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PREFACE

The Dictionary of Chemistry is an alphabetical text designed for ease of use. Entries

begin with one-sentence definitions that explain why the terms are important. These

are followed by fuller explanations and examples, together with diagrams, tables and

equations. Words in italics are cross-references to other entries in the book.

This concise, alphabetical book makes it easy for you to find the explanations, infor-

mation and examples that you need when stud)ing a new topic. Worked examples

show vou how to tackle the calculations.
/

Entries include many aspects of practical and applied chemistiT, including both ana-

lytical chemistr\' and organic preparations. Eurthermore, the book explains some of

the terms in more specialist areas so it will help you to get started on topics such as

spectroscopy, environmental chemistr\’ and biochemistr)’.

Some entries give you an oveniew of important topics and help you to link ideas. Key

terms such as inorganic chemistry’, organic chemistry, physical chemistrv’, the chemi-

cal industry’ and qualitative analysis tell you about the main features of important

aspects of chemistn’, with cross-references leading to related terms in each field.

Other overview entries give a historical perspective, showing in outline how impor-

tant themes of chemistiw have developed. Examples are atomic theory, biochemistn',

environmental chemistry and polvmer chemistiT. There is a tradition in chemistry of

naming theories, processes and reactions after the scientists who developed them.

Here you find out some of the background to the names you are likely to meet.

Andrew Hunt
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is the s\TnboI for relative atomic mass.

absolute zero (0 K) is the temperature at which atoms and molecules in cnstals

are effectively motionless. It is the lowest temperature on the absolute or kelvin tem-

perature scale. A plot of the volume oi a sample of gas against temperature at constant

pressure is a straight line that on extrapolation cuts the temperature axis at

-273.15°C.

Gases appear to behave as if they would have zero volume at absolute zero. This

would be true of a nonexistent ideal gas but in practice real gases turn to liquids and
solids and occupy a definite volume before absolute zero is reached.

Absolute zero is now defined precisely by setting the triple point of water at 273.16 K.

absorbance shows how strongly a sample absorbs radiation. Absorbance measures

the extent of absorption of electromagnetic radiation by a sample in a spectrometer or

by colorimetry.

Absorbance, A is defined by this relationship: A = Ig —
h

where Ig is the logarithm to base 10. is the intensity of the radiation beam after pass-

ing through the reference, which is Upically the solvent used to dissolve the material

being examined. is the intensity of the beam after passing through the sample.

The advantage of this definition of absorbance is that it is proportional to the

concentration of the absorbing molecule or ion in a solution.

absorption of liquids and gases happens when a fluid soaks into the pores

of a material, like water soaking into a sponge. Absorption should be carefully

distinguished from adsorption.

absorption of radiation: when electromagnetic radiation passes through a material

some or all of the wavelengths of the radiation may be absorbed. When white light

passes through a red filter, for example, all the wavelengths are absorbed except for

red, which passes through - so it looks red.

The gases in the atmosphere 2ihs>ovh most of the radiation reaching the Earth from the

Sun.

Wavelength

lOOjimlOnm 1 00 m 0 km0. 1 nm pm cm m

Visual (optical) Radio window

window

The bands of wavelengths in the electromagnetic spectrum of sunlight that can pass through

the Earth’s atmosphere to reach the surface of the Earth. It is as if there are two “windows”

letting through bands of radiation while all other wavelengths are shut out (by absorption).



absorption spectrum

Ozone in the upper atmosphere helps to protect living things by absorbing harmful

nltmviolet radiation. (Chemists use spectroscof)y to study the absorption of radiation.

From an absorption spectrum they can make deductions about the composition and
structure of the sample.

absorption spectrum: a plot showing how strongly a sample absorbs radiation

over a range of frequencies. Absorption spectra from infrared spectroscope and ultra-

violet spectroscopy give chemists valuable information about the composition and
structure of chemicals.

Absorption spectrum of potassium manganate(v\\) in the ultraviolet and visible regions

accuracy of data is determined by the agreement between a measured quantiU’
and the correct value. In chemical analysis the correct value is often not known and
so chemists need to estimate the errors of measurement that may have affected their

results and set confidence limits on the values they quote.

acid anhydrides are related to carboxylic acids. The functional group \x\ an anhydride
is foimed by eliminating a molecule of water from two carboxvlic acid groups.
Sometimes this happens simply on heating the acid but generally anhydrides are
made in other ways.

Acid anhydrides are acylating agents that react in a similar way as acyl chlorides with
water, alcohols and amines. Anhydrides are less reactive than acvl chlorides and so

C\f— C

O

O

C\l,— C
\
o

+ H.,c:)—^—

>

water

2CH3C0,H
ethanoic acid

2



o
+ ROH

CH3—

C

CH3— c

o

alcohol

» CH,— C— O— R + CH,CO,H
ester

CH3— c

o

CH3—

c

\ + RNH

,

o =

/

\o

o

amine

CH3 — c — NH — R + CH3C0,H
N-substituted amide

Reactions of ethonoic anhydride

are often preferred for laboratory and industrial syntheses. Their reactions may
require heating under reflux (see leflux condenser).

acid-base equilibria are equilibrium systems involving acid-base reactions. Acid-base

reactions are renersible. This is illustrated by a solution of an ammonium scdt in water.

NH;(aq) + fbp(l) ^ NH.laq) + H30*(aq)

acid I base 2 base I acid 2

There is competition for protons (hydrogen ions) between ammonia molecules and

water molecules. On the left-hand side of the equation the protons are held by lone

pairs of electrons on the ammonia molecules. On the right-hand side they are held by

lone pairs on water molecules.

The equilibrium /flic applies. The position of equilibrium is determined by the value

of the equilibrium constant for the reaction. For the example in the equation, the

relevant equilibrium constant is the acid dissociation constant Usr the ammonium ion.

The equilibrium involves two conjugate acid-base pairs:

• NH/andNH3
• H30-andIT/).

.A.n acid turns into its conjugate base when it loses a proton. A base turns into its con-

jugate acid when it gains a proton.

acid-base indicators are used to show up changes in pH of solutions. Indicators

are weak acids or weak bases that change color when they lose or gain hydi ogen ions.

When added to a solution an indicator gains or loses protons depending on the pH
of the .solution. It is conventional to represent a weak acid indicator as Illn where In

is a shorthand for the rest of the molecule. In water:

Illn(aq) + IF^()( 1 )
H3()*(aq) + Irr(aq)

un-ionized indicator after

indicator losing a proton

color I color 2



acid-base reactions

Indicators such as phenolphthalein, methyl orange and bromothyrnol bine change

color over a range of pH values and are used to detect the end point in acid-base

titrations.

H CH,

The structures of methyl orange in acid and alkaline solutions. In acid solution the added

hydrogen Ion (proton) localizes two electrons to form a covalent bond. In alkaline solution the

removal of the hydrogen ion allows the two electrons to Join the other delocalized electrons.

The change in the number of delocalized electrons causes a shift in the peak of the

wavelengths of light absorbed, so the color changes and the molecule acts as an indicator.

The pH range over which an indicator changes color is determined by its strength as

an acid (or base). Tvpically the range is given roughly by pA'^ ±1 (see the

Heudersori-Hasselbalch equation for an explanation).

Indicator pr color change

HIn In-

pH range over which

color change occtirs

methyl orange 3.6 red/vellow
j

3.2-4.2

methyl red 5.0 yellow/red 4.2-6.3

bromotliMnol blue 7.1 yellow/blne 6.0-7.6

phenolphthalein 9.4 colorless/ red 8.2-10.0

acid-base reactions, according to the Br0nsted-Loxm'y theory, are reactions invoking
the transfer of protons from an acid to a base.

acid-base titration: a practical technique used to determine the concentration of

an acid or an alkali. A titration measures the volume of a standard solution of alkali or

acid needed to react exactly with a measured volume of the unknown solution. The
j)rocedure for an acid-base titration is the same as for any other titration but the

method for finding the end point is distinctive: the analyst either adds an acid-base

indicator or uses a pH meter.

Worked example:

Limewater is a saturated solution of calcium hydroxide in water. 25.0 cm^ of

0.04 mol dm"^ hydrochloric acid from a burette neutralized 20.0 cm^ of limewater

What was the concentration of the limewater?

Notes on the method

Always start by writing the equation for the reaction. See titration for a general

method for the calculations.



acid dissociation constants

Remember to convert volumes in cm^ to volumes in dm^ by dividing by 1000.

In any titration there is one unknown - in this case the concentration of the

limewater, c^.

Answer

The equation for the reaction is:

Ca(OH)
2
(aq) + 2HCl(aq) > CaC^aq) + 2H20(1)

20.0
The volume of calcium hydroxide in the flask,

Let the concentration of calcium hydroxide be c^.

dm^

The volume of hydrochloric acid added from the burette, V =

The concentration of hydrochloric acid, = 0.04 mol dm
V, X c. n,
A A A

-3

''b

X cA

^^/fooo X r„ 2

25.0

1000
dm^

Therefore c,
A

25.0 X 0.04

2 X 20.0
0.025 mol dm ^

The concentration of the limewater was 0.025 mol dm 2

acid catalysis: any reaction speeded up by an acid catalyst. One example is the acid-

catalyzed hydrolysis oi esters to give a carboxylic acid and an alcohol .\11 the chemicals are

in the same solution so this is an example of homogeneous catalysis.

acid dissociation constants measure the strength of acids. They show the extent

to which acids dissociate into ions in solution. Acid dissociation constants arc used to

compare the strengths of relatively weak acids, which are only partly ionized in solution.

For a weak acid represented by the formula HA:

HA(aq) + H/)(l) H30Taq) + A-(aq)

According to the equilibrium law, the equilibrium constant,

[H3(r(aq)][A-(aq)]

^ = [HA(aq)][H20(l)]

In dilute solution the concentration of water is effectively constant, so the expression

can be written in this form:

K
[H3(T(aq)][A-(aq)]

[HA(aq)]
,
where K is the acid di.ssociation constant

’ a

.Acid Aymol dm ^

nitric(lil) acid (nitrous acid), HNO.^ 4.7 X 10
-' stronger

meihanoic acid, H(Xy^H 1.(3 X 10
-'

ethanoic acid, (>H
3
(X),^H 1.7 X 10

-^

chloric(i) acid, H()(>1 3.7 X 10
-"

phenol, CJijOH 1.3 X 10
-'" weaker

5



acidic oxide

Worked example:

Calculate the hydrogen ion concentration and the pH of a 0.01 mol dm'^

solution of ethanoic acid. K for the acid is 1.7 x 10 '^ mol dm"7

Notes on the method

Two approximations simplify the calculation.

1 The first assumption is that [Id
3
()^(ac|)] = [A-(aq)]. In this example A~ is the

ethanoate ion CHg(X).p.This assumption seems obvious from the equation for

the ionization of a weak acid but it ignores the hydrogen ions from the ioniza-

tion of water. Water produces far fewer hydrogen ions than most weak acids

so its ionization can be ignored.

2 The second assumption is that so little of the ethanoic acid ionizes in water

that [HA(a(|)] = 0.01 mol dm“7 Here HA represents ethanoic acid. This is a

riskier assumption that has to be checked because in very dilute solutions the

degree of ionization may become quite large relative to the amount of acid in

the solution.

Answer

[H30^(aq)][A-(aq)] [H30^(aq)]'

" [H.\(aq)]

Therefore [H30"(aq)]'

0.0 1 mol dm"^

1 .7 X 1

0~^ moP dm“^

-
1 .7 X 1 0 ^ mol dm"^

So [H30^(aq)] - 4. 12x 10”^ mol dm ^

pH = -Ig [H30^(aq)] = -Ig[4.l2x 10^] = 3.39

Check the second assumption: in this case about 0.0004 mol dm~^ of the

0.0100 mol dm~^of acid (4%) has ionized. In this instance the degree of ionization

IS just about small enough to justify the assumption that [R-\(aq)] = the

concentration of un-ionized acid.

acidic oxide: an oxide of a nonmetal that reacts with water to form an acid. Some
acidic oxides are insoluble but they can be recognized because they react directly

with basic oxides to form scdts. Note that acidic oxides are not themselves acids

as defined by the Bronsted-Lowry theorv' because they do not contain ionizable

hydrogen atoms, so they cannot act as proton donors.

H>^ide Acid formed with water

carbon dioxide, CCT, carbonic acid, H.,C03

sulfur dioxide, SCT, sulfurous acid, H.,S03 [sulfuric (iv) acid]

sulfur trioxide, SO3 sulfuric acid, [sulfuric (vi) acid]

phosphorus (v) oxide, P^O. phosphoric acid, H.^P03

Silica or silicon dioxide (SiOJ is an acidic oxide that is insoluble in water. Silica reacts
with basic metal oxides at high temperatures in furnaces during glassmaking and in

st(. c Imaking. (.alcium oxide (quicklime) is added to a blast funiace to remove silica

and oihei impuiities. The calcium silicate is a liquid at the temperature of the fur-

nace, it urns toward the bottom where it floats on top of the molten iron as a slag
that can be tapped off separately.

(:a()(s) + Si(\,(s) > CaSi03 (l)



acids

acid rain is a t\pe of pollution produced when burning fuels or industrial processes

release acidic oxides into the air. Sulfur dioxide (SO,,) and nitrogen oxides (NOJ form

when fuels burn in engines, furnaces and power stations. These priinan’ pollutants

are converted to secondare pollutants by chemical reactions in the air. Among the

secondary’ pollutants are sulfuric acid, nitric acid and ammonium sulfate. The pollu-

tants cause acidification by being deposited in the environment as gases or particles

(dn' deposition) or in the form of rain or mist (wet deposition).

acids are compounds with characteristic properties. Acids:

• form solutions in water with a /;// below 7

• change the colors of acid-base indicators

• react with metals such as magnesium to produce hydrogen gas

Mg(s) + 2HCl(aq) > MgCf,(aq) + H,,(g)

• react with carbonates such as calcium carbonate to form carbon dioxide

gas and water

CaCO^(s) -I- 2HCl(aq) > CaCf,(aq) -i- CO.,(g) -t- H20(g)

• react with basic oxides to form salts and water

(aiO(s) + H
2
SO^(aq) > CuSO^(aq) H,,0(g)

Pure acids may be solids (such as citric and tartaric acids), liquids (such as sulfuric,

nitric and ethanoic acids) or gases (such as hydrogen chloride, which becomes

hydrochloric acid when it dissolves in water).

Definitions of acids are based on the theories used to explain why they have similar

properties. Chemists use different theories in different contexts. When considering

acids in solution in water they still sometimes refer to the theorv' suggested by the

Swedish chemist Svante Arrhenius (1859-1927). He explained the behavior of acids

in terms of hydrogen ions. Wliat acids have in common, according to this theory, is

that they produce hydrogen ions when they dissolve in water.

HCl(g) > IT(aq) +Cl-(aq)

The definition of an acid generally used today is based on the Hr0nsted-Lowry theory,

which defines an acid as a molecule or ion that can give away a hydrogen ion to some-

thing else. Acids are hydrogen ion {proton) donors. This definition is more general

than the Arrhenius theory' because it covers reactions that happen without water.

According to this theory hydrogen chloride molecules give hydrogen ions to water

molecules when they dissolve in water, producing hydrated hydrogen ions called

oxonium ions. The water is acting as a base.

H

HCKg) + IT/)(1) H,CT(aq) + Cl-(aq)

An example of an acid-base reaction in the absence of water is the formation of a white

smoke of ammonium chloride when ammonia mixes with hydrogen chloride gas.

NH,(g) + iia(g) - NH/(:|-(s)



acid salt

Lewis put forward an even more general theory defining Leiuis acids and bases includ-

ing changes that are not covered by the Br0nsted-Lowr)' theory, such as the reaction

of an acidic oxide W\\\\ a basic oxide.

acid salt: a compound formed by partly neutralizing acids such as sulfuric acid,

or phosphoric acid, These are acids with two or three ionizable hydro
gen atoms. Sodium hydrogensulfate, NallSO^, and sodium dihydrogenphosphate,

NaIb,I’()^, are examples of acid salts.

fhe negative ion in an acid salt can act either as an acid by giving away a further pro
ton, or as a base by accepting a proton. The pH of an aqueous solution of an acid salt

depends on the acid strength of the parent acid.

A solution of sodium hydrogensulfate, a salt of a strong acid, is acidic with a pfi

below 7 because the hydrogensulfate ion is also an acid, giving protons to water

molecules:

HSO-+HT) S0/-+H,0^
T 4 4

A solution of sodium hydrogencarbonate, a .salt of the weak acid called carbonic acid,

is alkaline with a pH above 7 because the hydrogencarbonate ion is a base, taking

protons (HA from water molecules:

HCO
3

- + H^O H,C03 + OH-

acid strength: see strong acid, weak acid and acid dissociation constant.

acid strength of organic hydroxy compounds: the order of acid strength for

organic compounds with — OH groups is:

carboxylic acids > phenols > water > alcohols.

Carboxylic acids are weak acids that ionize to a significant extent by giving protons to

water, forming a solution with pH 3-4. Phenol is acid enough to lower the pH of a

solution in water to 5-6 but it ionizes significantly only when mixed with a stronger

base such as the hydroxide ions in a solution of sodium hydroxide. Ethanol and
other alcohols are such weak acids that they do not ionize to a significant extent in

water or in a solution of a strong alkali.

actinides (or actinoids) are the f-block elements in period 7 of the periodic table. They
are the 14 elements from thorium to lawrencium that lie between actinium (element

89) and element 104, unnilquadium.

activated complex: a combination of reacting atoms, molecules or ions at that

point during a chemical reaction when they are at the top of the activation eneigy bar-

rier between reactants and products. An activated complex is a combination of react-

ing particles at a higher energ\’ because chemical bonds are stretched. The activated

complex is the transition state for the reaction step.

8



activation'energy

Activated complex formed in the course of a substitution reaction

activation energy: the minimum energ)’ needed in a collision between molecules

if they are to react. The activation energ\’ is the height of the energv’ barrier separating

reactants and products during a chemical reaction. (See activated complex.)

Activation energ\' is an important idea in the collision theory of reaction rates. It

accounts for the fact that reactions go much more slowly than would be expected if

even’ collision beuveen atoms and molecules led to a reaction. Only a very small pro-

portion of collisions bring about chemical change. Molecules react only if they collide

with enough energ\' between them to overcome the energ\’ barrier. At around room

temperature only a small proportion of molecules have enough energv' to react.

Maxwell-Boltzman distribution curve for the kinetic energies of molecules at about room

temperature, 300 K and 310 K. The shaded area shows the proportion of molecules having

at least the activation energy for a reaction. This area is bigger at a higher temperature.

Activation energies account for the way in which reaction rates vary with tempera-

ture, 7'. At a higher temperature there are more molecules with enough energ\' to

react when they collide.
/

The activation energies for many reactions in biochemical systems are around

50 kj mol'* and for these reactions the rate of reaction doubles for each 10 K rise in

temperature.

D



active site

It is jjossible to determine the activation energy for a reaction by measuring its rate

over a range of temperatures and then using the Arrhenius equation.

active site; the part of a catalyst that is responsible for its catalytic activity. Zeolites

are examples of inorganic catalysts, for example, which owe their catalytic activity to

active sites in the crystal structure that can adsorb specific molecules so that they can
react to produce the required products.

Enzymes 'dve biological catalysts. An enzyme molecule consists of a coiled protein chain.

The coiling gives rise to an active site with a precise three-dimensional shape. The
enzyme can act only on molecules with the right shape to fit into the active site. This
accounts for the specificity' of enzymes.

Active

site

Active site free

to accept

another reactant

molecule

enzyme

molecule

reactant

molecule

reactant in

active site

enzyme product

molecule molecules

A model illustrating an enzyme with an active site splitting a molecule into two smaller molecules

series; a sciies that compares the reactivities of elements. The activity series

for metals is a list of metals in order of reactivity'. Metal reactivities are compared by
watching reactions of samples of the metals with a range of substances such as air, water
and acids. The disadvantage of a series defined in this way is that it confuses rates ( reac-

tion kinetics) and equilibria {theiinochemistry) . Aluminum, for example, is a reactive metal
as measured by thermochemical quantities but it is covered by a layer of oxid£ that acts

as a barrier, slowing down or stopping reactions that might otherwise be expected to

be fast. The metiil reacts as fast as expected if the oxide film is removed.

It is better to compare the reactivities of elements and compounds with the help of
an electrochemical series based on standard electrode potentials.

acyl chlorides are made from carboxylic acids by replacing the hydroxvi group with
a chlorine atom.

O

CH3— CO,H + SOCl^, > CH3— C— Cl + HCl + SO,
sulfur dichloride oxide

O

CII3— C(),H + PCI. > CH,— C— Cl + POCI3 + HCl
phosphorus

pentachloride

Formation of ethanoyl chloride from ethanoic acid

10



addition-elimination reactions

Acyl chlorides are veiT reactive. They are powerful acylating agents. Most are quickly

hydrolyzed back to the parent acid by cold water. Acyl chlorides react rapidly with

alcohols and phenols to form esters.

CH3—

C

o

\
+ CH-OH

Cl

o

CH,— C— O— C,H.

ethyl ethanoate

+ HCl

Formation of an ester

Acyl chlorides react with ammonia and amines to form amides.

CH,— C + NH,
\

Cl

^ CH,— C + HCl

NH.

ethanoyl chloride

Formation of an amide

ethanamide

Acyl chlorides can also acylate benzene by the Friedel-Crafts reaction.

acylation is a reaction that stibsdtutes an acyl group for a hydrogen atom. The H
atom may be part of an — OH group, an — NH,, group or a benzene ring. Acylating

agents are either acyl chlorides or acid anhydrides.

O

CH,— C
The ethanoyl group - an acyl group \

Acylation is the reaction that converts 2-hydroxybenzoic acid to aspirin.

.0 o
COJl

OH CH,—

C

\
+ o

O— C— CH.^

+ CH/iO.^H

c:i 1,
— c

\o
Formation of aspirin by acylation of 2-hydroxybenzoic acid with ethanoic anhydride

Acylation of benzene is an example of the Friedel-Crafts reaction.

addition-elimination reactions take place when two molecules first add together

and then immediately split off a small molecule such as water. They are often called

condensation reactions.

Addition-elimination reactions of carbonyl compounds take place with compounds of

the form X — NH,^.



addition polymerization

R
\

(: = () +

/

addition

>

R’

OH

R—C— N—

X

R' H

Generalized reaction of a carbonyl

compound with X— NH,,

elimination

Nr'

R
\

(:= N— X +

/
up

R’

Reagent Product from reaction with a carbonyl compound, RCX)R"

(R and R" are both alkyl groups in ketones.

R = H and R" is an alkyl group in an aldehyde.)

2,4-dinitrophenylhydrazine A 2,4-dinitrophenyihydrazone

(Brady’s reagent)

(See also nucleophilic addition reaction.)

addition polymerization is a process for making polymers from compounds
containing double bonds. Many molecules of the monomei' add together to form a

long-chain polymer. Ethene, for example, polymerizes to form poly(ethene).

== CH, > -f- CH,— CH, -4/?

(See the table on page 13.)

addition reaction: a reaction in wiiich two molecules combine to form a single

prodtict. Bromine, for example, adds to ethene to form the addition product 1,2-

dibromoethane.

Structure diagram to show

addition of bromine to

ethene

11

11

\
(C

H H

H— C— C—

H

Br Br

1 ,2-dibromoethane

Addition reactions are

carbon yl compou n ds.

characteristic of unsaturated compounds such as the alkenes aud

12



adenine

Monomer

\
C= C

\H CH

propene

H
\
C= C

H/

phenylethene

H\ /
C= C

/ \

H

Cl

chloroethene

Pohnier

“ H H

C— C

H CH3

poly(propene)

or pohpropylene

Notes

A high-pressure, high-temper-

ature process in the presence

of a peroxide initiator produces

low-density poly(ethene) with

branched chains. A low-pressure,

low-temperature process with

a Ziegler-Xatta catalyst produces

high-density’ poly(ethene). The

polymer chains pack closer

because they have no side

branches.

r H H “I

c—

c

poly (phenylethene)

or polystyrene

Expanded polystyrene has

low density’ and is an excellent

thermal insulator. It is used for

packaging because it absorbs

shocks.

H H

C—

C

H Cl

poly (chloroethene)

or poKyinylchloiide (P\'C)

Unplasticized uPVC is a rigid

polymer suitable for guttering

and window frames. Plasticized

P\X> is flexible and used for

packaging, flooring and cable

insulation.

Addition polymerization

adenine is one of the four nitrogenous bases found in DNA, so it represents

one of the four “letters” in the genetic code. In the double-helix strticture of DNA,

adenine is always paired with thymine and the two are held together by a j^air of

hydrogen bonds.

Link to one

strand of DNA
double helix

H

II 0
/

Link to the other

strand of the DNA
double helix

Hydrogen bonding between

adenine and thymine in a

DNA double helix adenine (A) thymine (T)
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adsorption

adsorption is a process in which atoms, molecules or ions are held on the surface

of a solid. Adsor[)tion processes are important in heterogeneous catalysis and in some
t)'pes chromatography. Adsorption should be carefully distinguished from absorption.

aerobic respiration: see respiration.

aerosols are colloids in which particles of a solid, or droplets of a liquid, are fmelv

dispersed in a gas. Smoke is an aerosol in which the dispersed particles are solid.

Examples of aerosols with liquid droplets are mist, clouds and insecticide or paint

sprays.

agrochemicals include pesticides that destroy the organisms that damage crops such
as insects (insecticides) and weeds (herbicides). Other agrochemicals include

growth regulators that can stimulate or inhibit plant growth. The chemical industr\

distinguishes agrochemicals from fertilizers, which provide the chemicals needed for

healthy plant growth.

air is a mixture of gases as shown in the table. The proportion of water vapor \\\ the

air varies widely according to the weather conditions. Air pollution adds other gases

such as nitrogen oxides, sulfur dioxide, ozone and hydrocarbons (see also acid rain and
photochemical smog)

.

gas percentage by

volume in dr\' air

boiling point/

K

nitrogen 78.0 77

oxygen 21.0 90

argon 0.9 87

carbon dioxide (about 0.04%) and small

traces of neon, helium and krvpton 0.1

The gases are separated on a large scale hy fractional distillation of liquid air.

air condenser: a glass tube without a water jacket used for condensing vapors dur-
ing distillation or refluxing (see reflux condensei). An air condenser is fitted when the
temperature of the vapor is so high that the surrounding air is cool enough to con-
dense the liquid. Normally this is when the boiling point of the liquid being distilled

is above about 15()°C.

alcohols are compounds with the formula R— OH where R represents an alkyl

group. The hydroxy group — OH is the functional group that gives the compounds
their characteristic reactions.

The chemical industry makes alcohols by the hydration of alkenes in the presence of
an acid catalyst.

H
\

H

= c: +

H

H.O

phosphoric acid

catalyst

300°C. 60 atm

H H

H— C— C— OH

H H

Equation for the industrial production of ethanol. Ethanol is also produced by fermentation.
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alcohols

•AJcohols are named by changing the ending of the corresponding alkane to -ol. So

ethane becomes ethanol.

H H

H— C— OH H—

C

H H

methanol €

CH,— CH,— OH butan- 1 -c

H H

:— C -

[ H

ethanol

— CH^— CH— butan-2-ol, a secondary alcohol

OH

CH,

CH,— C— CH, 2-methylpropan-2-ol, a tertiary alcohol

OH

Names and structures of alcohols

Even the simplest alcohols such as methanol and ethanol are liquids at room tem-

perature because of hydrogen bonding between the hydroxy groups. For the same

reason alcohols with relatively short hydrocarbon chains mix freely with water.

The reactions of ethanol are typical of the alcohols in general.

ethyl ethanoate

()

CHjC— oc;u/:h3

CH CO,,H/H'

CH,, = CH.,

ethene

cone I i .SO,,

heat with

excess

ClgCH.^CI

chloroethane

C;.-,/),- . H*(aq)

ethanol
warm

Ci.,0--'',

( agent) >

ethanal
reflux

I ,/red I'

H,SO^

(agcn,,Br

bromoethane

cat^tagi

lodoethane

tat^eex^H

ethanoic acid

Reactions of ethanol
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aldehydes

Oxidation reactions distinguish primary alcohols, secondary alcohols and tertiary

alcohols (see primary, secondary and tertiary organic compounds).

primary

alcohol

Cr/V". Hqaq)

^ aldehyde

excess
, tl'faq)

y rarhnvylir aciH

warm reflux

secondary

Hqaq)

> ketone

alcohol

tertiary

alcohol

reflux

no reaction

Use of oxidation with an acidifed solution of dichromate(vi) ions to distinguish primary,

secondary and tertiary alcohols

aldehydes are carbonyl compounds in which the carbonyl group is attached to two

hydrogen atoms or an alkyl group and a hydrogen atom, so the carbonyl group is at

the end of a carbon chain. The — CHO group is i\\e functional group that gives alde-

hydes their characteristic reactions. They are named after the alkane with the same
carbon skeleton by changing the ending -e to -al (so ethane becomes ethanal).

,0 ,0 0X
H—

C

CH,— C CH, CH, C
^ \ 3 2 V

H H ^H

methanal ethanal propanal

Structures and names of aldehydes

Methanal is a gas at room temperature. Ethanal boils at 2rC so it may be a liquid or
gas at room temperature depending on the conditions.

Aldehydes are formed by oxidation of primary alcohols on heating with a mixture of
dilute sulfuric acid and potassium dichromate (vi) under conditions that allow the

aldehyde to distill off as it forms. Unlike ketones, aldehydes can easily be oxidized
further to carboxylic acids by longer heating with an excess of the reagent.

yO O
(.ll,C.H CH..()II > CH.,CH.,C —^ s-CH,CH.,C

heat - \ reflux - \H ^OH
propan -

1

-ol propanal propanoic acid

Two-stage oxidation of propan- 1 -ol

Fehling's solution and Tollens reagent are mild oxidizing agents that are used to

distinguish aldehydes from ketones.
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alicyclic hydrocarbons

Sodium tetrahydridoborate(lll) (XaBH^) reduces aldehydes to prinian' alcohols.

CH3CH2— C

o

CH3 CH., CH/IH
H

Reduction of propanol to propan- 1 -ol

Owing to the double bond in the carbonyl group, aldehydes (like ketones) undergo

addition reactions. These are nucleophilic addition reactions.

H2(g) with a

Pi or Xi

catalyst

CHjCH.,— OH

ethanol

CH.
\-
c = o

Na^USO,

H
sodium

hydrogensulfite

CH.

OH

- C— SO,

H

Na^

I ICX

from Xa^CX"

and strong acid

CH, OH

2-hydroxypropanenitrile

(acetaldehyde cyanohydrin)

Addition reactions of ethanol

In some reactions addition is immediately followed by elimination of water. These

are addition-elimination reactions.

alicyclic hydrocarbons are hydrocarbons with rings of’ carbon atoms (but 110 benzene

rings). Examples are cycloalkanes and cycloalkenes.

cyclohexane

Structures of cyclohexane and cyclohexene

n,(: CH
or

H,C

CH.

CH

cyclohexene (:,Ji
10
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aliphatic hydrocarbons

aliphatic hydrocarbons are hydrocarbons with no rings of carbon atoms. The
ciiains of carbon atoms may be branched or unbranched. Alkanes, alkenes dwd alkynes

are all alipliatic compounds.

aliquot: a measured volume taken fn^m a liquid sample for analysis. Typically

aliquots are taken by a pipette for titration.

alkali metals: the elements in ffroup 1 of the periodic table. All the elements react

with water to form alkaline solutions of the metal hydroxide. Sodium, for example,
reacts to form sodium hydroxide, ft is important to remember that the hydroxides are

alkaline because of the presence of Oil" ions. Alkali metal ions themselves, such as

sodium ions, Na', do not make solutions alkaline.

alkaline cell: an electrochemical cell in which the electrolyte is the alkali, potassium
hydroxide. Alkaline cells last longer than zinc-carbon dry cells-, they are less likely to

leak and can supply a larger current. They are suitable for toys and cassette recorders

with a motor drawing a heavy or continuous current.

alkaline earth metals: the elements in group 2 of the periodic table. The alkaline

earths are the oxides of these metals and are much less soluble in water than the

corresponding group 1 oxides.

alkalis are bases that dissolve in water. The common laboratory alkalis are the hydrox-
ides of sodium and potassium, calcium hydroxide (in lirnewater) and ammonia. .Alkalis

form solutions with a pH above 7 so they change the colors of acid-base indicators. WTat
alkalis have in common is that they dissolve in water to produce hydroxide (OTf") ions.

Sodium hydroxide (Na*OH") and potassium hydroxide (K^OH~) contain hydroxide
ions in the solid as well as in solution. .Ammonia produces hydroxide ions by reacting

with water. Ammonia acting as a base takes protons irom water molecules.

NH.^(g) + H20(g) + OH (aq)

alkaloids are organic nitrogen compounds extracted from plants. .Alkaloids can
have a powerful effect on the human nervous system and can be very’ poisonous.
CAiffeine, the stimulant in tea and coffee, is an alkaloid. Other alkaloids are the drugs
quinine, morphine and codeine.

Structure of caffeine

CH.

alkanes are the hydrocarbons tlm make up most of crude oil and natural gas. .Alkanes
are saturated compounds with the general formula The carbon atoms in

alkane molecules may be in straight chains or branched chains but all the bonds are
single bonds.
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alkanes

Name Molecular formula Structure

methane CH, H

H— C—

H

H

ethane
Z D

H H

H—C—C—

H

H H

propane ^^8 H H H

H—C— C—C—

H

H H H

The names of branched alkanes are based on the longest straight chain in the mole-

cule with the positions of the side-chain alkyl groups identified by numbering the

carbon atoms.

H CH, H H H CH^ CH^ H
1 1

^

1 1

C— C— C— C— H u— c— c— c— c

H CH, H U H H H H

2,2-dimethylbutane 2,3-dimethylbutane

Names and structures of some branched alkanes

Alkane molecules are nonpolar so they do not mix with, or dissolve in, polar solvents

such as water. The molecules are only held together by w^eak inteimolecularforces {van

der Waals forces). The longer the molecules, the greater the attraction betw'een them.

The boiling points rise as the number of carbon atoms per molecule increases.

Alkanes in the range (', to are gases at room temperature and pressure. Under the

same conditions, alkanes in the range to C^j^are licpiids while those with more than

17 carbon atoms per molecule are solids. Licjuid alkanes with longer chain lengths

are viscous liquids used as lubricants.

The bond enthalpies for — C and — H bonds are high so the bonds are relatively

hard to break. Also the bonds are not polar. This means that alkanes are ver)' unre-

active toward reagents in w^ater such as acids and alkalis, as well as oxidizing and

reducing reagents. Three important reactions of alkanes are: combustion, halogenation

and cracking (see steam crackingdnd catalytic cracking), (hacking and the halogenation

of alkanes are examples free-radical chain reactions.
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alkenes

CO,

CH3CH3

ethane

heat with steam
>

cracking

+ 11,0

CAl^ = C\l^

ethene

Alkanes: reactions with ethane as

the example

CH3CH2CI + HCl

and other substitution products

alkenes, such as ethene and propene, are products of cracking oil fractions (see

catalytic cracking, steam cracking). They are important starting points for making other

chemicals because of the reactivity of their double bonds.

Alkenes are unsaturated hydrocarbons with the general formula The character-

istic group o{' the alkenes is a carbon-carbon double bond. The presence of

the double bond makes alkenes more reactive than alkanes.

H H

H C = C

H C
\ / \C H

\ H
H C — C

,c, c.

H H H H

\h
but-l-ene, C.H

Names and structures

of alkenes

but-2-ene, C.H^
4 0

H /H\ /
C = C

H H H

propene, C^Hg ethene, C,,H

,

4 4

The name of an alkene is based on the name of the corresponding alkane with its

ending changed to -ene. WTere necessaiT, a number in the name shows the position

of the double bond in the structure, as in the two structural isomers but-l-ene and
but-2-ene. Counting starts from the end of the chain that will give the lowest possible

number. The number in the name shows the first of the two atoms connected bv the

double bond. In but-l-ene, for example, the double bond is between the first and the

second atoms in the carbon chain.

The boiling points of alkenes increase as the number of carbon atoms in the mole-
cules increase. Ethene, propene and the butenes are gases at room temperature.

Alkenes with more than four carbon atoms are liquids or even solids. .Alkenes, like

other hydrocarbons, do not mix with, or dissolve in, water.

I he characteristic reactions of alkenes are electrophilic addition reactions.
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alkyl group

H H

CH3— C— C— H propane

H H

CH,—

H H

CH.— C— C—

H

Br Br

H H

CH,— C— C—

H

Br H

1 ,2-dibronnopropane

2-bromopropane

(see Markovnkov rule)

H H

CH3— C— C—

H

O H

Addition reactions of propene SO2OH

alkoxides arc metal salts of alcohols. Ethanol, for example, reacts with sodium to

produce sodium ethoxide.

C2H30H(1) + Na(s) > C2H30-NV(s) + H^lg)

The ethoxide ion is a ver)' strong base. It rapidly gains a proton if water is added to

turn back to ethanol.

alkyl group: a group of carbon and hydrogen atoms that forms part of the struc-

ture of a molecule. The simplest example is the methyl group C^H3—,
which is

methane with one hydrogen atom removed. In general, alkyl groups arc alkane

molecules minus one hydrogen atom.

alkyl group formula

methyl CH3-

ethyl

propyl CH,CH,CH -
3 c 1

butyl CHgCH/dl/dl -

A useful shorthand for any alkyl group is the capital letter R. Further alkyl groups are

then represented by R' or R". So, for example, a tertiary amine whh three different

alkyl groups attached to the nitrogen atom can be written as:
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alkylation

R

R'— N:

General formula for a tertiary amine

alkylation is a reaction that introduces an alkyl group into a molecule by addition

reactions or substitution reactions. Industrially the alkylation of alkenes produces

branched alkanes needed to raise the octane number oi gasoline.

CH3 CH, CH,
I

I acid I I

CH,— C^CIL + CHXHCdL > CH,— C — CH,— C — CH,
^ catalyst -^

|

-

|

H CM3

methylpropene methylpropane 2,2,4-trimethylpentane

Production of a branched alkane by alkylation of an alkene

The Friedel-Crafts reaction adds alkyl groups to benzene rings in arenes.

alkynes are hydrocarbons with a triple bond between two carbon atoms. They are

unsaturated hydrocarbons with the general formula The best-known example
is ethyne (historically known as acetylene), the first member of the series.

The structure of ethyne H— C= C.— H

allotropes are different forms of the same element in the same physical state.

Oxygen has gaseous allotropes with different molecular structures: normal diatomic

oxygen (O,,) and ozone (O3) (systematically called trioxygen). Sulfur has solid

allotropes with the same molecular structure (S^) but different crystal structures:

rhombic and monoclinic sulfur.

Carbon has allotropes consisting of the different giant structures of atoms: diamond
and graphite. Carbon also exists in molecular form as the fullerenes.

Fragment of a

diamond

giant structure

Fragment of a

graphite

giant structure

C. molecule
0(1

Allotropes of carbon
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aluminum

Other elements with allotropes are phosphorus and tin. (See also enantiotropy and

monotropy.)

alloys are usually mixtures of metals, but steel is an alloy of iron with the nonmetal

carbon, .\lloys are often more useful than pure metals. Controlling the composition

of an alloy makes it possible to var\’ its properties. Examples of alloys are:

• mild steel - an alloy of iron with 0.12-0.25% carbon; it is relatively cheap,

easily rolled into sheets and can be pressed into shape

• brass - an alloy of copper with less than 20% zinc; it is easily worked, has a

gold color and does not corrode

• bronze- an alloy of copper with up to 12% tin; it is strong, hardwearing and

resistant to corrosion

• solder - an alloy of lead and tin that melts at a low temperature and can

be used to join metals

• duralumin - an alloy of 95% aluminum with 4% copper and smaller

amounts of magnesium, iron and silicon; it is stronger, harder and more

resistant to corrosion than pure aluminum.

alpha decay is the emission of an alpha particle from the nucleus of an atom of a

radioactive element. Alpha decay produces an atom of an element two places to the

left in the periodic table because the proton (atomic) number of the atom decreases by

two. At the same time the nucleon (mass) number docYCcises by four. When an atom of

uranium-238 decays by loss of an alpha particle it turns into an atom of thorium-234.

alpha (a) particles consist of two protons and two neutrons and are identical with

the nuclei of helium atoms. Thev are emitted from the nuclei of radioactive e\emonls

during alpha decay.

An alpha particle emitted from a radioactive nucleus Is usually represented as 1,He but

chemically it is '^He^*.

aluminum (Al) is a silvery metal. It is very useful because it has a relatively low

densitv while being resistant to corrosion and is a good conductor of thermal energy

and electricity.

Aluminum is the second element in group 3, coming below boron in the periodic

table. The electron configuration of aluminum is [Ne]3r3/;'. Aluminum has a cubic

close-packed giant structure with the atoms held together by metallic bonds.
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aluminum chloride

Aluinimun is a reactive metal with a negative standard electrode potential such that

K = -1.66 V for the AF'^(acj)|Al(s) half-cell. This puts aluminum above zinc in the

electrochemical series. A thin, tough and transparent layer of aluminum oxide on the

surface of the metal stops most reactions. As a result aluminum does not corrode in

air or dissolve in acids as might be expected. The oxide layer is so important that it

is often thickened by anodizing.

The oxide layer protects the metal from dilute acids but aluminum is attacked by

fairly concentrated hydrochloric acid.

2Al(s) + 6HCl(aci) > 2AlCl3(aq) + 3fk^(g)

(>)ncentrated nitric acid is an oxidizing agent that thickens the oxide layer making

the metal less likely to react (“passive”).

The oxide layer and the metal itself dissolve in concentrated, strong alkalis.

2Al(s) + 20H-(aq) + > 2[Al(OH) J" + 3H^(g)

On heating, aluminum reacts directly with nonmetals, including oxygen, sulfur,

nitrogen and the halogens. Aluminum combines very strongly with oxygen and is

used to reduce the oxides of other metals in the thermit reaction.

Important aluminum compounds include cduminum oxide and hydroxide, aluminum

chloride salts containing the hydrated aluminum(lll) ion. In all its compounds alu-

minum is in the oxidation state The relatively high charge and small size of the

ion state help to account for the differences between aluminum compounds and the

compounds of metals in group 1 and group 2. In some ways aluminum compounds
have properties more characteristic of nonmetals than metals. Compared with the

larger Na^ ions, ions have a strong tendency to polarize neighboring anions, giv-

ing rise to polar covalent bonds rather than ionic bonding. Only the fluoride and oxide

are ionic. (See also Fajans rules.)

aluminum chloride (AlCI,) is an off-white solid that sublimes on heating and

fumes in moist air because of hydrolysis to hydrogen chloride and the hydroxide.

Aluminum chloride is manufactured on a large scale by injecting a stream of chlo-

rine gas into molten aluminum at 800°C. At this temperature the product vaporizes

and is collected as a solid in condensers.

Aluminum atoms in A\CA^ have only six electrons and have a strong tendenev to

accept two more. As a result, aluminum chloride vapor contains A^Clg dimers (see

dimerization). Solid AlCl^ has a layer lattice with bonding intermediate between ionic

and covalent.

:ci: Cl Cl Cl
• • X • \ /
ci:ai A A1
• • • X

• / \/ \
• KA •

• • Cl Cl Cl

A dot and cross diagram for AICI^ and the bonding in an AI^CI^ dimer. Lone pairs on chlorine

atoms form dative bonds with aluminum atoms.

is a strong acceptor of electron pairs, making it a powerful Leuds acid.

Aluminum chloride is the catalyst for Friedel-Crafts nnd related reactions. In industr\'

this means that it is an important catalyst for the manufacture of a wide range of

useful products including polyrneis, pigments, pharmaceuticals, d^fes and detergents.

24



aluminum(iii) ions

Molten

aluminum

0

Molten aluminum

oxide in cryolite

r"

0

Cross sectional diagram of an electrolysis cell for extracting aluminum

aluminum extraction: aluminum is obtained by electrolysis of a solution of alu-

minum oxide in molten cryolite, Xa.^AlFg. Pure aluminum oxide for the process is

obtained by purifying bauxite.

The discover)’ that aluminum oxide dissolves in molten cryolite was essential to the

development of the process because the pure oxide melts at 2015°C - much too high

for economic industrial processing.

Electrolysis takes place in carbon-lined steel tanks called “pots.” The carbon lining is

the cathode the cell. The anodes Are blocks of carbon. The currents used are high,

of the order of 100 000 A, so the process is generally carried out where electricity is

relatively cheap, often close to a source of hydroelectric power.

Reduction at the cathode: Al-'^* + 3e" —> A1

The aluminum is liquid at the temperature of the molten electrolyte (970°C) and it

collects at the bottom of the pot. The molten metal is tapped off from time to time.

Oxidation at the anode: + 4e'

.Much of the oxygen reacts with the carbon of the anodes, forming carbon dioxide.

The anodes burn away and have to be replaced regularly.

Waste gas from the cell contains fluorides and has to be thoroughly cleaned to avoid

pollution of the region surrounding the plant.

aluminum(iii) ions are hydrated in aqueous solution and are present as a complex

ion [Al(H^O)^]^^. Six water molecules form coordinate bonds With each metal ion.

The electrons in the water molecules are pulled toward the highly polarizing alu-

minum ion, making it easier for the water molecules linked to the aluminum ion to

give away protons. The hydrated aluminum ion is as strong an acid as ethanoic acid.

The hydrated ion gives protons to water molecules, forming oxonium ions. The solution

is acidic enough to relea.se carbon dioxide when added to sodium carbonate.

[A1(H/))J^^ + Yip ^
[A1 (H^0

) 30 H]^^ + H/) ^ [A1(H/3)^(0H)J^ + H30
*

Adding a base such as hydroxide ions to a .solution of aluminum ions removes a third

proton, producing an uncharged complex. The uncharged complex is much less
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aluminum oxide

3+

oluminum ion showing the

octahedral arrangement of

water molecules. This Is the

hexaaquoalumlnate(iii) Ion.

Structure of a hydrated OM
2

soluble in water and precipitates as a white jellylike precipitate - hydrated alnminnm
hydroxide.

[A1(H20)^(0H)J^ + 0H- ^ [A1(H,0)3(0H)3](s)

Adding excess alkali removes yet another proton, now producing a negatively

charged ion that is soluble in water so that the precipitate redissolves. This

demonstrates the amphoteric properties of alnminnm hydroxide.

All these changes are reversed by adding a solution of a strong acid such as hydro-

chloric acid, which turns the hydroxide ions in the complex back to water molecules.

aluminum oxide (AI^O^) is a white solid with a ver)' high melting point. .\ln-

minnm oxide exists naturally as a group of minerals called corundum. Corundum is

an important abrasive; its hardness is 9 on the Mohs scale of hardness. Emery’ is a

grayish-black variety of corundum made of altiminum oxide mixed with iron oxide
minerals. Some gemstones are varieties of corundum including rubies, which are red
because of the presence of some chromium (iii) ions in place of aluminum (ill) in the

crystal structtire. Sapphires are bltie because some of the aluminum ions are

replaced by a mixture of titanium (iv ) and cobalt(ii) or iron(ii) ions.

Aluminum oxide is widely used as an engineering ceramic. It is used to make the insu-

lator in spark plugs. A translucent, polycrystalline form of the compound encloses
high-pressure, high-temperattire sodium street lamps, which give a much whiter light

than yellow low-pressure lamps.

Aluminum oxide is an amphoteric cornpouridhwt the pure solid is insoluble and this pro-

[)erty is more easily demonstrated by adding alkali to a solution of aluminum (in) ions.

The amphoteric behavior is used in the production of the pure oxide from bauxite.

alums aie double salts that cry stallize easily from solutions in water, forming attractive

octahedral crvstals. Alums have the general formula M(l)M(ill) (S0^),,.12"h.,0. M(i)
is an ion with a 1+ charge such as Na*, R* or and M(iii) is a metal ion with a 3+
charge such as Af^'^, or Fe'^'".
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amalgams are solutions of metals in inercnrv. Dentists make amalgams for filling

teeth by dissolving silver, copper and tin in mercurv.

amides are organic nitrogen compounds deri\ed from carboxylic acids by replacing

the hydroxide group with an — XH., group.

ethanamide benzamide

Names and structures of amides

Amides are white crystalline solids at room temj)erature apart from methanamide,

which is a liquid. Simple amides are soluble in water.

Amides form rapidlv at room temperature when acyl chlorides or acid anhydrides react

with ammonia. Esters react more slowly to form amides.

.()

CM,—

C

acid chloride

Cl

CH.,—

C

\

()

()

CH.—

C

%
o

acid anhydride

CM., — C
\
NM,

amide

Reactions that produce amides

Another way of making amides is to convert a carboxylic acid to an ammonium salt

and then to dehydrate the salt by heating it under reflux for .se\eral hours.

cii/x)ji + Nif, —> cii.,c(VNH; —> cn,,c()Nn, + If/)

carboxylic ammonia ammonium salt amide

acid

Unlike amines, amides are very weak bases. I hey give neutral solutions in water and

do not form salts with acids such as hydrochloric acid, fhe lone |)air of elections on

the nitrogen atom is delocalized with the carbonyl grou|).



amines

Delocalization of electrons in the amide group

Reduction converts an amide to an amine. A suitable procedure is to treat the amide

with lithium tetrahydrid()aluminate(lll) in dry ethoxyethane and then add water.

I . LiAlt in ether

CIIXONH, > CHXH.NH,
l.iuo

Heating with dilute acid or dilute alkali hydrolyzes amides to the corresponding acid.

O
heat

o

CR^ — C + H30 (aq) —^ CH, — C + NH/(aq)

NH. OH

Hydrolysis of ethanamide

(See also Hofmann degradation.)

amines are nitrogen compounds in which one or more of the hydrogen atoms in

ammonia (NH^) is replaced by an alkyl group or aryl group. The number of alkvl

groups determines whether the compound is a primary, secondarv or tertiary amine.

The names of amines are based on the nature and number of alkyl groups attached

to the nitrogen atom.

H CH.

y
3

1

^3

CH3— N: CH3— N: CH3— N:

H H CH3

methylamine dimethylamine trimethylamine

(primary) (secondary) (tertiary)

Names and structures of primary secondary and tertiary amines. Note the meaning ofphmary
secondary and tertiary here - it is not the same as for alcohols and halogenoalkanes.

Amines can be very smelly. Ethylamine has a fishy smell. Animal flesh smells putrescent

because it gives off diamines.

Primary amines like ammonia can act as bases, form complex with metal ions and
react as nucleophiles.
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amino acids

CH3CH2XH2

at room
temperature

CH3CH2NH3OH-

alkaline solution

Cu(H20),2^(aq)
> [Cu(CH3CH2NHj)J^*(aq)

deep blue solution

of complex ion

(CH3CH2)2NH

secondary amine

Reactions of the primary amine, propylamine

amino acids are compounds that join together in long chains to make proteins.

They are carbon compounds with two functional groups: an amino group and a car-

boxylic acid group. Proteins consist of long chains of amino acids. There are about

20 different amino acids that link together to make proteins.

H

H.N— c:— CO^I 1

glycine

CH
3

H^N— C— CO.H

H

alanine

CH.OH

H
2
N— C— CO.H

H

serine

Examples of ammo acids in proteins. Note that the amino group is attached to the carbon

atom next to the carboxylic acid group.

Amino acids are crystalline solids. They are very soluble in water and crystallize as

zivitterions.

Each of the amino acids in a protein has a central carbon atom attached to four other

grou|)s so, except for glycine, which has two hydrogen atoms, these are c/n'w/ molecules,

which can exist in mirror-image forms. The natural amino acids all take the L-form.

L-amino acid

(occurs naturally)

co^n

D-amino acid

(made in laboratory)

A/l;rror-/moge forms of an amino acid
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amino group.

amino group: tlie — NH., functional group foinul in priinar\' amines dnd amino

acids. As in ammonia, tlicrc is a lone pair of electrons on the nitrogen atom. I he amino

group, like ammonia, can act as a base, form complex ions with metal ions and react as

a nucleophile.

ammines are complex ions formed between metal ions and ammonia molecules.

Kxamj)les are the diamminesilver(i) ion and the tetraammine copj)er(ll) ion. The

lone pair on the nitrogen atom of each ammonia molecule forms a dative covalent

bond with the central metal ion (see coordinate bond)

.

[Ag(NH,),,] [C;a(NH,,)J

diamnninesilver(l) ion hexaamminecobalt(ll) ion

Ammine complexes

Ammine complexes are useful in qualitative analysis. Formation of a complex may
produce a color change or redissolve a precipitate. Adding ammonia solution to a

solution with copper(ii) ions first produces a pale blue precipitate of the hydroxide,

hut with excess ammonia the preci{)itate dissolves to give a deep blue solution when
the tetraammine complex forms.

Adding ammonia solution to a precipitate of a silver halide cim distinguish the chlo-

ride from the bromide or iodide. Only silver chloride (the least insoluble) will freelv

dissolve in dilute ammonia solution to form the diammine complex.

ammonia (NHj) is the simplest compound of nitrogen and hydrogen. It is a color-

less gas with a pungent smell. It is the only common alkaline gas. The molecule has

a pyramidal shape:

ii;n;h
• X

II

Dot and cross diagram for ammonia and the shape of an ammonia molecule. There are

three bonding pairs and one lone pair in the outer shell the nitrogen atom. The four electron

pairs point to the vertices of a distorted tetrahedron. The bond angle Is less than the regular

tetrahedral angle (109.5°) because repulsion between the lone pair and the bonding pairs is

greater than the repulsion between bonding pairs (see shapes of moleculesj.

I he j)ro[)erties of ammonia are affected by hydrogcu bonding. Ammonia molecules can

lorm hydrogen bonds with each other and with water molecules. As expected for a

compound with small molecules, ammonia is a gas at room temperature but because

of hydrogen bonding it is quite easily liquefied bv cooling or increasing the pressure.

• Vinmonia is also verv soluble in water because of hvdroijen bondinij.

Many of the imj)ortant j)roperties of ammonia involve the lone pair of electrons on
the nitrogen atom, fhe lone pair means that ammonia is:



ammonia manufacture

• 'A weak base. XH.^(g) + H(',l(g) > XH^'Cl"(s)

• a ligand in complex ions (see ammines):

[C:u(Hp)J-^-(aq) +4XH,(aq) > [Cii(XH,,)^ (H/))J-^(aq)

K 41 1._,C)(a(|)

• A nucleophile. CH X4

+

XH,(aq) > (:HpX(4 XXH/Br(aq).

Other reactions of ammonia involve the X— H bonds. In )xn'ticnlar, tlie reactions in

which ammonia acts as a reducing agent. Ammonia burns in oxvgen to form nitrogen

and steam. It reacts with chlorine to form nitrogen and ammonium chloride. It

reduces metal oxides, such as copper(il) oxide.

3(:n()(s) + > 3Cn(s) + X,(g) ^ np{\)

The catalytic oxidation of ammonia is important in nitric acid manufacture.

ammonia manufacture: the Haber process for the svnthesis of ammonia combines

nitrogen with hydrogen in the presence of an iron catalvst.

\(g) + ^^H,(g) ^ 2XIi,(g) Ml = -92.4 kj mol-'

Hydrogen for the process comes from natural gas and steam (sec steam reforming).

The nitrogen comes from the air.

lip X, + (),

and H , recycled

Flow diagram for the synthesis of ammonia

The reaction is ver\ slow at room temperature. Raising the temperature increases the

rate of reaction but the rn'ersible rcACtinn is exothermic so, according to Le (Ihatelier's

principle, the higher the temj)erature, the lower the yield of ammonia at etjuilibrium.

.\ catalvst makes it possible lor the reaction to go fast enough without the tempera-

ture being so high that the yield is too low. Also, according to Le (4iatelier’s

principle, increasing the j^ressure raises the percentage of ammonia at ecjuilibrium.

fhe process upicallv oj)erates at pressures between 70 atmospheres and 200

atmospheres with temperatures in the range 400°(' to ()00°(7

Frit/ I laber aj)plied theor\ to develop the process and made it work on a small scale,

fhe ke\’ to success was to llnd the right conditions and to identify a suitable cataKst.

Haber used j)latinum in his small-scale demonstration piocess. The engineering

j)roblems ol manufacturing ammonia (m a large scale were solved by Tai l Bosch, who

^^’orked for the chemical company B.ASF. l>osch s team also carried out thousands ol

experiments to find a cheaper catalyst. 4 hey e\entually developed a catahst based on

iron oxide mixed with small amounts of the oxides ofOther metals such as potassium,

aluminum and magnesium. Fhe first industrial plant went into |)ioduclion in 1913

near Mannheim in (.ermanv.
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ammonium hydroxide

100
- 373 K

473 K

573 K

673 K

773 K

Graph showing how the equilibrium

yield of ammonia varies with pres- 25 100 200 300 400

Pressure (atm)sure and temperature

The main uses of ammonia are in making:

• fertilizers (80%)

• nylon (7%)

• nitric acid (5%).

ammonium hydroxide is the traditional name for ammonia solution or aqueous

ammonia. The older name was used because a solution of ammonia in water contains

some ammonium ions and hydroxide ions.

NH
3
(aq) + ^,0(1) NH;(aq) + OH-(aq)

However, ammonia is a weak base, so most of the ammonia in the solution is not ion-

ized. Aqueous ammonia is a better name, because almost all the ammonia is present

as dissolved molecules linked to water molecules by hydrogen bonds.

ammonium salts contain the ammonium ion (NH^A» formed when ammonia

reacts with acids. Examples are ammonium chloride, ammonium sulfate and

ammonium nitrate.

NH3(aq) + HN03 (aq) > NH^N03 (aq)

An ammonium ion forms when the lone pair on the nitrogen atom in ammonia fonns

a dative bond with a hydrogen ion (proton) from an acid. The ammonium ion has

four bonding electron pairs around the nitrogen atom so it has a tetrahedral shape.

Formation of an ammonium ion and the shape of the

ammonium ion. Once formed, all four bonds are the same.

H

+

11 H
I

-P

X

1 1— N : H
H H H

11 H
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amphoteric compounds

Ammonium salts such as ammonium sulfate and ammonium nitrate are soluble

nitrogen compounds manufactured and used on a large scale as fertilizers.

.\mmonium nitrate is also used as an explosive.

amorphous solids have no regular crystal structure; their particles are in a

random jumble. Glasses are amorphous solids.

amount of substance: the measurement that allows chemists to find formulas,

write equations and make comparisons between equal numbers of atoms, molecules

or ions.

Amount of substance is a physical quantity (symbol n) that is measured in the unit

mole (s\inbol mol). In chemistiT the word “amount” has this precise meaning. There

is no measuring instrument for determining amounts directly, unlike balances for

determining w«55C5in kilograms or graduated glassware for measuring volumes'm dm‘^

(liters). Instead, chemists first measure masses or volumes and then calculate the

amount in moles given the molar mass, concentration or molar volume of the specified

substance or entity.

For any pure substance:

mass of substance (g)
amount of substance (mol) =

>

7 rrr
^ ’ molar mass (g mol )

For a solution:

volume of concentration of
amount of substance (mol) = (dm=) solution (mol dm'^)

For a gas:

amount of _ volume of a gas at a specified temperature and pressure (m^)

substance (mol) molar volume of any gas under the same conditions (m^ mof)

(See also the Avo^adro constant.)

ampere: the SI unit of current. A current of one ampere is a flow of one coulomb of

charge per second. I A = I O/s.

amphetamines arc drugs that stimulate the central nervous system and make

people feel more alert. For a while amphetamines, such as Benzedrine, were used

medicinally until it was found that they cause strong psychological dependence.

Molecular structure of Benzedrine

amphoteric compounds are substances that can behave both as acids and as bases.

Water is an example. Water can both accept protons irom acids forming oxonium ions

and donate protons to stronger bases forming hydroxide ions.

Water acting as a base (taking protons from an acid):

II/)(1)+IT ^ II^OTaq)

from acid
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Water a( ting as an acid (gi\'ing protons to a base):

1I/)(1) ()H-(aci) + H-

‘

to base

Alternatixely, these substances are described as being ainpbiprotic. Other examples

are the Ip’drogencarbonate ion (II(X) )and (im’uio acids.

amphoteric oxides are oxides that react l^otb like acidic oxides and basic oxides.

Kxamples are: ZnO, A1.,0,^, SnO, SnO.,, PbO, PbO,,. The anhydrous oxides are

often relatively inert to acjueons reagents so that it is easier to demonstrate their

amphoteric behavior on a test-tube scale with freshly formed samples of the metal

hydroxides. Zinc hydroxide, for example, dissolves in acids to form salts (so acting as

a base); it also dissolves in a solution of a strong alkali, forming zincate ions (thus

acting as an acid).

Zn(()H),,(s) + 2H (aq) Zn-Aaq) + 2H,.()(1)

Zn(()H)As) + 2()H-(aq) ZnO/Aaq) + 2H,,()(1)

amylases are enzymes that catalvze the hydrolysis of starch molecules to sugars.

Amylases are found in saliva and in the juices secreted into the small intestine bv the

pancreas.

anaerobic respiration: see respiration.

analgesics: drugs that relie\e pain. Analgesics may be mild like aspirin or pcnverful

like morphine (from the oj)ium poj^py), which is a narcotic.

analytic chemistry is concerned ^\'ith determining the qualitative imcX quantitative

comj)osition of substances.

anesthetics: total anesthetics are used in medicine to induce pain-free sleep dur-

ing surgerv. Laiiy anesthetics were trichloromethane (chloroform), ethoxvethane

(ether) and dinitrogen oxide (laughing gas). Since 1956 the most commonlv used

anesthetic has been halothane, CiF.^CiHBrCil. Local anesthetics, such as Xovocaine, for

minor surger^ and dentistrv prevent j)ain in the region of the bod^ where thev are

aj)plied or injected.

Angstrom, Anders ( 1814-1874) \\’as a S\\’edish spectroscopist who detected hydro-

gc;/ in the Sun from a study of the lines in the spectrum of sunlight. He gave his name
to the angstrom unit, a non-.S7 unit of length that is sometimes used to meastire the

sizes of atoms and molecules and the wavelength of light. 1 A = 10“'" m = 0.1 nm.

anhydrides: see acid anhydrides.

anhydrous salts are the compounds lef t after remo\ ing the water from a hydrated

salt. Ihdrated copj)er(ii) sulfate, for examjde, is blue. Heating drives off the water of

crystallization as steam, leaving a white solid, anhvdrous copper(ll) sulfate.

(;uS(),.5H_,()(s) > CuSO^(s) + 5H,,()(1)

aniline is the traditional name t'ov phenylamine. .Aniline and related compounds are

used to make azo dyes, which are therefore also called aniline dves.

anions are negatixe ions attracted to the z/ztodc during electrolysis.



anion SMnl)olcliarge

bromide Br-

chloride ci-

eihanoate CH,,cor

In drogencarbonate 1
1

hydroxide OH-
iodide I-

nitrate [nitrate(\)] N(T-

nitrite [nitrate(lll)] X(\r

inanganate(\ll) MnOp

carbonate co/-

oxide o‘--

sulfate [sulfate(\i)] so;--

sulfide s^-

sulfite [sulfate (i\’)] SO,p-

thiosulfate

dichroinate(\'i) CrA)/-

nitride

phosphate po/-

anion tests arc used in qualitative analysis to identify the negati\ c ions in salts. The

tests use reagents that can produce color changes, gases and precipitates. Knowledge

of the chemistry makes it possible to interpret the changes and identify the ions. Sec

the table on page 36.

anisotropic solids ha\e properties that depend on the direction in which they

are measured. Examples of highly anisotropic substances are fibrous materials such

as asbestos, and laver structures such as mica. The carbon atoms in graphite are

arranged in layers. The properties of large single crystals of graphite show differ-

ences when measured parallel to the planes of atoms and at right angles to the planes

of atoms.

annealing is a process of controlled heating and cooling used to modify the proper-

ties ol a material, for which purpose it is kept for a time in a furnace at a temperature

below its melting point. Annealing is used to remove internal stresses from g^lass

objects after blowing or casting. Annealing is an important jxu t of the heat treatment

used to modify crystal structures oj metals and hence control their properties.

anode: the electrode at which oxidation takes place. During electrolysis the external

power supjily removes electrons from the anode so that it becomes the positive elec-

trode, attracting negative ions; the latter lose electrons (oxidation), thus turning into

atoms or molecules.

The term anode is also sometimes used in electrochemical cells, where the oxidation

process at this electrode in one of the half-cells forces electrons onto the electrode,

which becomes the negative terminal of the cell.

Note that electrons flow out of the anode to the external circuit both during

electrolysis and when a current is drawn from a chemical cell.



anion tests

Test Observations Inference

Test for carbonate, Gas that turns limewater carbon dioxide from a

sulfite and nitrite

Add dilute hydrochloric acid

milky white. carbonate

to the solid salt. Warm gently (ias that is acidic, has a sulfur dioxide from a

if there is no reaction at first. pungent smell and turns acid-

dichromate paper from

orange to green.

sulfite

Golorless gas given off nitrogen oxide (NO) from a

that turns brown where it nitrite turning to

meets the air. nitrogen dioxide (NO^)

Test for halide ions WTiite precipitate soluble in chloride

Make a solution of the salt.

Acidify with nitric acid, then

dilute ammonia solution.

add silver nitrate solution. Cream precipitate soluble in bromide

Test the solubility of the concentrated ammonia

precipitate in ammonia

solution.

solution.

Yellow precipitate insoluble

in excess ammonia.

iodide

Test for sulfate and White precipitate that sulfite

sulfite ions

Make a solution of the salt.

redissolves on adding acid.

.\dd a solution of barium WTiite precipitate that does sulfate

nitrate or chloride. If a

precipitate forms add dilute

nitric acid.

not redissolve in acid.

Test for nitrates .Alkaline gas evolved that ammonia from a nitrate (or

Make a solution of the salt, turns red litmus blue. nitrite)

add sodium hydroxide

solution and then a piece of

aluminum foil or a little

Devarda allov. Heat.

Pungent smell.

Test for chromate ions Yellow solution turns orange. yellow chromate ions

.Make a solution of the salt. turning to orange

Divide into three: dichromate

• add dilute acid Yellow precipitates forms precipitates of insoluble

• add a solution of harium with barium ions and lead barium and lead chromates

nitrate ions.

• add a solution of lead

nitrate.

chromate

Anion tests
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arenes

anodizing is an electrolytic process for thickening the oxide layer on the surface of

aluminum. It is an example of anodic oxidation. In the process an aluminum sheet or

component is the anod^ of an electrolysis cell containing sulfuric acid. The newly

formed oxide laver can absorb dves so that the surface of anodized aluminum is eas-

ily colored. The thicker oxide film helps to protect the metal, so anodized aluminum

is more resistant to corrosion.

antacids are ingredients of indigestion tablets taken to neutralize acid in the stom-

ach. After a meal the cells lining the stomach produce gastric juice that contains,

among other things, a mixture of hydrochloric acid and enz\Tnes to digest food.

Antacids are bases that neutralize acids. Examples are sodium hydrogencarbonate,

calcium carbonate, aluminum hydroxide and magnesium hydroxide.

antibiotics are chemicals that prevent bacteria growing or kill them. Thus anti-

biotics can cure bacterial diseases. Most antibiotics are the products of micro-

organisms. Some of the antibiotics used in medicine are natural but have been

modified chemically, such as the semisynthetic penicillins. Other antibiotics are

made entirely by chemical synthesis.

antifreeze is a chemical added to the cooling system of engines to prevent water

freezing and damaging the engine during frostv' weather. Antifreeze lowers i\\Q freez-

ing point of water well below 0°C. Ethane-1,2-diol is used as antifreeze because it

mixes freely with water but has a higher boiling point (198°C) so that it does not

evaporate from the coolant when the engine is hot.

antiknock additives prevent knocking in engines by raising the octane number

of gasoline And preventing the fuel from igniting too early. From the 1920s the main

antiknock additive was the volatile lead compound tetraethyl lead, Pb(C
2
Hj.)^. Lead

compounds in exhaust gases are toxic and so poison the metal catalyst in catalytic

converters. So petroleum companies now produce high-octane fuels by refining the

fuel further and adding alcohols and ethers such as MTBE.

antiseptics are chemicals that kill microorganisms, but, unlike disinfectants, can

safely be used on the skin. Phenol was the first antiseptic used in surgery, by Joseph

Lister in 1857. Lister found that a spray of phenol controlled the growth of bacteria

in open wounds but it also made the wounds difficult to heal so he moved on to other

methods.

aqua regia was well known to alchemists for its ability to dissolve noble metals such

as gold, hence its name, which is based on Latin for “royal water.” It is a mixture of

three parts concentrated hydrochloric acid with one part concentrated nitric acid.

aqueous solution: a solution of one or more solutes dissolved in water. The state

svmbol (aq) in chemical equations shows that a species is in aqueous solution.

arenes are hydrocarbons such as benzene with rings of carbon atoms stabilized by

delocalized electrons. Traditionally, chemists have called the arenes “aromatic hydro-

carbons,” ever since Kekule was struck by the fragrant smell of oils such as benzene.

In the modern name, the “ar-” comes from aromatic and the ending “-ene” means

that these hydrocarbons are unsaturated compounds like the alkenes.

As well as arenes related to benzene, there are others with fused ring systems such as

naphthalene and anthracene.
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argon

0 6 6^

benzene methylbenzene 1 ,3-dimethylbenzene

Structures of arenes. The circle in the benzene ring represents six delocalized electrons. This

representation explains the shape and stability of benzene. The Kekule structure is more

helpful when describing the mechanism of the reactions of benzene.

Structure of naphthalene with fused rings, showing both the Kekule structure and

delocalization. The delocalized electrons are shared across both the rings.

Arenes are nonpolar. The forces between the molecules are weak van der Waals forces.

The boiling points of arenes depend on the sizes of the molecules. The bigger the

molecules, the higher the boiling points. Benzene and methylbenzene are liquids at

room temperature. Naphthalene is a solid.

The important reactions of benzene and other arenes are very different from those

of alkenes because of the delocalized electrons. Instead of electrophilic addition

reactions, the useful changes are electrophilic substitution reactions.

Heating a mixture of an arene bearing a hydrocarbon side chain with alkaline

potassium manganate(vii) oxidizes the side chain to a carboxylic acid group.

RMnC)yc:)H'
>

heat

methylbenzene benzoic acid

Oxidation of the hydrocarbon side chain of methylbenzene

argon (Ar) is the third member ol the family of noble gases coming below neon in

the periodic table with the electron configuration [NeJSs'Sp*'. It is a colorless, odorless

gas consisting of single atoms.

.Vrgon makes up about 0.9% of dry air but it was not identified until the late nine-

teenth century because of its inertness. It was discoyered in the 1880s when the

physicist Lord Rayleigh attempted to determine yery accurately the densities of

gases. He discoyered a discrepancy of 0.1% between the density of the nitrogen he
got from the air and the nitrogen made by decomposing ammonia gas. Prompted by
this obseryation, William Ramsay set about remo\ing all known gases from the air.

c:o,H
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Arrhenius equation

including all the nitrogen. He found that he was left with an inert gas. When he

looked at the emission spectrum of the gas he found lines in the spectrum that did

not belong to any known element. Ramsay and Rayleigh amazed a group of scientists

at Oxford in August 1894 by announcing the discoveiT of the new element. The
chairman of the meeting christened the gas argon from the Cheek word meaning

idle, or lazv.

Argon is produced by the fractional distillation of liquid air. Ninety percent of the gas

is used to provide an inert atmosphere for processes such as welding; the other 10%

is used to fill filament lamps.

aromatic hydrocarbons: an older term for arenes.

aromatic substitution: another name for electrophilic substitution in arenes.

Arrhenius equation: an equation that describes how the rate constant for a reac-

tion varies with temperature and makes it possible to determine the activation energy

for the reaction (see rate equation). The collision theory of reaction rates helps to

account for the form of the equation.

Arrhenius equation: k =

k is the rate constant for the reaction, T is the activation energ\’, R is the gas constant

and 7' the temperature in kelvin. A is another constant.

Putting the equation into logarithmic form (using logarithms to base e) makes it

easier to use.

E E
\n k = In A - = constant - —

^

This equation gives a straight line if In k is plotted against 1/7^. The gradient of the

line is -E / R.
;r

Plot of In k against 1/1'for a reaction
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arsenic

arsenic (As) is a grayish-white metalloid that forms very toxic compounds. The
element comes below phosphorus in group 5 of the periodic table 2ind has the electron

configuration [Ar] 3d*^Hs^4p^.

aryl group: a group of carbon and hydrogen atoms that forms part of the structure

of a molecule. The simplest example is the phenyl group, C^H.—
,
which is benzene

with one hydrogen atom removed. In general aryl groups are arene molecules minus
one hydrogen atom.

asbestos is the name given to various fibrous minerals in which S'lO^ groups

are linked into long chains. These minerals have very high melting points and they

do not burn. The fibers are flexible enough to be woven into fabrics that are heat

resistant, fireproof and do not conduct electricity. Breathing asbestos fibers can

cause lung disease many years later, including asbestosis and mesothelioma (a form
of cancer). For this reason the use of the asbestos has been phased out in many parts

of the world, especially blue asbestos, which is particularly hazardous.

ascorbic acid (vitamin C) is a white crystalline compound found dissolved in

the juices of fresh fruit and vegetables. Lack of ascorbic acid in the diet leads to

scurw. Ascorbic acid is relatively soluble in water and may be washed out of foods on
cooking. It is thermally unstable and is progressively destroyed during cooking.

H

HO— C— CH.OH

Structure of ascorbic acid

The ascorbic acid molecule does not contain a free carboxylic acid group because its

carboxyl group reacts with its hydroxyl group, eliminating water to form a ring com-
pound. Ascorbic acid is a good reducing agent. It is added to some processed foods as

a preservative; as an antioxidant, it prevents oxidation of other food components.

aspirin is the common name for the most widely used medical drug. Chemicallv it

is the ethanoyl (aceni) c5^erof 2-hydroxybenzoic acid (salicylic acid). (See acylation.)

.\spirin is a mild painkiller (analgesic)', it also helps to lower fevers and reduce inflam-

mation ofjoints. Large-scale studies have shown that people who have had a heart
attack are less likely to have a second attack if they take half an aspirin tablet a day.

assaying is a process of quantitative analysis that determines the amount of a

substance in a given sample. So a piece of gold is assayed to see w hat proportion of
the metal sample is gold. Gold and silver articles are assayed before being
hallmarked. A range of assaying techniques has been developed to determine the
purity or biological activity of drugs, enzvmes and other substances that affect Ihing
things.

astatine (At) is the rarest element in the halogen family. It is the element below
iodine in gioup 7 of the periodic table. It has the electron configuration

[Xe]4f'^5d*%s-6p^ There are twenty known of astatine, all of which are highiv
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' atom

radioactive. The longest lived is astatine-210 with a half-life oi 8.3 hours. The element

was discovered in 1940 when it was prepared artificially by bombarding bismuth with

alpha particles in a cyclotron.

asymmetric molecules are molecules ^Wth no centers, axes or planes of svinmetiy

.\svmmetric molecules are chiral and can exist in distinct mirror image forms, giving

rise to optical isomerism. Any carbon atom with four different groups or atoms

attached to it is asvmmetric.

