nitrogen and
phosphorus

NITROGEN AND PHOSPHORUS are the two most important elements
in group 15 of the periodic table (see pp. 74-75). Phosphorus, which
is solid at room temperature, occurs in two forms, or allotropes,
called white and red phosphorus. Nitrogen is a gas al room
temperature, and makes up about 78% of air

(see pp. 70-71). Fairly pure nitrogen can be
prepared in the laboratory by removing
oxygen, water vapor, and carbon dioxide =
from air. By far the most important "“-7.,,.,
compound of nitrogen is ammonia " al”;L B
(see pp- 92-93), of which over 88 million i

Sticks of white
phosphorus

=1

|

Glass bowl

IThite phospliorus is

THE POSITION OF NITROGEN AND
PHOSPHORUS IN THE PERIODIC TABLE
Nitrogen (N, upperimost) and phosphorus
(P) are nonmetals that ]
belong to group 15 i >
of the periodic table. )

_\

=

ALLOTROPES OF PHOSPHORUS

There are two common allotropes of phosphorus. White
phosphorus reacts violently with air, so it is kept in water,
in which it does not dissolve. It changes slowly to the
noncrystalline red form, which is chemically less reactive.

tons are produced each year worldwide.
Used in the manufacture of fertilizers,
explosives, and nitric acid, ammonia is

produced industrially by the Haber process,
for which nitrogen and hydrogen are the raw materials.

a white, waxy solid

———IThite phosphorus
melts at 44.1°C

e

Watch

Ammonia forms a positive ion called the ammonium
ion (NH}) that occurs in salts, where it acts like a
metal cation (see pp. 76-77). Ammonia

can he prepared in the laboratory by

heating an ammonium salt with an ;

alkali, such as calcium hydroxide.

PREPARATION OF NITROGEN FROM AIR ~ — Glass lube

Nitrogen is the most abundant gas in the air. Other

gases that make up more than 1% of the air are oxygen
(about 20%) and water vapor (0-4%). Air is passed t
through sodium hydroxide solution, which dissolves

the small amounts of carbon dioxide present. It is then
passed through concentrated sulfuric acid to remove

water vapor, and, finally, over heated copper metal

to remove oxygen. The result is almost pure nitrogen.

{ir is pumped slowly through the
apparatus from this glass tube

bottomed flask

Air is dried by
the sulfuric
acid

Solution of
sodium
hydroxide

Turnings of
copper metal

Gas flame heats

turnings
\ £ \
| \
o Rubber Rubber
slopper stopper
PP Bunsen
burner
Concentrated
— Round-

sulfuric acid

the copper

Air hole open
Lo give ot
blue flamne

Holt copper
lurnings combine
with oxygen in
the air to form
copperdl) oxide

Gas sample will still
contain small
amounts of noble

gases, sucl as argon __|____

N |
Bubbles of gas J/ >
______Upturned
boiling
tube
Itater. collects
@ &as |
Delivery tube A,
is bent

\

|

|

e . Red phosphorus o T ) I‘
PHOSPHORUS melts at about 600°C PHOSEHOUESESE S |
Red phosphorus is a !

red powder al room l

Rubber temperature ’

stopper 1

| Delivery
tube

| Nilrogen is

an invisible
gas al room
teruperalure

Gas displaces
water from
boiling tube

Almost pure
nitrogen

- e
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NITROGEN AND PHOSPHORUS

THE HABER PROCESS

Unreacted Formation Nitrogen and

nitrogen and of ammonia hrdrggcn

hydrogen flow takes place  Drying tower N  Water SR ; . .
back around at catalytic  contains quicklimne '[;l]]ltlt((zl(ll P;l\(‘n: :)It}x?itnr(omff: ',\1“'3"0 AR
to catalyst surface (calcium oxidey : 40D A B

hydrogen, H,, to form anunonia, NH,,
is a reversible reaction. Under high

L
T

pressure and at about 450°C, the
N reaction proceeds forward - that is, it
It produces ammonia rather than nitrogen
Iron | r=" "] andhydrogen. An iron catalyst is used,
C(lfal.)’St e8] which speeds up the reaction. This
at >00rC_| — S process, invented in 1908 by the
| =" " German chemist Fritz Haber, is used
- to produce more than 88 million
= 2 tons of ammonia annually.
S
i 7 o
Amimonia gas -
(10%) and Dry ammonia gas
_ unreacted Metal plates with Valve collected by
nitrogen and Heat exchanger large surface area upward delivery

hydrogen encourage mixing

of ammonia and
T -—
N, +3H,=2NH, water

Amimonia gas is poisonous,
and has an unpleasant,
pungent odor

Concentraled

ammonia solution
LABORATORY PREPARATION OF AMMONIA ——— L —— Gas jar
In the laboratory, ammonia can be prepared by heating — .
an ammonium salt with an alkali. Here, ammonium
chloride, NH,Cl, and calcium hydroxide,
Ca(OH),, are heated in a flask. The Rubber stopper Ammonia is a

ammonia produced is dried and

. . colorless gas at
collected in a gas jar. -

room temperature

Clamp Glass tube

Calcium chloride,

ammonia, and

water are the ;
products of the — Delivery
reaction tube

— Round-bottomed
1 Siast Calcium oxide,
CaO, isa
dryingagent
—— Ca(OH), + 2NH Cl Any water vapor ‘IR

becomes *s ahSOP . f
| is absorbed b) [
CaCl, + ZAWJ +21,0 combination with

the calcium oxide —_____ *.

Mixture of ammonium
chloride and calcium
hydroxide

Drying
column

MOLECULAR VIEW OF REACTION
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O Xyg e I]. an d S U_lfur POSITION IN THE PERIODIC TABLE

THE TWO MOST IMPORTANT elements in group 16 of the periodic
table are oxygen and sulfur. Oxygen, a gas at STP, is vital to life, and
is one of the most abundant elements on Earth. It makes up 21% by
volume of dry air (see pp. 70-71). In the laboratory, oxygen is easily
prepared by the decomposition of hydrogen peroxide. Oxygen is
involved in burning - it relights a glowing wooden splint, and this
is one test for the gas. Sulfur occurs in several different structural
forms, known as allotropes. The most stable
allotrope at room temperature is rhombic sulfur,

Smems, in which sulfur exists in the form of rings, each
containing eight atoms. One important compound  Group 16 ELEMENTS
of sulfur is hydrogen sulfide. It has a pungent Oxygen (top) and sulfur are in group 16 of

. the periodic table. They are both nonmetallic
smell like that of rotten eggs, and can be prepared  ¢jements, which form a wide range of compounds.

-~ - - byreacting dilute acids with metal sulfides. e o s
i Sodium thiosulfate is another important sulfur )
compound, used as a fixative in the development Rubber stopper

of photographic images.

OXYGEN GAS
A tube full of oxygen gas, produced
in the reaction on the left, is

Separatii
ﬂ;ﬁ:;lu = sealed. A previously lit splint is
: \ PREPARATION extinguished, but left glowing. |Boiling splint
A4 Hydrogen OF OXYGEN tube
= peroxide
Oxygen gas
Wik T tl Synthetic rubber v
- v connector ="
: Clamp
S v A RELIT SPLINT
o The glowing splint (above) relights in
Rubber the oxygen. Burning, or combustion,
stopper. 2 Glass is defined as a rapid combination
delivery of a substance with oxygen. It is a
Clamnp tube — redox reaction (see pp. 82-83).
Boiling S]s)lint burns in
tube the oxygen
. ater and oxygen Oxygen gas fills
Round- are the products the boiling tube
bottomed of the reaction P
Sfask |
/ L
. Mixture of
manganese(ll’) *
oxide and . Clarnp
Iydrogen | I
peroxide /
| L Upturned
Glass dish \ boiling tube

CATALYTIC DECOMPOSITION

OF HYDROGEN PEROXIDE

The decomposition of hydrogen
peroxide to oxygen and water
normally occurs very slowly.

The addition of a catalyst of
manganese(1V) oxide to hydrogen
peroxide speeds up the reaction.

MOLECULAR VIEW
Hater lydrogen peroxide exists as molecules, each consisting of
two hydrogen and two oxygen atoms. Every two molecules
of hydrogen peroxide produce one molecule of oxygen.
Water is the other product.
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Crystal of rhombic

POWDERED SULFUR

In the laboratory, sulfur
is usually supplied as a
powder. Each grain of the
powder is a crystal of
rhombic sulfur (right).

ALLOTROPES OF SULFUR

RHOMBIC (o) SULFUR
The mosl stable allotrope
of sulfur at room
temperature is rhombic
sulfur, also known as
alpha (o) sulfur.

PLASTIC SULFUR

If molten sulfur is cooled
by plunging it into cold
water, yellow or brown
plastic sulfur, which is
noncrystalline, forms.

Crystals formed by rapidly
cooling mollen

sulfur
sulfur
N b =N

. }‘ Plastic =¥ “f‘: *

- ¥ TRES 3

ke sulfur .

w JSorms

crystals

. o on cooling Mgt N Waich glass

MONOCLINIC (B) SULFUR
Needle-like crystals of
monoclinic (B, or beta)
sulfur slowly revert to the
rhombic form at temperatures
below 95.5°C (203.9°F).

(‘h"‘ +
Atom of i

e\
w_ sulfur

" Covalent bond

W~

SULFUR
RINGS
Monoclinic and rhombic
sulfur both contain
crown-shaped molecnles
of eight sulfur atoms.

LABORATORY PREPARATION OF

PREPARATION OF SODIUM THIOSULFATE

-

e
¥

-
S

2

HYDROGEN SULFIDE

The compound sodiumn il S
N C )
T Tlle gu11ge}1l gas h‘ydlogy_:en sulfide, H§, lhiosulfalpe, Na.8,0., is Evaporating sulfur Ihwsul[a{c .
Sfunnel ~=—— is normally prepared by the action of a mally Cin & th dish Sorms
dilute acid on metal sulfides. In this l]?lllna f) CO“{‘ lllr.l,e t_vm 1 \\ .
case, the reactants are hydrochloric et erdo & 315 4 u‘a l(lm." } 7
" acid, HCL, and iron(1) sulfide, FeS. S isegias DheipataDhels
fixative, “hypo.” Sodium
= . thiosulfate is prepared by ) F
Rubber heating a suspension 1
stopper Synthetic rubber of sulfur in a sodium
conneclor sulfite, Na,SO_, solution.
Glass | Gausz
delivery | e
tube 4
Clamp ! Solution of Gas
Dilute sodium sulfite —/lam(’
hydrochloric . Tripod ;
acid - -
= |I
Gasjar___ / >
| . !
F ' 3 - 3. g
1 j ‘5 | — Bunsen
Mixture of s bugrey
hydrochloric A
acid and iron(ll) / =
sulfide F PRODUCT OF REACTION
Hydrogen 5. L} Sodium thiosulfate (above)
Round- sulfide gas ____ oSy fixes photographic images by
bottomed == dissolving the silver halides,
Slask such as silver bromide, used

in photographic film (see p. 88).

—

ey

MOLECULAR VIEW

MOLECULAR VIEW

Hydrogen ions in hydrochloric acid combine
with the sulfur from iron(1l) sulfide. Hydrogen
sulfide molecules have a similar shape to
water molecules (see p. 68).

Sulfur in the sulfite ion has an oxidation number of +4.
In the thiosulfate ion produced by the reaction above,
sulfur(IV) has been oxidized to sulfur(VI), while elemental
sulfur has been reduced to an oxidation state of -2.
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CHEMISTRY

The halogens

THE ELEMENTS OF GROUP 17 of the periodic table (see pp. 74-75)
are called the halogens. Atoms of these elements are just one
electron short of a full outer electron shell. Halogen atoms easily
gain single electrons, forming singly charged halide anions such
as the fluoride ion, F". This makes the elements in this group
highly reactive — some halogens will even react with the noble
gases under extreme conditions. Chlorine, the most important
halogen, is a greenish yellow diatomic gas at room temperature.
Chlorine can be prepared in the laboratory by the oxidation of
hydrochloric acid. Small amounts of chlorine are added to water
in swimming pools, and to some water supplies, to kill

bacteria. Simple tests may be used to measure the amount of
dissolved chlorine. If the concentration of chlorine |
is too high, it can endanger human health - if it is too )
low, it might not be effective. One important chlorine
compound is sodium chlorate(I), the main ingredient of
domestic bleach. Other halogen compounds include CFCs
(chlorofluorocarbons). CFCs deplete, or break down, the

ozone layer in the upper atmosphere, allowing harmful
radiation from the Sun to reach the Earth’s surface.

- E—

BROMINE AND IODINE

The element bromine is a red liquid at room temperature,

POSITION IN THE PERIODIC TABLE

GROUP 17 ELEMENTS

The halogens form group 17 of the periodic table.
They are (top to bottom): fluorine (F), chlorine (CI),

bromine (Br), iodine (I), and astatine (At).

PREPARATION OF CHLORINE
Chlorine gas, Cl,, is prepared in the laboratory
by the oxidation of hydrochloric acid, HCI, using
manganese(lV) oxide, MnO,. The chlorine
produced contains some water vapor, but
is dried by passing it through concentrated
sulfuric acid, H,SO,. In order to prevent this
acid being sucked back into the reaction vessel,
an empty dreschel bottle is placed between the
acid bottle and the vessel to act as an anti-suck- -
back device (see p. 85). The dry gas is collected
in a gas jar. Chlorine gas is poisonous.