The mirror image forms of the asymmetric molecule, lactic acid

atactic polymer: a form of addition polymei', such as poly(propene), in which the

side groups along the polymer chdim are randomly orientated. Atactic poly(propene)

is an amorphous, rubberv’ polymer of little value, unlike Ao/ar/tc poly (propene).

Part of a chain of atactic poly(propene)

atmosphere: the zone around the Earth that contains all the gases in the air. By

convention the upper limit of the atmosphere is taken to be 1000 km above the

Earth’s surface. However, because of gravity, most of the air is concentrated in the

lower regions. About 50% by mass lies within 5.6 km of the surface and 99% within

40 km. Most of the climate and weather processes take place in the troposphere,

which extends up to about 17 km.

atmospheric pressure usually means the pressure of the atmosphere at ground

level. Standard atmospheric pressure (1 atm) = 101 325 Nm"*^ = 101.325 kPa. The

choice of this value dates back to the days when atmospheric pressure was normally

measured by a column of mercur)' in a barometer. A pressure of one atmosphere was

defined as the pressure needed to support a column of mercury 760 mm high.

atom: the smallest particle of an element. An atom consists of a tiny nucleus sur-

rounded by a cloud of electrons. The nucleus consists of protons and neutrons. All

the atoms of the same element have the same proton number. The number of neutrons

may var)' and this accounts for the existence of isotopes.
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Cloud of electrons

Protons

Neutrons
Nucleus

Atomic structure

Chemical reactions involxe the electrons in the outer vAc/Zvof atoms. As a result the

electron configuration of an element helps to account for its chemical behavior.

Radioactivity and the changes in nuclear reactors involve the nuclei of atoms. When
describing nuclear changes it helps to use symbols that show the nucleon number
(mass number) and j:)roton number.

Nucleon number-

Proton number -

Element symbol

Symbols for atoms. The proton number gives the number of protons in the nucleus. In a

neutral atom the number of electrons is the same. The difference between the nucleon

number and the proton number gives the number of neutrons in the nucleus.

atomic absorption spectroscopy is a technique of quantitative anafsis mea-
suring the amount of an element in a sample. The procedure depends on the fact

that the atoms absorb radiation at particular frequencies.

The sample is vaporized and split into gaseous atoms by a \ ery hot flame at around
2()()()°(E Tight from a special lamp produces radiation with a wavelength absorbed bv
the element to be measured.

By measuring the absorbance nt a particular wavelength it is possible to determine the
amount of certain elements in the sample. The procedure is calibrated using samples
of knotni concentration.

Atomic absorption spectroscope provides a sensitive and reliable method for deter-

mining more than 60 elements. Examples include the determination of traces of
mercurv in the en\ironment, lead in blood, or heaw metals in the effluent from a

factory. The technique is widely used in commercial laboratories, for example in the
water indnstrv.

atomic emission spectroscopy is a verv sensitive method of analvsis used to

identifN and measure the elements in a sample. Atomic emission spectra of pure
elements also provide the e\idence needed to determine the energy lei’elstxnd electron

configurations in atoms.

(Arrving out a flame test and examining the colored light from the flame with a

hand-held spectroscope is a simple demonstration of this t\pe of spectroscopy.

I he first step in a more sophisticated analysis is to vaporize the sample using a veiy
hot flame or an electric spark to atomize the sample and produce a gas consisting of



atomic orbitals

free atoms. Energ\ from the flame or spark also excites some of the electrons in

the atoms so that they jump to higher energy levels. As the electrons drop back to

lower levels they emit radiation. The radiation passes through a prism or diffraction

grating to produce the atomic spectrum of the elements in the samj)le.

Important applications of atomic emission spectroscopy include the measurement of

sodium, potassium, lithium and calcium ions in biological fluids such as blood and

urine.

atomic number is the older term for proton number.

atomic orbitals are the subdivisions of the main electron shells in atoms. There is

one orbital in the first shell, four in the second, nine in the third and sixteen in the

fourth shell. Each orbital can contain up to two electrons.

Each orbital is defined by its:

• energ\

• shape

• direction in space.

The study of atomic spectra makes it possible to determine the energies of atomic

orbitals. The terms “energ\’ level” and “orbital” are often used interchangeably.

Energy

i

As

3s

If

3p

4f
4d

3^
' n = 3

n = A

^
}n^2

The energies of atonnic orbitals in atoms. The labels s, p, d and f are left over from early

studies of atomic spectra that used the words sharp, principal, diffuse and fundamental

to describe different series of lines. The pattern of energy levels accounts for the electron

configurations of atoms and the arrangement of elements In the periodic table.

The shapes of orbitals are derived from theory. The shapes are determined by solv-

ing a mathematical ec|uation (the Schrodinger wave ecpiation) that makes it possible

to calculate the probability of finding an electron at any point in an atom.
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atomic radius

riie j)r()bable location of the electrons in the first shell is spherical. It is an example
of an ,SK)rbitaI (1,5).

I'he four orbitals in the .second shell are made up of one ,s-orbital ( 2 .5 ) and three

dumbell shaped />-orbitals. The three />orbitals 2p^, 2pp are arranged at right

angles to each other.

y

Nucleus

at origin

Boundary of sphere

within which there

is a greater than 95%
chance of finding an

electron 2Px

s-orbital p-orbitals

The shapes of s and p atomic orbitals

atomic radius: a measure of the size of an atom in a crvstal or molecule. Chemists

use X-ray crystallography and other techniques to measure the distance between the

nuclei of atoms. The atomic radius of an atom depends on the t\pe of bonding and
on the number of bonds. Usually atomic radii for metals are calculated from the dis-

tances between atoms in metal crystals (metallic radii). Atomic radii for nonmetals
are calculated from the lengths of covalent bonds in crystals or molecules {covalent

radii)

.

Atomic radii in a molecule and in a crystal

Atomic

radius

Atomic radii increase down any group in the periodic table as the number of elec-

tron shells increases. In group 1 the metallic radii rise from 0.157 nm for lithium to

0.272 nm for cesium.

Atomic radii decrease from left to right across a period. Across the period Xa to Ar,

atomic radii fall from 0.191 nm for sodium to 0.099 nm for chlorine. From one ele-

ment to the next across a period the charge on the nucleus increases bv one as the

number of electrons in the same outer shell increases bv one. Shieldinghw electrons in

the .same shell is limited so the “effective nuclear charge” increases and the electrons

are drawn more tightly to the nucleus.
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atomic theory

Trends in atomic radii in the periodic table

atomic spectrum: the pattern of lines seen with a spectroscope when the atoms of

an element emit radiation. Atoms emit radiation when excited by heat or electricity.

The line emission spectrum for hydrogen in the visible and ultraviolet (UV) regions of the

spectrum

Some elements emit radiation in the visible region of the spectrum and these are the

elements that give colored flames in /lame tests.

Quantum theory explains why atomic emission spectra consist of a series of sharp lines.

Each line in an emission spectrum corresponds to an energ)'jump of a definite size

as electrons drop back from a higher to a lower energy level.

Atoms also absorb radiation. If radiation passes through the vapor of an element and

is viewed through a spectroscope, the absorption spectrum appears as dark lines

where particular frequencies are absorbed from the continuous spectrum.

atomic theory: the theor)- that all matter is made up of ver)' tiny particles called

atoms. Modern atomic theory' was foreshadowed in ancient Greek philosophy but

chemists now trace the development of the theory' back to the work ofJohn Dalton.

The significant ideas developed between 1800 and 1930. Studies of the structure of

atomic nuclei continue with the help of huge particle accelerators such as those of

CERN in Switzerland.

1804 John Dalton’s theory’ of atoms as solid spheres explains the differences

between elements and compounds. In this theory' all the atoms of the same

element weigh the same. It begins to be possible to determine chemical

formulas by finding the combining masses of elements.

1896 Henri Becquerel discovers radioactivity, leading to the work of Marie

and Pierre Curie wiio in the next few years separate and identify more

radioactive elements.
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atomic theory

Balmer series

/? = 7

n = 6

u = 5

= 4

}i = 3

Atomic spectrum: electron jumps between energy levels in the hydrogen atom giving rise to

the visible lines in the emission spectrum

1897
I I

Thompson discovers the electron showing that atoms are themselves

made up of even smaller particles.

1911 Hans Geiger and E Marsden’s u/p/ia particle scattering experiment leads to

the Rutherlord model oi the atom with a tinv nucleus surrounded bv

orbiting electrons.

1913 Niels Bohr model explains the atomic spectrum of hvdrogen bv proposing that

the electrons orbiting the nucleus could only have definite energies.

.Vccording to quantum theory atoms absorb and emit radiation at particular

frequencies de})ending on the size of the energ\ jumps beuveen enejgy lei>els.

1919 Francis Aston uses his mass spectrograph to demonstrate the existence of

isotopes, which had earlier been proposed bv Soddv to describe atoms of the

same element that have different masses.

1923 Louis-Mctor de Broglie puts forward the theorv that electrons have
wa\e-like properties as well as particle properties. This theorv is confirmed
by experiment in 1927 when scientists in the USA and UK obtained
dillraction effects ^^ith beams of electrons.
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autocatolysis

1926 Erwin Schrodinger publislies his matlieinatical llicory of wave mechanics.

Tlie Schrodinger wave equation explains the pattern ofcnerg\- levels in the

hydrogen atoms and gives rise to the picture of electron in atomic orbitals

with particular energies and shapes.

1932 James Chadwick discovers the neutron, making it possible to explain the

existence of isotopes and radioactivitv.

atomic weight is an outdated term now replaced bv relative atomic mass.

atomization is a process in which an element or compound is converted into

gaseous atoms. (See also enthalpy change of atomization and bond enthalpies.)

ATP (adenosine triphosphate) plays a crucial role in the energy /m;rs/cr processes of

living organisms. Hydrolysis of ATF, under the control of enzymes, splits off one of the

three phosphate groups, releasing 31 kj mol"' to drive biochemical processes and for

muscle movement.

adenine

OH OH

nbose

Structure ofATP

attacking group is a term used to describe the mechanism of chemical reactions.

Xucleoph iles dud electrophiles dve examples of attacking groups.

aufbau principle: the principle that the electron configurations of atoms build up

according to a set of rules. The three rules are that:

• electrons go into the orbital at the lowest available energy Intel

• each orbital can only contain at most two electrons (with opposite spins)

• where there are two or more orbitals at the same energ\’, they fill singly

before the electrons j)air up.

autocatalysis is catalysis of a reaction by one of its pioducts. An autocatalytic

reaction starts slowly but then speeds up as the catalytic product starts to form. The

oxidation of ethanedioate ions by manganate(\’li) ions in acid solution is catalyzed

by manganate(ll) ions, thus:

2.\InCV(aq) + 5(:,()/-(aq) + IbH (aq) > 10(:(),(g) + 2Mn-^(aq) + 8H./)(1)

.\t first bubbles of carbon dioxide appear ver\’ slowly but once the reaction produces

some manganese (II) ions it speeds up and gas is evolved more ra|)idly.
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Avogadro constant
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Aufbau principle: electrons in energy levels for four atoms to show the application of the

aufbau principle

Avogadro constant: the number of atoms, molecules, ions or other chemical
entities iu one mole of a substance. The Avogadro constant (I) = 6.02 x mol'h

amount of substance (mol) x Avogadro constant (moh') = number of specified entities

So 0.25 mol carbon atoms contains 1.50 x 10"^ atoms while 0.5 mol oxygen molecules
contains 3.10 x lO'^ molecules.

Avogadro’s law states that equal volumes of gases under the same conditions of

temperature and pressure contmn equal numbers of molecules. This means that one
mole of any gas occupies the same volume under the same conditions. The volume
occupied by a gas at 273 K (0°C) and one atmosphere pressure (101.3 kPa) is about
22.4 diiA. These are the conditions of standard temperature and pressure (stp). In a

warmish laboratory at 298 K (25°C) the volume of one mole of gas is about 24 dm^.

Amadeo Avogadro (1776-1856) was the Italian scientist who proposed this law to

account lor Gay-Lussac’s law of combining volumes.

azeotropic mixture: a mixture of liquids that on boiling produces a vapor with

the same composition as the liquid. This means both that the liquids cannot be
separated by fractional distillation and that azeotropes are constant boiling mixtures.

48



azo dyes

A mixture containing 95.6% ethanol with 4,4% water is an azeotrope that boils at

78.2°C. .As a result it is not possible to produce pure ethanol (anhydrous or absolute

ethanol) by distillation alone.

azo compound: a compound with the group — X = N— in its structure.

azo dyes are made by coupling a diazonium salt with one of a variety of coupling

agents. Benzene diazonium chloride, for example, couples with phenylaminelo make
a yellow azo compound.

HO HO

benzene naphthalen-2-ol an azo dye

diazonium

chloride

Equation for a coupling reaction to make an azo dye

\ er\' many azo dyes are manufactured by linking combinations of 50 diazonium salts

with 52 coupling agents. Most of the dyes are red, orange or yellow. The acid-base

indicator methyl orange is an azo dye.
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back titration is an analytical technique used when the reaction between the stan-

dard solution and the substance to be analyzed is slow. The pi'ocediue is t() add a

nieasiued excess of the standai'd solution, allow time for the reaction to finish and
then to use a titration with a second standard solutiorr to measure how much of the

first standard solution remains unused.

Ibis technique is used to measure amounts of amrrroniuru salts. An excess of a stan-

dard solution of sodium hydr oxide is added to a sample and the mixture heated to

dr ive off ammonia. In the process some of the sodium hydroxide is used up.

Nfl/(aq) + OH-(aq) > + H,0(1)

After all the ammonia has been driven off by boiling, a titration with standard

hydrochloric acid measures the amount of unused sodium hydroxide remaining.
This shows how much of the alkali was used to react with the ammonium salt in the

sample and hence the amount of ammonium salt in the sample.

bacteria are a group of microorganisms. Some bacter ia aro luirmful and respon-

sible for diseases such as choler a, tuber culosis and food poisoning. Most bacter ia play

a \'ital part in ecological pr ocesses. Soil bacter ia, for example, help to br eak down the

r emains of living things releasing the nutr ient elements sitch as nitr ogen, in a form
that plants can use for gr owth.

Bacteria are the basis of much traditional and modern biotechnology'. In a tradi-

tional pr ocess, for example, bacteria ar e used to make yogurt. In new methods they
ar e alter ed by genetic engineering to pr oduce substances such as human insitlin for

diabetics.

Bakelite is the phenol-rnethanal plastic discover'ed by the Flemish-born chemist
Leo Baekland in 1905 who was tlien living in the USA. This was the start of the mod-
ern plastics industry. Bakelite is a cross-linked, thermosetting polymer formed when
phenol and methanal (formaldehyde) ar'e mixed and heated with an acid catalyst.

balanced equations show the amounts (in moles) of r'eactants and pr'oducts

involved in chemical r eactions. Ther e is no change in the total number of atoms of
each element as reactants tur n into pr oducts dur ing a chemical r'eaction. Four steps

lead to the balanced equation for a reaction. Take for example the reaction of
sodium with water'.

Step 1 Identify the reactants and products by name:

sodium reacts with water to form sodium hydroxide and hydrogen.

Step 2 Write down the correct formula for reactants and products:

Xa + 11,0 > XaOH + H,

Step 3 Balance the numbers of atoms of each element by inspection and by
writing numbers in front of the formula as necessary. In this example
there has to be an even number of hydrogen atoms on the left (in H,0
molecules) so the number on the right must be even too.
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base

2Xa -r H,0 > 2NaOH + H,

Never change any of the formulas to balance an equation. Do not add

an extra formula to balance an equation without carefully checking that

It IS right to do so.

Step 4 Add state symbols:

2Xa(s) + Hp(l) > 2XaOH(aq) + H,(g)

The balanced equation sliows the amounts (in moles) of reactants and products. In

the example, 2 mol sodium atoms react with 1 mol water molecules to give 2 mol

sodium hydroxide and 1 mol hydrogen. This is the stoichiometry o{ \.\\o reaction. (See

also redox reactions.)

bail and stick models are u.sed to show in three dimensions the structure and bond-

ing ol ciTstals, molecules and complex ions. They are better than space-filling models for

showing bond angles, but they do not show the relative size of atoms and ions.

Balmer series: a series of lines that appear in the \'isible region of the hydrogen

emission spectrum.

barbiturates are drugs that depress the central nervous system. They are u.sed as

sedatives and slee|)ing j)ills. They are now prescribed much less than belore since it

was realized that they can produce de|)endence.

barium (Ba) is a sil\er^-white, .soft metal that is one ol the alkaline earth metals in

gioup 2 ol the j)eriodic table. Barium occurs naturally as barites (BaSO^) and also as

witherite (Ba(X)^).

Barium sulfate absorbs X-rays strongly so it is the main ingredient in “barium meals”

u.sed to diagnose disorders of stomach or intestines. Soluble barium compounds are

toxic but bai ium sulfate is very insoluble and so cannot be absorbed into the blood-

stream from the gut. X-rays cannot pass through the “barium meal,” which therefore

creates a shadow on the X-ray film.

base: a molecule or ion that can accept a hydiogen ion (proton) from an acid, fhis

is the usual definition based on the Hr0nsted-Lowry theory. A base has a lone pair oj

electrons that can form a dative covalent bond with a |)roton.
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base catalysis
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A hydroxide ion has a lone pair of electrons that can form a dative bond with a hydrogen ion.

(x)inni()n bases are the oxide and hydroxide ions, ammonia and amines, as well as the

carbonate and hydrogencarbonate ions. T here is a lone pair on the nitrogen atom

of ammonia that allows it to act as a base:

NH3(g) + HN03 (g) > NH;N03-(s)
base acid

In biochemistry the term base often refers to one of the five nitrogenous bases that

make up nucleotides and nucleic acids (DNA and RNA). These compounds {adenine,

guanine, cytosine, uracil and thymine) are bases in the chemical sense because they

have lone pairs on nitrogen atoms that can accept hydrogen ions.

base catalysis: any reaction speeded up by a base catalyst. One example is the

base-catalyzed hydrolysis of a nitrile to the salt of a carboxylic acid.

O
H.,0/Na0ti

CH3CM,CH,— C= N > CH„CH,CH,— C
heat

s - 2 ^
O- Na*

Hydrolysis of propanenitrile to sodium butanoate with a base catalyst

base dissociation (ionization) constants measure the strength of bases bv

showing the extent to which they accept hydrogen ions in solution. Base dissociation

constants are used to compare the strengths of relatively weak bases.

For the weak base ammonia: NH
3
(aq) + H„0(1) XH^"(aq) + OH'(aq)

.
.

t , r [NH/ (aq)][OH-(aq)]
1 he equilibrium constant, A = —fttAt ,

—
rTT —

• XH aq) H,0 1)]

In dilute solution the concentration of water is effectively constant, so the expression

can be written in this form where Aj^ is the base dissociation constant:

_ [XH/ (aq)] [QH~(aq)]
~ [fT\](aq)

Dissociation constants are shown below for some weak bases in order of base strength

with the strongest of the bases at the top of the list.

K̂ /mol diir^

5.4 X 10-"

4.3 X 10-*

1.8 X 10-^

Q 'v' 1 n-10

Base

ethvlamine, CkH.NfL

methylamine, Cl 13X11,

ammonia, NH3

phenylamine, Cy 1-NH.,
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Benedict's solution

basic oxide: an oxide of a inetal that reacts with acids to form salts and water.

Copper(ll) oxide, for example, reacts with acids to produce copper(ii) salts.

CuO(s) + H^SO^laq) > CuSO^(aq) + H20(l)

Note that it is the oxide ion in the basic oxide that acts as a base by taking a

hydrogen ion from the acid.

02- + 2H- > H.O

Basic oxides that dissolve in water are alkalis. As the compound dissolves, the oxide

ion, acting as a base, takes a hydrogen ion from water and forms a hydroxide ion.

CaO(s) + H20(1) > Ca(OH)
2
(aq)

batch process: a process that produces a specified amount of a product in a

single operation. In industry a batch process is used to manufacture chemicals

needed in relatively small amounts so that a continuous process is not worthwhile.

Batch processing is ppically used to make fine chemicals on a scale of up to 100

tonnes per year. An industrial batch process is essentially a large-scale version of a

synthesis carried out in laboratorv^ glassware. After producing a batch of a chemical

the apparatus is cleaned and used again.

Some metals are extracted by batch processes (see chromium extraction and titanium

extraction )

.

battery: two or more electrochemical cells connected in series make up a battery of

cells. This is the strictly correct meaning of the term batten. It is a term that scien-

tists borrowed from the army, where a line of guns is still called a batter)'. An

automobile batter)' consists of six rechargeable lead-acid cells connected in series to

give a 12 volt supply. In everyday conversation, however, it is common to use the word

“batter)'” when referring to a single cell.

bauxite: an ore of aluminum consisting of impure aluminum oxide. Impurities are

removed by heating powdered bauxite with sodium hydroxide solution. Aluminum

oxide, which is amphotnic, dissolves but other oxides such as iron (ill) oxide and

titanium (l\’) oxide do not. .After filtering, seed crystals are added and hydrated alu-

minum oxide crystallizes as the solution cools. Heating the hydrate crystals at 10()()°('

produces anhydrous aluminum oxide ready for aluminum extraction.

becquerel (Bq): the SI unit for measuring radioactivity. If one atomic nucleus

decays per second the activity is one bectjuerel.

bench reagents are solutions traditionally kept on the laboratory bench for gen-

eral chemical use such as (jualitative analysis. The concentrations of bench reagents

are only approximate. The concentration of bench acids and alkalis is often around

2 mol dm"'' for hydrochloric acid, nitric acid, sodium hydroxide and ammonia solu-

tions but 1 mol dm"^ for sulfuric acid (which produces two moles of hydrogen ions

per mole of acid).

Benedict’s solution is a reagent for detecting reducing sugars dud for distinguishing

aldehydes {com ketones, fhe deep blue reagent contains copper(ll) ions complexed with

citrate ions in alkaline solution. A reducing sugar or aldehyde reduces the reagent to

copper (l) oxide. The blue color goes and a reddish-brown precipitate forms. The

reagent is similar to Fehling’s solution btit safer to use because it is less corrosive. Also

Benedict’s solution is more stable and so does not have to be sKued as two reagents.
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benzene

benzene (C^HJ is the simplest arene hydrocarbon. It is a nonpolar licjnid at room
temj)eratiire and was once widely used as a solvent until it was known to be a carcinogm.

n

n

Three ways of representing the structure of benzene. Note that all the atoms in a benzene

molecule are in the same plane. The molecule is planar.

At first sight benzene is an unsaturated compound with three double bonds and
should be highly reactive like the alkenes. Benzene is far more stable and less reactive

than the Keluile structure suggests (see stability of benzene)

.

The “three double bonds” in the benzene ring are not isolated. The electron clouds

in these double bonds overlap and merge to form a double doughnut-shaped electron

cloud of delocalized electrons that sandwiches the six-sided carbon skeleton.

Like other arenes, benzene burns with a very smoky, yellow flame. The characteristic

reactions of benzene are electrophilic substitution reactions.

Summary of the substitution reactions of benzene

beryllium (Be) is a strong metal with a high melting point that is verv much less

dense than iron. I'he element makes useful allovs with other metals. Benllium is

the first element in group 2 of the periodic table. Its electron configuration is [He]2.r.

I he element occurs naturallv as bervl, an aluminosilicate mineral that is colorless if

pure but a brilliant green (emerald) where chromium(ii) ions replace some of the

aluminum(lll) ions.
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biochemistry

Benllium is not a typical group 2 element. Resemblances between the chemistry of

beiTlliuin and aluminum are examples of the diagonal relationship.

beta ((3) particles are electrons giyen off from the nuclei of some radioactive AUnws

when they decay. During beta decay a neutron turns into a proton so the proton num-

ber o( the atom increases by one while the nucleon number \s> unchanged. \n atom of

a new element forms. The new element is one place to the right in the periodic table.^ + _:e

radium actinium beta

particle

The symbol _^e for a beta particle means that the nucleon numbers and proton

numbers balance on the two sides of the nuclear equation.

bicarbonate is the traditional name for hydrogencarbonate. Sodium bicarbonate

can be used as an ingredient in baking powder and as an alkali in antacids.

bidentate ligands form two datiye coyalent bonds with metal ions in complexes.

Examples of bidentate (or “two-toothed”) ligands are: 1,2-diaminoethane, amino

acids and the ethanedioate ion.

Structure of a complex

formed by the bidentate

ligand. 1 ,2-diaminoethane

bifunctional compounds are comj)ounds with two functional groups. Important

examples are the amino acids.

biochemistry is the study of chemical changes in Hying organisms. Metabolism

describes the many chemical processes in all Ii\ing things. Many of these enzyme

catah/ed reactions are inyohed in the hydrohsis and oxidation ol food. Others build

up small molecules into the complex molecules that cells need as they grow. Ehe

techniques of molecular biolog) helped to transform biochemistry because they

allowed scientists to work out the structures and shapes of large molecules such as

proteins and nucleic acids and hence to begin to reyeal the way in which genetic

material in cells controls metabolism. The following timechai t shows some highlights

in the deyelo|jment of molecular biolog)'. Bear in mind that it may have taken

scientists up to ten or exen twenty years to deyelop the new technicjues and carry out

the inyestigations leading to the discoveries at the dates shown.
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biodegradable materials

1944 Oswald Avery shows that DMA is the genetic material in the chromosomes
of bacteria.

1951 Linus Pauling interprets his X-ray studies to suggest that some protein

molecules have a helical structure he calls the alpha helix.

1951 Lrwin (>hargaff shows that in a DNA molecule the number of cytosine

units is the same as the number of guanine units while the number of

adenine units equals the number of thymine units.

1953 Max Perutz devises the technique that makes it possible to use X-ray

diffraction to work out the three-dimensional shapes of proteins such as

hemoglobin and myoglobin.

1953 Francis Crick and James Watson propose the double-helix stnicture for DNA
based on X-ray photographs by Rosalind Franklin and Maurice Wilkins.

1955 Frederick Sanger announces the full sequence of amino acids in the two

chains of an insulin molecule.

1956 George Palade discovers ribosomes in cells and shows that they are the site

of protein synthesis.

1956 Paul Berg finds the first example of transfer RNA, the molecules that

identify amino acids during protein svnthesis.

1961 Sydney Brenner, Francis Crick and others confirm that the genetic code is

based on triplets of bases in nucleic acids.

1970 Liar Kliorana finishes the synthesis of the first artificial gene by producing
bacterial DNA with a sequence of 126 nucleotide h'dSQ pairs.

1970s Hamilton Smith isolates restriction enzymes that break DNA molecules at

specific points, allowing the development of genetic engineering and DNA
sequencing.

1973 Herbert Boyer demonstrates a technique for splicing together genes from
different bacteria. By the end of the 1970s this recombinant DNA tech-

nique makes it possible to modify bacteria to produce useful substances

such as insulin and growth hormone.
1977 Frederick Sanger uses restriction enzymes, radioactive labeling and

electrophoresis to work out the full sequence of bases in the DNA of a virus.

1984 Alec Jeffreys invents the technique of genetic fingerprinting.

1990 Human genome project starts.

biodegradable materials break down in the environment due to the action of

microorganisms.

biogas is methane gas produced by the action of bacteria on animal and plant

wastes in anaerobic conditions. Many sewage works produce biogas. Biogas also

lorms in landfill sites as the waste rots down. The gas can be a hazard unless collected

and burnt. Small-scale biogas digesters are used in many parts of the world to supplv
nearby homes with gas for cooking.

biological oxygen demand (BOD) is a measure of water pollution by organic
matter from sources such as sewage. BOD is the quantitv of dissolved oxvgen (mea-
sured in mg dnr-’) removed from a sample of water bv microorganisms when
incubated for five days at 20°C. A sample of water containing much organic matter
will support large numbers of bacteria that use dissolved oxvgen as thev break down
the pollutants.
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body-centered cubic structure

biopolymers are naturally occurring polymns in living things. They include

polysaccharides, proteins and nucleic acids.

biotechnology makes use of microorganisms or enzymes to produce useful products.

Traditional biotechnologv uses yeast to make beer, bread and wine as well as bacteria

to make yogurt. Modern biotechnology, based on genetic engineering, makes it pos-

sible to use genetically modified bacteria to produce medically important substances

such as insulin, growth hormone and the blood clotting agent, factor MIL

Biuret test: a test to detect proteins. The procedure is to add sodium hydroxide to

a test sample followed by a few drops of copper(ll) sulfate solution. The solution

turns mauve if protein is present. The test actually detects peptide bonds.

blank determinations are used in quantitative analysis to eliminate errors. The

analyst works through the whole procedure with a blank solution containing the sol-

vent and all the reagents but none of the sample. In a titration a blank determination

makes it possible to allow for the volume of reagent needed to change the color of

the indicator at the end point. Blank determinations in colorimetiT and spectroscopy

help to detect, and allow’ for, errors caused by contamination of reagents or the

effects of the apparatus used.

blast furnace: a furnace for extracting metals, which depends on a blast of pre-

heated air entering near the bottom of the furnace. Iron extraction is a large-scale,

continuous process in blast furnaces.

bleaching is a process for destroying unwanted colors by oxidation or reduction.

Domestic liquid bleach is a solution of sodium chlorate(i) formed by the reaction of

chlorine with cold sodium hydroxide solution. Bleaching powder is calcium chlo-

rate(i), Ca(0(d),^, made by absorbing chlorine gas in calcium hydroxide. These are

oxidizing bleaches. Another oxidizing bleach is hydrogen peroxide.

Oxidizing bleaches not only remove color but also kill microorganisms.

Sulfur dioxide and sodium sulfite are reducing bleaches. Paper bleached white by a

reducing bleach may turn yellow’ with age as oxygen in the air reverses the process.

dolor in organic compounds is caused by delocalized electrons in sequences of

alternating double and single bonds {conjugated systems). Oxidizing bleaches break

some of the double bonds. Reducing bleaches convert double bonds to single

bonds.

body-centered cubic structure is a crystal structure w’ith an atom at each

corner of a cube surrounding one atom at the center of the cube. This structure is

more open than the two close-packed structures.

Body-centered cubic structure. Each metal atom

IS surrounded by eight nearest neighbors.
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boiling

Metals with tlie bocly-ceiitered cubic structure are the ffioup 1 metals lithium, sodium

aud |)()tassium, also the d-block metals chromium, vanadium and tungsten.

boiling: a li(juid boils when it is hot enough for bubbles of vapor to form within the

body of the licjuid. I his hap|)ens when the vapor pressure of the licjuid ecjuals the

external pressure.

The boiling point of a li(|uid varies with pressure. Raising the external pressure raises

the boiling point. Boiling points are usually measured at atmospheric pressure. The
normal boiling point is the temperature at which the vapor pressure of the licjuid

e(juals one atmosphere (101.3 kPa).

bomb calorimeter: an apparatus for measuring energ\' changes when compounds
burn.

Bomb calorimeter

Oxygen under

pressure

Crucible containing

sample under test

Stirrer

.A, measured amount of a sample burns in oxvgen under pressure and the tempera-

ture rise of the whole apparatus is measured. The calorimeter is calibrated using

benzoic acid for which the standard enthalpy change of comhustiou is known accuratelv.

A bomb calorimeter operates at constant \()lume so a correction is needed to convert

the results to enthalpy changes cW constant pressure.

bond angle is the angle between two covalent bonds in a molecule or giant structure.

X-ray and electron diffraction studies make it possible to measure bond angles accu-

rately. The results show that covcdent bonds have a definite direction as well as length.

ti

11

Tetrahedral Trigonal, planar Linear

Molecules showing the bond angles
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bond enthalpies

Electron pair repulsion theory makes it possible to predict the shapes of molecules And
bond angles with great accuracy.

bond breaking: see heterolytic bond breaking And homolytic ho}id breaking. Note that it

takes energv to break bonds. Bond breaking is an endothermic change.

bond dissociation enthalpy is the enthalpy change on breaking one mole of a

coyalent bond in a gaseous molecule. Energ\- is needed to break coyalent bonds.

Bond breaking is endothermic so the enthalpy change is positixe.

Chemists use spectroscopy to measure bond di.ssociation enthalpies. The bond
dissociation enthalpies for the hydrogen halides are as follows:

HX(g) > H(g) + X(g) AH = +562 kj mol-' for HE

AH = +432 kJ mol-' for HCl

AH = +366 kJ mol-' for HBr

AH = +299 kj mol-' for HI

Eor these compounds the bonds get easier to break as the halogen atoms get larger

and the bonds get longer down group 7.

In molecules with two or more bonds between similar atoms, the successiye bond dis-

sociation enthalpies are not the same. In water, for example, the energx' needed to

break the first ()— 1 1 bond in 1 1— ()— H (g) is 498 k} mol"' but the energx needed

to break the second ()— H bond in O— H(g) is only 428 kJ inoh'.

bond enthalpies (or bond energies) are the mean yalues of bond dissociation

enthalpies nsftd in approximate calculations to estimate enthalpy changes for reactions.

The mean yalues of bond enthalj^ies take into account the facts that;

• the successixe bond dis.sociation enthalpies are not the same in compounds

such as water or methane

• the bond dissociation enthalpy for a sj)eciric coxalent bond xaries slightly

from one molecule to another.

Worked example:

Use mean bond enthalpies to estimate the enthalpy of formation of hydrazine.

Notes on the method

Write out the equation showing all the atoms and bonds in the molecules to

make it easier to count the numbers of bonds broken and formed.

Look up the mean bond energies in a book of data. The symbol A'(N— 1
1)

stands

for the bond energy of a covalent bond between a nitrogen atom and a hydrogen

atom.

Answer

The equation for the reaction:

N= N + 2 H—

H

The energy needed to break the bonds in the reactants

= T(N= N) kJ mol ' + 2A'(I I— H) kJ mol
'
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bond length

= 945 kj mol ' + 2 x 436 kj mol '

=
1 8 1 7 kJ mol '

The energy given out when the product forms

= /f(N— N) kJ mol ' + 4/f(N— II) kJ mol
'

=
1 58 kJ mol ' + 4 X 39

1

kJ mol '

=
1 722 kJ mol

'

More energy is needed to break bonds than is given out when bonds are formed

so the reaction is endothermic and the enthalpy change is positive.

A// = +
1 8 1

7

kJ mol ' -
1 722 kJ mol ' = + 95 kJ mol

'

bond length: the distance between the nuclei of two atoms linked by one or more

covalent bonds. For the same two atoms, triple bonds di t shorter than double bonds, which

in turn are shorter than single bonds.

bond Bond length/nin

C— C 0.154

(:= (; 0.134

('.= (: 0.120

(1 (; in benzene 0.140

Bond lengths that are intei inediate between single and double bonds, as in benzene,

are a sign of electron delocalization.

bond polarity is the extent to which the shared pair of electrons in a covalent bond

is attracted toward one of the atoms joined by the bond. Bonding electrons are

pulled toward the more electronegative dtom. The more electronegative atom carries a

partial negative charge (6-) and the other atom carries a partial positive charge (6+),

6+ 8-

H— Cl

Examples of molecules with polar bonds

25-

()

/ \
H H

5+ 5+

bond rotation is po.ssible about single covalent bonds but is prevented under

normal conditions by double bonds or triple bonds. The lack of rotation about double

bonds gives rise to geometric isomerism.

The groups at the end of a single C— C bond can rotate freely relative to each other giving

rise to different conformations of molecules.

i
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Born-Haber cycle

bonding: see metallic bonds, covalent bonds, ionic bonding, hydrogen bonding and

intermolecular forces.

bonding molecular orbital: a region in space in a molecule where there is a high

probability of finding bonding electrons. Molecular orbitals, like atomic orbitals, are

solutions to the Schrodinger wave equation. At a simplified, descriptive level, a mol-

ecular orbital forms by overlap of atomic orbitals of the atoms linked by a covalent

bond.

When atomic, vorbitals overlap the result is a sigma (o) orbital. Two electrons can

occupy a o-orbital to form a sigina bond.

Formation of o sigma orbital sigma bond

In ethene one of the bonds between the carbon atoms is a sigma bond. The second

bond forms by sideways overlap of atomic />-orbitals. The bonding electrons are in a

j)i (7U) orbital with two regions of increased electron density above and below the

plane of the atoms.

H
H

C— C
H
H

H
H

o-bonds

Sigma and pi bonds in ethene p-orbital

pi bond is not as strong as a sigma bond and so the double bond in ethene (or any

other alkene) is not twice as strong as a single bond.

borax (Na^B^Oy. I OH^O) is a naturally occurring mineral that has been used as a

flux in metallnrg) for hundreds of years. Molten borax cleans the siirfue of hoi

metals by dissolving metal oxides. This makes for good contact between metal surfaces

when metals are welded or soldered together. Most borax is now used to make

borosilicate glass.

.\dding acid converts borax to boric acid (I which is separated by cooling the

solution in ice and filtering off the white cnstals. Boric acid is a weak acid and mild

antiseptic used in eye lotions and other medicines.

Born-Haber cycle: a ihermochemical cycle that can be used to calculate the lattice

energy for a compound of a metal with a nonmetal.

.\11 the terms in the cycle can be measured experimentally. A|)plying Hess's /r/annakes

it possible to calculate the one unknown term, which is the lattice energy.

A Born-Haber cvcle can help reveal the factors that determine the stability or insta-

bility of a compound. For a stable com|)ound the lattice energ\' must be bigger than

the total energ^ needed to |n'oduce gaseous ions from the elements.
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boron

Lattice energy

of sodium chloride

Born-Haber cycle for sodium chloride (see the separate entries for the definitions of the

terms)

A Born-I labor cvcle can also help to dcteniiine whether the bonding in a coni[)ound

is truly ionic. The experimental lattice energ\' calculated from a Born-Haber cycle

can be compared with the theoretical value calculated using the laws of electrostatics

and assuming that the only bonding in the crystal is ionic.

ompoiiiul Kxjjeri mental lattice Theoretical lattice

energy from a energy calculated

Born-Haber assuming that the onlv

cycle/kj mol"' bonding is ionic/kj mol

NaCl -780 -770

KCl -71

1

-702

AgT.l -905 -833

The values in the table show that ionic bonding can account lor the lattice energies

ol sodium and potassium chlorides. The lattice energ\’ of silver chloride is greater

than can be explained by ionic bonding. There must be a contribution from covalent

bonding.

boron (B) is a hard, black solid with a high melting point and the onlv nonmetal

in group 3 of the periodic table. Its electron configuration is [He]2,r2/;‘. Boron is in

oxidation state +3 in all its compounds. The bonding between boron and other

elements is covalent.

Boron has become important as an element since the development of the nuclear

industry. I'he boron- 10 absorbs neutrons stronglv so the element was scattered

over the (3iernobyl nuclear reactor after the explosion to quench chain reactions.

Boron trichloride (B(3.,) is a colorless liquid and like aluminum chloride, it is a strong

electron pair acce|)tor {Lemis acid).

Sodium tetrali\dridol)orate(lll) (NaBH^) is a useful reducing agent.

borosilicate glass is used to make oven glassware and laboratoiT equipment
because it has a higher melting point than cheaper, soda lime glass and is much less

likely to crack as it heats up or cools down. Borosilicate glass has a high refractive

index, making it useful for the production ol lenses.
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bromine

Boyle’s law states that the volume of a fixed amount of gas is inversely proportional

to its pressure at constant temperature.

p oc
1— at constant temperature for a fixed amount of a gas

Hence p^V^ - p^V^ - constant

Brady’s reagent is a solution of 2,4-dintrophenylhydrazine in acid used to detect and

identih cmtonyl compounds. Mixing an aldehyde or ketone with the reagent })roduces an

yellow-orange precipitate. Tlie addition-elimination reaction produces a 2,-4-dinitro-

j)henylhydrazone. This solid deri\ative can be filtered olf, recr^stallized and identified

by measuring its melting point, making it possible to identify the carbonyl compound.

brasses are cdloys of copper (60-80%) and zinc (20-40%). Brass is easily worked,

has an attractive gold color and does not corrode.

breathalyzer: an instrument for estimating the concentration of alcohol in blood.

\ breathalyzer measures the ethanol in a sample of air from the lungs. There is an

equilibrium between ethanol dissolved in blood and ethanol vapor in the air in the

lungs and the constant ratio at body temperature makes it possible to infer the blood

alcohol concentration.

The first successful breathalyzer was based on the chemical reduction of orange

dichromate(\ l) ions to green chromate(iii) ions as they oxidize ethanol to ethanal.

The driver breathed through a tube containing the orange crystals and tlie extent to

which they turned yellow was calibrated to measure the blood alcohol concentration.

.Many of the roadside breathalyzers are now fuel cells. At one electrode ethanol is oxi-

dized to ethanoic acid while at the other electrode oxygen is reduced to water. The

higher the concentration of ethanol in the driver’s breath, the greater the voltage of

the cell.

brine is the term used industrially for a solution of sodium chloride in water. Brine

is produced by “solution mining” of underground salt deposits. Water is pumj)ed

into the salt down one pipe. The mineral dissolves and flows to the surface through

a second j^ipe.

Natural brines are solutions of a mixture of salts and can be a useful source of

chemicals such as potassium, magnesium and bromine or their compounds.

bromination is a reaction that replaces a hydrogen atom in an organic molecule

with a bromine atom. One example is the bromination oi alkanes - a free-radical chain

reaction initiated by ultraviolet radiation.

.Another examj)le is the bromination of botzene by l)romine in the j)resence of iion

bromide as the catalyst. This is an electrophilic substitution reaction.

bromine (Br) is a corrosive, dark red liejuid that evaporates easily to give an oi ange

va|)or. It is the only liquid noumetal at room temj)erature. Bromine is a halogen - the

third element in ^ji-onp 7- with the electron configuration [Ar]8<'/"’4.s~4/>’.

Bromine consists of diatomic molecules with pairs of atoms held together by single

covalent bonds. The molecules are nonjjolar so the intermolecalar forces are relatively

weak, van der Waa Is forces.
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bromine extraction

l^roiiiinc, like the oilier halogens, is an oxidi/iiig element. It is a less powerful

oxidizing afreti

I

than chlorine.

Ihomine reacts with s-block metals to form ionic bromides in wfiich the f)romine

atoms gain one electron to fill the 4/M‘nerg\' levels.

X X

:Br:
X X

Outer electron configuration of a bromide ion

fb'omine oxidizes iio)itnelalssuch as sulfur and Iiydrogen on heating, forming covalent,

molecular bromides.

If,(g) + Br,(g) > 2IIBr(g)

h:bi4

Covalent bonding in hydrogen bromide

ffydrogen bromide is a finning, acidic gas. Like the other hydrogen halides it is vcr\’

soIiif)Ie in water and a strong acid.

Bromine only reacts witli water to a limited extent but it reacts witli sodium Iivdroxide,

rapidly disproportionatingcM room temperature to form bromate(\ ) ions.

oxidized from 0 to +5

2Bi\,(aq) + bOH" —> 5Br-(aq) + Br(),-(aq) + 3H,()(I)

reduced from 0 to -

1

Bromine oxidizes a range of ions or molecufes in solution:

• iodide ions to iodine

• sulfite ions to sulfate ions

• thiosulfate ions to sulfate ions

• hydrogen sulfide to sulfur.

bromine extraction: a process for obtaining bromine from seawater or natural

brine. I he four-stage process concentrates and separates the bromine from seawater,

whicfi contains al)out (15 ppm of bromide ions. The process produces one tonne of

bi'omine IVom 20 ()()() tonnes of seawater.

Stage 1 Oxidation of bromide ions to bromine.

Seawater is filtered and acidified to pH 3.5 to prevent chlorine and

bromine reacting with water, then chlorine displaces bromine:

Cl, + 2Br- > 2Cf- + Br,

Stage 2 Separation of bromine vapor.

A blast of air through the reaction mixture carries away the displaced

bromine and helps to concentrate it.
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Buchner flask and funnel

Stage 3 Formation of hydrobromic acid.

The air with bromine vapor meets sulfur dioxide gas and a fine mist of

water, producing hydrobromic acid, which is ionized in solution. After this

stage the concentration of bromine in the solution is 1 500 times greater

than in seawater.

Br,(g) + SO,(g) + 2Hp(l) > 4H (aq) + 2Br-(aq) + SOp-faq)

Stage 4 Displacement and purification of bromine.

The solution from stage 3 now flows down a tower with a flow of chlo-

rine gas and steam passing up it. The chlorine oxidizes bromide ions to

bromine, which evaporates in the steam. The mixture of steam and

bromine is cooled and condensed, producing a dense lower bromine

layer under a layer of water

Natural brines contain more bromine than seawater so that only stage 4 is needed to

separate the bromine.

Bromine is used to make additives for leaded gasoline, dame retardants, agricultural

chemicals, synthetic rubber for the inner lining of tubele.ss tires, dyes and a range

of chemical intermediates. Silver bromide is the photosensitive chemical irsed in

photogiaphy.

bromine water is the traditional name for a solution of bromine in water irsed as a

laboraton’ reagent. The reagent is orange because it consists largely of a mixture of

bromine molecules and water molecules, hence the preferred name “aqueous

bromine.” Bromine dispmportionates in water to a \en' limited extent, unlike chlorine.

Aqueous bromine is decolorized when shaken \\'ith excess because the addition

reaction produces colorless j^roducts. Aqueous bromine loses its orange color when

mixed with phenol imd gives a white precipitate of tribromophenol. This is an example

of electrophilic substitution that happens more readily with j)henol than with benzene.

Bronsted-Lowry theory: the theory that <'/nV/,s are hydrogen ion (proton) donors

and that basesdcc: hydrogen ion (proton) acceptors. Johannes Br0nsted (1879-1947)

was a Danish physical chemist. He published his theory in 1923 at the same time

as Thomas Town (1874-1936) of the University of (Cambridge but the two worked

independently.

bronze is an ado's of cop|)er with up to 12% tin. Bronze is a strong, hardwearing

alloy with good re.sistance to corrosion. It is used to make gear wheels, bearings,

pro|)ellers for shij)s, statues and coins.

Brownian motion is the rapid random motion of ininute jiarticles suspended in a

liquid or gas. I he phenomenon was first seen by the British botanist Robert Brown

looking at |)ollen grains in water through a microscope. Brownian motion is evidence

for the kinetic theory. The erratic random motion of pollen, smoke particles or other

colloid-si/.cd specks of matter is due to continuous bombardment by last moving

molecules that are too small to be seen through a light microscojie.

Buchner flask and funnel: the apj^aratus used lor filtering solutions esj^ecially

when isolating and purifying solid products of reactions by recrystallization. A pum|)

(usually a water pump) lowers the pre.ssure inside the flask .so that a pressure dilference

across the filter paper sjieeds up filtration.
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buckminsterfullerene

Apparatus for Buchner filtration

buckminsterfullerene: a form of carbon consisting of particles (sec a Ilotropes)

and named af ter tlie arcliitect Richard Buckminster Fuller, who designed the geodesic

dome (dr Expo ’b7 in Montreal. The popular name for molecules is “buckyballs.”

Buckminsterfullerene was discovered in 1985 bv Harrv Kroto and his team at the
/ /

University of Sussex. It was the first of a family fullereues.

buffer solutions are mixtures of inoleculcs and ions in solution that help to keep

pH more or less constant. A buffer solution cannot prevent pfi changes but it evens

out the large changes in pH that can happen without a buffer.

Buffers are important in living organisms. The j)H of blood, for example, is closelv

controlled by buffers within the narrow range 7.38 to 7.42. (diemists use buffers

when they want to investigate chemical reactions at a fixed pH.

Buffers are equilibrium systems that illustrate the practical importance of Le

Chatelier's principle. A ppical buffer mixture consists of a solution of a weak acid and

one of its salts. For example, a mixture of ethanoic acid and sodium ethanoate.

There must be plenty of the acid and its salt.

By choosing the right weak acid, it is possible to prepare buffers at any pH value

throughout the pH scale. If the concentrations of the weak acid and its salt are the

same, then the pH of the buffer is equal to pAMdr the acid.

CH/:CX,H + H/) H,0* + CH^CO,^-
acid molecules stays roughly base ions - with

- a reservoir constant - so the capacity to

of IT ions the pH hardly accept H* ions

Plenty of the

eak acid to supply

more IF ions if

alkali is added

changes

Plenty of the ions

from the salt to

combine with extra

H* ions if acid

is added

The action of a buffer solution
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by-products

More generally the pH of a buffer mixture can be calculated with the logarithmic

form of the equilibrium law (see Henderson-Hasselhalch equation).

[salt]

pH = P^^ 'g

Diluting a buffer solution with water does not change the ratio of the concentrations

of the salt and acid so the pH does not change (unless the dilution is so great that

the assumptions made when deriving the equation no longer apply).

Worked example:

What is the pH of a buffer solution containing 0.40 mol methanoic acid and

1 .00 mol dm~^ sodium methanoate?

Notes on the method

Look up the value of pK^ in a book of data.The pA'^ of methanoic acid is 3.8.

Answer
1.00

pH - 3-8 +
IgTj-fjy

pH = 4.20

bumping is violent boiling that shakes the apj^aratus and can throw liquid from the

container in which it is being heated. Adding a few fragments of porous potteiy or

some jagged antibumping granules cuts the risk of bumping by helping the bubbles

of vapor to form smoothly.

Bunsen, Robert (1811-1899) was a Cierman experimental and analytical chemist

who was one ol the pioneers of spectroscopy. VMien the ga.sworks opened in

Heidelberg in 1854, gas burners could be used in the laboratories. Bunsen was

imhapjw with the available burners so he (or more likely one of his technicians) came

up with the design still used all over the world today. The great advantage of the

burner was that it could produce a hot and almost invisible tlame. Buirsen liked to

make his own glass apparatus and he noticed the way that (lames turned yellow as he

heated glass in them. He started heating a range of chemicals in burner (lames and

discovered the use oi flame tests but realized that they could not be used to analyze

mixtures. With his (ellow scientist Kirchholf he pioneered atomic emission spectroscopy

(or analvsis and soon discovered two new elements in the waters o( a local s|)a. He

called them cesium and rubidium, the Latin names (or sky blue and dark red, (iom

the colors seen in their spectra.

burettes are graduated tubes, with taps or valves, used to measure the volumes o(

licjuids or solutions during (juantitative investigations such as titrations. The accuracy

o( a burette, when clean and |)ro|)erly used, depends on the precision with which it

is manufactured and calibrated, (hade B burettes measuring up to 50 cnf^ have an

allowed tolerance of ± 0.1 cnfL

by-products are unwanted products o( chemical .synthesis or manulacturing. IW-

products are formed by side reactions that happen at the same time as the main

reaction, reducing the yield of the inoduct recjuired.
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by-products

111 tlic* lai)()rat()rv j)rc|)arati()n ol l-broinobutanc Ironi butan-l-ol, for example, the

reagent is a mixture ol sodium bromide and eouceutrated siilluric acid. There are

two side reactions that cut the yield. In the [)reseuce of acid, some of the butau-l-ol

dehydrates to an alkeue and some reacts to form an ether.
j

heat with

NaBr/conc n,,S(),

( ;i i.^( :i T,( :i T/ :i t/ )i i ^ ClI^CIT/ilT/dl.Br

some alkene and ether

The main reaction and the side reactions
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caffeine is a drug found in tea, coffee, chocolate and cola drinks, (kiffeine gives

people a “lift” and helps them to be mentally alert. The drug is used medically to

stimulate the nervous, respiratory and cardiovascular systems. Caffeine is also added
to medicines to counteract sleepiness caused by other ingredients.

Structure of caffeine ( 1 ,3,5-trimethylxanthine)

(Caffeine can be isolated from tea or coffee as a white ciTstalline solid bv solvent

extraction.

calcium (Ca) is a reactive, metallic element in group 2 of the periodic table. Its elec-

tron configuration is [Ar]45^ Sam|)les of the silvery metal nsnally look gray because

they are covered with a layer of calcium oxide.

(Calcium burns brightly in air with a brilliant red Ilame, forming the white solid

calcium oxide ((>a()). The metal also reacts with cold water, producing hydrogen

and a white precipitate of calcium hydroxide.

Ca(s) + 211,0(1) > Ca(()H).Xs) + IT,(g)

Calcium forms ionic compounds with nonmetals in which the metal is in the +2

oxidation state as (-a'^".

Calcium oxide is a white solid made by healing calcium carbonate. It is a basic oxide.

Its reaction with cold water to make calcium hydroxide is highly exothermic. (Alcinm

hydroxide is only sjxiringly soluble in water, Ibrming an alkaline solution often called

limewater.

.\nhydrons calcium chloride (( ACf,) is a cheap diying agent, fhe chloride crystallizes

Irom solution as a hydrate, Ca(4.,.bl 1,0.

calcium carbonate occurs naturally as limestone, chalk and marble. Limestone

is an im|)ortant mineral. Some of the rock is quarried for road building and

construction. Pure limestone is also used in tlie chemical industry. I lealing limestone

in a furnace at 1200 K converts it to calcium oxide (quicklime). Ihe reaction ol

(jnicklime with water |)rodnces calcium oxide (slaked lime).
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calibration

Used in blast

furnaces to

extract iron.

Used as

aggregate in

concrete

Heated with

sodium

carbonate and

sand to make

glass. Used as

a filler Used in

agriculture to

improve soil

fertility

Products from limestone and their uses i

f

calibration: a procedure used iu quantitative analysis, (’calibration makes it possible i

to convert the measurement of temperature, volume or light absorption into an

Calibration curve used

to determine the

concentration of copper(ii)

ions in aqueous solution

obtained by taking

instrument readings with

a series of standard

solutions. The instrument

reading for an unknown

sample is 60.0. The

concentration of the

sample can be read

from the graph. The

concentration of copper(ii)

ions in the sample is 5.5

X 10 ^ mol dm T
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calorimeter

accurate concentration in moles per liter. Wlien using colorimeters or spectrometers,

for example, it is common to plot a calibration curve. Instrument readings are taken

for a series of standard solutions known concentration.

calorimeter: an apparatus for measuring the energy change during a chemical

reaction. Typically a calorimeter is insulated from its surrouudings and contains

water. The energy from the reaction heats up the water and rest of the apparatus. .\n

accurate thermometer measures the temperature rise. The apparatus is calibrated

to determine its overall specific heat capacity by measuring the temperature rise for a

reaction with a known enthalpy change.

Enthalpy changes of combustion are measured using a bomb calorimeter.

Enthalpy changes for reactions in solution can be compared quickly using an

expanded polystyrene cup with a lid, as the calorimeter. Expanded polystyrene is an

excellent insulator and has a negligible specific heat capacity. If solutions are dilute

it is sufficiently accurate to assume that their density and specific heat capacity are

the same as those of water.

Worked example:

When 50 cm^ of 2.0 mol dm“^ hydrochloric acid mixes with 50 cm^ 2.0 mol dm“^

sodium hydroxide in a polystyrene cup the temperature rise is l3.5°C.What is

the enthalpy change for the neutralization reaction?

Notes on the method

Assume that the density of the solutions is the same as water = I g cm~^ and that

for both the specific heating capacity, like water, is 4. 1 8 J
g“' K“'.

Note that the total volume of solution is 1 00 cm^ so the mass of solution heating

up can be taken as 1 00 g.

The enthalpy change is the energy exchanged with the surroundings when a

reaction proceeds as constant temperature and pressure. Here the energy from

the exothermic reaction is kept in the system to heat up the water The calcula-

tion shows the energy that would otherwise be lost to the surroundings during a

constant temperature change.

The enthalpy change for a reaction. A//, is the energy change for the amounts (in

moles) shown in the chemical equation.

Answer

The amount of hydrochloric acid = the amount of sodium hydroxide

=
I QQQ

dm^ x 2.0 mol dm'^

= 0. 1 mol

Energy given out by the reaction and used to heat the water in the cup

= 4.l8Jg ' K-' x lOOgx 13.5 K

= 5643

J

5643

J

,

Energy given out per mole of acid - q |

- 56 430 J
mol"

= 56.4 kj mol"'
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capillary rise

The reaction is exothermic so the enthalpy change for the system is negative.

Na()H(a(j) + IK^Kacj) > Na(il(ac|) + 11^0(1) A// = -5r).4 k| mol"'

capillary rise is an effect seen when a fine capillary tube is (li[)ped into a licpiid.

fhe litjiiid normally rises np the tube, fbe larger the surface tension of the litjiiid

and the thinner the tube, the greater the effect.

More generally capillary action draws li(|uids, es|)ecially water, through any material

that is riddled with fine crevices. (Capillary action draws .solvent np the pa[)er during

fxipei eh romatoirraphy.

carbocations are intermediates formed during organic reactions in which a carbon

atom carries a positive charge, ('arbocations form, for example, during nucleophilic

substitution by the S^l mechanism and during electrophilic addition to alkenes.

c. > (; > c
1

Cll, cn, H

Three carbocations showing the order of stability: tertiary>secondary>primary. The inductive

effect of electron-releasing alkyl groups (shown by arrows on the bonds) helps to spread the

positive charge and stabilize the ion. The more alkyl groups, the more stable the carbocation.

carbohydrates are compounds of carbon, hydrogen and oxygen. They include sug-

ars, starch and cellulose. The name carbohydrate arises from the formulas in which

H

HO

H

H

sucrose

Structures of glucose and sucrose (table sugar)

fructose

unit
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carbon cycle

hydrogen is iisiiallv present in the same ratio as iit water. The Idrtnttla for gitieose,
for example, is which conid be written C:,.(H.,0),_. Neither way of wri'titig tlie
fortnitla gives any idea of how the atotns are arranged iti a ghico.se moleettle.

(fhtcose is a monosacchaiide. Sttcrose, with ttvo stigar tmits joitied together, is ;t

disaccharide.

Slaich and cellulose are polysaccharides. They both consist of long chains of' glucose
units. The difference lies in the links between the units.

Plants make glucose by pJwtosynthesis. Some of the glucose they store as starch, a
re.serve of energ\- food. Some of the glucose builds up the cellulose cell walls as the
plants grow. When people eat parts of plants, such as potatoes or rice, they can digest
starch but not cellulose. Cows feed on gra.ss but rely on bacteria in their guts to break
down the cellulo.se to ghico.se. Cows chew the cud to give bacteria time "to digest the
long chain molecules.

carbon (C) is a nonmetal element with three solid allotropes: diamond, graphite and
buckminsterjullerene. Charcoal \s an impure form of carbon. Carbon is the first element
in ^oup ^ of the periodic table. Its electron configuration is [He]2y-’2/f.

Carbon’s remarkable ability to form stable chains and rings of atoms with single,
double and triple bonds gives ri.se to organic chemistry.

(>arbon forms two oxides, both of which are colorle.ss, molecular ga.ses with no smell,
(.at bon monoxide ((X)) is a neutral oxide. It is highly poisonous because it is held
more strongly by hemoglobin than oxygen. Carbon monoxide is used as a reducing
agent in metallurgy’, for examj)le during iron extraction in a blast furnace.

(.arbon monoxide is also used on a large scale to manufacture methanol. Steam
leacts with methane in natural gas in the presence of a nickel oxide catalyst to pro-
duce a mixture of carbon monoxide and hydrogen (.see steam repn ming). The mixture
of carbon monoxide and hydrogen combines to make methanol at about 25()°C over
a copj)er-ba.sed catalyst.

+ 3If,(g) ^ CII,011(1)

(-aibon dioxide ((X),) is an acidic oxide. It dissohes in water, forming carbonic acid,
which is a weak acid.

(X)..(g) + 11,0(1) II,CX)^(a())

I he gas is strongly absoi bed by alkalis such as j^otassium hydroxide.

I he simplest chloride of carbon, tetrachloromethane ((X:i^), is a colorless li(juid

with tetrahedral molecules. Unlike many other nonmetal chlorides it is not
hydrolyzed by water or by alkalis. (>arbon does not react directly with chlorine so
tetrachloromethane is made by the reaction of caibon disulfide with chlorine.

carbon cycle: the cycling of the element carbon in the natural enyironment as

carbon compounds move between the main reservoirs of carbon in the atmos|)here,
the oceans and on land (see erwironmental chemistry).
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carbonium ions

A highly simplified carbon cycle with estimates of the quantities in the main reservoirs

where the figures are in gigatonnes of carbon (I Gt = 1 000 million tonnes). Also shown

are estimates of the flows of carbon in gigatonnes per year (Ct yr').

carbonium ions: sec carbocatwns.

carbonyl compounds contain the carbonyl group (C-= ()). The two main classes

of carbonyl compounds are the aldehydes cxud the ketones. The C= () double bond is

polar with the electrons drawn toward the more electronegative oxvgen atom. The
characteristic reactions of carbonyl compounds are nucleophilic addition reactions mul
addition-elimination reactions.

The carbonyl group in aldehydes and ^
ketones ^

carborundum is the common name for silicon carbide (S'lC), a shinv, black solid

made by heating silicon dioxide with carbon at 2()00°('. It has the same crystal

structure as diamond but with ever\' other carbon atom replaced bv a silicon atom.

(Carborundum is a useful abrasive, being harder than corundum {aliimi)ium o.xide)

but not as hard as diamond. Like diamond, carborundum has a verv hitjh meltineo o
point, making it a uselul refractory.

carboxylic acids are compounds with the formula R— (T0,,H where R represents

an alkyl }rrouf), aryl group or a hydrogen atom. The carboxylic acid group (
— CO.,H)

is ihc Junctional g^roup that gives the acids their characteristic properties.

(Carboxylic acids are named bv changing the ending of the corresponding alkane to

-oic acid. So ethanol becomes ethanoic acid.

Kven the simplest acids such as methanoic and ethanoic acid are liquids at room tem-

perature because hydrogen bondingheiween the carboxvlic acid groups. .Also because
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carboxylic acids

H—

C

\
OH

/
CH.,— C

\
OH

/
rH,,cn.,— c

- \
oil

methanoic acid ethanoic acid propanoic acid

%
C—

(

/
HCJ

r'

OH
<0- C

\
OH

ethanedioic acid benzoic acid

Names and structures of carboxylic acids

of liydrogen bonding, these acids mix freely with water. Benzoic acid is a solid at room
temperature. It is only veiT slightly soluble in cold water but more soluble in hot water.

primary alcohol heat with acidic

dichromate(vi)

nitrile
heat with aqueous acid

(:h,(:h,(:=n >
hydrolysis

CH/dl,—

C

()

OH

ester Clh^CH,

O o\i
<i\S>

— C heat with aqueous

alkali then acidify

OCH,

Reactions that produce carboxylic acids

Carboxylic acids are weak acids. The hydroxyl part of the carboxylic acid group is

more acidic than the hydroxyl grou|) in alroholshccdusv the carboxylate ion formed
is stabilized by delocalization oj electrons. (Carboxylic acids are sufficiently acidic to pro-

duce carbon dioxide when added to a solution of sodium carbonate. This reaction

distinguishes carboxylic acids from weaker acids such as phenols.

O
//

cn — c + H.x)
\

If

()

(>^3— + n,()

()

Ionization of ethanoic acid. Delocalization of electrons stabilizes the carboxylate ion and
favors ionization of the acid.
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carcinogens

(lai hoxylic acids form a iimiibcr of related eompoimds (derivatives): aryl rhloruln,

arid anhydrides, eslrrs and amides. I he reactions of ethanoic acid are tvpical of

carboxviic acids.
/

c:n.,()H

sodium ethanoate

(salt)

ethyl ethanoate

(ester)

ethanoyl chloride

(acyl chloride)

ethanol

(alcohol)

Reactions of ethanoic acid

carcinogens are compounds tliat can cause cancer. In a healthv bodv, tlie rate at

wbicli cells divide to produce new cells is strictly controlled, (dancer is a disorder that

happens when some cells somehow escape from the normal control and multiplv to

produce a growth, or tumor, ('hemicals that cause cancer probably produce changes

(mutations) in the genes that control cell division.

catalysts speed up the rates of chemical reactions without themselves changing

permanently. Catalysts can he recovered at the end of the reaction. Often a small

amount of catalyst is effective.

('.atalysts work by lowering the activation energy for reactions. Lowering the activation

energ\’ increases the proportion of molecules with enough energ\ to react.

Progress of reaction

Diagram showing the effect of a catalyst on the activation energy of a reaction
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catalytic Converter

Distribution of molecular ener-

gies showing how the proportion

of molecules able to react

increases when a catalyst lowers

the activation energy

Often a catalyst changes the mechanism of a reaction and makes reactions more
prociucti\ e by increasing the yield of the desired product and reducing waste.

Main catalysts aie specific to a particular reaction. This is especially true oi enzymes.
If the catahst is in the same phase as the reactants it is a homogeneous catalyst. If the
catalyst is in a different phase it is a heterogeneous catalyst.

(>atalvsts speed up leactions but they do not change the j)osition of ecjuilibrium for
a reversible reaction.

Highlights in the development of industrial catalvsts include:

• 1908 flit/. Habei disco\’ered how to make ammonia from nitrogen and
hydrogen with a modified iron catalvst.

• 1912 Paul Sabatier first used a nickel catalyst to hydrogenate unsaturated
vegetcddv' oils MuX turn them to solid fats ^or margarine.

• 1930 hugene Houdry developed catalytic cracking aW f ractions to make
gasoline.

• 1942 Madimir Ipatieff and Herman Pines found a catalytic method of alky-

lating hydrocarbons to j)roduce branched hydrocarbons with high octane
numbers to prevent knockingiw gasoline engines.

• 19/() (»eneial .Motois and the ford .Motor (corporation de\'eloped catalytic

converters to cut pollution from motor vehicles.

catalytic converter: a device in the exhaust system of an automobile that contains
a catalyst to covert pollutants in the exhaust gases to less harmful substances. Vehicle
exhausts j)ollute the air because the engine does not burn all the fuel and because
the temperature and |)ressure in the cylinders are high enough for nitrogen f rom the
air to react with oxygen.

Pollutant Origin of the pollutant

carbon dioxide, (X)„

carbon monoxide, (X)

hydrocarbons, (MI
' X \

nitrogen oxides, NO^

lead coinj^ounds

(.om|3lete combustion of hydrocarbons in gasoline

Incom])lete combustion of f uel

L'nbiunt fuel

Reaction <4 nitiogen and oxygen from the air in the

hot engine

Fi(3m antikiujck adflitives in leaded gasoline
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catalytic cracking

Unleaded fuel must be used iu vehicles fitted with a catalytic couvertei f)ecaiise lead

would |)()is()u the catalyst and stop it working.

1 he catalyst is a finely divided alloy of platiuuin and rhodium sup[)orted on an inert cer-

amic, pierced with many fine tiilx's to give a veiy large surface area. Once the cataivst

is hot enough it converts the pollutants to steam, carbon dioxide and nitrogen.

Thin coating of catalyst

on the ceramic

many fine tubes

Diagram of a catalytic converter

catalytic cracking: a process in an oil reflnerv for converting fractions from the

fractional distillation e/o//into more useful products by breaking up larger molecules

into smaller ones. The problem in refining is to produce the oil products in the

Cracked products to

fractionating column

Waste gases

REGENERATOR where

catalyst is cleaned (700°C)

Air (to clean catalyst)

Catalytic cracking: the

catalyst powder flows to the

vertical reactor where

cracking takes place. The

cracked vapors pass to a

fractionating column while

the catalyst flows to the

regenerator.
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Celsius temperatiire scale

amounts needed by cusioiners. (;enerallv crude oil contains too much of ilie higli-

boiling fractions (biggei molecules) and not enough of the low-boiling fractions
(smaller molectiles) needed for fuels such as gasoline.

(>atalvtic cracking is a continuous process. The finely powdered catalyst made of silicon

and aluminum oxides gradually gets coated with carbon so it circulates through a
legeneiatoi where the carbon burns away in a stream of air (see figure).

catenation: the ability of the atoms of an element to join together in long chains
or rings. Carbon atoms have an exceptional ability to catenate - hence the wide range
of organic compounds. Silicon, the second element in group 4, does not have the
same ability to catenate. Silicon forms hydrides. Si^H,^^^„ analogous to the alkaneshni
the largest known molecule has n equal to eight, and only silane (SiH^) is stable for

any length of time.

Sulfur dioms can catenate. Both the rhombic and monociinic allotropes co\\s,\s{ of S
rings. Plastic sulfur is a tangled mass of long chains of sulfur atoms but it rapidly
reverts to the rhombic form at room temperature.

cathode: the electrode cW. which reduction takes place. During electrolysis the external
power supply adds electrons to the cathode so that it becomes the negative electrode
attiacting positive ions, which gain electrons (reduction) turning into atoms or
molecules.

The teim cathode is also sometimes used in electrochemical rc//,v where the reduction
process at this electrode in one of the half-cells takes electrons from the electrode,

which becomes the positive terminal of the cell.

Note that electrons flow into the cathode from the external circuit both during
electrolysis and when a current is drawn from a chemical cell.

cathodic protGCtion: an electrochemical method of preventing corrosion used
with j)ipelines, oil rigs and the hulls of ships. Steel corrodes where it is oxidized. This
happens wherever the metal is an anode. In anodic regions the iron atoms give up
electrons, turning into ions. Attaching a more reactive metal, such as zinc or mag-
nesium, to iron creates an electrochemical cell in which the iron is the cathode si) the

more reactive metal corrodes.

cations: are y>o.s77/i/c /e/o attracted to the rz///?w/c during electrolysis. (See cation tests iov

examples of common cations.)

cation tests are used in (jualitative analysis to identify the positive ions in salts.

Adding sodium hydroxide j)roduces a precipitate if the metal hydroxide is insoluble.

The j)recipitate dissolves in excess of the alkali if the hydroxide is amphoteric.

Adding solution also precipitates insoluble hydroxides. These redissolve iu

excess if the metal ion forms stable complex ions mlh ammonia molecules.

I hese tests can be supplemented with jlame tests to identify metal ions such as sodium
and potassium, which do not give j)recipitates (see table on page 81).

cell: see electrochemical cells.

Celsius temperature scale: a scale in which the melting |)oint of ice is set at ()°(:

and the boiling point ofWater at 10()°(:. The scale is based on the absolute oi kelvin

tern j)erat lire scale.

Temperature in °C = absolute temperature (K) - 273 K
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cement

cement is niamifacturcfl by lieating clay vvitli powdered liniestf^ne in a rotating kiln

and then grinding the luinj)s of product to a fine powder. Onient is a coin[)lex rnix-

lure of calcium silicates and calcium aluminosilicates that becomes fiyxlrated aiuf sets

when mixed with water. Stirring cement with saiuf, gravel and water makes concrete.

ceramics are materials such as potter\', glasses, cement, concrete and graphite.

(>eramics also include a wide range of crystalline matei ials such as carhoniridum, sili-

con nitride, aluminum oxide and magnetic /nrites. What all these materials have in

common is that they are nonmetallic, inorganic materials that are heated to a high

temperature in a furnace at some stage

Typical advantages of ceramics

are that they are:

• very hard

• strong in compression

• chemically inert

• refractories

• electrical insulators.

during their manufacture.

Typical disadvantages of many ceramics

are that they are:

• weak in tension

• brittle

• liable to crack if there is a sudden

tempe ra ture ch ange

.

cesium chloride structure is the cubic crystal structure of the ionic compound
cesium chloride (C^sCI). fn general it is a structure for a compound NTX” in which
each positive ion is surrounded by eight nearest neighbors at the corners of a

cube anef each negative ion is similarly surrounded by eight positive ions. So the

coordination numbers [or both elements is 8.

Structure of cesium chloride showing

8:8 coordination. The structure consists

of a simple cubic array of positive ions

Interpenetrating a cubic array of negative

Ions.

Other compounds with this structure include CsBr, Csl and

This structure is only possible in compounds with a positive ion that is relatively large

so it can be in contact with eight neighboring negative ions. Cesium, in period 6 of the
periodic table, forms larger ions than, for example, sodium. (See also unit cell)

CFCs (chlorofluorocarbons) such as CC:i/, CC1,F, and CCf,FCClC, are com-
pounds containing carbon, chlorine and fluorine. They have advantages: they are
unreactive, do not burn and are not toxic. .\lso it is possible to make CFCs with dif-

ferent boiling points to suit different applications. These properties make CFCs ideal

as the working fluid in refrigerators and air conditioning units. Thev are also used to

make the bubbles in expanded plastics and insulating foams. CFCs make good
sohents foi diy cleaning and removing grc'ase from electronic ec]uipment.

f he problem with (T(.s is that they escape into the atmosphere \\\\e\'e they are
so stable that they last for many vears, long enough for tltem to ctifluse up to the
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CFCs

stratosphere. In the stratosphere the intense ultraviolet light Iroin the Sun splits

CFCs into free radicals including chlorine atoms. Chlorine atoms react with ozoyie-.

CW + O, > cio» + o.,

C10- + 0* > ci» + o',

The first reaction is much faster than other reactions in the stratosphere. The second
reaction involves oxygen atoms that are common in the stratosphere and this

recreates the chlorine atom. This means in effect that one chlorine atom can rapidly

destroy many ozone molecules.

Now that the damaging effects of CTC.s are known thev are being phased out where
possible. The hunt is on for alternative compounds with the desirable properties of
CFCs but without the environmental problems.

Positive ion in solution Obsenations on adding

sodium hydroxide solution

drop by drop and then

in excess

Observations on adding

ammonia solution drop bv

drop and then in excess

calcium, Ca‘^* white precipitate but onlv

if the calcium ion

concentration is high

no precipitate

magnesium, Mg-’ white precipitate insoluble white precipitate insoluble in

in excess reagent excess reagent

barium, Ba*’ no precipitate no precipitate

aluminum, white precipitate that white precipitate insoluble in

dissolves in excess reagent excess reagent

chromium (ill), Cr”^* green precipitate that green precipitate insoluble

dissolves in excess to form

a dark green solution

in excess reagent

manganese{ii), Mn'-’ off-white precipitate off-white precipitate

insoluble in excess reagent insoluble in excess reagent

iron (II), Fe-’ green precipitate insoluble green precij^itate insoluble

in excess reagent in excess reagent

iron (ill), Fe^’ browny-red preci pi tate browny-red juecipitate

insoluble in excess reagent insoluble in excess reagent

copper

(

II ), pale blue precipitate pale blue precipitate

insoluble in excess dissolving in excess to form a

dark blue solution

zinc, ZiC’ white precipitate that white precipitate that

dissolves in excess reagent dissolves in excess reagent

lead, Ph-^ white precipitate that white precipitate insoluble in

dissolves in excess reagent excess reagent

ammonium, NH^ alkaline gas (ammonia)

given off on heating

iKi visible change

Cation tests
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changes of state

changes of state aic cliangcs from one state of matter to anotlier. I he ffjllowing

are all examj^Ies of elianges of state:

• a solid melting to a lif|nifl

• a licjnicl freezing to a solid

• a lifjiiid evaporating and becoming a gas

• a gas condensing to a liquid.

hnerg\' is taken in from the snrroimdings during melting and evaporating (they
are endothmnic processes). I he energ\' is needed to break the bonds between atoms,
molecules or ions.

Lnerg)' is given out to the surroundings during freezing or condensing (they are

processes). Energ\’ is given out as the bonds between particles reform.