Liquid
bromine

BROMINE IODINE

though it vaporizes easily, producing a brown vapor. lodine Separating
is a violet solid at room temperature, which sublimes (turns to funnel
vapor without passing through a liquid phase) when warmed. r\
K Concentrated
@ hydrochloric acid
y . Tap
[ -
i o
Gt |Deliuery Delivery
as jar : ube i 1
Rubber
o C {
et
. Clamp (drying 3
Violet iodine agent) . _
vapor "kl P
produced
by warming E 341
solid iodine g
Bromine Bubbleof \
vapor s chlorine '
brownish gas
o= l &
Blue-black e |
crystals of
T Dreschel bottle Dreschel
gt e acts as an bottle

anti-suck-

Miziure of back device

manganese(V)
oxide and
hydrochloric acid

Round-bottomed
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THE HALOGENS

CHLORINE IN WATER
Scale shows that water
contains about 0.6 milligrams

10 ml of
the water is
added to the

. per liter of clilorine comparitor
< >
= o 0
2501l 1
- e
beaker_ " 3
Color
scale for
Hater comparison

sample _w

\ Clear plastic
comparitor

Test kit IFater sample
becomes colored

when tablet is dissolved

CIILORINE TEST KIT
Water can be tested for its chlorine concentration using
Kkits such as this one. Chlorine iu the water forms colored
complex ions when a tablet is added, and the intensity
of the color reveals the chlorine concentration.

Test tablets

BLEACHING

Sodium hypochlorite
solution has begun to
bleach the denim

Denim contains vegetable-
\ 4 based pigments that are
= normally blue

SODIUM
IIYPOCHLORITE
SOLUTION

Gas jar

S BLEACIIING ACTION OF SODIUM HYPOCHLORITE
Sodium hypochlorite, NaOCl, is an industrially
important chlorine compound that is a strong
oxidizing agent. It bleaches pigments by giving
up its oxygen to theim, making them colorless.

Chlorine is a greenish yellow
gas al room temperalure

MOLECULAR VIEW
Four units of the hydrochloric acid are oxidized
by each molecule of manganese(IV) oxide. The
maunganese(lV) is reduced to manganese(ll).

OZONE DEPLETION REACTIONS
CFCs, synthetic organic compounds containing clilorine and
fluorine atoms, have been used in packaging and some aerosol
cans. Released into the atmosphere, CFCs lose chlorine atoms.
These atoms catalyze reactions that damage the ozone
layer, which shields the Earth from larmful solar radiation.

Level of ozone (scale in
Dobson Units)

Computer-enhanced
image of South Pole

Yellow
color
shows
higher
levels of
ozone

Pink

area
shows
ozone
depletion ~

DEPLETION OF TIIE OZONE LAYER

Ozone
molecule, O

\ . ! "N\ Ozone reacts with
Chlorine

chlorine to form
atom released  chlorine monoxide

g i
Jrom CFC and oxygen
CHLORINE AND OZONE
. . . Oxy,
Chlorine monoxide and zygen
molecule,

oxygen are the products
of the first reaction

2

y |r\ R
- 4 Chlorine monoxide

molecule, ClO
CIILORINE MONOXIDE AND OXYGEN
Individual oxygen
atoms, O, are

present in the
upper atmosphere

Oxygen alom
reacts with the
chlorine
monoxide to
JSorm oxygen
molecule

Chlorine monoxide
molecule, ClLO, from
previous reaction

CHLORINE MONOXIDE AND OXYGEN

Chlorine atom left behind from
chlorine monoxide mnolecule
Overall, chlorine atom remains
unchanged and is therefore a
catalyst

) &

Oxygen
"1 molecule, O,

CHLORINE AND OXYGEN




Organic
-~ Cchemistry 1

ORGANIC CHEMISTRY IS THE study of carbon compounds,
although it normally excludes carbon dioxide and salts
such as calcium carbonate (see pp. 86-87). There are
more carbon-based compounds than compounds based

il on all the other elements put together. This is because

of soot carbon atoms easily bond to each other, forming long
chains and rings that include single bonds, double

f bonds (see p. 79), and triple bonds. Hydrocarbons are

(6 molecules containing only carbon and hydrogen. There

are three main families of hydrocarbons based on
carbon chains, called alkanes, alkenes, and alkynes (right).
Ethyne is the simplest alkyne, with two carbon atoms. Most
carbon compounds occur in different structural forms, or
isomers. For example, the hydrocarbon butene has
two isomers that differ in the position of the double
bond. Crude oil is a mixture (see pp. 70-71) of long-
chain hydrocarbons, which is separated industrially
in a fractionating tower, and cracked (heated
with a catalyst) to produce more useful
short-chain compounds.

Ethyne /

burns in

a flame,
producing water
vapor and
carbon dioxide

PREPARATION OF ETHYNE
Ethyne, C,H,, a gas at room temperature, is the
simplest alkyne. It is prepared by the exothermic
reaction of water with calciumn carbide, CaC,.
Like all hydrocarbons, ethyne burns to produce
water and carbon dioxide. Soot (pure carbon)
may be formed due to incomplete burning.

Ethyne is a
colorless gas

Glass tube

Calcium carbide,
CaC,, is a brown
ionic solid

Watch

glass \

Ring
stand

Boiling
tube

CALCIUM CARBIDE
Calcium carbide, CaC,, is an ionic solid that
contains the Ca** and C} ions. In ethyne, the
product of the reaction, carbon and hydrogen
atoms are covalently bound.

Clamp
Calcium | Water L, . calcium
carbide ) hydroxide CaCZ and Hz()
become

C,H, and Ca(OH),

d B S B

CaC, + 2H,0 =2 C,H, + Ca(OH),

MOLECULAR VIEW
Carbon atoms fromn calcium carbide combine with
Iiydrogen atoms from water molecules to form ethyne.

Double bond. is first
bond in chain

Triple bond is second
bond in carbon chain

FAMILIES OF HYDROCARBONS
Alkanes have only single bonds in the chain of
carbon atoms. Alkenes have at least one double
bond in the chain, while alkynes have a triple bond.

ALKANES
Tetrahedral Hydrogen
shape Carbon atom
atom
Single
bond
METHANE ETHANE
Propane has three Butane has four
carbon carbon
atoms atoms l ‘
PROPANE BUTANE
£l has t ALKENES
ithene has tw
€ nas U0 bouble bond

carbon atoms

Propene
has three

carbon

PROPENE &loms

ETHENE

Butene has

two isomers Butene has four

carbon atoms

Double bond
is second in chain
BUT-1-ENE BUT-2-ENE
Triple bond ALKYNES
Propyne

exists in one
Jorm only,

Triple Single
bond, bond

ETHYNE

PROPYNE

___ Butyne has
two isomers

BUT-2-YNE
Triple bond is first bond

in carbon
B chain
T e e

BUT-1-YNE




ORGANIC CHEMISTRY 1

Clamp

Products Cotton
may conlain
pure carbon,
deposiled

on cotton

Crude
oil

Catalytic cracking lakes
place at the surface of
the pol pieces

Porous pot pieces

Crude oil is a mixture
of hydrocarbons

Bunsen flame
heats the oil

FRACTIONAL DISTILLATION
Crude oil is made up of a mixture
of hydroearbons. This mixture is
separated into fraetions (groups of
hydroearbons with similar boiling
points) by a process called
fraetional distillation. This proeess
lakes plaee in a fractionating
tower. The oil is vaporized, and
eaeh fraetion eondenses to a
liquid at a different temperature.

Naphtha (a mixture of
hydrocarbons used for
many applications)
ernerges here

Kerosene (paraffin oil)
used as aircraft oil and
Jor domestic heating

Condensed gases (reflux)
run down inside of tower

Furnace Crude oil vaporizes

in furnace

FRACTIONAL DISTILLATION

CATALYTIC CRACKING OF OIL

Rubber

stopper Products of cracking

\ are hydrocarbons
\ with shorter chains
Delivery tube
\ Products
\ Upturned test tube may include
N collects gases hydrogen gas
L \ B

CATALYTIC CRACKING
In this laboratory setup, a mixture of
tong-ehain hydroearbons is vaporized
and passed over pieees of porous pot.
The long hydroearbons attach to the
pieees and deeompose into smaller
molecules. The pot aets as a eatalyst.

300 ml
beaker

Clamnp

Hater

Refinery gas escapes
at the top of the tower

Condenser

Refinery gas contains \
methane, ethane,
propane, and bulane

IVater

Jrom

condenser

hydrocarbons
used for petrol)

i

4 Fractionating tower is
typically 40 n tall

Fractions to be
processed for
transportation

JSuel

carbon
(soot)

hydrogen
gas

Long-chain alkane  — nonane 4 propane 4+ ethyne +

g

ok

1323

Steamn is
pumped

in to heal
unvaporized
oil

+E +g +‘+ ;

Some of the residue
goes o be cracked
(above)

s S

9
1

C,H

2 " 20

+ GH, + CH, + C + I,

Residue contains
long-chain
hydrocarbons,
including tar for
roads and wax
Jor candles

MOLECULAR VIEW

In the ealalytie eraeking of oil, hydrocarbon chains, shown here as
15 carbon atoins long, break into smaller ehains with between 2
and 9 earbons. This is a moleeular model of a general reaetion. In
reality, many other similar reactions are also likely to oeeur.
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CHEMISTRY

Organic chemistry 2

THE CHEMISTRY OF CARBON is called organic chemistry. Simple
organic molecules (see pp. 112-113) are based on chains of carbon
atoms. Carbon atoms are very versatile at bonding, and can form
very large and complicated molecules. Small organic molecules often
join together to form larger ones. For example, glucose, a simple sugar
or monosaccharide, is a small organic molecule. Two saccharide units
join to form a disaccharide, such as sucrose. Large numbers of sugar
units can join to form polysaccharides such as starch (see p. 89).
The process of joining large numbers of identical molecules
together is called polymerization. The polymers that result are
commonplace both in synthetic products and in nature. Plastics,
such as nylon and PVC, are polymers, and much more complicated
polymers form the basis of life. Hemoglobin is a large organic

molecule responsible for carrying
oxygen in red blood cells. DNA is a giant
molecule that holds the genetic code in

Glass

250 ml
beaker

rod

Nylon drawn out
as a long thread

Solution of 1,6-
diaminoherane
in water

all living organisms. This code is created
from patterns of four small molecules
called bases, which are arranged along
the famous double helix structure.

FORMATION OF NYLON

SUCROSE CRYSTALS
Sugars are carbohydrates. Sucrose
(see p. 89) is the chemical name for
ordinary household sugar. In this beaker,
crystals of sucrose have formed from an
aqueous solution of household sugar.

String
suspended
in beaker

Aqueous
solution of
sugar

Sucrose
crystals

Crystals
grow froimn
solution
around
string

Glass
beaker

PLASTICS

LABORATORY PREPARATION

Nylon is a polymer that is formed from
two organic monomers. The form of nylon
shown here is made by the synthesis
(joining) of the monomers hexanedioic
acid and 1,6-diaminohcxane.

Nylon forms where
(wo solutions meet

Layers do not mix
because hexane does not

dissolve in water
Solution of hexanedioic
g acid in hexane
{

Urea-methanal is
a thermosetting
plastic

Sample does not
soften on heating

Porcelain
evaporating
dish

N

TIHERMOSETTING PLASTICS
Thermosetting plastics are molded when first
made, and harden upon cooling. They cannot
be softened again by heating.

-hexane ac

BIB BIP

1,6 diamino +hexane:!hmc_. nylon unit + water |

Cll N+CH 0,—C,H

MOLECULAR VIEW

A unit of nylon is made from one moleculc

i Sample soflens
Polyethylene is a on heating
thermoplastic

material

Porcelain
evaporating
dish

of each monomer (above). Each unit reacts
again with one monomer at each end, eventually
forming the polymer nylon. A nylorr molecule
may comprise hundreds of such units.

THERMOPLASTICS
Some plastics soften on heating. They can be

remolded while hot, then allowed to cool and harden.
Polyethylene is an example of such a thermoplastic.




ORGANIC CHEMISTRY 2

POLYMERIZATION

Chain of two Hydrogen atom Chlorine atom

carbon atoms
Double bond

Molecule of
Hydrogen atom

CHLOROETHENE v
Molecules of chloroethene am.), chloroethene Carbon atom
are identical to those of = N Chlorine

ethene (see p. 112), except
that they have a chlorine
atom in place of one of the
hydrogen atoms. Each
molecule contains one
double bond.

POLY(CHLOROETHENE), PVC
Chloroethene molecules are
the monomers that form the
polymer poly(chloroethene),

also known as PVC (derived
from polyvinylchloride, an
older name). The double bond
in each monomer breaks as
the molecules join together.

- !.A
Netw chloroethene
molecules can
bond here

BIOCHEMISTRY

“IReal PVC molecules are
typically around 2,000
carbon atoms long

‘TSedion of PVC

Hemoglobin is a
molecule

polymer made up
of four monomers

Base pair

HEMOGLOBIN

Hemoglobin carries oxygen in blood.
This computer image shows the

framework of the hemoglobin

molecule, which consists of four

proteins. One iron atom is associated
with each protein, and each iron
atom can hold one oxygen molecule.

Oxygen
atoms

bond to Guanine links

with cytosine

Protein
monomer

MODEL OF DNA STRUCTURE
This model shows the double helix
structure of DNA (deoxyribonucleic

Hei';?;gz;):éz acid). Pairs of the bases (below) link
G ron atom together and are held in place by a
backbone of sugar units bonded DNA carries

its color sits here

— Hydrogen

Carbon Ao

atom

, Double
bond
Single
bond
Nitrogen
alom

A"
ADENINE
One of the four bases in the structure of
DNA is adenine. It contains only carbon,
hydrogen, and nitrogen atoms.

to phosphate units, PO}

Double
helix

Oxygen genelic
information

atom

Double
bond

Single
bond

Carbon

atom

Hydrogen
atomn

itrogen
atom

Thymine links ™5

GUANINE
with adenine

Guanine is the base that links with
cytosine in DNA. Links are made at

two points in each molecule. Sugar phosphate

backbone

Human DNA

v Hydrogen Hydrogen
atom atom has about
Nitrogen Amino u 3,000 mlllzqn
atom group Nitrogen base pairs __
\ atom
Carbon -
atom . Anuno group
Ib)o u{?k Ozxygen 5
Oxygen on atom ~ Double bond
atom ] N QO
Single I Carbon 'Z(l)’;ﬁl]p Base pairs linked
bond - atom by hydrogen
CYTOSINE THYMINE : i N Model
The cytosine molecule consists of a ring, The base that links with adenine in DNA stand
with an oxygen and an amino group is thymine. Links are made at two points
(-NH,) attached. in each molecule.
F&‘
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CIHEMISTRY

THERE ARE MANY SITUATIONS, from geological surveys to
forensic investigations, that call for the chemical analysis
of unknown substances. The substances being analyzed
may be present only in tiny amounts, and may be
mixtures of many different compounds. Separation
techniques such as chromatography (see pp. 70-71) are
often the starting point in an analysis. Simple laboratory
tests may follow — these normally identify one part of a
compound at a time. For example, flame tests are used to
identify cations of metallic elements in a compound, and
radicals may be identified by heating the compound to
decompose it, thereby releasing signifying gases. Many
simple laboratory tests are performed on aqueous
solutions of the unknown substance. The substance is
crushed and dissolved in water, and other solutions, such
as ammonium hydroxide or silver nitrate, are added. The
color of any precipitate formed indicates the presence of
a specific ion. In contrast, mass spectrometry is a highly
complex but very powerful testing technique. The sample
to be tested is vaporized, then ionized. The ions are
separated by a strong magnetic field and identified
according to their electric charge and mass.