A few solids turn directly to gas when heated at atmospheric pressure. On cooling the
N'apor tin ns directly back to a solid. This is sublimation.

charcoal is a form of carbon made by heating wood or bones in the absence of air.

Charcoal consists of minute graphite crystals. Heating charcoal in steam at about
1 ()()() (i produces actixated charcoal by dri\ing out xolatile compounds from the
pores of the solid. Activated charcoal is an excellent absorbent used to filter out
inij^urities from gases and solutions.

Charles’s law states that the volume of a fixed amount of gas at constant pressure
is proportional to its absolute temperature.

\ oc 7 or -j- - constant

The law follows from the /r/cz/Z gzo equation pV = nRT \{ /; and n are constant. Real
gases de\iate fiom ideal gas beha\ior. Note that the law onlv applies if there is no
chemical change altering the number of gas molecules as the gas gets hotter or
colder.

‘ ^

chelates aie complex ions in ^vhich each ligand molecule or ion forms more than one
dative covalent bond \\it\\ the cential metal ion. Cdielates are formed by bidentate 3.nc\

polydentate ligands such as edta. The term chelate comes from the Greek word for a
crab’s daw, reflecting the claw-like way in which chelating ligands grab hold of metal
ions. (Jielate complexes are generally more stable than complexes formed by mono-
dentate ligands (see stability constants). Powerful chelating agents trap metal ions and
effectively isolate them in solution.

chemical equations describe what happens during reactions bv identifving the
It actants and pioducts. State stmbols show the states of medter of the chemicals
involved. Equations may also show the reaction conditions bv including information
about temperature, pressure and catalvsts above or below the arrow leading from
leactants to products. There are carious tvpes of chemical equation.

• Word equations simply name the reactants and products:

hydrogen + oxygen > water

• Balanced equations with formulas are used to calculate the amounts of
reactants and products:

2II,,(S]:) +()„(g) —> 211.,0(1)
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chemotherapy

• Ionic equations are balanced equations leaving out any spectator ions that do
not change:

H-(aq) + OH-(aq) >

• H^lf'f'quotions dio balanced equations that show j)art ol a reaction*

2H-(aq) +2e- > R,(g)

• Unbalanced svmhol equations show Just the main starting chemical and
the main product with the conditic:)ns for reaction written by the arrow:

Cr,0 --/H*
QH.OH —= > CH,CX),H

heat

• Mechanistic equations show intermediate steps in the mechanism for a
reaction:

H, + Br* ^ HBr + H*

chemical industry: the industry that converts raw materials such as crude oil, nat-

ural gas and minerals into useful products such as pharmaceuticals, fertilizers,

determents, paints and dyes.

A chemical plant consists not only of the reaction vessels and equipment for sepa-
rating and purifving products, but also the storage vessels, pumps and pipes, sources
of energy* and heat exchangers together with the control room.

Bulk chemicals are manufactured on a scale of thousands or even millions of tonnes
per year. Lxamples are ethene, sulfuric acid, ammonia and chlorine. They are mainly
used as the starting point for making other substances. Fine chemicals such as pesti-

cides and pharmaceuticals are made on a much smaller scale - a few tonnes or
hundreds of tonnes per year.

Specialty chemicals are manufactured for their particular properties as thickeners,

stabilizers, flame retardants and so on (see table on j)age 84).

chemotherapy is the use of chemicals to treat disease, (diemotherapy began with the
woik of Paul Ehrlich (1854—1915) who had the idea that it might be possible to find

chemicals that kill the microorganisms that cause disease without harming healthy liv-

ing cells. Paul Ehrlich worked as an assistant to Robert Koch (1843-1910) who
pioneered the use of dys to stain and identify bacteria. Ehrlich was jxtrticulaiiy inter-

r c \cs. 8omc d\cs, foi ' examj)le, take well on cotton but not on wool.

Ehrlich found that methylene blue would dye nerve cells well but not other parts of the

body. This inspired him to search for chemical “magic bulleLs” to target microorgan-
isms and diseased cells. After a long series of exj^erimeiiLs Ehrlich and his Japanese
colleague Sahachiro HaUi finally discovered an arsenic compound that cured syphilis.

For the first time a synthetic chemical was used to cure a l)acterial disease.

I he high hopes raised by Ehrlich’s work led to many disaj)pointments until 1932
when (ierhard Domagk was involved in testing the medical effects of new dyes pro-

duced by a (ierman chemical company. He found that the dye Prontosil red was
remarkably effective against streptococcal infections in mice. Domagk saved his

daughter’s life with the new drug when she accidentally picked up a serious infection

by pricking her finger in his laboratoiy This led to the development of sulfonamide
drugs that were used to treat bacterial diseases until the disccnerv ol antibiotics.
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chemotherapy

Today chcinotluTapy is widely used to treat cancer but few drugs are “magic bullets.”

II they are effective in destroying cancerous cells they are generally toxic and
damage other parts of the body too (see dsplatin)

.

Main raw materials I .a rge-scale p ix )cesses

and products

Uses of the products

Cri/dr oil and natural

for the petrochemical

industiT

fractional distillation, steam

cracking, steam reforming imd

isomerization and many other

processes to produce the

building blocks for the

indtistrv such as

ethene, propene and

benzene

Manufacture of polymers,

solvents, pharmacetiticals,

agrocliem icals, dyes,

pigments and detergents

Salt (sodium chloride)

and limestone for the

chlor-alkali industrv

Electrolysis of brine for making

chlorine, soditim

hydroxide and hydrogen.

Solvay process to make

soditim carbonate

Mamifacttire of bleaches,

disinfectants, solven ts,

some pohmers and in the

glass and paper

industries

Sulfur ivom under-

ground deposits of the

element or from the

ptirification of oil and

gas plus ox\'gen from

the air

Contact proce.ss foi'

sulfuric acid manufacture

Mantifacttire of paints,

pigments, fertilizers,

detergents, plastics and

many tises in the chemical,

metallurgical and

petrochemical indtistries

Nitrogen from the air,

nattiral gas and oil

fractions

Haber process for ammonia

mantifacture and catalytic

oxidation of ammonia for

nitric acid manufacture

Manufacture of fertilizers,

dyes, pigments, detergents,

explosives, plastics

and fibers

C’.alcium phosphate rock Treatment of phosphate

rock with concentrated

sulfuric acid to make

phosphoric(V) acid and

phosphates

Fertilizer industrv,

mantifacttire of washing

potvders, toothpaste,

food indtistiT, enamels

and glazes

Fluorite (calcium

fltioride)

Action of concentrated

sulfuric acid on

fluorite to make hydrogen

fltioride; electrolysis of

lltiorides in hydrogen

fluoride to make fluorine

Etching and polishing

glass and integrated

circuits; mantifacture of

fltiorocarbons and

hydrofluorocarbons

(to replace CfCs):

pharmaceuticals and the

polymer ptfe

Chemical industry
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chiral compounds

Chiral compounds are asymmetiicso that they have ntirror-iinage forms that are not
identical. Tlie most common chiral compotmds have a carbon atom attached to four
different atoms or groups. The nvo mirror-image forms are known as enantiomers.

Mirror-image forms of 2-hydroxypropanoic acid (lactic acid)

Enantiomers behave identically in ordinaiT chemical reactions and their main phys-

ical properties are the same. They differ in their effect on polarized light - they are

optically active. One mirror-image form rotates the plane of polarized light in one
diiection. The other form has the opposite effect. Thev are optical isotuers.

(Chirality is ver\’ important in living organisms. Living cells are full of messenger and
carrier molecules that interact selectively with the active sites and receptors in other
molecules such as enzymes. The messenger and carrier molecules are all chiral and
the body works with only one of the mirror-image forms. In most living things all the

amino acids, for example, are L-amino acids.

The importance of chirality in living things was brought home to people forcibly by
the impact of the thalidomide tragedy. Thalidomide was a sedative used in the early

196()s. Doctors believed that it was veiT safe and prescribed it widely. Sadly it was soon
discovered that thalidomide could harm babies if taken by mothers during the early

months of pregnancv.

Thalidomide is chiral. One isomer is the effective sedative. The other isomer causes

malformations in babies (it is a teratogen). Ever since the thalidomide affair, the phar-

maceutical and agrochemical industries have to test the mirror-image forms of chiral

chemicals separately before they can be used as drugs or agrochemicals.

.Some complex ions are chiral.

Mirror-image forms of

a complex between

chromium(iii) ions and

1 ,2-diaminoethane,

en (see bidentate

ligandsj. Three-

dimensional models

make it easier to

see that they are

non-superimposable. Mirror
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chlorination

chlorination is a reaction that replaces a liydrogen atom in an organic molecule
with a chlorine atom. One example is the chlorination of alkanes - a free-radical chain

reaction initiated by ultraviolet radiation.

Another example is the chlorination of by chlorine in the presence of an iron

chloride catalyst. This is an electrophilic substitution reaction.

chlorine (Cl) oeeiirs as a greenish, toxic gas consisting ofCl.^ molecules, ft is the

second element in the family of nonmetals called the halogens {gioup 7). Its electron

con/i^ruratiofi is [Ne]3,r3/;\

(^ilorine is manufactured on a large scale by the electrolysis of brine.

Chlorine is a powerful oxidizing agent that reacts directly with most elements. In its

compounds chlorine is usually present in the -1 oxidation states but chlorine can
be oxidized to positive oxidation states by oxygen and fluorine.

+7 - CAO- KCIO,

+5 - CAO.; KCIO,

+3 - c\o- KCIO,

—

+ 1
-

0-

CAQ-

Cl,

HOCl

-1 - Cl- HClOxidation states of chlorine

(dilorine forms ionic chlorides with metals.

Formation of ions in magnesium chloride

when chlorine reacts with magnesium

Mgo

xCb
X X

SCI
2- X X

'k \ f rr

X X

xCl^

> Mg
X X

SCI

(-hlorine forms covalent, molecular chlorides with most nonmetals but it does not
react directly with carbon, oxygen or nitrogen. Hvdrogen burns in chlorine to pro-
duce the colorless, acidic gas hvdrogen chloride, HCl. Hvdrogen chloride is veiT
sohil)le in water, forming hydrochloric acid.

Reaction of hydrogen with chlorine to

produce hydrogen chloride molecules HSH + > 2 I HCl J

(.hlorine dissolves in water. It reacts reversibly with water, forming a mixture of weak
chloric (i) acid and strong hydrochloric acid. This is an example of a disproportionation

reaction.
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(:i,,(aq) + Hp(l) HOCl(aq) + C|-(aq) + H (aq)

Cliloriiie oxidizes a range of ions or molecules in solution:

• iron (II) ions to iron(iii) ions

• bromide ions to bromine
• iodide ions to iodine

• sulfite ions to sulfate ions

• thiosulfate ions to sulfate ions

• hydrogen sulfide to sulfur.

chlorine oxoanions form when chlorine reacts with water and alkalis. In these
compounds chlorine is oxidized to positive oxidation states through a series of
disproportionation reactions.

Wlicn chlorine dissolves in potassium (or sodium) hydroxide solution at room
temperature it produces chlorate(i) and chloride ions.

C:f,(acj) + 20H-(aq) > ClO-(aq) + Cl-(aq) + H,0(1)

On heating the chlorate (i) ions disproportionates to chlorate (\’) and chloride ions:

3C:iO-(aq) > CKY(aq) + 2Cl-(aq)

Potassium chlorate (ill) can be ciwstallized from the solution. Careful heating just

abo\e the melting point converts potassium chlorate(\’) to potassium chlorate(\’ii)

and potassium chloride.

K(:103 (s) > 3 KClO^(s) + KCl(s)

cholesterol is a steroid that plays an important part in metabolism. It is a part of
cell membranes and the precursor of steroid hormones such as testosterone and
progesterone.

Structure of cholesterol

High levels of cholesterol in the blood may lead to deposits building up in arteries,

resulting in heart disease. Cholesterol levels are monitored in some older people and
in those thought likely to suffer from heart disease.

chromatography is a method lor separating and identilving the chemicals in a

mixture. (3n()matogra|)hy can be used to:

• se|3arate and identify the chemicals in a mixture

• check the purity ol a chemical j)roduct

• identilv impurities in a product

• purify a chemical j^roduct (on a laboratoiT or industrial scale).

.-Ml tvpes ol chromatography have a stationary phase (a solid or a li()uid held by a

solid) and a mobile phase (a liquid or gas). The components ol a mixture separate

as the mobile phase moves through the stationary j)hase. (k)mj)onents that tend to



chromium

mix witli tlic m()l)ile phase move faster. Components that tend to f)e held by the

stationary pliase move slower.

riie basic principle underlying the separation is:

• adsorption when the stationarv phase is a solid

• partition when the stationary' phase is a lifjiiid held as a thin laver on the

surface of a solid.

riiere are several tvpes of chromatography including: liquid chromatography, hifrh-

perpnmance lirjuid chromatography (hplc), paper chromatography, thin-layer chromatography

(tic) and gas-liquid chromatography (glc).

^^**®*^*^*^ i'' hard, silvery d-block metal with the electron configuration

[Ar]3r/M.s'. This electron configuration is an exception to the normal [Ar]3r/M,r

pattern for the first series of r/-block elements. Energetically it is more favorable to

have one electron in each r/-orbital and thus to half-fill the d-subshell.

In solution chromium forms ion in the +2, +3 and +6 oxidation states.

Oxidation states of chromium

+6 —

+5 —

CrCX^

red

Cl,Of-- CrOf
- / 4

orange yellow

+4 —

+3
Cr,()^

green

Cr'*

green

Cr-*

blue

There is an eciuilibrium between yellow chromate (\i) ions and orange dichro-
mate(\l) ions in aqueous solution. The position of equilibrium depends on the pH.
In acid the hydiogen ion concentration is high so the solution is orange because
dichromate ions predominate. Adding alkali remoxes hvdrogen ions and turns the
solution yellow as chromate ions form. These shifts in the position of equilibrium are
as predicted by Le Chatelier's principle. Note that this is not a redox reaction,
(du'omium is in the +6 state on both sides of the equation.

2CrCY(aq) + 2IE(aq) Cr,0.--(aq) + H,0(1)

Dichromate ions in acid solution are used to oxidize alcohols And aldehydes. Paper moist-
ened with dichromate (\ I ) solution is used in the gas test for sulfur dioxide. The paper
turns from orange to green as dichromate(\l) ions are reduced to chromium(iii) ions.

Potassium dichromate(\ l) is used as a prirnar'y standard m redox titrations.

Cr,()_- (aq) + 14H*(aq) + be 2Cr^*(aq) + 7H,0(1)

Zinc reduces a green solution of chromium(lli) to a blue solution of chromium(ii)
ions. (4u'omium(ii) is a powerful reducing agent and is quicklv converted to
chromium (III) bv oxygen in the air.
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clay minerals

Chromium extraction: chromium is extracted from cliromium(iii) oxide in a
batch process using aluminum as the reducing agent. The commercial ore is chromite,
which contains other metals as well as chromium, especially iron. The first step is to
convert the ore to pure chromium (iii) oxide. A mixture of the oxide with powdered
aluminum is then ignited in a reaction vessel. The exothermic reaction produces
97-99% pure metal.

Cn_A,(s) + 2Al(s) > 2Cr(s) + AlA,(s)

Carbon can reduce chromium oxide but the metal contains carbon as an impuritv,
which makes the metal brittle and less resistant to corrosion.

C>hiomium, like aluminum, is piotected from corrosion by a thin layer of oxide on the
metitl suiface. The main use of chromium is to make alloys with iron (stainless steels).

Electroplating witli chromium gives a shiny, corrosion-resistant finish to metals.

chromophore: the part of a molecule that gives rise to its color. Chromophores in

carbon compounds ha\e an extended system of delocalized electrons. Families of dyes
with the same chromophore are made by attaching different functional gioups to
modify the color. Functional groups linked to a chromophore may also make the dye
more soluble in water and help it stick to the fibers of a textile.

CO,H

chrysoidine alizarin yellow

Two dyes based on the some chromophore

cisplatin is an anticancer drug consisting of a complex ion of platinum,
Pt(NH.^)^,C>l^. The ion is planar and can exist as r/,s and trans isomers (see geometrical

isomerism). The cis isomer inhibits cell division but does not j)revent cell growth. This
makes it a useful treatment for cancer. Unfortunately cisplatin is toxic and has
unpleasant side effects.

Structure of the cis and trans

isomers of Pt(XH.^)/if

cis-trans isomerism: see geometrical is>

clay minerals are hydrated aluminosilicates formed by the of feldspars

in igneous rocks. Kiiolinite is the main component of kaolin, which is used as a coat-

ing agent and filler. Kaolinite is also the main constituent of ball clay used to make
rm/w/r tableware, porcelain and wall tiles.

Cl NIL
\ / '

Vi

/ \
Cl Nil,

as isomer

jmerism.

Cl NH,
\ / '

Pt

Nn, Cl

trans isomer



close-packed structures

Kaoliiiitc lias a layer structure. Each layer consists

(etrahedra interlocked with an alnininate sheet.

of a sheet of siliratf' (SiC)^)

close-packed structui*es are found in metal crystals. In a layer of close-packed

spheres each atom has six other spheres touching it. In three dimensions, layers of

close-packed atoms stack up in two possible ways. In hexagonal close packing the

thiid layer is directly o\er the first layer (aba). In cubic close packing it is the fourth

layei' that corresponds with the first layer (abca). In the two structures each atom
touches 12 nearest neighbors, so for both the coordination numbcr 'xs 12.

Hexagonal and cubic close

packing of metal atoms

I he nnit cell of the cubic close-packed structure is a face-centered cube.

coal is a fossil fuel formed by the action of heat and pressure on the remains of plant
buried under sediments. Heating coal in the absence of air at 10()()°(: drives off coal

tar, ammonia and coal gas, lea\ing a residue of coke. C.oke is recjuired for a range of
industrial processes including iron extraction in blast furnaces, (’oal tar was a major
source of organic chemicals until crude oil took over in the 194()s. Coal tar is a rich

source of arenes and was the main source of benzene when William Perkin was
pioneering the production of svnthetic dyes.

cobalt (Co) is a hard, silverv d-block metal that is less reactive than iron. It has the
electron configuration [Ar]3<'/H.y-.

(a)balt is an ingredient of alloy steels such as the ferromagnetic allov, Alnico, which
makes excellent j)ermanent magnets.

In solution cobalt forms ions in the +2 and +3 oxidation states, (a)balt(ll) is the more
stable state. Anhvdious cobalt (li) chloride is blue but it turns pink on adding water
as the cobalt ions are h\(lrated to the [Co(H,,0)jJ~* ion. This is used as a test t() detect
water. The granules of the dicing agent “self-indicating silica get' are blue because
they contain anhydrous cobalt ions. When the gel’s diving action is exhausted the
granules turn pink.

A dilute solution of cobalt chloride is pink because the cobalt(li) ions are hydrated.
A concentrated solution is blue. A dilute solution also turns blue on adding concen-
tiated hydrochloric acid. The color change is due to a ligand exchange reaction as
chloride ions replace the water molecules. The reaction is reversible:

[(:o(If,())J-* + 4Cl-(a(i) [(:oaj-- + bH/)(aq)

It is normally verv difficult to oxidize aqueous cobalt(ll) to cobalt(ill) but the reac-
tion goes readilv if the cobalt(ii) ions are complexed with ammonia molecules. The
Cofiii) complex with ammouia is more stable than the (:o(ii) complex. The value for
tlu standafd elediode f)otenti(d shows that aqueous (.o(lll) is a stronger oxidizing agent
than potassium manganate(\ ii) in acid solution:
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collision theory

[Co(Hp)J-^^+e- ^ [Co{Hp)J^^ /:^ = + 1 .82 V
Wlien the two states are complexed with ammonia the standard electrode potential
shifts to a value that shows that the Co(lii) state is much more stable. Cobalt (ii) is now
a 1 educing state and can be oxidized to Co(lii) by oxygen or hydrogen peroxide.

[Co(NH3)J-^^+e- ^ [Co(NH3)J-'^ /:^ = +0.1()V

colligative properties are the properties of solutions that depend on the con-
centration of solute particles but not on the nature of the particles. Dissolving salt,

sugar or any other solute in water lowers its vapor pressure, raises its boiling point,
lowers lis frerJng pomt increases its osmotic pressure. The extent of these changes
depends only on the mole fraction of solute particles and not on the nature of the
dissolved molecules or ions.

collision theory accounts for the effects of concentration, temperature and catalysts

on reaction rates. The idea is that a chemical reaction happens when the molecules or
ions of leactant collide, making some bonds break and allowing new bonds to form.

Raising the concentration means that the reacting particles are closer together. There are

more collisions and reactions are faster.

In a heterogeneous reaction of a solid with either a liquid or gas the reaction is faster if the

solid is broken up into smaller pieces. Crushing the solid increases its surface area, collisions

can be more frequent and the rate of reaction is bigger.
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colloids

It is not (Mioiigh for the molecules to collide. In soft collisions the molecules simply

bounce off each other. Molecules are in rapid random motion and if every collision

led to reaction all reactions would be explosively fast. Only pairs of molecules that

collide with enough energv' to stretch and break chemical bonds can lead to new

j)roducts. Reactant molecules have to overcome the activation energy.

(k)Hision theoi')' refers to the Maxxuell-Boltzman distribution of energies of molecules

to explain the effects of temperature and catalysis on reaction rates.

colloids consist of fine particles (the disperse phase) of one substance finely dis-

j)ersed in another (the continuous phase). The dis{)ersed particles in licjuids and

gases are large enough to scatter light but they do not settle out and they show

Broxnnian motion. The diameter of colloid f)articles is typically around 10 to 1000 urn

(much larger than atomic diameters, which are around 0.2 nm).

Toiuinuoiis phase Disperse phase Type Example

gas liquid liquid aerosol mist

gas solid solid aerosol smoke

liquid gas foam whipped cream

liquid liquid emulsion hand cream,

mayonnaise

liquid solid sol paint, muddy

river water,

se\vage

solid gas solid foam pumice

solid liquid gel or solid

emulsion

Jelly, butter

solid solid solid sol pearl,

pigmented

plastics

colored compounds in many instances get their color by absorbing some of the

radiation in the visible region of the electromagnetic spectrum with wavelengths

between 400 nm and 700 nm.

It is the electrons in colored compounds that absorb radiation as they jump from
their normal state to a higher excited state. According to quantum theory there is a

fixed relationship between the size of the energ\ Jump and the wavelength of the

radiation absorbed. In many compounds theJumps are so big that they absorb in the

ultraviolet part of the spectrum. These compounds are colorless.

(k)lor in transition metal ions arises from electronic transitions between d-orbitals. In

a free atom all of the five r/-orbitals have the same energw When a transition metal

ion forms complex ions the ^/-orbitals split into two groups with different energies.

The size of the split depends on the number and nature of the ligands in the

complex. This helps to account for color changes.

If all the <’/-orbitals are full there is no possibility of electronic transitions between
them. I his explains why Zn-* and Cu* ions are colorless.
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colorimetry

Five d-orbitals with

the same energy in

a free ion

Energy difference between d-orbitals in a

transition metal complex ion

The orbitals split into

two groups with different

energies in a complex ion

Color in organic compounds is often associated with delocalized electrons. The energy'
jumps between molecular orbitals absorb visible radiation in molecules with
extended systems of alternating double and single bonds (see conjugated system).

Skeletal formula of

^-carotene, the main

orange color in carrots,

used as a colorant in

foods, drugs and cosmetics

Some colors are caused by physical effects rather than electronic transitions.

Examples of such effects are:

• light scattering - moonstones, blue skies

• interference - soap bubbles and oil films on w'ater

• diffraction - opal, liquid crystals

• refraction of some wavelengths more than others - “fire” in gemstones.

colorimetry is a method for measuring the concentration of compounds in solution
that can be used with chemicals that are themselves colored or wiiich give a color
when mixed with a suitable reagent.

The filter lets through light, which is strongly absorbed by the solution. Tiie extent
of absorption depends on the path length of the light through the solution (which
is a constant for the sample chamber used) and on the concentration of the solution.

The instrument is calibrated by measuring the cdjsorbance of a .series of standard

solutions. It can then be used to measure the concentration of unknown samples.
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combustion

combustion is tlie reaction of a fuel with oxygen to release energy', (iarhon in the

fuel turns to carbon dioxide and hydrogen turns to steam (water). Any sulfur in the

fuel is oxidized to sulfur dioxide. Nitrogen in a fuel may end up as the element after

combustion or if the temperature is high enough, combined with oxygen to form a

mixture of nitrogen oxides.

combustion analysis is a method for determining the empiricalformulas

compounds. A weighed sample of the compound is burnt in excess oxygen mixed

with helium, rihs converts the carbon to carbon dioxide and the hydrogen to water.

A catalyst ensures that combustion is com[)lete. The inert helium carries the prod-

ucts of combustion and the excess oxygen through a tube that contains chemicals to

remove any volatile halogen, sulfur or phosphorus compounds. Oxides of nitrogen

are converted to nitrogen gas and the excess oxygen combines with copper.

The water vapor is absorbed in magnesium chlorate{vii). (>arbon dioxide is absorbed

in soda lime. In a modern instrument, measurements of the thermal conductivity of

the helium before and after absorption make it possible to determine the masses of

water, carbon dioxide and nitrogen formed by burning the samj)le.

From the results it is possible to calculate the percentage composition of the compound.
Any mass of the sample not accounted for is assumed to be due to oxygen.

Worked example:

Complete combustion of 0. 1 5 g of a liquid compound produced 0.22 g of carbon

dioxide and 0.09 g water What is the empirical formula of the compound?

Notes on the method

The mo/or moss of carbon dioxide, CO,, = 44 g mob' of which carbon is

I 2 g mob'

The molar mass of water, H,,0 =
1 8 g mob' of which hydrogen is 2 g mob'

Answer

12
The mass of carbon in the sample = ^ x 0.22 g = 0.06 g

2
The mass of hydrogen in the sample ~

Jq
^ 0-09 g = 0.0

1 g

The total mass of carbon and hydrogen = 0.07 g in a sample with mass 0. 1 5 g

So the difference gives the mass of oxygen in the sample, which is 0.08 g

These are the amounts of the elements in the sample:

carbon: 0.06 g 1 2 g mob' = 0.005 mol

hydrogen: 0.0
1 g ^

I g mob' = 0.0 1 mol

oxygen: 0.08 g ^
I 6 g mob' = 0.005 mol

The ratio (bH:() is 1 :2:

1

The empirical formula of the compound is CH,,0.
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complex-forming titration

common ion effect: the change in equilibrium position observed on adding an
ionic compound that contains one of the ions involved in the equilibrium.

The common ion effect can change the extent of the ionization of weak acids and
weak bases. The effect influences the behavior of buffer solutions. In a typical bulfer
solution a weak acid, such as ethanoic acid, is mixed with one of its salts, such as
sodium ethanoate. In this example the common ion is the ethanoate ion. Ethanoate
ions from the salt suppress the ionization of the acid as predicted by the equilibrium
law. The added common ion from the sodium ethanoate shifts the equilibrium to the
left and lowers the concentration of aqueous hydrogen ions.

CH^CO.Hlaq) + H,0(1) ^ CH.,CO,-(aq) + H,0*(aq)
‘ A

“

CH.^CO^y(aq) common ion

from sodium ethanoate

For a 0.25 mol dm-^* solution of ethanoic acid the pH = 2.7. In the presence of
0.1 mol dm-’ sodium ethanoate the concentration of H,0-(aq) falls markediv and
the pH = 4.4.

This effect can also alter the solubility of sparingly soluble salts, making it possible to
control their precipitation.

complex-forming titration is a practical technique used to determine the con-
centration of metal ions. A titration measures the volume of a standard solution of a
complex-forming reagent needed to react exactly with a measured volume of the
unknown solution of metal ions, such as zinc ions.

Complex-forming titrations often use a standard solution of edta, wiiich forms veiy
stable complex fo?z.9with metal ions. The procedure is the same as for any other titration.

To find the end point the analyst adds an indicator and a buffer solution, wiiich forms
a colored but unstable conqilex with the metal ion in the flask. A suitable indicator is

Eriochrome black T, wiiich is blue in solution at pH 10. At the start of the titration it

pioduccs a wine-1 ed complex. Edta from a burette forms a more stable complex with
zinc ions and so takes the metal ions from the indicator. At the end point all the zinc
ions have been complexed by titration with edta. The last drop of edta leaves no Zn-"
ions to foi 111 the led complex with the indicator so the indicator turns blue again.

Worked example:

An alkaline buffer and a few drops of Eriochrome black T indicator were added
to 25.0 cm^ of a solution of zinc sulfate. In the titration 23.2 cm^ of 0.010
mol dm"^ edta were run in from a burette until the indicator changed from red
to blue. What was the concentration of the zinc ions?

Notes on the method

Always start by writing the equation for the reaction. See titration for a general
method for the calculations.

Remember to convert volumes in cm^ to volumes in dm^ by dividing by 1 000.

In any titration there is one unknown - in this case the concentration of the zinc

ions, r.
A
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complex ions

Answer

The equation for the reaction is:

Zn‘^^(aq) + edta'^(aq) > [Zn(edta)]'‘^“(aq)

The volume of zinc sulfate solution in the flask, Iq = |qqq
dm^

Let the concentration of zinc ions be c..
A

The volume of hydrochloric acid added from the burette, -

The concentration of hydrochloric acid, Cg = 0.0 1 0 mol dm"^

n.X

X rir

23.2

1000
dm^

^Xooo X I

''Kooo X 0.0 1 0
"" T
23.2x0.010

,

Therefore — 0.0928 mol dm ^

The concentration of the zinc ions was 0.0928 mol dm I

complex ions consist of a central metal ion linked to a number of molecules or

ions with lone pairs of electrons. The surrounding molecules or ions are ligands, which

use their lone pair of electrons to form a coordinate bond with the metal ion. The

number of ligands in a complex ion is tvpically two, four or six.

The overall charge of a complex ion is the sum of the charges on the metal ion and

its ligands. (See also shapes of complex ions.)

composites are made by combining two or more materials to create a new material.

A composite combines the desirable properties of its constituents and compensates

for their disadvantages. Steel-reinforced concrete is a composite material as is galva-

nized steel. Kitchen worktops are composites consisting of chipboard covered with

paper impregnated with a poKiner such as a melamine-methanal resin.

Many important composites consist of fibers of one material, such as glass, aramids,

or graphite, embedded in a polymer, metal or ceramic matrix. The combinations are

designed to give new materials with better properties, especially high stiffness per

unit weight, which is important in road and rail transport, aircraft, sporting goods

and many other applications.

(Hass fibers in a polyester iwAirix (so-called fiberglass) are used to make boat hulls and

automobile bodies. Parts of aircraft and some sports gear are made from carbon

libers in an epoxy matrix.

concentrations of solutions are tisuallv measured in moles per liter of solution

(mol dm-'’). There are small volume changes when chemicals dissolve in water so it

is important to note that concentrations normally refer to liters of solution, not to

liters of the solvent.

concentration/mol dm ^

amount of solute/mol

volume of solution/dm^
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conductiometric titrations

Writing the formula of a chemical in square brackets is the usual shorthand for
“concentration in mol dnrl” (For example: [CaClJ = 0.1 mol dm-l)

Wlien ionic crystals dissolve the ions separate and become independent.

CaCl,(s) + aq > Ca"*(aq) + 2Cl-(aq)

So if [CaCy = 0.1 mol dnr-\ then [Ca^*] = 0.1 mol dm-"’ but [CF] = 0.2 mol dnrl
Other ways of measuring the concentrations are to use mole fractions or parts per
million, ppm.

Worked example:

What IS the concentration of a solution of potassium manganate(vii) made by
dissolving 3.95 g of the solid in water and making the solution up to 500 cm^?

Answer

The molar mass of potassium manganate(vii), (KMnO^) = 158.0 g mob'

3 95
Amount of KMnO^ in solution = 753 q ^0,-1 = 0.025 mol

Volume of the solution = dm^ = 0.5 dm^

r + +
I

• 0.025 mol
Concentration of the solution = —

^^3 = 0.05 mol dm-^

condensation polymers are produced by a series of condensation reactions
splitting off water between the functional groups of the monomers. Examples of
condensation polymers are polyamides and polyesters. Where each monomer has two
function groups this type of polymerization produces chains.

(moss-liyiking\^ possible if one of the monomers has three functional groups.

condensation reaction: a reaction in which molecules join together by splitting
off a small molecule such as water. The additio)}—elimination reactions carbonyl com-
f)ounds are examples of condensation reactions. The formation of an ester from an
acid and an alcohol is also a condensation reaction.

HO— (yi, > CM,—

C

+ Hp
\)— c:,,ir

alcohol ester water

Condensation reaction to form the ester ethyl ethanoate

conductiometric titrations use a conductivity cell and meter to measure the con-
ductivity of the reaction mixture during a titration and hence to determine the end
point. Ihe conductivity can change during a titration becau.se there is a change in:

• the ability of the ions pre.sent to move through the .solution and conduct
electricity

CH3—

C

O

OH
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confidence limits

• the j)r()[)()rti()n ol electrolytes that are only slightly ionized relative to

electrolytes that are fully ionized.

Conductivity

Changes in conductivity during a titration of NaOH(aq) with HCl(aq). In water H^(aq) and

Ol-C(aq) ions are very mobile so they conduct electricity very well.

confidence limits are the limits around an experimental mean value within which

there is a high probability' that the true mean lies.

Statistical analysis shows that there is a 95% probability that the true mean lies within

±1.96o of the experimental mean, where o is the standard deviation.

Normal distribution of a

large number of experi-

mental results spread

randomly about a mean

value X where o Is the

standard deviation

conformation of molecules: the possible shapes of molecules that can arise

because of rotation about covalent bonds, (wclohexane molecules, for example, shift to

and fro between “chair” and “boat” forms. In both conformations the four sinsleo
bonds around each carbon atom are arranged tetrahedrallv as normal. The chair

lorm is preferred f)ecause it is a little more stable. The energ\ difference beuveen
conformations is not large enough for them to be separated as distinct compounds.
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conversion of units

Chair form

Choir and boot forms of cyclohexane

\

Boat form

conjugate acid-base pairs: see acid—base equilibria.

conjupted system: a system of alternate dotihle and single bonds in a molectile.
Organic inolectiles with extended conjtigated ststems absorb radiation in tlie tisiltle
part of the spectrum and are therefore colored. Examples are the orange p-carotene
molecule in carrots and the indicator phenolphthalein in alkali (see colored
compounds)

.

2Na^

Structures of phenolphthalein in acid and alkali

conservation of mass (law of): the law that chemists now take for granted every
time the.) wiite a balanced chemical ecjiiation. The law states that matter is neither
created or destroyed during a chemical reaction.

constant-boiling mixture: see azeotropic mixture.

contact process: see sulfuric acid manufacture.

continuous processes manufacture chemicals on a large scale in industrial plants
that operate for 24 hours in the day. Raw materials are constantly fed into the plant
and products continuously removed. Examples of continuous processes are the frac-
tional distillation oj oil the Haber process for ammonia manufacture, iron extraction in a
blast furnace and the contact [)rocess for sulfuric acid manufacture.

conversion of units is often needed to make sure that the units are consistent
befoie caining out calculations. ENpically the units of measinemenl (such as enf^)

have to be converted to different units for calculation (in this case dm‘^).
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coordinate bond

Worked example:

In a titration, the volume of acid added from the burette was 23.5 cm2 What is

the volume in liters (dm^)?

Notes on the method

Multiply by an appropriate factor to convert from the unit used for measurement

to the unit needed for the calculation. Find the factor by:

• writing down the relationship between the two units, then by

• writing the relationship as a ratio, so that the units cancel when it multiplies the

measurement, such that the original unit is replaced by the unit required.

Answer

I dm^ =
1 000 cm^

Hence 23.5 cm^ x .

3
= 0.0235 dm^

1 000 cm"*

coordinate bond: a covalent bond formed when one atom contributes both of the

shared pair of electrons. The alternative name is “dative covalent bond” since one

atoms gives both the electrons to the bond. Once formed there is no difference

between a coordinate bond and anv other covalent bond.
j

Ammonia forms a coordinate bond with a hydrogen ion when it is acting as a base.

H

H— n:

H

Formation of an ammonium ion

(2)ordinate (dative) bonding also accounts for the structures of carbon monoxide

and the .AJ^Cl^, molecules in aluminum c/^/onV/c vapor.

H

T
H—O—

H

oxonium ion

H\
O—

N

nitric acid

O

carbon monoxide

Examples of coordinate (dative) bonds

Ligands form coordinate bonds with the central metal ions in complex ions.

coordination compounds contain complexes that may be cations, anions or neu-

tral molecules. In a coordination compound, ligand molecules or negative ions form

coordinate bonds \\\{\\ a metal ion.

Examples of coordination compounds:

• RJFe(('X)^.] containing the negatively charged complex ion [Fe(CX)g]^

100



copper refining

• [Ni(NH
3)JCl2

containing the positively charged complex ion [Ni(NH
3 )

• Ni(CO)_j a neutral complex between nickel atoms and carbon monoxide
molecules.

coordination number: the number of nearest neighbors of an atom or ion in a
cnstal structure or the number of ligands bonded to a metal ion in a complex ion.

copolymerization is used to modifv’ the properties of polymers by producing
pohTner chains from a mixture of monomers. .AJBS, for example, is a rigid, tough
plastic widely used for the casing of domestic equipment and for parts of auto-
mobiles. It is a copolymer of Acrylonitrile (CH^^CH— CN), Butadiene
^^^

2
= CH— CH= CH^) and Styrene (C^H.— CH= CH^).

copper (Cu) is a ductile metal with a familiar reddish color. It has the electron

configuration [Ar]3rf’®45b This electron configuration is an exception to the normal
[Ar]3^f45^ pattern for the first series of d-block elements. Energetically it is more
favorable to have fill the 6/-subshell and leav'e only one electron in the 4v.

Copper is relatively unreactive. It corrodes ver)' slowly in moist air and is not attacked
b) dilute nonoxidizing acids. Copper is a good conductor of electricity; it is widely
used in electricity cables and for domestic water pipes.

Copper’s mechanical properties are enhanced by making alloys such as brass and
bronze.

Copper forms compounds in the +1 and +2 states. Under normal conditions
copper{n) is the stable state in aqueous solution. Copper(i) disproportionates in
aqueous solution.

2Cu*(aq) ^ Cu^''(aq) -t Cu(s)

The equilibrium lies well to the right. Copper(i) in the presence of water can exist
as very insoluble compounds such as Cu.,0, Cul or CuCl. Iodide ions, for example,
reduce copper (il) to copper (l) ions, which immediately precipitate with more iodide
ions as white copper(l) iodide.

2Cu2tyaq) + 4I-(aq) > 2CuI(s) + l
2
(s)

Copper(i) can exist in aqueous solution as stable complexes such as [Cu(NH ) T or
[Cu(CN)J^.

Fehlings solution and Benedict's solution contain deep blue copper (ii) complexes in

alkali. The reagents are used to detect reducing sugars and to distinguish aldehydes
from ketones. A reducing sugar or aldehyde reduces the reagent on heating to

copper (1) oxide. The blue color goes and a reddish-brown precipitate forms.

copper refining uses electrolysis to turn copper that is 99.5% pure into 99.99%
pure metal. High purity is important especially when copper is to be used as an
electrical conductor.

Impure copper is cast into anodes while the cathodes are thin sheets of pure coj)per.

The electrolyte is a mixture of copper(ii) sulfate and sulfuric acid.

At the anodes: Cu(s) > (ai^tyaq) + 2e"

At the cathodes: (iu^Aaq) + 2e~ > Cai(s)

Valuable impurities such as gold and silver are recovered from the bottom of the
electrolysis cell because they do not dissolve in the electrolyte.
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corrosion of a metal

corrosion of a metal is a redox process in which oxygen, water and acids attack

metals. Most metals are extracted from oxides. (Corrosion turns them back into

oxides.

I'he most familiar and economically serious example of corrosion is the rusting of

iron. Rusting is an electrochemical reaction.

().

Air

Water Fe(()H),, ^— Fe,,0,^. td 1^0 rust

drop I

~

Fe‘^+

ik

Fe -

Anodic

region

20H- 2e- + H/) + '4(X_,

J
Cathodic

region

Iron or steel

An electrochemical cell on the surface of iron in contact with water and the air. Regions rich

in oxygen are cathodic. In these regions oxygen Is reduced to hydroxide ions. Other parts of

the metal surface are anodic. In these regions Iron Is oxidized to iron(ii) ions. Iron(ii) ions and

hydroxide ions diffuse together and form a precipitate of iron(ii) hydroxide, which is then

oxidized to rust, hydrated iron (ill) oxide.

coulomb (symbol C) is the SI unit of electric charge.

electric charge (C) = current (Cs'*) x time (s)

A coulomb is the amount of electric charge flowing each second past a point in a

circuit when the current is one ampere (1 A = 1 C s"’) .

covalent bonds form when atoms share electrons. The atoms are held together by

the attraction between the positive charges on their nuclei and the negative charge

on the shared electrons.

/
/

Attraction

\ /
'v'

/ \
/ \

/ \

/,0.\

© ©
'A©©'

\

\ \
\ S'
\

Forces of attraction giving rise to a

covalent bond between hydrogen

atoms in I

L

/
/

Shared

electrons

\
\

/
/

Proton in

nucleus
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covalent bonds

(>ovalem bonding liolds togedier the atoms of nonmetals in molecules and (nanl
structures. Molecules have a definite shape because covalent bonds have a definite
length and direction.

H

Electron sharing in methane and the shape of a methane molecule

One sliared pair of electrons gives rise to a single bond. Double bonds and triple bonds
are also possible with two or three shared pairs.

XX • •

:(:i;(:i:
XX • •

Cl— Cl

chlorine

H H
X • • X

h;oj h:n:h
X X X X

H H

H—

O

H— N—

H

water ammonia

Dot and cross diagrams to show single covalent bonding in molecules. Also shown is a simpler
way ofshowing the bonding in molecules. A line between two symbols represents a covalent
bond.

The nonmetals common in organic chemistry generally form a fixed number of
covalent bonds. This helps us to determine the structures of molecules.

flenient Number of covalent bonds Examples

carbon, C 4

hydrogen, H 1

oxygen, () 2

11

H— C— If

H

H
\

()=C= 0

n

If— N—

H

fl— Cl

0=0 H

II
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covalent radius

nitrogen, N 3

halogens, F, Cl, Br, I 1

N=N

H— Br

c:i

Cl— N— Cl

Cl

Cl— c— Cl

Cl

CH — N
/

\

H

\\

H— C—

I

H

covalent radius: the covalent radius of an element is half the bond length when two

atoms of the element are linked by a single covalent bond.

Covalent radii in hydrogen

and chlorine and the bond

length in hydrogen chloride

Bond length = 0. 1 4 1 nm
(sunn of covalent radii)

Hydrogen chloride, FlCl

Covalent radius = 0. 1 04 nm

Chlorine, Cl^

The length of a single covalent bond between atoms of different elements can be

estimated fairly accurately by adding the covalent radii for the two atoms.

cracking: see catalytic cracking and steam cracking.

critical temperature is the temperature above which it is impossible to liquefv' a

gas however high the pressure (see vapors).

cross-linking is the formation of chemical bonds benveen polvmer chains to mod-

ify the properties of polvmers such as thermosetting plastics as well as natural rubber

during vulcanizing.

(a'oss-linking determines the three-dimensional shape of proteins. Cross-links in

protein molecules take various forms including:

• hydrogen bondinghev^veen amino acid side-chains

• disulfide bridges formed by covalent bondinghetween cvstine side-chains.

crude oil is a complex mixture of hydrocarbon molecules formed over millions of vears

when the remains of microscopic sea creatures trapped in sediments were converted

104



crystal structures of nonmetals

bv heat and pressure to petroleum. Crude oil is uow the main source of fuels and
oi ganic compounds. The composition of crude oil varies from one oilfield to another.
Some cnides coiiuhn significant quantities of sulfur and nitrogen compounds as well
as tiaces of various metals, hractional distillation of oil is the first step in relining to
pioduce fuels and lubricants as well as feedstocks for the petwcheniical industry.

crystallinity of polymers arises when the long-chain molecules are regular
enough to lie more or less parallel to each other in some regions of the solid. The
rest of the solid where the chains are tangled together is amorphous.

The crvstallinip- polymers wrih regular, unbranched chains is generally higher than
m polvmers with branched or irregular molecules. Relatively strong intermolecular
forces between chains also favor cnstallinitv. Highly ciTStalline polvmeVs are stronger
and less flexible than more amorphous polvmers.

Crystalline and amorphous

regions in a polymer

Crystalline region

Amorphous region

crystal structures of ionic compounds include the sodium chloride, cesium
chloride, fluorite, zinc blende, wurtzite dud structures. In an ionic crystal the ions
behave like charged spheres in contact. The structures are only stable if each ion is

in contact with its nearest neighbors. The cesium ion is large enough to have eight
chloride ions around it as in the cesium chloride structure. Sodium ions are
smaller and only big enough to touch six neighboring chloride ions as in the sodium
chloride structure.

Use of the Born-Ilaber cycle to determine experimental lattice energies makes it pos-
sible to decide whether the bonding in a crystal is purely ionic, due to electrostatic

forces between ions.

crystal structures of metals: the important metal structures are the two
close-packed structures and the body-centered cubic structure.

crystal structures of nonmetals: most solid nonmetals, such as iodine, sulfur d\u\

white phosphorus are molecular so the forces between the particles in the crystals are
weak van der WaaIs forces. I he crystals easily melt oi' turn to \apoi' on gentle heating.
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curly arrows

Some nonmctals consist of giant structures of atoms field together by covalfnt bonds.

Examples are carbon (as graphite or diamond) and silicon. Covalent bonds are strong

and point in a definite direction so these structures have verv' high melting points.

Diamond is verv hard. Chaphite, the other of carbon with a giant structure,

has a layer lattice. It too has a high melting point but it can be used as a lubricant

because the forces between the layers are weak and they can slide over each other.

curly 3ri*ows are used to describe the movement of electrons as bonds break and

form in the steps that describe the mechanism of a reaction. A curly arrow with both

liahes ()f the arrow head sfio\v’s the movement of a pair of electrons. Note that the

tail of the arrow starts where the electron pair begins. The head of the arrow points

to where the electron pair will be after the change.

A/Iovement of an electron

pair during heterolytic

bond breaking

CH3 Cdf,

CH,— C-^r > CH,— C + + Br-

CH, CH,

A curly arrow with only half an arrow head indicates the movement of a single electron.

Movement of single electrons during

homolytic bond breaking

A
Cl: Cl > Cl* + Cl*
c/

current is a flow of electric charge and is measured in amperes. In a metal the flow

of charge is carried by electrons. In an electrolvte the charge carriers are negative

ions moving toward the anode and positive ions moving toward the cathode.

cyanohydrins are the products formed when hydrogen cyanide adds to carbonvl

groups in aldehydes and ketones. The modern name is hydroxvnitriles.
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dative covalent bond: see coordinate bond.

^-block elements are the elements in the three horizontal rows of elements in

periods 4, 5 and 6 of the periodic table {or which the last electron added to the atomic
structure goes into a d-orbital. In period 4, the r/-block elements iim from scandium
(lr2r2/?'kSr3/?"3^'4r) to zinc (lr2r2/3r3/?*V3^'"4r).

The changes in the properties across a series of d-h\ock elements are much less

marked than the big changes across a p-block scries. This is because from one element
to the next, as the proton number o{ the nucleus increases by one, the extra electron

goes into the inner d-stibshell. In period 4, the outer shell is always the 45 orbital,

which is filled before the 3fif starts to fill.

3d 4s

Sc [Ar]

Ti [Ar]

[Ar]

C:r [Ar]

Mn [Ar]

Fe [Ar]

Co [Ar]

Ni [Ar]

Cu [Ar]

Zn [Ar]

T n
ti

/tv

n
'T' 'T'

/K yK

T
'T' 'T'

Ti
/tv /K

4'

/K
T' 'T

Ti
'T' 't' T'

4^

T'

Ti
/tv

'T 4/

/K /K

Ti
/K

4'

'T'

4/ 'T

'T' 'T'

4^ T
T' 't'

4^

'T'

4/ 4^

'T T'

4^ 4' Ti

Electron configurations of d-block elements os free atoms. Note that orbitals fill singly before

the electrons start to pair up. Note that the configurations chromium and copper do not ft

the general pattern.

The chemistry of an atom is to a large extent determined by its outer electrons

because they are the first to get involved in reactions. So the elements Sc to Zn in

period 4 are similar in many ways.

All the r/-block elements are metals with useful properties for engineering and con-

struction. Most have high melting points. A plot o{ physiccd properties AgmwsX jiroton

number often has two peaks corresponding to the halfdilling and then filling of the

r/-shell. (See figure.)

Some, but not all, of the d-block elements are classified as transition elements.

decantation involves gently [)ouring off most of a lic|uid or solution from a solid

after centrifuging or simply allowing it to settle to the bottom of a container.

Filtering is often quicker if the solid is first allowed to settle and then most of the liq-

uid decanted through the filter paper before pouring in the bulk of the solid. As a

result most of the licjuid passes through the filter paj)er before its pores are clogged

by solid particles.
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decay series

d-block elements: plot of melting point against proton number for the elements Ca to Zn

decay series: a series formed as a radioactive element decays to a daughter element

that is also radioactive and itself decays, and so on until decay produces a stable atom.

For example, the decays series for thorium-232 involves alpha and beta decay steps

ending up with lead-2()8.

232

90
Th 228

88
Ra >

Alpha decay and beta decay in the decay series for thorium-232. Note the changes of

nucleon number and proton number.

decomposition is a reaction in which compounds break down into simpler sub-

stances, which may be compounds or elements. Heating is often necessarv' for

decomposition (see thermal decomposition)

.

dehydration removes the elements of water from a compound to form a new com-
pound. (.oncentrated sulfuric acid is a powerful dehydrating agent. It dehvdrates

blue copper sulfate crystals, sucrose and ethanol.

CuS()_, • 5R,0(s)

blue

-dIL,0
^ > CuSO^(s)

white

(V.>n220,i(s)

sucrose, white

= > 12C(s)

black

c;,H30H(1)

ethanol

-tuo
= > Cfi,=: CH,(g)

ethene

deliquescent substances take up water vapor from the air and dissolve in it.

Fxamples aie calcium chloride, potassium hvdroxide and sodium hvdroxide.
neli(]uescent sul)stances make good dning agents in desiccators.

l)eli(]uescent substances cannot be used
because they cannot be weighed accurate

as primary standards in volumetric

h-.

analvsis
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density

delocalized electrons are bonding electrons that are not fixed between two atoms

in a bond but are shared between three or more atoms. Electron delocalization

accounts for the shape, stability and properties of benzene nitrate xon^ and other

oxoanions, the acidity of carboxylic acids and phenols, and the color of some organic

compounds.

Electron delocalization takes places in molecules where the conventional structure

shows alternating double and single bonds. Delocalization also affects ions where an

atom with a lone pair of electrons and a negative charge is separated by a single bond

from a double bond.

An extreme example of delocalization is metallic bonding where electrons are shared

between all the atoms in a cr)^stal. Extended delocalization over the planes of carbon

atoms explains the electrical conductivity' of graphite.

Examples of delocalization in molecules and ions

denaturation of proteins happens when the three-dimensional shape of a protein

is disrupted by heating or by extremes pH. The chemical activity of protein mole-

cules is linked to their shape. Changing the structure of proteins means that they lose

their normal activity. Enzymes, for example, cease to act as catalysts wher\ denatured.

density is the mass per unit volume of a material.

mass

The symbol for density is p and the SI unit is kg nrl In chemistry densities are

generally given in g cm"^. The densities for most solids and liquids are in the range

0.5 to 10 g cm"^.

The density of water at 0°C is 1.00 g cnr^ and in approximate laboratory work it is

common to assume that dilute aqueous solutions have the same density as water.

Solids and immiscible liquids boat if they are less dense than water. The density of ice

at the same temperature is 0.917 g cm"'' so ice boats on water.

At room temperature and pressure the densities of gases are about a thousand times

smaller than those of solids and liquids. Measurement of gas densities can be used to

calculate the molar masses o[ gyases.
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depression of freezing point

depression of freezing point: see coUigatwe pwpnties.

desalination is a process for obtaining pure water from seawater or other sources

of water containing dissolved salts. .Methods of desalination include distillation at low

|)ressnre, Iree/ing, reverse osmosis, electrodialysis and ion exchange.

desiccator: a container with a drying agent used to remove the moisture (or other

liquids) Irom chemical products that decompose if warmed in an oven, (diemicals

that can be oven dried may also be stored in a desiccator as they cool to stop them

picking up moisture from the air. A desiccator is a useful place to store chemicals that

must be kept drv.

\acuum desiccators are fitted with a tap so that air can be pumped out. The partial

vacuum s[)eeds up evaporation and diffusion of the vapor to the dr\'ing agent.

detergents clean things by removing dirt from surfaces. The chemicals that act as

detergents are surface-active agents or surfactants. Water is a polar solvent with a high

surface tension. This means that water alone it is not good at removing dirt and grease.

Detergents help to clean by:

• lowering the surface tension of water so that it spreads out and wets the

surface

• separating grease and particles from the surface

• suspending the dirt in water so that it can be rinsed away.

There are two main tvpes of detergent:

• soap detergents (usually just called soaps) made from animal fats or

vegetable oils

• soapless detergents (usually Just called detergents), which are made using

chemicals from oil.

Washing powders or liquids for clothes are complex formulations that may include:

• detergents to increase wetting power, separate grease from fabrics and
keep dirt in suspension

• sequestering agents such as sodium polvphosphate to soften hard water

• enzymes to break down protein stains such as blood stains

• optical brighteners to keep white fabrics looking bright and white
• oxygen bleach such as sodium peroxoborate(iii), which onlv acts above

b()°(:

• perfume cind color to make the product distinctive and attractive to customers.

Zeolites d\c leplacing phosphates to aid the action of detergents in hard water. The
piobkm \\ith phosphates is that they contribute to eutrophication of rivers and lakes.

deuterium is the isotope of hydrogen with proton number 1 but nucleon (mass)
number 2. The svmbols used for deuterium are or D. About 0.015% of natural
Indiogen is the deuterium isotope. Deuterium oxide (hea\T water) is D,,0.

I he ielati\e mass ol D is twice that of H and this difference means that deuterium com-
pounds leact more slowly than their normal hydrogen equivalents. During electrolysis ot'

acidified water If, is formed at the cathode more readily than D, so the concentra-
tion of denteiinm increases as electrolysis continues. Eventuallv it is possible to make
almost pine hea\y water; this is used as a moderator in some nuclear power stations.
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diazonium salts

diagonal relationship: the similarities between tlie first member of one group

in the periodic tabk with the second element in the next group, to the right, found

particularly with these three pairs of elements: Li-Mg, Be-Al, and B-Si.

The diagonal relationship is a consequence of the relatively small size of the ions of

the elements in the second short period. The polarizing power of the positive ion of

an element determines to a large extent the tvpe of bonding between the element

with nonmetals such as oxygen and chlorine and hence the chemical characteristics

of the compounds (see Fajmris rules).

These are some of the similarities between beryllium and aluminum that are not

shared by the other group 2 elements:

• their bonding in compounds is mainly covalent

• their oxides and hydroxides are amphoteric

• their anhydrous chlorides vaporize easily and form dimers in the vapor

phase (Be,,Cl_j and Af,Cl^).

Decreasing

polarizing power:

same charge,

larger size

Y

Increasing polarizing power:

increasing charge, smaller size

Diagonal relationships related to polarizing power

dialysis is used to separate dissolved ions and small molecules from colloid particles.

Dialysis uses a selectively permeable membrane, which lets through tlie small ions and

molecules but traps larger colloid particles. Dialysis is used in medicine to treat the

blood of patients with kidney failure. Dialysis removes the waste products of metab-

olism from blood and helps to adjust the concentration of ions. Blood cells and

colloidal sized protein molecules cannot pass through the membrane. (See figure.)

diatomic molecule: strictly a molecule with two atoms such as or IKH but the

term is generally used for the molecules of elements with two identical atoms.

PAamples of diatomic elements are oxygen, ().„ nitrogen, N,^, and the halogens, F,^,

(;f„ Biy, and f,.

diazonium salts: salts formed w'hen aryl amines, such as phenylamine, react with

nitrous acid (I below' about 1()°(^

Diazonium salts are unstable so they are made as needed and kept cold. Above l()°(k

benzene diazonium chloride decomposes to [)henol and nitrogen.
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dienes

Solution with

particles of

various sizes

Selectively Solution with

permeable smaller particles

membrane only

diffuse through the membrane

Dialysis

The commercial importance of diazonium salts is based on their coupling reactions

to form azo dyes.

Diazonium salts are also useful intermediates that make it possible to form derivatives

of arenes.

HN02(aq)

5°C

Formation of benzene diazonium chloride

dienes are hydrocarbons with two double bonds. Buta-1,3-diene is a product of

steam cracking and is a useful intermediate for making other organic compounds.
Synthetic rubbeis are copohaners of butadiene, or one of its derivatives, with other
unsaturated compounds such as st\Tene.

diffusion is a spreading out and mixing process in gases or solutions as molecules
or ions mingle with each other. Molecules diffuse from a region wiaere they are more
concentrated to a region where their concentration is lower. Eventuallv diffusion

'^vens out differences in concentration. The smaller the molecules or ions, the faster

they diffuse. Diffusion is a consequence of the rapid random motion of molecules in

gases and liquids. Diffusion through membranes is important in dialysis and osmosis.

dilution is the process of adding more solvent to a solution to lower the concen-
tration.

Quantitative dilution is an important procedure in analysis. The purpose is to make
a solution with known concentration by accurately diluting a standard solution.

Successive dilutions provide a series of solutions that can be used to calibrate
instruments such as colorimeters.

I he pioceduie is to take a measured volume of the more concentrated solution with
a pipette and lun it into a graduated flask. The flask is then carefullv filled to the
mark with purified water.
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' diols

The key to calculating the volumes to use when diluting a solution is to remember that

the amount in moles of the reagent in the final solution must equal the amount in

moles of the sample taken from the concentrated solution. If ris the concentration in

mol dm"^ and Tis the volume in dm'^:

• the amount in moles of the reagent in the concentrated solution =

• the amount in moles of the reagent in the diluted solution =

Worked example:

What volume of a 1 .00 mol dm~^ solution of copper(ii) sulfate is needed to

prepare 100 cm^of a 0.1 mol dm“^ solution?

Notes on the method

Start by a conversion to give the volume of the diluted solution in dm^.

can be calculated because all the other terms in the relationship

are known.

Answer

Final volume of the diluted solution is to be: 100 cm^ x
I dm^

1 000 cm^

1 .0 mol dm~^ x = 0.1 mol dm ^ x 0. 1 dm'

' 1
=

0. 1 mol dm ^ x 0. 1 dm^

1 .0 mol dm"^
= 0.0 1 dm^ =

1 0 cm^

0. 1 dm^

Pipetting 10 cm^ of the concentrated solution into a 100 cm^graduated flask and

making it up to the mark gives the required dilution.

dimerization: two molecules linking together. Dimers may l)e held together by

covalent bonds (see aluminum chloride) or by hydrogen bonding.

() ---- H— (),

/ \

An ethanoic acid dimer in a nonpolar solvent. In aqueous solution, ethanoic acid does not

dimerize because there are so many water molecules with which they can form hydrogen

bonds.

diols are alcohols with two — OH groups. An examj)le is ethan-l,2-diol, used as

antifreeze.

II H

H— C—C— II

OH OH
Structure of ethan- 1

,2-diol
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dipole-dipole interactions

dipole-dipole interactions are intermolecular forces polar molerules with per-

manent dipoles, riie cohesive forces are stronger than dispersion forces and account for

tlie fact that compounds such as propanone are li(juids at room temperature while

comparal)le nonpolar hydrocarbons are gases.

Attractions between molecules with permanent dipoles

diprotic acid: an acid such as sulfuric acid (H„SO^) that can give awav two protons

( 11 -).

disaccharides: see carbohydrates.

disinfectants are chemicals that destroy microoganisms. Chlorine and oxvgen
bleaches are used as disinfectants. Unlike antiseptics, disinfectants cannot be used on
skin and other living tissues.

disperse phase: see colloids.

dispersion forces are the weakest inlnmolecularforces that affect all molecules but
particularly account for the attractions benveen nonpolar molecules such as the mol-
ecules of iodine, alkane molecules and between the atoms of noble gases.

Intermolecular attractions explain why nonpolar substances can be liquids or solids.

When nonpolar atoms or molecules meet there are fleeting repulsions and attrac-

tions between the nuclei of the atoms and the surrounding clouds of electrons.
Tempoiaiy displacements of the electrons lead to temporaiT dipoles. Dispersion
foices are the attractions berween induced dipoles that give rise to the tendency for
the molecules to cohere.

Molecules meet:

there are temporary

attractions and repulsions

between electrons and nuclei

Two nonpolar molecules: Weak, short-lived
the centers of positive and attractions between
negative charge coincide temporary dipoles

Diagram to illustrate the origins and effect of temporary induced dipoles

I he gi cater the number of electrons, the greater the polarizability of the molecule
and the greater the j)ossibilitv for temporaiT, induced dipoles. This explains why the

114



dissociation

boiling points rise down gioup 7 (the halogens) and gioup 8 (the noble gases). For

the same reason the boiling points in alkanes increase with the increasing nninber

of carbon atoms in these hydrocarbon molecules.

displacement reactions are redox reactions that can be used to compare the

relative strengths of metals as reducing agents and nonmetals as oxidizing agents.

A more reactive metal displaces a less reactive metal from one of its salts. Zinc, for

example, displaces copper from a copper(ll) sulfate. The zinc atoms reduce the

copper ions.

Zn(s) + Ctr"(aq) > Zn-*(aq) + Cii(s)

In gioup 7, a more reactive halogen displaces a less reaction halogen. The order of

reactixitv for the halogens is Cl>Br>I. The more reactive halogen oxidizes the ions of

a less reactive halogen.

Bi\,(aq) + 2I-(aq) > 2Br-(aq) + F,(s)

Standard electrode potentials make it possible to predict the direction of change in a

displacement reaction (see electrochemical series).

displayed formulas show all the atoms and bonds in a molecule (see also

structuredformulas).

H H H

H— C— C— C— OH

H H
f^— C— H

H

2-methylpropan- 1 -ol

Examples of displayed formulas

disproportionation reaction: a reaction in which the same element both

increases and decreases its oxidation number. Clopper(i) ions disproportionate in

aqueous solution to a mixture of Cif^Aaq) ions and copper Cilams. A series of dispro-

portionation reactions is used to make chlorine oxoanions. Hydrogen peroxide

disproportionates when it decomj)oses.

dissociation: a reaction in which a compound splits into two or more smaller products

that can recombine to fonn the original compound il the conditions change.

Some compounds dissociate on heating. Examples are ammonium chloride and

dinitrogen tetroxide. The.se thermed dissociation reactions are reimsible. On cooling, the

original compounds reform.

NHdlKs) NH,(g) + H(:i(g)
cool

H H
H
\

H C

C

C
H

H- C

H
H

C

C

H

H

cyclohexene
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distillation

heat

•V>4(S) ^ 2N'(X,(g)
cool

Acids dissociate into ions on solution in water. The extent to which they ionize dis-

tinguishes strong and weak acids and tliis is measured by the cicid dissociation constant.

distillation: a technique for separating and purifying a liquid by heating to vapor-

ize the li(|uid and then cooling to condense it. Simple distillation is used to purify

water, to recover pure solvents and to separate licjuid product from reaction mixtures.

Substances that do not evaporate are left behind in the distillation flask.

One of the easiest ways to determine the boiling point of a liquid is to distill a pure
sample of the liquid in an apparatus with a thermometer.

(See also fractional distillation, steam distillation and vacuum distillation.)

DNA (deoxyribonucleic acid) is a double helix made up of two polywi^c/cof/dc chains.

Both chains have a sugar phosphate backbone. Evcr\’ sugar unit has one of four bases

linked to it. The four bases are adenine (A), cytosine (C), guanine (G) and thvmine
(T). The links between the chains are formed by hydrogen bonding betss^en pairs of
bases: A pairs with T and C pairs with G. (See figure.)

A gene is a region of DNA with a discrete function, found in the chromosomes of cells.

dolomite is a carbonate mineral with the composition MgCO^.CaCOg. It is a raw
material for the production of magnesium and its salts.

cf-orbitals are the five atomic orbitals in a d-subshell. In a free atom or ion the five

r/-oibitals are at the same energ\’ level. The five orbitals are not the same shape and
tlK\ split into two groups with different energies when a d-block element ion is sur-
rounded by molecules or ions in a complex ion. This helps to account for the color
of complex ions.

dot and cross diagrams show the way in which the outer electrons of atoms are
shared or transferred when covalent bonds and ionic bonds form. Dots, crosses and
small ciicles help to keep count of the number of electrons contributed bv each atom
to bonding.
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double salts

Deoxynbose sugar

Each nucleotide consists

of one base (A, T, C or G);

DNA: representation of part of a DNA double helix

Dot and cross diagrams for molecules show both bonding and lone pairs of electrons;

they help to predict the shapes of molecules.

Despite the use of dots and crosses for the electrons coming from different atoms, all

the electrons are the same. Once bonds form it is impossible to say which electron

came from which atom.

double bond: two covalent bonds between two atoms as in oxygen, alkenes and

ketones. With two electron pairs involved in bonding, there is a region of high

electron density between two atoms Joined by a double bond.

* X

:o ? Oo
X 0 O

ox X O

^OSCUTo
o O O Q

H. , oH
o r^^

m\.j K 0

H” ° ‘H

oxygen carbon dioxide ethene

H /H
0 = 0 o = c = o = c

iG

Examples of molecules with double bonds

The molecular orbital model for a double bond shows that one of the bonds is a

normal sigma hand while the second bond is a pi bond (see bonding molecular orbital)

.

double salts are solid ionic salts with two different metal cations in a lattice of neg-

ative ions. Ciitystalline double salts are not mixtures but distinct compounds with a

definite structure.

When dissolved in water, double salts behave Just like a mixture of two simple salts.

The usual way of making a double salt is to mix equal amounts (in moles) of the two

single salts in solution and then to cnstallize the double salt. Examples of double

salts are the alums.
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drug

drug: in medicine, a substance used for tlie treatment, relief, diagnosis or [)revention

ofdisease. Ihere are many classes of' medical drugs, which include:

• drugs that act on the cential nervous system such as hypnotics, sedatives,

traiKjuilizers, antidepressants, narcotics, anesthetics c\m\ analgesics

• drugs that kill bacteria such as antibiotics and sulfonamides (see chemo-

therapy)

• anti\iral drugs such as those used to suppress HI\'

• cardiovascular drugs that help to lower blood pressure, stimulate the heart

or control the heart heat

• drugs such as cisplatin used in cancer treatment

• drugs used for the digestive system such as antacids, laxatives and drugs to

treat ulcers

• hormones such as insulin, growth hormone and steroids.

People also take drugs for pleasure, stimulation and relaxation. Some recreational

drugs such as alcohol and nicotine are legal. Others such as marijuana, cocaine and
opiates are illegal. Drugs used to treat disease may also he exploited to enhance per-

formance in sport. Sensitive methods of chemical analysis are widely used to detect

traces of drugs in blood, breath and urine (see breathalyzer).

drug development is the research and development program that leads to the

launch of a new drug. Ihuprofen, for example, is a drug that was developed to reduce
inflammation in the Joints of people suffering from rheumatoid arthritis. Testing
showed that the drug was also an effective pain reliever and a rival to aspirin. The
research and development (R & D) program took 30 years.

Before a new compound can become a marketable drug it has to show that;

• it meets a definite need of patients and their doctors

• it is technically possible to make it on a large scale

• there is a big enough market to make it commercial

• it is safe.

dry cells are electrochemical cells in which the electrolvte is made into a paste to stop
it leaking out. The commonest cell for evenday use is the zinc-carbon diT cell, which
produces an emfof 1.5 \. (See figure.)

At the negative terminal zinc atoms are oxidized into zinc ions:

Zn(s) > Zn-^(aq) + 2e-

At tilt positite teiminal hydrogen is reduced from the +1 state but is then oxidized
by manganese (\ l) oxide:

2XH/(aq) + 2e- > 2XH3(aq) + Rdg)
2Mn(\,(s) + If,(g) > Mn,03 (s) + H,0(1)

I lit Noltage of the cell falls at high currents because hvdrogen forms faster than it

tan be oxidized by the manganese (l\) oxide. This makes the cell unsuitable for
high-powei uses, for which alkaline cells cwo preferred.
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dyes

Metal cap

I

Sealing material

Carbon rod

(positive electrode)

Ammonium chloride paste

Cross section of a dry cell

dry ice is solid carbon dioxide. Above -79°C it sublimes to carbon dioxide gas (see

sublimation)

.

This makes it a useful coolant.

drying agents remove water from moist liquids and gases. Liquid products of

organic preparations are often dried with small amounts of anhydrous sodium sul-

fate or anhydrous magnesium sulfate before the final distillation step, (iases made

with laboratoiT reagents are often moist and can be dried by bubbling them through

concentrated sulfuric acid, or more safely by passing them though a U-tube contain-

ing silica gel. Anhydrous calcium chloride is frequently used in desiccators to absorb

water, alcohols or amines.

drying oils are oils such as linseed oil that polymerize and set when ex|)osed to air.

As a drying oil linseed oil is used in the manufacture oi paints i\m\ varnishes.

ductility is a proj^erty of materials, especially metals, that can be drawn out under

tension without breaking. Copper \s a ductile metal that can be pulled through a die

(narrow hole) to make thin wire.

dyes are colored materials used to dye fabrics and other materials such as paj)er,

hair, leather and food. A good dye is a fast dye, which means that it is not only col-

ored but can also attach itself strongly to a material so that it does not wash out nor

should it fade in the light.

Plants were the main source of natural dyes until William Perkin chanced on the first

synthetic dye, mauveine, in 1856. Alizarin and indigo are plant dyes that were the

basis of large-scale industries. The discovery of synthetic routes to these dyes in the

late nineteenth century was an early triumph for organic chemistry.

Pixamples of svnthetic dyes are azo dyes, vat dyes and fiber reactive dyes.
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dynamic equilibrium

dynamic equilibrium: the state of balance in a reversible process when neither the

forward change nor the backward change is complete; both changes are still going

on at equal rates so that they cancel each other out and there is no overall change.

Dynamic equilibrium between

a liquid and its vapor

Examples of systems that can be in dynamic equilibrium include:

• water and ice at 0°C, or more generally the liquid and solid states of a

substance at its melting point

• a liquid with its saturated vapor in a closed container

• a solid with a saturated solution of the solid

• a solute distributed benveen two immiscible solvents

• a loeak acid in aqueous solution, or any other reversible reaction at constant

temperature and pressure.
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edta is the common abbreviation for a particular ion that binds so firmly with metal

ions that it holds them in solution and effectively makes them chemically inactixe. A
verx’ little edta is added to salad dressing to trap traces of metal ions that otherwise

would catalyze the oxidation of oils. Another practical application is where edta is

included in bathroom cleaners to help remove scale by dissolving deposits of calcium

carbonate left by hard water. Thanks to this ability to act as a chelating agent, edta can

be used to treat lead poisoning.

In laboratories edta is the disodium salt of ethylene diaminetetraacetic acid (or as it

is now called 1,2-bis [bis (carboxymethyl) amino] ethane). The ion can fold itself

round metal ions so that four oxygen atoms and two nitrogen atoms can present lone

pairs to form coordinate bonds with the metal ion. It is a hexadentate ligand.

(See also complex-forming titration.)

2-

O

r— r.H CH,,

Complex ion formed by edta with a metal d

ion. For simplicity the disodium salt is often q
represented as Nci^Y. L J

efflorescence is the loss of water of crystallization from a hydrated salt kej)t in an oj)en

container. Hydrated ci7stals of sodium carbonate (sal soda, Na._,(X).^. 1011,^0) turn

powder)' in an unsealed container as they gradually lose most of their water.

elastomers are polymers that can be stretched to several times their normal length

and recover their original size and shape when released. They are elastic materials.

Natural rubbei- is an elastomer, as are synthetic rubbers such as the copolymer of

butadiene and styrene.

electric arc furnace: a furnace for making steelhy recycling scrap iron and steel. The

heat of an arc from carbon electrodes melts the metal. Added lime combines with

impurities to form a .dag. Other ingredients are added as necessary. The process can be

precisely controlled to give small batches of steel matched to a sj^ecilied composition.
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electrical conductors

electrical conductors are solids, licjuids or gases that conduct electricity because

they contain charged particles that are free to move. They include:

• metals and graphite in which the charge carriers are delocalized electrons

• electrolytes in which the charge carriers are positive and negative ions.

electrical insulators are solids, li(|uids or gases that do not conduct electricity

because they contain no free-moving charged particles. Increasing the ap[)lied volt-

age may turn an insulator into a conductor if the voltage becomes high enougfi to

ionize the atoms or molecules.

electrochemical cells produce an electric potential difference from a redox reaction.

Some electrochemical cells are designed for practical use. Examples include dry cells,

alkaline manganese cells imd rechargeable nickel-cadmium (Ni("ad) and lead-acid cells.

rhe reaction of zinc metal with aqueous copper(ll) ions is a redox reaction that can

be described by two half-ecjuations. Zinc is oxidized to zinc ions as copper(ll) ions are

reduced to coj^per metal.

Zn(s) > Zn-*(aq) + 2e“

(ai‘‘^^(aq) + 2e" > Cu(s)

In an electrochemical cell the two half-reactions happen in separate half-cells. The
electrons flow from one cell to the other through a wire connecting the electrodes.

The electric circuit is completed by a scdt bridge connecting the two solutions.

The tendency for the current to flow is measured with a high-resistance voltmeter

that measures the cell’s cw/when no current is flowing. In the example shown elec-

trons tend to flow out of the zinc electrode (negative) round the circuit and into the

copper electrode (positive). The emf of the cell is 1.14 \’ under standard conditions

(298 K and concentrations of 1.0 mol dnr'^).

There is a convenient shorthand for describing cells. The standard emf of the cell,

Tc^ii, is written alongside the cell diagram. The agreed convention is that the sign

charge on the right-hand electrode.

High-resistance voltmeter
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electrochemical series

Zn(s)l Zn-*(aq) ii Cu-*(aq)ICu(s) = + 1 . 14 \^

If the cell emf is positive the reaction tends to go according to the cell diagram read
from left to right. As a current flows in a circuit connecting the two electrodes, zinc

atoms turn into zinc ions and dissolve, as copper ions turn into copj)er atoms and
de])osit on the copper electrode.

Zn(s) + Cu-*(aq) > Zn-"(aq) + Cu(s)
Q

can be calculated for any redox reaction with the help of a tal)le of

standard electrode potentials.

= E^. -E^
‘•II (rijflu-haiui flectrode) ^ (left-liaiicl flectiodf

)

electrochemical series: a series showing half-reactions for oxidation and reduc-

tion with the most powerful reducing agent Ai the top of the list and the most powerful

oxidizing agent at the bottom of the list.