Rubber stopper

Clamp

If the sample is

a carbonate or
hydrogencarbonate,
it gives off carbon
dioxide

Delivery
tube

Test tube

_____ Bunsen flame
heats sample

Chemical analysis

FLAME TEST
A sample of an unknown compound is held on the end of
a platinum wire in a Bunsen burner flame. Specific colors
in the flame indicate the presence of certain metals.

Flame
turns
bluish
white

- Flamne
turns
orange-
red

CALCIUM
Compounds of calcium

turn the flame orange-red.

LEAD
Lead salts give the flame
a bluish white color.

Flame
urns
yellow-
green

_ Flame
turns
pale
violet

POTASSIUM BARIUM
Barium salts turn the

flame yellow-green.

Compounds of potassium
turn the flame pale violet.

TEST FOR A CARBONATE OR HYDROGENCARBONATE

HEATING THE COMPOUND

A carbonate is a compound
l containing the carbonate radical,
CO? - for example, calcium
carbonate (see pp. 86-87 and 100-
101). A hydrogencarbonate contains
the hydrogencarbonate radical,
| 11CO;. When heated, these radicals
give off carbon dioxide gas, which
| can be identified by bubbling
it through limewater (a solution
of calcium hydroxide).

Ring stand —_}§!

Clamp

Bubbles of

Bunsen
burner

Carbon dioxide
turns limewater
milky

Ring Test tube

stand conlaining
limewater

Ring stand base

/ gas from the

R 0 Bollle of
t limewater

"

Ca(OHh
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CHEMICAL ANALYSIS

TESTING FOR CATIONS

Sample of unknown
compound dissolved

in water

Test tube

~=m-
Test tube
rack
-
-
ACTION OF AMMONIUM HYDRONIDE
Many different tests are used to identify
cations in an unknown compound. One Dropper

simple test is carried out on a pure solution
of the unknown compound in water. A dilute
solution of ammonium hydroxide, NH,OH,

is added to the test solution. If a gelatinous
precipitate forms, any cations present can often
be identified by the color of the precipitate.

Red-brown
precipitate

Pale blue precipitate that
dissolves in excess NH,OH

. ! Gray-gree gl
to give deep blue solution p";lc":pf['(ff: indicates
; i = 2+ o 34+
indicates copper(ll), Cu indicates iron(lll), Fe
iron(ID), . -
Stopper Fe an I 7utcf precipitate
Bottle of may indicate
ammonium - L magnesium, lead,
hydrozxide — zine, or aluminum
solution eations
R
. X
—
| NH,OH
e G
- .y I
R Test tube rack! 8
TEST RESULTS

A few solutions have been tested, and precipitates have
formed in the test tubes. From the color of the precipitates,
the metal cations present in the samples have been identified.

r Stopper
!

MASS SPECTROMETER
In a mass spectrometer, the sample to be tested is vaporized,
then converted into ions and shot into a curved tube. A magnetic
field in the tube deflects those ions with a specific mass and charge
into a detector. Changing the magnetic field strength allows a
mass spectrum - an analysis of all the ions present — to be built
up, from which the the test substance can be accurately identified.

To pumping
system

Folume of test
substance held

as a gas
lo
n beam Detector and
Spectroscope amplifier
tube
Ton Mass
The tube collector spectrum

conlains
a near
vacuum

TESTING FOR ANIONS

Sample of halide
compound = . pe

dissolved

in water

__Test tube

Test tube
rack

ACTION OF SILVER NITRATE SOLUTION

Of the many different tests used to identify anions
in an unknown compound, the addition of aqueous
silver nitrate, AgNO,, to an aqueous solution of
the compound is often the first step. I halide ions —
ions of the halogens (see pp. 110-111) — are
present in solution, a colored precipitate forms.

__ Dropper
hite
precipitate Pale yellow
indicates that precipilale

indicates that
the compound
contains
bromide ions

the compound
conlains
chlorideions

Bottle of silver
nitrate solution
compound
ions

Test tube rack Test tube

TEST RESULTS

lere, solutions of compounds containing ions of the halogens chlorine,

iodine, and bromine have been tested. Salts containing ions of the
halogens are called halides. Precipitates have formed in the test tubes.

tal (e.g..
Silver m;);iu(ﬁlgz = sodium silver l
nitrate ahloride nitrate chloride
o ¢ - 889
9 o
St
~ AgNO, + NaCl - NaNO, + AgCl
o

3, 3 o e - - = —mo—= e e

MOLECULAR VIEV OF REACTION

A double decomposition reaction takes place between silver
nitrate and the halide salt in solution, and insoluble silver halides
form. Silver halides are used in photography (see p. 88).

contains iodide

Yellow precipitate
indicales that the

4.
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Two venomous gaboon vipers lie camouflaged in leaf litter
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LIFE SCIENCES AND ECOLOGY

Discovering life
sciences and ecology

LIFE SCIENCE (ALSO CALLED BIOLOGY) is the science of living
organisms. Ecology is the study of how living organisms relate
to each other and to their environment, which includes nonliving
matter. For most of history, the study of biology has been affected
by religious or spiritual beliefs, such as the idea that matter
becomes living through the influence of some kind of “living
force.” A more scientific approach to biology has resulted in the
modern, more complex understanding of the processes of life.

2 EARLY STUDIES OF NATURE first observed single-celled organisms,
: Agriculture gave people practical, first- in the 1670s. About ten years earlier,
hand knowledge of plants and animals. Robert Hooke had observed tiny
However, there was little systematic spaces throughout a sample of cork,
study of living things until the rise of which he called “cells.” Hooke did not
ancient Greece. The most influential realize that the cell was the basic unit
Greek thinker was Aristotle. He devised of all living things. Much later, in the 20th

a system of animal classification, while one  century, the electron microscope revealed
of his pupils, Theophrastus, constructed  even smaller structures within cells.
a similar classification of plants. Some

parts of Aristotle’s work would seem ORIGIN OF SPECIES
crude by today’s standards, but many of As early as the 6th century sc,
his ideas were advanced and played an Anaximander of Miletus had proposed

important role in the development of the that life arose spontaneously in mud.
modern theory of evolution. For all their According to Anaximander, the first
careful observation, the ancient Greeks  animals to emerge were spiny fishes,

could never have made more than which “transmuted” into other species.
clever guesses about the processes This idea remained prominent until the
of life. Without microscopes, they end of the 19th century, when several
could not even begin to grasp the experiments began to cast doubt upon it.
= intricacies of cell theory or be aware Two areas of study that were important
= of the existence of microorganisms. in refuting the idea of spontaneous
' generation were classification and
BIOLOGY AS A SCIENCE paleontology (the study of fossils).
During the Middle Ages, Arab scholars Modern classification is based on a
translated the works of Aristotle and system devised by Carolus Linnaeus
others and added a few ideas of their during the 1730s. Comparison of species

own. The accumulated knowledge reached gave weight to the idea that species
Europe around the 15th century. This changed gradually and somehow adapted
- period saw the rise of sciences such as  to their environment. The fossil record

zoology and botany. Comparative supported this idea. Georges Cuvier
anatomy was advanced by Renaissance was the first naturalist to show how
artists, who studied the muscles, bones, species change over thousands or
= and internal organs of animals and millions of years. In the early 1800s,
human beings. During the later part Jean-Baptiste de
= ' of the Renaissance, a school of thought Lamarck suggested
= £ sty 2 called iatrochemistry looked to chemical that organisms in one
= i =) reactions to explain the workings of generation inherit
= iy plants and animals. This was the characteristics from the
= , dawn ol biochemistry. previous generation. For
example, giraffes have
THE MICROSCOPE long necks because
18TH CENTURY MICROSCOPE Biological science was given a boost by their ancestors had to
Microscopes began to open up the world the invention of the microscope in the stretch their necks to
of the miniscule from about the mid-1500s. early 17th century. Perhaps the best- reach the treetops. His
;ll ;‘(’,:””;'}Eg“li"l’l‘“‘:l‘l;l:'l:ﬁ‘((‘l';]'”i"“(ﬁ”']'l e known discovery made with a microscope ideas were were shown
bottom lo reflect light onto a specimen was the existence of microorganisms. to he mistaken by Charles
mounted above 1t on a glass slide. It was Antony van Leeuwenhoek who Darwin in the 1850s.
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LVl S
DNA MODEL
This model of DNA was made in the 1950s by
James Walson and Francis Crick. It comprises a
large number of repeated structures and represents
the information needed to build and maintain a
living organism, such as a human being.

EVOLUTION AND GENETICS
Darwin’s great idea was natural
selection - randomn variations in species’
characteristics (mutation) coupled with
competition for survival. He also put
forward a more controversial idea - that
humans evolved by natural selection from
apes. For this reason, and because no one
could find a biochemical mechanism for
natural selection, Darwin’s ideas were not
accepted at first. The first step to finding
the mechanism behind natural selection
was taken in the 1860s, by Gregor Mendel.
Through painstaking experiments,
Mendel founded the science of genetics.
He proposed a unit of heredity, which he
named the gene, and
7  discovered the rules
by which genes
control inherited
characteristics.
Mendel’s work was
not recognized
until about 1900.
By this time, cell
biology was well

DISCOVERING LIFE SCIENCES AND ECOLOGY

developed, but still no one could pinpoint
the biochemical reactions by which
Mendel’s gene theory could work.
Biochemistry was the key to genetics.

BIOCHEMISTRY

During the 19th century, the links
between biology and chemistry became
clearer. In the 1840s and 1850s, Claude
Bernard laid the foundations of modern
biochemistry during experiments on the
pancreases of rabbits. Around the same
time, scientists realized that the functions
of living things depended upon the
transfer of energy by chemical reactions.
By the 1860s, scientists had realized that
life on Earth depends upon energy from
the Sun. Embryology (the study of
fertilized eggs) also played an important
role in biology during the 19th century.
A biochemical approach to embryology
ted eventually to the discovery of the
chemicals involved in Mendel’s genetics.
Perhaps the greatest achievement of
this approach was an understanding of
chemicals called nucleic acids, vital to
genetics and the production of proteins
within the cell. The structure of the most
famous nucleic-acid molecule, DNA,
was worked out in 1953. The genes that
Mendel had hypothesized are lengths of
DNA, which passes hereditary information
from generation to generation.

ECOLOGY AND THE ORIGIN OF LIFE
The study of how populations of plants
or animals change is central to ecology.
The factors affecting populations include
famine, disease, and — when applied to
humans - war. Ecologists today use
complicated mathematical models to
analyze poputations of pltants, animats,
and human beings. The term “ecology”
was coined by German zoologist Ernst
Haeckel. He was one of a number of
19th-century scientists who believed that
life originated simply by chance; from
chemicals present on the early Earth.
This idea was supported by several
experiments performed during the 20th
century. An example is the Miller-Urey
experiment, in which complex organic
chemicals were produced from mixtures
of simpler elements and compounds. The
origin of life on this planet remains an
unsolved mystery, as does the possibility
of life elsewhere in the universe.

DARWIN'S EQUIPMENT

Charles Darwin sailed aboard the Beagle
from 1832 to 1836. During this period, he
noticed many puzzling features of the
plants and animals he encountcred, which
led him to formulate his theory of evolution.
Shown here is a selection of the equipment
he took with him on his voyage.

TIMELINE
OF DISCOVERIES
10.000— 1 h(‘_ln‘sl farmers
B cultivate crops and
Anaximander _ 5004 domesticate livestock
considers life to have and dogs. They gain
begun spontaneously much practical
from slime knowledge about
plants and animals
b 350 — Aristotle classilies
about about 500
The first compound _ 1609 species of animals

microscopes are made.
They enable important
biological discoveries
to be made

Nehemiah Grew _
identifies the differemt
types of tissue in a plant

The process of _
photosynthe s
discovered (bul no
understood) by Dutch-
born biologist Jan
Ingen-Housz

The cell theory is —
developed. It states
that all living things

are inade of celts

Gregor Mendel _
discovers the laws
of genetics

The work of Gregor —
Mendel is rediscovered
by three researchers
and made public

Electron microscopes
are used for the first
time 1o observe the
cell, leading to the
discovery of many
new organelles
(parts of the cell)

Stanley Miller carries _
out an experiment that
shows how important
organic chenticals can
form in a “soup™ of
chemicals that were
found on the early
Earth, indicating the
possible origin of life

Genes from one animal —
are successfully
translerred into

another

IHuman genoue —
project begi
many countries.