The order of the half-reactions is determined by their standard electrode potentials. The
half-cell with the most negative electrode potential is at the top of the list. The most
negative electrode has the greatest tendency to give up electrons so it is powerfully

reducing.

The half-cell with the most positive electrode potential is at the bottom of the list.

The most positive electrode has the greatest tendency to gain electrons so it is the

most powerfully oxidizing.

Half-cell Half-reaction E/\

\aTaq)l \a(s) \a (aq) + e —" Na(s) -2.71

Mg-Taq)l Mg(s) Mg- (acj) + 2e ^ Mg(s) -2..37

Zn-Ta(j)l Zn(s) Zirdaq) + 2e Zn(s) -0.76

2H (aq)IH.dg) 2H(aq)+2e ^ WXg) 0.00 (by definition)

(ai-*(aq) l(ai(s) (ar (aq) + 2e (:u(s) +0.34

[l,(af|),2|-(a(|)]ll>t I.,(aci)+2e 2r(aq) +0..54

[Br,(ac|),2Br-(a(|)]ll>t Br.daq) + 2e — 2Br-(aq) + 1.00

[(;i,(aq),2(;r(aq)]IPl (T(aq)+2e ^ 2(r(aq) + 1..51

I'he top |)art of the given electrochemical series shows half-reactions for metal ions

and metals. Sodium is the most reactive of the metals when it reacts as a reducing

agent forming metal ions, and copper is the least reactive. This l)roadly conesj^onds

to the activity series for metals and the order of reaction shown by melal/metal ion

displacemen t reactions.

The bottom part of the series shows half-reactions for halogens and halide ions.

(Tlorine is the most i'eacti\e of these halogens when it acts as an oxidizing agent

forming chloride ions. Iodine is the least reactive. This corresponds to the order of

reactivity of the halogens as shown bv theii' displacement reactions.

file “counterclockwise rule” is a (]uick and easy reminder of the direction of change

from the electrochemical series l)ased on electrode potentials. First identify the two

half-ecjuations. Write them down with tlie more negati\e standard electrode poten-

tial on the top. The more positive half-ieaction tends to go from right to left

oxidizing the more negative half-reaction from right to left.
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electrode

More

1
negative

electrode
1

1

More

positive
^

(A,(aq)

electrode
V

+ 2e' 2r(aci)

2(^1 (acj)

= +0.54 V

= +E51V

The counterclockwise rule predicts that chlorine will oxidize iodide ions.

Electrode potentials predict the direction of change but say nothing about the rate

of change. A reaction that is feasible may not in fact happen because it is so slow.

electrode: see anor/aind cathode.

electrode potential: see standard electrode potential.

electrolysis is a process that uses an electric ctirrent to decompose a molten ionic

compound or a solution of ions into elements. Ions can only conduct electricity when

they are free to move, which is why electrolytes are molten compounds or solutions.

l.arge-scale manufacturing processes that use electrolysis include aluminum manufac-

ture and the electrolysis of brine. Electroplating, copper refining and anodizing are also

electrolytic processes.

During the electrolysis of molten salts, such as molten lead bromide:

• metal deposits appear at the cathode, e.g. Pb“" + 2e" ^ Pb

• non metals appear at the anode, e.g. 2Br~ ^ Bi\, + 2e“.

During the electrolysis of a solution of a salt in water the change at the cathode

depends on the type of metal ion in the salt. If the metal is:

• low in the electrochemical series, it forms at the cathode, e.g.:

(ai-"(a(]) + 2e~ Cu(s)

• high in the electrochemical series, the product at the cathode is hydrogen,

from hydrogen ions produced by the ionization of water:

2II (aq) + 2e--> fi,(g).

During the electrolysis of a salt solution in water the change at the anode mny depend

on the type of electrode. If the anode is made of carbon or platintim the products

are:

• halogen molecules if the ions in the solution are chloride, bromide or

iodide ions, e.g.:

2Cl-(aq) ^ CUg) + 2e-

• otherwise oxygen from the water:

401 1-(aq)’ 0,(g) + 2Ii,0(l) + 4e-.

I he concentration of the solution can affect the product at the anode. Chlorine

lorms at the anode during electrolysis of a concentrated solution of sodium chloride

but as the solution gets more dilute increasing amounts of oxygen form.

II the anode is a metal such as copper or silver, the atoms in the electrode turn into

ions, e.g. (ads) -+ (ar'daq) + 2e~.
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electrolysis

Electron flow

© ©
—i

I

0

Cathode

Positive ions gain

electrons at the cathode

0

Electron flow

Positive

ions

Negative

ions

Anode

Negative ions lose

electrons at the anode

Electrolyte

Changes during electrolysis in an electrolytic cell. Positive ions gain electrons at the negative

electrode (cathode) and turn into atonns. This is reduction. Negative ions lose electrons at the

positive electrode (anode). This is oxidation.

The amount of change at an electrode depends on:

• the charge on the ions

• the amount of electric charge that flows.

The extent of change at an electrode can be calculated from the ionic equation for

the electrode process.

Worked example:

Sodium is manufactured by the electrolysis of molten sodium chloride (mixed

with other salts to lower the melting point). In a commercial cell the current is

30 000 A. What mass of sodium is formed in an hour at the steel cathode?

Notes on the method

Two relationships are needed involving electric charge and the Faraday constant.

• quantity of electric charge/C = current/A x time/s, since I A =
I C s“'

• amount of electrons/mol
amount of electric charge/C

Faraday constant/C mol"'

The value of the Faraday constant = 96 480 C mol"'.

The molar mass of sodium = 23 g mol"'.

Answer

The equation for the electrode process: Na^ + c" -© Na

I mol I mol
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electrolysis of brine

Time of electrolysis - 60 x 60 s - 3600 s

Quantity of electric charge passed per hour = 30 000 C/s x 3600 s

=
1 08 000 000 C

108 000 000 C r r . u
Amount of electrons = 96 480 C moP~

“ O' sodium formed per hour

Mass of sodium formed per hour —
1 08 000 000 C
96 480 C mol-'

X 23 g mol ' — 25 750 g

= 25.75 kg

electrolysis of brine is tlic basis of the clilor-alkali industiy Electrolysis oi hnne is

used to manufacture chlorine, hydrogen and sodium hydroxide.

Brine is a solution of sodium chloride in water. During electrolysis chlorine forms

at the j)ositive electrode (anode). Hydrogen bubbles off the negative electrode

(cathode) while the solution turns into sodium hydroxide.

The cell used for electrohsis of brine has to be carefully designed because chlorine

reacts with sodium hydroxide. The cell has to keep the chlorine and sodium hydroxide

apart.

fhe types of cell used for the process include the flowing mercury cell and the

membrane cell.

Sodium

hydroxide solution

__ XaOH(aq)

Main inputs and outputs of a membrane cell. The membrane allows the solution to pass

through but stops the chlorine mixing with the alkali. The membrane has ion exchange

properties; it lets positive ions through but not negative ions.

electromagnetic radiation is radiation such as X-ravs, ultraviolet radiation, \isible

light and infrared ravs that can travel through space as oscillating electric and
magnetic waves.

Sodium

chloride solution

NaCd(aq)

Chlorine gas Hydrogen gas

r-r(g) “ H.,(g)

o o
o o

> °J
r 1

1 1 1

1 Pore)US

membrane -

Positive Negative

titanium nickel

electrode electrode
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electron configuration

There is a spectrum of types of electromagnetic radiation that differ only by their

wavelength, X, and frequency, v. In space all radiation travels at the same speed, that of
light, c = 2.99 X 10^ m s"'.

,
r 2.99 X logins-'

radio frequency microwave infrared
<V

ultraviolet X-rays

>

y-rays

Frequency v/Hz 10^
1

0^* 10^ 10“
I

O'^
I0'° iO" lO'^ lO’^ lO'^ tO'^ 10*^ lO’^ 10*^12 inl3 inl'f iaI5 ia 16 ml?

Wavelength Aym 0^ 0
“

10
'

O'

The electromagnetic spectrum

When electromagnetic radiation interacts with matter it behaves as if made up of
packets of energ\'. These encrg\ quanta are also called photons. The higher the fre-

quency of the radiation, the higher the energy’ of the quanta, given bv E = hv. The
higher-energ\' photons of ultra\’iolet radiatic^n and X-rays can have a much greater

chemical effect than lower-energ\' photons of infrared and radio waves.

electron affinity: the enthalpy change when gaseous atoms of an element gain

electrons to become negative ions. Fdcctron affinities are precisely defined and only

used in thermochemical cycles such as the Born-Haber cycle, (diemical reactions in

laboratories do not normally involve free gaseous atoms and ions.

The first electron affmitv of an element is the enthalpy change when one mole of

gaseous atoms gains electrons to form one mole of gaseous ions. These two equations

define the first and second electron affinities for oxygen:

()(g) + e‘(g) > 0~(g) AH^ = -141 k) mob'

()-(g) + e-(g) > ()--(g) Afl^= + 798 kj mob'

The gain of the first electron is exothermic but adding the second electron to a neg-

atively charged particle is an endothermic process. Overall adding two electrons to a

gaseous oxygen atom is endothermic.

electron configuration: the number and arrangement of electrons in an atom of

an element. Electrons fill energ\' levels according to the aulhau principle.

The electron configuration helps to make sense of the chemistry of an element. The
electrons in the outer shell largely determine the chemical properties of an element.

Elements in the same goup \.\\e |)eriodic table have similar pioperties because they

have the same outer electron configuration. There are trends in j)roperties down a

gnnip because (4 the shielding e{{ec{ of the increasing number of inner full shells.

There are several common conventions feu' writing electron configurations.

shortened form of electron configuration uses the svml)ol of the previous noble

gas to stand for tlie inner full shells. According to this convention the electron

corifiguration of sodium is [Ne]3.v‘.
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electron density maps

Energy

i I

3sE
2p ity [1^ lu

2s U

u Is El 2sE 2pEISIISl 3sE

Representations of the electron configuration of sodium, ls^2s^2p^3s'

electron density maps show the whereabouts of electrons in crystals. The lines in

the maps connect points with equal electron densities. Each map shows the pattern

of electron density for a two-dimensional slice through the crystal. The maps are an

interpretation of the information from X-ray diffraction studies. This is possible

because it is the electrons in a crystal that scatter X-rays (see X-rr/y crystallography).

Electron density maps for an ionic crystal proyide eyidence for electron transfer from

the metal to the nonmetal. The ions show up as distinct particles. Electron density

ma[)s for molecules show electrons shared between atoms in covalent bonds.

c:r

Electron density maps for an ionic crystal and for a molecule

electron-pair repulsion theory: see shapes of molecules.

electron transfer takes place during redox reactions. An atom, molecule or ion loses

electrons when oxidized (oxidation is loss). The electrons are transferred to the

atom, molecule or ion being reduced (reduction is gain). Hence the memoiT aide:

Oil. RKi. Oxidation numbers dnd half-equations iov redox reactions help to keep track

of electron transfer reactions.

electronegativity measures the pull of an atom of an element on the electrons in

a chemical bond. I he stronger the pulling power of an atom, the higher its elec-

tro negatiyity. I here are two quantitathe scales of electronegathity; one deyised by

Einns Pauling and the other by Robert Mnlliken. Howeyer, the term electronegati\it\

is generally used to compare one element with another qnalitatiyely so it is enough
to know the trends in \alnes across and do\vn the periodic table.
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electrophilic addition

Trends in electronegativity for s- and p-block elements

The highly electronegative elements, such as fluorine and oxygen, are at the toj)

right of the periodic table. The least electronegative elements, such as cesium, are at

the bottom left.

The bigger the difference in the electronegativity of the elements forming a bond,
the more polar the bond. O.xygen is more electronegative than hydrogen so an
O— H bond is po/ar \\’ilh a slight negative charge on the oxygen atoms and a slight

positive charge on the hydrogen atom.

5+ 8- '^\s+ 8-
n-(;i c=o

h/

Examples of polar bonds between atoms with different electronegativities

6+

H— 25-

O

H
8+

The bonding in a compound becomes ionic if the difference in electronegativity is

large enough for the more electronegative element to remove comj)letely elec-

trons from the other element. Ihis happens in compounds such as sodium
chloi'ide, magnesium oxide or calcium fluoride.

electrophiles are reactive ions and molecules that attack parts of molecules that are

rich in electrons. They are “electron-loving” reagents. Electrophiles form a new bond
by accej)ting a pair of electrons from the molecule attacked during a reaction.

Exam])les of electrophiles are the H and the NO.,* ions. Other electrophiles are the

atoms at the 6* end of a po/ar covaleut bond. See electrophilic addition and electrophilic

substitution.

electrophilic addition takes place when alkenes undergo addition reactions, fhe

electrophile attacks the electron-rich region of the double bond between two carbon

atoms. Electrophiles that add to alkenes include hydrogen bromide, bromine and

water (in the j^resence of an acid catalyst).

Hydrogen bromide molecules are polar. The hydrogen atom, with its 6' charge, is the

electroj)lhlic end of the molecule.

Bromine molecules are not polar but they become polarized as they approach the elec-

tron-rich double bond. Electrons in the double bond repel electrons in the biomine

molecule. Ehe 5 end of tlie molecule is electiophilic.
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electrophilic substitution

II

II

Br

>

II II

II — C—C— II

1 1 Br

Electrophilic addition of hydrogen bromide to ethene. The reaction takes place in two steps. The

intermediate has a positive charge on a carbon atom. It is a carbocation. Curly arrows show

the movement of a pair of electrons. Bond breaking is heterolytic and the intermediates ions.

II

\
c:= (:

II
/
6+Br

>

II II H

1

H— C-
1

c:— c: + —

>

-c;

1

'v
Br Bi

: Br:
• •

Electrophilic addition of bromine to ethene

electrophilic substitution is the characteristic reaction of arencs such as ben-

zene. The electrophile attacks the electron-rich benzene ring with its six delocalized

electrons. When describing the mechanism of this t\'pe of reaction it is easier to keep

track of what is happening to the electrons using the Kekule structure ior benzene.

Electrophilic substitution of bromine in benzene is rapid in the presence of iron.

Iron reacts with some bromine to form iron (ill) bromide, which is the catalvst.

Iron (ill) bromide is an electron pair acceptor {Lewis acid) that produces the

electrophile, Br*.

Formation of the electrophile

Br

Br— Fe^^'^Bi^Br —> FeBiv," + Br*

Br

The First step ol electrophilic substitution in benzene is very similar to the first step

of electrophilic addition to alkenes. The intermediate could then complete the reaction

by adding a bromide ion but in fact what haj)pens is the loss of H* leading to substi-

tution. Loss ol fl* is preferred because it keeps the stable benzene ring stabilized bv
six delocalized electrons.

. fl

/-^^Br Br

+ H

The mechanism of electrophilic substitution. Note that an alternative second step (addition

of a bromide ion) is not favored because it gives a product that does not have a stable

benzene ring.
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elimination reaction

Oilier examples of electrophilic substitution arc the nitratkm ofbenzene, the snlfonafion

of benzene mu\ the Friedel-Cmfts reaction.

electrophoresis is a technique for separating and identifying organic comjionnds.
It can be used to separate compounds such as amino acids that become electrically

charged when dissolved in water at a particular pfi. Electrophoresis is used in hos-

pitals to diagnose disease. It is important in genetic profiling to separate out the

bands that form the “fingerprint.” It is also used in research to study the strnclnres

of proteins and nucleic acids.

Electrophoresis takes place on strips of a gel soaked in a buffer solution to keep the

pH constant. Small spots of several samples can be put on each gel. The charged mol-
ecules move when an electric voltage is connected between the ends of the irel and
they separate into bands according to their size and charge. Most samples are color-

less so, once the separation is complete, the gel is dipped into a stain to show up the

bands.

electroplating uses electrolysis to coal one metal with another. The process is often

used to coat metals with thin layers of copper, nickel, chromium, silver and zinc. The
object to be plated forms the cathode in an electrolysis cell containing a .solution of

ions of the metal to be plated. Ciood results depend on careful control of the condi-

tions including the composition and concentration of the electrolyte, the

temperature and the size of the current.

electrostatic forces are the forces between charged particles. Lhilike charges

attract each other. Positive ions, for example, attract negali\c ions in ionic com-
pounds. Tike charges rej)el each other. Positive ions in an electrolyte are repelled by

the positive anode while being attracted to the negative cathode.

The size of the electrostatic force between two charges varies according to (>oulomb’s

law. The bigger the charges, the stronger the force - the force is })roporlional to the

size of the charges, (A The greater the distance, d, between the two charges, the

smaller the force - the force is inversely proportional to the distance sejuared.

(J, X Qm
electrostatic force ^

d-

electrovalent bonding: see ionic bonding.

elements are chemically the simplest substances. All the atoms of an element ha\e

the same number of protons in the nucleus. The proton number (atomic number)

identifies an element and fixes its position in the periodic table. W'hen an atom turns

into an ion by gaining or losing electrons it becomes a charged atom of the same ele-

ment. fhe isotopes oi du element have different numbers of neutrons in the nucleus

but they have the same chemical properties because they have the same number of

protons and therefore the same electron configuration.

elevation of boiling point: see coUigative properties.

elimination reaction: a reaction that sj)lits off a simple comj)ound from a molecule

to form a double bond.

Elimination of a hydrogen halide {com a lialogenoalkane \)V(k\ucc"s an alkene. fhe elimi-

nation is favored if the halogen atom is in the middle of tin* carbon chain or at a

branch in the chain. EaNorable conditions iuNolve heating the halogenoalkane with
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Ellingham diagrams

a solution of potassium liydroxide in ctlianol. (Using ethanol as the solvent instead

ol water makes the alternative hydrolysis reaction less likely.)

no:
II /rBi II

11,0
Br

II

II

II — (^C— C—
\

II (;= (:— c— H

II II II

ir
II II

Elimination of hydrogen bromide from 2-bromopropone

Another example of an elimination reaction is the removal of water from an alcohol to

form an alkene. This is a useful reaction in synthesis for introducing double bonds into

molecules. The conditions for reaction are either to pass the vapor of the alcohol over

a hot solid catalvst such as aluminum oxide. .Alternatively the alcohol is dehydrated by

heating with concentrated sulfuric acid.

II OH H

II— C— C— c:— fl

II H H

t t,,S(), , heat

-H,()

II

C— C— II

H H

Formation of an alkene from an alcohol

Ellingham diagrams explain the conditions for //iclal extraction from oxide ores.
Q

The diagrams are graphs showing how the free energy changes of formation (AG ) of

oxides varv with temperature.
-Q

The more negative the value of AG
, the greater the tendencv for the element to

combine with oxvgen. So the lower the line in the diagram, the more stable the

oxide. Up to 1S()()°(" zinc has a stronger tendency to combine with oxvgen than does

carbon. .Above this temperature carbon has the stronger affmit\ for oxygen and can

reduce zinc oxide to zinc in a blast furnace.

(.arbon cannot reduce aluminum oxide to aluminum in the temperature range

shown on the graph. Industry uses electrolysis for aluminum extraction.

emf (electromotive force) measures the “voltage” of an electrochemical cell. The smii-

bol for emf is h and the SI unit is the volt {\). The emf is the energ)' transferred in

Joules per coulomb of charge flowing through a circuit connected to a cell. The defin-

ition ol the volt as a “joule per coulomb” makes it possible to calculate theJiee energy

change, A(>

,

for reactions from the \ allies of the emf for electrochemical cells, F. ...

Aff = -
„

where ; is the number of electrons transferred according to the equation for the

reaction and /• is the Faraday constant.

empirical formula: the formula of a compound found bv calculation from the

combining ma.sses of elements. The empirical formula shows the simplest ratio of the
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empirical formula

with temperature Temperature/K

aniouiits of elemenls in the coinpouiul; it therefore gives the ratio of the nninbers of

atoms.

For molecular compounds, the relative molecular mass shows whether or not the

empirical formula is the same as the molecularformula.

Worked example:

Analysis of a sample of a salt shows that it consists of 1.30 g zinc combined with

0.24 g carbon and 0.96 g oxygen. What is the formula of the salt?

Notes on the method

Look up the molar masses of the elements in a book of data.

Recall that: amount of substance/mol =
mass of substance/g

molar mass/g mob'

Answer

zinc carbon oxygen

Combining masses l.30g 0.24 g 0.96 g

Molar masses of elements 65 g mob' 1 2 g mob' 1 6 g mob'

Amounts combined
1.30 g 0.24 g 0.96 g

65 g mob' 1 2 g mob' 1 6 g mob'

= 0.02 mol = 0.02 mol = 0.06 mol

Simplest ratio of amounts 1 1 3

The formula is Zn(X).^.
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emulsions

emulsions consist of (lr()|)lets of one li(|nicl finely dispersefl in another li(|ni(l.

Kmnlsions are colloids. Milk is an emulsion o( fat dro|)lets in water. Salad cream is an

emulsion of vegetable oil in vinegar.

An emulsion is often “thicker” (more viscous) than either litjiiid on its own. .Many

cosmetic and medical creams are emulsions. Foundation creams and brushless

shaving creams are oil-in-water emulsions. (k)ld creams and cleansing creams are

water-in-oil emulsions.

just shaking two licjuids together generally produces droplets that (juickly separate

back into two layers on standing. It is usually necessary to add an emulsifying agent

to stabilize an emulsion. Salad dressing is an emulsion stabilized using mustard as the

enuilsifving agent. .Mayonnaise is stabilized with egg yolk. .Many creamy foods are

emulsions and the lists of their ingredients include enuilsifving agents such as

lecithin and alginates.

Fmulsifving agents are surjactants.

enantiomers: see chiral comfjonncls.

enantiotropy: the existence of two cdlotropes aw element each of which can be

stable over a range of conditions. Under atmospheric [)ressure, rhombic sulfur is the

stable form of the element at room temperature and up to 95.5°(k .Above this tem-

perature the stable form is monoclinic sulfur. .At the transition temperature the two

allotropes are in equilibrium. Both forms consist of molecules.

Tin is another element that shows enantiotropy. The normal, malleable form of

metallic tin is stable down to 13.2°(f Below this temperature the brittle, gray form is

stable, giving rise to “tin plague” in samples stored for a time at low temperature. The
change from the metallic crystal structure to diamond-like structure of the gray form

is slow.

endothermic changes take in energy’ from their surroundings. Melting and
evaporation are endothermic changes of state.

For an endothermic reaction the enthalpy change. A//, is positive. During an

endothermic reaction more energ\’ is taken up in breaking bonds in the reactants

than is given out as new bonds form in the products.

hydrogencarbonate

Energy

taken in

r

Solution

of sodium

citrate

Diagrams to illustrate an endothermic reaction
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energy transfers

Products

J

ao
!-
cu
c
LU

+AH =

Reactants

energy gained from the

surroundings at constant

pressure

Energy level diagram for an endothermic reaction

The fact that there are spontaneous endotlieriiiic reactions shows that it is not safe to

predict tliat a reaction will not happen just because the enthalpy change, AH, is posi-

tive. Even if AH is positive, the free energy change {AG) can be negative if the entropy

change is large enough and positive.

end point: the point during a titration when a color change shows that enough of the

solution in the burette has been added to react exactly with the amount of chemical

in the flask. Ideally the end point coi responds with the equivalence point. In acid-base

titrations it is common to use a colored acid-base indiccdorto detect the end point.

In some redox titrations the end point is shown by a permanent change in the color of

the solution in the flask once a drop of excess reagent has been added. In potassium

manganateivu) titrations the solution in the flask becomes permanently pink with only

a small excess of the puiple-colored solution of manganate(\dl) ions.

energy conservation is a consecjiience of the first law of thermodynamics. In the

sciences, energ\' conservation helps to keep account of energs transfers because the

total quantity of energy before and after any change is the same.

Public campaigns to “save energ\” have a different meaning. They refer to the impor-

tance of conserving fuels and other useful sources of energ)’. Energ\' is conserved in

the scientific sense when fuels burn but the energ)’ is spread around at a relatively

low tem|)erature in the environment so it can no longer be used for heating and to

drive engines.

energy density is the amount of energ)' available from a kilogram offuel. This is

especially important for fuels used for transjxirt. The energ)’ densitv of hexane (a

hydrocarbon in gasoline) is 48 400 k| kg~'. Ethanol, an alternati\’e fuel used ou its

own, or in gasohol, only has an energ)’ density of 29 700 k) kg~'

energy (enthalpy) level diagrams are a convenient way ofdisplaying and com-

paring energ\’ changes. The diagrams show the difference in energ\’ between one

state and another. (4iemists use these diagrams to show the energy ln>els in atoms, and

to summari/.e exothermic and endothermic processes.

energy levels in atoms are the energies of the electrons in the available atomic

orbitals. According to (juantum theory each electron in an atom has a definite energy.

When atoms gain or lose energ)’ the electrons jumj) from one energ)’ level to

another.

energy transfers from one system to another system, or between a system and its

surroundings, hapjten in chemistrv by heating, by the emission and absorption of

radiation (such as light) or by the flow of electt ic charges.
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enthalpy change

enthalpy change is the exchange of energv' f)et\veen a reaction mixture {system)

and its surroundings when the reaction takes place at constant pressure. The enthalpy

change is calculated when the starting temperature of the reactants and final tem-

perature of the products are the same. The symbol for an enthalpy change is A// and

the units are k| mol"'.

The sign of A// is decided by noting what ha|)pens to the reaction mixture.

• If the reaction is exothermic the .system loses energ\' to its surroundings and

A// is negative

• If the reaction is endothermic the .system gains energ\' from its surroundings

and A// is positive.

Standard enthalpy changes for reactions are calculated for carefully specified condi-

tions and for precise amounts of chemicals (in moles). The standard conditions for

enthalpy changes are 298 K and 1 bar (= 100 kPa). The symbol for a standard
Q

enthalpy change is A//,,^^^.

Books of data list standard enthalpy changes but it is often impossible to measure

them directly under the stated conditions. .Many values are determined indirectly

using Hess's law. \'alue.s measured under nonstandard conditions are corrected to

give the value under standard conditions.

Knthalpy changes for changes of state {melting, vaporizing or sublimation) are usually

measured at the melting or boiling point.

enthalpy change of atomization is the enthalpy change to produce one mole of

ga.seous atoms from an element. The element at the start has to be in its standard state

(normal, stable state) at 298 K and 1 bar pressure.

-e-

element in its standard state —> gaseous atoms

I mol

Enthalpy of atomization

AH this way.

AH, - sum of bond

A//^ - A//^^[compound (g)]

Gaseous
enthalpies to break all

the bonds in a mole Gaseous

compound ^
of molecules of the atoms

A/Y, - sum of A/Y^ , valuesA dt

for the elements to give

the required amounts of

gaseous atoms

Thermochemical cycle to determine average bond enthalpies in methane, AH, — — AH + AH
' 12 3
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enthalpy change of formation

\’alues for the standard enthalpy of atomization of elements are used in the Born-Haber

cycle to determine Icittke energies. They are also used to calculate bond enthalpies.

Like all thermochemical quantities, the precise definition is important. The standard

enthalpy change of atomization of an element, is the enthalpy change when
one mole of gaseous atoms forms from the element in its standard state under

standard conditions.

enthalpy change of combustion is the enthalpy change when one mole of a com-

pound burns completely in oxygen. The compound and the products of burning

must be in their normal stable states. For a carbon compound complete combtistion

means that all the carbon burns to carbon dioxide and that there is no soot or car-

bon monoxide. W hen burning a compound containing hydrogen the water formed

must end up as a liquid, not gas.

\alues of enthalpies of combustion are much easier to measure than many other

enthalpy changes. They can be calculated from measurements taken with a bomb

calorimeter. The importance of these values is that, with the help oi Hess's laxv, they can

be used to calculate enthalpy changes offormation.

Like all thermochemical quantities, the precise definition of standard enthalpy of

combustion is important.

The standard enthalpy change of combustion of a substance, is the enthalpy

change when one mole of the substance completely burns in oxygen under standard

conditions with the reactants and j)roducts in their standard states.

enthalpy change of formation is the enthalpy change when one mole of a com-

pound forms from the elements in their normal stable states. The more stable state

of an element is chosen where there are allotropes. For carbon, perhaps surprisingly,

graphite turns out to be more stable ihermochemically than diamond.

A// this way.

A//| = A/y®j[compound]

Elements Compound

Outline of a thermochemical cycle for calculating standard enthalpies of formation from

standard enthalpies of combustion, A/f
= AII^- AH^
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enthalpy change of hydration

labk's ()1 standard cntiialpics orfonnation arc vciy useful because, with a Hess's law

cycle, they can be used to calculate the enthalpy changes for reactions.

I.ike all tlierniochemical (juantities, the precise definition of standard entfialpy (jf

formation is important.

file standard enthalpy change of formation of a compound, is the enthalpy

change when one mole of the compound forms from its elements under standard

conditions with the elements and the compound in their standard states.

Worked example:

Calculate the enthalpy of formation of propane, C^Hg. at 298 K given the standard

enthalpies of combustion:

• propane, = - 2220 kj mob'

• carbon, A//^((0 = - 393 kj mob'

• hydrogen, A//^(f f,)
= - 286 kJ mob'.

Notes on the method

Draw up a thermochemical cycle. Use Hess’s law to produce an equation for the

enthalpy changes. All the enthalpy changes are given except

Pay careful attention to the signs. Put the value and sign for a quantity in brackets

when multiplying, adding or subtracting enthalpy values.

Answer

3(:(s) + 4H,(g)

+ X,(g)

A//,

+ 50., (g)

3CO.,(g) + 4H.,0(1)

According to Hess’s law A//, = AH,- AH.^

A//, = AZ/^cyi^)

A//, = 3 X A//^(C) + 4 X AZ/^(HJ = 3 x (- 393 kJ mob') + 4 x (- 286 kJ mobi)

= - 2323 kJ mob'

A//,^ = AH {C,,\\^) = - 2220 kJ mob'

Hence A//^(;.Jlj = (- 2323 kJ mob') - (-2220 kJ mob')

= - 2323 kJ mob' + 2220 kj mob'

= -
1 03 kJ mob'

enthalpy change of hydration is the enthalpy change when one mole of gaseous
ious is h\ doited uudei staiidaicl conditions to produce a solution in which the
concentration of ions is 1 mol dnr'f
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enthalpy change of reaction

Xa'(g) + aq > Xa*(aq)
^^Lrado,,

= “ HI
'

In this equation “+ aq” is short for adding water.

enthalpy change of melting (fusion) is the enthalpy change when one mole of a

solid turns to a liquid at its melting point.

Physicists generally use “specific latent heat” values when studying the energ\’

changes when solids melt. Specific latent heats of melting are measured in joules per

kilogram rather than joules per mole.

enthalpy change of neutralization is the enthalpy change of reaction when an acid

and an alkali neutralize each other.

HCKaq) + XaOH(aq) > XaCl(aq) + H,0(1) = - 57.1 k) mol-'

The enthalpy of neutralization for dilute solutions of strong acid with strong base

is always close to 57.1 kj mol"'. The reason is that these acids and alkalis are fully

ionized, so in every instance the reaction is the same:

fT(aq) + OH-(aq) > H/)(l) A// = - 57.1 kj mol-'

The enthalpy changes of neutralization for reactions involving weak acids and weak

bases differ from this value because there are other euerg\’ changes, such as the

energ) needed to remove a proton from a weak acid.

Enthalpies of neutralization can be measured approximately by mixing solutions of

acids and alkalis in a calorimeter.

enthalpy change of reaction is the enthalpy change when the amounts shown in

the chemical equation react. The standard enthalpy change for reaction is defined

at 298 K, 1 atmos|)here j)ressure and with the reactants and pioducts in their nor-

mal, stable states under these conditions. The concentration of any solution is

1 mol dnr'b

fhe enthalpy change for a reaction can easily be calculated from tabulated values for

standard enthalpy changes oj formation using Hess's lam.

Ahl this way...

Reactants

A//
reaction

>• Products

Outline of a thermochemical cycle for calculating standard enthalpies of reaction from stan-

dard enthalpies of formation
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enthalpy change of solution

Accoi'cling to Hess’s law:

A// =-A//,+A//„
le.Hiioii 1 1

r-©-

So = {sum of A//
,

[products]} - (sum of A//
,

[reactants]}

Worked example:

Calculate the enthalpy change for the reduction of iron(iii) oxide by carbon

monoxide.

= -824 kj mol-'

A//^[(X)] = -I 10 kj mol"'

A//7[(:()J = -393 kj mol-'

Notes on the method

Write the balanced equation for the reaction.

Q
All the enthalpy changes are given except AH for the reaction.

.0.

Note that by definition AH^ [element] = 0 kj mob'

Pay careful attention to the signs. Put the value and sign for a quantity in brackets

when multiplying, adding or subtracting enthalpy values.

Answer

Fe/),(s) + 3C()(g) > 2Fe(s) + 3C(X,(g)
Q Q Q

So = (sum of AH
,

[products]} - (sum of AH
,

[reactants]}

= {2 X A<[Fe] + 3 x - {AWr[Fe,/XJ + 3 x AH^[CO]}

= (0 + 3 x (- 393 kj mol"')} - {(- 824 kj mol"') + 3 x (-1 10 kj mob')}

= (- I 179 kj mob') - (-1 154 kj mob') = - 25 kj mob'

enthalpy change of solution is the enthalpy change w hen one mole of a substance

di.ssolves in a stated amount of water under standard conditions.

Na('.l(s) + aq > Na*(aq) + (:|-(aq) HI mo'''

In this equation “+ aq” is short for adding water.

The enthalpy change of solution is the difference between the energv needed to sep-

arate the ions from the crystal lattice (- lattice energy) and the enel'g^ given out as the

ions are hydrated (sum of the hydration enthalpies).

soliiiioii hvdration ration
^

‘^^^hvdration anion ^^^lattice

Note that the errthalpy change of solution is a small difference between two large

enthalpy changes. Also note that the lattice energy' and the hvdr ation enthalpies tend
to be affected in the same way by changes in the sizes of the ions and their charges,
lire smaller the ions and the larger the charges, the greater the lattice energ\ but
also the greater the hydratiorr enthalpies. This means that it is not easv to make use
of enthalpy cvcles to account for trends in solubilities of ionic compounds down
grorrp 1 or grorrp 2 in the per iodic table.

•Also note that an ionic salt rnav well dissolve in water even if A//^, is slishtlv posi-

trve. f )rssolvrng makes a srgnificant difference in the numbers of wavs that particles and
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entropy

energ\’ can be arranged. The entropy change of the system, may be positive and

large enougli to outweigh a negative entropy cliange in the siirroimdings.

Na- (g) + Cl- (g)

'^"Ve=+788k)mo|-

Na'c:r(s)

= +784 kj mob'

,, Na"(aq) + C4“(aq)

+aq t AH‘
solution

= +4 kJ mol‘

Energy level diagram for sodium chloride dissolving in water. Note that the enthalpy change

for going from the crystal to the gaseous ions is -(lattice energy).

enthalpy change of vaporization is the enthalpy change when one mole of a liq-

uid turns to a vapor its boiling point. Evaporation separates the particles in a liquid

so values for specific enthalpy of vaporization give a measure of the strength of the

bonding between particles in liquids. Substances with strong ionic or metallic bond-

ing have much higher boiling points and enthal})ies of vaporization than substances

consisting of molecules with weak inter molecularforces.

Physicists generally use specific latent heat values in studying the energ)' changes

when liquids evaporate. Specific latent heats of vaporization are measured in joules

per kilogram rather than joules per mole.

entity: a term that can refer to any distinct particle such as an atom, molecule, ion,

electron or free radical. The term is used in precise definitions such as the definition

of amount of substance \n moles. It is important to be precise when specifying a par-

ticular entitv. These, for example, are four distinct chemical entities: a hydrogen

atom, H; a hydrogen molecule, Ik,; a hydrogen ion, Hq and a hydride ion, IE.

entropy (5) is a therimjchemical quantity that makes it possible to predict the

direction of changes. (>hange haj^pens in the direction that leads to a total increase

in entro|)y. When considering chemical reactions it is convenient to calculate the

total entropy change in two parts: the entropy change of the system and the entropy

change of the surroundings.

A.V
total

= A.S + A.S
,system siii rouiidttif's

The entropy of a system measures the number of ways, IE, of arranging the mole-

cules and sharing out the energ\' between the molecules. Nothing seems to be

hajq)ening to a closed flask of gas kept at a constant temperature. I he kinetic

theory of gases tells us, however, that the molecules are in rapid motion, colliding

with each other and with the walls of the container, d he gas stays the same while

constantlv rearranging its molecules and redistributing energ\’. fhe “number of

ways,” IE, is large for a gas. (iases generally have higher entroj)ies than li(|uids,

which have higher entropies than solids, (d'he relationship between .S' and Il'was

dei'ived by Boltzman - see thermochemistry.)
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environmental chemistry

rhc entropy change ol the siirroiindings din ing a chemical reaction is determined

hy the size of the enthalpy change, AH, and tlie temperature, T. The relationship is:

AH
AS

,

= - —77-
siiiioiinciing> I

riie minus sign is included because the entro|)y change increases as the amount of

energ)’ transferred to the surroundings increases. For an exothermic reaction, which

transfers energy to the surroundings, AH is negative, so -AH is positive.

For many exothermic reactions at about room temperature the value of - A///7’is much

larger than which means that A.V^^^ is positive. Idiis explains why exothennic

reactions generally tend to proceed (see feasibility), but there are exce{)tions.

('.hemists often find it more convenient to work with free energy changes, which can be

regarded as “the total entropy changes in disguise.”

environmental chemistry is the study of chemical changes in the environment.

(Chemists use a range of analvtical methods to estimate the amounts of elements in

the environment. They apply the theory of reaction kinetics, the equilibrium law, and

thermochemistry to explain the changes they observe.

Fnvironmental chemists use models to summarize their findings and to make pre-

dictions. The models show how the various elements cycle through the environment

(see carbon cycle and nitrogen cycle). The models show the main reservoirs for an

element and the size of the flows of an element from one reservoir to another.

Knowledge of the scale of natural changes shows whether or not human activitv is

likely to disturb natural changes locally, regionally or globally. So environmental

chemistry helps scientists to assess the seriousness of various t\ pes of activitv and the

pollution it causes (see steady state systems, oco«cand geenhouse effect)

.

environmental issues are of growing concern to chemists, the chemical industrv

and all who use chemicals, as scientists have shown the harm that some chemicals can

do to living things. .Analytical chemists have contributed greatlv to our knowledge of

what happens to chemicals in the environment by developing veiT sensitive analvti-

cal techniques, such as chromatography and spectroscopy, to measure minute traces

of substances that were once undetectable.

challenge for chemists in recent years has been to redesign chemical processes to

reduce both the energ\’ required and the waste bv-products formed. This is both
more profitable and less damaging to the environment.

enzymes are protein molecules that are the catalysts for biochemical reactions that

would otherwise be verv slow. Saliva contains the enzvme amvlase, which aids di^es-

tion bv speeding up the hydrolysis of starch to sugar. Catalase is an enzvme that

piotects living cells from a build-up of hydrogen j)eroxide bv speeding up its decom-
posiiion to water and oxvgen. Some washing powders contain proteases - enzvmes
that break down the proteins such as blood on dirtv clothes.

Fnzvmes are highly specific. Each enzvme catalyzes a particular reaction. An enzvme
has an (u th’e site thdi is Just the right shape and size for the substrate mo\ccu\cs. Each
tnzAine woiks best at a particular temperature and pH, and is less effective under
other conditions.
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equilibrium law

epoxy resins are used as adhesives. The resiu is a sticky liquid /wlymer wiih relatively

short chaius.

Mixing the resin with a hardener starts a chemical reaction that cross-links the

chains to make a hard, strong, glass-like polymer (see cross-linking). The higher the

temperature, the faster the reaction.

epoxyethane is an important chemical intermediate used to manufacture surfac-

tants, solvents And lubricants. Epoxyethane is made by mixing ethenewhh air or oxygen

and passing the mixture at about 3()()°C under pressure over a heterogeneous catalyst.

The catalyst is finely divided silver spread on the surface of an inert material such as

alumina.

O.
\

2(:if= CfE,(g) + CT,(g) -> 2CR— CTEdg)

Epoxyethane is a reactive and hazardous chemical so it is generally made and stored

where it will be used.

Epoxvethane reacts \ igoronslv with water, producing a range of products depending

on the conditions.

nCH,— CdE, + IE,()

S)/
> ho4-(:h,ch„o-[-h

L - - J

Reaction of epoxyethane with water. When n - I, the produce is ethane- 1 ,2-diol, which is

the mam ingredient of antifreeze. When n is greater than 4 the poly(epoxyethane) may be

useful as a solvent or as a nonionic surfactant.

equilibrium law is a quantitative law for predicting the amounts of reactants and

products present when a rexiersible reaction reaches a state dynamic equilibrium.

In general, for a reversible reaction at equilibrium:

+ cC + d\)

.. _

This is the form for the e(|uilibrium constant A when the concentrations oi' {he reac-

tants and |)roducts are measured in moles |)er liter. [A], [B] and so on are the

equilibrium concentrations.

The couceutrations of the chemicals on the right-hand side of the ecjuation ajq)ear

on the top line of the ex|)ression. The concentrations of reactants on the left apj)ear

on the bottom line. Each concentration term is raised to the j)ower of the number

in front of its foi inula iu the e(]uatiou.

for gas reactions it is of ten more convenient to use partial pressures as the measure of

concentrations. I'he ecjuilibi ium constant is then A'

.

Efjuilihrium constants are constant for a particular temperature. 'Hie variation of A

with tem|)erature accounts for the temperature effect on equilibria.
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equivalence point

Worked example:

Calculate the value of for the reaction: I^(>l.(g)

that when 8.4 mol of P(n.(g) is mixed with 1 .8 mol PCI.^(g) and allowed to come

to equilibrium in a lOdm^ container the amount of PCl.(g) at equilibrium is

7.2 mol.

Notes on the method

Write down the equation. Underneath write first the initial amounts, then write

the amounts at equilibrium. Use the equation to calculate the amounts not given.

Calculate the equilibrium concentrations given the volume of the container.

Substitute in the expression for

Answer

Equation PCI
.s(g)

Initial amounts/mol 8.4 1.8 0

Equilibrium amounts/mol 7.2 1.8+ 1.2 = 3.0 mol 1 .2 mol

(= 00 1

Equilibrium concentrations/ 7.2 ^- 10 = 0.72 3.0 - 10 = 0.3 1.2 - 10 =

mol dm ^

[pci,,(g)][a,(g)] 0.3 mol dm“^ X 0. 1 2 mol dm“^
0.05 mol dm”

‘ [P«,(g)] 0.72 mol dm"^
—

equivalence point is the point during any titration when the amount in moles of

one reactant added from a burette is just enough to react exactly with all of the

measured amount of chemical in the flask as shown by the balanced equation.

In a well-planned titration the color change obser\'ed at the end point corresponds

exactly with the equixalence point.

errors of measurement are the differences between measured yalues and the

true yalues. Often the true yalue is not known so analysts haye to assess the confidence

limits for their results.

There are random errors that cause repeat measurements to yaiT and to scatter

around a mean yalue. Ayeraging a number of readings helps to take care of random
errors. The smaller the random errors, the more precise the data.

I here are systematic errors that affect all measurements in the same way, making
them all lower or higher than the true yalue. Systematic errors do not axerage out.

Identifying and eliminating systematic errors is important for increasing the accurac\

of data. Systematic errors can be reduced by using better equipment or improyed
practical technique.

esters are sweet-smelling compounds found in perfumes and fruit llayors. The ester
d-mt tin Ibutxlethanoate gixes pear drops their taste and smell. Ethvl butanoate has
the odor of j)inea|3ples. Ripe fruits contain mixtures of esters.

fhe general formula for an ester is RC(X,Ry' where R and R' are alk\l or aryl groups.

ktlnl ethanoate is only slightly soluble in water.
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esters

CHx:
\ OCH,

CH^C,

ocHx:ih

methyl ethanoate ethyl ethanoate

Names and structures of esters

O

ethyl benzoate

An ester forms when a carboxylic acid reacts with an alcohol in the presence of a

drop of concentrated sulfuric acid to act as a catalyst. The reaction is reversible. It

takes an excess of the alcohol to convert most of the acid to ester.

CHX
OH

\v

heat

CHX
Cf

+

OCHXH,
H,0

Formation of ethyl ethanoate from ethanoic acid and ethanol

Another wav to make an ester is to mix an alcohol with either an acyl chloride or an
j

acid anhydride.

Hydrolysis splits an ester into an acid and an alcohol. Acids or bases can catalyze the

hydrolvsis. Base catalysis is generally more efficient because it is not reversible. The

acid is produced as its negative ion, which does not react with the alcohol.

() O
// heat A

: + oir V, c:h,c
\ \
OCIk/dl,

1

ester salt

+ CH/:H,/)fI

Base-catalyzed hydrolysis of ethyl ethanoate

Lithium telrahydridoaluminate(tn) (LiAlHj in dry ether reduces esters to alcohols more

easily than it reduces carboxylic acids.

CILC
^ \

OC.ll.CIl,,

LiAlU^ in

dry ether

(:H/:ik,()H

Reduction of an ester to an alcohol by lithium tetrahydridoaluminate(lll)

Compounds with more than one ester link include triglycerides in fats and oils as well

as fjolyester {\hcvs. Alkaline hydrolysis of fats and oils j)roduces soa[)s.

Several compounds used in medicine are esters including aspirin, paracetamol and

the local anesthetics lunocaine and benzocaine. khe insecticides malathion and

jnrethrin are also esters.
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ethene

ethene (CH^—CH^) is llic simplest aUunie. It is a reactive gas. The [)etr()chemical

industry makes ethene on a very large scale by steam natural gas or naphtha

from the fractional distillation of oil.

Kthene is the starting material for the manufacture of a vast range of petrochemicals.

The main |)roducts ai e addition /Wy/z/m such as poh thene, pvc and polystyrene.

ethers are organic compounds with the general formula R— ()— R', where R and
R' are alkyl or r/ry/groups. The most familiar ether is ethoxyethane, which has a sweet

smell and is an anesthetic.

cn —()— cii.cih—()— cfi/di., cip— ()— cih/Tf,

methoxymethane ethoxyethane methoxyethane

Names and structures of ethers

Kthers are more volatde than alcohols because they have no hydrogen bonds. The
vapor of ethoxyethane can be ha/ardous because it forms explosive mixtures in air.

Kthers are also much less soluble in water than alcohols. Ethoxyethane is a tiood

solvent for covalent compounds but not for salts so it is one of the liquids used for

solvent extraction.

Ethers are relatively unreactive because they do not have O— \l bonds. They do not
react \vith acids or alkalis, oxidizing agents, sodium or phosphorus pentachloride.
This makes ethers such as ethoxyethane useful as nonaqueous solvents for reactions
such as lithium tetrahydridoaluminate{\i\) (LLAIH^) reductions and the formation and
use of (iri^nard reagents.

rnixtuTG! the mixture with the lowest freezing point of all the possible
mixtures of given substances. Metals can form eutectic mixtures, as can solutions of
salts such as sodium nitrate in water.

lead lead lead

Phase diagram for mixtures of tin and lead Composition
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exothermic reactions

For pairs of metals, such as tin and lead, the eutectic mixture is the alloy Wnh the low-

est melting point of all the possible alloys. An alloy with the eutectic composition

freezes (or melts) at one temperature like a pure metal. The melting point of the

eutectic, howeyer, is lower than the melting points of the pure metals.

The eutectic mixture of tin and lead melts at 183°C. This low temperature makes the

eutectic useful as solder.

eutrophication happens when the water in rhers or lakes is enriched by fertilizers

from farmland or by nutrients from sewage and this makes it possible for algae to

multiply rapidly. Thick layers of algae block out the light from plants growing below

the surface so that they cannot produce oxygen as fast as usual. Then bacteria start

to break down the mass of algae using up the remaining oxygen in the water. Other

organisms such as fish die because they are staryed of oxygen.

evaporation happens at the surface of a liquid as it turns to a gas. This is an example

of a chanfre of state. As a liquid such as water eyaporates, the faster-moying molecules

near the surface escape from the pull of intermolecular forces and break away to

become a yapor. Tiquids tend to cool as they eyaporate because the faster-moying

molecules break away so that the ayerage kinetic energ}' of the remaining molecules

falls.

Eyaporation is an endothermic process. Energ\’ must enter from the surroundings to

keep a substance at a constant temj)erature as it eyaporates. So liquids feel cold as

they eyaporate on the skin.

excited state: the state of an atom or molecule when one or more of its electrons

is raised to a higher energ} above the stable ground state. Heating, electricity or elec-

tromagnetic radiation can provide the energ\' to excite atoms or molecules. Euerg)’

is released back to the surroundings when the electrons fall back to the stable energy

levels of the ground state. This hajtpens during flame tests. Heat from a Bunsen llame

excites the electrons in metal atoms from the sample. As the electrons droj) back to

the lower energ\' levels they give off radiation with a wavelength determined by the

size of the energy' jump (see quantum theory).

exothermic reactions give out energ\’ to their surroundings. Freezing and

condensing are exothermic changes of state.

acid

given out

Magnesium

chloride

solution

Diagrams to illustrate an exothermic reaction
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explosions

For an cxotlicnnic reaction tlie enllialpy cliange, A//, is negative. During an exo-

tlierinic reaction more energ\’ is given out as new boncls foiin in the products than

is needed to break bonds in the reactants.

Reactants

-A// - energy lost to the surroundings

at constant pressure

u Products

Energy level diagram for an exothermic reaction

Most spontaneous reactions are exotliennic but there are exceptions so the free energy

change (or total change) must be examined to make reliable predictions about

the direction and extent of change.

explosions are reactions that go with a bang, (iunpowder explodes if ignited in a

conlined space {sec firexvorks)

.

The explosion is caused by the rapid build-up of pres-

sure as the reaction produces a large volume of hot gas from a small volume of solid.

I he “pop” during the test-tube test for hydrogen is a small explosion. This reaction

explodes because it is tx free-radical chain reaction with a step in which one radical reacts

to produce two radicals, which can then both react. The branching chain reaction

produces more and more reactive free radicals so the reaction goes faster and faster.

Explosives are compounds or mixtures of chemicals designed to produce explosions.

Explosions are used in quarrving, mining and road building and to demolish old

buildings. They are also used in warfare and as rocket propellants.

I'he Nobel prize was endowed with the wealth of the Swedish chemist Alfred Nobel
(1833-1896) who discovered that the dangerous explosive nitroglvcerine (propane-
1, 2, 3-triol trinitrate) could be used safely if absorbed in the mineral kieselguhr. He
sold this product as “dvnamite.” He also developed guncotton (cellulose nitrate) and
gelignite (nitroglvcerine in nitrocellulose).

High explosives only detonate if set off by a sudden shock, which is usuallv supplied
by a detonator. Mercury fulminate can be used as a detonator because it explodes
instantlv when ignited.

/ o

extrusion is a process for shaping a metal, such as aluminum, or a plastic, such as

p\c, by foicing it through a shaped nozzle (die), ("ooks use extrusion in a similar way
when decorating a cake with colored icing sugar or when mincing meat. A plastics

extiuder works by melting pellets of the polvmer and then using a rotating screw to
push the molten material thromMi a dieo
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face-centered cubic structure is one of ihe two dose-packed crystal structures of

metals. Metals with the face-centered cubic structure are calcium, aluminum, cobalt,

nickel and copper.

Fajan’s rules are a guide that helps to predict the extent to which the bonding in

a compound will be ionic, covalent or intermediate between ionic and covalent.

Kitsimir Fajan (1887-1975) was a physical chemist who noted that ionic bonding is

favored if:

• the charges on the ions are small (1+ or 2-^, 1- or 2-)

• the radius of the positive ion is large and the radius of the negative ion

small.

The way to apply Fajan’s rules is to start by picturing ionic bonding between two

atoms and then to consider the extent to which the positive metal ion will polarize

the neighboring negative ions, giving rise to some degree of electron sharing (that is

a degree of covalent bonding).

Ion pair

Substantial

covalent

bonding

Increasing polarization

of the negative ion by

the positive ion

/on/C bonding with increasing degrees of electron sharing because the positive ion has

polarized the neighboring negative ion. Dotted circles show the unpolarized ions.

The smaller a positive ion and the larger its charge, the greater the extent to which

it tends to polarize a negative ion. So polarizing power increases along the series:

Na', Mg-*, Af^*, Sodium chloride is an ionic, crystalline solid. The bonding

in anhydrous alumimun chloride is largely covalent. Silicon chloride is a covalent,

molecular licjuid.
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Faraday constant

Na‘ Al'^*

© © ©
0. 1 02 nm 0.072 nm 0.053 nm

Ionic radii for metal ions in the third period

The larger the negative ion and the larger its charge, the more polarizable \i becomes.

So iodide ions are more polarizable than fluoride ions. Fluorine, which forms the

small, single charge fluoride ion, forms more ionic compounds than any other

nonmetal.

fajan’s rules help to account for the diagonal relationshiphetween elements such as Li

and Mg, Be and Al, B and Si.

Faraday constant (F) is the electric charge on one mole of electrons. The Faraday
constant is used in calculations to determine the amount of change during electrolysis.

F = el = 96 480 C moh'

where cis the charge on one electron and L is the Avogadro constant. It is possible to

measure Land c experimentally so this relationship can be used to arrive at a value
for the Avogadro constant.

fats belong to the family of compounds call lipids. Fats are esters of propan-1,2,3-
triol (triglycerides) that are solid at around room temperature (below 2()°Cb because
they contain a high proportion of saturated /z///v acids. Solid triglycerides are gener-
ally found in animals. The triglycerides from plants are mostly liquids at around
room temperature; these are vegetable oils.

fatty acids are carboxylic acids with long hydrocarbon chains that are combined
uith piopan-l,2,3-triol to make triglycerides in fats and vegetable oils. Saturated fatp'

acids do not have double bonds in the hydrocarbon chain. There is one or more
double bond in an unsaturated fattv acid.

Fait\ acid ('.heniical name Formula T\pe

palmitic

stearic

oleic

hexadecanoic

octadecanoic

octadec-9-enoic

saturated

saturated

unsaturated
liiioleic octadec-9.12-dieuoic ,(91 = CUCty.H = CtpCHJJXy I unsaturated

Animal fats have a higher proportion of saturated fats in their triglycerides. In lard, for
example, the main fattv acids are palmitic acid (28%), stearic acid (8%) and onlv 56%
oleic acid. In olive oil the main fattv acids are oleic acid (80%) and linoleic acid (10%).

Polvunsaturated fats contain fattv acids with two or more double bonds in the chain.

Some fats oi oils provide fattv acids that are essential to the human diet, includino-
linoleic and linolenic acids.

F-block elements are the lanthanide And actinide elements \n periods 6 and 7 of the
pel iodic table. For these elements the last electron added to the atomic structure
goes into one of the seve

n

y)i bitals in the^ fourth or Fifth she'lls. For convenience twc)
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fermentation

rows of /^block elements are usually shown underneath the periodic fable to cut down

its overall width.

feasibility: a reaction is feasible if it tends to proceed - even if the reaction is veiT

slow. In this sense the reaction between methane (in natural ^as) and oxygen is

feasible at room temperature but, because of a high activation energy, the reaction is

so slow that it does not happen. Put a match to the mixture of air and gas and the

reaction is rapid.

The test of feasibility is free energy change for the reaction. If AG is negative, the

reaction tends to proceed.

For many chemical reactions, AG approximately equals lS.H, so chemists often use the

sign of A// as a guide to feasibility. This can be misleading if the entropy change for

the reaction system is large.

For redox reactions, standard electrode potentials offer an alternative way of deciding

whether or not reactions tend to proceed. AG^c so if the cell emf is positive the

redox reaction in the cell will tend to proceed.

For other reactions such as acid-base reactions, the easiest guide to the direction and

extent of change is the equilibrium constant, K^, where AG^c - In K .

W’hat this shows is that AG, G and values can all answer the same questions for a

reaction:

• Will the reaction proceed?

• How far will it go?

In practice chemists use the quantity that is most convenient to measure. Knowing

the value of one of the three quantities, it is possible to calculate the other two

because tliev are all related.

It is always important to bear in

slow.

mind that even if a reaction is feasible it mav be very

feedstock is the raw material for a process in the chemical industry.

Fehling’s solution is used to distinguish aldehydes [\'o\\\ ketones cWuX to identify reduc-

ing sugars. Aldehydes and reducing sugars give a positive result. Ketones and other

sugars do not. The deep blue solution turns greenish and then loses its blue color as

an orange-red precipitate of copper(i) oxide appears.

Fehling’s reagent does not keep so it is made when required by mixing two solutions.

One solution is co|)per(ii) sulfate in water. The other solution is a solution of

2,3-dihydroxybulanedioate (tartrate) ions in strong alkali. The 2,:Tdihydroxy-

butanedioate salt is included to form a complex with copper (li) ions so that they do

not j)recipitate as copper (ii) hydroxide with the alkali.

fermentation converts sugars to alcohol (ethanol) and carbon dioxide, fermentation

is ati examj)le of anaerobic respiration. Fermentation is catalyzed by a grouj) of enzymes

from veast referred to as zvmase. In brewing the aim is to j)roduce alcohol in beer. In

baking fermentation produces the gas bubbles that make the dough rise.

(:,,II,/)„(aq) > 2(:(),(g) +2(yi,()II(aq)

glucose carbon ethanol

dioxide
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ferrites

ferrites aic (onipoiinds such as tlie magnetic oxide of' iron, Fe,^()j, tliat can be used

to make permanent magnets. They are ferromagnetic. Ferrites are ceramics so that

tliey can be molded into complex shapes before being fired. They also have the great

advantage that they do not conduct electricity.

ferromagnetism: the property of materials that can be used to make permanent

magnets. Fhe three ferromagnetic metals are iron, cobalt and nickel. Alnico is a

magnetic alloy of these three metals.

fertilizers supply plants with the mineral salts they need for growth. Plants need
three major nutrients: nitrogen, [)hosphorus and potassium, which must be available

in the soil in a soluble form so that they can be taken up by roots.

Manure and compost are traditional fertilizers used in “organic farming.” They relea.se

nutrients slowly as they rot down through the action of bacteria and fungi in the soil.

Intensive agriculture relies on fertilizers made from minerals and the air. “Straight

fertilizers” contain one of the three elements nitrogen (N), phosphorus (P) or

pota.ssium (K). “Compound fertilizers” contain two or more of these elements.

Water

Air

Natural gas

Phosphate rock

Sulfur

Potassium chloride

Flow diogram for manufocture of straight nitrogen and NPK compound fertilizers

Oiganic fertilizers, such as urea, have advantages over inorganic nitrates and ammonium
.salts. Organic fertilizers:

lelease nitrogen more sknvly bv hvdrolvsis in the soil

do not affect the pf I of the soil to the same extent when spread on fields.

I he use of manufactured fertilizers greatly increases crop vields. However, the use of
laigt amounts of feitilizer increases the risk of nutrients leaching from the .soil into
rivers, lakes and groundwater. This can lead to eutrophication.

fiber reactive dyes are strongly bound to the fabrics they dve because thev react
with the molecules m the fibers, forming covalent bonds. Thev are fast dm that do
not fade during washing.
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filtration

Structure of a fiber reactive dye that forms covalent bonds with amino groups in the protein

molecules of wool

fibers are long thin threads tliat make up materials such as asbestos, wool and poly-

ester fabrics. Most of the fibers used for textiles consist of nattiral or synthetic

polymers. Wool, silk and hair are natural fibers made oi' protein. Cotton, linen and

kaj)ok are plant fibers made of the carbohydrate ce\hi\ose.

Semisvnthetic fibers are made bv modifying cellulose. Heating cellulose from wood

with sodium hydroxide and then carbon disulfide produces a solution called

“viscose.” Forcing this solution through very small holes in a spinneret produces

fine filaments. The filaments turn back into cellulose fibers as they flow though a

tank of sulfuric acid, ('loth made from these fibers is known as rayon.

Treating cellulose from wood or cotton with ethanoic anhydride produces cellulose

acetate. Cellulose acetate fibers are made by spinning a solution of the polymer in

j)roj)anone. Fibers form as the solvent evaj)orates.

Examples of synthetic polymers used to make fibers are polyester, polyamides Awd the

addition polymer, polypropylene. Synthetic polymers are spun into fibers by forcing

the hot molten polvmer through a sj:)inneret. Fibers form as the liquid cools and

solidifies.

Fibers of inorganic materials are increasingly imj)ortant for making ro////;av/7c materials.

Examples are the fibers of glass and graphite.

fillers are materials mixed with plastics or rubbers to modify their properties. Fillers

can make plastics stronger, tougher, harder or easier to mold. Fillers are also used to

cut costs by bulking out plastics with something cheaper.

filtration sej^arates an insoluble solid from a litjuid. I he licjiiid that ])asses through

the filter is the filtrate. The solid retained on the j)aj)er is the residue.

Filtering through a funnel with a filter j)aper folded into a cone can be veiN' slow, f or

efficient filtration it is important that the paper is folded carefully and fitted accu-

rately into the funnel. The j)aj)er is then wetted with water, or other solvent, before

starting to filter. The funnel should never be filled to the toj) of the j)a|)er.

One wav of filtering faster is to fold the circle of paper moie times to produce a

fluted filler j)aj)ei' so that the whole surface is available for filtration.

.-\n even quicker method is to use a Buchner flask and funnel.

Fhe use of a small jdug of mineral wool or cotton wool in a small funnel cuts losses

when filtering off a drying agent from an organic liquid before final distillation.
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fire extinguishers

fire extinguishers out fires t)y excluding air or by cooling to slow down burn-

ing. I he choice of fire extinguisher depends on the tvpe of fire. V\'ater is the cheapest

way to |)nt out burning wood, paj)er or rubbish. Water cools the fire as it evapcjrates

and produces steam, which helps to exclude air. Water is dangerous on electrical fires

and useless on burning hydrocarbons oi' metals. Burning oils float on water and con-

tinues burning so water just spreads the fire. Burning metals react vigorously with

water. Alternative fire extinguishers use carbon dioxide gas or nonflammable licjuids

such as halons and dry j)owders.

fireworks make redox rwr//e;?v entertaining. The main active ingredient of’ any fire-

work is gnnj)owder. (innpowder is a mixture of’ two /i/c/.s, carbon and sulfur, with an

oxidant, potassium nitrate, (iunpowder burns rapidly because the fuels are finely pow-
dered and well mixed with the source of oxygen, (iunpowder explodes with a bang
when confined because as the fuels burn they produce a large volume of the gases

carbon dioxide and sulfur dioxide (see explosions)

.

One cubic centimeter of gun-
powder burns fast to make about 300 cnv' of hot gas. The blue fuse that sets off

fireworks is paper impregnated with potassium nitrate so that it will burn even when
it is windy or damp.

The colors in fireworks come from tiny pellets of salts coated with gunpowder. The
colors are the same as in flame tests: sodium for yellow, copper for blue-green and
strontium for red.

first law of thermodynamics: see thermodynmamics (laws of).

^**’*^“®***®®*' reaction: a reaction is first order with respect to a reactant if the rate

of reaction is {)roportional to the concentration of that reactant. The concentration
tei m foi this reactant is raised to the pow’er one in the rate equation.

Rate = A’[X]' = k\X].

Variation of concentration of a reac-

tant plotted against time for a

first-order reaction: the gradient of this

graph at any point measures the rate

of reaction. The half-life for a first-

order reaction Is a constant so it is

the same wherever It is read off the

curve. It IS independent of the initial

concentration.

Concentration

of a reactant

Variation of reaction rate with

concentration for a first-order reaction.

The graph Is a straight line through the

origin showing that the rate is

proportional to the concentration of

the reactant.
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fluids

The rate of reaction of 2-bromo-2-dimethylpropane with hydroxide ions is first order

with respect to the halogenoalkane but zero order Wnh respect to hydroxide ions.

Rate = k[{Cn^)fi^r]

fission means splitting. The word is used in nvo contexts in chemistiy: bond breaking

{homolytic and heterolytic bond breaking) and the splitting of atomic nuclei (nuclear

fission).

flame tests help to detect some metal ions in salts. They are particularly useful in

qualitative analysis to distinguish metal ions that othenvise behave in a similar way.

Both magnesium and calcium ions, for example, are precipitated by sodium hydroxide

to give white precipitates that are insoluble in excess of the alkali. Calcium compounds
give an orange-red flame but magnesium compounds do not color a flame.

Metal ion Color

lithium bright red

sodium bright yellow

potassium pale mauve

calcium orange-red

strontium scarlet

barium yellowish-green

copper(ii) blue-green

flammable substances are hazardous because they easily catch fire in air.

Flammable substances are classified according to their degree of flammability:

• flammable - a liquid with a flash point equal to or below 55°C but above

2rc
• extremely flammable - a liquid with a flash point below 0°C and a boiling

point less than or equal to 35°C.

Substances are labeled as highly flammable if they:

• may spontaneously catch fire in air

• are liquids with a flash point below 21°C but above ()®C

• are solids that may catch fire and keep burning after brief contact with a

flame

• are gases that burn in air if ignited at normal pressure

• react to form flammable gases (such as hydrogen) in contact with water or

water vapor.

flash point: the lowest temperature at which a small flame can ignite the vapor hom
a volatile liquid or solid.

float glass process: the industrial process for manufacturing large, uniform and

smooth sheets of glass. Molten glass from a furnace at 1500°C pours onto a bath of

molten tin where it stays liquid long enough for both surfaces to become flat and par-

allel. The glass cools and solidifies as it moves over the bath of tin. Once the glass is

solid at about 600°C it can move onto rollers and gradually travel through an oven

where it cools slowly to room temperature. This is annealing.

fluids are materials that flow. Liquids or gases are fluids because the atoms or

molecules are not held in fixed positions but are free to move around.
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fluorescent substances

fluorescent substances can absorb eiierg)' from ultraviolet (or other) radiation

and immediately re-emit the energ\' as visible light. The inside surfaces of fluorescent

lamps are coated with compounds such as magnesium tungstate and zinc silicate.

The.se substances fluore.sce when irradiated by the ultraviolet light from the mercur\-

vapor in the lamp.

riie optical brighteners in detergents are fluorescent. They absorb ultraviolet light

from the Sun and re-emit the energ)' as blue light. This compen.sates for any

yellowing of the fabric with age.

Fluorescence is an example of luminescence.

fluoridation involves adding traces of fluoride compounds to water supplies to

prevent tooth decay. The benefits were discovered in areas where water supplies nat-

urally contain fluoride ions. Adding fluoride ions to drinking water is controversial

and oppo.sed by people who think that any kind of enforced treatment is wrong.

Others point to possible harmful effects becau.se fluoride ions are toxic at higher

concentrations.

fluorine (F) is a pale yellow gas made up of F,, molecules. It is the most reactive of

the halogens in group 7 of the periodic table. Its electron configuration is [He] 3r'3/f

.

Fluorine is the most electronegative of all elements (see electronegativity) so it forms

ionic compounds with metals. Fluorine is the most powerful oxidizing agent and its

oxidation state is -1 in all its compounds. It oxidizes other elements to their highest

positive oxidation state. Sulfur, for example, forms SF^..

Uses of fluorine include the manufacture of a wide range of compounds consisting of

only carbon and fluorine (fluorocarbons). The most familiar of these is the very

slipper)', nonstick addition polymer, poly(tetrafluorethene), better known as Teflon.

Fluorocarbons are very inert, thermally stable and nonflammable. They are also non-

toxic. They are electrical and thermal insulators. They are used during the

manufacture and testing of electronic components, as refrigerants, coolants and

lubricants. One fluorocarbon is a good solvent for oxygen and, in emergencies, can

act as artificial blood.

fluorite structure: the cubic crystal structure of the ionic compound calcium

Structure of calcium fluoride showing 8:4 coordination. The structure consists of a

face-centered cubic array of positive ions with negative ions in the tetrahedral holes.
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fractional distillation

fluoride, CaF^. Each positive ion is surrounded by eight nearest neighbors at the cor-

ners of a cube and each negative ion is surrounded by four positive ions. So the

coordination numbers are 8 for the positive ion and 4 for the negative ion.

Other compounds mth this structure are the fluorides of Sr, Ba, Cd, Pb and Hg.

foams consist of gases finely dispersed in liquids or solids. Foams are colloids. The
mass of bubbles in a liquid foam holds the liquid and gas in place. This is useful in

foam fire extinguishers, which can blanket a fire with carbon dioxide held by the

foam. It is also useful in shaving foam, which retains the liquid soap on the skin.

Solid foams can be rigid but have a low density. Expanded polystyTene and foamed
pohurethanes are examples. These materials are excellent thermal insulators

because they trap a large volume of gas and gases are ver)' poor thermal conductors.

Foams improve the texture of food including bread, meringues and cakes. In bread

the gas bubbles form by fermentation’, in cakes they are produced by heating baking

powder; and in meringues by whipping air into egg white before cooking.

food additives are natural or svmthetic chemicals added to food, which can act as:

• colors to make food look more attractive

• preservatives to prevent the growth of microorganisms

• antioxidants to stop oxvgen from the air making food unfit to eat - oxidation,

for example, turns fats and oils rancid

• emulsifiers and stabilizers to control food texture

• sweeteners to improve the taste (see sweetness).

formula: used by chemists to represent the composition and structure of elements

and compounds. (See empirical formula, molecular formula, structural formula, skeletal

formulas ‘eiTid displayedformula.)

formula mass: see formula unit.

formula unit: the svonbols used in equations and calculations to represent elements

and compounds with giant structures. Examples are:

• sodium chloride, a giant structure of ions, formula unit NaCl

• silicon dioxide, a giant covalent structure, formula unit SiO^.

The molar mass of a substance with a giant structure is the relative mass of its formula

unit. For silicon dioxide (Si02) the molar mass = [28 + (2 x 16)] = 60 g moFk This

is sometimes called the formula mass.

fossil fuels are nonrenew^able energ)' resources that we now burn to benefit from

the Sun’s energ)', which was stored up millions of years ago by photosynthesis. The

fossil fuels are coal, oil and natural gas.

fractional distillation is a method for separating mixtures of liquids with different

boiling points. On a laborator)' scale, the process takes place with a distillation appa-

ratus fitted with a glass fractionating column fitted between the flask and the

still-head. Separation is improved if the column is packed with inert glass beads or

rings to increase the surface area where rising vapor can mix with condensed liquid

running back to the flask. The column is hotter at the bottom and cooler at the lop.

The thermometer reads the boiling temperature of the compound passing over into

the condenser.
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fractional distillation of oil

Apparatus for fractional distillation

Suppose the flask contains a mixture of two liquids. The boiling liquid in the flask

produces a vapor that is richer in the more volatile of the liquids (the one with the

lower boiling point).

Most of the vapor condenses in the column and runs back. .-\s it does so it meets more

of the rising vapor. Some of the vapor condenses. Some of the liquid evaporates. In this

way the mixture repeatedly evaporates and condenses as it rises up the column. It is like

earning out a series of simple distillations. At each “stage” the vapor becomes richer in

the more volatile component, thus improring separation.

fractional distillation of oil is a large-scale, continuous process for separating

crude oil into fractions. A furnace heats the oil, which then flows into a fractionating

tower containing about 40 “trays” pierced with small holes. Condensed vapor flows

over the trays and runs down into the tray below. Rising vapor mixes with liquid on

a tray as it bubbles up through the holes.

The column is hotter at the bottom and cooler at the top. Rising vapor condenses

when it reaches the tray with liquid at a temperature below its boiling point.

Condensing vapor releases energy’, which heats the liquid in the tray and in turn

evaporates the more volatile compounds in the mixture.

Fractionating

column
Gas

Crude oil

n

V

Fractional distillation of crude oil

Vacuum

distillation

column

Naphtha

Kerosene

Gas oil

F-leavy gas oil

Lubrication oil

Catalytic cracker feed

Residue
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free-radical chain reactions

\\ ith a scries of trays the outcome is that the hydrocarbons wilh small molecules rise to

the top of the columu while larger molecules stay at the bottom. Fractious are drawn
off from the column at various levels.

Some components of crude oil have boiling points too high for them to vaporize at

atmospheric pressure. Lowering the pressure in a vacuum distillation column reduces

the boiling points of the hydrocarbons and makes it possible to separate them.

fragmentation patterns: see mass spectrometry.

free energy change, AG; the thermochemical quantity used by chemists to decide

whether a reaction tends to proceed and how far it will go. AG is the test for the

feasibility of a reaction. If AG is negative, the reaction is feasible.

The advantage ofAG values for chemists is that tables of standard free energies of for-

mation can be used to calculate the standard free energ\' change for any reaction. The
calculations follow exactly the same steps as the calculations to calculate standard

enthalpy changes of reactions from standard enthalpy changes offonnation.

The idea of entropy underlies the quantity “free energ)'.” Any change tends to happen
if the total entropy change is positive. Working with entropy values is generally less

convenient because of the need to consider the entropy changes in the surroundings

as well as in the reaction mixture. This was the reason why Willard Gibbs suggested

the concept “free energ),” which he defined by: AG = where AA^^^j is the

total entropy change:

AS
,

= AS + AS ..

loial system surroundings

For a change at constant temperature and pressure:

A.S
surroundings

-AH
T

and so: = AS +
system

-AH
T

Hence -TAS .

total

= -TAS
system

+ AH

From Gibb’s definition this becomes: AG = AH -TAS
system

Often the TAS term is relatively small compared to the enthalpy change so that:
system J i i / o

AG= A//

This is the reason that chemists often use AH values to decide whether or not a

reaction will tend to proceed. The approximation becomes less Justified at higher

temperatures when 7ris bigger and so is bigger.

free-radical chain reactions involve three stages:

• initiation - the step that produces free radicals

• propagation - steps giving products and more free radicals

• termination - steps that remove free radicals by turning them into

molecules.

The reaction of an alkane with bromine in sunlight is a free-radical chain reaction.

The main products are brornomethane and hydrogen bromide. The presence of

some ethane in the mixture of products is evidence for the termination step.
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free radicals

Initiation: Br— Br > Br» + Bi«

Propagation: CH^ + Br* > CH^* + HBr

CH^* + Br^ > CH
3
Br + Br*

Termination: CH^* + CH^* > CH^CH^

CH3* + Br* > CH3Br

Free-radical chain reactions can also be used to make addition polymers from alkenes,

and epoxy compounds.

free radicals are reactive particles with unpaired electrons. Free radicals form

when covalent bonds break in a way that leaves one electron on each of the atoms

joined by the bond. This is homolytic bond breaking. The symbol for a free radical gen-

erally shows the unpaired electron as a dot. Other paired electrons in the outer shells

are generally not shown.

A
Formation of free radicals Br!Br > Br* + ’Br

Free radicals are intermediates in reactions taking place:

• in the gas phase at high temperature or in ultraviolet light

• in a nonpolar solvent, either when irradiated by ultraviolet light or with an

initiator.

Examples of free-radical processes include the crac^mg of hydrocarbons, burning of

gasoline in an engine cylinder and the formation and destruction of the ozone layer.

(See 'a\so free-radical chain reactions.)

freezing point: the temperature at which a liquid turns to a solid. A pure liquid

has a sharp freezing point, wTich is the same as its melting point. A diagram for

the liquid show’s how' the freezing point varies with pressure.