It aims to map in
detail the position of
all iuman genes
(collectively known
as the genome)

1667 — Antony van

1682

1735

1779

Leeuwenhoek
observes
microorganisms in
pond water though
his microscope

— Carolus Linnaeus
develops the first
modern system of
classification for
living things

1812 — Georges Cuvier

1839

altempts a classification
of extinct species

by studying the

fossil record

1859 — Charles Darwin

1860

publishes his theory
of evolution by
natural selection

1861 — Viruses are

1900

discovered as a

result of sophisticated
filtering techniques that
remove bacteria from
biological sainples

1935 — lans Krebs

1945

discovers the cycle of
energy production in

cells. It is named the

“Krebs cycle”

1953 — James Watson and

1954

1973 — Genet

1981

1984 —

1990

Francis Crick discover
the famous double-helix
structure of the DNA
molecule

begins
biologists Seymour
Cohen and Herbert
Boyer sliow how the
DNA molecule can
be cut and rejoined
using enzymes

Alec Jeflreys
develops DNA
fingerprinting, a
method of identifying
people from their
DNA. It proves useful
in forensic science




LIFE SCIENCES AND ECOLOGY

Cells and cell structure

ALL LIVING ORGANISMS are made of cells, self-contained units of life TYPES OF ANIMAL CELLS

] . . : Differences in shape between types of animal
that require a cmllslanl supply of energy to maintain lhemsel\fes.. Some cells reflect their individual furictions. Thin and
organisms consist of a single cell, others are made up of billions of flattened squamous epithelial cells, for example,

: . s : form a protective lining inside the mouth and

c;ells. The.re are two main lypes of cells.. eukaryotl'c and p'rokaryotlc‘ elsewhere, Closely packed: spindle-shapedistarils
Eukaryotic cells are found in plants, animals, fungi, and single-celled muscle cells, found in the gut wall, contract
organisms called protists (see pp. 154-135). These cells have an outer (shogien) to 8quqgiG °°d along the-inicEEEy

membrane; a control center, called the nucleus, which contains the
cell’s operating instructions in the form of DNA (deoxyribonucleic
acid); and a jellylike matrix, the cytoplasm, in which are found cell
components called organelles (“little organs”). Each organelle carries
out a specific task, and together organelles maintain the cell as a living
entity. Prokaryotic cells, found in bacteria (see pp. 134-135), are small,
simple cells that lack a nucleus and most organelles. Animal cells take
in food to obtain energy to reproduce and grow (see pp. 124-125). Plant
cells use structures called chloroplasts to make food for themselves by
trapping the Sun’s energy (see pp. 148-149).

Nucleus

Cytoplasm

Cell
membrane

Nucleus
STRUCTURE OF AN ANIMAL CELL
The typical cell shown below includes membrane is the nucleus, which controls .
features comimon to all animal cells. The cell cell activities, and the cytoplasm, which
is surrounded by a flexible plasma membrane, contains organelles, each of which has a
through which food is taken in to provide the particular function. There are many i A ATe
energy that keeps the cell alive. Within the different types of animal cells. sep;zrales the cell
Jrom its surroundings
Mitochondrion Pinocytic vesicle enables

the cell to engulf
extracellular liquid

carries out aerobic
respiration to
break down food

and release
energy
Endoplasmic reticulum
makes and stores
certain substances;
Nucleus it can be rough
(control center (studded with
of the cell) ribosomes)

or smooth

Nuclear
membrane

Golgi body

Glycogen packages and
granules transports secretory
(long term products, for
storage example enzymes
Jorm of
glucose)

Secretory vesicle
(temporary structure that
transports substances from
the interior of the cell and
deposits them on the
oultside)

Cytoplasm
Jorms a high
proportion
of the cell’s
volume

Lysosome contains
enzymes that break down
JSoreign particles and
damaged cell components




CELLS AND CELL STRUCTURE

STRUCTURE OF A PLANT CELL Plasmodesma (fine
Plant cells share many characteristics with aniinal cells, cytoplasmic strand that
but also show three main differences. Firstly, a plant cell connects adjacent plant cells)

is surrounded by a tough cell wall that gives it a definite
shape, holds adjacent cells together, and helps Lo support
the plant. Secondly, many plant cells contain organelles,
called chloroplasts, which produce energy-rich food for
the cell, using sunlight energy in a process called
photosynthesis. Thirdly, most plant cells contain a
large vacuole - a membrane-bound space filled with
watery cell sap that helps cells maintain their
shape. These features are illustrated in the
typical plant cell shown here.

Plasma membrane
(selectively permeable
membrane forms the

' outer limit of the cell)

-~ Mitochondrion

Endoplasmic
Cell wall reticulum
(a light, porous, semirigid
case made of the Nucleus

carboliydrate cellulose)

Chloroplast (found in
nearly all plant cells, it
contains the green

pigment chlorophyll
that traps the energy
in sunlight)

Golgi body

Central vacuole

(a large, permanent
storage area filled
with a watery fluid
called cell sap)

Microtubules

(long filaments of the
protein tubulin) help
cell to retain
ils structure

Tonoplast
(membrane
surrounding the
. central vacuole)

. b : § Y £ ; S Cvionlas

Microbody stores ; L y . " - (’:) Ui

X - “n i e R forms low

inactive enzymes > 3 5 )
. proportion of

g==""cell’s volume

TYPES OF PLANT CELLS . .
Plants, like animals, contain different types of cells each with their CELL ORGANELLES
own functions. Xylem cells are hollow, cylindrical, and dead. They
carry water and mineral salts from the roots to other parts of the plant.
Epidermal cells store food. The ones shown below, from the scale
of an onion, store food. They lack chloroplasts because onion bulbs
grow underground and do not need to photosynthesize.

Organelles are tiny cell components. Each type of organelle
performs a particular function that contributes to Keeping the cell
alive. Organelles are under the control of the cell’s nucleus. Most
are surrounded by a single or a double membrane.

Srnooth
Hollow center Cell lacks outer
to facilitate chloroplasts Cell wall membrane
transport of 3
water and Nucleus Golgi body

minerals,  Cell wall

Vesicles contain
substances to be

secreted by cell

Cristae

(folds)
MITOCHONDRIA GOLGI BODY
Mitochondria use aerobic The Golgi body packages
respiration to release energy substances that are
from food molecules (see pp. destined to be secreted
124-125). This happens on by the cell. Small pieces
the cristae - the folds of the break off and release
inner of the mitochondrion’s their contents at the
two membranes. cell’s surface.

XYLEM CELLS ONION TISSUE CELLS
123
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LIFE SCIENCES AND ECOLOGY

Cell functions

EVERY CELL IS A LIVING CONTAINER in which
hundreds of chemical reactions — known collectively
as metabolism - take place. These are accelerated
and controlled by catalysts called enzymes. The
activity of each enzyme depends on its shape, which
is controlled by the specific sequence of amino acids
that form its protein structure. The instructions that
specify the order of amino acids inside each protein
are found in the molecules of DNA (deoxyribonucleic
acid) in the cell’s nucleus. Strands of RNA (ribonucleic
acid) copy and carry these instructions, through the
nuclear envelope, to the site of protein synthesis in
the cytoplasm. By controlling protein synthesis, DNA
controls enzyme activity and thereby every aspect of
cell function. Respiration releases the energy needed
for protein synthesis from food and stores it as ATP
(adenosine triphosphate) — a molecule that can he
readily used by the cell for its energy needs.

METABOLIC REACTIONS IN A CELL
Metabolism is the sum total of all the chemical reactions
taking place inside the cells of an organism. These
reaclions are accelerated, or catalyzed, by biological
calalysls called enzymes. Anabolic reactions use
raw malerials taken in by the cell to make more
complex molecules, such as the proteins and
phospholipids that are used in the consiruction
and metabolic reactions of the cell. Anabolism
requires energy, released by catabolic
reactions such as respiration, which breaks
down energy-rich molecules, such as
glucose, o release their energy.

Food enters cell
JSront the outside

A single cell

Building molecule —
simple amino acid

ENERGY YIELD OF RESPIRATION
Aerobic respiration requires oxygen, anaerobic respiration
does nol, both have an initial stage called glycolysis where
glucose is broken down into two molecules of pyruvic acid.
This yields 2 ATP during anaerobic respiration and 8 ATP
during aerobic respiration, with a further 30 ATP when pyruvic
acid is broken down by the Krebs cycle inside mitochondria.

Glycolysis

ANAEROBIC RESPIRATION

\x.m’

AEROBIC RESPIRATION

Glucose Glycolysis
Pyruvic acid

Krebs cycle

Fuel - complex
glucose molecule

PROTEIN SYNTHESIS

Protein synthesis occurs in the cytoplasm, using instructions from DNA
in the nucleus. DNA is divided into genes. The bases in each gene are
arranged in precise order. The cell uses a genctic code that reads one
codon (three bases) al a time. Eacly codon specifies an amino acid; the
sequence of codons specifies the amino acids that make a particular
protein. Protein synthesis has two stages: transcription and translation.

Chromosome
unwinds

Section
through a cell

Chromosome

Catabolism
breaks down
complex glucose
molecules

Hater
Carbon dioxide
Energy released by

catabolism is used
JSor anabolisin

Anabolismn builds
complex molecules out
of simple molecules

Chromosome
consists of DNA
wrapped around
a core of binding
proteins

Protein chain

Lactic acid
Jermentation

Lactic acid

NET TOTAL: 2ATP

Carbon

Mitochondrion dioxide

30ATP NET TOTAL: 38ATP

Hater
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Messenger RNA
nucleotide

DNA strands
separate

Each base wcill
link up with
only one other
(complementary)
base

Nucleotide
(sugar phosphate
and base),

Sugar-phosphate
“backbone™

DNA double
helix unwinds

CELL FUUNCTIC

INS

TRANSCRIPTION

During transcription, the two
strands of DNA “unzip,” exposing
a section of the DNA molecule that
makes up one geite. The bases on
this DNA strand act as a template
to make messenger RNA (mRNA).
RNA nucleotides line up to match
complementary bases on the DNA
strand. The RNA nucleotides are
linked to form a strand of mRNA.
This copy of the DNA base sequence
then passes from nucleus to
cytoplasm through a pore in

the nuclear envelope.

Messenger
RNA
Jorming

Complementary,

bases

Complementary
bases

I QOutside nucleus

Amino acids link in
correct sequence [0
Jorm protein

Amino acid

Ribosome in cell
cytoplasmn is site of
protein synthesis,

HOW AN ENZYME WORKS
The molecules involved in an enzyme-
catalyzed reaction are called substrates.
They fit into part of the enzyme molecule
called thie active site, like a key fits into a
lock. The substrates react in this area and
the resulting products are then released.

Substrate

o
lecules
"\ neo

. Active site
Enzyme

Substrate

molecules

lorlf on to Enzyme

active site holds
substrates
together

Enzyme is
unaffected
by the
reaction , s ]
Products

move away
from enzyine

Pore in nuclear
envelope

7 TRANSLATION

During translation, the mRNA strand
attaches itself to a ribosome. The
ribosome “reads” the mRNA bases
one codon at a time and links the

RNA (tRNA), into the correct order
to form a protein molecule.

Strand of
messenger
RNA

amino acids, brought by the transfer




LIFE S(‘ll".\(fl~7.<’.\\]) ECOLOGY

LIVING ORGANISMS MUST REPRODUCE to ensure that their species
does not die out. There are two types of reproduction: asexual
reproduction, which involves a single parent and produces
offspring with the same genotype as the parent; and sexual
reproduction, which involves the fusing of sex cells from two
parents to produce a new individual with a different genotype.
Heredity explains the way that genes are passed from one

described by the Austrian monk, Gregor Mendel (1822-84).
By breeding pea plants, he showed that parental traits did not

by factors (genes) that occurred in pairs. There are two or
more forms (alleles) of each gene: dominant alleles, which are
always expressed in the offspring; and recessive alleles, which
are expressed only if they occur in pairs. Mendel arrived at
his conclusions by calculating the ratio of phenotypes (visible
characteristics) shown by offspring of known parents.

ASEXUAL REPRODUCTION
HYDRA BUDDING
Hydra sp. is a \iny freshwater cnidarian (see pp. 150-151)
that reproduces asexually by budding. A small bud grows
from the side of the hydra and soon develops tentacles to
catch food for itself.
Within days, it pinches
itself off and begins an
independent existence.

Apex of leaf

Nolchin

leaf margin
conlaining
meristemalic
(actively
dividing) cells

lo parenl

Adventitious bud
(detachable bud with

ADVENTITIOUS BUDS
The Mexican hat plant (Kalanchoe

adventitious rools) drops
JSrom [cuf"
daigremontiana) reproduces

asexually by producing adventitious

buds, miniature plantlets, which grow

from meristematic (actively dividing)

tissue located on the margin of lcaves.

When ready, these plantlets fall to the ground,
take root in the soil, and grow into new plants.

Petiole

Reproduction and heredity

generation to the next during sexual reproduction. This was first

blend in offspring, but remained separate, and were controlled

» Lamina
arent (blade) of
hydra with leaf
lentacles

Leaf
B margin
allached

MITOSIS
Mitosis occurs during asexual reproduction and
growth. It is a type of cell division that produces two
new daughter cells that are genetically identical to
the parent cell. Before division, each chromosome
in the nucleus copies itself to produce two linked
strands, or chromatids. These separate during mitosis,
and one of each pair passes into a new daughter cell.

Chromosomes

gel shorter ’

inside EARLY PROPHASE
nucleus OF MITOSIS

At the beginning of
mitosis, chromosomes
tighten (condense),
and a framework of tiny
tubes (the spindle)

Spindle begins to develop.

begins
Lo form

Nuclear envelope
breaks down

Pole of
spindle

METAPHASE

The chromosomes line
up across the center of
the spindle.

. ANAPHASE

The chromatids that
make up each
chromosome move
apart and travel to
opposite ends of
the spindle.

Chromatid

Cyloplasm Nuclear envelope

divides Jorms
TELOPHASE

A nuclear envelope
surrounds each set of
chromatids, forming a new
nucleus. The cytoplasm
then begins to divide.

Spindle begins
to disappear
Chromosomes

become longer
and thinner

Nucleus

INTERPHASE

Once cell division

is complete, the
chromosomes unwind.
The two new cells
now have identical
genetic material.

Identical
daughter cell

(leaf stalk)
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REPRODUCTION AND HEREDITY

SEXUAL REPRODUCTION AND HEREDITY

MEIOSIS
Meiosis is the type of cell division that produces gametes (sex cells),
such as sperm and ova (eggs), which are used in sexual reproduction.
Most of the cells that make up an organism are diploid — they have
two sets of chromosomes in the nucleus, one from each of the
organism’s parents. The total number of chromosomes varies from
species to species, but in every case the two sets consist of matching
pairs of chromosomes, called homologous chromosomes. Meiosis
consists of two divisions, during which a diploid parental cell
produces four daughter cells, which are haploid — have one set
of chromosomes - and are not identical to each other.

Haploid cell with
single set of
chromosornes

Chromatids
separale

Chromatid Homologous

chromosornes

Four haploid sex

Paired cells are produced
hoinologous by each diploid
chromosomes

parental cell
exchange material :

FIRST DIVISION

Each chromosome replicates
and produces two linked
chromatids (1). Homologous
chromosomes swap genetic
material (2), and two haploid
cells are formed, each with one
set of chromosomes (3).

SECOND DIVISION

The two chromatids in each
chromosome separate and
are pulled to opposite poles
of the cells. Each cell divides
to produce two daughter cells
with single-stranded
chromosomes (4).

FERTILIZATION
Fertilization is the fusion of a male break through its outer covering —
sex cell (sperm) and a female sex  the zona pellucida. One sperm
cell (ovum) to form a zygote finally succeeds, and its nucleus,
(fertilized ovum). During contained in the head of the sperm,
fertilization, several sperm surround fuses with the ovum’s nucleus to
the ovum and use enzymes to form a zygote.

Jorward
Ovumn
covered by Head of
zona sperm
pellucida

Tail of sperm
pushes cell

MENDELIAN RATIO

Parent’s Sex-cell Sea-cell Parent’s
genolype genotype genolype genotype

ﬁ

Cui
WHITE FLOWER
Sea-cell
genolype

All offspring
in the first
generalion
are red

RECESSIVE MASKED
After fertilization, each
zygote has the same
combination of flower-color
alleles, Rr. All offspring are red-
flowered because the dominant R
allele masks the recessive r allele.

RED FLOWER

Sex-cell
genolype

THE FIRST GENERATION
Red-flowered parents have
a genotype containing two
dominant alleles (RR) for red
color; white-flowered parents
have two recessive alleles (rr) for
white color.

Sea-cell
genolype

Parent’s
genolype

Sex-cell
genolype

Parent’s Sex-cell

genolype

Sex-cell
genolype Three quarters
of offspring in
the second
generalion
have red
Sowers

RECESSIVE REVEALED
Afler fertilization, half the
zygotes are Rr (red) and a
quarter are RR (red). The other
quarter are rr (white), as the
recessive allele is revealed. The
phenotype ratio is 3 red : 1 white.

THE SECOND GENERATION
Each red-flowered parent has
the same alleles for flower
color, Rr. Meiosis produces
sex cells that contain either the
dominant allele, R, or the recessive
allele, r. These cells take part in
sexual reproduction.

NATURAL VARIATION
Sexual reproduction results in different set of genes fromn each of
offspring that are not identical to its parents. Variation can be seen
each other.or to their parents. This most obviously in differences
natural variation occurs because between external features, such
each offspring inherits a slightly as coat color in these puppies.

Mother
suckling her
pups

Offspring show

variation in
coal color|




LIFE SCIENCES AND ECOLOGY

Evolution

THE THEORY OF EVOLUTION was established by English naturalist
Charles Darwin (1809-82) (see pp. 120-121). Evolution is the process
whereby living things change with time. Within a species there is always
variation; some individuals are more successful than others in the
struggle for survival and are more likely to breed and pass on their
advantageous characteristics. This process is called natural selection
and is the driving force of evolution. It enables species to adapt to changing
environments, and may, in time, lead to new species appearing. Since
life began on Earth, millions of new species have appeared and become
extinct. Organisms alive today represent only a small fraction of those
that have ever existed. There is much evidence for evolution, including:
the fossil record, which reveals ancestry; the current distribution

of animals and plants; and modern examples of natural selection.
Although evolution is a theory widely accepted by both scientists and
nonscientists, some people believe that all living things were divinely
created in their present form - this theory is known as creationism.

MISSING LINK

called theropods. Like birds, it also had feathers
and a forelimb adapted as a wing. It is likely,
therefore, that Archaeoptery.x, which probably
glided from trees rather than flew, was a close
relative of the ancestor of modern birds. The
fossil also suggests that birds evolved from, and

Some fossil finds have been of great
importance because they have provided a
“missing link” that shows how one major
group has evolved from another. One such
fossil is that of Archaeopteryx, which, with its
long, beny tail, jaws with teeth, and claws on
fingers, closely resembled sinall dinosaurs

I¥ing feathers _
Claws on the

ends of fingers

Wing bone .

Jaw with teeth

Tapering snout

Rib

Leg bone
Foot

Tuil bones

Tuil feathers

are the nearest living relatives of, the dinosaurs.

DARWIN’S FINCHES
This group of 15 finch species is found only on
the Galdpagos Islands, off the coast of Ecuador.
Each has its own way of life, and a beak shape
related to diet. When Charles Darwin observed
this, he concluded that they had all evolved
from a single, ancestral, South American
species. This is an example of adaptive
radiation — evolution from a single ancestor of
many species, each exploiting different lifestyles.

SMALL, INSECT -
EATING TREE FINCH

LARGE, CACTUS-
EATING GROUND
FINCH

LARGE, SEED-EATING GROUND FINCH

NATURAL SELECTION

The peppered moth provides an example of
natural selection in action. It rests on lichen-
covered tree trunks, camouflaged from
predatory birds by its pale color. In 19th-
century industrial England, air pollution
killed the lichen and blackened the tree
bark with soot. Dark forms of the moth,
which appeared as a result of natural
variation, increased in number because
they were better camouflaged against
the darkened tree trunks.

Dark form
of peppered moth

Pale form of peppered moth!

PEPPERED MOTHS




EVOLUTION

FOSSIL EVIDENCE

Broad skull with
mouth adapted to
calching prey in water

Flexible
backbone

Short tail

FOSSIL FROG

Fossils of early frogs reveal a
newtlike animal with a flexible
backbone that moved through the
water with a fishlike side-to-side
motion of its body and tail. They
may also have Kkicked out with
their hind legs to provide exira
propulsion. Like modern frogs, they
had a broad skull and a mouth
adapted to catching prey in water.

Strong
shoulder
girdle

Short,
Jused
backbone

MODERN FROG

During their evolution, frogs became adapted to
swimming and jumping using their long hind legs
and feet. As a consequence, because their tails were
no longer used, these were lost and their backbones
became short and rigid. Strong shoulder girdles have
also developed to resist the force of landing.

Broad skull

legs and feet
Jor swinuning
and jumping

LIVING EVIDENCE OF EVOLUTION ]
An example of living evidence that supports evolution is the HORSE EVOLUTION
pentadactyl (five-fingered) limb. All mammals share the same The evolution of modern horses from a dog-sized ancestor called
arrangement of bones in the four limbs, which suggests they Hyracotherium took over 50 million years. 1t did not follow a single, straight
evolved from a common ancestor. Differences between species line, but branched off in many directions and included genera that are now
are a result of adaptation to different lifestyles. The chimpanzee extinct. Four ancestors of the horse are shown below. Hyracotherium had
arm has the basic pentadactyl pattern. The dolphin has short, splayed toes and was a forest dweller, as was three-toed Mesohippus.
thick arm bones and splayed hand and finger bones that form a Merychippus lived in grasslands and walked on its middle toes. Pliohippus
powerful flipper. The bat’s hand and finger bones are long and was also a grazer and, like modern horses, had a single toe ending in a hoof.
thin, forming a light but strong framework to support a wing.
Finger bone All signs of
V extra toes have
Lower arm bone / Modern horse disappeared
> carries all its weight
-" on a single, hoofed toe
. X
Upper LY EQUUS
arm bone Wrist bone 5. G
CHIMPANZEE ARM BONES O Btocd ~ |
) ingle-toed feet N W
Shoulder ‘;{l; éé;l;)r;o: e(f had developed but >
blade Jor s‘wunmmg remnants .of‘other toes
persisted in some -
Lower PLIOHIPPUS
arm Q ¢ .
bone "
a’ .
0 L” & Feet still had three
Q | Loes but weight was
. X\ N increasingly carried
Upper arm bone ' Irist bone R i ‘ e nziddl?z e
DOLPHIN FLIPPER BONES 8 i~ MEGYGMIPPUS
Hrist bone 3
3 All feet had three toes;
Lower - the central toe was the \
arm bone Long,_ thin hand most prominent ,
and finger bones : |
make a lightweight « MESOHIPPUS -
frame for the wing N _
Upper R
arm bone '®, )
Other horse " \* " _ Forefeet had four toes
SN genera I} supported by a pad
: HYRACOTHERIUM
BAT WING BONES \ — |
4 129
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LIFE SCIENCES AND ECOLOGY

Classification 1

IN ORDER TO MAKE SENSE of the millions of

q . . . CLASSIFYING SPECIES
species found on Earth, biologists classify them Species, such as the tiger, are classified by being placed in increasingly
into a rational framework. Classification is used larger groups. The tiger is grouped into a genus (big cats); the family
. . . e . . (cats) contains similar genera; families are grouped into an order
to identify and name individual species and to (carnivores); related orders form a class (mammals); classes are
show how different species are related to each grouped into a phylum (or division for plants) (chordates); and phyla

e h . that share broad characteristics collectively form a kingdom (animals).
other. The Swedish naturalist Carolus Linnaeus __ , __ ! )

(1707-78) (see pp. 120-121) devised the first

rational system of classification, which is still used

by biologists today. It groups different organisms

together on the basis of their similarities and PHYLUM: Chordata (chordates)

gives each species a Latin or latinized binomial Chordates are animals that have a notochord (a stiffening skeletal

(two-part) name. The first part identifies the rod), a dorsal nerve cord, and gill slits at some stage in their life.
V¢ C .

genus (group of species) to which the organism

belongs, and the second part identifies the

R i B i B o A e o A U B e ek i

CLASS: Mammalia (mamimals)
Mammals are chordates that are endothermic (warm-blooded),

species. Classification systems arrange species have hair or fur on their body, and suckle their young with milk.

in groups (taxa). They are ranged in order of e S —

size from the smallest taxon — species — at the ORDER: Carnivora (carnivores)

bottom. to the largesl taxon — kingdom _ at the Carnivores are mammals that typically eal meat, are specialized
b

1 ) o for hummg, and have teeth adapled for gripping and tearing flesh.
top. Most systems of classification place living R —

organisms into one of five kingdoms: monerans, FAMILY: Felidae (cals)

rotists, fungi, plants, and animals. Cats are highly specialized
p ? gL p ? predators. They have powerful

jaws, and good vision and hearmg

" GENUS: -‘Panlhara.(m‘g

THE FIVE-KINGDOM SYSTEM

MONERA (BACTERIA)  Big cats can roar and h

The kingdom Monera contains y| their pre hqm‘

bacteria, the silmplest organisms on Mﬁlelfe'e

Earth. They are single-celled B - B i

_prokaryotic_organisms and are found SPECIES: Panthera tigris (nger) it

in every habitat (see pp. 154-155). Tigers are the largest and most |
A powerful of the big cats. Their ‘ T
- .\ PROTISTA (PROTISTS) striped coat provides camouflage. i ’

0 . S . (Panthera tigris)
“7 The kingdom Protista is a diverse R e e e B s e R

assemblage of single-celled,
eukaryotic organisms. They include
plantlike, animal-like, and fungilike
organisms (see pp. 134-135).

FUNGI I l ) I
Fungi arc eukaryotic, mostly Chlorophyta Phaeophyta Bryophyta
multicellular organisms that are (green algae) ! (brown algae) (mosses)
typically made up of threadlike hyphae 70,000 species | 1,500 species 10,000 species

and reproduce by rcleasing spores i
from fruiting bodies (see pp. 136-137). !

PLANTAE (PLANTS)

K Plants are hugely diverse, multicellular, Rhodophyta Hepalovphyla
eukaryotic organisins whose cells (ved algae) (liverworts)
have walls (sce pp. 138-149). They 4,000 species 6,000 species

make their own food by harnessing
the Sun’s energy during photosynthesis.

! ANIMALIA (ANIMALS)
Animals are mmulticellular, eukaryotic

organisms, whose cells lack walls KEY

(see pp. 150-167). They typically feed . KINGDOM Dl)l\’lSION D CLASS
by ingesting food, wliich is thien

digested internally. All figures given are a rough estimate of species numbers
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CLASSIFICATION 1

CLASSIFYING MONERANS, PROTISTS, FUNGI, AND PLANTS

Kingdom Monera has two divisions: Archaeobacteria and Eubacteria . between fungi and algae. There are 15 divisions of kingdom Plantae:
Kingdom Protista has 10 divisions grouped into fungilike slime and water ~ seaweeds (divisions Chl“""_PlW‘ﬂv Rhod()phyla, Phaeophyta);
molds (divisions Acrasiomycota, Myxomycota, Ooinycota); animal-like nonvascular, spore-producing plants (divisions Hepatophyta, Bryophyta,

protozoa (divisions Sarcomastigophora, Ciliophora, Sporozoa); and Anthocerophyta); vascular, spore-producing plants (divisions Psilophyta,
plantlike algae (divisions Chrysophyta, Euglenophyta, Bacillariophyta, Lycophyta, Sphenophyta, Pterophyta); nonflowering, seed-producing
Pyrrhophyta). The four divisions in kingdom Fungi are classified according Plants (divisions Cycadophyta, Ginkgophyta, Gnetophyta, Conifcrophyta);
to their means of reproduction; lichens are a symbiotic association and flowering, seed-producing plants (division Anthophyta).