Dissohing a solute in a liquid lowers its freezing point. Adding antifreeze to the water

in an engine lowers the freezing point and so prevents the coolant freezing in win-

ter. WTen there is a threat of ice, the highway authorities scatter salt on roads

because a mixture of salt and water freezes at temperatures w’ell below 0°C.

frequency of electromagnetic radiation: the number of complete waves pass-

ing any point per second. The SI unit of frequency, v, is the hertz (Hz). Frequencies

of electromagnetic radiation var\’ from about 10'' Hz for radio waves up to 10“'' Hz for

gamma rays.

All electromagnetic radiation travels at the same speed, c, in a vacuum. The
frequency, wavelength. A, and speed are related by: c = vA.

ihuintum theory shows that the higher the frequency, the higher the energ\’ of the

quanta (photons) of radiation.

Friedel-Crafts reaction: a method for forming C— C bonds to build up a car-

bon skeleton by adding a side chain to arenes such as benzene. In a Friedel-Crafts

reaction a halogenoalkane or an acyl chloride undergoes an electrophilic substitution reac-

tion with an arene. The reaction takes place in the presence of a catalyst such as

aluminum chloride (a Lewis acid).
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fuels

One example is the substitution of a group witli three carbon atoms to benzene using

2-chloropropane.

+ CHjCHCH,

Cl

.AJCl,

catalyst
HCl

Friedel-Crofts reaction with a chloroalkane. Benzene reacting with 2-chloropropane

The reaction with an acyl chloride produces a ketone.

CH.

+ CHX
o

O
AlCL

Cl
catalyst

c
O + HCl

Friedel-Crafts reaction with an acyl chloride. Benzene reacting with ethanoyl chloride

This important type of reaction was discovered and developed jointly by the French

organic chemist Charles Friedel (1832-1899) and the American, James Crafts

(1839-1917). The reaction is used both on a laboratory and an industrial scale. A
Friedel-Crafts reaction to make ethyl benzene is the first step in the production of

the addition /;o/>7^cr poly(phenylethene), more often called polystyrene.

froth flotation is a process for separating valuable mineral from a rock made up

of several minerals. The rock is finely crushed to separate the minerals and then

stirred with a solution of surfactants as a stream of air bubbles rises up through the

mixture. The surfactants are selected to make sure that the particles of metal ore are

caught up by the bubbles and rise to the surface where they can be skimmed off. The

unwanted minerals (or gangue) sink and flow away as a stream of waste.

fuel cell: an electrochemical cell that is continuously supplied with fuel and an oxidiz-

ing agent. A fuel cell produces electric power directly from a fuel without having to

burn it and then use the energ)' to drive a turbine and spin a generator.

Hydrogen-oxygen fuel cells are used in the space shuttle. There are also fuel cell

power plants operating on a much larger scale in some parts of the woi ld, including

Japan.

fuels burn in air or oxygen to release energ)'. Most power stations use fossil fuels to

raise steam and generate electricity. Most of the fuels for transport are made from

fractions produced by the fractional distillation of crude oil.

Gasoline is a blend of hydrocarbons based on the gasoline fraction (hydrocarbons

with 5-10 carbon atoms). Jet fuel is produced from the kerosene fraction (hydro-

carbons with 10-16 carbon atoms). Fuel for diesel engines is made from diesel oil

(hydrocarbons with 13-25 carbon atoms).
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fullerenes

Fuels have to be refined to remove components that would harm engines or cause

air pollution when they burn. The proportion of no/rt/i/c hydrocarbons added to ga.so-

line is higher in winter to help cold starting but lower in summer to prevent vapor

forming before the fuel gets to the carburetor. Oil refiners irse cracking, reforming dnd

isomerization to produce more of the branched hydrocarbons needed to make gaso

line that will burn smoothly in engines. Gasoline additives include alcohols and ethers

(such as MTBE), which raise the octane number and help to prevent knocking.

fullerenes are molecular allotr(yj)es carbon. The best-known example is the “bucky-

ball,” huckminsterfullerene, Other fullerenes have formulas and C_,j.

functional group: the atoms and bonding that give a series of organic compounds

its characteristic properties and are responsible for most of the reactions. The hydro-

carbon chain that makes up the rest of any organic molecule is generally inert to

most common reagents such as acids and alkalis.

Examples of functional groups include the:

• two carbon atoms joined by a double bond in alkenes

• — Cl in chloroalkanes

• — OH in alcohols

• — NH., in amines

• — CO2H in carboxylic acids.

fundamental particles are the particles that make up atoms. In chemistrv’ the

fundamental particles are protons, neutrons and electrons. Physicists with high-

energv' particle accelerators have shown that protons and neutrons are not

fundamental but in turn made up of quarks.

fusion means either melting or joining. (See enthcdpy change of melting, melting 2ec\d

nuclearfusion.)
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gamma radiation (7) is high-energ\’ electromagiietic radiation given off during

radioactive decay. The new nucleus formed when a radioactive atom emits an cdpha par-

tick or beta partickh often in an excited state; it gives off gamma rays as it loses energ\'.

Emission of gamma rays does not cause a change in the structure of the nucleus.

The wavelengths of gamma rays are shorter than those of X-rays. Gamma radiation is

ionizing radiation that is more penetrating than alpha or beta radiation and is stopped

only by several centimeters of lead.

gas constant: the constant R in the ideal gas equation PV = nRT. The value of the

constant depends on the units used for pressure and volume. If all quantities are in

SI units with the pressure in N m~^ (pascals ) and volume in cubic meters (m^), then

R =
8.314J K-' mol->.

gas laws: the laws that describe the beha\ior of ideal g«5C5and are summarized by the

ideal gas equation. The gas laws include Boyk’s law, Charles's lawm^d Avogadro's law.

gas-liquid chromatography (glc) is a sensitive analytical technique for analyzing

mixtures of liquids. In a modern gas-liquid apparatus, the stationaiy phase is a thin

film of liquid adsorbed on the inside surface of a coiled capillar)^ tube about 30

meters long inside an oven. A sample is injected into the hot column from a syringe.

The mobile phase, which is a gas, carries the vapors through the column. The com-

ponents in the mixture separate as they pass through the column. They are detected

as they emerge and the signal from the detector is fed to a chart recorder.

The chart from the recorder shows how long it took each component of the mixture

to pass through the column. This is the retention time. The areas under the peaks

on the printout give a measure of the proportions of the components in a mixture.

A glc machine can be calibrated by injecting known amounts of compounds and

recording their retention times.
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gasoline

Applications of glc include:

• tracking down the source ofOil pollution from the pattern of peaks, which

acts like a fingerprint for any batch of oil

• measuring the level of alcohol in urine or blood samples

• detecting and measuring pesticides in river water.

gasoline is the fuel for motor engines that consists mainly of a mixture of hydro-

carbons. (iasoline has to be carefully blended if modern engines are to start reliably

and run smoothly.

The starting point for making gasoline is the gasoline fraction from the fractional dis-

tillation of oil. Hydrocarbons in this fraction are mainly alkanes With 5 to 10 carbon

atoms. Fractional distillation does not provide enough gasoline and produces more

than enough of the heavier fractions, so oil refineries use catalytic cracking to make

more hydrocarbons of the right size.

For smooth running the gasoline has to burn smoothly without knocking. The octane

number of a fuel measures its performance. The higher the compression of fuel and

air in the engine cylinders, the higher the octane number has to be to stop knocking.

I'he octane number scale was devised by Thomas Midgley (1889-1944) and he dis-

covered antiknock additives based on lead, which were used for many years. Leaded

fuel is now being phased out and the oil companies produce high-octane fuel by

increasing the proportions of both branched alkanes and arenes plus blending in

some oxygen compounds. The four main approaches are:

• cracking, which not only makes more small molecules but also forms hydro-

carbons with branched chains

• isomerization, which turns straight-chain alkanes into branched-chain

compounds by passing them over a platinum catalyst

• reforming, which turns cyclic alkanes into arenes such as benzene and

methyl benzene

• adding alcohols or ethers such as MTBE (initials based on its older name
methyl tertiary butyl ether; it is now called 2-methoxy-2-meth\ipropane).

Structure of the ether MTBE, which has an octane number

of 1 20. Adding MTBE and other methods raise the octane

number of gasoline from about 70 to 95 as required for

unleaded premium gasoline.

gas tests are used to identify gases produced during qualitative analysis.

(ias Test Observations

Hydrogen Burning splint Burns with a “pop”

Oxygen Glowing splint Splint bursts into flame (relights)

T.arbon dioxide Limewater (aqueous Turns milky white

calcitim hvdroxide)

1 lydrogen chloride Smell Pungent

(hydrogen bromide Bine litmus Turns red

CH,

CH,— C— O— CH,

CH,
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gas volume calculations

and iodide react

in the same way)

Ammonia vapor (from

a drop of concentrated

ammonia solution

on a glass rod)

Thick white smoke

Chlorine Color Greenish-yellow

Smell Pungent - bleach-like

Effect on moist blue Turns the paper red

litmus paper and then bleaches it

Moist starch-iodide paper Turns blue-black

Sulfur dioxide Smell Pungent

Blue litmus Turns red

Acid dichromate (m) Turns green

Hydrogen sulfide Smell “Bad eggs”

Burning splint Gas burns - yellow

deposit of sulfur

Lead ( 11 ) ethanoate Turns brown-black

.Ammonia Smell Pungent

Red litmus Turns blue

Nitrogen dioxide Color Orange-brown

Blue litmus Turns red

Water vapor Appearance “Steams” in air

.Anhydrous cobalt (ii)

chloride paper

Turns from blue to pink

gas volume calculations use the gas laws and equations to calculate the volumes

of gases involved in reactions. Gas volume calculations are straightforward when the

reactants and products are all gases. Equal volumes of gases contain equal amounts

in moles when measured under the same conditions - this is Avogadro’s law. As a

result the ratio of the gas volumes in a reaction must be the same as the ratio of the

numbers of moles in the equation (see Gay-Lussac’s law of combining volumes)

.

Worked example;

What volume of oxygen reacts with 60 cm^ methane and what volume of carbon

dioxide forms if all gas volumes are measured under the same conditions?

Notes on the method

Write the balanced equation.

Note that below 1 00°C the water formed condenses to an insignificant volume

of liquid.

Answer

The equation for the reaction is:

CH,(g) +20, (g)
—> CO,(g) + 2H,0(1)

I mol 2 mol I mol

So 60 cm^ methane reacts with 1 20 cm^ oxygen to form 60 cm^ carbon dioxide.
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Gay-Lussac’s law of combining volumes

riie other approach to gas volume calculations is based on the fact that the volume

of a gas, under given conditions, depends only on the amount of gas in moles. It

does not matter which gas is involved so long as the gas is behaving (at least

approximately) like an ideal gas.

volume of gas/cm^ - amount of gas/mol x molar volume/cm^ mol"'

The molar volume for gases at stp (273 K and 101.3 kPa) is 22 400 crn^.

For making estimates under laboratory conditions the molar volume of a gas is

24 000 cm^ at room temperature and pressure. So under laboratory' conditions the

volume of gas formed in a reaction can be estimated from this relationship:

volume of gas/cm^ = amount of gas/mol x 24 000 cm^ mol"'

Worked example:

What volume of hydrogen is produced under laboratory conditions when 1 .95 g

zinc reacts with excess acid?

Notes on the method

Start by writing the equation for the reaction. Convert the quantity of zinc to an

omount in moles.

Answer

The equation for the reaction is:

Zn(s) + 2HCl(aq) > ZnCf,(aq) + H,^(g)

The amount of zinc = 1.95 g ^ 65 g mol"' = 0.03 mol

I mol zinc produces I mol hydrogen.

volume of hydrogen = 0.03 mol x 24 000 cm^ mol"' = 720 cm^

Gay-Lussac’s law of combining volumes states that when gases are involved in

reactions, the ratios of the volumes of gases are simple whole numbers so long as all

measurements are taken at the same temperature and pressure. For example, 50 cm^
hydrogen react with 50 cm^ chlorine to form 100 cm^^ of hydrogen chloride. The ratios

are 1:1:2. The law is named after the French chemistJoseph Gay-Lussac (1778-1850).

Avogadro’s /rtrc accounts for Gay-Lussac’s observations. If equal volumes of gases con-

tain equal numbers of molecules, under the same conditions, it follows that the ratios

ot the volumes are also the ratios of the number of molecules as the equation shows.

K,(g) +Cl,(g) 2HCl(g)

gel: a colloid in which a liquid is finely dispersed in a solid. Table Jelly is a n pical gel

with water loosely held in a network of large gelatine molecules. Warming or even
shaking can break up the solid network so that the gel liquefies.

geometrical isomerism: molecules with the same molecular and structural for-

mulas but different shapes (geometries). Alkenes and other compounds with C = C
double bonds may have geometrical isomers because there is no rotation about the

double bond. 4 he isomers are labeled cis and trans. In the cis isomer, similar func-

tional groups are on the same side of the double bond. In the trans isomer, similar

functional groups are on opposite sides of the double bond.

Some inorganic complexes also have geometrical isomers.
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glass electrode

Geometric isomers of

but-2-ene. They are

distinct compounds

with different melting

points, boiling points

and densities.

H,C CH
’ \ /

as-but-2-ene

H,C H
\ /
c= c

trans-but-2-ene

The anticancer drug cisplatin is the «5 isomer of a flat (planar) complex.

C/s and trans isomers of

the octahedral complex

[Co(SH.jpj\ The as

form IS blue-violet. The

trans form is green.

— — +

Cl Cl Cl NH,
\ ./ \ ^
Co Co
\ Z' \

HjN NH, H.N Cl

cis isomer trans isomer

germanium (Ge) is an element with some metallic and some nonmetallic features.

It is a metalloid: shiny like a metal but hard and brittle like a nonmetal. It is the ele-

ment below silicon but above tin in group 4 of the periodic table with the electron

configuration [Ai]2>(P^A^4fr. Germanium is a semiconductor.

giant structures: cr\'stal structures in which all the atoms or ions are strongly

linked by a network of bonds extending throughout the crystal. Substances with giant

structures generally have high melting and boiling points.

All metals consist of giant structures of atoms held together by metallic bonding Metal

giant structures are good conductors of electricity because of the delocalized bonding

electrons (see d£localized electrons). The layers of atoms in a metal can slide over each

other so that metals are malleable -emd ductile.

Ionic compounds have giant structures held together by ionic bonding. Ionic com-

pounds do not conduct electricity when solid but they do conduct when the ions are

free to move on melting the compound or dissolving it in water.

A few nonmetal elements consist of giant structures of atoms held together by covalent

bonding. Examples are carbon (as graphite or diamond) and silicon. Typically these

elements do not conduct electricity because the electrons in covalent bonds are

localized betw^een j^airs of atoms. Graphite is the exception with electrons delocalized

over the layers of carbon atoms.

Some compounds of nonmetals with nonmetals, such as silicon dioxide and boron

nitride, have giant structures with covalent bonding. These compounds are non-

conductors because each bonding pair of electrons is localized between two atoms.

Many silicates are based on networks of silicon and oxygen atoms as in the clay min-

erals. Cihains, sheets and three-dimensional arrays of silicate ions combined with

metal ions give rise to many different minerals.

Gibbs free energy: see free energy change. The concept is named after the US

physical chemist, Josiah Gibbs (1839-1903). Hence the symbol AG.

glass electrode: an electrode used in combination with a reference electrode to make

a pH probe for a pH meter. A glass electrode has a thin walled bulb made of special

glass that responds to changes in pH. A salt bridge connects the glass electrode to a

reference electrode to make a complete electrochemical cell.
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glasses

glasses are ceramic materials that are rigid like solids but which are not crystalline.

Glass is made by melting one or more oxides in a furnace. The liquid glass is cooled

until thick enough to mold and then shaped and cooled further until it sets solid.

It is possible to make glass from pure silicon dioxide (Si02) but it melts at 1700°C.

Molten silicon dioxide is a thick, sticky liquid (viscous). As the liquid cools back to its

melting point, the atoms cannot move freely enough to return to the ordered

arrangement of crystalline silica. They become “frozen” into a disordered state.

Most glass is made from silica mixed with other oxides that melt at a lower tempera-

ture than pure silica. Windows, bottles and drinking glasses are made of soda lime

glass. Lead glass is used for decorative cut glassware. Borosilicate glass is used to make

ovenware and laboratory glassware.

Graham’s law of diffusion says that the rate of diffusion of a gas is inversely

proportional to the square root of its molar mass 2ii constant temperature and pressure.

rate of diffusion oc
1

Vm
This means that a gas with low molar mass such as hydrogen (Af = 2) diffuses faster

than a gas with a bigger molar mass such as oxygen (Af = 32). According to

Graham’s law, hydrogen molecules diffuse four times faster than oxygen molecules.

A balloon filled with hydrogen, H
2 ,

deflates much more rapidly than a balloon filled

with oxygen, O
2

.

The kinetic theory ofgases c?in account for Graham’s law. The rate of diffusion of a gas

depends on the average speed, c, of its molecules. According to the kinetic theory

model the average kinetic energy (‘Tmc^) of the molecules (mass m) is the same for

any gas at a particular temperature. So the value of c ^ is smaller for a gas with bigger

m. Hence:
1

graphical formulas: an alternative name for displayed formulas.

graphite is one of the allotropes of carbon, consisting of a giant structure of atoms.

Carbon has by far the highest melting point (over 3800 K) of any element. Graphite

has an almost ideal combination of physical properties for use as a high-temperature

ceramic except that it has to be used in a nonoxidizing emironment. Graphite

bonded with clay is used to make crucibles for melting metals. Large blocks of

graphite are used as refractories to line furnaces.

gravimetric analysis is a method of quantitative analysis for finding the composi-

tion and formulas of compounds based on accurate weighing of reactants and
products. A familiar example is to find the formula of magnesium oxide bv weighing

a piece of magnesium in a crucible and then weighing the magnesium oxide

produced after strong heating in air. Chemists have developed sophisticated and
precise methods of gra\imetric analysis, which include combustion analysis to find the

formulas of organic compounds.

greenhouse effect: the effect of some gases in the air that keeps the surface of the

Earth about 30°C warmer than it would be if there were no atmosphere. Without the

greenhouse effect there w'ould be no life on Earth.
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ground state

When radiation from the Sun reaches the Earth’s atmosphere about 30% is rellected

into space, 20% is absorbed by gases in the air and about half reaches the surface of

the Earth.

The warm surface radiates energ\' back into space but at longer, infrared wave-

lengths. Some of the infrared radiation is absorbed and warms up the atmosphere.

This is the greenhouse effect.

The gases in the air that absorb infrared radiation are called greenhouse gases.

Nitrogen and oxygen make up most of the air but they are not greenhouse gases. The

main natural greenhouse gases are carbon dioxide, methane, dinitrogen oxide and

water \’apor.

The concentrations of greenhouse gases in the air are rising because of human activ-

it\' such as burning fossil fuels and agriculture. This is enhancing the greenhouse

effect. There is growing evidence that this is responsible for global warming.

Grignard reagents are reactive organic compounds containing magnesium atoms

that are used to form C— C bonds in organic synthesis. They are examples of

organometallic compounds. The reagents were discovered by the Erench organic

chemist \'ictor Grignard (1871-1935).

Grignard showed that halogenoalkanes react with magnesium in dry ether

(ethoxyethane).

RBr + Mg > RMgBr, where R represents an alkyl group.

The C— Mg bond in a Grignard reagent is polarized with the metal atom at the pos-

itive end of the dipole and the carbon atom at the negative end. As a result, the

carbon atom attached to magnesium is nucleophilic and C— C bonds form when

Grignard reagents take part in nucleophilic substitution or addition reactions. This

is what makes the reagents so useful in synthesis.

R—

H

hydrocarbon

R— .MgBr

Grignard reagent

(R = alkyl)

R—

C

O
>

aldehyde

or ketone

O— MgCl

R’

I
H2()/ir(aq)

R— G— OMgBr >

R"

R’ and R" = alkyl

or hydrogen

O
//

R— G
\
O— OH

carboxylic acid

R'

R— G— OH

R"
alcohol (primary

secondary or

tertiary)

Summary of the reactions of Grignard reagents

ground state: the stable state of an atom or molecule with the electrons in the

lowest available energv' levels.
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group

group: a vertical column of elements in the periodic table. Elements in the same group

have similar chemical properties because they have the same outer electron configuration.

I’here are trends in properties down a group as the number of full inner electron shells

increases and the atoms get larger. Generally the metallic characteristics of elements

increase down a group. In group 1 and gioup 2 the ineUils get more reactive down the

group.

Nonmetal characteristics decrease down a group. Down group 1 the halogens get less

reactive. Group 4 shows a trend from nonmetals at the top to metals at the bottom

with germanium, a metalloid, in the middle.

IL'PAC now recommends that the groups should be numbered from 1 to 18. Groups

1 and 2 are the same as before. Groups 3 to 12 are the vertical families of d-block

elements-, the groups traditionally numbered 3 to 8 then become groups 13 to 18.

group I elements belong to the family of alkali metals with similar chemical prop-

erties because they all have one electron in an outer ,s-orbital (see atomic orbitals).

riiese elements are more similar to each other than the elements in any other group.

Even so, because of the increasing number of full, inner shells, there are trends

in properties down the group from lithium to cesium. The element in period 7,

francium, is veiT rare and all its isotopes are radioactive.

lithium, Li [He] 25*

sodium, Na [Ne]35'

potassium, K [Ar]45'

rubidium, Rb [Ki']55*

cesium, Cs [Xejbs*

I'he metals are powerful reducing agents. They react by losing the outer 5 electron to

form AT ions. The first ionization energies decrease down the group as the increas-

ing number of full shells means that the outer electron gets further away from the

same effective nuclear charge (see shielding).

Atomic and ionic radii increase down the group. For each element the 1+ ion is

smaller than the atom because of the loss of the outer shell of electrons. The
tendency to react and form ions increases down the group.

The small size of the lithium ion means that it has a relatively high polarizing power
and is heavily hydrated in solution. x\s a result lithium is in some wavs not Upical of
the group as a whole. It resembles magnesium in some ways. This is an example of
the diagonal relationship.

I he metitls are soft and easily cut with a knife. They are shiny when freshly cut but quicklv

dull in air as they react with moisture and oxTgen. The metals are stored under oil.

.\11 the metals burn brightly in oxygen on heating to form ionic oxides. Lithium
forms a simple oxide, Li,^0. Sodium forms mainly the peroxide, Na.,0„. The oxides are

basic. They react with acids forming salts.

Lf/)(s) + 21IGl(aq) > 2LiGl(aq) + li,0(l)

All the metals react \vith water to form hvdroxides and hvdroo^en. The rate and
\iolence of the reaction increases down the group. Lithium reacts steadilv with cold
watei'. (Tvsium reacts explosively.

All the metals react vigorously with chlorine to form colorless, ionic chlorides, ATCT,
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group 2

which are soluble in water. The crystal structures depend on the size of the metal ion

(see cesium chloride structure diud sodium chloride structure)

.

The hydroxides are:

• similar in that they all have the formula MOH, and are soluble in water,

forming alkaline solutions (they are strong bases)

• different in that their solubility increases down the group.

The carbonates are similar in that they all have the formula and, with the

exception of lithium, do not decompose on heating. The carbonates of sodium and

potassium are soluble, forming alkaline solutions because the carbonate ion is a base.

The nitrates are:

• similar in that they all have the formula MNO^, are colorless crystalline

solids, are ver>’ soluble in water and decompose on heating

• different in that they become more difficult to decompose down the

group. Lithium nitrate, like magnesium nitrate, decomposes on heating

to the oxide, nitrogen dioxide and oxygen. The nitrates of sodium and

potassium need strong heating to decompose and they form the nitrite:

2KN03(s) > 2KN02(s) + 62(g)

group 2 elements belong to the family of alkalme earth metals with similar chemical

properties because they all have two electrons in an outer 5-orbital (see atomic

orbitals )

.

beryllium, Be [He] 25^'

magnesium. Mg [NelSv"

calcium, L.a [Ar]4v-^

strontium, Sr [Ki'lST’

banurn, Ba [XejGy-’

The first member of the group, beryllium, is not a ppical member of group 2. Because

of the small size of the Be-* ion, its chemistr\' is in many ways more like the cheniistn'

of aluminum than of magnesium. This is an example of the diagonal relationship.

The following similarities and differences refer to the elements Mg, Ca, Sr and Ba.

The svmbol M is here used to represent any one of these elements.

The metals are reducing agents that react by losing their two 5 electrons to form M“*

ions. The first and second ionization energies decrease down the group as the

increasing number of full shells means that the outer electrons get further away from

the same effective nuclear charge (see shielding).

Atomic and ionic radii increase down the group. For each element the 2+ ion is

smaller than the atom because of the loss of the outer shell of electrons. The

tendencv to react and form ions increases down the group.

The metals are harder and denser than group 1 metals and have higher melting

points. In air the surface of the metals is covered with a layer of oxide.

All the metals burn brightly in oxygen on heating to form a white, ionic oxide,

\j
2-()2- oxides are basic. They react with acids forming salts.

Ba()(s) + 2HN03 (aq) > Ba(N03 ) 2
(aq) + H20(l)

All the metals react with water to form hydroxides and with hydrogen or acids to

form salts and hydrogen. Magnesium reacts only slowly with hot water. Barium reacts
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group 4

(|uite fast even with cold water. Barium is so reactive with air and moisture that it is

generally stored under oil like the alkali metals.

All the metals react vigorously with chlorine to form colorless, ionic chlorides, XKd^.

Unlike the group 1 chlorides, the chlorides of this group are usually hydrated. They

are soluble in water.

I'he hydroxides are:

• similar in that they all have the formula XUOPf)^ and are to some degree

soluble in water, forming alkaline solutions

• different in that their solubility increases down the group,

file carbonates are:

• similar in that thev all have the formula MCX)„, are insoluble in water and

decompose on heating, e.g.:

(^.a(X)
3
(s) > CaO(s) + (XX,(g)

• different in that they become more difficult to decompose down the group

(they become more thermally stable).

The nitrates are:

• similar in that they all have the formula M(NO^)<,, are colorless cr\’stalline

solids, are verv' soluble in water and decompose to the oxide on heating:

2Mg(N03 ).^
2MgO(s) + 4NO,(g) + 0,(g)

• different in that they become more difficult to decompose down the grotip.

The sulfates are:

• similar in that thev are all colorless solids with the formula MSO,
• different in that they become less soluble down the group.

group 4: a group of elements that shows a trend from nonmetals i\t the top to metals

at the bottom. All these elements have four electrons in their outer shell. The char-

acteristic oxidation states of the group are +4 and +2. The +2 state becomes more
important down the group and is the more stable state of lead. This is an example of

the inert pair effect.

[He]2r2/r

[Ne]3r3/r

[Kj']4r/'^5r3/r

[Xe]4d'-'6r3/r

The two common allotropes of carbon (diamond and graphite) consist of covalent

giant structures. Silicon and germanium have diamond-like giant structures and are

semiconductors.

The room-temperature allotrope of tin has a metallic structure. The low-tempera-
ture allotrope, gray tin, has the nonmetallic diamond structure. Lead has a metallic

structure.

carbon, C

silicon. Si

germanium, Ge

tin, Sn

lead, Pb

I he two metals, tin and lead, have lower melting points than the nonmetals with

giant structures.

I he group 4 compounds in the +4 state generally behave more like the compounds
of nonmetals:

• the +4 oxides ((X\„ SiC\„ SnO, and PbOJ are acidic or, in the case of tin

and lead, amphoteric with a bias toward acidic o.vtV/c beha\ior
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group 8

• the +4 chlorides are molecular liquids that (with the exception of CCl^)

are rapidly hydrolyzed by water.

The compounds of tin and lead in the +2 state are more topical of metallic compounds:

• the +2 oxides (SnO and PbO) are amphoteric but wth a bias toward basic

oxide properties

• the +2 chlorides are white solids: PbCf, is an ionic solid.

The +4 state is more stable for tin, so that tin (II) compounds are reducing agents.

Tin (II) chloride reduces iron (III) to iron (II), for example.

The +2 state is the more stable state for lead. So Pb02 is a strong oxidizing agent.

Lead(I\0 oxide will oxidize chloride ions to chlorine gas.

group 7 elements belong to the family of halogens with similar chemical properties

because they all have seven electrons in the outer shell - one less than the next noble

gas in group 8. The element astatine in group 7 is very rare and highly radioactive.

The halogens are all toxic.

fluorine, F [He] 25^2/^

chlorine, Cl [Ne]35^3/f

bromine, Br [Ar]3(i'H5^4/f

iodine, I

The symbol X is often used to represent a halogen.

The halogens all consist of diatomic molecules, X.,, linked by a single covalent bond

and all are volatile. Intermolecular forces increase down the group as the numbers

of electrons in the atoms increase, so melting points and boiling points rise down the

group. Iodine atoms are the most polarizable. Fluorine and chlorine are gases at

room temperature, bromine is a liquid and iodine a solid.

Halogen atoms are highly electronegative. They form ionic compounds or com-

pounds with polar covalent bonds. Electronegativity decreases down the group. Bonding

in aluminum fluoride is ionic, but anhydrous aluminum chloride is a covalent solid.

The halogens are powerful oxidizing agents. Fluorine is the strongest oxidizing agent

and iodine the weakest in the group.

Hot iron burns in chlorine forming iron (ill) chloride. The metal reacts much less

vigorously with iodine forming iron(il) iodide. (See also halide ions and hydrogen

halides.)

group 8 is a family of colorless, unreactive elements called the noble gases. The

gases exist as single atoms. The dispersion forces between the atoms are very weak so at

room temperature they behave very much like idecd gases. They have very low melting

and boiling points. The strength of the forces between the atoms increases as

the number of electron shells increases. The larger atoms are more polarizable, so

melting points and boiling points rise down the group.

First ionization energies fall down the group as the outer electrons get further away

from the nucleus. The ionization energies of the elements near the bottom of the

group are low^ enough for them to be able to take part in chemical reactions and

form compounds.

Helium, neon and argon do not form compounds with other elements. Krypton

combines with fluorine. Xenon forms compounds with fluorine and oxygen.
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Haber process: tlie process for ammonia manufacture developed by the German
physical chemist Fritz Haber (1868-1934).

half-cell: an electrode dipping into a solution of ions. Two half-cells connected by

a salt bridge make up an electrochemical cell.

half-equation: an ionic eciuation used to describe either the gain or the loss of elec-

trons during a redox process. Half-equations help to show what is happening during

a redox reaction. Two half-equations combine to give an overall balanced equation for

a redox reaction.

Iron (111) ions can oxidize iodide ions to iodine. This can be shown as two half-

equations:

electron gain (reduction): Fe'‘^*(aq) + e" > Fe-^(aq)

electron loss (oxidation): 21"(aq) > F,(s) + 2e“

The number of electrons gained must equal the number lost. So the first half-

equation must be doubled to arrive at the overall balanced equation:

2Fe''^(aq) + 2e" > 2Fe‘^^(aq)

2I-(aq) > I,(s) + 2e-

2Fe^^(aq) + 2T(aq) > 2Fe2^(aq) + f{s)

half-life (chemical): the half-life of a chemical reaction is the time for the

concentration of one of the reactants to fall by half. Half-lives help to identify first-

oider leactions. At a constant temperature, the half-life of a first-order reaction is

the same wherever it is measured on a concentration/time graph. So the half-life is

independent of the initial concentration.

half-life (radioactive): the time for half the atoms in a sample of a radioactive iso-

tope to decay away. It is also the time for the count rate for alpha or beta particles

from a sample to fall by half. Half-lives for radioactive isotopes can be as short as a
fraction of a second or as long as millions of years. The half-lives of radioactive iso-

topes are unaffected by changes in temperature or pressure or the presence of
catalysts. The half-life remains the same whether the atoms are in the elemental state

or in one of its compounds.

halide ions arc the ions of the halogen elements. They include the fluoride (F~),

chloride (Gb), bromide (Bi") and iodide (b) ions.

Warming sodium chloride with concentrated sulfuric acid produces clouds of hvdrogen
chloiide gas. This acid-base reaction can be used to make hydrogen chloride.

Na(:i(s) + 1F,SC\(1) > HCl(g) + NaHSO^(s)

Both sulfuric acid and hydrogen chloride are strong acids. The reaction goes from
left to right because the hydrogen chloride is a gas and escapes from the reaction
mixture, so the reverse reaction cannot happen.
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haiogenoalkanes

This t)pe of reaction cannot be used to make liydrogen bromide or liydrogen iodide,

because bromide and iodide ions are strong enough reducing agents to reduce

sulfur from the +6 state to lower oxidation states.

The reactions of halide ions with sulfuric acid show that there is a trend in the

strength of the halide ions as reducing agents:

• chloride ions do not reduce sulfuric acid at all, so the only gaseous product

is hydrogen chloride gas

• bromide ions turn to orange bromine molecules as they reduce to

SO
2
(mixed with some hydrogen bromide gas)

• iodide ions are the strongest reducing agents; they turn into iodine mole-

cules as they reduce H
2
SO^ to S and H^S; scarcely any hydrogen iodide

forms.

So the trend as reducing agents is: T > Br" > Cl". In group 7, iodine is the weakest

oxidizing agent so it has the least tendency to form negative ions. Conversely, iodide

ions are the ones that most readily give up electrons and turn back into iodine

molecules.

halogenation: see chlorination, brornination and iodination.

haiogenoalkanes (or haloalkanes) are compounds formed by replacing one or

more of the hydrogen atoms in alkanes with halogen atoms.

H H H H

H— c:— c:— c— c— i

H H H H
^

H—C—

H

H

C C

H Cl

I -lodobutane

(primary)

H—

H H H H

H—C—C— C—C—

H

H H Br H

2-bromobutane

I

(secondary)

C—

H

H

2-chloro-2-methylpropane

(tertiary)

Names and structures of some haiogenoalkanes. A primary halogenoalkane has the halogen

atom at the end of the chain. A secondary compound has the halogen atom somewhere

along the chain but not at the ends. A tertiary halogenoalkane has the halogen atom at a

branch in the chain.

Cihloromethane, bromomethane and chloroethane are gases at room temperature.

.Most other haiogenoalkanes are colorless liquids that do not mix with water.

I lalogen atoms are more electronegative than carbon atoms so a carbon—halogen

bond is polar. The characteristic reactions of haloalkanes are nucleophilic substitution

reactions.
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halogenoarenes

CH3CH2CH2CH2OH2^^ ^2^

alcohol

heat with KCN CH3CH2CH2CH2CN
in ethanol

CH3CH2CH2CH2NH2

nitrile

Nucleophilic substitution reactions of I -bromobutane

primary amine

(secondary and tertiary

amines also form)

The rates of reaction of halogenoalkanes are in the order: RI > RBr > RCl, where R
represents an alkyl group.

The C— I bond is the longest and the weakest (as measured by the mean bond

energy). The C— Cl bond is the shortest and the strongest. Bond polarity does not

appear to be a factor in determining the rates because chlorine is the most

electronegative of the elements so the C— Cl bond is the most polar.

An elimination reaction happens on warming a halogenoalkane with a solution of

potassium hydroxide in ethanol. The reaction goes more readily in compounds with

a halogen atom at a branch in the carbon chain.

Halogenoalkanes are important intermediates in the manufacture of other chemicals.

They are also used as:

• solvents (e.g. dichloromethane)

• refrigerants (e.g. hydrochlorofluorocarbons, such as CHCIF2, which are

replacing CFCs)

• pesticides (e.g. bromomethane)
• fire extinguishers (e.g. CBr2ClF).

There are growing restrictions on the uses of many halogenoalkanes because of con-

cern about their hazards to health, their persistence in the environment and their

effect on the ozone layer.

halogenoarenes are compounds formed by replacing one or more of the hydro-
gen atoms in an arenes with halogen atoms. An example is chlorobenzene, which is a

colorless liquid at room temperature.

Cl

Structure of chlorobenzene

halogens is the family name of the group 7 elements. The halogens 3.re fluorine, chlo-

rine, bromine, iodine 'Awd astatine. The name halogen means “salt-former” and is based
on the fact that the elements combine with most metals to form salts (halides).

hardness is a propertv’ of materials that shows how easy they are to dent or scratch
(see Mohs scale). The term is also used in the expression hard water.
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helium

hard water does not easily lather with soap but instead forms a greasy scum. Water

is hard if it contains calcium or magnesium ions. Scum is a precipitate formed when

soap mixes with water containing these ions.

Ca'^-(aq) + C,,H3.C02-(aq) > CaCCj.H^.COJ.ls)

octadecanoate (stearate) ions in soap insoluble precipitate (scum)

W ater is temporarilv hard if it contains the hydrogencarbonates of calcium or mag-

nesium. This type of hardness is removed by boiling. Boiling reverses the reaction

that produced the hard water as rain containing carbon dioxide trickled through

limestone, chalk or dolomite.

boiling

Ca(HC03)2(aq) < CaC03(s) + H.,0(1) + CO,(g)

formation of hard water

The solid calcium carbonate precipitates as scale, which coats heating elements and

gradtially blocks the pipes in heating systems.

Permanent hardness is not removed by boiling. The mineral g)psum, CaSO^, is

slightly soluble in water and makes water permanently hard.

Ion exchange resin and other methods of water treatvient soften water by removing

calcium and magnesium ions.

heat exchangers are widely used in the chemical industry to transfer energ)' from

a hot liquid or gas to a cooler liquid or gas.

A laboratory’ water condenser is a simple example of a heat exchanger'. The water

flowing in the jacket round the irrner tube cools the hot vapor from a distillation

column. The water flows in the opposite dir ection to the vapor'.

An industr ial heat exchanger is normally made of steel rather than glass and has many

tubes carrying the hotter fluid through the surr oirnding container of cooler fluid.

Heat exchangers ar'e irnporumt to the ecorrornics of industry. In sulfuric acid manufacture

by the conurct process the reaction of sulfitr dioxide with oxygen to make sulfur tr'ioxide

is a highly exotlwinic reactiwi. The gases must be cooled iifter each piiss through the catcdyst

to maximize the vield. Instead of letting the energ\' go to waste, the hot gases ar e cooled

in heat exchanger s in which water tirrrrs to steam. The steam is then used to generate

electr icity. Typically a sulfttr ic acid plant has no fuel bills because it can generate all the

electr icity' it needs. This helps to make the process corrrmer cially y’iable.

heavy metals are metals such as cadmium, mercury' arrd lead that have r elatrvely

high relative atomic masses. The term does not have a pr ecise chemical meaning but

is irsed in descriptions of pollirtion caused by toxic heav)' metal ions.

heavy water is the common name for deirteriurn oxide, This is yvater

yvhich both the atoms linked to oxygen are the deuterium isotope of hydrogen.

in

helium (He) is the first member of the group of noble gases, group 8. 1 leliurn is the

second most cornrnor'r element in the universe after hydrogerr. I he errerg)' of stars

such as the Sun comes frorrr nuclearfusion, yvhich turns hydrogen nuclei into heliurrr

nuclei. Helium yvas detected on the Sun by spectroscopy dur ing a total eclipse rrr 1868

more tharr 20 years before it yvas isolated and identified on Earth.
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Henderson-Hasselbalch equation

On Kartli one of the main sources of helium is natural gas. Some natural gas wells

produce up to 7% helium. The gas boils at 4.2 K and is the coldest liquid available to

study the proj)erties of materials at low temperatures.

1 lelium is used to pi ovidc an inert atmosphere for welding and for growing crvstals

ol pure semiconductors as germanium and silicon.

Divers breathe a mixture of helium with oxygen, fielium is less soluble in blood than

nitrogen and so this mixture reduces the risk of divers suffering from the “bends”

(decompression sickness) when they come to the surface.

1 lelium is less dense than air under the same conditions of temperature and presstire.

It is a much safer gas than hydrogen for filling airships and weather balloons.

Henderson-Hasselbalch equation: an equation that helps chemists to explain

the beha\ior oUniffer solutions and indicators. The equation is derived by rearranging

the expression for the acid dissociation constant of a weak acid and then putting both

sides of the equation into logarithmic form. The advantage of taking logs is to pro-

duce an equation that can be easily used to calculate /;// values, which are themselves

logarithmic.

For a weak acid HA:

HA(aq) + H.,0(1) HgO"(aq) + A~(aq)

K =
a

[H30"(aq)][A (aq)]

[HA(aq)]

This rearranges to give:

[A (aq)]

Taking logs and substituting pH for -Ig [H30^(aq)] and pA for -Ig A.;, gives:

pH = pK + Ig because -Ig = + Ig
[HA(aq)]

®
[A-(aq)] ° [HA(aq)]

In a mixture of a weak acid and its salt, the weak acid is onlv slightly ionized while
the salt is fully ionized, so it is often accurate enough to assume that all the anions
come from the salt present and all the un-ion ized molecules from the acid.

I lence: pH
[salt]

[acid]
, which is the Henderson-Hasselbalch equation.

So in a buffet solution with [acid] — [salt], pH = 1 ~ since Ig 1=0.
Diluting a buffer solution does not change [salt] /[acid] so the pH does not change.
I he equation also shows why it takes a big change in the ratio [salt]: [acid] in a buffer
solution to make a significant change in pH. Since log 1 = 0, log 10 = 1 and log 100
— 2, the latio has to change by a factor c')f ten to make the pH change bv one unit.

4 he equation also explains why acid-base indicators ch-Angc color roughly in the range
pH = ± 1. Wlien pH = pA.

,
[HIn] = [In“] and the two different colors of the

indicator are present in equal amounts the indicator is midwav through its color
change.
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Hess's law

Curve showing the change of pH when a 25 cm^ 0. 1 mol dm~^ ethonoic acid, a weak acid,

is titrated with a strong base. Halfway to the end point half the acid has been converted to

Its salt, so [acid] = [salt] and pH =

Add a few drops of acid and die pH falls. The characterisdc acid color of die indica-

tor is distinct when [HIn] = 10 x [In“]. At this point pH = pK^ + log 0.1 = pA"^ — 1,

since log 0.1 = -1.

Add a few drops of alkali and the pH rises. The characteristic alkaline color of the

indicator is distinct when [ln~] ~ 10 x [Hln]. At this point pH = pA^ + log 10 =

pA;+i, since log 10 = +1.

Henry’s law describes the effect of changing the pressure on the solubility of a gas

in a liquid. The law applies only to gases that are slightly soluble. It does not apply to

the solubility in water of gases such as ammonia or hydrogen chloride that react as

they dissolve.

The law states that the mass of gas that dissolves in a certain volume of a liquid at

constant temperature varies with the partial pressure o^l the gas above the liquid.

The law applies to the solubility of gases such as nitrogen, oxygen and helium in water

and can be used to explain the dangers faced by divers breathing gas mixtures under

pressure.

Henr)'’s law is a special case of the equilibrium law and can be described in the

following form since the partial pressure of a gas is a measure of its concentration:

concentration of gas in solution at equilibrium

concentration of gas above the liquid
A (a constant)

Hess’s law makes it possible to calculate enthalpy changes that cannot be measured.

The law states that the enthalpy change for a reaction is the same whether it takes

place in one step or a series of steps. So long as the reactants and the products are
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heterocyclic compounds

the same, the overall enthalpy change will be the same whether the reactants are

converted to products directly or through two or more intermediate reactions.

Hess’s law is used to calculate:

• enthalpy changes offormation from enthalpy changes of combustion

• enthalpy changes of reaction from enthalpy changes of formation

• lattice energies in the Born-Haber cycle.

heterocyclic compounds are compounds with rings made of carbon atoms with

atoms of at least one other element such as nitrogen, sulfur or oxygen. The bases

in DNA are heterocyclic compounds. Adenine is an example. Many alkaloids are also

h e terocyc 1 i c compo tinds

.

The structure of the heterocyclic compound nicotine or 3-( I -methyl-

2-pyrrolidyl)pyridine. Nicotine is present in the leaves of tobacco

plants. Pure nicotine, a colorless liquid, is highly toxic. Nicotine from

tobacco plants is used as an insecticide but the compound is better

known as the addictive drug in tobacco smoke. nicotine

heterogeneous catalyst: a catalyst that is in a different phase from the reactants.

Cienerally a heterogeneous catalyst is a solid while the reactants are gases or in

solution in a solvent.

The advantage of a heterogeneous catalyst is that it can be held in a reaction vessel

as the reactants flow in and the products flow out. There no difficult)’ in separating

the products from the catalyst.

Heterogeneous catalysts are used in large-scale continuous processes. In the Haber
process for ammonia manufacture the nitrogen and hydrogen gases flow through a

reactor containing small lumps of iron.

Platinum metal alloyed with other metals such as rhodium is an important catalvst. It

is used to oxidize ammonia during nihic acid manufacture. It is also used in catalytic

converters. In a catalytic converter the expensive catalyst is finely divided and sup-

ported on the surface of a ceramic to increase the surface area in contact with the

exhaust gases. Similarly, the expensive silver catalyst used to manufacture epoxyethane

is finely spread over the surface of alumina.

Impurities in the reactants can “poison” catalysts so that they become less effective.

Carbon monoxide poisons the iron catalyst used in the Haber process. Lead com-
pounds in the exhaust from an automobile engine poison catalvtic converters so

lead-free gasoline must be used.

I leterogeneous catalysts work by adsorbing reactants at active sites on the surface of
the solid. Nickel acts as a catalyst for the addition of hydrogen to C = C in unsatu-

rated compounds by adsorbing hydrogen molecules, which probably split up into single

atoms held on the surface of the metal crystals.

If a metal is to be a good catalyst for a hydrogenation reaction it must not adsorb the

hydrogen so strongly that the hydrogen atoms become unreactive. This happens
with tungsten. Equally, if adsorption is too weak there will not be enough adsorbed
atoms for the reaction to proceed at a useful rate, as is the case with silver. The
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heterolytic bond breaking (fission)

H H

H— C=C—H H—

H

Catalyst

H H

H— C— C —

H

H H

1

Catalyst
|

H H

H— C— C — H H

H
Catalyst

H H

H— C— C —

H

H H
Catalyst

Possible mechanism for the hydrogenation of an alkene in the presence of a nickel catalyst

strength of adsorption must have a suitable intermediate value. Suitable metals for

hydrogenation are nickel, platinum and palladium.

heterogeneous equilibrium: an equilibrium system in which the substances

involved are not all in the same phase. An example is the equilibrium state involving

two solids and a gas, formed on heating calcium carbonate in a closed container.

CaCO^ls) CaO(s) + C02(g)

The concentrations of solids do not appear in the expression for the equilibrium

constant. Pure solids have a constant “concentration.”

The same applies to the equilibrium between a solid and its saturated solution in

water (see solubility product constants).

heterolytic bond breaking (fission): the type of bond breaking that produces

ionic intermediates in reactions. In heterolytic fission, a covalent bondhrc'dks so that one

Heterolytic bond breaking

XX X X _

inBrJ — > IT •xBr^
X X

H > H + Br"
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hexadentate ligand

of the atoms joined by the bond takes both of the shared pair of electrons while the

other is left with none. This type of bond breaking happens during electrophilic dnd

nucleophilic substitution emd ciddition recictions ^nd is favored when reactions take place

in polar solvents such as water.

hexadentate ligand: a molecule or ion that forms six coordinate (dative) bonds W\ih

the central metal ion in a complex. A common example is edta.

hexagonal close-packed structure (hep): see close-packed structures.

high-performance liquid chromatography (hpic) is a sophisticated version of

liquid chromatogtriphy. The technique is able to separate components in a mixture that

are very similar to each other. The mobile phase is a solvent of very' high purity. The
stationary phase consists of ver\' small particles of a solid such a silica packed into a

long steel tube. The use of fine particles increases the surface area, helping to make
the separation efficient. A pump provides the very high pressure needed to force the

solvent through the tightly packed column. One application of hplc is to study what

happens to drugs as they are metabolized in the body.

Hofmann degradation is a reaction that turns an amide into a primary while

removing a carbon atom from the molecule. The reaction shortens the carbon chain,

hence the term “degradation.” The reaction was discovered by August von Hofmann
(1818-1892). He was a pioneering German organic chemist who was head of the

Royal College of Chemistrv' in London, England, for 20 years from 1845.

Amides react in this way when treated with bromine and concentrated sodium
hydroxide solution.

CH,CH,CH,C

amide
NH,

Br,/KOH—= >
warm

CH3CH2CH2NH,

amine

Equation for the Hofmann degradation of an amide to a primary amine with one less

carbon atom

homogeneous catalyst: a catalyst that is in the same phase as the reactants.

Tvpically the reactants and the catalyst are dissolved in the same solution.

Transition metal ions can be effective homogeneous catalysts because thev can gain
and lose electrons as they change from one oxidation state to another. The oxidation
of iodide ions by persulfate ions, for example, is verv slow.

S,CV~(aq) + 2I-(aq) > 2SO;--(aq) + I,(aq)

The leaction is catalyzed by iron(iii) ions in the solution. A possible mechanism is

that iron(iii) is reduced to iron(ii) as it oxidizes iodide ions to iodine. The S.,0^--(aq)

ions oxidize the iron
( 11 ) back to iron (ill), ready to oxidize some more of the iodide

ions, and so on.

Acid catalysis and base catalysis are other examples of homogeneous catalysis.

homogeneous equilibrium: an equilibrium in which all the substances involved
are in the same phase.
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hydration

homologous series: a series of closely related organic compounds. The com-

pounds in a homologous series have the same functional group and can be described

bv a general formula. The formula of one member of the series differs from the next

member by CH,. Primaiy alcohols are an example of a homologous series with the

general formula
^ 2

)^^- Physical properties, such as the boiling point, show a

steady trend in values along a homologous series.

homolytic bond breaking (fission): the type of bond breaking that produces

free radicals with unpaired electrons. In homolytic fission, a covalent bond breaks so

that the atoms joined by the bond separate, each taking one of the shared pair of

electrons.

Homolytic bond breaking

IBrJB^x > :Br- xB>x
••XX •• **

Br-^Br > Br* + .Br

hormones are chemical messengers carried round the body in the bloodstream.

Hormones produce a response from particular target cells. Hormones are produced

by glands and pass directly into the blood. Examples of hormones are insulin from

the islet cells in the pancreas, adrenaline from the adrenal glands near the kidneys

and sex hormones produced by the testes in men and the ovaries or other organs in

women.

Hand’s rule is one of the rules that help to predict electron configurations of

atoms (see aupau principle) .The rule states that the most stable arrangement of elec-

trons in an atom is the one with as many unpaired electrons as possible, all with

parallel spins. For example, in a nitrogen atom, the three /^electrons have parallel

spins and each occupy a separate />-energ)' level.

Electron configuration of a nitrogen atom N U 2s U 2pE B E

hydration takes places when water molecules bond to ions or add to molecules.

Water molecules are /^o/m and so they are attracted to both positive and negative ions.

Hydrated copper (II) ion. Here

coordinate (dative covalent)

bonds hold the water

molecules to the metal Ions.
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hydrazine ^

It is hard to see why the charged ions in a crystal of sodium chloride separate and go

into solution in water with only a small energy change. Where does the energy come

from to overcome the attraction between the ions? The explanation is that the ions

are so strongly hydrated by the polar water molecules that the sum of the enthalpy

changes of hydration nearly balances the lattice energy.

Some metal ions are hydrated in crystals as well as solution. In many hydrated salts

the metal is present as a complex ion. This is true of copper (ii) ions in blue copper

sulfate. Cobalt (li) ions also bond to water molecules when blue (anhydrous)

cobalt(ii) chloride turns pink with water.

flydrogen ions are hydrated in solution. They do not float around freely, but bond

to water molecules forming oxonium ions.

The term hydration is also used to describe the addition of water to molecules such

as cdkenes. Ethene, for example, is hydrated when mixed with steam and passed over

a phosphoric acid catalyst.

H H
H H phosphoric acid I I

C= c + H.p(g) ^ H— C— C— OH
^ heat under

| |H H pressure I

JH H

Equation for the hydration of ethene

hydrazine (N^H^ is a colorless fuming liquid that is manufactured by oxidizing

ammonia with sodium chlorate (i) in the presence of gelatin. Hydrazine, like ammonia,
is a base and a reducing agent. It has a lone pair of electrons on each nitrogen atom.

.H
/

Structure and shape of a hydrazine molecule H

Hydrazine with one hydrogen replaced by a methyl group can be used as a rocket

fuel in space; it catches fire on contact with liquid N^O^.

hydrides are compounds of elements with hydrogen. The hydrides of the group 1

and 2 metals are ionic and contain the hvdride ion, H“.

2Xa(s) + HJg) —> 2Na^H-(s)

Ionic hydrides are ionic crystals. They are rapidly hydrolvzed by water because the

hydride ion is a strong base.

H“(s) + If,0(1) > ^ OH“(aq)

I he hydrides of nonmetals are covalently bonded molecular liquids and gases. They
include the hydrogen halides, water, hydrogen sulfide and ammonia. There are ver\’

many hydrides of carbon including the alkanes, alkenes and arenes.
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hydrogen bonding

The properties of the hydrides of the three highly ekctronegative elements nitrogen,

oxvgen and fluorine are affected by hydrogen bonding

Hvdrogen also forms inteistitial hydrides Wwh some d-block elements.

hydrocarbons are compounds that consist ofjiist carbon and hydrogen. Important

classes of hydrocarbons are the alkanes, alkenes, alkynes and arenes.

hydrochloric acid is a solution of hydrogen chloride gas in water. Hydrogen chlo-

ride is a strong acid so the solution in water is fully ionized into aqueous hydrogen

ions {oxonium ions) and chloride ions. The concentration of commercial concentrated

hydrochloric acid is about 12 mol dm"'\ Dilute hydrochloric acid (about 2 mol dm"'^)

is commonly used as a laboratory’ reagent. Hydrochloric acid has the adyantage of

being cheaper and safer to dilute than sulfuric acid. It is a nonoxidizing acid, unlike

dilute nitric acid.

hydrogen is the commonest element in the uniyerse. Stars, like the Sun, consist

mainly of hydrogen and get their energy from nuclearfusion, which turns hydrogen

into helium.

Hydrogen atoms are the smallest of all atoms, consisting, normally, of one proton

and one electron in the 1 5-orbital (see atomic orbitals). There are two other isotopes,

deuterium and tritium.

Life on Earth depends on hydrogen. Most organic compounds contain hydrogen and

life requires water - hydrogen oxide.

Hydrogen is an important industrial chemical. It is produced from steam and natural

gas for ammonia manufacture. It is also one of the products of the electrolysis of brine.

Hydrogen is used to hydrogenate \eget2ib\e oils for margarine and similar spreads.

Hydrogen forms a wide range of hydrides with other elements.

hydrogen bonding is a type of attraction between molecules that is much stronger

than other types of intermolecularforce, but much weaker than covalent bonding.

Hydrogen bonding affects molecules in which hydrogen is covalently bonded to one

of the three highly electronegative ^\o:m(^\\ts> nitrogen, oxygen and fluorine.

The hydrogen atoms lie between two highly electronegative atoms. They are hydro-

gen bonded to one of them and covalently bonded to the other. The covalent bond is

highly polar. The small hydrogen atom (5+) can get close to the other electronegative

atom (5-) to which it is strongly attracted.

The three atoms associated with a hydrogen bond are always in a straight line.

Hydrogen bonding in

\ H\ Hys
H H /'

(
H

H H 1

1 H
y \ / covalent bond

I

'F

hydrogen fluoride hydrogen bond

Hydrogen bonding accounts for:

• the relatively high boiling points of ammonia, water and hydrogen fluo-

ride, which are out of line for the trends in the properties of the other

hydrides in groups 5, 6 and 7
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hydrogen electrode

• the open structure of ice

• tlie tertiary structure proteins

• the pairing of bases in a DNA double helix

• the [)airing up (dimerization) of carboxylic acids in a nonaqueous solvent.

hydrogen electrode: a half-cell o( great theoretical importance but of limited prac-

tical significance. By definition the standard electrode potenticd of the hydrogen

electrode is zero, J H )
= 0.00 V.

A standard hydrogen electrode sets up an equilibrium between hydrogen ions in

solution (1 mol dnr'’) and hydrogen gas (at 1 bar pressure), all at 298 K on the

surface of a platinum electrode coated with platinum black.

By convention, when a standard hydrogen electrode is the left-hand electrode in an

electrochemical cell, the cell emf is the electrode potential of the right-hand electrode.

Pt[H,(g)] |2H^(aq)liZn^^(aq)
|

Zn(s)

Conventional diagram to represent the cell that defines the standard electrode potential of

the Zrr^ {aq}\Zn{s} electrode

hydrogen emission spectrum: the spectrum of radiation from excited hydrogen
gas. There is a bluish glow when a high voltage is applied across the electrodes

at each end of a glass tube containing hydrogen at low pressure. A spectroscope

produces a line spectrum that can be recorded photographically.

Each line in the emission spectrum corresponds to electrons dropping from a higher
energ)’ level to a lower level. The series of lines are named after the people who first

discovered or studied them.

Wavelength

Frequency

Ultraviolet Visible

Lyman Balmer

The series of lines in the hydrogen emission spectrum

The pattern of energy’ levels in a hydrogen atom with just one electron is simpler
than in other atoms with more than c^ine electron. In a hydrogen atom all the orbitals

in the same shell have the same energv’. So the energ\’ levels correspond to the main
shells.

I he lines of the Balmer series are in the visible region. The lines of the Lvman series
are in the ultraviolet. The bigger the energv Jumps, the higher the frequency of
electromagnetic radiation emitted.

The energ)- gaps between energ)- levels get smaller as electrons recede from the
nucleus. ^As a lesult, in each series, the differences between the energ\ Jumps get
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hydrogen ions

smaller and smaller until they converge. They converge at the high-frequency end.

The biggestjump in the Lvman series is for an electron dropping back from the ver)’

edge of an atom to the lowest energ\- level. The size of this Jump is the ionization

energy for a hydrogen atom. So the ionization energ\’ of hydrogen can be calculated

from the frequency of the convergence limit of the Lyman series since (according to

quantum theory) AE = /?V.

hydrogen halides are compounds of hydrogen with the halogens. They are all

colorless, molecular compounds with the formula HX, wiiere X stands for F, Cl, Br or I.

The bonds between hydrogen and the halogens are polar. The H— F bond is so

polar that the properties of the compound are affected by hydrogen bonding.

Hydrogen chloride, hydrogen bromide and hydrogen iodide are similar in that they

are:

• colorless gases at room temperature that fume in moist air

• verv sohible in water, forming acid solutions (hydrochloric, hydrobromic

and hydriodic acids)

• strong acids so they ionize completely in witter.

Hydrogen chloride, hydrogen bromide and hydrogen iodide show' some trends

dow'n gioup 7 in that they:

• become less thermally stable - heating does not decompose hydrogen

chloride but a hot wire will decompose hydrogen iodide into hydrogen

and iodine

• become easier to oxidize to the halogen - hydrogen iodide is a strong

reducing agent.

Hydrogen fluoride is rather different from the other hydrogen halides:

• it is a liquid at room temperature (boiling point 19.9°C) because of hydrogen

bonding

• it is a weak acid

• its solution in w’ater (hydrofluoric acid) reacts with glass and can be used

for etching.

hydrogen ions (H*) are hydrogen atoms that have lost an electron. Since a hydro-

gen atom consists of one proton and one electron tliis means that a hydrogen ion is

just a proton. In water, hydrogen ions do not float around freely; they become

attached to water molecules, forming oxonium ions, H.^O\ A lone pair on the

oxygen atom forms a dative bond with the hydrogen ion (see coordinate bond).

H
"\

I

^

Q* IP > H— 0->H
/ ••

Bonding in an oxonium ion H

Hydrogen ions (protons) transfer from an acid to a base during an acid-base reaction.

This gives rise to the definition of an acid as a proton donor and a base as a proton

acceptor.
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hydrogen peroxide

hydrogen peroxide when pure, is a pale blue liquid. Like water it is a

hydride oxygen and it is a hydrogen bonded, molecular liquid.

H
• O XX

:o:oJ
• • X O

n

Bonding and shape of a molecule

of hydrogen peroxide

Hydrogen peroxide is usually supplied in solution in water. Solutions are sometimes

labeled with the “volume strength.” For example, “20 volume” hydrogen peroxide

decomposes to give 20 cm"^ oxygen from 1 cm'* of solution (measured at 0°C and 1

atmosphere pressure, stp).

Only in peroxides does oxygen have the oxidation state -1, in between 0 and -2. So

hydrogen peroxide can act as both an oxidizing agent and as a reducing agent.

Hydrogen peroxide decomposes slowly on standing in the dark, but much more
rapidly in the present of a catalyst such a powdered manganese (fVO oxide or the

cnzywc catalase. This is a disproportionation reaction with oxygen starting in the —1 state

and ending up in the —2 and 0 states. Hydrogen peroxide, as it were, oxidizes and
reduces itself.

2HA,(aq) 2Rp(l) + 0,(g)

Oxidation states of oxygen

^2^2 ^2

“'

0“-

As an oxidizing agent, hydrogen peroxide is used as a bleach. It is used to bleach

paper and textiles and to manufacture bleaches used in washing powders. In water
treatment it destroys microorganisms. The great advantage of hydrogen peroxide as a

bleach is that it turns into water when it reacts, avoiding contamination or pollution.

HA,(aq) + 2IT(aq) + 2e- > 2Hfi{\)

Hydrogen peroxide is not a powerful reducing agent but it will decolorize an acid

solution of manganate(\’li) ions. A potassium manganate{\ll) titration is one way of
determining the concentration of a solution of hydrogen peroxide.

HA,(aq) > C\(g) + 2H'(aq) + 2e-

hydrogenation is a reaction that adds hydrogen to a compound. Hydrogenation
converts liquid vegetable oils to the solid fats used as ingredients of margarine. In

these reactions hydrogen adds to double bonds in the hvdrocarbon chains of unsat-

uiated ycf/b' acids. Hydrogen adds to C = C double bonds at room temperature in
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hydrosphere

the presence of a platinum or palladium catalyst or on heating in the presence of a

nickel catalyst. (See also heterogeneous catalyst.)

hydrolysis: a reaction in which a compound is split apart in a reaction invoKing

water. Hvdrolvsis reactions are often catalyzed by acids or alkalis.
j j / j

CH.C
^ \

+

oc,H3

OH-(aq)

ester

heat with
>

aqueous alkali

CHX̂
\

O'

salt of

ethanoic acid

+ C2H5OH

ethanol

Hydrolysis of the ester ethyl ethanoate catalyzed by alkali

Hydrolysis is used to make soap from fats and oils. This is an example of ester hydrolysis.

Other examples of hydrolysis in organic chemistiT convert:

• halogenoalkanes to alcohols

• acyl chlorides, acid anhydrides, and nitriles to carboxylic acids.

hydrolysis of salts changes the pH of a solution of a salt by altering the concen-

trations of H
3
O* and OH“ ions.

Solutions of aluminum salts and iron(lii) salts are acidic because of hydrolysis. The

hydrated aluminum(lll) ion, for example, is an acid, .\l^^ because of its polarizing

power, draws electrons toward itself, so that the water molecules can giye away

protons more easily than free water molecules.

[Al(Hp)J'Maq) +H,0(1) >

Solutions of the salts of weak bases are acidic. This includes the salts of ammonia and

amines. The NH^" ion in an ammonium salt is an acid because ammonia (the weak

base) does not have a strong hold on the protons it accepts.

NHpaq) + H20(1) NH3(aq) + H30^(aq)

Solutions of the salts of weak acids are alkaline. This includes the salts of:

• carbonic acid (carbonates)

• sulfurous acid (sulfites)

• ethanoic acid (ethanoates)

• hydrogen sulfide (sulfides).

The negative ions from weak acids are strong bases; they take hydrogen ions from

water molecules and turn back into the acid.

CH
3
C02-(aq) + Hpd) CH

3
C02H(aq) + OH-(aq)

hydrosphere: the watery part of the Earth’s surface. This includes the oceans,

riyers, lakes, groundwater and glaciers. Ov er 80% of the hydrosphere is in the oceans

and shallow seas. Almost all the rest of the water is trapped in sediments.

The oceans are linked to the rest of the hydrosphere by the water cycle, water evapo-

rates from the sea into the atmosphere, falls as rain or snow onto land and then

returns to the oceans via rivers and lakes.

189



hygroscopic

hygroscopic substances absorb water from the air. The chemicals used as drying

agents in desiccators are hygroscopic; tliey include anhydrous calcium chloride and

calcium oxide. It is difficult to weigh hygroscopic substances accurately, which makes

them unsuitahle as primary standards for titrations.
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n
ice: the solid state of water, which is remarkable because, at the freezing point, it is

less dense than liquid water and so floats. Ice owes its open cagelike structure to

hydrogen bonding. Each water molecule is hydrogen bonded to four others. The hydro-

gen bonds are 0.177 nm long, which is much longer than the length of a covalent

O— H bond (0.094 nm). The distance between the oxygen atoms is equal to the

sum of the lengths of a hydrogen bond and a normal O— H bond. Note that in

even’ instance the three atoms O— H O are in a straight line.

• oxygen

Hydrogen bond

Structure of ice

The view from some angles shows the oxygen atoms in ice arranged in puckered

hexagons - a pattern that is reflected in the hexagonal shapes of snowflakes.

When ice melts the open structure partly collapses as some of the hydrogen bonds

break, so at ()°C the liquid is denser than the solid.

ideal gases: gases that obey the ideal gas equation pV = nRT, where p is the pres-

sure in N m“^ (pascals), V\s the volume in m‘\ 7Ts the temperature on the kelvin scale

in K, n the amount in moles and R the gas constant. It is important to convert all the

quantities to SI units before substituting values in the eqtiation.

The ideal gas equation incorporates all the gas laws. For example, with a fixed amount

of gas n is constant, so at constant temperature pV = constant, which is Boyles law.

In practice real gases dexVcMe from ideal gas behavior. Under laboratory conditions the

gases that are close to behaving like ideal gases are the ones that are well above their

boiling points such as the noble gases, nitrogen, oxygen and hydrogen. For these gases

at room temperature and pressure the assumptions of kinetic theory are nearly true.

The attractive forces between these nonpolar molecules are small enough to be

ignored and the volume of the molecules is insignificant compared to the total

volume of gas.

The ideal gas equation can be irsed to determine the molar ///rm of gases and of other

substances that evaporate easily.

ideal mixture: a mixture of liquids that obeys Raoult s law. Only very similar com-

pounds form ideal mixtures, such as the two alkanes hexane and heptane or the two

alcohols, propan- l-ol and propan-2-ol.

A mixture of two licpiids A and B is only ideal if the intermolecular pwces in pure A, in

pure B and in the mixture of A and B are all the same strength. A mixture of litjuids
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ignition temperature

deviates from Raoiilt’s law if the intermoleciilar forces in the mixture are stronger or

weaker than in the pure liquids.

ignition temperature: the lowest temperature at which a substance will sponta-

neously catch fire in air. There is no need for a flame to ignite a gas or vapor di or

above its ignition point. Examples of ignition temperatures in air are: hexane, 487°C,

and ethanol, 558°C.

immiscible liquids are liquids that do not mix. As a rule, nonpolar Wqiuds such as

hexane and other hydrocarbons do not mix with polar liquids such as water.

Oily hydrocarbon liquids are usually less dense than water so they form a separate,

colorless layer on top of water. Liquid organic halogen compounds such as dichloro-

methane are often denser than water so that they give rise to a separate liquid layer

underneath water.

Liquids that are immiscible are useful in solvent extraction.

immobilized enzymes are enzymes bound to a solid so that they can be easily recov-

ered from a reaction mixture by filtering or centrifuging. Alternatively the solid

holding the enzyme can be contained in a column and the raw material {substrate)

passed through the column, turning into products in the presence of the trapped

enzyme catalyst. Three methods of linking an enz\me to a solid support are:

• ionic bonding bettveen charged amino side-chains on the protein molecules

of the enzyme and charged groups on the support

• trapping the enzyme in a tangle of polymer molecules

• using covalent bonds to attach the enz\’me to the insoluble solid.

Immobilized enzvTnes are used to convert starch from corn into glucose and then to

convert much of the glucose to fructose, which is sweeter than glucose or sucrose

(see sweetness). Using immobilized enz\Tnes has meant a big fall in the cost of high

fructose syrup used to make colas and other soft drinks.

indicators are used to detect the end point during titrations. Acid-base indicators

change color over a range of pH values. Starch is used as an indicator in iodine-

thiosulfate redox titrations. Other indicators are available for redox titrations and for

COmplex-fonn

i

ng titrations.

inductive effect: a term to describe the extent to which electrons are pulled awav
from, or pushed toward, a carbon atom by the atoms or groups to which it is bonded.
The word is sometimes used in accounts of reaction mechanisms.

More electronegative atoms pull electrons away from a carbon atom, so the carbon
carries a slight positive charge. This means that the carbon atom is open to attack bv
nucleophiles, which happens when carbon is bonded to oxy gen, chlorine or bromine.

Other groups, especially alkyl groups, have a slight tendency to push electrons toward
the carbon atom to which they are bonded. One of the effects of this kind of inductive
effect is that a secondary carbocation is more stable than a priman’ carbocation. This
helps to account for the products formed during electrophilic addition of compounds
such as HBr to unsMurnetrical alkenes (see Markovnikov rule).

inert chemicals: a chemical is inert if it has no tendencv to react under given cir-

cumstances. I he lighter noble gases, helium and neon, live up to the original name
for group 8. They are inert toward all other reagents.
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inhibitor

Nitrogen is a relatively imreactive gas that can be used to create an “inert atmo-

sphere” free of oxygen, which is much more reactive. Nitrogen is not inert in all

circumstances. It reacts, for example, with hydrogen in the Haber process and with

oxygen at high temperatures to form nitrogen oxides.

Sometimes there is no tendency for a reaction to proceed because the reactants are

stable. This is so if the free energy change for the reaction is positive.

Sometimes there is no reaction even though thermochemistry suggests that it should

proceed. The free energv’ change is negative so the change is feasible (see feasibility).

A high activation energv’ means that the rate of reaction is very slow. Methane, for

example, does not burn in oxygen at room temperature even though it would be

energetically favorable for it to do so. This is an example of a substance being kinet-

ically inert. The term “kinetic stability” is sometimes used but it helps to make a clear

distinction betw^een “thermochemical stability” and “kinetic inertness.”

inert gases: the older name for the group of noble gases, wTich w^as used until the

discover)' of compounds formed by xenon.

inert pair effect: describes the observation that, for groups 3, 4 and 5 of the peri-

odic table, the oxidation state that is 2 below^ the highest state becomes increasingly

stable down the group. In group 4, for example, the main oxidation state for carbon

and silicon is +4. The +2 oxidation state becomes important in the chemistry of tin

and lead. In the chemistr)' of lead the +2 state is even more stable relative to the +4

state than it is in the chemistry of tin. What this means is that two of the lour elec-

trons in the outer shell become less available for bonding dowm the group, hence the

term “inert pair effect.” This effect is best regarded as a reminder of a trend rather

than an explanation.

infrared (IR) spectroscopy is an analytical technique used to identif)' functional

groups in organic molecules. Most compounds absorb IR radiation. The wavelengths

they absorb correspond to the natural frequencies at wTich vibrating bonds in the

molecules bend and stretch. It is polar covalent bonds such as O— H, C— () and

C = O that absorb strongly as they vibrate.

Bonds vibrate in particular ways and absorb radiation at specific wavelengths. This

means that it is possible to look at an IR spectrum and identify particular functional

groups.

Molecules with several atoms can vibrate in many ways because the vibrations of one

bond affect others close to it. Complex patterns of vibrations can be used as a “finger-

print” to be matched against the recorded IR spectrum in a database. Comparing the

IR spectrum of a product of synthesis with the spectrum of the pure compound can

be used to check that the product is pure.

inhibitor: a chemical that stops or slows down a specific chemical reaction. Inhib-

itors are sometimes called negative catalysts. Liquid monomers such as phenyl

(ethene) are often supplied with a dissolved inhibitor to prevent polymerization in

the bottle.

T/tzymc inhibitors are very important in the control of metabolism. Competitive inhi-

bition reduces the rate of a reaction catalyzed by an enzyme in the |)resence of a

molecule with a similar shape to the normal substrate. The inhibitor binds to the

active site o{ the enzvme and stays there unchanged, stopping normal enzyme activity.
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initial rate method

initial rate method: a method for finding the order of a chemical reaction and

the form of its rate equation. Tliis method is used for reactions with several terms in

the rate equation, which makes otlier methods hard to use.

The method is l)ased on finding the rate immediately after the start of a reaction.

This is the one point when all the concentrations are known.

The procedure is to make np a series of mixtures in which all the initial concentra-

tions are the same except one. A suitable method is used to measure the change of

concentration with time for each mixture (see rates of reaction). The results are used

to plot concentration/time graphs. The initial rate for each mixture is then found by

drawing tangents to the curve at the start and calculating their gradients.

Worked example:

The initial rate method was used to study the reaction A + 2B > C + D.The

initial rate was calculated from five graphs plotted to show how the concentration

of B varied with time for different initial concentrations of reactants.

Experiment Initial concentration

of A/mol dm“^

Initial concentration

of B/mol dm“^

Initial rate of

reaction/mol

dm“^ s“'

1 0.10 0.05 2x I0-"

2 0.20 0.05 8x10"^

3 0.30 0.05 18 X 10-^

4 0.20 0.10 8x10-"

5 0.20 0.20 ToXGO

What is:

• the rate equation for the reaction?

• the value of the rate constant?

Notes on the method

Recall that the rate equation cannot be worked out from the balanced equation

for the reaction.

First study the experiments in which the concentration of A varies but the con-

centration of B stays the same. How does doubling or tripling the concentration

of A affect the rate?

Next study the experiments in which the concentration of B varies but the con-

centration of A stays the same. How does doubling the concentration of B affect

the rate?

Substitute values for any one experiment in the rate equation to find the value of

the rate constant, A’. Take care with the units.

Answer

From experiments I, 2 and 3: doubling increases the rate by a factor of

4 (22). Tripling increases the rate by a" factor of 9 (32). So rate oc [A]2.

194



intermediate bonding

From experiments 2, 4 and 5: doubling does not change the rate.

So rate oc [B]° =
I

.

The reaction is second order with respect to A and zero order with respect to

B.The rate equation is:

rate = k [A]^

Rearranging this equation, and substituting values from experiment 2:

rate 8x10“^ mol dm“^ s“'

(0.2 mol dm

k = 0.02 mol ' dm^ s
'

inorganic chemistry is the study of the chemical elements and their compounds.

Inorganic chemistry’ includes the chemistry of the element carbon and a tew of

its compounds such as carbon monoxide, carbon dioxide, tetrachloromethane and

the carbonates. The chemistry of most other carbon compounds belongs to organic

chemistry.

Most of the reactions of inorganic chemicals belong to one of these four types:

• acid-base

• redox

• ionic precipitation

• complex forming (or ligand exchange).

insulin is the hormone, produced by special cells in the pancreas, that helps to con-

trol the level of glucose in the blood. Digestion of food after a meal raises the level

of glucose in blood. In response the pancreas secretes insulin, which circulates round

the body and speeds up the rate at which cells take up glucose.