Archaeobacteria | Eubacteria )
100 species 2,500 species f
g
= e = =l —vi
[ 1 1 , [ | ,
Acrasiomycota Oomycota Ciliophora ﬂ Chrysophyta I Bacillariophyta [
(cellular slime mold) (water molds) (ciliates) f (vellow-green and | (diatoms) ')
70 species 580 species 8,000 species gold algae) 1 5,600 species
: 1,100 species i
X . = b Eya—s DS —:sx—-i‘ e e e e E
Myxomycota Sarcomastigophora Sporozoa Euglenophyta Pyrrhophyta
(plasmodial slime (Magellates, (sporozoans) (euglenoid flagellates) (dinoflagellates)
mold) amoeboids) 5,400 species 1,000 species 2,100 species
500 species 17,000 species
ks T REvicRESy 0 (TRt SR e mee ™

Basidiomycota Zygomycota Deuteromycota F: Ascomycota r Lichenes ,‘.
(smuts, rusts, jelly (black bread mold, (Penicillium, I (yeasts, morels, X 20,000 species ]
fungi, mushrooms, dung fungi) Aspergillus, Candida) || truffles) I |
stickhorns, puffballs) 765 species 17,000 species : 30,000 species i A
25,000 species : i
L] N
g S & =gy = .2 =y
Psilophyta Sphenophyta { Cycadophyta ( Gnetophyta Anthophyta
(whisk ferns) (horsetails) i (cycads) | (gnetophytes) (Mowering plants)
2 species 15 species 100 species | 70 species 240,000 specics :
| |
= ) | |
S — e~ e Waow 21 P o e e T Dt
Anthocerophyta Lycophyta Pterophyta | Ginkgophyta # Coniferophyta
(hornworts) (club mosses) (ferns) (Ginkgo biloba) i (conifcrs)
100 species 1,000 species 11,000 species 1 species | 550 species
I i
1 | i
. T AT N D R T P R T
Liliopsida Magnoliopsida |
(monocots, including (dicots, including i
orchids, irises, palms, oaks, roses, and [
and bromeliads) magnolias) I
65,000 species 75,000 species t
| P v s =
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LIFE SCIENCES AND ECOLOGY

Classification 2

CLASSIFICATION ENABLES BIOLOGISTS to make sense of the bewildering
array of living organisms. It identifies and names species by placing them
into groups with other species that have similar characteristics. The science
of classification is called taxonomy. Taxonomists — biologists that practice
taxonomy - name species and trace their phylogeny - the way in which
species are linked through evolution. They do this by looking for key
anatomical, physiological, behavioral, or molecular characteristics. If
different species share similarities, taxonomists may suggest that they are
related through descent from a common ancestor — an extinct organism from
which they have inherited their shared characteristics. Such characteristics
may be ancient ancestral ones, such as the backbone in vertebrates, or more
recently derived characteristics, such as modified forelimbs in bats. There
are two major evolutionary classification systems in use today. Traditional
systematics, used here for the animal kingdom and on pp. 130-131, groups
organisms by using as many characteristics, both ancestral and derived,

as possible. Cladistics groups species on the basis of shared derived
characteristics alone.

l | | | | L e

Arthropoda
(arthropods)
963,000
species

Uniramia
(uniramians)
860,000 species

Porifera ;; Cnidaria ; Platyhelminthes ,l Nematoda i Mollusca ‘ Annelida Malacostraca |
5 (sponges) “ (cnidarians) b (flatworms) +| (roundworms) 5! (mollusks) g (segmented (lobsters, crabs,
il 53,000 species ! 8,915 species L 18,500 species | 12,000 species il 50,000 species ‘, WOrms) " |shrimps, woodlice)
] 4 i 1 11,600 species 22,650 species
é‘»'-‘é?f’!’:’.‘vsi.:,-:'n “= SR P SN R { fES SR PR 2 L zia =
| Hydrozoa | Cubozoa IPolyplacophora | |||  Bivalvia
(hydras, hydroids)| ||  (box jellies) i (chitons) 1 (clams, scallops)

2,700 species o 15 species ﬂ 800 species ‘| 8,000 species
: 1
e |remwmes

Scyphozoa ‘| Anthozoa | Gastropoda :‘] Scaphopoda
(jellyfish) | (sea anemones, El (slugs, snails) ’1 (tusk sheils)
200 species 7 coral) 1 40,000 species “ 350 species
i 6,000 species . oy i
; & 4 ,
=== == R e B T B |

l | —T— |

Turbellaria ' Trematoda | Polychaeta g‘ Oligochaeta | | Hirudinea i
" (free-living | (parasitic flukes) | (marine worms) (earthworms, (leeches)
" flatworms) | 11,00 species | 8,000 species f! freshwater . 500 species
3,000 species v ; | Wworms) b
i g. 3,100 species !
TR e et e Ll e = |
KEY | Monogenea i Cestoda {
_— (parasitic flukes) (tapeworms)
KINGDOM 11,000 species | 3,400 species '
O] puyrum | |
e B e e e
D SUBPHYLUM I l |
O crass | Insecta | Chilopoda Diplopoda Other classes: ) |
i . t (insects) (centipedes) (millipedes) Symphyla (symphylans) 160 species |
Y, gures given are " . . . s .
a rough estimate of § Gib.000spacies 2,500 species 10,000 species Pauropoda (pauropods) 500 species
species numbers o
E T TPV RLaEtae]




CLASSIFICATION 2

CLASSIFYING ANIMALS

The animal kingdom is one of five kingdoms into which living things
are divided. 1t consists of over 30 phyla, some of which are shown
below, with their major classes. The phyla Arthropoda (arthropods)
and Chordata (chordates) are divided into subphyla, a category of

classification between phylum and class. The animal kingdoin is
traditionally split into invertebrates — animals without backbones,
which account for most of the species — and vertebrates, animals
with backbones found in the subphylum Vertebrata.

E—

WISOR LA | Echinodermata Chordata
Ctenophora Brachiopoda Acanthocephala ' (echinoderins) (chordata)
(comb jellies) 50 species (lampshells) 325 species (spiny-headed worms) il 3,975 species 49,485 species
Rotifera Hemichordata 1,150 species o
(rotiferans) 1,500 species (acorn worins) 85 species Gastrotricha i
Tardigrada Chaetognatha (gastrotrichs) 450 species —— SR
(water bears) 600 species (arrowwornis) 70 species Sipuncula | |
Phoronida Nemertea (peanut worms) 320 species 4 . X o N
(phoronids) 14 species (ribbon worms) 900 species ~ Onycophora /| Ophiuroidea | [ Echmou:iea
Bryozoa Nematomorpha (onycophorans) 80 species 8 (brittle stars) ? (sea urchins,
(bryozoans) 4,500 Species (horsehair worms) 320 species /| 2,000 species n sand dollars,

f | heart urchins)

A o 950 species

i NN T

Lo s T T R et
Crustacea Chelicerata Crinoidea 7l Asteroidea | '|Holothuroidea
(crustaceans) (chelicerates) (sea lilies, : (starfish) | (sea cucumbers)
32,000 species 71,005 species feather stars) § 1,500 species ! 900 species
625 species 3 K
= p=ssms i = Ko e =
Branchiopoda Urochordata 1| Cephalochordata {| Vertebrata
(fairy shrimps, (sea squirts) (lancelets) B (vertebrates)
water fleas) 1,250 species 25 species ¢| 48,210 species
820 species i
EAgose e b L, a0
Mammalia Reptilia g Osteichthyes i Agnatha
(mammals) (reptiles) g (bony fish) '] Gawless fish,
4,000 species 5,960 species 24,000 species '| lampreys, hagfish)
e | 50 species
| (|
I I | ‘,C,‘,F e s s ]

Merostomata
(horseshoe crabs)
5 species

Pycnogonida
(sea spiders)
1,000 species

Arachnida
(spiders,
scorpions, mites,

ticks, harvestmen)
70,000 species

Aves Amphibia
(birds) (amphibians)
9,000 species 4,350 species

Cladistics is another method of classification. Species that share
unique, derived characteristics are placed in a group called a clade.
All species in a clade are descended from a single, common ancestor.
Birds, for example, form a clade because they are descended from

a common ancestor that evolved feathers. Clades are arranged into

A clade

Vertebrate cladogram ~

shows that each clade
has a single ancestor

CLADISTICS

a branchin‘g diagram called a cladogram, which shows those clades
that are more closely related to each other. In traditional classification,
turtles, lizards and snakes, and crocodiles are grouped together as
reptiles (class reptilia), this is known as a grade. Although similar

to clades, species in a grade evolve from more than one ancestor.

=

AMMALS

TG L R

Cladogram indicates
that crocodiles are more
closely related to birds
~ than they are to turtles




LIFE SCIENCES AND ECOLOGY

Microorganisms

LLIVING THINGS THAT ARE TOO SMALL to be seen without a
microscope are called microorganisms. This diverse collection of
unicellular organisms includes bacteria, protists, and some fungi
(see pp. 136-157). Bacteria (kingdom Monera or Prokaryota)

are prokaryotic organisms — their cells lack a nucleus or any
membrane-bound organelles. They are the most abundant and
widespread organisms on Earth and include saprobes, which feed
on dead material, and parasites, which feed on living organisms.

Protists (kingdom Protista or Protoctista) include a wide variety of

unicellular, eukaryotic organisms - their cells have a nucleus and
contain membrane-bound organelles. Animal-like protists, or
protozoans, are heterotrophic and include amoeba, ciliates, and
flagellates; plantlike protists, or algae, are autotrophic. A third protist
group includes slime and water molds. Viruses are generally
included with other microorganisms but they are nonliving and
must invade a living host cell in order to reproduce (see pp. 258-259).

BACTERIA

STRUCTURE OF A BACTERIUM
A bacterial cell is bounded by a plasia membrane-bound structures. Instead
membrane and a tough cell wall. In some of a nucleus, a circular molecule of DNA
cases, the cell wall may be covered by a is found in a region called the nucleoid.
protective, gelatinous capsule. 1t may also Bacteria may be identified according
have long flagella that enable it to swim, to their shape: coccus (round); spiral
and pili that are used to attach it to other (coiled); and bacillus (rod-shaped)
cells or food. Inside the cell, there are no (shown here).

>
y -._
Fi lagell,uin‘j/ \ ]
i
Capsule == _ /

Cell wall
Plasma i

e
membrane = S
AP

Ribosonie

Folded plasma
membrarne

Nucleoid
region

Pilus

STRUCTURE OF A VIRUS
A virus consists of a core of nucleic acid (either DNA or
RNA) and an outer prolein coat, or capsid. The length of
nucleic acid forms the virus’s genetic material and can
be replicated only inside a host cell (see pp. 258-259).
Surface proteins, called spikes, stud the outer capsid
and are involved in attaching the virus to a host cell.
Spikes
(surface
proteins)

(protein coat)

CYANOBACTERIA
Formerly known as blue-green algae, cyanobacteria
are bacteria that can produce their own food by
photosynthesis. Most cyanobacteria are found in
) water, and many exist as filaments of linked bacterial ‘-
cells. Cyanobacteria also play an important role in "
nitrogen fixation (see pp. 172-173).

g A e Y N

SOIL BACTERIA

Bacleria are found in vast numbers in the soil, and
play a vital role as decomposers, helping to break
down dead plant and animal material. This proccss
of decomposition releases and recycles vital nutrients,
including nitrogen and carbon, needed for plant growth.




MICROORGANISMS

PROTISTS

Ectoplasm (outer AMOEBA
zone of cytoplasm)

Y S . : - ; . . .
@ [-ln({(‘)'pla '{} in a particular direction. During feeding, pseudopodia
m:.:tlo;)?g;,g) surround and engulf food, such as bacteria, which is taken

e into the amoeba and digested in a food vacuole. Freshwater
A amoebas also have a contractile vacuole, which is used for
pumping out excess absorbed water.

Sinus Chloroplast
(division
betiween
wo halves
of cell)

Amoeba are protozoans that have a simple structure and no Ring of cilia
fixed shape. They move by producing temporary extensions
called pseudopodia thal enable thein to “flow

/9

Parameciumn

Didinium

Pseudopodium

extends to

engulf food Cylosorme
opens Lo lake in

Food paramecium

Contractile vacuole

constricts regularly to Cilium
expel excess absorbed CILIATES

water A Paramecium is a slipper-shaped, freshwater
mmicroorganism covered by thousands of tiny,
hairlike structures called cilia, commmon to all
ciliates. The cilia beat rhythmically, pushing the
paramecium through the water as it feeds on
bacteria. The barrel-shaped didinium, secn
here eating a paramecium, is propelled by two
rings of cilia.

Flagelluin
pulls euglena
through water

Cell wall 55  Eyespot
GREEN ALGAE DIATOMS " giﬁ‘,’,ﬁ,ffh‘,
The freshwater desmid (shown here) belongs to the These marine and freshwater algae form
largest division of algae called Chlorophyta. These an important part of the phytoplankton,
green algae make their own food by photosynthesis. Diatoms have a patterned shell, made of silica,
As well as unicellular species, the division also consisting of two halves that fit together like
includes the green seaweeds (see pp. 138-139). a box and its lid. Second,
Paramylon non-
(food store) emergent,
SLIME MOLD REPRODUCTION { JSlagellum
Slime molds are protists that resemble amoebae. When food is Chloroplast ﬂ
plentiful, stime mold amoeba live an independent existence, feeding / / Contractile
on bacteria and yeasts. When food is in short supply, they secrete a 7 -f‘ ; vacuole

chemical that attracts other amoeba to form a cell mass called a
slug. The slug migrates towards the light, eventually comes to rest,
and extends upward to form a fruiting body. This releases spores,
which disperse and germinate to form new amoeba.