Insulin is a protein consisting of two folded chains of amino acids that are cross-linked

by disulfide links.

interhalogen compound: a compound formed when one halogen combines with

another. For example, passing a stream of chlorine gas over solid iodine produces

a red-brown liquid, iodine monochloride, Kd. With excess chlorine this turns to a

yellow solid, iodine trichloride, ICI3, which is unstable and easily decomposes back

to ICl.

intermediate bonding is bonding that is neither purely ionic nor purely covalent.

In most compounds the bonding between the atoms of different elements is to some

extent intermediate between the two extremes.

6+ 5-

II— Cl
> Cl— Cl

Ionic bonding:

electron transfer from

a reactive metal to a

highly electronegative

nonmetal

Polar covalent bonding:

between atoms with

different values for

electronegativity

Covalent bonding:

electrons evenly shared

between two identical

atoms

A Spectrum from purely ionic to purely covalent bonding
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intermediates in reactions

riie electronegativity values for two elements are a guide to the extent to which the

bonds between them will be covalent, ionic or intermediate between the two.

Electronegativity values are particularly useful for discussing polar covalent bonds.

Where the bonding is largely ionic, Fajan’s rules are a guide to the extent to which

the metal (positive) ion will distort neighboring negative ions, giving rise to a degree

of electron sharing.

intermediates in reactions are atoms, molecules, ions or free radicals that do not

appear in the balanced equation but are formed during one step of a reaction, then

used up in the next step. Chemists can use spectroscopy to detect intermediates that

exist only for a short time during a reaction.

Examples of reaction intermediates are the free radicals formed during a free-radical

chain reaction or the carbocations formed during nucleophilic substitution by the S^.l

mechanism and during electrophilic addition to alkenes.

Energy changes in the

course of a reaction.

Note the energy dip

as the intermediate

forms. The dip is not

deep enough for the

intermediate to exist

as a stable product.

Contrast this with the

energy profle for a

reaction with just a

transition state

between reactants

and products.

intermolecular forces are weak attractive forces between molecules. Without
intermolecular forces there could be no molecular liquids or solids. .\lso real gases

would behave more like ideal gases.

Weak intermolecular forces arise from electrostatic attractions between dipoles,

including attractions between:

• molecules with permanent dipoles such as hvdrogen chloride molecules
• a permanent dipole in c:)ne molecule and a dipole induced in a neighbor-

ing molecule, such as the attraction between hydrogen bromide and an
ethene molecule

• instantaneous dipoles created deetingly in nonpolar atoms or molecules
(see dispersion forces).

C>enerally intermolecular forces get bigger as molecules get longer and there is a
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.iodine

larger area of contact over which intermolecular forces can operate. This accounts

for the rise in melting and boiling points as the number of carbon atoms increases

in the series of straight-chain alkanes. The strength of thermoplastic polymers depends

on the total strength of intermolecular forces between tangled long-chain molecules.

Weak intermolecular forces, due to attractions between temporan^ and permanent

dipoles, are often called van dej- Waals forces. Forces of this kind are roughly a

hundred times weaker than covalent bonds.

The properties of some molecular compounds are affected by stronger intermolecu-

lar forces called hydrogen bonding. Hydrogen bonds are about ten times stronger than

van der Waals forces.

interstitial hydrides are compounds formed by d-block elements with hydrogen.

The hydrogen atoms fit into the spaces between the atoms in the metal crystal. The

holes are the interstices of the crystal, hence the name.

The amounts of hydrogen in the lattice vary' with the temperature and pressure. The

compounds do not have a definite composition. The hydride of titanium has the

variable formula TiH
,
where x is less than 2.

Palladium reacts particularly well with hydrogen and can absorb nearly a thousand

times its own volume of the gas at room temperature.

Interstitial hydrides release hydrogen gas on heating so they have been investigated

as a possible safe way of storing hydrogen.

intramolecular forces are the strong covalent bonds bttw’een atoms in a molecule.

They are about one hundred times stronger than the weak intermolecular forces

between molecules. Substances consisting of small molecules melt and boil at rela-

tively low temperatures because of the weakness of the forces between the molecules.

The strong intramolecular forces in small molecules do not normally break during

melting and boiling.

iodination is a reaction in which an iodine atom replaces a hydrogen atom in an

organic molecule. One example is the iodination of propanone - a reaction that

appears in the study of reaction rates. The reaction is acid catalyzed.

CH,COCH
3
(aq) + l

2
(aq) > CH

2
lCOCH

3
(aq) + H^(aq) + I-(aq)

iodine (I) is a lustrous gray-black solid at room temperature, formula I^, which sub-

limes when gently warmed to give a purple vapor (see sublimation). Iodine is a

halogen, the fourth element in group 7, with the electron configuration [Ki']4^/'*’5r5/>’.

Iodine consists of diatomic molecules with pairs of atoms held together by single

covalent bonds. The molecules are nonpolar so the intermolecular forces are relatively

weak, but stronger than in bromine because the atoms are larger and have more

electrons. This makes iodine molecules more polarizable than bromine molecules.

Iodine, like the other halogens, is an oxidizing agent but a less powerful oxidizing

agent than bromine.

Iodine reacts with metals to form iodides. Because of the polarizability of the large

iodide ion, the iodides formed with small cations or highly charged cations are essen-

tially covalent (see Fajans rules). Examples are lithium iodide, magnesium iodide and

aluminum iodide.
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iodine number

Ii()n(lll) iodide and copper(il) iodide do not exist because iodide ions reduce the

metal ions to their lower oxidation state. The only iodides of these metals are iron(ll)

iodide and copper(l) iodide.

Iodine oxidizes hydrogen on heating, forming hydrogen iodide. Unlike the reactions

of chlorine and bromine, this is a reversible reaction that has been studied in detail

to establish the equilibrium law.

Il,(g) + I,{g) ^ 2HI(g)

I lydrogen iodide is a fuming, acidic gas. Like the other hydrogen halides it is ver\'

soluble in water and a strong acid.

Iodine is only veiy slightly soluble in water. It is much more soluble in a solution of

potassium iodide because of the formation of the tri-iodide ion. Iodine solution in aque-

ous potassium iodide is a brownish-yellow color. Iodine dissolves freely in nonpolar

solvents such as hexane, forming a solution with the same color as iodine vapor.

As a weaker oxidizing agent, iodine converts thiosulfate ions to tetrathionate ions.

1 his is a quantitative reaction used in iodine-thiosulfate titrations.

Iodine and its compounds arc used to make pharmaceuticals, photographic chemi-

cals and dyes. Iodine is needed in the diet so that the thyroid gland in the neck can

make the hormone thyroxine, which regulates growth and metabolism. In many
regions sodium iodide is added to table salt to supplement the iodine in the diet and
drinking water and so prevent goiter.

iodine number: a measure of the degree of unsaturation of a fat or oil. Some fatts

acids in fats and oils are fully saturated, having no double bonds. Other fatty acids are

unsaturated; they have double bonds. The iodine number is found by measuring how
much iodine will add to double bonds per 100 g oil. The higher the iodine number,
the more unsaturated the fat or oil. \'alues range from 25-30 g per 100 g for butter,

which is high in saturated fats, to 80-140 g per 100 g for a vegetable oil such as sova

oil, which is high in unsaturated fats.

iodine-thiosulfate titrations: a useful analytical method for measuring amounts
of oxidizing agents. The method is based on the fact that oxidizing agents convert

iodide ions to iodine quantitatively. Among the oxidizing agents that do this are

iron(iii) ions, copper(ii) ions, chlorate(i) ions, dichromate(\l) ions in acid, iodate(v)

ions in acid and manganate(\ ii) ions in acid.

2L(aq) > k,(‘^q) + 2e-

The iodine stays in solution in excess potassium iodide, turning a vellow-brown (see

tri-iodide ion)

.

4 he iodine produced is then titrated with a standard solution of sodium thiosulfate,

which reduces iodine molecules back to iodide ions. This too happens quantitatively

exactly as in the equation.

I,(aq) + 2S,()/-(aq) > 2I-(aq) + Sp/-(aq)

I he gi eater the amount of oxidizing agent added, the more the iodine formed and
so the more ihiosullate needed to react with it. When thiosulfate is added from a

burette the color of the iodine gets paler. Near the end point the solution is a veiT
pale yellow. Adding a little soluble starch solution as an indicator near the end point
gives a sharp color change from blue-black to colorless.
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ion exchange

Worked example:

Calculate the concentration of a solution of sodium thiosulfate standardized by

this method. A 0.0642 g sample of potassium iodate(v), KIO^, was dissolved in

water in a conical flask. Excess of potassium iodide was dissolved in the solution,

which was then acidified with dilute sulfuric acid. The iodine formed was titrated

with the solution of sodium thiosulfate from a burette. The volume of sodium

thiosulfate solution needed to decolorize the blue iodine-starch color at the end

point was 24.50 cm^.

Notes on the method

Write the equations and calculate the amount in moles of S„0.p“ equivalent to

I mol lO^".

There is then no need to consider the amounts of iodine in the calculations.

Look up the molar mass of potassium iodate: A/ (KIO^
)
= 2 1 4.0 g mob'

Only use your calculator at the last step of the calculation to avoid repeated

rounding errors.

Answer

The equations for producing iodine;

lOg'faq) + 5I'(aq) + 6H (aq) > 3l2(aq) + SH^O

The equation for the reaction during the titration:

L^(aq) + 2S,/V"(aq) ^ 2I-(aq) + Sp;^-(aq)

So I mol lOg" produces 3 mol L„ which then reacts with 6 mol

0.0642 g
The amount of KK)^ at the start - 214 0 g mol"'

6 mol react with the iodine formed by I mol lO^”.

So the amount of thiosulfate in 24.5 cm^ (= 0.0245 dm^) solution

0.0642 g~ ^ ^ 214.0 g mol"'

So the concentration of the sodium thiosulfate solution

0.0642 g I

~
2 1 4.0 g mol"' ^ 0.0245 dm^

= 0.0735 mol dm"^

iodoform reaction; see tri-iodomethane reaction.

ion exchange is a process for exchanging ions in a solution and is used to soften

and deionize water. An ion exchange resin consists of small beads of a polymer that

has been modified so that along the chains there are ionic groups. In a cation

exchange resin the polymer has negatively charged groups, which attract positive ions.

A water softener contains a cation exchanger in which all the negatively charged sites

are attracting sodium ions. As hard water flows over the resin beads the calcium ions

in the hard r/wYcr change places with the sodium ions. The softened water can then be

used for washing without forming insoluble precipitates with soaps dnd other determents.
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ionic bonding

Ion exchange is a reversible process. Once all the sodium ions in a bed of resin have

been used up it can be recharged by running a concentrated solution of sodium

chloride through it to replace calcium ions with sodium ions, ready to soften more

water, fhe salt added to a dishwasher is needed to make sure that the water softener

in the machine is regenerated in this way.

It takes Uvo ion exchange resins to deionize water: a cation resin holding hydrogen ions

and an anion resin with hydroxide ions. As water runs through the Uvo resins the cation

exchanger holds onto posidve metal ions and replaces them with hydrogen ions. The
anion exchanger holds onto the negative ions and replaces them with hydroxide ions.

Then (aq) + OH~(aq) > H^Ofl), so no ions are left in solution.

ionic bonding is one of three tspes of strong chemical bonding. Ionic bonding
occurs in compounds of metals with nonmetals. Ionic compounds form particularly

when the reactive s-block metals combine with the halogens of group 7 or ox\'gen in

group 6. The crystal structures of ionic compounds are three-dimensional lattices of ions.

Ionic bonding is the result of electrostatic forces of attraction between positive metal

ions and negative nonmetal ions. The larger the charges on the ions, the bigger the

attractive force. The smaller the ions, the closer the charges get to each other and
the stronger the force of attraction.

Electron dot and cross diagrams provide a balance sheet for keeping track of the elec-

trons when ionic compounds form. These diagrams do not describe the mechanisms

of the reactions.

XX XX

Na* -t- *C1* Na" -h ;CTx

sodium atom chlorine atom sodium ion chloride ion

(2.8.1) (2.8.7)

XX XX

(2.8) (2.8.8)

X X _ XX

Ca: + J ’‘F J

XX XX
Ca'* + :f: ;f:

XX XX

calcium atom two fluorine atoms calcium ion two fluonde ions

(2.8.8.2) (2.7) (2.8.8) (2.8)

Dot and cross diagrams for the formation of sodium chloride and calcium fluoride
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ionic product of water

Energ\' is needed to remove electrons from metal ions (see ionization energy). The

energ\’ changes on adding electrons to nonmetal atoms are quite small (see ekctron

affinity). Ionic crystals are stable because of the large release of energ)' as the ions

form a crystal lattice (see lattice energy). The Born-Haber cycle helps to analyze the

stabilit\’ of ionic cr\’stals. This energ\’ cycle also helps to explain why it is generally

true that the atoms of 5- and p-block elements gain or lose electrons to attain the

electron configuration of the nearest nobk gas.

ionic character of bonds: a phrase used to describe the extent to which bonds

between the atoms of two different elements are polar. The greater the difference in

electronegathirv benveen the elements, the more ionic the bonding. (See also ionic

bonding, polar covalent bonds, intermediate bondingdiWiX Fajan’s rules.)

ionic equations describe chemical changes by showing only the reacting ions in

solution. These equations leave out the spectator ions, which remain in solution

unchanged. For example, an ionic equation shows that the use of a barium salt to

test for sulfate ions is essentially the same reaction whether the reagent is barium

chloride or barium nitrate and whatever the source of the sulfate ions.

Ba^*(aq) + SO^-"(aq) > BaSO^(s)

Note that ionic equations are balanced both for atoms and charges.

An ionic equation also shows that the neutralization of any fully ionized strong acid

by a fully ionized strong base is essentially the same process;

H^(aq) +OH-(aq) > H^Od)

ionic precipitation is a reaction that produces a solid precipitate on mixing two

solutions. This tvpe of reaction can be used to make an insoluble salt from two sol-

uble salts. Silver bromide forms as a precipitate on mixing solutions of silver nitrate

and potassium bromide. This is best represented by an ionic equation leaving out the

spectator ions.

AgAaq) + Br“(aq > AgBr(s)

This is the reaction tised to make silver bromide for photography. Silver metal is dis-

solved in nitric acid to make silver nitrate, Ag^NOg". Then the solution of silver nitrate

is mixed with potassium bromide (K Br~) in a solution of gelatin. This produces a very

fine precipitate of silver bromide (AgBr) suitable for making a photographic film.

Ionic precipitation reactions play a big part in anion tests and cation tests.

ionic product of water, KJ a constant for the equilibrium produced by the ion-

ization of water. There are oxonium ions and hydroxide ions even in pure water

because of a transfer of hydrogen ions between water molecules. Ibis only happens

to a very slight extent. At equilibrium in pure water: [Il^Odaq)] = 10“' mol dnr"^

II/)(1) + If/)(1) II/T(aq) +OII-(aq)

[H30^(aq)] [()Ii-(aq)]

The equilibrium constant K, = —'

[HA)(1)]^

There is such a large excess of water that [II^CXl)] is a constant, so the relationship

simplifies to: A'^, = [H
3
f)Aaq)] [OII“(aq)]

where A^, is the ionic product of water.
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ionic radius

In pm e water [H.^C)*(acj)] = [OH (aq)] = 10 ^ mol dm ^

I lence K = 10'*^ mor*^ dnr'’
W

is a constant in all aqueous solutions at 298 K. This makes it possible to calculate

the pi I of alkalis.

Worked example:

What IS the pH of a 0.02 mol dm"^ solution of sodium hydroxide?

Notes on the method

Sodium hydroxide is fully ionized in solution. So in this solution

[OH"(aq)] = 0.02 mol dm"^

pH = -Ig [H.^O*(aq)]

Answer

For this solution;

= [Hj^O^(aq)] x 0.02 mol dm"^ = lO"'"* moP dm“^

So [H,0 (aq)] -
o,02 mol dm'^

“ ^

Ftence pH = -Ig (5 x 10"'^) = 12.3

ionic radius is the radius of an ion in a cry stal. Ionic radii are determined by X-ray dif-

fraction methods. The radius of the positive ion of an element is smaller than its atomic
radius. The radius of the negative ion of an element is larger than its atomic radius.

O "g"

= 0. 1 60 nm = 0.072 nm

Comparison of the radii of atoms and Ions

''atom
- 0.07 1 nm

''atom
- 0.073 nm

Trends in ionic radius help to account for patterns of bonding and properties in the
periodic tedde.

N-'- O'- F \a- Mg-'

O O O o o
Ionic radii for selected elements. All the ions shown have the same electron configuration.

They are isoelectronic.
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ionization energy

Note these patterns:

• down any group the ionic radii increase as the number of inner full shells

increases

• across a period, the radii of ions with the same electron configuration

decrease as the nuclear charge increases.

Ions in solution are hydrated (see hydration). The radius of the ion plus the hydrat-

ing water molecules is larger than the ion in a crystal. A smaller ion is likely to be

more heavily hydrated than a larger ion with the same charge.

Ion Radius in a cnstal/nin Radius when h\’drated/nin

Li* 0.074 1.00

Na* 0.102 0.79

ionization energy: a measure of the energ\’ needed to remove an electron from a

gaseous atom or ion. Ionization energies give evidence for the arrangement of elec-

trons in atoms in shells and subshells. Ionization energies can help to explain which

ions an element can form. Values for ionization energies are used in energ)' cycles,

such as the Born-Haber cycle, to investigate bonding in compounds.

The first ionization energ\' for an element is the energ)' needed to remove one mole

of electrons from one mole of gaseous atoms. Successive ionization energies for

the same element measure the energ)’ needed to remove a second, third, fourth

electron, and so on.

Ionization energies can be measured by mass spectrometry or by studying the emission

spectra of atoms (see hydrogen emission spectrum). In these ways it is possible to mea-

sure energ)' changes involving ions that do not normally appear in chemical

reactions.

Na(g) > NaAg) + first ionization energ)' = 496 kj mol"'

NaAg) > Na'^Ag) + second ionization energy = 4563 kJ mol"'

Na“''(g) > Na'^‘^(g) -t e" third ionization energ)' = 6913 kJ mol"'

There are 1 1 electrons in a sodium atom so there are 1 1 successive ionization energies

for this element. The electron configuration of the element is lV2r2//3.^'. There is 1

electron in the outer shell, which is furthest from the nucleus and shielded by ten

inner electrons. There are eight electrons in the second shell and these are closer to

the nucleus and only have two inner electrons. The two inner electrons feel

the full attraction of the nuclear charge and are closest to the nucleus. They are

hardest to remove.

Plot of log (ionization energy)

against number of electrons

removed for sodium

dJ
C
(U

c
o
-t-'

roN
'c
O
DjO

o
_J

0 5 10 15

Number of electrons removed
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ionization of water

So the successive ionization energies for an element rise and there are big jumps in

\’alne each time electrons suirt to be removed from the next shell in tcjward the nnclens.

In the periodic tcdde, ionization energies tend to rise from left to right across a period

because from one element to the next the added electron goes into the same main

shell as the charge on the nnclens increases by one. The rise in values is not smooth

but shows a 2-3-3 pattern, corresponding to the way that the .s- and />orbitals fill np

(see atomic orbitals)

.

Plot of first ionization energy against proton number for the elements H to Ca

The 25 orbital is full at Be, there is then a slight dip as the next electron goes into a

/>-orbital with a slightly higher energv’. The three /^orbitals each have one electron in

a nitrogen atom. The dip at oxygen happens as the next electron has to pair up with

another electron. Nevertheless, the main factor is the charge on the nnclens, which
increases steadily across the period. This pattern repeats from Na to Ar.

Ionization energies decrease down a group. Down a group the number of full shells

increases. The increased shielding effect balances out the increasing charge on the
nnclens. The outer electrons get further and further away from the same effective

nuclear charge, so they are easier to remove.

ionization of water: see ionic product of xuater.

ionizing radiation includes all the ppes c:)f radiation with enough energ\ per
photon to ionize atoms. Ionizing radiation includes alpha and beta particles, gamma
radiation and X-rays. Living cells are very sensitive tc5 ionizing radiation. High doses of
ionizing ladiation can kill li\ing cells and even small doses can cause mutation.
Lx[)osure to ionizing radiation can, in time, give rise to cancer.

iron (Fe) is a d-block metal that shows the characteristic behaHor of the transition

metals. Its electron configuration is: [Ar]3^‘^45^’. The pure metal is soft and easily worked.
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isoelectric point

It is strongly ferro7?iagnetic. In most of its uses iron is mixed with other elements to make

steel. Iron is so widely used that corrosion of the metal is a serious economic problem.

Iron can exist in more than one oxidation state. Iron dissolves in dilute acids to form

iron(ll) salts. The aqueous iron(il) ion is pale green. Oxidizing agents including oxy-

gen in the air, chlorine or potassium manganate(Ml) all oxidize iron(li) to iron (ill).

The aqueous iron(lii) ion is yellows

Fe^"(aq) > Fe^^(aq) -i- e“

Iron ions form complexes in both the +2 and the -i-3 states. The hexacyanoferrate(ii)

ion, Fe(CN)g‘^, gives a deep blue precipitate with Fe^''(aq) ions. The hexacyano-

ferrate(iii) ion, Fe(CN)g^, gives a deep blue precipitate with Fe^^(aq) ions. This is

one way to distinguish iron(ii) and iron (ill) ions in solution.

A ven’ sensitive test for iron(iii) is to add a dilute solution of thiocyanate ions, SCN~.

A blood-red precipitate forms due to the formation of iron complexes such as:

[Fe(SCN)(H20)3]^

Iron and its compounds act as homogeneous and heterogeneous catalysts.

iron extraction produces the metal from its oxide ores in large blast furnaces.

Coke burning in air heats the furnace.

C(s) -t 0,(g) —> CO.,(g)

Coke also produces the reducing agent by reacting with carbon dioxide further up the

furnace to make carbon monoxide.

C(s) +C02(g) —>2CO(g)

The carbon monoxide reduces the oxide ore to iron.

Fe203 (s) + 3CO(g) > 2Fe(l) + Smfg)

Where the furnace is hot enough, carbon too can act as the reducing agent.

Limestone (CaCO^) decomposes to calcium oxide (CaO), which combines with

silicon dioxide and other impurities to make a liquid slag. For example:

CaO(s) + Si02(s) > CaSi03 (l)

The molten metal and slag run to the bottom of the furnace where the slag floats on

the metal so that it can be tapped off separately.

irritant chemicals do not destroy tissues, so they are less than corrosive. However, skin

or eyes may become inflamed or affected by sores if exposed to the chemical. This may

happen quite quickly or after extended or repeated contact with the chemical.

isoelectric point: the pH at which the overall charge on an amino acid or protein

is zero. At this pH amino acids or proteins do not move toward one or other of the

electrodes during electrophoresis.

At low pH an amino acid has a positive charge because there is an extra hydrogen ion

on the basic amino group. At high pH an amino acid is negatively charged because

the carboxylic acid group has given away a hydrogen ion. At the pH of the isoelectric

point the amino acid is present in solution as a zwitterion and the total charge is zero.

Isoelectric points vary from one amino acid to another because of differences in their

side chains.
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isoelectronic atoms and ions

H t.ll., O H t>ii., O I3 0
1 1 • • I— N— C — c ^ H— N — C —

(

c: — H— N— C — C
1 1

\
1 1

\
1 1

\
1! 1!

OH H H cr H H 0

in acid in alkaline

solution zwittenon solution

The charges on alanine at different phi values

A large j)r()tein molecule is at its least soluble in water at its isoelectric point when it

is uncharged.

isoelectronic atoms and ions have the same number and arrangement of elec-

trons. The following particles are all isoelectronic: N'^", 0““, Fe", Ne, Xa% Mg“" and
Af^^. They all have the electron configurcition \h2h2p\

Methane and the ammonium ion are isoelectronic. Both have ten electrons, two

in the first shell of the central atom and eight forming four covalent bonds with

hydrogen atoms. They both have the same shape (see shcipes of ynolecules)

.

isolated system: see system.

isomerization is a process used in oil refining to convert straight-chain alkanes,

such as pentane, into branched isomers, such as 2-methylbutane. The value of the

process is that branched alkanes increase the octane number of gasoline.

Isomerization happens when the hot hydrocarbon vapor passes over a catalyst.

isomers are compounds with the same molecular formula but different structures.

Structural isomerism may arise because:

• the hydrocarbon chain is branched in different wavs

H H H H H H H

H— C— C— C— C— H H— C—

C

H H H H H
H-C

butane
1

H

H

Isomers of

• the functional group is in a different position

2-methylpropane

H H H

n— — c:— c— OH

M H H

H OH H

H— C— C—C—

H

H H H

Isomers of CM/) propan- 1 -ol propan-2-ol
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isotopes

• the functional groups are different.

H H H H

H— C— C— OH H— C— O— C— H

H H H H

Isomers of ethanol methoxymethane

(See also geometrical isomerism and optical isomers.)

isomorphous compounds have the same type of chemical formula and crystallize

with the same shape and structure. Alums are isomorphous. They form octahedral

crystals.

isotactic polymer: an addition polymer with a regular structure. In isotactic

poly(propene), for example, all the methyl side chains are on the same side of the

carbon chain. The molecules coil into a regular helical shape and pack together to

form a highly cry stalline polymer that is very' strong. This foi in of the polymer is use-

ful for hardwearing fibers, tough moldings in motor vehicles and container s that can

hold boiling water.

Structure of isotactic

poly(propene) with all the

methyl groups on the same

side of the carbon chain

isotopes are atoms of the same element that have the same number of pr otons in

the nucleus but a different number of neutrons. In other wor ds the atoms of isotopes

have the same proton (atomic) number hut different nucleon (mass) numbers. The iso-

topes have the same chemical properties because they have the same number and

arrangement of electrons {electron configuration).
Symbol:

12c 13c 14c

The three isotopes of carbon; carbon- 1 2, carbon- 1

3

and carbon- 1 4. The first two are not radioactive,

but carbon- 14 is a beta emitter.

Neutrons: 6

Protons: 6

7

6

The isotopes of an element can be separated and detected by mass spectrometry.

in a mass spectrum are often multiple because of the existence of isotopes.

8

6

Peaks

A^oss spectrum of chlorine
Mass : charge ratio (m/z)
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isotopic abundance

isotopic abundance: the proportions of the different isotopes of an element.

(Chlorine, for example, has two isotopes: chlorine-35 and chlorine-37. Naturally

occurring chlorine contains 75% of chlorine-35 and 25% of chlorine-37.

(3 X 35) + 37
So the mean relative atomic mass =

4
= 35.5

Most relative atomic mass values are not whole numbers because most elements have

several naturally occurring isotopes.

isotopic labeling uses isotopes as markers to trace the movement of chemicals or

to investigate w4iat happens to particular atoms during chemical changes (see also

tracers). Atoms of the normally abundant isotope of an element in a molecule are

replaced by a different isotope.

Isotopes have the same chemical properties so it is possible to use them to follow

what happens during a change without altering the normal course of the process.

Radioactive isotopes can be tracked by detecting their radiation. The fate of

nonradioactive isotopes can be followed by analyzing samples using mass spectrometry.

Isotopic labeling has been used to investigate the mechanism of ester hydrolysis.

Using water labeled with oxygen-18 (instead of the normal isotope oxygen-16) it was

shown that it is the C— O bond in the ester that breaks and not the O— bond.

Mass spectrometry show'ed that the heavier oxygen atoms end up in the acid and not

in the alcohol.

CHX
X"
OC,H.

This
'

bond breaks

+ a/x CHX +
" \

CXsOH

Use of labeling to investigate bond breaking during ester hydrolysis

isotropic solids have properties that are the same in all directions. Crvstals of
sodium chloride are isotropic because the ions are spherical and the crystal structure

is cubic. Most substances are more or less anisotropic.

lUPAC (International Union of Pure and Applied Chemistry): the recog-

nized authority for the names of chemical compounds, for chemical svmbols and
terms and the values of data such as relative atomic masses. lUPAC names are sys-

tematic names based on a set of rules that make it possible to determine the chemical
structure of a compound from its name. Chemists increasingly use approved lUPAC
names for simpler compounds but stick to traditional names when the svstematic
name is complex. The systematic name 2-hydroxypropane-l,2,3-tricarboxvlic acid
describes the structure but is cumbersome compared to the traditional name citric

acid based on its occurrence in citrus fruits.
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J

joule (symbol J) is the SI unit of energ)'. The quantities of energv' transferred

during chemical reactions are relatively large, so chemists generally measure energ}'

changes in kilojoules (kj). 1 kj = 1000 J.
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K

is the symbol for an equilibrium constant with the concentrations measured in

moles per liter (see equilibrium law).

is the symbol for an equilibrium constant for an equilibrium involving gases with

the concentrations measured by partial pressures.

Fquilibriuni K
p

Units of Ap (using the

SI unit of pressure. Pa)

2HI(g) K =
p

(P.n/

(/'h.xa,)
no uniLs

N.^(g) + 3HAg) ^ 2NH,(g) K =
p

(/-nh/
Pa-'^

2NO.^(g) a: =
p

(Puo./
Pa

Kekule structure: a ring structure for benzene proposed by the German chemist
Friedrich Kekule in 1865. According to Kekule the idea of a ring structure came to

him while he w'as day dreaming in front of a fire.

Representations of the Kekule structure for benzene

H

C C

r r

H

The problem with this structure is that it suggests that there should be two isomers
ol 1,2-dichlorobenzene.

Isomers of 1 ,2-dichlorobenzene suggested by

the Kekule structure. Isomers with this formula

have never been separated. There Is only one

form of the compound.

Cl

rV""

In piactice it has never been possible to separate isomers of disubstituted benzenes.
To get around this problem Kekule suggested that benzene molecules rapidly alter-

nate between the two possible structures. This is not the modem explanation. Today,
chemists use the idea of delocalized electrons to account for the benzene stnicture.
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ketones

Kelvin (symbol K) is the SI unit of temperature. Temperatures above absolute zero

are measured in kehins. Temperatures on the Celsius scale use the same size units

but zero is set at the freezing point of water (273.15 K). Temperature differences

measured on either scale are the same and given as kelvins (K).

kerosene is a mixture of hydrocarbons produced by the fractional distillation of oil.

Part of the kerosene fraction is refined for use as a domestic fuel, while some is

cracked to make gasoline. Most of the kerosene fraction, however, is purified for use

as the fuel for jet engines in aircraft.

ketones are carbonyl compounds in which the carbonyl group is attached to two alkyl

groups. The carbonyl group is the functional group that gives ketones (and aldehydes)

their characteristic properties. Ketones are named after the alkane with the same

carbon skeleton by changing the ending “e” to “one.” Where necessar)' a number in

the name shows the position of the carbonyl group.

Oxidation of secondary alcohols with acidified potassium dichromate (\’l) produces

ketones, wTich, unlike aldehydes, are not easily oxidized further.

OH

OH,— C— CH,

H

heat under reflux

with a mixture of

sodium dichromate(vi)

and sulfuric acid

o

CH,— C — CH,

propanone

Oxidation of propan-2-ol to propanone

Fehling’s solution and Tollens reagent cannot oxidize ketones. There is no change w hen

testing ketones with these reagents.

Sodium tetrahydridoborate(lll) reduces ketones to secondar)' alcohols.

O

OH,— C — OH,
NaBH4(aq)

OH

OH,— C— Oil,

H

propan-2-ol

Reduction of propanone to propan-2-ol

Ketones, like aldehydes, undergo addition. These are nucleophilic addition reactions.

Sometimes addition is immediately followed by elimination of water in

addition-elimination reactions.
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kilogram

c

OH
/

\
1 13C CN

c=o
ii.c: H,C OH

0 /
C

/
t

\
H3C S03-Na

Addition reactions of propanone

kilogram (symbol kg) is the SI unit of mass. 1 kg = 1000 g.

kinetic control: a term used when the product of a reaction is the one that forms

faster, rather than an alternative product that is more stable but forms more slowly.

The production of methanal from methanol and oxygen is an example of kinetic

control.

2CH30H(g) + 0,(g) > 2HCHO(g) + 2Hp(l)

This reaction is fast in the presence of a suitable catalyst at a temperature at which the

alternative reaction cannot take place. The alternative is burning to carbon dioxide

and water. Combustion is more exothermic but has a higher activation energv’.

2CH30H(g) + 0,(g) > 2CO,(g) + 4H,0(1)

cu
c

Methanol and

oxygen

Higher activation

energy for burning

Lower activation energy

with suitable catalyst

Methanal and

water Less stable products

Carbon dioxide

and water More stable products

Progress of reaction from reactants to products

Reaction profiles for alternative reactions illustrating kinetic and thermodynamic control

In the absence of a catalyst, and at a higher temperature, methanol burns to produce
the pioducts that are thermodynamically more stable. In these circumstances the
system is under thermodynamic control.

kinetic inertness is the properp’ of a reaction that does not proceed even
though tlie reaction appears to be feasible (see feasibility). The reaction tends to go
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krypton

according to the equilibrium constant, or the standard electrode potentials, or the free

energy change, yet nothing happens. There is no change because the rate of reaction

is too slow to be noticeable. There is a barrier preventing change - usually a high

activation energy. The compound or mixture is inert.

Examples of kinetic inertness are:

• a mixture of methane (natural gas) and oxygen at room temperature

• a solution of hydrogen peroxide in the absence of a catalyst

• aluminum metal in dilute hydrochloric acid.
/

Kinetic stabiliU' is a term often used for kinetic inertness. It helps, however, to make

a sharp distinction between two quite different t\pes of explanation. For clarity,

chemists refer to:

• systems with no tendency to react as “stable”

• systems that should react but do not do so for a rate (kinetic) reason as

inert.

kinetics of reactions; see reaction kinetics.

kinetic theory of gases: an explanation of why gases obey the gas laxvs. The

theory is based on a model of an ideal gas. The assumptions are that:

• a gas consists of molecules in rapid, random motion

• the volume of the molecules can be neglected in comparison with the total

volume of gas

• the molecules do not attract each other (no intermolecularforces)

• the collisions with the walls of any container are perfectly elastic.

By apphing Newton’s laws of motion and then assuming that the average kinetic

energ}' of molecules is proportional to temperature, it is possible to derive the ideal

gas equation from this model.

The model helps to explain why real gases deviate from ideal gas behavior.

The model of gas molecules in rapid random motion underlies the theories of

reaction kinetics dind chemical equilibrium.

knocking is a noise from a gasoline engine heard when the mixture of fuel and aii

ignites too early while still being compressed by the piston. This is preignition.

Compression heats up the mixture of fuel and air. Preignition means that the fuel

starts burning before being ignited by a spark from the spaik phig. Internal com-

bustion engines run powerfully if the fuel starts to burn when the piston is at the

right point in the cylinder so that the expanding gases force the piston down

smoothly. Knocking is a sign that a fuel with a higher octane number is needed.

Prolonged knocking damages an engine.

krypton (Kr) is a noble gas that makes up less than 0.1% of air. The gas is sepaiated

from the other gases in the air by fractional distillation and used to fill fluorescent

lights and flashbulbs.
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labile complexes: a term used to describe complex ions in which it is easy to replace

the ligands. Ligand exchange is difficult or impossible with inert complexes.

(nuomiumfiii) and cobalt(iii) complexes are kinetically inert. Most other complexes

are labile.

lanthanide elements: the series of 14 elements between lanthanum and hafnium

in the sixth period of the periodic table. Across this series of elements the electrons fill

the 4/ energ)' levels. These elements were once called the “rare earths” but, apart

from promethium, they are not rare. Orium is five times as abundant as lead. The
elements all have very similar chemical properties. They can be separated by ion

exchange or chromatography. The main source of these elements is the ore monazite.

lattice: a term used to describe a network of atoms or ions in a crystal.

lattice energy: the standard enthalpy change ysihen one mole of an ionic compound
forms from free gaseous ions.

Na^(g) + Cl-(g) > NaCl(s) = -787 kj moL'

Note the difference between the lattice energy and the standard enthalpy change of

formation of sodium chloride, which refers to the formation of a compound from its

elements, A//^[NaCl(s)] = -41 1 kJ moL'.

Lattice energv’ is one of the thermochemical quantities that cannot be measured
directly. Lattice energies are calculated indirectly with the help of the Bom-Haber cycle.

Lattice energies give a measure of the strength of the ionic bonding in a crystal. Ionic

bonding is the result of the electrostaticforces between the oppositely charged ions. So,

for a given ciystal structure, the lattice energy increases if:

• the charge on the ions increases

• the ions get smaller (and so closer together).

Lattice energies are used in thermochemical cycles to explore the factors that

determine the enthalpy change of solution of ionic salts.

layer lattice: a cry stal lattice in which there is strong bonding within layers of atoms
but relatively weak bonding between the layers. It is often easy to cleave materials with a
layer lattice along planes parallel to the layers. Examples of substiinces with layer lattices

are graphite, mica and molybdenum sulfide. Graphite and molybdenum sulfide are
used as lubricants because of the ease with which layers of atoms slide over each other.

Le Chatelier’s principle is a qualitative guide to the effect of changes in concentra-
tion, pressure or temperature on a system at equilibrium. The principle was suggested
as a general rule by the French physical chemist Henri Le Chatelier (1850-1936).

I he principle states that wiien the conditions of a system at equilibrium change, the
position of equilibrium shifts in the direction that tends to counteract the change.

1 he principle can be used to discuss the conditions chosen for ammonia manufacture.
The equilibrium system involved is;

\,(g)+3H,(g) 2NH.,(g) A//

=

-92.4 kJ mol-i
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lead-acid ceil

There are four moles of gases on the left side of the equation but only two moles on

the right. Le Chatelier’s principle predicts that raising the pressure will make the

equilibrium shift from left to right. This reduces the number of molecules and so

tends to reduce the pressure. So increasing the pressure increases the proportion of

ammonia at equilibrium.

The reaction is exothermic from left to right and so endothermic from right to left. Le

Chatelier’s principle predicts that raising the temperature will make the position of

equilibrium shift in the direction that takes in energ\' (tending to cool the mixture).

So raising the temperature lowers the proportion of ammonia at equilibrium.

Le Chatelier’s principle can be misleading, especially when predicting the effects

of changes in concentration or pressure. It is generally better to use the equilibrium

law and the values of X or to predict the effect of changes in concentration or

pressure.

leaching is a process for separating a material from an insoluble solid using a suit-

able solvent. Leaching is one of the methods used to extract metals from low-grade

ores. Copper is obtained in this way from waste dumps at old mines. These dumps

contain ores that have been oxidized by weathering. The finely divided ore is treated

with sulfuric acid in a leach tank stirred by a flow of air.

Ctr^(0H)
2
C03 (s) + 4H*(aq) > 2Cir^(aq) + 3H,0(1) + CO,(g)

Leaching also describes the extraction of nitrates and other fertilizers from soil by

rainwater. Water draining through the soil can carry away soluble nitrate ions into

lakes and streams, causing eutrophication.

lead (Pb) is a grayish metal often used on roofs of buildings because it resists cor-

rosion and is malleable so that it can be bent to fit the shape and create a wateipioof

flashing where roof tiles meet walls. Lead is a dense metal and is an effective shield

to stop X-rays and other radiations. Lead melts at a relatively low temperature for a

metal and, when alloyed with tin, produces solder with an even lower melting point

(see eutectic mixture).

Lead comes below tin in group 4 of the periodic table. It forms compounds in two oxi-

dation states: +2 and -t4. The +2 state is more stable so that compounds in the +4 state

are oxidizing agents.

Lead forms two soluble lead(ii) compounds: the nitrate and the ethanoate. Lead ions

are colorless in solution. Adding alkali to a solution of lead(ii) ions gives a white

precipitate of Pb(OIl),^ that dissolves in excess, showing this hydroxide is amphoteric.

The pigment chrome yellow consists of lead chromate, which precipitates on mixing

a solution of lead(li) ions with a solution of chromate(\'i) ions.

Large amounts of lead are still used to produce the gasoline additive lead tetraethyl,

Pb(C;jL)^. Burning leaded gasoline has greatly increased the concentrations of lead

in the environment. Many countries have decided to phase out leaded gasoline

because lead compounds are toxic and can cause brain damage, especially in

children.

lead-acid cell: an electrochemical cell that is rechargeable because the chemical

changes at the electrodes are reversible. The working of the cells involves lead in

three oxidation states Pb(o), Pb(ll) and Pb(i\').



leaving group

In a fully charged lead-acid cell the negative electrode consists of lead metal. The

positive electrode consists of lead coated with lead(iv) oxide. The electrodes dip into

a solution of sulfuric acid. These are the electrode processes as current flows:

• at the negative electrode:

Pb(s) + S()^'‘^~(aq) > PbSO^(s) + 2e"

• at the positive electrode:

Pb02(s) + SO^‘‘^"(aq) + 4IT(aq) + 2e~ > PbSO^(s) + 2H20(1)

The equations help to explain why the cell is rechargeable. The changes that happen
as a current flows from the cell both produce an insoluble solid, lead sulfate. This

traps the lead(ii) ions beside the electrode instead of dissohdng in the electrolvte. So

when the current is reversed to charge up the cell, the two reactions can be reversed,

turning lead(ii) back to lead metal at one electrode and back to Pb02 at the other.

A 12-volt automobile batter)' usually consists of six 2 V lead-acid cells connected in

series. Banks of lead-acid cells can be used to provide emergency standby power for

lighting wherever a mains power cut could be serious. Lead-acid cells have the great

advantage that they can be recharged many times and last for a long time.

leaving group: an atom or group of atoms that breaks away from a molecule
during a substitution reaction.

H

aH-— C ^Bi

H

H

» HO— C— H + Br-

C,H,

Nucleophilic substitution of a hydroxide ion for a bromide ion from I -bromobutane.The
bromide ion is the leaving group.

Some groups are better at leaving than others. A water molecule is a better leaving

group than a hydroxide ion. This explains why the substitution reactions of alcohols

go faster in acid conditions.

H

CH3— C— OH

CH3

H
Br:^—X I

CH3—

ca

H

> Br— C— CH3 + ap

CH3

Nucleophilic substitution of 0 bromide ion for a hydroxide ion in propan-2-ol. The reaaion
goes faster under acid conditions. The — OH group in the alcohol is protonated, so the
leaving group is a water molecule.

Lewis acid/base theory: a theorv’ that gives a verv’ broad definition of acids and
bases in terms of electron pairs. A Lewis acid is a molecule or ion that can form a
bond by accepting a pair of electrons. A Lewis base is a molecule or ion that can form
a bond by donating a pair of electrons.
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ligands

The formation of an oxonium ion is a Lewis acid-base reaction between the proton (a

Lewis acid) and a water molecule (a Lewis base). So, in this theor\’, it is the proton

rather than the proton donor, that is an acid.

Formation of an oxonium ion

as the Lewis base, water,

forms a dative covalent bond

with a proton

H

'^:o—

H

Lewis Lewis

acid base

H
I

+

> H—O—

H

• •

This much wider definition of acids and bases describes the formation of a complex

ion as a reaction between a metal ion (a Lewis acid) and ligands (Lewis bases).

Complex formation as a Lewis

acid-base reaction

Ni'" + 6 :NH3

Lewis Lewis

acid base

Complex ion

Aluminum chloride (AlCl^) is a Lewis acid. This accounts for its use as a catalyst in a

Friedel-Crafts reaction.

Cl

Cl— A1

Cl

Lewis acid Lewis base

>

Cl

Cl— Al— Cl

Cl

+ cr

Electrophile

for substitution

in benzene

Aluminum chloride acting as a Lewis acid

Chemists normally use the Br0nsted-Lowry theory. When they use the terms acid and

base they mean “proton donor” and “proton acceptor.” To signal that they are using

the wider L.ewis definition they refer to “Lewis acids” and “Lewis bases.”

ligands are the molecules or ions bound to the central metal ion in a complex ion.

Examples of molecules that can act as ligands are water and ammonia. Examples of

ions that act as ligands are hydroxide ions, chloride ions and cyanide ions. Ligands

have one or more lone pairs of electrons that can form coordinate bonds to the metal ion

(see bidentate ligands, hexadentate ligands dnd edta).

Reactions involving complex ions in solution often involve exchanging one ligand

for another. They are ligand exchange reactions and are often reversible.

[Cu(H/)),]‘^^(aq) + 4NH3(aq) [Cu(NH,),(H,0)J“*(aq) + 4Hp(l)

Reversible ligand exchange reaction of copper(ii) ions
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limiting reactant

limiting reactant: tlie chemical in a reaction mixture that is present in an amount

that limits the theoretical yield (see yield calculations)

.

Often in a chemical synthesis

some of the reactants are added in excess to make sure that the most valuable chemi-

cal is converted as far as possible to the required product. The limiting reactant is the

one that is not in excess and so is used up (if the reaction goes to completion).

lipids: a broad cla.ss of biological compounds that are soluble in organic solvents

(such as ethanol) but insoluble in water. Lipids are very varied and include fatts acids,

fats, vegetable oils, phospholipids and steroids.

liquid chromatography was the first type of chromatography developed. The
Rirssian botanist Michel Tswett developed the technique to separate plant pigments.

In 1903 he separated leaf colors (chlorophylls, carotenes and xanthophylls) by di.s-

solving a leaf extract in a hydrocarbon solvent. He added the extract to the top of a

column of powdered chalk and then passed more pure solvent through the column
to complete the separation. Running solvent through the column to separate the

mixture is called elution and the liquid that flows out of the bottom is the eluate.

This is an example adsorption chromatography. Each compound in the mixture has

its own equilibrium between adsorption on the solid and solution in the solvent.

(Compounds that are strongly adsorbed by the stationarv' phase move slower;

compounds that are more soluble in the solvent move faster.

The liquid leaving the bottom of the column is collected in a series of tubes. Tubes
containing parts of the mixture can be detected by their color or some other method
such as their appearance in L \' light. Components of the mixture can be recovered

by evaporating the solvent from these tubes.

liquid crystal: a state of matter that is more ordered than a liquid but less ordered
than a solid. Although the liquid crystal state was first noticed as long ago as 1888, it

is only since the early 1970s that such crystals have been developed for use in digital

watches, calculators and portable computer screens. Much of the pioneering work
was done in the United Kingdom by a team lead by George Gray.

liquids flow to take the shape of their container. The atoms, molecules or ions in a liq-

uid are free to move about but with nothing like the freedom of the molecules of a gas.

The particles of a liquid are generally slightly more widely spaced than in a solid but
the density of packing is only slightly less. Liquids lack the order of crvstalline solids.

Liquids, like solids, are hard to compress. Unlike gases, they have a definite volume.

liter (symbol I) is a unit of volume equal to 1000 cm\ A liter is the same as a

decimeter cubed (duA). 1 dnv^ = 10 cm x 10 cm x 10 cm = 1000 cnA. Chemists use
the dmUvhen calculating because the units can then be worked through consistently.

\\ liile the nvMs the SI unit of volume, dnr"* is accepted as convenient, and is preferred
to the liter.

lithium (Li) is a soft, shiny metal that turns dark gray in air. It is the first member of
group I with the electron configuration [He] 25*.

l.ike other group 1 metals, lithium:

• is stored in oil

• floats on water and reacts, but quite slowly, forming hvdrogen and LiOH,
which is soluble and stronglv alkalineO ,
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logarithms

• burns in air with a colored flame (bright red) forming an oxide (Li._,0)

• forms an ionic, crystalline chloride.

The small size of the lithium ion means that some features of lithium chemistry are

not typical of the grotip as a whole:

• hydration - the Li* ion is heayily hydrated in water and lithium has the

most negatiye hydration energ\’ in group 1; as a result the standard electrode

potential for Li*(aq) ILi(s) is most negatiye for the group

• solubilities - lithium carbonate and lithitim fluoride are only slightly

soluble while most other simple compounds of group 1 metals are soluble

• thermal stability - lithium carbonate decomposes on heating while all the

other group 1 carbonates are stable; lithium nitrate decomposes to the

oxide on heating, tmlike the nitrates of soditim and potassium

• covalent bonding - lithium forms a wide range of coyalent molecular

compounds such as ethyl lithium, C^H.Li.

lithium aluminum hydride: see lithium tetrahydridoaliiminate(m).

lithium tetrahydridoaluminate(iii) (LiAIHj is a powerful reducing agent used

to reduce aldehydes, ketones, esters and carboxylic acids to alcohols. Many chemists still

use the older name, lithium aluminum hydride.

In its reactions the tetrahydridoaluminate(ili) ion can be regarded as a source of

hydride ions (H“). The reagent is rapidly hydrolyzed by water so it has to be used in

an anhv'drous sohent such as dry ether. Where possible sodium tetrahydridoborate(lii) is

preferred because it is easier and safer to use.

lithosphere: the rocks, weathered rocks and soils of the Earth s crust, which make

up less than 0.0001% of the yolume of the planet. The crust consists largely of oxy-

gen (46.6% by mass) mainly combined with silicon (27.7%) in silicate mint vdh. Only

a few other elements are abundant: aluminum (8.1%), iron (5%), calcium (3.6%),

sodium (2.8%), potassium (2.6%) and magnesium (2.1%). All other elements

together make up the remaining 1.4%.

localized electrons: electron pairs forming covalent bonds between two atoms.

L.ocalized electrons are not free to move through a structure, so giant structures

with normal covalent bonds, such as diamond and silicon dioxide, do not conduct

electricity, unlike giant structures with delocalized electrons such as metals and graphite.

logarithms in chemistry are of two kinds, logarithms to base 10 (Ig) and natuial

logarithms to base e (In).

Chemists use logarithms to base 10 to handle values that range over several orders of

magnitude. Togs to base 10 are defined such that:

• Ig 1000 = 3

• Ig 100 = 2

• Ig 10 = 1

. Ig 1 = 0

• IgO.l = -1

• IgO.Ol = -2

In general Ig lO"" = w
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lone pair of electrons

The hydrogen ion concentration in aqueous solutions typically ranges from 1 to

lO"'"* mol dm"^. The definition oi pH (-Ig [H*(aq)]) covers this range in a scale

running from 0 to 14.

Also by definition: Ig = Ig x + Ig y and Ig x" = ?? Ig x

so Ig 1/x = Ig X”' = -Ig X.

Natural logarithms appear in relationships in thermochemistrv' and chemical kinetics.

They follow similar mathematical rules as logarithms to base 10. In general In e"" = x.

lone pair of electrons: a pair of electrons in the outer shell of one of the atoms

in a molecule or ion that is not involved in bonding.

H H

H— o: H— N— H H— o: :Br:
•• •• •• ••

Examples of molecules and Ions with lone pairs of electrons

Lone pairs of electrons:

• affect the shapes of molecules

• form coordinate (dative co\'alent) bonds

• are important in the chemical reactions of compounds such as water dind

ammonia

• are important in nucleophilic addition and nucleophilic substitution reactions.

(See also Lexuis acids and bases.)

lubricants are used to reduce friction wherever one surface slides over another.

Lubricating oils for engines are usually based on oil fractions with molecules in the

size range to Synthetic lubricants for specialist purposes include silicones,

esters and polymers made from epoxyethane.

luminescence is a term that includes all the examples of substances emitting light

at low temperatures, in contrast to incandescence, which is the emission of light by
objects when they are hot, such as the filament of an electric lamp.

Examples of luminescence are:

• fluorescence - the immediate emission of light by a material exposed to

other radiation such as LA' radiation. X-rays or an electron beam
• phosphorescence - delayed and slow emission of light from a material

after exposure to other forms of radiation

• chemiluminescence - light given out during chemical changes (such as

from light sticks, fireflies or glow-worms)

• triboluminescence - light given out when crushing or breaking a material

(such as the flashes of light seen in a darkened room when crushing sugar
or opening a self-adhesive envelope).
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macromolecular substances are materials made up of veiT large molecules.

They are usually called polymers. Macromolecules, like small molecules, have strong

covalent bonds holding the atoms together within the molecules {intramolecularforces)

but relatively weak attractions between the molecules {intermolecularforces)

.

Unfortunately the term macromolecule is also used by some writers to describe cova-

lent giant structures such as diamond and silica. The argument is that a cr\^stal of a

covalent giant structure is like a vast single molecule. This use of the term can be

confusing and is best avoided.

magnesium (Mg) is a reactive metallic element in gioup 2 of the periodic table. Its

electron configuration is [Ne]3r. Samples of the silver)^-white metal usually look gray

because they are covered with a layer of magnesium oxide.

The source of magnesium metal is electrolysis of molten magnesium chloride

obtained either from seawater or salt deposits. The low density of the metal helps to

make light alloys, especially with aluminum. These alloys, which are strong for their

weight, are especially valuable for automobiles and aircraft. The reactivity of alu-

minum makes it suitable as the “sacrificial” metal in anodes used to protect pipelines

and ships from corrosion {see cathodic protection)

.

Magnesium burns verv' brightly in air with an intense white flame forming the white

solid magnesium oxide (MgO). It is used m fireiuorksm-xd flares.

Magnesium reacts ven' slowly with cold water but much more rapidly on heating in

steam.

Mg(s) + Hpig) MgO(s) + Hfg)

Magnesium forms ionic compounds with nonmetals in which the metal is in the +2

oxidation state as Mg”*. Mg-* is the central metal ion in a chlorophyll molecule.

Magnesium oxide is a white solid made by heating magnesium carbonate. It is a basic

oxide. In water it turns to magnesium hydroxide, which is slightly soluble. The antacid

milk of magnesia is a suspension of magnesium hydroxide in water. Magnesium

oxide has a high melting point and is used as a refractory ceramic to line furnaces.

Epsom salts, a laxative, consist of hydrated magnesium sulfate (MgSO^.VH^O).

main group elements: a term used by some chemists to describe the elements in

the s-block and p-block of the periodic tablehul excluding the transition elements in the

d-block and f-block.

malleability: metals are malleable if they can be hammered into shape without

breaking. It is possible to make very thin sheets of a malleable metal such as gold by

hammering.

manganese (Mn) is a hard, gray brittle d-block metal with the electron configuration

[\r]‘idHs\

The main oxidation states of manganese are:
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manometer

• +7, MnO^“ - the j)urple nianganate(\ ll) ion, which is a strong oxidizing

agent especially in acid solution

• +4, Mn02 - an insoluble, black compound that is an oxidizing agent in

acid solution

• +2, - the pink manganese(n) ion in salts such as manganese(ii)

snllate.

Lhider sj)ecial conditions it is also possible to produce solutions with red man-

ganese(iii) ions or green manganate(\'i) ions. Manganate(\'i) is stable in alkaline

solution but disproportionates to inanganate(\’l) and manganese (l\’) oxide on adding

acid. (See also potassium manganate(\'ll}.)

manometer: an instrument for measuring pressure. A manometer consists of a

U-tiibe containing a lic]iiid such as water or mercury.

Typically one arm of a manometer is open to the atmosphere, so the instrument mea-

sures the extent to which the pressure inside the apparatus is higher or lower than

atmospheric pressure.

Markovnikov rule: a rule that predicts the main product when a compound HX
(such as H— Br, H— OS().^H or FI— OH) adds to an unsymmetrical alkene (such

as propene). The rule is that the hydrogen atom adds to the carbon atom that

already has more hydrogen atoms attached to it. This pattern was first reported bv

the Russian chemist \1adimir Markovnikov who studied a great many alkene addition

reactions duiing the 1860s.

H

H

FI

Markovnikov rule

The mechanism lor electrc:>philic addition helps to accc^unt for this rule. WTen FiBr
is added to propene there are two possible intermediate carbocations. The secondars'
carbocation is prelerred because it is slightly more stable than the primar\- carbo-
cation. The secondaiy ion has two alkyl groups pushing electrons toward the
positively charged carbon atom (see inductive effect)

.

This helps to stabilize the ion bv
spreading the charge over the ion (see figure).

mass (symbol m ) is a fundamental physical quantity. The SI unit of mass is the
kilogram (kg). 1 kg = lOOO g.

Mass can be determined by measuring the pull of gravity on a specimen. This is how
chemists usually tneasuie the masses of chemicals with a chemical balance.
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' mass spectrometry

+ Br—> C.H,

H H

C^C— H + Br

I

+

H

H H

C— C—

H

Br H

Markovnikov rule: an explanation

Alternalively masses can be found by seeing how much an object accelerates when

a force acts on it. This is how chemists measure tlie masses of ionized atoms and

molecules in mass spectrometry.

mass number: see nucleon numbei:

mass spectrometry: an accurate instrumental technique for determining relative

atomic masses and relative molecular masses. Mass spectrometiT can also help to determine

molecular structures and to identih’ unknown compounds.

Inside a mass spectrometer there is a high vacuum so that it is possible to produce

and study ionized atoms and molecules including fragments of molecules that do not

otherwise exist.

Diagram of a mass spectrometer

The stages in producing a mass spectrum are as follows:

• inject a small sample into the instrument, where it vaporizes

• bombard the sample with a beam of high-energ\' electrons, which turns the

atoms or molecules into positive ions by knocking out electrons
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matches

• accelerate the positive ions in an electric field

• deflect the moving stream of ions with a magnetic field to focus ions with

a particular mass onto the detector

• feed the signal from the detector to a computer, which prints out a mass

spectrum as the magnetic field steadily changes over a range of values to

focus the series of ions with different masses one by one onto the detector.

The instrument is calibrated using a reference compound with a known structure

and molecular mass so that the computer can print a scale on the mass spectrum.

The mass spectnim for an element shows the relative abundance of different isotopes of

the element. This makes it possible to calculate the relative atomic mass for the element.

A/loss spectrum of magnesium of the positive ions detected

When molecular compounds are being analyzed, the peak of the ion with the high-

est mass is usually the whole molecule ionized. So the mass of this “parent ion” is the

relative molecular mass of the compound.

Bombarding molecules with high-energ\' electrons splits them into fragments so the

mass spectrum is a “fragmentation pattern.” The computer has a database of mass
spectra so it can identify an unknown compound by matching its spectrum with one
in its database.

A chemist who synthesizes new compounds can study their fragmentation patterns to

identifi' the fragments from their masses and then piece together likelv structures

^vith the help of e\idence from other methods of analysis such as infrared spectroscopy

and nuclear magiutic resonance spectroscopy.

rhe combination of gas-liquid chromatography (glc) with mass spectrometr\’ is of great
importance in modern chemical analysis. First glc separates the chemicals in an
unknown mixture, such as a sample of polluted water; then mass spectrometr\'
detects and identifies the components.

matches use phosphorus compounds to make a flame. In a match that will strike

ainvvheie, the head contains phosphorus sulfide (P^S^) and potassium chlorate (v)

as an oxidizing agent. The head contains the fuel and the oxidant and needs only
friction to heat the match and start a fire.

Safep matches have sulfur and potassium chlorate (v) in the head and red phosphoiais
in the striking strip on the side of the box.

Maxwell—Boltzmann distribution: the distribution of molecular kinetic energies
for a gas at a particular temperature.
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melting

300 K

Boltzman distribution of nnolecular kinetic energies in a gas at two temperatures. The modal

speed gets higher as the temperature rises. The area under the curve gives the total number

of molecules. This does not change as the temperature rises so the peak height falls as the

curve widens.

The Boltzman distribution is important in the collision theory of reaction rates and

helps to account for the effects of temperature changes and catalysts on rates of reaction.

mechanism of a reaction: a description of how a reaction takes place, showing

step by step the bonds that break and the new bonds that form. Some mechanisms

involve homolytic bond breaking with free-radical intermediates. Other mechanisms

involve heterolytic bond breakingdindi ionic intermediates.

Mechanisms with ionic intermediates can be classified according to the type of

attacking molecules or ions involved. Nucleophiles attack atoms at the 8+ end oi' polar

covalent bonds. Electrophiks attack regions that are electron rich, especially double

bonds and the delocalized electrons in arenes.

Evidence used to support a proposed mechanism include the:

• rate equation for the reaction

• identification of intermediates using spectroscopy or other methods

• use of isotopic labeling to track what happens to particular atoms during a

reaction.

medicine: a substance or mixture of substances used to treat a disease oi to give lelief

from the symptoms of disease. A medicine normally contains one or moie active chugs

dissolved in water or mixed with an inert solid. Mixing the active ingredient with an

inert material makes it easier to give an accurate dose.

For a medicine taken by mouth, added flavoring may make the medicine more palat-

able and coloring can help to identify a drug. Other drugs are taken by injection or

drawn into the lungs by a deep breath.

The pharmaceutical industr>' employs many chemists in drug denelopnmU for medicine.

md'ting is a change of state from a solid to a licjuid. Another word foi melting is

fusion. The melting point for a pure substance is the temperature at which the solid

and liquid are in equilibrium. It is the same temperature as the freezing point. Melting

points varv' with pressure but only very slightly.
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meniscus

Pure compounds have sharp melting points. .Measuring melting points is a way of

checking the purits' and identity of compounds. 'Phis technique is especially important

in orsrauic rhrmisti'y.

Molecular substances melt at relatively low temperatures because the intermolecular

forces between molecules are weak, (rianl stniclures, with strong bonding between the

atoms, have high melting points. Energv’ is needed to overcome the bonds between

particles as a substance melts (see enthalfrs change of melting).

meniscus: the curved surface of a licjuid in a tube. Water forms a concave meniscus

in a glass tube because water molecules can form hydrogen bonds with oxvgen atoms

at a clean glass surface. This allows water to wet the glass (see wetting). Mercurv’ atoms

bond strongly with them.selves but not with atoms in glass, .so mercurv’ has no
tendency to wet glass and forms a convex meniscus.

(niemists have to allow for the shape of the meniscus when calibrating and reading

graduated glassware such as pipettes and graduated flasks. The correct procedure is

to adjust the level until the bottom of the meniscus just touches the mark as seen

from eyes on a level with the mark.

mercury (Hg) is the only liquid metal at room temperature. As a dense liquid, mer-
cury (density IS.6 g cm“'^) has long been used to measure pressure in manometers "eind

barometers. A pressure 1 atmosphere is the pressure at the bottom of a column of

mercury 760 mm high.

Mercury forms amalgams w'lih metals. In the chlor-alkali industry, a mercur)- cell for

the electrolysis of sodium chloride (brine) has a flowing mercurv cathode (see electro-

lysis of brine). The product of electrolysis at the cathode is an amalgam of sodium in

mercury. The amalgam flows to a separate \essel where the sodium in the amalgam
leacts with water to make sodium hydroxide and hydrogen. This process produces
very pure sodium hydroxide but it is being phased out because of the pollution prob-
lems caused by the traces of mercury that escape into the environment. Mercurv’
vapor and mercury compounds are verv toxic.

metabolism consists of all the chemical changes in living things, most of which are
catalyzed by enzymes. Sc^nne metabolic reactions (catabolism) break down larger mol-
ecules into smaller ones, such as the hydrolysis i\nd oxidation of food. Other metabolic
pi oc esses (anabolism) produce more complex molecules from simpler molecules,
SIR h as proteins from amino acids.

metal extraction involves two main tvpes of process to reduce metal compounds
to metals:

• p\Tometallurg\’ - reactions at high temperature often above 1000°C;
- electrolysis of a molten compound (for example, aluminum extraction)
- chemical reduction by coke in a blast furnace (for example, iron

extraction)

chemical reduction by a more reactive metal (for example, chromium
and titanium extraction)

• hydronietallurgv' - reactions at low temperature in solution in water;
- electrowinning using electrolysis of an aqueous solution (for example,

zinc extraction)
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metals

- cementation using a displacement reaction (for example, using iron to

displace copper from a solution of copper(ii) sulfate).

metallic bonds: the strong bonding between atoms in metal cnstals. Each metal

atom in a metal cnstal contributes electrons from its outer shell to a “sea’ of delocal-

ized electrons. Only elements with relatively low first ionization energies form metallic

crystals.

By losiirg electrons the metal atoms become positively charged. So a metal cnstal

consists of positively charged metal atoms held together by a “sea” of shared

electrons.

Electron cloud

Simplified picture of metallic bonding

Metals conduct because the shared bonding electrons can drift through the cnstal

structure from atom to atom when there is an electric potential difference.

Metals can bend without br eaking because metallic bonding is not highly dir ectional.

Lines or layer s of metal atoms can shift their position in a cry stal without the bonds

breaking.

metalloid: an element with properties in betw'een those of metals and non-

metals. One example of such intermediate behavior is that metalloids are

semiconductors. Their electrical conductivities are between those of metals arrd non-

metal insulators.

In group 4, the metalloid germanium comes between two nonrnetals at the toj) of

the gr oup and two metals at the bottom. Other examples of metalloids are arsenic,

antimony and tellurium. Some chemists also classify silicon and bor on as rnetallords.

metals ar e elernerrts on the left-hand side of the periodic table mth one, two or thr ee

electrons in the outer shell that take par t in bonding and chemical reactions.

Physically, metals are :

• shiny when freshly polished and free of corrosion

• good conductor s of electricity and thernial energy

• malleable and ductile

• (usually) solids with high melting and boiling points (only six metals melt

below 10()°C - rnerTury, which is a liquid, galliitm and four group 1 metals:

sodiitrn, potassium, rtrbidiurn and cesium).

Chemically, metals tend to:

• lose electrons forming positive ions (they arx* reducing agents)
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methylated spirit

• form basic or amphoteiic oxides and hydroxides (which are alkalis if soluble

in water)

• form solid, ionic chlorides.

The more an element shows these properties, the greater its “metallic character.”

methylated spirit: ethanol (alcohol) mixed with about 5% methanol. Industrial

methylated spirit is used as a commercially and in laboratories. Surgical spirit

is industrial methylated spirit with other additives including castor oil.

The methylated spirit sold in hardware stores as a solvent and fuel may be additionally

dyed blue.

micelle: a cluster of surfactant molecules in a solution. A micelle has the “water-

hating” (hydrophobic) hydrocarbon chains tangled together inside with the

“water-loving” (hydrophilic) ends of the molecules on the outside.

Cross section of a spherical micelle formed

when a surfactant dissolves in water. A

micelle Is likely to consist of about 50 to

1 00 molecules. The diameter of a micelle Is

in the range 5 to 50 nm.

+ +

-I-

-I-

-h +

-I-

riie inside of a micelle is nonpolar. Unlike water, a solution of a surfactant in water
can dissolve oil and grease. The molecules of oily dirt diffuse to the inside of the

micelles.

microwaves: electromagnetic radiation with wavelengths in the range 1 mm to 30 cm
and frequencies in the range 10^ to 10^ Hz. A polar molecule can absorb microwave
radiation. The quanta of microwave radiation correspond to the energ^ jumps when
molecules gain energy- and rotate faster (see quantum theory).

A microwa\'e oven is “tuned” so that the radiation is absorbed by water molecules to

make them spin. The microwaves can pass through food where they are absorbed bv
liquid water molecules. As the water molecules gain energ\’ thev bump into neigh-
boring molecules and the energ\' spreads through the food as the molecules spin,

vibrate and move around more, sc') the food gets hotter.

milliliter (symbol ml) is a unit of volume often used on chemical glassware, in

medicine and domestically. A milliliter is one thousandth of a liter.

1 000 ml ==
1 000 cm^ —

I dm^ =
I liter

minerals are the naturally occurring elements and compounds in the crust of the
Laith. .Most rocks are mixtures of minerals. There are round about 3000 minerals, of
which 300 or so are important to the mineral and chemical industries.

•Many contain only a small percentage of the useful minerals. The purpose of min-
eral processing is to separate the valuable mineral from the waste rock (“gangue”).
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molar mass

Processing generally starts by crushing and grinding the ore to break it up and

separate the mineral grains. The methods used to separate the minerals include:

• mechanical separation, often based on differences in density

• froth flotation

• chemical extraction by leaching.

mirror-image molecules: see chiral compounds.

miscible liquids are liquids that mix with each other. The general rule is that like

dissolves like.” This means that:

• nonpolar liquids mix freely ^^^th other nonpolar liquids (for example,

hydrocarbons mix freely, as they do in gasoline)

• polar liquids mix with polar liquids (for example, ethanol mixes with water)

• but polar and nonpolar liquids do not mix (gasoline floats on water).

mix0d oxides are oxides that consist of a lattice of oxide ions (O ) with Uvo oi

more types of metal ions, M"", in the spaces between the negative ions. So they are

not mixtures of oxides but a distinct compound with a mixture of metal ions.

Examples of mixed oxides are:

• red lead (Pb^O^), which has a cn^stal lattice made up of ions in the

proportions 2Pb‘"^: Pb^*: 40^"

• magnetite (Fe30 ^), the magnetic ore of iron originally called lodestone,

which contains 2Fe^^ ions for each Fe~^ ion in the lattice, and other

magnetic such as CaFCgO^ in wiiich Ca"^^ ions take the place of Fe

• spinel (MgAip^), made by heating aluminum oxide with magnesium

oxide. Replacing some AI
2
O

3
with 1% Cr^O^ produces a luby-like

gemstone.

mixtures are many and varied but all consist of two or more substances mixed up

together. Unlike compounds, which have a definite fonntila, the composition of

mixtures can var)^ widely.

The study of mixtures is ver>' important because chemists have to know how to:

. separate mixtures - by chromatography, distillation, filtration, froth fiotation,

and solvent extraction

• formulate new' mixtures for special purposes - when making medicines,

paints, detergents, dyes, pesticides, fertilizers aud many other prodticCs.

mobile phase: the liquid or gas that moves over the stationary phase during

chromatography.

Mohs scale of hardness: a scale for comparing the /lair/nm of materials and min-

erals The scale is based on scratching one substance with another. A harder material

scratches a less hard material. The scale ranges from 1 for talc, which is very soft, to

10 for diamond, which is ver)' hard.

molar concentration: see concentration of solutions. In some books you will see the

term “molarity” used for the molar concentration. Chemists still sometimes write

2.0 M to describe a solution with a molar concentration of 2.0 mol dm .

molarity: see molar concentration.

molar mass: the mass per mole of a chemical (see amount ofsubstance)

.

The symbol
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molar mass

loi tlu‘ molar mass is M. 7'hc imit is g mol"‘. As always with molar amounts the chcm-

i(al entity must i)e specified. The molar mass of hydrogen atoms M(\{) =
1 g mol"'.

I'he molar mass of hydrogen molecules A/(I = 2 g rnol"'.

I'he molar mass for the atoms of an element is numerically ecjual to tfie relative atomic

mass of the element. The relative atomic mass of carbon is 12. The molar mass of

carbon atoms = 12 g mol”'.

The molar mass of a substance is calculated by adding up the molar masses of the

atoms in the formula.

A/^(If,()) = [(2x 1 gmol”') + 16 g mol”'] = 18 g mol”'

A/fCuSO^) = [63.5 g mol”' + 32 g mol”' + (4 X 16 g mol”')] = 159.5 gmol”'

A/,((aiS()^.5If,()) = [159.5 g mol”' + (5 x 18 g mol”')]

= 249.5 g mol”'

Molar masses can be measured experimentally by mass spectrometry.

Another method for measuring molar masses applies to gases and to liquids that

are easy to vaporize. The procedure is to inject a weighed sample of liquid into a

syringe heated in an oven. Measurements taken include the volume of vapor, the
temj)eiature of the vapor and its pressure (the atmospheric pressure). Measurements are
converted to SI units iind then substituted in the ideal gas equation to find the amount
in moles, n.

Graduated syringe

~vr

j\

Rubber Hypodermic

cap syringe

4 ! Thermometer
Electrically heated

syringe oven

Syringe method for determining molar masses of volatile liquids

Worked example:

A 0. 1 24 g sample of a liquid evaporated to give 45 cm^ vapor at 1 00°C and a
pressure of I atmosphere. What is the molar mass of the liquid?

Notes on the method
Convert all units to SI units.

Substitute in the equation P\ = nRT to find n (the amount in moles).

Answer

Pressure = 101.3 x 10^ Nm”^

Volume = 45 X
1

0”^ m^

Temperature = 373 K
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molecular formula

The gas constant - 8.3 I

J
mol ' K '

PV _ 1 0 1 ,3 X 10^ Nm~^ X 45 X 1

0~^
_

” “ ~
8.3 I

J
mol"' K"' X 373 K

mass of sample _ g

molar mass -
jp moles 1.47 x 10 ^ mol

.47 X 1

0“^ mol

= 84 g moh'

molar volume: the volume of a one mole amount ofsubstance. The molar volume of

any gas is the same under given conditions of temperature and pressure. This follows

from Avogadro’s laic or from the ideal gas equation.

nRT
Rearranging the ideal gas equation, P\ = nRI

,

gives: \ - p

This shows that, for one mole of gas {n = 1), the volume (the molar volume)

depends onlv on the temperature and pressure since R is a constant. The molar

volume of an ideal gas at stp (273 K and 101.3 x 10-^ N nr‘^) = 22 400 cnrf

mole: the chemist’s term for an amount of a substance containing a particular

number of atoms, molecules ions or any other tvpe of particles. The word entered

the language of chemistry at the end of the nineteenth centuiT based on the Latin

word for a heap or pile.

The mole is the SI unit for amount of substance. One mole is the amount of substance

that contains as many specified entities (atoms, molecules, ions, elections and so on)

as there are atoms in exactly 12 g of the carbon-12 isotope. The number of entities per

mole is the Avogadro constant.

mole fraction: a way of measuring the proportion of a substance in a mixtuie

where it is the amount in moles that is important and not the chemical nature of the

components.

In a mixture of n^ moles of A with n^^ moles of B and n^, moles of C, the mole

fractions (svmbol X) are given by the following:

So the

'q Y _ B ^
Ak " + n^ + nf

^ n^^ n^.
^

A:

mole fraction of B is the fraction of all the moles that are moles of B.

The sum of all the mole fractions is 1, so X^+ X,^ + X^. -

Mole fractions are used by chemists when studying:

• gas mixtures (see partial pressures)

• the vapor pressure of solutions and mixtures of liquids (see Raoult's laic).

molecular formula: a formula that shows the number of atoms of each element in

a molecule. The molecular formula of chlorine is Cf^, that ol ammonia is Nfl^ and

that of ethanol is C^H.OH. The term molecular formula applies only to substances

that consist of molecules.

A molecular formula is always a simple multiple of the empirical formula. Analysis

shows that the empirical formula of hexane is CfL. The mass spectrum shows that

the relative molecular mass of hexane is 86. The relative mass of the empirical for-

mula M{C WA = +(7x1) = 43. So the molecular formula is twice the

empirical formula. The molecular formula of hexane is
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molecular models

molecular models: physical and computer models used to show the atoms in

molecules, the bonding between them and the shapes of molecules in three dimen-

sions, In many physical models there is an agreed color code: C - black, H - white,

C) - red, N - blue and (d - green. Computer-generated models often use different

colors. (See hall and stick models 2ind space-filling models.)

molecular orbitals are the orbitals in molecules that form as atomic orbitals over-

lap and interact when atoms bond together. Molecular orbitals fill with electrons

according to the same rules as atomic orbitals. Molecular orbitals show the relative

energies of the electrons in molecules. Their shapes also show the regions in space

where there is a high probability of finding electrons. (See sigma bond and pi bonds.)

molecular sieve: a solid with ver\' fine pores that can separate molecules accord-

ing to size. Small molecules can fit into the holes or channels in the crystal structure

while larger molecules cannot. (See zeolites.)

molecularity of reaction steps: the number of reacting particles taking place in

one step in the mechanism of a reaction. Often the term refers specifically to the rate-

determining step in the mechanism. The S^l mechanism for nucleophilic substitution

is unimolecular. The Sj^.2 mechanism is bimolecular.

molecule: a group of atoms held together by covalent bonding. Most nonmetals are

molecular, such as H.„ N,, P^, S^, Cl^, Br^ and f,. Most compounds of nonmetals with

other nonmetals are also molecular, such as hJo, C0„, CH ,, NH,, HBr, SiCf
,
PCL.