Fruiting body Spores released
matures

Germinating
spore

Fruiting body
develops

I} - -
. 3 et o .
e e e S
)

/ &
(’/ X 44 Independent cell _i._";}'

] h

S ¢ :o 1
Slug .‘,.:\J-" Wk 7

P
migrates +%+2% N\ GP
towards v Cell attracts

light . ; other amoebae
Cell mass & D by exuding
(slug) forms Q a chemical

&

Mitochondrion

Golgi body
Flexible, '

ouler shell Pyrenoid
(pellicle)
Nucleus
EUGLENOIDS

Euglenoids are freshwater
protists that move using
the whiplike flagellun at

the anterior (front) end

of their bodies. Many contain
chloroplasts and make their own
food by photosynthesis, using their

eyespot 1o detect light. Others cannot
photosynthesize and rely our ingesting
food instead. Unlike algae, euglenoids
lack a cell wall,
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YEAST CELLS

°
Yeasts are microscopic, unicellular fungi. They reproduce
asexually by budding a “daughter” cell from the “parental”
yeast cell (shown below). This then becomes detached and
follows an independent existence. Some yeast species respire

F[:\'GI ARE A GROUP of eukaryotic, nonmotile, land—living anaerobically to convert glucose into ethanol (alcohol)
organisms that includes bread molds, yeasts, mildews, and carbon dioxide. This process is called fermentation. Itis
mushrooms, puffballs, and smuts. Most fungi are multicellular ¢34 By brevers o produce acohalie drinks, and by
and have cell walls that contain chitin. They consist of
microscopic, threadlike filaments called hyphae, which branch
profusely to form masses called mycelia. Fungi are heterotrophic
and absorb nutrients at or near the growing tip of hyphae as
they spread through food. Most fungi are saprobes, which means
that they feed on dead and decaying organisms. Saprobic

soil fungi, for example, recycle nutrients from dead animal
and plant material. Some fungi, such as the candida fungus
(see pp. 258-259) are parasites, feeding on living organisms.
Others form mutually beneficial symbiotic relationships with
other organisms — such as mycorrhizae and lichens. Fungi

Yeast cell

reproduce by releasing spores from fruiting bodies. Spore- New cell

producing structures within fruiting bodies include gills, pores, }’r’:’fnd"’g

and spines, depending on the species. The spores may be dispersed “parental”

actively into air currents, or passively by rain or animals. cell
EXAMPLES OF FUNGAL FRUITING BODY SHAPES

Fungal fruiting body shapes exhibit a great variety of forms. They all as the gilled mushroom opposite, actively release their spores into the

support the hymenium (spore-producing tissue) and are specifically air to be dispersed by the wind. Other fungi, such as as the fluted bird’s

designed to aid spore dispersal. The hymenium may be exposed, as nest, rely on passive dispersal of their spores by splashing raindrops

in the fluted bird’s nest and common stinkhorn fungi, or concealed, or passing animals. A few fungi, such as the stinkhorn, use scent to

as in the summer truffle and common puffball fungi. Most fungi, such attract insects to disperse their spores.

Fruiting Spores are dispersed passively Outer layer dries S}p ores }? 2w "ﬁ;ed e

body forms by digging animals or when oul and becomes through central pore

by passing animals

S o VS thin and papery
underground JSruiting body decays pap or rainGts

Internal
hymenium

Spores inside
dryoutand
becorne dustlike ~

i

Foul-smelling,

sticky spore mass |/ Stem holds Spores are
BALL-SHAPED: is dispersed by | hymenium produced inside ‘
SUMMER TRUFFLE Sies and beetles ' I~ above the soil y the fruiting body
o PESTLE-SHAPED: i
Nest-shaped “Egg” is calapulled oul by SOMMONIELERE SES
Jruiting body raindrops and spores are

released when it decays Sporangium (from which

Sporangiophore

(stalk) grows from
mycelium and :
supports sporangiuni i

Hymenium forms in
egg-shaped structure
and bursts oul

Fruiting bodies
resemnble a
mass of hair

Spores
develop
inside “egg”
NEST-SHAPED: PHALLUS-SHAPED: BREAD MOLD
FLUTED BIRD'S NEST COMMON STINKHORN




FUNGI

FEATURES OF A GILLED MUSHROOM

Mushrooms are the fruiting bodies of certain

fungi belonging to division Basidiomnycota. They

arise from underground mycelia and consist of
a compact mass of hyphae. Gilled mushrooms
consist of a cap, in which spores are produced,

Cap skin
Loose flakes are

remains of sﬁf/

universal veil _...t__‘a?-

Gills radiate
out froma
central point

Annulus, or stemn
ring; a remnant
of the universal

and a stem, which lifis the cap above the ground.
On the underside of the cap are vertical strips of
tissue called gills, which contain spore-producing
tissue. When spores are mature, tliey are caught
by air currents as they emerge from the gills.
Cap flesh

e

Cap or
pileus

Side view
of gill

Vertically
positioned gills
(area of spore

: \ } production)

veil protecling
the young gills 5:
B —— Stem
o
Stem surface 4 E ]
K
& 2
Stem flesh ; 4 3 \
ER |
Fi & |

Stem base may
vary in shape;
here it is bulbous

Loose skin, or volva,

al base is remnant of
universal veil; the
prolective membrane
that surrounds the
developing fruiting body

T

GILLED MUSHROOM
(Amanita sp.)

Lichens are the result of a symbiotic
(mutually beneficial) relationship
between fungi and either green algae or
cyanobacteria (see pp. 134-135). Fungal
hyphae protect algae from environmental

Upper surface
of thallus

Algal cell

Medulla of
Jungal hyphae
(mycelium)

(bundle of
hyphae)

LICHENS
/ hypha

S
Soredium
(reproductive
structure of lichen)

SECTION THROUGH FOLIOSE LICHEN

extremes and pass on essential minerals.
Algae produce food by photosynthesis,
which is shared with the fungus. This close
relationship enables lichens to grow on bare
surfaces and in extremely hostile habitats.

Fungal

Lichen
growing on
tree trunk

FOLIOSE LICHEN
(Hypogymnia physodes)

LIFE CYCLE OF A MUSHROOM
Spores germinate when they land in a
suitable location. They develop into hyphae,
which branch to form a primary mycelium.
Adjacent mycelia fuse to form secondary
mycelia. Parts of this mass give rise to spore-
producing fruiting bodies (mushrooms).
Mycelia differentiate within the immature
mushroom to form the cap, gills, stem, and
other parts. The universal veil ruptures
as the stem and cap emerge. When the
mushroom matures, it releases its spores.

Spore

Primary
mycelium
develops
Jrom spore Septum

(cross wall)

Hypha

Nucleus

Primary mycelia fuse
to produce secondary
mycelium

SPORES GERMINATE AND PRODUCE

MYCELIUM

Immature

JSruiting body Mycelium

MYCELIUM FORMS FRUITING BODY

Universal veil

(membrane Pileus (cap)
enclosing

developing

JSruiting Gill

body)

Underground j Stalk

mycelium _7./&

FRUITING BODY GROWS ABOVE GROUND

Expanding

pileus (cap) 4

Annulus
(ring) being
JSormed as
partial veil
breaks

Underground =%,
mycelium J@

UNIVERSAL VEIL BREAKS

Partial veil
(joins pileus
to stalk)

Volva

?’" (remains of
universal
veil)
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MOSSES

These small, simple plants often grow
together in clumps usually under damp

conditions. They have upright “stems” and

spirally arranged scalelike “leaves.” In
INONFLOWERING PLANTS REPRODUCE without producing flowers. The most mosses, the capsule, or sporangium,
simplest of these reproduce by releasing spores; the more advanced is at the end of a long seta, or stalk. When
produce seeds (see pp. 140-141). Mosses (division Bryophyta) and Hpethisipelis s

release spores

" Capsule /’
(sporangium)

Seta (stalk)______|

liverworts (division Hepatophyta) are the simplest spore-releasing
plants. They are found in moist habitats; lack true leaves, stems,

and roots; and have no vascular system. The other spore-releasers,
horsetails (division Sphenophyta) and ferns (division Pterophyta), have
vascular systems. The life cycle of spore-releasing plants involves two
generations existing alternately. During the gametophyte generation,
gametes (sex cells) are produced, which fuse to produce a zygote.

This gives rise to the sporophyte generation, which produces spores in a
sporangium. When released, these spores germinate and give rise to another
gametophyte generation. In mosses and liverworts, the gametophyte is the
dominant generation; in horsetails and ferns the sporophyte is the dominant
generation. Although seaweeds are included as nonflowering plants here,
some biologists class them as protists (see pp. 150-151).

“Leaf”

Gainelophyte
generation

.

Sporophyte
generation

LIVERWORTS )
Liverworts are simple green plants, I‘/"'”"”"'(_i thallus (plant
found in damp, shaded locations, and body) of gametophyte
sometimes in water. There are two
types, both of which are prostrate
(grow along the ground). Thalloid
liverworts are flattened and ribbonlike;
leafy liverworts have scalelike “leaves”
arranged in rows. Both types

of liverworts can reproduce sexually
and asexually. Following sexual
reproduction, spore-producing
sporangium develops on the underside
of the archegoniophore. Asexual
reproduction occurs when clusters
of cells, called gemmae, are splashed
out of gemma cups by raindrops.
They then grow into new plants.

Gainelophyte
generation

COMMON MOSS
(Polytrichuin commune)

Supportive
midrib

Gemma cup

. / \._ Stalked archegoniophore
containing gemmae —.

(female reproductive

N structure)
THALLOID LIVERWORT #

(Marchantia polymorpha)

Lamina (blade)

Fertile lip releases Supportive Unbranched, spirally
gaineles inlo midrib Crinfkled lwisted frond
the sea margin

SEAWEEDS

There are three types of
seaweeds: brown, green, and
red. They are all multicellular
marine algae and are usually
found in the intertidal zone of
the shore or just below the
low tide mark. Their color
depends on the photosynthetic
pigments they use to harness
the Sun’s energy. Typically,
seaweeds have a flattened
body, or thallus, that is
attached to rocks or the

Lamina
(blade)

Smooth
margin

seabed by a holdfast. Most Smooth . fHoldfas!
reproduce sexually by margin! foldfast 3 Holdfast

releasing gametes into the sea. atlaches

Fertilized eggs settle on rocks BROWN SEAWEED seaweed Lo GREEN SEAWEED RED SEAWEED l
and grow into new seaweeds. (Fucus spiralis) mussel shelll (Enteromorpha linza) (Dilsea carnosa) |
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FERNS
The sporophyte generation in ferns is a green plant with
leaves, stems, and adventitious roots that grow from an
underground stem. Water and nutrients from the soil are
transported around the plant by its internal vascular system.
The large fronds, or leaves, are divided into many pinnae, or
leaflets, eacl of which may be divided further into smaller
pinnules. Sporangia develop on the undersides of pinnules in
groups called sori and release spores into the air.

Midrib of pinna
(provides support)

Pinnule
(leaflet of

pinna)

Pinna

(leaflet)

Rachis (leaf stem)
Apex (growing
point) of sterile

Young frond
(leaf) rolled and

shoot covered by ramenta
Ramentum
Strobilus (brown scale)
(group of Lateral
B\ / sporangi branch Rhizome
ol (underground stem)
%6
(332
£33

Adventitious roots
grow from rhizome

Non- é
photo- r synthetic
d synthetic, sterile
B Jertile 'i J stemn Z MALE FERN
t 4] stem / i Dryopteris filix-mas
?’ ‘ Rhizome 't ; DOge S 2
¥ (underground \
A stent) HORSETAILS
e Horsetails have upright, hollow, jointed stems with
Q S DL rings of small leaves. They reproduce in two ways:

= by releasing spores or through creeping rhizomes
(underground stems) from which new shoots arise.
There are two types of shoots: sterile shoots, which

{ . have whorls (rings) of narrow, green, photosynthetic
branches; and fertile shoots, which are not green
(contain little or no chlorophyll) and have no
branches. Each fertile shoot carries a single strobilus
(a mass of sporangia) where spores are produced.

brown leaves Adventitious

COMMON HORSETAIL ~ [001S
(Equisetum arvense)

LIFE CYCLE OF A FERN
Spores released from sporangia
germinate in damp conditions to form
a simple, heart-shaped prothallus
(gametophyte). This bears antheridia
and archegonia, the male and female
sex organs. Antheridia release mobile
gameles (sex cells) called antherozoids.
These swim in a filmm of water to an
archegonium and fertilize the oosphere
(egg). A new fern plant (sporophyte)
develops from the fertilized oosphere.

Upper surface of
pinnule (leaflet Sporangium
of pinna) (spore-
producing

Indusiuimn
(protecting
Sap of sorus)

SECTION THROUGH PINNULE

Underdry
conditions, '""z-u,% 7
sporangium \j, €
splits and ;
releases spores

RELEASE OF SPORES

Spore Cells divide to
germinales produce prothallus
_O”l’d‘?l‘?(')’,‘lp Rhizoid
COIEII O anchors
prothallus
GERMINATION OF SPORE
Antheridiuimn Archegonium

S « (= o
Rhizaid_‘W/ﬁ}?_;fﬁ%

GAMETOPHYTE PRODUCES GAMETES

Antheridium Qosphere

Sl ®
Antherozoid Archegoniumn

FERTILIZATION
Gametophyte
disintegrates Sporophyte
as sporoplhyte grows oul of
grows gametophyte

NEW SPOROPHYTE PLANT GROWS
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Nonflowering
plants 2

THE MORE ADVANCED PLANTS, of which there are five
divisions, reproduce by means of seeds. Four divisions of
seed-producing plants are nonflowering - collectively
known as the gymnosperms (“naked seeds”) because their
seeds develop unprotected by a fruit (the fifth division is the
flowering plants). Most gymnosperms are evergreen trees
that have male and female reproductive structures in the
form of cones. Pollen is usually blown by the wind from
the male cone to the female cone, where fertilization takes
place. The “naked” seeds then develop on the surface of
scales in a female cone. Most gymnosperms are shrubs or
trees, and many are xerophytes (adapted to living in dry
conditions). The four divisions of gymnosperms are: the
ginkgo, a deciduous species; cycads, found mainly in

the tropics; gnetophytes, mostly trees and shrubs; and
conifers, which include pines.

=——"Peliole
(leaf stalk)

Pinnate

leaf
Y

Female
“cone’’

& —~~“Trunk”
covered with
scale leaves

Scale

leaf” CYCAD

Shaped like a small palm tree, cycads
have a distinct “trunk” covered with
woody scales, and a crown of long,
divided leaves. Large cones grow in the
center of the crown, with male and female
cones appearing on different plants.