The covalent bonds in molecules are strong {intramolecular forces). The forces

beuveen molecules {intermolecular forces) are weak. Molecular substances have low
melting and boiling points because of the weakness of intermolecular forces.

monochromatic radiation is radiation with a single wavelength. Spectrometers
contain a diffraction grating or prism to provide monochromatic radiation. Rotating
the grating or prism allows the instrument to scan across the range of wavelengths
provided by the source of radiation.

A filtei in a colorimeter is a cheap way of selecting a narrow range ofwavelengths
ty

p)-

ically with a band width of 20 to 50 nm. The disadvantage of a filter is that the
operator has to change the filter to change from one band of wavelengths to another.

Monochromatic light is also important when measuring the rotation of polarized light

by optically active compounds.

monodentate ligands are ligands that use a single lone pair of electrons to form one
bond with the central metal atom in a complex ion. Examples of monodentate ligands
are ammonia molecules, water molecules, chloride ions and cvanide ions.

monomers are the small molecules that join together in long chains to make
polymeis.

monoprotic acid: an acid that can give away (donate) only one proton per mole-
cule. Examples of monoprotic acids are: hydrogen chloride, HCl; ethanoic acid,
CH^COJi; and nitric acid, HNO^.

monosaccharide: see carbohydrates.

monotropy: a tvpe of allotropy in which there is a one-way tendencv for a less
stable allotrope to change to the more stable allotrope. The rate of change may be
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mutagens

imperceptibly slow. Carbon and phosphorus both show monotropy. (iraphite is

thermodynamically stable relative to diamond. The red allotrope of phosphoius is

stable relative to the white form. (Compare with enantiotropy.)

mordant: a chemical that fixes a dye to the fibers of a textile. Alums and other

aluminum salts are used as mordants. Coordinate bonds form both between OH
groups of cotton and aluminum ions and between oxygen atoms on the dye and

aluminum ions.

Fiber

Aluminum ions acting as a

mordant for the dye alizarin

HO OH
\ /
AP+

/ \

O

.\lizarin is a natural red dye once extracted from the roots of the madder plant but

now made synthetically. Alizarin only sticks fast to cloth in the presence of a mordant

and the color of the dye varies depending on the metal ions in the mordant.

multiple bonds are doub/e bonds or triple bonds between atoms in molecules. In a

double bond there are two shared pairs of electrons. In a triple bond there are three

shared pairs.

mutagens are agents that cause mutations. A mutation is a change in the genetic

material of living cells. Some chemicals are mutagenic and so are the forms of

ionizing radiation.
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names of carbon compounds: nuxlern liTAC ivdincs make it possible to determine

(he name trom the Ibrmula and the formula from tlie name.

I'he name of an organic compound is based on the longest straight chain or main
ring of carbon atoms in the skeleton of carbon atoms. If the main part is a straight

chain the name is based on the corresponding alkane. For ring compounds the name
is based on the corresponding r///o’c//c compound or arene.

Numbering the carbon atoms identifies the positions of side chains and functional

groups, with the number repeated if there are two side groups on the same carbon
atom. At all times chains are numbered from the end that gives the lowest possible

numbers in the name. Numbers are omitted when there is no doubt about the
position of the side chains or functional groups, as in ethanol.

Prefixes (in front of) and suffixes (following) the hydrocarbon name identify the
side chains and functional groups.

Where there are two or more of the same side chain or functional group the number
is stated as di, tri, tetra and so on.

Prefixes are used for:

• alkyl groups, such as 2,3-dimethylbutane or 1,3,5-trimethylbenzene

• halogenoalkanes, such as 2-iodopropane or tetrachloromethane.

CH.

CH,— CH— CH— CR,

CH,

2,3-dimethylbutane
1 ,3,5-trimethylbenzene

H

c:h
3
— c— CH,

I

2-iodopropane

Structures of the exomples

Cl

Cl— C— Cl

Cl

tetrachloromethane

Suffixes are used for:

• double bonds in alkenes, such as but-2-ene (with a double bond between
the second and third carbon atoms)
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names of complex ions

• alcohols, such as propan- 1 ,2 , 3-triol

• aldehydes, such as propan al

• ketones, such as pentan-3-one

• carboxylic acids, such as hexanoic acid and elhanedioic acid

• amines, such as ethylamine and phenylamine.

CH,— CH, = CH,— CH,

but-2-ene

H H H

H — C— C— C— H

OH OH OH
propan-

1
,2,3-tnol

CH3CH2 C

propanal

O

H

O

CH,— CR,— C — CH^— CH
3

pentan-3-one

CH3(CH,)

OH
\
OH

hexanoic acid ethanedioic acid

CH3— CH^— NR
ethylamine

Structures of the examples

phenylamine

Tlie systematic names of complex molecules can be hard to pionounce and cum-

bersome. Chemists sometimes still use older, traditional names, which weie often

based on the Latin name for the source of the compound or where it was discovered.

The organic acid 2 ,
3-dihydroxybutanedioic acid, for example, occurs in grape Juice.

The traditional name is tartaric acid from “tartar,” the name of the recrystallized

deposits of tartaric acid salts collected from inside wine containers.

names of complex ions: the systematic names of complex ions show:

first the number of ligands, “di,” “tri,
’

“tetra, penta, hexa

then the upe of ligands (in alphabetical order if there is more than one type

of ligand), such as “aqua” for water molecules, “ammine” for ammonia,

“chloro” for chloride ions and “cyano” for cyanide ions
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names of inorganic compounds

• next the identity of the central metal atom in a form that shows whether

or not the ion is a cation or an anion:

- for cations (and uncharged complexes) the metal name is normal, such

as silver, iron or copper

- for anions the metal name ends in “ate” and often has an old-fashioned

style such as argentate for silver, ferrate for iron and cuprate for copper

• finally the oxidation number of the metal.

Examples:

• [Ag(NH^)^]^ is the diamminesilver(l) ion

• is the hexaaquacopper(ii) ion

• is the tetrachlorocuprate(ll) ion

• [Fc((^N)^]^~ is the hexacyanoferrate(ii) ion

• [Fe(CN)j-]^ is the hexacyanoferratc(iii) ion.

Note that the o\’erall charge on the complex ion is the sum of the charges on the

metal ion and the ligands.

names of inorganic compounds are becoming increasingly svstematic but

chemists still use a mixture of names. Most chemists prefer to call CuSO_j.5Fity)

hydrated copper(li) sulfate, or perhaps copper(il) sulfate-5-water but not the fullv

systematic name tetraaquocopper(ii) tetraoxosulfate(vi)-l-water. The systematic

name has much more to say about the arrangement of atoms, molecules and ions in

the blue crystals but it is too cumbersome for normal use.

These are some of the basic rules for common inorganic names:

• the ending “ide” shows that a compound contains Just Uvo elements men-
tioned in the name. The more electronegative element comes second, for

example, sodium sulfide (Na,,S), carbon dioxide (CO,,) and phosphorus
trichloride (PCl^)

• the small Roman numerals in names are the oxidation numbers of the

elements, for example iron(ii) sulfate (FeSO^) and iron(iii) sulfate

Fe2(SO^)3

• the names of oxoacids end “ic” or “otis” as in sulfuric (H,,SO^) and stilfurous

(H^jSO^) acids and nitric (HNO^) and nitrous (HNO,,) acids, where the “ic”

ending is for the acid in which the central atom has the higher oxidation

number
• the corresponding endings for the salts of oxoacids are “ate” and “ite” as

in sultate (SO^-") and sulfite (SO^-”) and in nitrate (NO ") and nitrite

(NO,-).

To avoid misunderstandings chemists give the name and formula. If necessar\' they
may also give two names: the systematic name and the traditional name.

nanometer: the unit ot lengtli used for the sizes of atoms, molecules and ions. One
nanometer (1 nm) is one thousand millionths of a meter (10"^ m). So there are one
million nanometers in a millimeter (1000 nm = 1 mm). One nanometer is roughly
five times the diameter of a hydrogen atom.

naphtha is a mixture of hydrocarbons from the fractional distillation of oil. The naph-
tha fraction is an important feedstock for the petrochemical industry. Naphtha contains
hydrocarbons with 0 to 10 carbon atoms in their molecules.
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neutralization reaction

narcotics are powerful painkillers (analgesics) that also lessen anxiety and give a

feeling of wellbeing. Regular use of narcotic analgesics can lead to drug dependence.

Morphine is the oldest and most well-known narcotic; it is obtained from the dried

juice of opium poppies (so it is an opiate). Morphine is used medically to treat

patients in severe pain.

Diamorphine, otherwise known as heroin, is made from morphine. It is an even

more powerful analgesic than morphine. It is also highly addictive so its medical use

is limited mainly to the treatment of pain in patients who are going to die.

Codeine is another opiate. It is a much less powerful painkiller than morphine but

it does not cause dependence. Unlike morphine, codeine can be taken by mouth.

Codeine is an ingredient of some cough medicines because it helps to stop people

coughing.

natural gas is di fossilfuel used for domestic heating, for raising steam in powder sta-

tions and as a feedstock for the petrochemical industry. The composition of natural gas

varies from one gas field to the next. It consists mainly of methane mixed with other

hydrocarbons such as ethane, propane and butane together with variable amounts of

carbon dioxide, nitrogen, helium and hydrogen sulfide.

Natural gas is processed before being supplied to homes. Hydrocarbons other than

methane are separated for use in the petrochemical industry. Sulfur compounds aie

removed and a trace of a smelly chemical is added so that people notice gas leaks.

natural product chemistry is the study of chemicals produced by living things.

Natural products include carbohydrates, proteins, nucleic acids ^nd lipids. Before the start

of the modern organic chemical industrv', natural products from plants were the

important ingredients of perfumes, dyes, oils, food flavors and drugs.

Plants may become important again as a large-scale source of chemicals now that

genetic engineering makes it possible to transfer genes from one species to another.

neon (Ne) is the second member of the family of noble gases, coming below helium,

with the electron configuration [He]2s^2p^. Neon is best known for the red glow of

neon lamps and tubes. It is separated from air as the other gases are liquefied. Neon

boils at 27 K so it does not condense at the temperatures used to liquefy oxygen,

nitrogen and argon.

neutralization reaction: a reaction in which an acid reacts with a base to form a

salt.

HCl(aq) + NaOH(aq) > NaCl(aq) + Hp{\)

Mixing equal amounts (in moles) of hydrochloric acid with sodium hydroxide

produces a neutral solution of sodium chloride.

Strong acids, such as hydrochloric acid, and strong bases, such as sodium hydroxide, are

fully ionized in solution, as is the salt formed, sodium chloride. Writing ionic equa-

tions for these examples shows that neutralization is essentially a reaction between

aqueous hydrogen ions and hydroxide ions. This is supported by the values for the

enthalpy changes of neutralization.

H30^(aq) + OH-(aq) > 2H,0(1)
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neutral oxides

riic surprise is that neutralization reactions do not always produce neutral solutions.

Neutralizing a weak acid such as ethanoic acid with an equal amount in moles of a

strong base sodium hydroxide produces a solution of sodium ethanoate, which is

alkaline.

Neutralizing a weak base, such as ammonia, with an equal amount of the strong acid

hydrochloric acid produces a solution of ammonium chloride, which is acidic.

W here a salt has either a “parent acid” or a “parent base” that is weak it dissolves to

gixe a solution that is not neutral (see hydrolysis of salts). The “strong parent” in the

|)artnership “wins”:

• weak acid/strong base - the salt is alkaline in solution

• strong acid/weak base - the salt is acidic in solution.

neutral oxides are nonmetal oxides that do not react with water to form acids.

The common examples are carbon monoxide (CO), nitrogen monoxide (NO) and
dinitrogcn oxide (N.,0). All three of these oxides are insoluble in water.

neutral solution: a solution with pH 7. Since pH = -Ig [H^O^], this means that

the concentration of aqueous hydrogen ions in a neutral solution is 10~’ mol dm"'’ at

298 K.

neutrons are the uncharged particles in the nuclei of atoms. The number of neu-

trons in an atom can vary without changing its chemical properties. This accounts for

the existence of isotopes.

nickel (Ni) is a hard, grayish but shiny d-block metal with the electron configuration

[Ar]3rC4r. Nickel is relatively unreactive so it is used to make spatulas and crucibles.

Nickel is a constituent of many alloys including some alloy 5/ccAand the ferromagnetic
alloy Alnico in permanent magnets.

The common oxidation state of nickel is +2. Nickel (il) salts, such as the sulfate

NiSO^, are green.

Finely dhided nickel metal is a good catalyst for hydrogenation reactions. It is a hetero-

geneous catalyst. It is used to “harden” unsaturated vegetable oils bv adding hvdrogen
across the double bonds.

After extraction from its ores, nickel is purified by electrolysis. An older process for

purifving nickel took advantage of the fact that the metal forms a volatile, neutral
complex with carbon monoxide. The oxidation state of the metal is zero, so the com-
plex is called tetracarbonylnickel(o). The impure metal reacts with carbon monoxide
at 5()°(.. The complex evaporates lea\ing the impurities behind. The vapor of the
complex passes to a second vessel where it decomposes at about 200°C.

Ni(s)+4(:0(g) [Ni(CO)J(l)

This was an effective but hazardous process because both carbon monoxide and the
nickel complex are highly toxic.

nickel-cadmium cells are now widely used as rechargeable “NiCad” cells. As in a
lead-acid cells, ^vhen a current flo\vs the products formed at the electrodes are insol-

uble solids that stay put instead of dissolving in the electrolvte. This means that the
(.Icctiodc pi oc esses can be reversed as the cell is recharged. The electrode processes
as a NiC/id cell supplies a current are:
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nitric acid

anode (oxidation): Cd(s) + 20H“(aq) > Cd(OH)
2
(s) + 2e"

cathode (reduction): NiO(OH)(s) + H,,0(1) + e~ > Ni(OH).^(s) + OH"(aq)

Unlike lead-acid cells, NiCad cells must be regularly discharged fully and then

recharged if they are to retain their full capacity.

nitrates are salts of nitric acid (HNO^) that all contain the nitrate ion (NO^,").

Nitrates are common in laboratoiT chemistiT because they are all soluble in water.

Since nitric acid is a strong acid, the nitrate ion is a veiT weak base and does not

change the pH when dissolved in water.

The reason that the nitrate ion is a weak base is that the negative charge is delocalized

over the planar ion. Delocalization stabilizes the ion (see oxoacids).

Heating decomposes nitrates. Hydrated nitrates first give off steam, then the usual

products are the metal oxide, oxygen and the brown gas nitrogen dioxide.

2Mg(N03 ),(s) > 2MgO(s) + 0,(g) + NO,,(g)

The exceptions are the nitrates of sodium and potassium, which are hard to decompose

and give only the nitrite and oxygen.

2NaX03 (s) > 2NaNO,(s) + 0,(g)

Nitrates are oxidizing agents. In alkaline conditions they are reduced to ammonia by

aluminum metal on heating. This reaction is used as a test for nitrates since the basic

ammonia gas can be detected by turning litmus paper blue (see anion tests). More

effective than aluminum is an alloy of aluminum, zinc and copper.

N()^-(aq) + 6If/)(l) + Be' > NH^lg) + 90H-(aq)

Plants take up nitrogen from the soil in the form of nitrate ions. So a diet rich in veg-

etables is rich in nitrate too. Nitrates have had a bad press because they are associated

with the environmental problem eutrophication.

nitration of benzene is an electrophilic substitution reaction that takes place in

the presence of a nitrating mixture of concentrated nitric and sulfuric acids. The

product is nitrobenzene.

The purpose of the concentrated sulfuric acid is to produce the nitronium ion NO.f

,

which is an electrophile.

Mechanism for the nitration

of benzene

Nitration of arenes is important because it produces a range of useful pioducts

including the explosive tnt (trinitrotoluene, oi l-methyl-2,3,o-tiinitiobenzcne).

Nitro compounds are also intermediates in the synthesis of chemicals used to make

polyurethanes. Nitro groups are easily reduced to amine groups. Aryl amines, such as

phenylarnine, are important intermediates in the production of dyes, such as azo dyes.

nitric acid (HNOj): pure nitric acid is a colorless, fuming litiuid but it gradually

turns yellow as it decomposes, forming nitrogen dioxide. It is a highly corrosive but

important chemical reagent because it can act as a:

N(u; NO,

; .

/„
+

NO.
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nitric acid manufacture

• strong acid - nitric acid ionizes fully as it dissolves in water:

HN()3(1) + Upd) > H30daq) + N03-(aq)
Dilute nitric acid neutralizes bases producing soluble salts called nitrates.

• powerful oxidizing agent - in this role nitric acid oxidizes:

- most metals including metals such as copper that do not react with

nonoxidizing acids

- nonmetals, forming oxides in the highest oxidation state of the element,

gi\ing with iodine, for example

- ions in solution such as iodide ions to iodine and iron(ll) ions to

iron (ill)

• nitrating agent - in this role it is used for the nitration of benzene ?Lnd other

arenes.

nitric acid manufacture: a process for converting ammonia to nitric acid in two

stages:

• oxidation of ammonia by oxygen on the surface of a catalyst gauze made
of an alloy of platinum and rhodium:

4NH3(g) + 50, 4NO(g) + 6H20(g) AH = -909 kj moD^
• absorption in water in the presence of oxvgen to make nitric acid:

2NO(g) + 02 (g) ^ 2N02(g)

4N02(g) + 02 (g) + 2H20(1) > 4HN03(g)

Water

65% HN03(aq)

Nitric acid is used in the production of ammonium nitrate, .\mmonium nitrate is

largely used as a nitrogen fertilizer. Ammonium nitrate is also widely used as part of
most explosives for mining and quarrting. Nitric acid is used to make other explosives

such as nitrocellulose and nitroglycerine.

Nitric acid is an important reagent in the production of intermediates for making
plastics, especially nylon and polyurethanes.

nitriles: are organic compounds with the functional group— C=N. Their general
formula is R— CN where R is an alkyl or an aryl group.

Two ways of

making nitriles

CH
3
CH

2
I

-iodoethane

heat under reflux with

KCX in ethanol

CH3CH,C

propanamide

/o
P2O3 heat

NR,

CH3CH2CN

propanonitrile
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nitrogen cycle

converts a nitrile to a carboxylic acid. Acids or alkalis can catalyze this reaction.

Reduction with lithium tetrahydridoaluminate(ni) converts nitriles to amines.

heat under
reflux with

aqueous acid

CH.CH.CO^H + nh;

propanoic acid

Reactions of nitriles

CH3CH2CN
propanonitrile

LLAIH,

in dry ether

CH3CH2CH2NH2

I -aminopropane

Nitriles are useful intermediates in organic synthesis, especially when there is a need

to add to the carbon skeleton of the molecule.

L. + red P

ROH > RI
KCN

> RCN > RC

Lengthening the chain of a carbon skeleton OH

nitrites are salts of nitrous acid. The two common examples are sodium nitrite

(NaN02) and potassium nitrite (KNO
2
). Sodium nitrite and potassium nitrite are

preservatives and curing agents used in cooked meats and sausages.

nitrogen (N^) is an element that is chemically quite inert but which plays a vital part

in the environment and forms many compounds of natural and economic impoi-

tance. Nitrogen is the first element in group 5 of the periodic table with the electron

configuration [He]2^2fi. Nitrogen gas (N
2 )

is unreactive because the atoms are

joined by a ver\' strong triple bond and the molecule is nonpolar.

The bonding in a nitrogen molecule. The bond
o i x

energy for the triple bond is 945 kj mob'.
oN^Nx N

The inertness of nitrogen makes it useful wherever oxygen must be excluded, as m

food packaging, the float glass process, some chemical processing and the production

of semiconductor chips.

Nitrogen makes up 79% of the air and can be separated by fractional distillation of liq-

uid air. Alternatively, when only nitrogen is needed, the gas can be separated using.

• selectively permeable membranes, which let though all the gases except nitrogen,

which is retained

• molecular sieves {zeolites) that absorb oxygen but let nitrogen pass

through.

nitrogen cycle: the ways by which the element nitrogen circulates through tlie

environment. The nitrogen cycle is chemically complex because nitrogen occurs m

the environment in a range of oxidation states. Some of the nitrogen is inorganic as
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nitrogen fixation

Nll^ and N,,, N^O, N(X, or NO^ . Some of it is organic as amino acids, proteins

and nucleic acids in living things or their remains,

fhere are three main reservoirs of nitrogen:

• the air (about 3 x 10“" mol N)

• the crust of the Earth (about 2 x 10'" mol N)

• the oceans (about 6 x 10'" mol N).

The main types of chemical change in the cycle ar e:

• nitrogenfixation - converting nitrogen from the air into inorganic and then

organic nitrogen

• denitrification - converting inorganic nitrogen in the soil or oceans to

nitrogen gas in the air

• assimilation - conver ting inor ganic nitrates to organic nitrogen compounds
• mineralization - conver ting or ganic nitrogen in living things into inorganic

nitr ites and nitr ates.

Diagram of the nitrogen cycle. Note that this version of the cycle leaves out the oceans,

which are major reservoirs of nitrogen compounds.

nitrogen fixation: any process that converts nitrogen gas in the air to nitrogen
cornpoirnds, which can be taken up by plants and converted to amino acids, proteins
and nucleic acids. Nitrogen fixation happens naturally:

• dur ing thirnderstorms the energv’ in lightning allows nitrogen and oxvgen
to corrrbine to form oxides of nitr ogen, which ar e washed into the soil by
r ain and taken irp by plants as nitrates

• some soil bacter ia have an enz\’me nitr ogenase that can har ness the energv
ot AIF to convert nitr ogen fr om the air into ammonium compounds

• bacteria irr the nodules of leguminous plants sirch as peas, beans and
clover can also make ammonium salts fr om nitr ogen.

.\s agr icirltur e became mor e intensive the demand for nitrogen bv cr ops outstr ipped
the rate it coirld be produced by natural processes. Manures could not meet the
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nitrous acid

demand either, so the challenge for chemists was to find a practicable and economic

wav to fix nitrogen industrially. This is the problem that was solved by Fritz Maber,

leading to ammonia manufacture hy the Haber process. Some of the ammonia is used

for nitric acid manufacture ^nd the two chemicals combine to make nitrogen /c/Y///zm.

nitrogen oxides: there are six compounds of nitrogen with oxygen. All the oxides

have positive enthalpies of formation. They are unstable relative to the elements and

are easilv decomposed bv heating. Two of the oxides, N.,0^ and are particularly

unstable and of little practical importance. Oxides of nitrogen contribute to air

pollution. NO^ is a general formula used in accounts of air pollution to stand lor any

of the various nitrogen oxides when fuels burn at high temperatures in engines and

furnaces. contributes to acid rain and the formation of photochemical smog.

Oxidation

state

Formula Name T\pe AH,/

k| nio|-'

Notes

+4 2NO,

N O
2 4

nitrogen

dioxide and

dinitrogen

tetroxide

acidic +33.2

(for NOJ
NOg is the brown gas

formed on heating

nitrates. It is used as an

oxidant in rocket fuels.

Lowering the

temperature makes

the gas paler as the

eqtiilibrium favors the

colorless N.^O^

+2 NO nitrogen

monoxide

neutral +90.2 Colorless but reacts

with oxygen in the air

to make NO.,; an

intermediate in the

manufacture of nitric

acid from ammonia

+ 1 N/) nitrous oxide neutral +82.0 (-oloiiess; also called

laughing gas

Laughing gas is the traditional name for dinitrogen oxide (H,()). The gas can be

used as an anesthetic ior dentistry and minor surgery. Dinitrogen oxide is soluble in

fats. It is tasteless and nontoxic, and is used as the foaming agent and propellant in

cans of whipjjed cream.

nitrous acid (HNO^) is an unstable, weak acid that is an important reagent lor pro-

ducing the diazonium salts needed to make azo dyes. Nitrous acid is too unstable to be

stored so it is made in solution when needed by adding a strong acid, such as

hydrochloric acid, to a solution of sodium nitrite:

N(V(aq) + H^OAaq) > HN()
2
(aq) + H./)(l)

The solution of the acid is blue. It starts to decompose at room temj)erature, giving

off nitrogen monoxide (NO), which turns brown as it meets the air and turns into

nitrogen dioxide (N(X^).
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nmr

I'he systematic name of the acid is dioxonitric(iii) acid, which is sometimes abbrevi-

ated to nitric(iii) acid. This shows that nitrogen is in the +3 oxidation state. When it

decomposes it disproportion ales to the +5 and the +2 states.

3HN02(aq) > FfN()
3
(aq) + 2NO(g) + H/){1)

+ 3 +5 +2 Oxidation states of nitrogen

nmr: see nuclear magnetic resonance spectroscopy.

NOj^: see nitrogen oxides.

noble gases: the unreactive gases in group 8 of the periodic table. They were called

the “inert gases” until the discover)' that krypton and xenon can form compounds.
Even so, the gases keep apart from most chemical changes and react only with highly

reactive chemicals such as fluorine and oxygen.

The term “noble” has been used for a long time to describe metals such as gold and
silver. These metals were inert to the reagents used by alchemists and early chemists.

nomenclature: see names of carbon compounds, names of complex ions and names of

inorganic compounds.

nonaqueous solvent: any solvent other than water. A nonaqueous solvent has to be

used if the will not dissolve in water. For this reason turpentine (a hydrocarbon sol-

vent) is used to make oil paint while other organic solvents are used as nail-vamish

removers, stain removers and dr)'-cleaning fluids. A nonaqueous drv-cleaning fluid

removes dirt without causing shrinkage or other damage to fabrics harmed by water.

A nonaqueous solvent has to be used for a reaction in solution if one of the reactants

or products is rapidly hydrolyzed by water. For this reason lithium tetrahydridoalumi-

nate(ii/) reductions take place in ether solution.

The choice of solvent can affect the outcome of a reaction. A solution of potassium
hydroxide or sodium hydroxide in water hydrolyzes halogenoalkanes to alcohols. If the

solvent is ethanol it is much more likely that an elimination reaction will happen and
the product will be an alkene.

nonmetals are the elements toward the right-hand side of the peiiodic table that do
not show the characteristic properties of metals. In general nonmetals:

• consist of small molecules with the atoms linked by covalent bonding (H,,, Sg,

and Cf,); the exceptions include carbon, silicon and red phosphorus in

w hich covalent bonding is continuous throughout the giant stnicture of atoms
• are mostly gases at room temperature because of the weak intennolecular

forces (for example, hydrogen, oxygen, nitrogen, chlorine and all the noble
gases)

• if solid, are not shiny like metals; they are brittle rather than bendable and
do not normally conduct electiicitv or thermal energ)'

• tend to form negative ions by gaining electrons witen they react with metals
• form acidic oxides that react with water to produce oxoacids

• form covalent molecular chlorides that are liquids and usually rapidly

hydrolyzed by water, such as PCI
3
and SiCl^

• form covalent molecular hydrides that are gases at room temperature,
such as Cdi^, Sili^, NH^, HCi, HBr and HI - the notable exception is water,

which is a liquid because of hydrogen bonding.
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nuclear magnetic resonance spectroscopy

nonpolar solvent: a solvent in which the molecules are not polar. Examples of non-

polar solvents are the many liquid hydrocarbons and the mixtures of hydrocarbons

obtained by refining crude oil. These are also nonaqueons solvents.

Following the general rule that “like dissolves like,” nonpolar solvents dissolve many

compounds that consist of small molecules. Chlorine, bromine and iodine, for

example, dissolve freely in hexane. The stain removers and drv'-cleaning fluids

intended to remove oily grease from clothes consist of nonpolar solvents.

Nonpolar solvents do not dissolve ionic cnstals. The interaction between nonpolar

molecules and ions is much too weak to surround ions and pull them away from the

cr\'stal against the electrostatic forces between ions with the opposite charge.

nonstoichiometric compounds are compounds with formulas that do not have

simple whole-number ratios of atoms. The formulas of nonstoichiometric com-

pounds var\\ Many oxides and sulfides of d-block elements have variable formulas; for

instance, iron(ll) sulfide (Fej jS to FeSj j)
and iron(ii) oxide (F^j

,

j^O). This vaiia-

tion is a result of variable oxidation states and irregularities in the cr)'stal lattice.

Other examples are the interstitial hydrides of rf-block elements such as vanadium

hydride, ^Ti^g.

nuclear fusion is the process that produces the energ\' of the Sun and other stars.

It is also the process that accounts for the origin of all the elements.

In the Sun, at a temperature of ten million degrees or so, hydrogen atoms fuse to

make helium atoms, releasing about 10^ kj per mole of helium formed.

4 [H >
2
^e + 2 positrons

The pressure and temperature at the center of very large stars is high enough for

helium nuclei to fuse to make heavier elements such as carbon, silicon and iron.

Since helium has an even number of nucleons, it turns out that elements with even

proton numbers are more abundant than other elements.

Iron is the final product of the series of exothermic hmon reactions. Energ)' is needed

to make heavier elements. Heavier elements form during the highly energetic explo-

sion when massive stars run out of nuclear fuel and start to collapse and then buist

apart. The massive explosion is a supernova, which scatters dust and gas through the

universe where it mixes with hydrogen and helium.

In time the remains of “dead” stars start to coalesce into new stars and the process starts

all over again. The Sun is an example of a second-generation star; it and the planets of

the solar system formed from the remains of supernovas. This explains the variety of

elements on Earth in a Universe where over 90% of all atoms are hydrogen.

nuclear magnetic resonance spectroscopy (nmr): a powerful analytical tech-

nique for finding the structures of carbon compounds. The technique is used to

identify unknown compounds, to check for impurities and to study the shapes of

molecules.

In medicine, magnetic resonance imaging uses nmr to detect the hydrogen nuclei in

the human body, especially in water and lipids. A computer translates the informa-

tion from a body scan into 3-0 images of the soft tissue and internal organs, which

are normally transparent to X-rays.

The name of the technique summarizes its key features:
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nuclear magnetic resonance spectroscopy

• nuclear - tlic technique detects nuclei of atoms such as hydrogen-1 (protons)

• magnetic - the nuclei detected by the technique are the ones tliat act

like tiny magnets that can line up either in the same direction or in the

opposite direction to an external magnetic field

• resonance - the absorption of' energv' is from raditnvaves with the fre-

quency corresponding to the size of the energ\' jump as the nuclei flip

from one alignment in a magnetic field to the other.

Diogrom of an nmr spectrometer

Samples for analysis are dissolved in a solvent with no hydrogen-1 atoms. Also in the
solution is some tetramethyl silane (TMS), which is a standard reference compound
that produces an absorption peak well away from the sample peaks.

The tube with the sample is supported in a strong magnetic field. The operator turns
on an oscillator that produces radiation at radio frequencies (rf). The rf detector
records the intensity’ of the signal as the oscillator scans across a range of wavelengths.

The recorder prints out a spectrum with peaks wherever the sample absorbs radia-

tion strongly. The zero on the scale is fixed by the absorption of hydrogen atoms in

the leference chemical TMS. The distances of the sample peaks from zero are called
their “chemical shifts” (5).

Each peak corresponds to a hydrogen nucleus in a different chemical situation. The
aiea under a peak is proportional to the number of nuclei in each situation. In

NMR spectrum

for ethanol at

low resolution
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nucleophiles

ethanol (CH^CH.pH) there are hydrogen nuclei in three environments that have

different chemical shifts.

At high resolution it is possible to produce nmr spectra with more detail and which

pro\’ide even more information about molecular structures.

nuclear reactions: changes affecting the nuclei of atoms. Nuclear reactions are

brought about by bombarding materials with high-energ\’ particles in particle

accelerators or with beams of neutrons from nuclear reactors.

Nuclear reactions can be used to make elements that do not occur naturally, with

higher proton numbers than uranitim. Bombarding tiranium-238 with neutrons pro-

duces uranium-239, which decays by beta decay to neptunium. Neptunium in turn

decays to plutonium.

238

92
u -I-

0
n

neutron

239

92
u

decay 239

93
’Np + _"e

decay

(3-particle

239

94
Pu +

P-particle

Nuclear reactions producing the transuranium elements neptunium and plutonium. Note that

the nucleon numbers and proton numbers balance.

Nuclear reactions are used to make radioactive isotopes for use as tracers.

nucleic acids are the molecules that cariT genetic information and control protein

svnthesis in cells. There are two main types of nucleic acid, DNA and RAA. Nucleic

acids are polynucleotides formed as /luc/cofide.s link together in long chains.

nucleon: a particle in the nucleus of an atom — either a proton or a neution.

nucleon number: the nucleon number for an atom is an alternative term to mass

number. The nucleon number is the total number of protons and neutrons in the

nucleus. Isotopes have the same proton number hwt different nucleon numbers.

nucleophiles are molecules or ions with a lone pair of electrons that can form a new

covalent bond. Nucleophiles are reagents that attack molecules where there is a partial

positive charge, 6+. So they seek out positi\'e chaiges — they aie nucleus-loving.

H— o:
• •

hydroxide ion
•
•o:X water molecule

u:=N cyanide ion

11

11— N-
• •

-H ammonia molecule

nVr:
• •

bromide ion CIl^CH,—
• •

o:
• •

ethoxide ion

Examples of nucleophiles
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nucleophilic addition reaction

Nucleophiles take part in nucleophilic addition and nuclecjphilic substitution reactions.

nucleophilic addition reaction: the attack of a nucleophile on a carbonyl

compound leading to an addition reaction. The electronegative oxygen draws electrons

away from carbon so that the C= O bond in the aldehyde or ketone is pcAar. The
incoming nucleophile uses its lone pair to form a new bond with the carbon atom.

This displaces one pair of electrons in the double bond onto oxygen. Oxygen has

thus gained one electron from carbon and now has a negative charge.

CN

I I3C

H

> NC— C— 6-

CH3

intermediate

First step of nucleophilic addition of hydrogen cyanide to ethanal

To complete the reaction, the negatively charged oxygen acts as a base and gains a

proton.

H

NC— C— Q- H— CN
I

Vji

CH,

intermediate

H

> NC— C— OH + “CN

CH3

Second step of nucleophilic addition of hydrogen cyanide to ethanal

nucleophilic substitution in derivatives of carboxylic acids: nucleophilic
attack on the carbon atom of the C= O bond in the functional group, which leads
to a substitution reaction. The first step is similar to nucleophilic addition.

The electronegative oxygen draws electrons away from carbon so that the C= O bond
in the aldehyde or ketone is polar. The incoming nucleophile uses its lone pair to

form a new bond with the carbon atom. This displaces one pair of electrons in the
double bond onto oxygen. Oxygen has thus gained one electron from carbon and
now has a negative charge.

CTL— C

ho:—

:o-

» H3C— c— X

OH
The first step in the attack of a nucleophile on a derivative of a carboxylic acid. IfX = OCJi
the compound is an ethyl ester, if X = Cl it is an acyl chloride, ifX = XH^ it is an amide.

At this point the negative oxygen does not gain a proton; instead it uses a pair of
electrons to reform the double bond and displace X.

Nucleophiks that leact with esters, acyl chlorides and amides in this way are hydroxide
ions and hydride ions from the tetrahydridolithium(i) ion.
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H^C— C^X CH3— C + X-

The second step eliminates

X as an X“ ion. OH

>
\OH

nucleophilic substitution in halogenoalkanes: nucleophilic attack on the car-

bon atom of the C— X bond in a halogenoalkane, RX, which leads to a substitution

reaction, where X = Cl, Br or I. Study of the rate equations suggests that there are two

different mechanisms.

Hydrolysis of halogenoalkanes such as bromobutane is overall second oidei.

The rate equation has the form: rate = /^[C^HyBr] [OH“].

The suggested mechanism shows the C— Br bond breaking as the nucleophile, OH ,

forms a new bond with carbon.

^CH3
ho:

/

H

C -r- BrW ^ HO— C + :Br

\
H

The S,^.2 mechanism. Substitution-Nucleophilic-2 (for bimolecular- that is, two molecules or

ions involved in the rate-determining step)

Hydrolysis of tertiary halogenoalkanes such as 2-bromo-2-methylpropane is first

order. The rate equation has the form: rate = /^[C^HyBr].

The suggested mechanism shows the C— Br bond breaking first to form a carbocation

inteiinediate. Then the nucleophile OH forms a new bond with caibon.

CH (-H3

C Br

/

rate-

determining

step

Clf

The SJ mechanism. Substitution-nucleophilic-

1

(for unimolecular - that is, one molecule or Ion

involved in the rate-determining step)

CH3 CH3
+

C + Br

CH.,

fast OH

cn, eip

C— OH
/

CH,

nucleotide: the monomer' that polymerizes to make nucleic acids, DNA and IT\A. A

nucleotide consists of three parts:

• a five-carbon sugar - ribose in RNA and deoxyribose in DNA

• a phosphate group

• a nucleotide base - there are five different bases, adenine, cytosine, guanine,

thvmine and uracil, often abbreviated as A, C^, (», 1 and U.



nuclide

In the nucleotides tliat make up DNA the base is one ()f A, Ci or I'. In R\A,

thymine, T, is replaced by uracil, U.

nuclide: an atom of an element with a specified nucleon (mass) number. The isotopes

of chlorine are the two nuclides ^'’('1 and ^^C\. The term nuclide is frecjuently used in

the study of radioactive atoms, hence the term “radionuclide” for atoms that are

radioactive.

250



octet rule: this was first suggested as a guide by tlie US chemist Gilbert Lewis iu

1916. The rule says that atoms teud to gain, lose or share electrons when they com-

bine with other atoms to acquire a stable octet of electrons. The “stable octet is the

eight s-p^ electrons, corresponding to the outer electron configuration of the nearest

noble gas in the periodic table.

:ci:
• • • X • •

;ci;c:ci:
• • X • • •

:ci:
• •

Dot and cross diagrams for molecules and ions showing outer shells with eight electrons as

in the nearest noble gas

There are many exceptions to the octet rule, so it is not a safe guide. The lule woiks

pretty well for the elements Li to F in period 2 because there are only four .s- and

/>orbitals in the second shell (see atomic orbitals). The octet rule also works for ionic

compounds of s-block elements with the halogens, oxygen and sulfui. Exceptions aiise

in period 3 and beyond, because cl-orbitals in the third shell can become involved in

bonding.

Born-Habn cycles cdu help to account for the octet rule in ionic compounds. When

magnesium, for example, forms ionic compounds with the Mg-* ion the extra ion-

ization energy needed to remove two rather than one electron from the otiter shell is

more than compensated for by the big increase in lattice energs. An Mg-" ion is much

smaller than an Mg* ion because of the loss of the outer shell and the greater charge.

Removing a third electron from a magnesium atom needs much more energ)'

because it involves taking an electron from the next shell where the electrons

are more strongly held by the nucleus. If it could form, an Mg'" ion would be

little smaller than an Mg'^* ion so the increased lattice energ)' is not enough to

compensate for the very large third ionization energ)'.

rbsd: :o;

Electron configurations of Mg\ Mg^^ and Mg^^ ions
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odd>electron compounds

odd-electron compounds: stable conipounds with an odd number of electrons in

an outer shell. Examples are two nitrogen oxides', nitrogen oxide and nitrogen dioxide.

Both are exceptions to the octet rule.

:n=o: . \
:o. o

Dot and cross diagrams showing the odd-electrons in molecules

optical isomers: isomers that have opposite effects on polcirized light. One isomer

rotates the plane of polarized light clockwise (the + isomer). The other isomer

rotates the plane of polarized light in the opposite direction (the - isomer).

Rotations are measured in an instrument called a polarimeter. Optical activity is

characteristic of chiral compounds.

Optical isomerism is shown by molecules with the same structure but different three-

dimensional shapes, so it is a type of steroisomerism.

orbitals: see atomic orbitals and molecular orbitals.

order of reaction: see rate equations.

ore: a mineral mass that can be profitably mined and processed to produce a metal.

Prospectors seek ore bodies, which are local concentrations of ores. .Aifer mining or

quarrying the first stages of processing separate the valuable minerals from waste

rock.

The work of the mineral industry’ would be impossible if minerals were evenly dis-

tributed throughout the lithosphere. Fortunately, natural processes have produced
concentrations of valuable minerals with much higher percentages of rare metals

than in the Earth’s crust.

organic acids: see carboxylic acids.

organic analysis consists of chemical methods for qualitative and quantitative analysis

to identib’ organic compounds and work out their composition and structure.

In a modern laboratory organic analysis is based on a range of automated and instru-

mental techniques including combustion analysis, mass spectrometry, infrared spectroscopy,

ultraviolet spectroscopy and nuclear magnetic resonance spectroscopy.

.Melting points and boiling points also provide a check on the identity and puritv of
compounds.

Traditionally, chemical tests helped to idend^x functional groups in organic molecules.
Preliminary tests typically involve observing:

• the state and appearance of the compound
• its solubility in water and the pH of any solution

• the type of flame when a small sample burns.
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organic chemistry

Functional group Test Obsenations

\ /
c= c

/ \

in an alkene

• Shake with a dilute

solution of bromine

• Shake with a ven’ dilute,

acidic solution of pot-

assium manganate(vii)

• Orange color of the

solution decolorized

• Purple color fades and

the solution turns colorless

1

• Warm with a solution of • Precipitate is white from

— C—

X

sodium hydroxide, cool. a chloro compound,

acidih’ with nitric acid. creamy yellow' from a

where then add silver nitrate bromo compound and

X = Cl, Br or I solution yellow' from an iodo

compound {hydrolysis

produces ions from the

covalent molecules)

• Add a solution of sodium • No reaction; unlike acids.

1
carbonate alcohols do not react

— C— OH with carbonates

1 • Add a ver\' small piece • Colorless gas forms

in a primary of sodium to the (hydrogen)

alcohol anhydrous compound

• Warm with an acidic • Orange solution turns

solution of potassium green and gives a frtiity

dichromate (vi) smelling vapor; alcohols are

oxidized by dichromate (vi)

but not by Fehling’s solution

\ • Add 2,4-dinitrophenyl- • Aldehydes and ketones both

c= o hydrazine solution give yellow' or red precipitates

/
• Warm with fresh Fehling’s • Solution ttirns greenish and

in aldehydes and solution then an orange-red

ketones precipitate forms with

aldehydes, but not ketones

• Warm with fresh Tollens • Silver mirror forms w'ith

reagent aldehydes but not w'ith

ketones

— OO^H • Measure the pH of a • Acidic solution with

solution pH about 3-4

in carboxylic acids • Add a solution of sodium • Mixture fizzes, giving

carbonate carbon dioxide

• Add a neutral solution • Methanoic and ethanoic

of iron (ill) chloride acids give a red color

organic chemistry is the study of carbon compounds (except the very simplest such

as the oxides and carbonates). There are more carbon compounds than the com-

pounds of any other element because carbon atoms have a remarkable ability to Join

up in stable chains, branched chains and rings. Organic chemists have devised ways
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organic preparations

to organize the mass of information about millions of com[)oun(ls and reactions so

that it makes sense.

One appioach is to grouj) compounds into scries each witli a distinctive functional

irj'onf). Examples are the alkanes, alkenes, arenes, carbonyl compounds And carboxylic acids.

Another way of niaking sense of carbon chemistrv' is to classify reactions. One classi-

fication describes what happens to the molecules: addition reactions, substitution

reactions, elimination reactions and rearrangement reactions. An alternative classification

of reactions is based on the mechanisms of the reaction showing the tvpes of reagents,

the method of bond breaking and the nature of any intmnediates. This includes:

• homolytic bond breaking with free-radical intermediates

• heterolytic bond breaking with electrophiles and nucleophiles as the attacking

reagents leading to ionic intermediates.

Hiochemistry emd polymer chemistry di e specialist aspects of organic chemistrw

Organic chemists have proved their understanding of organic structures and reactions

by devising ways to synthesize increasingly complex molecules.

organic preparations take place in four main stages to make pure organic compounds.

Stage Activities C.ommonly used techniques

Planning • Deciding on the reaction • Consulting reference books

• (Alculating reacting

quantities from the equation

• Deciding on the conditions

• Risk analysis

for reaction

(Carrying out the • Measuring out the reactants • Heating in a flask with

reaction • Mixing them in a a reflux condenser

suitable apparatus • Shaking immiscible

• Controlling the temperature reactants in a stoppered

container

Separating the • AVorking up” the reaction • Distillation

product from the mixture to obtain a crude • Steam distillation

reaction mixture prodtict • Vacuum filtration

Purifying the • Purifying liquids by shaking • Fractional distillation and
product aud with reagents to extract measuring bc:)iling points

testing for puritv impurities in a separating • Solvent extraction

funnel, followed by divinti
^ o • Hecn'stallization

and distillation • Measuring melting points

• Purifying solids by • 7 7? in-layer ch romatogiaph v

recr\stallization and • Infrared spectroscopy

filtration • Organic analysis

• I'sing tests to check on the

identity and purity of the

product

• C'alculating the jDercentage

\ ield (see yield calciilatio}is)
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oxidant

organic routes: pathways from reactants to the required product in one or several

steps. Organic chemists often start by examining the “target molecule” and then

work back through a series of steps to find suitable starting chemicals that are cheap

enough and available. In recent years chemists have developed computer programs

to help with the process of working back from the target molecule to a range of

possible starting points in a systematic way.

organometallic compounds: organic compounds that contain a metal atom.

Grignard reagents are organometallic compounds formed with magnesium.

osmosis is the movement of a solvent by diffusion through a selectively permeable

membrane. The membrane allows small solvent molecules through but not larger

dissolved molecules or ions.

Selectively permeable

membrane

Osmosis at a molecular level. The concentration of solvent molecules is higher in the pure

solvent than in the solution. Solvent molecules diffuse in both directions but overall they move

from the solvent Into the solution.

The membranes that surround living cells arc selectively permeable. This makes

osmosis imiKtrtant in biologt’. Solutions for medical treatment of the eyes and other

delicate parts of the body are formulated to have the same osmotic potential as body

Iluids, as arc isotonic drinks.

osmotic pressure: the pressure needed to stop osmosis when the solution is sepa-

rated from pure solvent by a selectively permeable membrane. Osmotic pressure

de|)ends on the concentration of solute j^articles and not on their chemical natuie.

There is a formula relating osmotic pressure to concentration at a given tempera-

ture. With the help of this formula osmotic pressure measurements can be used to

determine the molar masses ot hu ge molecules such as proteins 'And polymers.

If the pressure applied to the solution is greater than the osmotic |)ressure, the direc-

tion of net flow reverses and pure solvent moves out of the solution. This is reveise

osmosis, which can make drinking water from salty water.

oxidant: an alternative term to oxidizing agent, which is convenient when desci ibing

half-equations for redox reactions and .standard electrode potentials. By convention, when
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oxidation

electrode potential values are being assigned the half-equation takes the form:

oxidant + ne~ reductant

Every half-equation involves an oxidant and a reductant.

oxidation: originally this meant combination with oxygen but the term now covers

all reactions in which atoms, molecules or ions lose electrons. The definition is

further extended to cover molecules as well as ions by defining oxidation as a change

that makes the oxidation number an element more positive, or less negative.

<u
X)

E
3
C
C
o

+ 1
-

n3g
X
o

0 -

Mg-
A

Magnesium is

oxidized -

it loses

electrons

Mg—---
The reduing agent

that gives electrons

to chlorine

The oxidizing agent that

takes the electrons

from magnesium

Chlorine is reduced

Y - it gains electrons

2C1-

Chlorine oxidizes magnesium by taking two electrons from each magnesium atom.

Oxidation and reduction always go together in redox reactions.

Oxidation number rules apply in principle in organic chemistr\’ but it is often easier

to use the older definitions. Oxidation is either addition of oxygen to a molecule or

removal of hydrogen.

H

CH,— C— OH

H
primary alcohol

.o o
oxidation oxidation ^

> CH,— C > CH —

C

\tt \̂ OHH

aldehyde carboxylic acid

Two-stage oxidation of a primary alcohol, first to an aldehyde and then to a carboxylic acid

oxidation numbers are used by chemists to define oxidation and reduction and to

identify redox reactions. The advantage of oxidation numbers is that thev applv to mol-
ecules and complex ions as well as to simple atoms and ions. The sum of the
oxidation numbers in an uncharged compound is zero.

(.hemists have agreed a set of rules for deciding on the oxidation numbers of
elements:

• the oxidation numbers c:>f uncombined elements are zero

• in a simple ion the oxidation number is the charge on the ion

• the sum of oxidation numbers in an uncharged compound is zero
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oxidizing agents

• the sum of the oxidation numbers in an ion made of several atoms is equal

to the charge on the ion

• some elements have fixed oxidation numbers (see table).

Metals Nonmetals

group 1 (Li, Na, K) + 1 hydrogen + 1

group 2 (Mg, Ca, Ba) +2 (except in metal hydrides)

group 3 (Al) +3 fluorine -1

oxygen

(except in peroxides and

compounds with fluorine)

-2

chlorine

(except in compounds

with fluorine and oxygen)

-1

Oxidation numbers appear in the names of inorganic compounds and the names of

complex ions. They also help with writing balanced redox equations.

MgO nh; CCl, MnO^"

+2 -2 -3 +1 +4 -2 +7 -2

\ip. SO/- H^SO,
2 /

+3 -2 +6 —2 + 1
+6-2 +6 -2

Examples of the application of oxidation number rules. Note that each element in a

compound is assigned an oxidation number.

oxidation states: the states of oxidation or reduction shown by an element in its

chemistry. The states are labeled with the oxidation numbers of the element in each

state.

Describing the chemistr)' of an element according to oxidation state is a useful way

of making sense of a large number of compounds and reactions. See for example the

entries for chlorine, manganese, hydrogen peroxide 2.nd nitrogen oxides.

oxides are compounds of elements with oxygen. The compounds of meteds with

oxygen are basic oxides or amphoteric oxides. The compounds of nonmeteds With oxygen

are either acidic oxides or neutred oxides.

oxidizing agents are chemical reagents that can oxidize other atoms, molecules

or ions by taking away electrons from them. Common oxidizing agents are oxygen,

chlorine, bromine, hydrogen peroxide, the manganate(\'li) ion, in potassium manganate(\ tl),

and the dichromate (\'i) ion.

Some reagents change color when they are oxidized, which makes them useful loi

detecting oxidizing agents. In particular, a colorless solution of iodide ions is

oxidized to iodine, which turns the solution to a yellow-brown color.

2I-(aq) > + 2e-

electrons taken by the oxidizing agent
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oxidizing substances

riiis ran 1)C‘ a very sensitive test if starch is also present because starch forms an

intense l)Iiie-i:)lack color witli iodine. Moistened starcli-iodide paper is a version of

this test that can detect oxidizing gases such as chlorine and bromine.

oxidized

2Fe"‘(a(j) —> 2Fe'^(acj) + 2e~

(if,(aq) + 2e“ —

>

2(n"(aq)

reduced

Chlorine acting as an oxidizing agent by taking electrons from iron(ii) Ions. An oxidizing agent

IS itself reduced when it reacts. Oxidation and reduction always go together; hence the term

redox reactions.

oxidizing substances: substances that are hazardous if they come into contact

with materials that burn - especially if they are flammable licjuids. The danger is that

oxidizing substances will start a fire in contact with materials that can burn.

oximes are compounds formed by an addition-elimination reaction between a

carbonyl compound and hydroxylamine. The reaction takes place in three stages:

• nucleophilic addition

• gain and loss of hydrogen ions

• elimination of water.

H/:,
addition

/Nli, /
HO \LC

c==o
\j^

FIG

CH,

N— C— O'
'H,

I

CH.

H.,0 +

HO

/ elimination= c <
H

CH,

N— C-^OH
HO

CH3

gain and loss

of protons

Addition—elimination reaction of hydroxylamine with propanone

Oximes aie cnstalline compounds. They can be made as intermediates in

laboiaton synthesis of compounds with carbon—nitrogen bonds.

oxoacids are acids that form when acidic nonmetal o.xides react with water.

the

258



oxygen

Oxoacid Structtire Oxoanion Fonnula

sulfuric acid,

H,SO^

H— 0^ A
sulfate ion

hvdrogensulfate ion

so;--

HSO -

sulfurous acid,

H^SO,

H 0
S**

H— 0'^ \)

sulfite ion so;--

nitric acid,

HNO3
H

0—

N

A
nitrate ion NO3-

nitrous acid,

HNO, 0— N*

^0
nitrite ion NO,-

The systematic names for oxoacids are not widely used but they make it possible to

determine the formulas from the names. The systematic name for sulfuric acid is

tetraoxosulfuric(\'l) acid.

Oxoacids ionize in solution by giving hydrogen ions to water molecules.

H
O— N

O

+ H/)

O

O -

H3O

Ionization of nitric acid in water showing delocalization of the charge on the nitrate ion

DelocriUzation spreads the charge on the oxoanion, thus stabilizing the ion and favor-

ing ionization. The more oxygen atoms doubly bonded to the central atom, the

stronger the acid. As a result, sulfuric acid is a stronger acid than sulfurous acid and

nitric acid is a stronger acid than nitrous acid. So where an element forms two

oxoacids, the one with the element in the higher oxidation state is the stronger.

oxonium ions are aqueous hydrogen ions or hydrated protons iovmed when an acid

dissoh es in water. A lone pair of electrons on a water molecule forms a coordinate bond

(or dative covalent bond) with a hydrogen ion from an acid.

The formula of the oxonium ion is H^O . It is often convenient to write IT(aq)

instead, but remember that the hydrogen ion is hydrated.

(Alternative names for the oxonium ion used b) some authors are hydroxonium ion

and hydronium ion.)

oxygen (O) is a colorless, odorless and highly reactive gas that makes up about a

fifth of the airhy volume and is essential to life. It is the first element in group b with

the electron configyiratwn [He] 25-2//. Most oxygen occurs in the form of (X, molecules

but ozone, O.^, is a second allot rope.
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ozone

All living organisms need oxygen for respiration, (ireen plants produce oxygen by

photosynthesis in sunlight. Many biochemical molecules include oxygen atoms, for

example carbohydrates, fats, proteins nucleic acids.

Oxygen is the most abundant element in the lithosphere, mainly in the silicon-oxygen

^iant structures of silicates.

Oxygen combines with most other elements to form oxides. Particularly important is

xvater, the oxide of hydrogen.

Air separation plants use fractional distillation to separate oxygen and other gases.

Alternatively, where only oxygen is required, the nitrogen from the air can be

absorbed in a bed of a molecular sieve such as a zeolite.

Oxygen is used industrially in making steel. The manufacture of chemicals is another

major use. Smaller quantities are used with a fuel for high-temperature metal cutting

and welding. Oxygen is required medically by people with lung disease and is also

used for ivater treatment to improve the qualit)’ of water contaminated with organic

pollutants.

ozone (Oj): a colorless, reactive and unstable gas that is an allotropeoi oxygen.

Ozone is an oxidizing agent and, like oxidizing bleaches, it will destroy micro-

organisms. Ozone is increasingly used to treat drinking water and swimming pools

as an alternative to chlorine.

Ozone often features in stories about environmental issues. The ozone laver in the
j

upper atmosphere is a “good thing.” The ozone high in the stratosphere protects

living things by absorbing harmful U\' radiation from the Sun. CFCs and other pol-

lutants, such as the pesticide methyl bromide, tend to destroy the protective ozone
layer.

In the lower atmosphere ozone is a “bad thing” because it is harmful to living things
and helps to cause photochemical smog. Ozone attacks and splits C= C bonds. This is

ozonolysis, which can damage and destroy materials such as natural rubber.
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paint is a product formulated to protect aud decorate surfaces. A paint has three

ingredients:

• pigments, which scatter and absorb light so that the paint covers up the

surface underneath and decorates it with color

• polymers, which hold the pigment to the surface by forming a smooth plas-

tic film as the paint dries and sets - in gloss paints the film-forming

polymers are alkvd resins (see polyesters) in emulsion paints they are a latex

polymer

• a vehicle that is a liquid in which the other ingredients are dissolved or dis-

persed - in gloss paint the vehicle is traditionally a hydrocarbon solvent; in

emulsion paints it is water.

paper chromatography: a t\pe of chromatogiaphy in which the stationaiw phase is

water in the fibers of paper and the moving phase is another solvent such as ethanol

or propanone. The technique is used to analyze mixtures such as inks, food colors,

dyes and amino acids.

During paper chromatography the chemicals in a mixture partition themselves

between two solvents: water and the mo\ing solvent. Each component has a different

equilibrium constant (partition constant), which decides whether it has a greater

tendency to dissolve in the stationar)' phase or in the mobile phase. As a result the

mixture separates as the chemicals move at different speeds.

If the conditions are kept the same, each chemical in a mixture will move a fixed frac-

tion of the distance moved by the solvent. The value ior the substance is a measuie

of this fraction.

If the chemicals in a mixture are colorless they are invisible on the paper. If so, the

analyst has to “develop” the plates with a suitable “locating agent.” After chromato-

graphy of amino acids, for example, the paper can be sprayed with nmhydrm

solution and warmed. The amino acids then show up as pin pie spots.

paramagnetism: a Upe of magnetism shown by substances with un[)aired elections.

Paramagnetic substances are weakly attracted into a magnetic field. The effect is very

much weaker than the ferromagnetism of iron. Most compounds have orbitals filled by

pairs of electrons with opposite spins s>o that their magnetic properties cancel out. These

substances are very' weakly repelled by a magnetic field. This is diamagnetism.

Chemists measure paramagnetism to detect unpaired electrons in the d-orbitals of

transition metal compounds.

partial pressures are a useful alternative to concentrations when studying mix-

tures of gases and gas reactions. In a mixture of gases A, B and C the sum of the three

partial pressures equals the total pressure.

Aoul
= +

/'b

According to the ideal gas equation pV = nRT2.nd this equation is obeyed pretty well

by real gases. In a mixture of gases the gas molecules move around independently. It
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particles

is the numlx'i of inoleculcs that niattcrs and not their chemical nature. So the par-

tial piessiire for each gas is the pressure it would exert if it was the (mly gas in the

container under the same conditions; thus:

nJU'
’ A?

nJ<T

V
and

f)^
=

RT

Since R is a constant, these equations show that at constant temperature:

-[7 ’ -p -[7

So the partial pressures are proportional to the concentrations of the gases, since V
is the concentration in moles per unit volume. This is the justification for working in

partial j)ressures when applying the equilibrium law to gas reactions (see A'^).

The total pressure in a mixture can be “shared out” between the gases according to

their mole fractions, X. So:

I's = pf,
= = K'\

Worked example:

An experimental study of the equilibrium mixture of N.,0^(g) and N02(g) found
that one equilibrium mixture contained 9.01 x 10"^ mol of H,0 (g) and 7. 16 x
I0~^ mol of NO._,(g) at 298 K and 3.99 x 10’’ Pa pressure. Calculate the partial

pressures of the two gases.

Notes on the method

First calculate the mole fractions of the two gases.

Multiply the total pressure by the mole fractions to get the partial pressures.

Check that the sum of the partial pressures equals the total pressure.

Answer

Total number of moles = 9.0 1 x 1

0"^ mol + 7. 1 6 x 1

0“^ mol =
1 6. 1 7 x 1

0“^ mol

Mole fraction of N,,0^(g)
9.0 1 X 1 0 ^ mol _

1 6. 1 7 X 10“^ mol

Mole fraction of NO,,(g) =

Partial pressure of N.,0^(g)

Partial pressure of NO.,(g)

D X 1 U
= 0.443

I 6.

1

7 X 10^ mol

= 0.557 X 3.99 x I O’' Pa = 2.22 x 1

0^ Pa

= 0.443 X 3.99 x 10'' Pa = 1.77 x 10^ Pa

particles are extremely small pieces of matter ranging from protons to grains of
sand. Chemists use the term “particle” in several ways. At the smallest end of die scale
tluv lelei to piotons, neutrons and electrons as fundamental particles. But they also
use the teim as a general word to cover atoms, molecules and ions when discussing
the movements of particles in solids, liquids and gases. In addition, chemists use the
term particle when describing much larger solid specks of matter fmelv dispersed in
colloids such as paint, muddy water and smoke.
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PCBs

particulates are solid particles suspended in the air. In rural areas the main

sotirces of particulates are natural. They include soil and sand swept up by winds, as

well as volcanic dust and salt from sea spray.

In urban areas pollution comes mainly from the incomplete combustion of fuels in

engines and power stations. The solid particles consist of carbon and unburnt hydio-

carbons. Diesel engines are prone to producing particulates in their exhausts. These

harmful particulates can damage health, causing problems such as asthma and eye

irritation.

partition: the distribution of a dissolved substance between two solvents that do

not mix (they are immiscible)

.

Partition is the basis for solvent extraction and paper

chromatography.

Shaking a solid with two immiscible solvents produces an equilibrium system to

which the equilibrium /rue applies. The ratio of the concentrations in the two layers is

a constant, at a given temperature:

This special case of an equilibrium constant is called the partition constant or partition

coefficient. (Some writers prefer the term “distribution constant.”)

Note that partition obeys the equilibrium law only so long as the dissolved chemical

has the same molecular structure in both solvents.

parts per million, ppm: a unit of concentration often used for low concentrations

of pollutants in water. The density of water is 1 g cnr'^ and dilute solutions have

almost the same densitv. So the mass of 1 dm*^ (= 1000 cnr^) of water is 1000 g. For

dilute solutions:

1 ppm = 1 mg substance dissolved in 1 dnv^ water

Pauli exclusion principle: the fundamental principle that states that no two

electrons in an atom can have the same value for all four quantum numbers. This

rtile accounts for the fact that no orbital can hold more than two electrons. The two

electrons have opposite spins.

p-block elements are the elements in groups S, 4, 5, 6, 7 and 8 in the periodic table.

For these elements the last electron added to the atomic structure goes into one of

the three /^orbitals in the outer shell (see atomic orbitals).

PCBs (polychlorinated biphenyls) are a group of compounds formed from two

linked benzene rings. They are liquids with valuable properties that mean that they

have been widely used in transformers, in hydraulic equipment, as plasticizers and

Cl Cl

Structure of a PCB Cl
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peptides

I he problem with PCBs is that they escape into the environment where they are ver\'

persistent. P(^Bs can be a hazard too if they are mixed with waste burnt in an incin-

erator at too low a temperature. The danger is that incomplete combustion produces

highly toxic polychlorobenzodioxins and polychlorobenzofurans. Modern incinera-

tors are designed to operate at a high enough temperature to break C— Cl bonds
and destroy PCBs.

peptides are compounds made up of chains of amino acids. The simplest example
is a dipeptide with Just two amino acids linked. For chemists this is an example of

an amide bond but the tradition in biochemistr\’ is to call it a “peptide bond.” The
formation of a peptide bond is an example of a condensation reaction.

CH

— C— C

H

+

OH

H

H

H

N— C— COM

H

-H„C)

H3C O H

H,N— C— C— N— C— CO^H

Formation of a peptide bond between

two amino acids

H H H

peptide bond

Polypeptides are long-chain peptides. There is no precise di\iding line between a
peptide and a polypeptide. A protein molecules consists of one or more polypeptide
chains.

Note that some writers make a distinction between polypeptides and the longer
amino acid chains in proteins. They restrict the definition of pohpeptides to chains
with 10 to 50 or so amino acids.

percentage composition: the percentage by mass of each of the elements in a
compound. Percentage composition is one way of expressing the results of chemical
analysis, such as combustion analysis. The empirical form ula of the compound can be
calculated from these results.

Worked example:

What IS the empirical formula of copper pyrites, which has the analysis 34.6%
coppen 30.5% iron and 34.9% sulfur?

Notes on the method
Follow the procedure in the worked example for finding an empirical formula.

The percentages show the combining masses in a 1 00 g sample.
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perfumes

copper iron sulfur

Combining masses 34.6 g 30.5 g 34.9 g

Molar masses of elements 64 g mol ' 56 g moL' 32 g mob'

Amounts combined
34.6 g 30.5 g 34.9 g

64 g moL' 56 g mob' 32 g mob'

= 0.54 mol = 0.54 mol =
1 .09 mol

Simplest ratio of amounts 1
1

2

The formula is CuFeS^.

The percentage composition of a compound can be worked ont from its chemical

formula. This is a guide to people who formulate products such as fertilizers, medicines

and cleaning agents.

Worked example:

Two common nitrogen fertilizers are urea (H
2
N)

2
CO, and ammonium nitrate,

NH^NOg. Compare the percentage of nitrogen in the two compounds.

Notes on the method

Look up the relative atomic masses of the elements and use them to determine

the two relative formula masses. (Note that when part of a formula is in brackets

the number outside refers to all the atoms in the bracket.)

Answer

Relative formula mass of urea = 2x(2+ 14)+ 12 + 16 = 60

of which (2x14) = 28 is nitrogen

28
Percentage of nitrogen in urea = x 100% = 46.7%

Relative formula mass of ammonium nitrate = 14 + 4+ 14 + (3 x 16) = 80

of which (2x14) = 28 is nitrogen

28

Percentage of nitrogen in ammonium nitrate = ~

Urea contains the higher percentage of nitrogen.

percentage yield: sec yield calculations.

perfumes: fragrant chemicals used not only for expensive cosmetics but also to give

a smell to everyday household products. Many natural perfumes are essential oils sep-

arated from plants by steam distillation or solvent extraction. Increasingly, however,

perfumes now contain synthetic chemicals, some of which are identical to those

extracted from natural sources.

Experts use an analog)' with music to describe the odors from complex perfumes.

“Top notes” are the most volatile chemicals, the main effect depends on the “middle

notes” and the most long lasting are the “end notes.” So a perfume chemist has to

understand the volatility of perfume chemicals.
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periodic table

undecanal

top note; boiling point I 1 7°C

bottom note; melting point 53°C

geraniol

middle note;

boiling point I46°C

Skeletal fornnulas of some perfume chemicals showing top, middle and end notes

I he connection between odor and chemical structure is little understood so there is

no easy way to predict smells by examining molecular models.

pGi*iodic tables a table of the elements arranged in order of proton number (atomic
number). Periods are the horizontal rows in the table. Each period ends with a noble
gas. The xertical columns are groups m rdnged in blocks - the s-block, p-block, d-blockimd
J-block based on the electron configurations of the elements.

8

3 4 5 6 7

_N/

u

I

(/) d-block

p-block

f-block

Outline periodic table showing the main blocks

riu pel iodic table was a triumph tor nineteenth-centuiT chemistry. In 1869 Dmitri
•Mendeleev published a version of the table on which all later versions have been
based. He succeeded thanks to his insight that at that time there were still many
undiscocered elements.

.Mendeleev based his table according to his periodic law that when elements are
arranged m order ot atomic mass, similar properties recur at intervals. He left gaps in
his table lov undiscovered elements and predicted their properties. His succe'ss with
these predictions helped to persuade other scientists of the merits of his ideas when
the missing elements were discovered in the few years following his predictions.
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periodicity

periodicity is a pattern that repeats itself. The most obvious repetition in the

periodic table is from Jiietals on the left of each period to Jionmetals on the right.

U
o

c
o
Q-
OO
c

<u

A plot of melting point against proton r
number for periods 2 and 3. Note the

repeating pattern. This is an example of

periodicity. A plot of first ionization energy

against proton number is another example

of a periodic pattern.

The properties of structures of the elements

4000-

periods 2 and 3 show repeated patterns:

Li Be B C N O F Ne

Na Mg A1 Si P
, ,

S Cl
wliile

Ar

Giant structures Giant

structures

Molecular

Metallic bonding Covalent bonding
^

Metals — Nonmetals

Periodicity: structure and properties of elements In periods 2 and 3

The oxNcs of reactive metals arc ionic and basic. The oxides of nonmetals are

covalently bonded and acidic with amphoteric oxides in between.

Ionic crystals

Covalent

giant

structures Molecular gases and solids

Ti/)(s) Be()(s)

Na/)(s) MgO(s)

Basic

B.p^ls)

Al/)^(s)

Amphoteric

1 1

I

Si(),(s)
1

I 1

I I

NA)3(s)

Acidic

(),(g) F,()(g)

SO.^s) Cf,(>(g)

Periodicity: formulas, structures, bonding and acid-base character of oxides in periods 2 and

3, showing the oxide with the element in its highest oxidation states where there is more

than one oxide
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permanent dipole

riie chk^ricles of reactive metals are ionic. They dissolve in water to give neutral

solutions, rhe chlorides of nonmetals consist of covalent molecules and they are

normally hydrolyzed by water.

Polar

covalent

Ionic

crystals structures
Molecular gases and solids

BCl3(g) CCd^d)Li(il(s)

NaCl(s)

BeCdc2(s)

Mg(:i^(s) AlCl^Cs) SiCl_j(s)

N(:i3(s)

PCl.lD

Cl,0(g)

S.Cl^Cs)

ClF(g)

Dissolve in water

giving a neutral

solution

Partially

hydrolyzed to

give an acidic

solution

Hydrolyzed by water giving

an acidic soloution (unless inert

as is CCl^)

Periodicity: formulas, structures, bonding and behavior in water of chlorides in periods 2 and 3

permanent dipole: see polar ynolecules and intennolecularforces.

peroxides are compounds related to hydrogen peroxide, H^O^. The inorganic perox-

ides of s-block elements Are ionic and contain the O^^'-ion. When sodium burns in air it

forms sodium peroxide, Na^.O^. Barium similarly produces barium peroxide, BaO,.

Inorganic peroxides are powerful oxidizing agents. The peroxide ion is a strong base so

inorganic peroxides react with water and dilute acids to make hydrogen peroxide.

Organic peroxides can act as a source offree radicals to initiate addition polymerization

of unsaturated compounds.

A benzoyl peroxide molecule splitting

to form two free radicals. The O— O
bond is relatively weak

pesticides are agrochemicals that kill the living organisms that cause damage to

Cl ops, food, wood, fabrics and other materials. They include:

• herbicides such as paraquat and glvphosate

• insecticides including organochlorines such as DDT, organophosphorus
compounds such as malathion, and pvrethroids

• fungicides.
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pH scale

Research chemists make and test many new compounds in searcli of pesticides that

are;

• fast-acting

• specific so that they kill only the pests ivithout harming other organisms

• effective at low doses

• biodegradable so that they quickly break down in the environment.

petrochemical industry: the part of the chemical industry based on crude oil and

natural gas. The industr\’ has developed and expanded massively since the late 193()s.

petroleum: a name for crude oil that is also used for some products from the frac-

tional distillation and refining of oil. The naphtha fraction is an important feedstock for

the chemical industry’ and is sometimes called the “light petroleum fraction.”

Petroleum ether is a laboraton’ solvent that does not contain ether. Petroleum ether,

which distills in the range 40-60°C, consists mainly of C. hydrocarbons. The solvent

boiling in the 60-80°C range contains mainly hydrocarbons.

pH changes during acid-base titrations: the variation of pH as a solution of a

ba.se flows from a burette into a flask containing a measured volume of acid. Plotting

a graph of pH against volume of alkali added gives a shape determined by the nature

of the acid and the base.

pH pH

Alkali/cm^ Alkali/cm'

Strong acid - strong base Weak acid - strong base

Graphs to show the pH change on adding 0. 1 mol dm'^ of the named alkali to 25 cm^ of a

0. 1 mol dm-^ of the named acid. Note the sharp change of pH around the equivalence

point. The graphs show the pH range for the color change of an acid—base indicator for

detecting the end point of the titration.

The indicator chosen to detect the end point must change color completely in the

pH range of the near vertical part of the curve. Note that at the equivalence point,

when exactly equal amounts of acid and base have been added, the pH is not always

neutral. (See also neutralization reaction.)

pH scale: a logarithmic scale for measuring the concentration of aqueous hydrogen

ions in solutions.

pH = -lg[H30^(aq)]

pH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

[H30qaq)]/mol dm-^ lO'’ lO-MO-MO- lO'^ lO*^^ lO"' 10-« 10'^ 10-'« U)-" lO''^

increasingly acidic neutral ^ increasingly alkaline
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pharmaceutical industry

Worked example:

What is the pH of 0.02 mol dm’^ hydrochloric acid?

Notes on the method

Hydrochloric acid is a strong acid so it is fully ionized. Note that I mol HCI gives

I molH30* *(aq).

Enter the value of [H^O''(aq)] in your calculator, then press the log button,

finally press +/- to reverse the sign.

Answer

[H30"(aq)] = 0.02 mol dm"^

pH = - log (0.02) =
1 .7

Worked example:

What IS the aqueous hydrogen ion concentration in a cola drink with pH 2.3?

Notes on the method

pH = - log [H30^(aq)]

From the definition of logarithms this rearranges to [H30"(aq)] = IO’P^.

Enter the pH value in your calculator, press +/- to reverse the sign and then the

inverse log button ( I O'"). (The order of pressing the buttons matters.)

Answer

pH = 2.3

[H30*(aq)] = 10"^^ = 5 x 10“^ mol dm“^

pharmaceutical industry: that part of the chemical industry that makes ch ugs and
medicines.

phase: the three states of matter - solid, liquid or gas. A phase diagram is a map
showing the states of a compound over a range of temperatures and pressures.

The liquid area c^n the phase diagram for water shows all the conditions of tem-
perature and pressure when water is a liquid. Similarly the “solid” area shows the
conditions lor water to be solid. The “vapor” region shows the conditions under
which water is a gas.

I he lines show the conditions when two phases can be together in equilibrium. At
1 atmosphere pressure, ice and liquid water are in equilibrium at the melting point,
0°(-; while liquid water and steam are in equilibrium at the boiling point, 100°C.

(>hemical systems often have more than one phase. Each phase is distinct but needs
not be pure:

• a solid in e(]uilibrium with its saturated solution is a two-phase svstem
• in the reactor lor ammonia manufacture the mixture of nitrogen, hydrogen

and ammonia gasc's is c:)ne phase, with the iron catalvst being a separate
solid phase

• chromatography separates mixtures by letting the components in a mixture
come to ecjuilibrium between two phases - the stationarv phase and the
mobile phase.
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phenols

The same material broken up into little pieces still counts as one phase. In a colloid

one phases is finely dispersed as specks, droplets or bubbles in a continuous phase.

I

Phase diagram for water Line AB shows how the melting point of ice varies with pressure.

Line AC shows how the boiling point varies with pressure. Point A is the triple point which

defines the only conditions of temperature and pressure at which ice, water and water vapor

can be in equilibrium.

phGnols: a series of compounds with one or more OH groups diiectly attached

to a benzene ring. The simplest example is phenol, (y i.— OH.

OH

Structure of phenol and other phenols

OH
1

OH

6
1

OH

The main uses of phenol are to make:

• thermosetting polymers

• epoxy resins for adhesives

• intermediates for the manufacture of nylon.
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phenyl group

riie hydroxyl group and the benzene ring in phenol interact. The benzene ring makes

the hydroxyl group more acidic in phenol than it is in alcohols. Phenol is acidic enough

to form salts with alkalis. So phenol di.ssolves easily in a solution of sodium hydroxide.

on + on- ^

Phenol reaaing with alkali. Note that the phenoxide ion Is stabilized because the negative

charge can be spread by delocalization over the whole molecule. This cannot happen in alcohols.