SAGO PALM
(Cycas revoluta)

GNETOPHYTE Immalure
A highly diverse gymnosperm group, the cone
gnetophytes are mostly trees and shrubs. Continuously

The desert plant welwitschia is an unusual, growing leaf,
horizontally growing gnetophyte with two long,
straplike leaves and a central, short trunk.

Scars left where
cones fall away

EXAMPLES OF GYMNOSPERMS

GINKGO

(Ginkgo biloba)

(Taxus baccala)

Site of cone
growth

Woody stem

Petiole
(leaf stalk)

Bilobed
(double-lobed) leaf

GINKGO

The only species in the division
Ginkgophyla is the ginkgo, or
maidenhair tree. It has fan-
shaped, bilobed (double-lobed)
leaves and can grow to up to
100 feet (30 meters) in height. It
does not produce cones. Male
and female reproductive
structures are found on separate
trees; the male structure
resembles a catkin,

and the female consists of paired
ovules. After fertilization, the
female tree produces seeds
protected by a fleshy covering.

Needle-shaped
leaf

Aril (fleshy
outgrowth
Jrom seed)

CONIFER

Conifers include pines, cypresses,
redwoods, larches, cedars, and yews.
Most of them are tall trees with tough,
leathery, evergreen leaves that range
in shape from thin needles to flat
scales. Seeds typically develop
within woody female cones, which
are usually larger than male cones,
and often grow separately on the
same tree. Yews lack true cones.

Adaxial (upper)
surface of leaf
Frayed end
Abazial (lower) of leaf,

surface of leaf

WELWITSCHIA
(Welwitschia mirabilis)
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FEATURES OF BISHOP PINE (Pinus muricata)

MICROGRAPII OF Needle-
FOLIAGE LEAF (NEEDLE) shaped leaf

The surface of a pine needle .

is pitted with rows of stomata Apical bud
(pores). The stomata are (point at which
sunken in the waterproof main growth
cuticle (outer covering) of the lakes place)
needle. This adaptation reduces
water loss from the leaf and
enables the tree to withstand
the drying effect of the wind.

Dwarfshoot
(bears needle-
shaped leaves)

TERMINAL ZONE OF BRANCH

Stern

Upper surface
. The apical bud at the tip of a branch is an active
Margin growing point from which the next year’s growth

of the branch will occur. Behind it are dwarf
shoots that show limited growth and bear the
needle-shaped leaves typical of all pines.

Storna (pores through which
gases enter and leave)

Second-year r G .

Jemale cone

Apical
bud

~\

\\\\
Quuliferous scale
(ovule and seed-

bearing structure)
_ Needle-shaped
~ leaf
Group of
male cones

FEMALE CONE DEVELOPMENT
The female cone consists of modified
leaves, called ovuliferous scales. In
its first year, the cone’s scales are
open to receive pollen from male
cones. They then close during the
second year as fertilization occurs
(polllination). By the third year, the
female cone has matured and

the scales become hard and woody.

Dwarf shoot

Ovuliferous

Cone
Needle-shaped one

leaf

Cone

dwarf shoot

BRANCH OF BISHOP PINE
Pines are conifers that have
needles bunched on dwarf shoots
that grow spirally from the stem.
When dwarf shoots are shed, they
leave a scar that gives the stem its
rough texture. Male and female
cones are borne on different
branches; male cones in clusters
at the tip of a branch, and female
cones singly or in pairs.

Dwarfshoot

FEMALE CONE

o (FIRST YEAR)

Woody, ovuliferous /
scale (open lo
release seed) FEMALE CONE

(THIRD YEAR)

LIFE CYCLE OF SCOTS PINE
(Pinus sylvestris)

Pollen grains, which contain male
gametes, are released in the spring from
male cones and are carried by the wind
lo immature (first-year) female cones.
Pollination occurs when a pollen grain
sticks to the micropyle — the opening to
the ovule that contains the female gamete
(ovum). A pollen tube grows slowly from it
and carries the male gamete toward the
ovum. The gametes meet, fertilization
occurs, and a winged seed develops. The
mature (third-year) cone opens up and
releases the seed into the wind. When it
reaches the soil, it germinates into a pine
seedling which grows into a new plant.

Needle -
shaped leaf,

Ovuliferous scale
(contains ovule)

Cone
(produces
ollen R
P ) IMMATURE
MALE CONES FEMALE CONE
Pollen grain  Pollen Ovuliferous scale

(contains grainin
male gamele) micropyle

ips
pollen grain Ovule (contains

Sloat) JSermale gamele)
POLLINATION

Ovum
(fertilized
by male
gamele)

Pollen tube
(carries male {
gamele

to ovum)

FERTILIZATION
Seed (forms from

ovule and conlains
embryo plant)

Ovuliferous
scale

(aids seed
% dispersal)
MATURE FEMALE CONE AND
WINGED SEED

Plurnule
(embryo shoot)
Cotyledon
(seed leaf)

GERMINATION OF PINE SEEDLING
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ANATOMY OF A

L
WOODY FLOWERING PLANT
Flowering plants have a root system below ground that

anchors the plant and takes in water and nutrients from
the soil. Above ground level is a stem with leaves and

THE LARGEST AND MOST DIVERSE group of plants are the buds that arise at nodes. Leaves are borne on pelioles
flowering plants (division Anthophyta). These reproduce by (leaf stalks). Buds may form at the stem apex (apical
q d hich d db - buds) or belween the stemn and peliole (lateral buds).
releasmg seedas, which are produce N reproducllve structures Bolh types of buds may give rise Lo leaves or flowers.
called flowers. Flowers consist of sepals and petals, which protect  The stem of the tree mallow is typical of most woody
fl d 1 f 1 L 4 flowering plants with, in the mature plant, a woody
the flower, and male and female reproductive organs(see pp. 146-  re surrounded by a layer of protective bark.
147); many attract pollinating animals. There are two classes of
flowering plants: monocotyledonous plants, or monocots (class

Liliopsida), which produce seeds with a single cotyledon, and

Opening Fully open
Leaf bud Slower,

Bud
dicotyledonous plants, or dicots (class Magnoliopsida), which b
produce seeds with two cotyledons. Herbaceous flowering :
plants have green stems and die back at the end of the Apical bud
growing season. Woody flowering plants, which include Flower bud -
———

shrubs and trees, have thick, supportive stems,
reinforced with wood; these survive cold winters
above ground and may live for many years.
Most monocots are herbaceous, while dicots
include hboth herbaceous and woody species.

——__Internode (section of
stem between nodes)

Petiole
(leaf stalk)

HERBACEOUS FLOWERING PLANT

The stem of a herbaceous plant, such as this
strawberry, is green and nonwoody, dying back

at the end of each growing season. If the plant is
perennial, the underground parts survive to produce
new shoots in the next growing season. Annual
plants die completely, having first produced seeds.

Lateral ’
auxtlary bud i

Axillary growth
at leaf node

Leaf dies back
at the end of the Hoody stem
growing season Lenticel (pore)

enables gases o enter

and leave the stem

Internode
(section of stem
between nodes)
Petiole
(leafstalk) Cortex
(inner layer) |
becoming woody r Pith
(central zone)

Flower
Epidermis
(outer layer)
being replaced
by bark

Hoody lower
stem reinforced
with lignin
(structural material)

Main root
Lateral root

Stolon or runner
Chorizontal stem)

Green, non-
woody stem

Root system

TREE MALLOW

STRAVWBERRY J/
(Lavatera arborea)

(Fragaria sp.)
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FLOWERING PLANTS 1

MONOCOTYLEDONOUS AND DICOTYLEDONOUS PLANTS

VEINS OF A MONOCOT LEAF

VEINS OF A DICOT LEAF

MONOCOT AND DICOT LEAF STRUCTURE
Monocot and dicot leaves differ according to

the arrangement of their veins. Monocot leaves
have parallel veins that run along the long axis
of thee leaf. Dicot leaves typically have a network
of veins that radiate from a central midrib.

GENERAL FLOWER STRUCTURE

FEATURES OF A FLOWER

A flower consists of four whorls (rings) of parts
arranged around the receptacle (tip of the flower stalk).
The outermost whorl, the calyx, consists of sepals —
large and colorful in monocots, usually small and green
in dicots. The corolla is the whorl of petals; these are
prominent and colorful in animal-pollinated ilowers.
The androecium (nmiale reproductive structure) is a
whorl of stamens, each consisting of a filament and an
anther. The gynoecium (female reproductive structure)
has one or more carpels. Each carpel consists of a
stigina, style, and an ovary.

Syncarpous Ovary
(fused carpels)
gynoecium Stigma ____
Style

Stamen

Outer tepal

(sepal or Folded inner tepal

petal) sheath (sepal or petal)

Stigina Receptacle
___Pedicel

(flower
Ovary stalk)

Filament

LONGITUDINAL SECTION THROUGH A FLOWER BUD
Within the flower bud, the immature male and female
reproductive structures are packed tightly together.
They are surrounded by a protective casing formed by
the sepals and petals. As the reproductive structures
mature, parts of the bud grow faster than others, and
the bud is forced open.

(mnonocol petal)

Loney
guide, directs
insects into
Slower

Anterior ‘/" _ Anterior
Filament petal” sepal
Anther
Outer tepal Pedicel
Stigma (monocot sepal) (flower stalk)

Anther
Filament \

Inner tepal Style , False anthers
attract pollinating

insects

Posterior sepal —

IHoney guide g

Posterior

petal — Anther

MONOCOT FLOWER DICOT FLOWER

MONOCOT AND DICOT FLOWER STRUCTURE

Monocot flowers such as the lily (shown above) have flower parts that occur in multiples
of three. The sepals and petals are typically large and indistinguishable; individually they
are called tepals. Dicot flowers, such'as this larkspur (shown above), have flower parts
that occur in fours or fives. Most have small, green sepals and prominent, colorful petals.
The larkspur, however, has large, colorful sepals and smaller petals.

Inner tepal
(mmonocol petal)

Quter tepal
(rnonocol sepal)

Honey guide

Tepal

/“’”"‘

Receptacle
(tip of the
Sower

stalk)

N

Ovary wall | Quvule

Papilla
(fleshy hair)

Pedicel
(flower stalk)

LILY
(Lilium sp.)
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Flowering plants 2

FLOWERING PLANTS FORM a diverse group that ranges in size
and form from delicate pondweeds to tall, ancient oak trees.
They all consist of the same basic parts, but these show great
variety. Flowers vary greatly in shape and size and have evolved
to maximize the chances of pollination and fertilization. Many
have large petals to attract pollinating animals; wind-pollinated
flowers are small and less colorful (see pp. 146-147). Some
plants have solitary flowers; others have groups of flowers.
Leaves are similarly varied. All monocots and some dicots have
simple leaves; other dicots have compound leaves consisting of
smaller leaflets. Flowering plants have successfully exploited
most of the world’s habitats, including deserts, marshland,
freshwater, and the tropics. Some are adapted to surviving in
conditions that flowering plants would not normally tolerate.

)
EXAMPLES OF FLOWER TYPE
Some flowering plants, such as the glory lily, have a single flower on a pedicel
(flower stalk). Others produce inflorescences (flower heads), which vary in
size, shape, and number of flowers. They can be classified as, for example,
spadix, spike, cyme, or umbel, according to the arrangement of flowers.
Composite flowers, such as the sunflower, have an inflorescence that
consists of many tiny flowers (florets) clustered together.
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EXAMPLES OF LEAF TYPE

Leaves are classified according to the form of their lamina,

or blade. In simple leaves, such as the iris and sweet chestnut,
the lamina is a single unit. In compound leaves, such as the
black locust, the lamina is divided into separate leaflets.
Leaves can be further classified by the overall shape of the
lamina and whether its margin (edge) is sinooth or not.

Leaf margin

Single / '
lamina Parallel

SIMPLE LINEAR LEAF:

IRIS leaf veins
Lateral
vein _ Lamina
. > base
Lamina |
7 1 Leaf base
Midrib / \
SIMPLE ELLIPTIC LEAF: Petiole
SWEET CHESTNUT (leaf stalk)
Terminal
leaflet |

Petiolule
(leaflet stalk)

Petiole
Rachis (leaf stalk)
™~
“ Leaflet
leaf) /
COMPOUND ODD PINNATE LEAF:
BLACK LOCUST

Ray floret

Three-lobed / (small flower) .
stigma r J
e MR\ = axis) carrying
N ? 3 male and
i ; JSeruale
\. e Sowers

Spathe
(large bract)
to altract
pollinaling
insects

Spadix (fleshy

tepals (monocot
petals and
sepals)

Remains of

stem

= Ova ry Peduncle

Peduncle (inflorescence stalk)
(inflorescence Jused to bract ¥
stalk)

Flower
bud

Bract (leaflike
structure) .

Style X Sorets __
Ovary g g |~ Florels are
rouped 1o
~s  Filament o ré-resen,z)ble "
Anther single large
Pedicel Sower
(flower Outer tepal Peduncle
stalk) | (monocot sepal) (inflorescence
SINGLE FLOWER: CAPITULUM: SPADIX: stalk)
GLORY LILY SUNFLOWER PAINTER'S PALETTE
Anther
Style Stamen Petal Flower
Bract \ Fi llamenl 2
(leaflike Stalkless Stigma /
structure) Sfowers
appear on Pedicel
a single (Nlower stalk)

Each pedicel
(Mower stalk)
branches to
produce another

Peduncle
(inflorescence stalk)

SPIKE:
LOBSTER CLAWS

DICHASIAL CYME:
COMMON LINDEN

COMPOUND UMBEL: EUROPEAN ELDER




FLOWERING PLANTS 2

EXAMPLES OF FLOWERING PLANT DIVERSITY
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WETLAND PLANTS

Wetland plants grow partially
or completely subimerged in
areas of fresh water. Most have
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CARNIVOROUS PLANTS
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