Phenol is not as acidic as carboxylic acids. It does not ionize significantly in water and
does not react with carbonates to produce carbon dioxide.

The hydroxyl group makes the benzene ring more reactive. Electrophilic substitution

takes place under much milder conditions with phenol than with benzene. Adding
aqueous bromine to a solution of phenol produces an immediate white precipitate

of 2,4,6-tribromophenol as the bromine color fades.

OH

+ 3Bn^(aq)

OH

+ 3HBr(aq)

Reaction of phenol with bromine. The reaction is rapid at room temperature and there is no
need for a catalyst.

Halogenated phenols are used as disinfectants.

phenyl group: the group C^H.—,
which is present in many compounds where one

of the hydrogen atoms in benzene has been replaced by another atom or group.

phenyl group phenylamine phenylethene

(styrene)

Structure of the phenyl group and compounds derived from benzene
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phosphorus

The use of phenyl in this way dates back to the first studies of benzene when “phene”

was suggested as an alternative name for the compound, based on a Cheek word for

“gi\ing light.” Benzene was found in the tar formed on heating coal to produce gas

for lighting.

Note that “benz\i” refers to aryl compounds with a carbon atom attached directly to

the benzene ring.

CH,OH
1

^
CHO CO,H

1

6 6 6
benzyl alcohol benzaldehyde benzoic acid

benzyl alcohol and other compounds related to C H .CH —
6 1 Z

phenylamine is a primar)' amine W\\h an— NH^ group attached to a benzene ring,

fhere is a two-step laboratory route from benzene to aniline. First nitration then

reduction.

The chemical industr\' makes phenylamine from phenol and ammonia with an alu-

mina catalyst. Phenylamine and other ar\'lamines are important intermediates in the

manufacture of azo dyes. This is because they react with nitious acid below 10 C to

produce diazonium salts.

cone HNC)^ +

cone H„S()
J 4

Sn or Fe

HCl(aq)
>

Formation of phenylamine from benzene

phosphorescence: see luminescence.

phosphoric(v) acid (H3POJ is manufactured on a large scale from phosphate

rock to make Jertilizers, detergent phosphates and phosphates for food and drink. The

pH of a typical cola drink is 2.3 because it contains 0.05% phosphoric acid. Another

use of phosphoric acid is to make iron more resistant to corrosion.

phosphorus (P) is a highly reactive element and important nonmetal. It is the

second element in group 5 of the periodic table, with electron conjiguration [Ne]35 Zp .

There are two common allotropes:

• white phosphorus, which is molecular (P^) and has to be stored under

water otherwise it catches fire in air

• red phosphorus, which is made up of long chains of P^ units, is more

stable and does not catch fire in air at room temperature.
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photochemical smog

I’hert* is also a black allotrope.

W'hite pliosplioriis condenses when phospliorns vapor cools. This happens in the

inanufactnre of phosphorus from phosphate rock (fluorapatite). The red form is

more stable and, at 540 K, white phosphorus changes rapidly to the red form

without a catalyst.

Phos|)horus forms two oxides. They are both molecular and both acidic oxides. The
more important oxide is which forms as a white solid when white phosphorus
burns in excess air (see phosphoric acid).

white phosphorus

Structures of white phosphorus, phosphorus(iii) oxide, and phosphorus(v) oxide,

As a laboratory reagent P^O^^^ is used as a dning and dehydrating agent. It dehydrates
amides to nitriles.

Phosphorus also forms hvo chlorides. Phosphorus trichloride (PCl^) is made com-
mercially from white phosphorus and chlorine. It is an important intermediate in the
manufacture of medical drugs, insecticides and flame retardants. PCl^ is a molecular
compound. At room temperature it is a colorless fuming liquid that is rapidly
hydrolyzed by water.

Phosphorus pentachloride (PCI.) forms when PCI, reacts with excess chlorine. It is a
volatile solid. It too is rapidly hydrolyzed by water and is a laboraton’ reagent for
replacing hydroxyl groups with chlorine atoms in alcohols and carboxvlic acids.

photochemical smog is produced by sunlight and the pollutants from the exhaust
gases of motor vehicles. This tvpe of forms on still, sunny davs when there is no
wind to blow away the gases. It is severe in cities such as Los Angeles where weather
conditions and the local geography tend to trap pollutants in the cit\’.

I he primary pollutants are nitrogen oxides imd unburnt hydrocarbons that are emitted
in large amounts during the morning rush hour in a citv. Bright sunlight during the
middle of the day sets off photochemical reactions involving oxvgen in the air. The
products are the secondaiT pollutants that create smog.

I he level of azo?/cin the air rises and oxidizing/rcc radicals i'ovm. The unburnt hvdro-
carbons are then oxidized to aldehydes, ketones and other chemicals such as organic
nitrates, which irritate the eves and lungs.

Catalytic converters iwe designed to lessen this kind of pollution.
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photosynthesis

photochemistry: the study of reactions caused by light or other forms of electro-

magnetic radiation. Photons of ultraviolet light have enough energ>' to break covalent

bonds and form free radicals. These reacti\ e intermediates can then start free-radical

chain reactions. PhotochemistiT is important in the environment as well as in the

laboratory’ (see ozo«cand photochemical smog).

photography uses chemical reactions to form images. Photography is based on the

chemistry of silver and shows that, like other d-block elements, silver can act as a cata-

lyst, form complex ions and take part in redox reactions. Photographic film consists of

tiny silver bromide cry stals in a film of gelatin on a strip of transparent plastic (see

ionic precipitation)

.

The stages of photography are as folloyvs.

1 Exposure - in both black and yvhite and color photography the first step

is a photochemical reaction. Light produces a feyv atoms of silver on the

surface of exposed silver bromide crystals:

2AgBr(s) > 2Ag(s) + Bi;,(l)

At this stage there is no visible image.

2 Development - the atoms of silver are the catalyst for the next stage yvhen

the film is taken out of the camera and treated yvith a solution of the devel-

oper. In black and yvhite photography the developer is a reducing agent that

turns many more of the silver ions in exposed crystals to silver. Exposed

parts of the film turn black. In color photography the developer is oxi-

dized to an intermediate, yvhich then reacts yvith other chemicals in the

gelatin layers of the film to produce colored dyes.

3 Fixation - this removes unexposed and undeveloped silver bromide to

stop the yvhole film turning black yvhen it is brought out into the light.

The fixer is a solution of sodium thiosulfate. Thiosulfate ions form a

complex yvith silver ions, turning insoluble silver bromide into a soluble

complex:

AgBr(s) + 28/).;-- (aq) > [Ag(S/)
3 ) J^'-faq) + Br-(aq)

4 Bleaching - this is needed only in color photography. In black and yvhite

photography the grains of silver formed by the developer stay to form the

black areas of the negatives and prints. In color photography the silver has

done its job once it has helped to make the colored dyes. So the silver is

removed by treatment yvith a solution of iron (ill) ions. The silver ions are

thus removed from the film.

Ag(s) + Fe‘^"(aq) > Ag*(aq) + Fe-^(aq)

photon: a quantum of light energy’ (see (juantum theory And electromagnetic radiation).

photosynthesis is the process by yvhich plants use energy' from the Sun to conveit

carbon dioxide and yvater to carbohydrates and oxygen. It is the staiting point foi the

synthesis of all the organic molecules in plants, including proteins, and nucleic

acids. The nitrogen, [)hosphorus and other elements that plants need aie taken in

from the soil as soluble salts.

('.hlorophyll, the green j^igment in j)lants, absorbs light and transfers the energy’ to

electrons. With the help of other molecules the energy’ is used to sjtlit yvater into

hydrogen and oxygen and to make AIT. All the oxygen released into the air during

j)hotosy’nthesis comes from yvater.
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physical chemistry

riirough a series of biochemical steps, the hydrogen atoms from water produce a

reducing agent which, with ATP, converts carbon dioxide to the basic building block

for carbohydrates and other chemicals. So all the carbon and oxygen in carbohydrates

comes from carbon dioxide.

physical chemistry: the branch of chemistry that provides the theories that help

to make sense of inorganic and organic chemistry. Physical chemistry explores the

states of matter and uses kinetic theory to explain the properties of solids, liquids and

gases. Physical chemistry also investigates the interactions betw'een electromagnetic

radiation and matter to explain structures and bonding. Physical chemists use the full

range of the electromagnetic spectrum in the various t\’pes of spectroscopy.

The methods and theories of physical chemistry help to answer four important

questions about all sorts of chemical reactions:

• Mow much? - measuring amounts of chemicals makes it possible to find the

formulas of compounds and the balanced ecjuations for reactions, which in

turn makes it possible to calculate the quantities of reactants and products

involved in reactions.

• How far and in which direction? - the equilibrium law, enthalpy changes, free

energy changes and entropy changes as well as electrode potentials help chemists

to predict the direction and likely extent of chemical change.

• How fast? - the study of rates of reaction explores the factors that determine
the speed of chemical change.

• How? - rate equations, the use of isotopes as tracers and the various t\pes of

spectroscopy help chemists to understand the mechanisms of reactions.

physical properties: properties that describe how a substance behaves when it is

chemically unchanged. Examples include:

• appearance (color, transparency)

• mechanical properties {strength, hardness, ductility)

• electrical properties {electrical conductivity)

• thermal properties {melting?i\\d boiling joints,, thermal conducti\it\’, specific

heat capacity and latent heats of melting and vaporization).

pi (tt) bonds: the u pe of bond found in molecules with double and triple bonds.
The bonding electrons in a Ti-orbital are formed by sideways overlap of two atomic
/^orbitals. In a 7i-bond the electron densitv’ is concentrated on either side of the line

between the nuclei of the two atoms joined by the bond.

p-orbital
TT-orbital

K-bond in ethene
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plaster of Paris

Pi bonds prevent rotation about the double bond, and give rise to geometrical isomer-

ism. Electrons in 7l-bonds are delocalized in molecules with alternating double and

single bonds {conjugated systems).

pipettes are used to measure small volumes of liquid accurately. A volumetric

pipette usually has a bulb for the main volume of the solution and then a single calib-

ration line in the narrow tube above the bulb. This upe of pipette can be used to

deliver the same fixed volume of a solution again and again during titrations.

P^: the logarithmic form of an equilibrium constant, which is particularly useful for

calculations. Taking logarithms produces a convenient small scale of values.

Examples:

= -ig r,

= ->g K
• p^„ = ->g K

The Henderson-Hasselbalch equation is one illustration of the advantage of working

with pK^ instead of K^. Another is the use of pA, (the logarithmic version of the ionic

product of water)

.

a; = [H30*][0H-] = 10-1^ at 298 K

Taking logarithms gives: Ig = Ig [H^O*] -t lg[OH“] = Ig 10 = -14

Multiplying through by -1 reverses the signs:

-Ig = - log [EI3O*] - lg[OH~] = 14

Hence:pA^, = pH + pOH = 14, where pOH is defined as -log [OH"] by analog)' with

pH.

So: pH = 14 - pOH, which makes it easy to calculate the pH of alkaline solutions.

Worked example:

What IS the pH of a 0.02 mol dm"^ solution of sodium hydroxide?

Notes on the method

Sodium hydroxide (NaOH) is a strong base so it is fully ionized.

Find the values of logarithms by entering the value in a calculator and then press-

ing the Ig button.

Ansv^er

[OH“] = 0.02 mol dm“^

pOH = - Ig 0.02 =
1 .7

pH = 14-pOH =14- 1.7 = 12.3

Planck’s constant; see quantum theory.

plaster of Paris is the main ingredient of building plasters and much is used to

make plasterboard. The white powder is made by heating the mineral g)psum in

kilns to remo\'e most of the water of crystallization.

(:aS(\.2H20(s) > CaS(\.m/)(s) +m/)(g)

Stirring plaster of Paris with water produces a paste that soon .sets as it turns back into
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plastic materials

interlocking grains of\g\’psnni. Plaster makes good molds because it expands slightly

as it sets so that it fills ever\' crevice.

plastic materials are materials that can be molded by gentle pressure. Examples

are potter’s clay and wax. Once molded, a plastic material keeps its new shape, unlike

an elastomer, which tends to spring back to its original shape.

plasticizers are additives mixed with /;e/v/mmaterials to make them more flexible.

A plasticizer is usually a liquid with a high boiling point, such as large molecules.

The molecules of the plasticizer get between the polymer chains and reduce the

intermolecular forces between the chains so that they can slide past each other. Rigid

nPV(^ (nn|)lasticized) is suitable for window frames and guttering. Adding a plasti-

cizer to FATi changes the polymer to a material suitable for squeeze bottles, hose
pipes and the insulation on electric cables.

plastics: materials made of long-chain molecules that at some stage can be easily

molded into shape. Thermoplastics become plastic materials when they are hot and
harden on cooling. Some thermoplastics are rigid and brittle at room temperature
such as polystyrene and uPVC; others, such as polythene, are flexible.

platinum (Pt) is a valuable metal that is the most abundant of the group of so-

called “platinum metals” that occur together in sulfide ores. The platinum metals are

the cl-block ruthenium and osmium, rhodium and iridium plus palladium and
platinum.

Platinum is about as abundant as gold. It is mined in South Africa where the yield of
metal is about 30 g from 10 tonnes of rock.

Platinum is an attractive metal and it is very unreactive so it does not tarnish. The
main use of platinum is forjewelr\'. As well as being expensive, it is a malleable Tund

ductile melAl so it can be worked into shape.

(diemists take advantage of the inertness of the metal in electrochemistry-. Platinum
electrodes are required to measure standard electrode potentials. The conductor in a
standard hydrogen electrode is platinum covered with a thin layer of finely divided metal
(platinum black) deposited bv electrolysis.

Idatinum is an effective catalyst. Its catalytic activity is enhanced bv alloying with
rhodium. The second main use of platinum is to make catalytic converters for auto-
mobiles. Platinum-rhodium gauzes catalyze the oxidation of ammonia in nitric acid

manufacture. Another use for a platinum-rhodium catalyst is “platforming,” which is

platinum catalyzed nfonning in oil refining.

Platinum forms a range ot' complex ions soinv of which, like cisplatin, are used to treat

cancer.

polar covalent bonds are covalent bonds formed beUveen atoms of different ele-

ments so that the shared electrons are drawn toward the more electronegative Aioin.

II

I
5+ 5—

c / r <

11— C— Br
Examples of molecules

|

with polar bonds r i

6-

c= o
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polar molecules

One end of tlie bond lias a slight excess of negative charge (5-). The other end of

the bond has a slight deficit of electrons so that the charge cloud of electrons does

not cancel the positive charge on the nucleus (5+).

Molecules with polar bonds are generally more reactive than nonpolar molecules,

especiallv with ionic reagents such as acids, alkalis and oxidizing agents. 1 he presence

of polar bonds makes molecules open to attack by electrophiles nucleophiles.

polar molecules have polar bonds that do not cancel each other out, so that the

whole molecule is polar.

2^

5+ 6+

H
I 5+ 5-

H— C— Cl

H

Overall polar

5^ 25+ 8-

o= c= o

Overall nonpolar

Mo/ecu/es with polar bonds. Note that in the examples on the left the net effect of all the bonds

IS a polar molecule. In the examples on the right the overall effect is a nonpolar molecule.

Polar molecules are little electrical dipoles (they have a positive pole and a negative

|)ole). Dipoles tend to line uj) in an electric field. The bigger the dipole, the bigger

the twisting effect (dipole moment). By making measurements with a polar sub-

stance between two electrodes it is possible to calculate dipole moments. The units

are Debye units, named after the physical chemist Peter Debye (1884-19(5(5).

fhe intermolecularforces cwe stronger between molecules with j)ermanenl dipoles.

Molecule Dipole luoiueiU (in debye units)

HCl 1.08

if,o 1.94

CII.Cl 1.86

CHCl, 1 .02

cci, 0

CO, 0

Measuring dij)ole moments can distinguish geometrical isomers.

II II

(:= c:

/5+ 5+\
Cl

5-

II

Cl
5-

C =

/8+

Cl
5-

5+/
C

11

Polarity of geometric isomers Overall polar Overall nonpolar
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polar solvents

polar solvents are solvents made of polar molecules. Highly polar solvents such as

water are needed to dissolve ionic compounds (see hydration). In organic chemistn’

the use of polar solvents favors heterolytic bond breaking and reactions with ionic

intermediates.

polarizability: an indication of the extent to which the electron cloud in a

molecule or ion is distorted by a nearby electric charge.

Larger molecules with more electrons are generally more polarizable. The dispersion

forces that account for weak intermolecular forces between nonpolar molecules are

stronger between molecules that are more polarizable.

Fajam's rules art a guide to the degree of polarization of negative ions by neighboring
positive ions.

polarized light: a light beam in which all the waves are vibrating in the same plane.

Ordinary light and polarized light

Light is plane-polarized after passing through a sheet of Polaroid. Optical isomers

rotate the plane of polarized light.

Effect of passing a light beam through two sheets of Polaroid. After the frst sheet the light is

polarized The beam passes through the second sheet if it is aligned the same as the frst
No light gets through if the second sheet is rotated through 90°

polyamides are polymers in which the monomer molecules are linked by amide
bonds. I he fust important polyamides were formed by condensation polymerization
between diamines and dicarboxvlic acids.
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polymer chemistry

O.
\C— (CH,),

HO'

C H,N

^OH

O O

(CH„)g— NH„ \— (CHJ,— H^N — (CH„)g— NH,
/ \HO^ OH

O O

C— (CH2),— C—

N

HO'
H

O o
II II

(CH,)g— N — C— (CH,),— C — N — (CH,,)g— NH,

H H

+ H/) + Hf> +

Condensation polymerization to make Nylon-6,6. The numbers In the name indicate the

numbers of carbon atoms In the two monomers.

polyesters are po/y??7fTS formed by condensation poly inevization between acids with two

carboxylic acid groups and alcohols with two or more hydroxyl groups. Units in the

polymer chains are linked by a series of ester bonds.

The monomers for making polyester fibers are benzene-1,4-dicarboxylic acid and

ethan-l,2-diol.

Alkyd resins, ingredients of gloss paint, also consist of long chains linked by ester

bonds. The polymer chains have unsaturated hydrocarbon side chains. W hen exposed

to air, the double bonds in the side chains of neighboring polymer molecules react so

that the chains become cross-linked. As a result the resin hardens to a smooth film as

the paint dries and sets.

Condensation polymerization to produce polyester

polymer chemistry is the study of the synthesis, structure and propeities of poly-

mns. It is a branch of chemistr)’ that developed in the twentieth century. Teo Baekland

developed nakelitem 1905 with little help from theory, fhe first thmnosetting polymers

were discovered before chemists understood the structure of big molecules.
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polymerization

In 1922 tlie (iei inan chemist Hermann Staudinger [)ublishe(l his theor)' that natural

rul)l)er, cellulose and related substances consist of long-chain molecules. He had to

fight hard to |)ersuade other chemists to accept his theory, which is now taken for

granted.

One of the people who was convinced by the new theory was the American industrial

chemist Wallace (brothers. He wrote an article in 1931 in which he introduced the

terms addilion fxdyynerization and condensation /jolymerization. His team at Du Pont

invented the synthetic rubber. Neoprene. They also discovered the first completely

synthetic pohnier (nylon), which went into production in 1939.

fhe 193()s were probably the most important years in the development of the

plastics industry. It was the time when the addition polymers polythene, pvc and poly-

styrene were all developed commercially. The high-pressure process for making

polythene was discovered and developed in the mid-1930s as an unexpected offshoot

of the study of high-pressure gas reactions by Eric Fawcett and Reginald Gibson

working for the UK chemical company ICI.

Also in the 193()s, Otto Bayer was pursuing his interests in isocyanates in the labora-

tories of the IG Farben Industries in Germany. He too faced opposition in his pursuit

of new polymeric materials. His breakthrough came in 1941 when he and his team
discovered the possibility of producing polyurethane Uy^m's. It took ten more years of

development work before large-scale manufacturing could begin.

It was in the early 1950s that Kiirl Ziegler in Ciermany disco\ered how to polvmerize

ethene at low temperatures using a new kind of catalyst. At the same time (iiulio

Natta in Italy discovered the benefits of producing isotactic polyyners (see Ziegler-Xatta

catalysts)

.

Research and development since the 1950s has produced manv new specialized

polymer materials including the biodegradable polvmers.

polymerization: a process in which many small molecules
(

join up in

long chains (see addition polymerization and condensation polymerization)

.

polymers are long-chain molecules. Natural polvmers include proteins, polvsaccharides

(see carbohydrates) and nucleic acids. S\nthetic poKiners include polyesters, polyamides and
the many polymers formed by the addition polymerization of compounds with G = G
bonds.

I he proj^erties of polymers are verv varied. Polymeric materials include plastics,

elastomers and fibers.

As j)olvmer science has developed, chemists and materials scientists have learnt how
to develop new materials with particular properties. Some of the wavs of modifving
j)olymeric materials include:

• altering the average length of the polvmer chains

• changing the structure of the monomer, perhaps by adding side groups
that increase intermolecularforces

• varving the degree of cmM-//;?A’//?g between chains

• copolymerization

• controlling the three-dimensional shape of the polvmer (see isotactic

polymer)
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potassium manganate(vii)

• changing the alignment of the polvmer chains, for example by spinning

the polvmer into fibers and then stretching the fibers

• adding fillers, pigments and plasticizers

• making composites.

polymorphism: the existence of two or more crystalline forms of a substance.

Some ionic compounds are polymorphic. Zinc sulfide, for example, can crystallize

either with the zinc blende structure or with the alternative unirtzite structure.

Polvmorphism in solid elements is an example of allotropy.

polyols are compounds with more than one hydroxyl group. They include diols,

such as ethan-l,2-diol and triols such as propan-1, 2, 3-triol (better known as glycerine

or glycerol). Polyols are used to make polyurethanes.

polysaccharides: see carbohydrates.

polyurethanes are a varied range of cross-linked polymers made from two liquids

- a polyol and an isocvanate. Polvmerization is exothermic and happens at room

temperature. Adding a chemical to make a gas means that the polymer forms as a

plastic foam. Bv choosing different isocyanates and polyols, manufacturers can vary

the properties of the polvurethane. The products range through flexible foam for

bedding and upholsterv, rigid foam for wall panels and refrigerators, hard-wearing

but bendable soles for shoes and ingredients for paints and adhesives.

One of the great advantages of polyurethanes is that they can be made where they

are needed without any complex machinery. A furniture manufacturer, for example,

can buy the two liquid ingredients and then mix them in a mold so that the polymer

takes up the required shape for a chair as it forms.

p-orbitals: see atomic orbitals.

potassium (K): is a verv soft, shiny metal that rapidly tarnishes in moist air. It is the

third member of g7ow/z 7 with the electron conji^iration [Arjd.s'.

Tike other group 1 metals, potassium;

• is stored in oil

• floats on water, melts and reacts violently, forming hydrogen, which

catches fire, and ROM, which is soluble and strongly alkaline

• forms an ionic, crystalline chloride, KTil".

Unlike lithium and sodium, potassium produces a superoxide (KO,,) when it burns in

air. This is an ionic compound with the ion. One of the main uses of potassium

is to make this oxide for use in emergency breathing a])paratus. I he oxide removes

carbon dioxide from moist breathed-out air and replaces it with oxygen.

4R(),(s) + 4CO,(g) + 2If/)(l) > 4KIl(X),,(s) + 3(X/g)

Potassium, as potassium ions, is an essential nutrient for plants and an ingredient of

N'PK fertilizers.

potassium manganate(vii) (KMnO^) consists of grayish-black crystals that

dissolve in water to give a deep purple solution. It is used as a powerful oxidizing

agent.
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precipitation

Potassiiini nianganate(\'ll) is an important reagent in mlox titrations because it will

oxidi/.e many reclncing agents in acid conditions. Tlie reactions go according to tlieir

ecjiiations, wliicli makes them suitable for (jiiantitative work.

MnO "(acj) + 8H (ac]) + 5e" > Mn“*(ac|) + 4H.,()(1)

No indicator is re(|nired for a manganate(\'ll) titration. When the solution is added

from a burette the manganate(\'ll) rapidly changes from purple to colorless (because

the color of the Mn-^ ion is so pale). At the end point it takes only the slightest excess

of manganate(\’li) to give a permanent red-purple color.

In organic chemistry potassium manganate(\'ll) is a reagent used to oxidize the side

chains of arenes.

precipitation: a reaction that produces an insoluble product from soluble chemi-

cals in solution. A common example is the formation of an insoluble salt on mixing

solutions of two soluble salts (see ionic precipitation)

.

Ionic precipitation is the basis of many anion and cation tests.

In organic analysis the 2,4-dinitrophenylhydrazine reagent for aldehydes and ketones

forms a precipitate by an addition-elimination reaction. The Fehlings solution or Tollens

reagent tests, used to distinguish aldehydes from ketones, both make precipitates by

redox reactions.

precision of data: data is precise if repeat measurements have values that are close

to each other. Precise measurements have a small random error.

Precise measurements may or may not be accurate. As a result of a systematic error

a series of precise measurements may give values that are almost the same but are not

the true value.

pressure is defined as force per unit area. The SI unit pressure is the pascal (Pa),

which is a pressure of one newton per square meter (1 N nr-). The pascal is a verv

small unit so pressures are often quoted in kilopascals (kPa).

When gases are being studied the standard pressure is atmospheric pressure, which is:

101.3 X lO^N m-2 = 101.3 kPa.

In accounts of chemical processes, multiples of atmospheric pressure give an indica-

tion of the extent to which gases are compre.ssed (see for example ammonia
manufacture)

.

The standard pressure for definitions in thermodvnamics is now 1 bar, which is:

IOOOOONm-2 = lOOkPa

I he partial pressure ol a gas is a measure of its concentration in a mixture of gases.

primary, secondary and tertiary organic compounds are labels that distin-

guish different chemical situations for functional groups in alcohols, halogenoalkanes,

amines and carbocations.

I he labels have the same meaning for alcohols, halogenoalkanes and carbocations
but a different meaning for amines.

primary standard: a chemical that can be weighed out accuratelv to make up a

standard solution for volumetric analysis. A primarv standard must:
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proteins

• be ven pure

• not gain or lose mass when exposed to the air (so it must not be hygroscopic

or deliquescent)

• be soluble in water

• have a relatively high molar mass so weighing errors are minimized

• react exactlv as described by the chemical equation.

A convenient primar}’ standard for acid-base titrations h anhydrous soditim carbonate.

Primarc standards for redox titrations indude potassium dichromate{M) and potassium

iodate(\).

promoters are chemicals that make catalysts more effective. The iron catalyst in the

Haber process for ammonia manufacture conVcmys potassium hydroxide as a promoter.

The vanadium (\ ) oxide catalyst used in sulfuric acid manufacturehd.s potassium sulfate

on a silica support to act as a promoter.

propagation is a step in a free-radical chain reaction.

propanone (acetone) is the simplest ketone, Clb^COCH.^, which is widely used as

a solvent. Three to four million tonnes of propanone are manufactured worldwide

each vear. Propanone is also used to make monomers for the manufacture of

polymers, including acrylics, polycarbonates and epoxy resins. Most propanone is made

in the cumene process, which also produces phenol.

proportionality: a description of any relationship that takes the form:

Y oc .v or Y constant X .v

The volume of a fixed amount of an ideal gas, for example, is proportional to the

temperature on the kelvin scale at constant pressure. The rate of a first-order reaction

is proj)ortional to the concentration of the reactant in the rate equation.

A graph showing that y is proportional to x A straight line through the origin, y - kx. The

gradient of the line gives the value of the constant k.

protecting group: a group introduced into an organic molecule during a svn-

thesis to stop an unwanted reaction. Once the reaction is complete the protecting

group is removed.

proteins consist of long chains of amino r/c/V/,s joined hy peptidehouds. Some fibious

j)roteins are vital to the structure of animals, including the proteins in muscles.
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protium

ligamcMits, tendons, skin and liair. Otlier proteins coil up into a globular sliape and

dissolve in body dnids where they act as oxygen carriers, enzymes and hormones.

Biochemists describe the structure of proteins at a series of levels:

• the primary structure is the secjuence of amino acids in the polymer chains

• the secondary structure is the way in which the chains are arranged and

held in place by hydrogen hondingwithm and between chains - this includes

the coiling of chains into an a-helix in proteins such as keratin and the

formation of layers of parallel chains as in the P-pleated sheets of silk

• the tertiary structure describes the three-dimensional folding of protein

chains that gives some proteins, such as enzymes, a definite three-

dimensional shape held in place by hydrogen bonding, disulfide “bridges”

and interactions between amino acid side chains with surrounding water

molecules

• the quaternary structure describes the linking of two or more amino acid

chains as in the hormone insulin, which consists of two chains linked bv

disulfide bonds, or in antibodies consisting of four chains.

protium (jH) is the abundant isotope of hydrogen. It is sometimes called protium

to distinguish it from deuterium, -jH, and tritium, Jfl.

proton: one of the two types of particle that make up the nucleus of an atom. The
relative mass of a proton is 1 and its charge is +1. The number of protons in the

nucleus of an atom is the proton number.

A hydrogen atom, H, normally consists of one proton in the nucleus and one elec-

tron in the first shell. So a hydrogen ion, Hy is simply a proton. Chemists often use

the terms “hydrogen ion” and “proton” interchangeably, especially when describing

acid-base reactions as proton transfer reactions.

proton magnetic resonance spectroscopy: nuclear magnetic resonance spectroscopy

(nmr) when the nuclei involved are hydrogen nuclei (or protons).

proton number: the number of protons in the nucleus of an atom. (Formerlv
known as the atomic number.)

proton transfer describes the movement of a hydrogen ion (or proton) from an
acid to a base during an acid-base reaction. According to the Br0nsted-Lou>ry theon an
ac’d is a proton donor and a base a proton acceptor.

purification: a process used by chemists to remove impurities from the products of
reaction, (a)mmon methods of purification include:

• distillation or fractional distillation for liquids

• steam distillation to obtain a liquid with a high boiling point that does not
mix with water

• recrystallization to separate solids from solid impurities

• solvent extraction for liquids or solids.

Some tvpes of chromatography are also used not onlv for analvsis but also to separate
pure products.

(.hemists use a range of techniques to test for puritv. A chemical is pure if it:
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purification

• melts exactly at its melting point

• boils at its boiling point

• gives only one spot or peak when analyzed by chromatography

• gives a printout that matches the spectrum of a known pure sample when
analyzed by infrared spectroscopy.
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qualitative analysis is any niethod for identifying cheinicals in a sample.

Examples of (jualitative analysis include:

• gr/.s /c.v/.s such as the use of limevvatei to detect carbon dioxide

• (inion /cvAs such as the use of silver nitrate solution to detect and distinguish

chlorides, bromides and iodides

• the separation and identification of amino acids by paper cfiromato^aphy

• the identifying oi functional ^oups in an organic compound using infrared

spectroscopy.

quantitative analysis: any method for determining the amount of a chemical in

a sample. Examples of (juantitative analysis include:

• an acid-base titration to determine the concentration of a solution of

hydrochloric acid
j

• the use of a colorimeter io determine the concentration of a colored complex

ion

• testing the blood-alcohol concentration by infrared spectroscopy

• finding the relative abundances of the isotopes of chlorine by mass

spectrometry.

quantum numbers identify the energy lei>el or atomic orbited occupied by an electron

in an atom. Theory shows that four quantum numbers uniquely identify each
electron in an atom:

• the principal quantum number indicates the distance of the electron from
the nucleus

• the second quantum number identifies the t\pe of atomic orbital, 5, dor

f
• the third quantum number shows the direction in space of the orbital, p ,

A A
• tlie fourth quantum number states the alignment of the spin, spin up or

spin down.

The principal quantum number identifies the main shell occupied by an electron.

I he first shell (// = 1) can hold 2 electrons, the second shell {n = 2) up to eight

electrons and the third shell {n = 3) up to 18 electrons. Thus the maximum
number of electrons in a shell is ijiyen by 2//".

quantum theory states that radiation is emitted or absorbed in discrete amounts
called energ\' (|uanta. Max Planck, the Cierman physicist, put forward the theon in a

paper published in 1900. Quanta have energ\’ E = h\’ where b is Planck's constant
and V is the frecjuency of the radiation.

1 he Danish physicist Niels Bohr took up quantum theoiT in 1913 to explain the lines

in hydrogen s atomic emission spectra. Bohr’s theory could account veiT well for the
fre(|uencies of the lines in the spectrum of the hydrogen atom by making these
assumptions:
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quenching

• electrons in a hydrogen atom can only be at certain definite energy leiiels

• a photon of light is emitted or absorbed when an electron jumps from one

energ\’ level to another

• the energ)’ of the photon, E, equals the difference between the two energy

levels

• the frequency of the radiation emitted or absorbed is related to the energ\’

of the photon by E - hv.

quartz is a crystalline form of silica (silicon dioxide). Quartz has a high melting

point because it consists of a covalently bonded giant structure \n which each silicon

atom is linked to four oxygen atoms and each oxvgen atom to two silicon atoms.

quaternary ammonium cations are the cations formed when all the hydrogen

atoms in an ammonium ion are replaced by alkyl groups.

R'

R— N— R"

General structure of a quarternary ammonium cation R'"

Cationic surfactants used in fabric and hair conditioners are quaternary ammonium

salts such as dodecyltrimethylanunonium bromide, ||N*(CH.^).^Br”.

quenching: the rapid cooling of a hot metal sample during heat treatment by

plunging it into cold oil or water. Quenching a hot metal produces a different

structure to slow cooling.

Similarly, chemists “quench” reactions by sudden cooling. This effectively stops (or

“freezes”) the reaction. In this way it is possible to find the composition of an equi-

librium mixture or measure the concentration of a reactant or product during a

study of rate of reaction.
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racemic mixture: a mixture of e(|iial amounts of tlie two mirror-image forms of

a chiral compound. The mixture does not rotate polarized li^it beeause the two optical

isomers have e(|ual and opposite effects so they cancel each other out.

Lactic acid (2-liydroxypropanoic acid) from muscles is optically active because it con-

sists of the ( + ) isomer. Lactic acid from sour milk is not optically active because it

is a 50:50 racemic mixture of the two mirror-image forms. Laboratory' svnthesis of

lactic acid also produces the racemic mixture because there is an equal chance of the

two isomers forming.

radioactive decay: the decay of a radioactive nucleus to form the nucleus of

another element by alpha decay or beta decay, (kimma rays may also be emitted.

radioactive nuclide > daughter nuclide + alpha or beta radiation

Many radioactive nuclides (or radioactive isotopes) are part of a decay series.

Radioactive decay is a first-order reaction. The rate of decay is proj)ortional to the

number of radioactive atoms. This means that each radionuclide decavs with a

constant half-life.

Radionuclides with a short half-life decay more quickly and tend to give off more
intense radiation. The unit of radioactivity is the becc/uerel (svmbol Bq).

ffalf-lives for radioactive decay arc unaffected by changes in temperature, pressure

or chemical state. This is the principle of the technique used to find the age of the

remains of living things or of rocks. Knowing the half-lives it is possible to estimate

ages by measuring the proportions of different nuclides in a sample.

Raoult’s law: a law that predicts the vapor pressure of mixtures of liquids and
solutions. The law states that in a mixture of two liquids A and B:

vapor pressure ofA
over the mixture

- mole fraction ofA x vapor pressure of pure A

vapor pressure of B

over the mixture
~ fraction of B x vapor pressure of pure B

The total vaj)or pressure of the mixture is the sum of the vapor pressures of A and B
over the mixture.

Only ideal mi.xtures obey the law. These are mixtures of verv similar liquids so that the
iutei moleculat paces between molecules of A and B in the mixture are closelv similar
to the iiitermolecular forces in pure A and pure B.

If the intermolecular forces between A and B are overall stronger than in the pure
li(iuids, then the mixture is less volatile than Raoult’s law predicts and has a lower
vapor pressure. I his leads to a negative deviation from the law.

If the intermolecular forces between A and B are overall weaker than in the pure
li(|uids, then the mixture is more \olatile than Raoult’s law predicts and has a higher
vapor pressure. I his leads to a positive deviation from the law.
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rate equations

Vapor
pressure

Vapor pressure

of pure A

Graph to illustrate the meaning of Raoult's law

Vapor

Negative deviation from Raoult's law

because of stronger forces between the

molecules in the mixture

Vapor

Positive deviation from Raoult’s law because

of overall weaker forces between the mole-

cules in the mixture than in the pure liquids

rare earths: llie traditional name of the lanthanide elements.

rate constant: see Arrhenius equation and rate equations.

rate-determining step: the slowest stej) in the ineclianism of a reaction, which

therefore controls the (nerall rate of reaction. It is generally the molecules or ions

involved (directly or indirectly) in the rate-determining step that appear in the rate

ecjiiation for the reaction.

Sucleophilie substitution in halogeiioalkanesswch as 2-l)romo-2-meth\ij)ropane invokes a

two-step mechanism. The first step, which is the bond-breaking stej) in this S^l

mechanism, is the rate-determining stej). It involves only halogenoalkane molecules.

Hvdroxide ions are not involved. So the hydroxide ion concentration does not

aj)pear in the rate ecpiation, which has the form:

rate = /^[T^H,,Rr].

fhe rate-determining step in a miiltistep reaction is the one with the highest

activation energ\’.

rate equations are ecpiations that show how changes in concentration, tem|)eratnre

and catalvsts affect the rate of a reaction.
j
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rates of reaction

For the reaction of hydrogen peroxide witli hydriodic acid:

n/),(a(i) + 2I-(aci) + 2n‘(aq) > 2n/)(l) + {^(aq)

Rate = /^[IF/).^,(aq)][ I"(aq)]

Note that tlie rate ecpiation cannot be deduced from the balanced ecjuation; it has

to l)e found by experiment. The equation shows that this reaction is first ordn whh

respect to each reactant. ()\'crall it is a second-order reaction.

.Methods for finding tlie order of reaction include:

• the half-life method

• the initial rate method.

The rate constant, k. is constant only for a particular temperature. The value of k

varies with tem|)eratiire. A rise in temperature of 10 K doubles the value o{' k and so

doubles the rate of reaction if the activation energy is about 50 kj mol"'. Adding a

catalyst lowers the activation energ\’ and so increases the value of /f and hence the rate

of reaction.

The Arrhenius equation is the relationship between the rate constant, the activation

energ\’ and the temperature.

rates of reaction, in mol dnr'^s"', are found by measuring the rate of formation

of a product or the rate of removal of a reactant. The usual procedure for finding

rates is to measure some property of the reaction mixture, such as its volume, and to

.see how this j^ropertv varies with time.

Rate =
change in the measured property

time

Rates are measured in practical units such as “cm per second” and then converted to

mol s~' if neces.sarv.

Methods for studving rates include:

• collecting and measuring the volume of a gas formed

• removing measured samples of the mixture, stopping the reaction and then

determining the concentration of one reactant or product by titration

• using a colorimeter to follow the formation of a colored product or the

removal of a colored reactant

• using a conductivitv cell and meter to measure the changes in electrical

conductivity of the reaction mixture and the number or nature of the ion

changes.

Factors that affect reaction rates are:

• the concentration of reactants in solution - in general the higher the

concentration, the faster the reaction (see also collision theory)

• the pressure of gaseous reactants - high pressures compress gases and
increase their concentration

• the surface area of solids - breaking a solid into smaller pieces increases

the surface area in contact with a liquid or gas

• the temperature - raising the temperature increases the proportion of

atoms, molecules or ions with enough energ\' to react when thev collide
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reactors

• catalysts - adding a homogeneous catalyst or heterogeneous catalyst piovides an

alternative reaction mechanism with lower activation energy

• radiation - electromagnetic radiation can initiate free-radical reactions and the

more intense the radiation, the faster the reaction goes.

raw materials: see chemical industry.

reacting masses: the masses of elements and compounds that take part in a chem-
ical reaction. Chemists determine empirical formulas and balanced equations by

measuring the masses of reactants and products. They use equations to calculate

how much of each chemical they need for a chemical process and the theoretical

yield of the products (see yield calculations).

Worked example:

Carbon monoxide reduces iron(iii) oxide to iron in a blast furnace. What mass of

carbon monoxide is required to reduce 20 tonnes of the oxide?

Notes on the method

Start by writing the balanced equation for the reaction.

Work out the molar masses, M, of the reactants in g mob'.

The reacting masses are in the same ratio whether measured in grams or in

tonnes.

Answer

Fe/)
3
(s) +3C()(g) > 2Fc{s) + 3C(X,(g)

I mol Fe,^()
3
(.s) reacts with 3 mol (X)(g).

3/(Fe„()J = (2 x 56 g mol"') + (3 x 16 g mol"') =
I 60 g mol"'

A/((X)) = (12+ I 6) g mol"' = 28 g mol"'

So ( I mol x 1 60 g mob') =
1 60 g iron reacts with (3 mol x 28 g mob') = 84 g

carbon monoxide,

or I 60 tonnes iron reacts with 84 tonnes carbon monoxide.

Hence mass of (X) needed to react with 20 tonnes iron
20

x 84 tonnes

0.5 tonnes

reacting volumes of gases: sec gas volume calculations.

reaction kinetics: the study of the factors that affect the rates oj reactions. Rates are

followed either by measuring tlie rate of formation ofOne of the j)roducts or the rate

of lemoval ofOne of the reactants, d’he results of these studies are summed up in rate

equations ior reactions. Collision theory is one model that helps to explain the factors

affecting rates. Studying the kinetics for a change can help to elucidate a mechanism

for the reaction.

reaction mechanisms: see mechanism of a reaction.

reactors are reaction vessels used by the chemical industry for synthesis. I here are

two main tNpes of reactor:
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reagent

• batcli reactors - for batch processes in which all the reactants are mixed in a

vessel where they are heated or cooled until the process is complete

• continuous reactors - for coutinuous processes in which the reactants are fed

continuously into a stirred tank or tiihe and products drawn out at an

e(|ual flow rate.

reagent: any pure chemical, mixture or solution supplied for chemical analysis or

synthesis.

“Reagent grade” chemicals match the mininuim standards Sj)eciried for normal

lahoratorv use.

Analytical reagents (AR) are chemicals that are much purer than standard lahoraton-

grade reagents, d’hey are intended for accurate analytical work where impurities in

the reagents would affect the results.

real gases are gases that deviate to a greater or lesser extent from /V/w/gr/.s hehavior

as predicted hy the ideal gas equation. In practice, many gases at room temperature

follow the gas laws sufficiently closely for it to he reasonable to treat them as ideal

gases.

The assumptions of kinetic theory explain why real gases tend to deviate from ideal

behavior at:

• low temperatures and moderate pressures - when gases are not far above

their boiling points so that they are close to condensing because of

in termolecula r forces

• very high pressures - when the volume of the gas is so small that the

volume of the molecules cannot he ignored and the gases are less

compressible than the gas laws predict.

rearrangement reaction: a reaction that rearranges the atoms in a molecule to

convert one structural isomer to another.

One example of a rearrangement reaction is the isomerization of alkanes to make
branched compounds to increase the octane number of gasoline.

CM, — CIl,— OH, —OH,

pentane

c:h.

CH,

» c:h3 — c:h— c.h,, — cn,

2-methylbutane

Isomerization rearranges the atoms in pentane to make 2-methylbutane, which has a higher

octane number.

recrystallization is a procedure often used to purifv solid products of organic

pu’paiations. 1 he procedure is based on a solvent that dissolves the product \\’hen hot
hut not when cold. I he choice of solvent is usually made hv trial and error. Use of a

hu(hne) flask and fniuiel speeds filtering and makes it easier to recover the purified
solid from the filter [)aper.

file procedure is as follows:
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redox reactions

1 warm the impure solid with the liot solvent

2 if the solution is not clear, filter the hot solution though a heated fiumel

to remove insoluble impurities

3 cool the solution so that the product recrvstallizes, leaving the smaller

amounts of soluble impurities in solution

4 filter to recover the purified product

5 wash the solid with small amounts of pure solvent to wash away the

solution of impurities still clinging to the solid

6 allow the solvent to evaporate in a stream of air and then in a desiccator.

redox potential: see standard electrode potentials.

redox reactions: reactions that involve reduction and oxidation. In everv redox

reaction an atom, molecule or ion is reduced while another atom, molecule or ion is

oxidized. Reduction and oxidation alwavs go together.

Redox reactions involve the transfer of electrons from the reducing agent to the oxidizing

agent. Writing half-equations for redox reactions helps to show electron transfer.

Oxidation numbers help to identifv redox reactions. In any redox reaction the oxida-

tion number of one element becomes more positive (or less negative) while the

oxidation number of the other element becomes less positive (or more negative).

Equations for redox reactions, like other balanced equations, show the amounts (in

moles) of reacUints and products involved. Oxidation numbers help to balance redox

equations because the total decrease in oxidation number for the element reduced

must equal the touil increase in oxidation number for the element oxidized. This is illus-

trated here by the oxidation of iron(il) ions by manganate(\ ii) ions in acid solutions.

Step I
- Write down the formulas for the atoms, molecules and ions involved in

the reaction:

WnO- + IT + Fe'* > Mn'^ + 11,0 + Fc‘^

Step 2 - Identify the elements that change in oxidation number and the extent of

change:

change of -5

.\ln(V +11+ Fe"^ —> Mn- + II/) + Fe-’"

change of +

1

Step 3 - Balance so that the decrease in oxidation number of one element equals

the total increase of the other element.

In this example the decrease of -5 in the oxidation number of man-

ganese is balanced by five iron(ii) ions, which each increase their

oxidation number by + I

.

MnO/ + II + 5Fm^ > Mir + II/) + 5Fc'"

Step 4 - Balance for oxygen and hydrogen.

In this example the four oxygens from the manganate ion join with eight

hydrogen ions to form four water molecules:

.MnOr + 8II + uFc-" > Mu-^ + 4II/) +
4
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redox titration

Step 5 In an ionic equation, check that the positive and negative charges balance

and add state symbols.

The net charge on the left is now I7+, which is the same as the net

charge on the right.

.\In(Y(afi) + 8ir(aq) + 5Fe-^(a(i) > .\In^^(aq) + 4H/)(1) + 5Fe‘’^(aq)

redox titration: a practical technique used to deterniine the concentration ofa solu-

tion of an oxidizing agent or a reducing agent. A titration measures the volume of a

standard solution of oxidizing or reducing agent needed to react exactly with a mea-

smed Nolume of the unknown solution. The |)rocedure only gives accurate results if

the reaction is rapid and is exactly as described by the chemical equation.

Fhe procedure and method of calculating results is similar to tho.se for other titrations,

for example iodine-thiosulfate titrations and potassium manganate(vil) titrations.

reducing agents: chemical reagents that can reduce other atoms, molecules or

ions by giving electrons to them. C>ommon reducing agents are metals such as zinc,

iron and tin, often with acid; other common reducing agents are sulfur dioxide,

iron(ll) ions and iodide ions.

Iodide ions acting as a reducing agent by

giving electrons to iron(iii) ions. A reducing

agent is itself oxidized when it reacts.

Reduction and oxidation always go together

in redox reactions.

reduction

2Fe"*(aq) + 'ie' —> 2Fe--(aq)

2iyaq) —> F^(aq) + 2e“

oxidation

Some reagents change color when they are reduced, which makes them useful for

detecting reducing agents.

Test Observations Explanation

.\dcl a solution of Purple solution turns Purple MnO^" ions are

potassium nianganate(\ ii) colorless reduced to veiT pale pink

acidified with dilute Mil'" ions

still uric acid

.Add potassium dichromate(M) Orange solution turns Orange Ct\,0_'-~ ions are

solution acidified with green reduced to green

dilute sulfuric acid ions

reducing sugars: sugars such as glucose and fructose that give a positive result with
Fehlings solution or Benedict's solution. These sugars reduce the blue copper(ii) complex
in the test solution to an orange-red precipitate of copper(i) oxide.

.All monosaccharides and many disaccharides are reducing sugars (see carbohydrates),

but the disaccharidc' sucrose is not a reducinii siurar.o o

reductant: an alternative term to reduciiig ageiit that is convenient when describing
half-e(iuations foi redox reactions and standard electrode potentials. By convention, ^\hen
electrode potential values are assigned, the half-equation takes the form:
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reforming

oxidant + ne~ reductant

Even' half-equation involves an oxidant and a reductant.

rGduction: oiiginally this meant ^enlo^’al of oxvgen or the addition of hydrogen but
the term now covers all reactions in which atoms, molecules or ions gain electrons.

The definition is further extended to cover molecules, as well as ions, by defining oxi-

dation as a change that makes the oxidation number an element more negative or
less positive.

+6 sulfur reduced +4

2Br- + 2U' ^ H,SO^ ^ Br, + SO, + 2H,0

~
' bromide oxidized 0

Bromide ions reducing concentrated sulfuric acid to sulfur dioxide

Oxidation and reduction always go together in redox reactions.

Oxidation number rules apply in principle in organic chemistry hut it is often easier

to use the older definitions. Reduction is either removal of oxvgen or the addition of

hydrogen to a molecule.

H3C

11/:

0= 0
XaBH^tacp

>

H

n/:— c— CH,

Off

Reduction of ketone to an alcohol by addition of hydrogen

reference electrodes: electrodes used to measure electrode potentials in place of

the standard hydrogen electrode. A hydrogen electrode is difficult to use so it is much
easier to use a secondary standard such as a silver/silver chloride electrode or a

calomel electrode. These electrodes are available commercially and are reliable to

use. They have been calibrated against a standai'd hydrogen electrode, ((ialomel is

an old-fashioned name for mercun'(i) chloride.)

I lg,(:i,,(s) + 2c- 21 lg(l) + 2(;|-(a(|) iC = + (1.27 V

refining: the processes that separate, convert and purify chemicals in crude oil \\\ an

oil refineiT, or the removal of impurities fi'om metals (see copper refining)

.

reflux condenser: a condenser fitted to a chemical apparatus to prevent vapor

escaj)ing while heating a licjuid. Vapor from a boiling reaction mixture condenses

and flows hack into the flask.

reforming: a process in oil refining that converts alkanes to such as benzene

and methylbenzene. f’his helps to raise the octane number of mixtures used in

gasoline.
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refractive index

cn^ci r.ci i/;i i./;i

heptane

I’l catalyst

heat, pressure

+ 4il,,(g)

CH,

CM, CH

CM, CH

CM,

cyclohexane

Examples of reforming

Pi catalyst

heat, pressure
+ 3H,,(g)

benzene

refractive index: a physical property of chemicals and materials that can help to

identify unknown samples.

Forensic scientists use an oil immersion method to find the reactive index of fragments
of glass from the scene of an accident or crime. The procedure is to immerse a crushed
fragment in silicone oil on a slide. The slide is slowly heated, making the refractive

index of the oil change as the temperature rises. The fragments of glass seem to dis-

appear when their ref ractive index exactly matches that of the oil, then reappear when
the oil is heated beyond the point where the refractive indices match. The technicjiie

is extremely accurate. Repeat measurements lie within a range of ± 0.000 03 units.

refractories: materials \vith \eiT high melting points used to line furnaces and
make crucibles. Ceramics are refracton’ materials.

Fireclay is the raw material for making refracton bricks. Some industries need more
specialized refractories. Molten glass and the slags formed during smelting are veiw
coirosive when molten and would quickly destroy ordinarv refractoiT bricks made of
fireclay. 1 hese industries use refractories such as j)ure silicon dioxide (an acidic oxide)

or pure magnesium oxide (a basic oxide)

.

relative atomic mass, ^ : the mean mass of the atoms of an element relative to

the mass of atoms of the isotope carbon-r2, for which d. is defined as exactly 12. The
xalues are relatixe so thev do not have units.

Mass spectrometry is the technique for determining accurate relative atomic masses.

Amount of suhstaucein chemistrv is defined in such a wav that the molar masso( an ele-

ment is nuniericallv ecjual to its relative atomic mass (but the latter is a ratio and has
no units).

Relative atomic masses often do not have whole-number values because elements
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residues

ha\e isotopes. Relative atomic masses are average \aliies foi* the mixture of isoto[)es
found naturally (see isotopic abundance)

.

TGlative formula mass^ ^ term tised for the relative mass of ionic compounds
or ions to avoid the suggestion that their formulas represent molecules. The scale is

the same as for relative atomic and relative molecular masses, that is, '-C = 12.

The relative formula mass of an ionic compound or ion is the sum of the relative

atomic masses for the atoms in the formula.

For anhydrous magnesium nitrate, i\/JMg(NO.^),J

= 24 + (2 X 14) + (6 X 16) = 148
'

T(Mg) d(\) T(0)

Amount of substance in chemistrv is defined in such a way that the molar mass of an
ionic compound or an ion is numerically equal to its relative formula mass (but the

relative mass has no units).

relative molecular mass, M^i the relative mass of the molecules of an element

or compound on the scale = 12.

The relative molecular mass of the molecules of an element or compound is the sum
of the relative atomic masses for the atoms in the molecular pmnula.

For ethanol, 4/ (Cll.^CIf,OH) = (2x12) + (6x1) + 16 = 46

d(H) 4(0)

Amount of substance in chemistry is defined in such a way that the molar mass of the

molecules of an element or compound is numerically equal to its relative molecular

mass but as with other relative masses, the relative value has no units.

reserves and resources: the quantities of minerals and p)ssil fuels available in the

Faith’s crust. Estimates of reser\es and resources include some that are proven

because they have been identified and exaluated and others that seem likely to exist

by a mixture of inference and guesswork.

The proven reserves of a mineral have been identified and evaluated so that it

is known that it is economical to extract and process them at the current market

price of the product. I he resources of a mineral include all the possible sources,

including those that it is not economical to extract at the time.

judgments about changes in technology', in the demand for materials and in the

economy can all shift the balance of reserves and resources. Figiu es for reserxes have

to be interpreted with care because commercial comj)anies do not find it economic

to establish reserxes for more than about 2.4 years ahead.

residues: materials left oxer at the end of a chemical process. Fhe term sometimes

refers to a solid caught in a filter paper. Taboratories that use large (juantities of xalu-

able chemicals may haxe a “residues bottle” to collect wastes for recoxery of the
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resins

expensive substances. Resifliies worth collecting include silver compounds, iodine

compounds and solvents.

resins: originally these were natural materials from the sap of trees or from insects.

Examples are the rosin used for violin bows, shellac used in varnishes and mvrrh,

which is added to perfumes. These gummy materials consist of long-chain molecules

and on warming thev soften before thev melt.

Now the term resin refers to synthetic materials made hy jxAymerization. Thermosetting

polymers, for example, are produced in two stages. The first stage produces a polvmer

resin, ('ompressing this resin in a hot mold shapes it and at the same time creates

CWW-/////CS between the polvmer chains so that the material sets to a hard plastic.

Similarly, one component of an epoxy resin adhesive is a polvmer resin that sets on
mixing with a hardener to start the chemical changes that cross-link the chains.

Synthetic ion-exchange resins consist of polvmer beads that have been treated

chemically so that they can hold cations or anions.

respiration: biochemical j^rocesses in cells that provide living organisms with the

energ\’ for growth, movement and warmth.

Aerobic respiration is respiration with oxvgen. In the process glucose is oxidized to

carbon dioxide and water. Overall:

(:,.H,,0,.(aq) + O^g) > bCOJg) + 6ff/)(l) Afl = -2816kjmol->

This is not a one-step reaction; it takes place in a complex series of biochemical

reactions that harness the energ\ from the oxidation process to produce ATP.

Anaerobic respiration is respiration without oxvgen. Anaerobic respiration in veast

converts sugars to carbon dioxide and ethanol. This is the process of fermentation used
in baking, brewing and winemaking. Anaerobic respiration in animal cells produces
lactate ions (the anions of lactic acid). Anaerobic respiration produces much less

AT P than aerobic respiration and so is a much less efficient source of energ\' for

jjrocesses.

retention time: see gas-liquid chromatogiaphy.

reverse osmosis: see osmotic pressure.

reversible changes are processes that can be reversed by altering the conditions.

Melting is an example of a reversible change of state, (dianging the temperature
alters the direction of change. Ice melts above 0°C. Water freezes below 0°C. Water
and ice are in ec|uilibrium at ()°C. This is an example of dynamic equilibrium.

lf,()(s) IT/)(1)

Many chemical reactions are reversible, including the reactions used in ammonia
manufacture And sulfuric acid manufacture. Acid-base reactions imd redox reactions ayc gen-
erally reversible too. There are many important reversible processes in living things.

Hemoglobin, for example, picks up oxvgen from the air in the lungs and then
releases the oxygen for respiration in bodv tissues.

I he direction and extent of change for a reversible process mav van with the tem-
perature or the concentration of chemicals. Pressure 'xs an important variable affecting

reactions of ijases.
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rotation about covalent bonds

Chemists predict the direction and extent of change for reversible processes when
they consider feasibility.

rhodium is one of the platinum metals that is largely used as a catalyst in the
platinnm-rhodinm alloys found in catalytic converters ‘And in chemical plants for nitric

acid manufacture.

risk, in chemistry, is an estimate of the chance that a hazardous substance or process
will cause harm.

There are three questions to consider when assessing the risk of a chemical process:

• what are the hazards?

• what is the likelihood that someone will come to harm because of the

hazards?

• what can be done to control and reduce the risks?

When a chemical investigation is being planned the possibilities for controlling risks

include the following:

• choosing a nonpractical approach using secondaiy sources, models and
simulations

• adopting an alternative safer procedure with less hazardous chemicals

• modifving the experimental design with different apparatus or a different

method of heating

• creating a barrier between the apparatus and j)eople, using safety screens

or a fume cupboard

• wearing personal protection such as eye protection and gloves.

RNA: a t\'pe of nucleic acid in which the five-carbon sugar is ribose and the four

nitrogenous bases are adenine, cytosine, guanine and uracil. Two types of RNA are

important in protein synthesis:

• messenger RNA (m-RNA), which takes the genetic code from DNA
molecules in the nucleus to the sites of protein synthesis in the cell

• transfer RNA (t-R.NA), which helps to assemble amino acids in the right

order during the translation of the genetic code into protein molecules.

In some viruses, such as HI\', the genetic material is RNA rather than DNA.

roasting converts sulfides to oxides during metal extraction. Oxides are much easier

to reduce to metals than sulfides. Roasting is exothermic so once the reaction has

begun it needs little fuel to keep the process going. Roasting j)rodiices hot metal

oxides, which may be fed directly to a furnace for reduction to the metal.

2PbS(s) +3(),(g) > 2Pb()(s) +S(X,(g)

In the past roasting sulfide ores was a major cause of air pollution. The sulfur dioxide

was simj)ly released into the air where it caused acid rain. Now the sulfur dioxide is

recovered and used for sulfuric acid manufacture. (See also zinc extraction.)

rotation about covalent bonds is rotation ofOne |)arl of a molecule relative

to another around a single ccnalent bond, dliis allow molecules to take u|) different

conformations.

Double bonding stops bee rotation and this accoimls for the existence of geometric

isomers.
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rubber

rubber: ati elastic niaterial that is easily stretched or bent but which tends to spring

back to its original shape when the force is removed.

Rubbers are elastic /x)/\Tners often called elastomers.

Klastoiner molecules tend to coil up in such a way that they can uncoil as they stretch

and coil uj) again when unstretched. The molecules are cross-linked hy strong covalent

bonds so that they cannot permanently slide past each other unless pulled much
harder.

Natural rubber comes from the sap of the rubber tree. This white latex coagulates to

a very soft tnaterial. \ ulcanizing converts natural rubber into a useful elastomer bv

cross-linking the j)olymer chains with sulfur atoms. I’his was the process discovered

by (Hiarles Cioodyear in 1839.

Clh,

— Cl k,— c=CH— CTl— Cl k,— c:= CH— CIT,—
s

s

— CH,— (:=CH— c:h— ctt,— c= c:h— ct i,—
CTl, CH,

Structure of natural rubber after vulcanizing. Sulfur atoms cross-link the chains, which are

polymers of cis-isoprene (2-methylbuta- 1 ,3-diene).

Hie science ot polymer chemistry has helped to develop a range of alternatives to natural

rubber suited for specific purposes. Examples are:

• neoprene - used for rubber dinghies

• styrene-butadiene rubber - used for motor vehicle tires

• polyurethanes - used for furniture foams and stretch fabrics.

I ires are black because the rubber is mixed with carbon filler t\\Ai makes the material
more resistant to wear. C.arbon also absorbs ultraviolet radiation, helping to slow down
the rate at which rubber degrades in sunlight.

rusting is the corrosion of iron.

rutile structure: a crystal structure of compounds with formulas MX,. This is the
structure of the mineral rutile, which consists of titanium(l\') oxide, TiO,.

Exainjiles of other compounds with this structure are the oxides SnO„ PbO„ MnO,
and the halides MgF,, CrCl„ CuF,.
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The rutile structure. Each metal ion has 6 nearest

neighbors and each nonmetal ion has 3 nearest

neighbors. This is 6:3 coordination. • O OTi

values: ratios that measure how far a particular chemical moves during paper

chromatography and thin-layer chromatogaphy (tic).

distance moved by solute

distance moved by solvent

X

y

The value Is the ratio of the distance

moved by the chemical in the mixture to

the distance moved by the solvent front.

values can help to identify components of mixtures so long as conditions are care-

fully controlled. The values vary with the type of paper or tic plate and the nature of

the solvent.
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sacrificial protection: see cathodic protection.

salt bridge: the ionic coiiiieclion between the solutions of the two half-cells that

make np an electrochemical cell. A salt bridge makes an electrical connection between
the two halves of the cell by allowing ions to flow while preventing the two solutions

from mixing. At its simplest a salt bridge consists of' a strip of" filter [)aper soaked in

potassium nitrate solution. Potassium salts and nitrates are soluble so the salt bridge

does not react with the ions in the half-cells.

In commercial reference electrodes the salt bridge is often a small plug of porous glass.

salt hydrates: see hydration.

salting-out effect: this consists of making a chemical much less soluble in water
by adding a high concentration of a salt. Adding common salt (sodium chloride)

helps to separate soap from water after hydrolysis of fats or oils.

salts are ionic compounds formed when an acid reacts with a base. Salts therefore

have two “parents.” Salts are related to a parent acid and to a parent base.

Acid Salts

hydrochloric acid, HTl sodium chloride, NaCl

calcium chloride, CaC;f,

ammonium chloride, NH^Cl
sulfuric acid, H.,SC)^ sodium sulfate, Na„SO^

calcium sulfate, (ASO.
4

ammonium sulfate, (NHp.,SO^

elhanoic acid, Cff^COTf sodium ethanoate, Cff^C(X,Na

calcium ethanoate, (Cff^C(J).,).,Ca

ammonium ethanoate, CH.,C(X,NH^

Base Salts

sodium hydroxide, NaOH sodium chloride, NaCl

sodium sulfate, Na.,S()^

sodium ethanoate, CH,,C().,Na

calcium oxide, ('a(()H)„ calcium chloride, CaCf,

calcium sulfate, CaSO^

calcium ethanoate, (CH,,C.()J.,C:a

ammouia. Nil, ammonium chloride, NH^Cl

ammonium sulfate, (NH^).,S()^

ammonium ethanoate, CH.,(XX,NH^

Xentralization is not the only way to make a salt. Some metal chlorides, for example,
ait made b\ heating metals in a stream of chlorine. This is useful for making
anhydrous chlorides, such as aluminum chloride or iron(lll) chloride, both of which
are hydrolyzed bv water so cannot be dehvdrated bv heatintr.

Insoluble salts are conveniently prepared by ionic precipitation.
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second-order reaction

salts of strong and weak acids: see hydrolysis of salts and neutralization.

sampling for analysis is a vital first step in any analysis because it is important to

make sure that the sample is representative of the whole specimen. This is easy when
analyzing solutions that are well mixed. It is more difficult when sampling an ore

made up of lumps of rock each with variable but small amounts of a precious min-

eral. In these circumstances an analvst has the difficult task of preparing a sample
with a mass of about 1 g from a batch of ore with a mass of several tonnes.

Analysts generally prepare multiple samples from the same specimen and work
through the analysis with all of them to check on the uncertain^’ of the results.

saturated compounds are compounds containing only single bonds between the

atoms in their molecules. Examples of saturated hydrocarbons are the alkanes.

The term “saturated” is also used for compounds with saturated hydrocarbon chains

such as the saturated fats and fatty acids, even though these compounds include

C= O bonds. Saturated compounds do not undergo addition reactions.

saturated solutions are solutions that contain as much of the dissolved substance

as possible at a particular temperature. A saturated solution is in equilibrium with

undissolved excess of the substance in solution. The concentration of a saturated

solution is the solubility o{ the substance at that particular temperature.

saturated vapor pressure: see vapor pressure.

5-block elements: the elements in groups 1 and 2 in the periodic table. For these ele-

ments the last electron added to the atomic structure goes into the ,s-orbital in the

outer shell. All the elements in the .sd^lock are reactive metals. (See also atomic orbitals.)

scaling-up processes: converting a small-scale synthesis in a laboratory or pilot

plant to a process that can operate successfully and safely on a commercial scale (see

table on j)age 306).

second law of thermodynamics: see thermodynamics (lams of).

second-order reaction: a reaction is second order with respect to a reactant if the

rate of reaction is j^roportional to the concentration of that reactant squared. The

concentration term for this reactant is raised to the power two in the rate equation. At

its simplest the rate equation for a second-order reaction is:

Rate = k[\f

Concentration

of reactant

Variation of concentration of a reactant

plotted against time for a second-order

reaction. The half-life for a second-order

reaction is not a constant. The time for

the concentration to fall from c to dl is

half the time for the concentration to fall

from ct2 to cl4. The half-life is inversely

proportional to the starting concentration
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secondary organic compounds

On a small scale

• Laboratory' pre|)arations are

normally hatch processes.

• A chemist in a laboratory' stores

chemicals in bottles and transfers

them to a reaction vessel with a

sj)atnla or by pouring through

a funnel.

• Manual mixing or shaking is

ade(]iiate in the laboratory.

• A laboratory synthesis may hapjoen

in a beaker or flask easily heated

with a Bunsen flame or cooled bv

dipping in water.

• To sejjarate the product, laboratorv

aj)paratus can be rearranged

for distillation or tipped to pour

the products into a filter funnel.

• Themists can pour products from

one container to another, perhaps

using hand-held tap funnels to

extract impurities. Distillation or

recrystallization help to produce a pure

product.

• The product can be dried in a

desiccator or small o\ en.

( )n a big scale

• In industry, manufacturers use

continuous processes w’hvrv there is a

steady demand for the product.

• In industry, pumjjs and pipes transfer

liquids to reactors. Solids may

be bandied by the bagful or ingcit.

• A large reactor ty pically has a

stirrer driven by an electric motor

to ensure thorough mixing.

• It is not to easy to heat or cool

large quantities of material.

Reactors often have pipes running

through them to earn' steam for

heating or cold water for cooling,

f.nergv from exothermic reactions

can raise steam to generate electricity.

• Solids can be separated as pumps

force a liquid through large cloth

filters.

• One large-scale approach to

cnstallization and drying

is to Sj)ray a solution into

a stream of hot air.

Scoling-up processes

I be rate of reaction of l-bronu)proj)ane with hydroxide ions is overall second order.
It is first order with respect to the halogcnoalkane and first order with respect to
hydioxide ions. I he overall order is the sum of the powers in the rate equation.

Rate = A’[OH,,CIl/:iRBr][()H-]

secondary organic compounds: see primary, secondeny and tertiary organic
compounds.

seed crystal: a crvstal added to a supersaturated solution to encourage it to cnstal-
lizc. heoystallization of an organic product sometimes produces a solution that is

lelnctant to crvstalli/.e. Scratching the sides of the container with a glass rod can
eiuomage cnstals to form. If this fails, adding a minute crvstal of the product may
he enough to start rapid crvstallization.
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shapes of complex ions

selectively permeable membrane: a membrane that allows solvent molecules
and perhaps some other small molecules or ions to pass through but is impermeable
to larger molecules and other ions. Osmosis and dialysis both depend on selectively
permeable membranes. So does the manufacture of chlorine by electrolysis of brine \n
a membrane cell.

semiconductors are not electrical insulators but they do not conduct electricity as
well as metals. Examples are elements such as silicon and germanium and compounds
such as gallium aisenide. Semiconductors consist of co\’alent giant structures \\\ which
a fe^\ of the bonding electrons can break free and become delocalized in the structure.
The conductivitv of semiconductors is enhanced by “doping” with traces of impuritv
atoms. Doping silicon (in group 4) with an element such as arsenic (group 5)
increases the number of conducting electrons. An arsenic atom has one more
electron in its outer shell than is needed for bonding in the giant structure.

Silicon with an impurity atom from a group 5 element

Extra electron

(free to move)

separating funnel: a tap funnel used to separate liquids that do not mix {immiscible

liquids)

.

Separating funnels are used to:

• separate an organic product b)’ solvent extraction with a solvent such as ether

(ethoxyethane) - the product is more soluble in the organic solvent but

the ionic reagents and ionic by-products remain in the water

• purify an im|)ure organic product by “washing” it with aqueous reagents

(such as dilute acids or alkalis) that dissolve impurities.

Pressure can build uj) in a separating funnel when a mixture is being shaken if one

liquid is very volatile or if a reacli(m j)roduces a gas. Deuce the technique of invert-

ing the funnel while holding in the stoj)j)er and releasing excess gas or vapor

through the tap.

sequestering agent: a ligand that forms such stable comjtlexes with metal ions

that it effectively makes them chemically inactive. Examples ol setjuestering agents

are:

• edta used to treat peoj)Ie suffering from metal poisoning

• trij)ol\ phosphates added to deteigents to complex with calcium or

magnesium ions in hard water so a scale or scum precipitate is not formed.

shapes of complex ions depend on the number of ligands around the central

metal ion. There is no simple rule for predicting the shapes of complexes from their

formulas. Tvpically com|)lexes with:
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shapes of molecules

• eight ligands are oetahedral, e.g. [Fe((^N)|J-^

• four ligands are usually tetrahedral, [(ai(>l^]^", but may be planar,

• two ligands are linear, e.g. [Ag(NM.^).J".

CN Cl

N(A ,CN
\

y
1

Fe Co

NC ^ ^c:n Cl

CN c:i

All

/ V
,

Cl Cl

Square planar

Octahedral

Shapes of complex ions

Tetrahedral
[H,N— Ag— NHJ

Linear

shapes of molecules can be predicted by examining the number of bonding and
nonbonding lone pairs of electrons in the outer shell of the central atom. The expected
shape for a molecule is the one that minimizes the repulsion between electron pairs

by keeping them as far apart as possible in three dimensions.

^ci:Be:cb
XX XX

Shapes of molecules with ci Be Cl
two and three electron pairs

around the central atom Linear

Nonbonding lone pairs are held closer to the central atom. The result is that the

order of repulsion between electron pairs is:

lone pair-lone pair > lone pair-bond pair > bond pair-bond pair

Trigonal planar

VI

h:c:h
X •

\{

H
h:n:h

H

H

109 .5 ° 107° 105
°

bond angles in molecules with four electron pairs around the central atom. The greater

repulsion between lone pairs, and between lone pairs and bonding pairs, means that the

angles between the covalent bonds decrease as the number of lone pairs increases.
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shielding

A molecule with six electrons pairs around the central atom is octahedral. An
octahedron has eight faces but six corners.

• •

F .

\
S

An octahedral molecule F

The two electron pairs in a double bond count as one when it comes to predicting

molecular shapes.

o = c: = ()

H
H

H

H

\
c= o

Linear

Shapes of molecules with double bonds

Trigonal planar

oOqO

H20S S SOc

OS
H

O

HO
o
OH

Tetrahedral

shells are the main enngy lexiels in atoms and are numbered 1, 2, 3. These numbers

are the principal quantum numbers.

shielding is an effect of inner electrons that reduces tlie pull of the nucleus on the

electrons in the outer shell of an atom. Thanks to shielding, the electrons in the

outer shell are attracted by an “effective nuclear charge” that is less than the full

charge on the nucleus.

Shielding accounts for the fall in the first ionization energy for the elements down a

grouj) in the periodic table.

Ti Na

Shielding

electrons in

inner full shells

Outer

electron

Shielding in the atoms of the elements in group I means

that the "effective nuclear charge" is I +. Down the group

the outer electron is held less strongly, being further from

the same effective nuclear charge.
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SI units

SI units arc the iiiteniatioiially agreed units lor ineasiireinent in science, d'here are

seven i)ase units in the system. All other units are derived from the base units.

F.veiT physical Cjuantity in the system has a svmbol. A physical quantity has a value

and a unit. In calculations it is good [)ractice to substitute both the value and the unit

in formulas as shown in the worked examples in this book. The six units in this

table are the base units used in chemistry. Note that in print the symbols of' phvsical

(]uantities appear in italics but the units do not.

Physical cjuantity Svmbol Unit Unit symbol

length / meter m
mass m kilogram kg

time t second s

electric current 1 ampere A
temperature T kelvin K
amount of substance A mole mol

side reactions are unwanted reactions that reduce the yield of the product being
formed by the main reaction. Side reactions create by-products, which are usually

wasteful because they have no use.

sievert (symbol Sv) is the unit that measures the biological effect of radiation.

Some tvpes of radiation are more damaging to living cells than others. Some parts of

the body are more at risk than others. This is allowed for bv calculating an effective

radiation dose measured in sieverts.

One sievert is a large dose, so effective doses are often quoted in millisieverts (mSv)
or microsieverts (pSv). The dose for an individual depends on where thev live, how
they travel and whether or not they have certain medical treatments. One dental

X-i ay may involve a dose of about 20 pSv. Radiotherapv can invoke veiT large doses
such as 40 Sv.

sigma (ct) bond: a single covalent bond formed bv a pair of electrons in a molecular

orbital with the electron densit\' concentrated between the two nuclei. Free rotation

is j)ossible about single bonds but not about pi bonds.

Sigma bonds can form bv overlap of two .wn bitals, an .^-orbital and a />orbital or two

Is Is

hydrogen atoms hydrogen molecule, H,,

Is 3p

Examples of sigma bonds in
hydrogen chlorine

molecules atom atom

hydrogen chloride. FICl
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silicates

silica (SiO^): also kno^vn as silicon dioxide, this is the oxide of silicon that is abun-
dant in locks as quaitz. Silica has a ven’ hit^h melting point at 171()°(k turning to a
viscous liquid. On cooling the liquid becomes a glass.

Giant structure of quartz. Each Si atom is at

the center of a tetrahedron of oxygen atoms.

The arrangement of silicon atoms is the

same as the arrangement of carbon atoms in

diamond but there is an oxygen atom

between each silicon atom.

Amethyst is ciTstalline quartz colored purple due to the presence of iron(iii) ions.

Sandstone and sand consist mainly of silica. Flint is a noncrystalline form of silica.

silica gel: a noncrystalline, hydrated form of silica. Heating silica gel produces hard
granules that absorb water strongly, so silica gel is used as a drying agent. Self-

indicating silica gel contains enough of an anhydrous cobalt(il) salt to color the

granules blue. After the gel has absorbed a certain quantity of moisture the cobalt

ions become hydrated and turn pink as a warning that the gel is no longer as effec-

tive as a dry ing agent. Heating drives off the yvater so that the gel can be used again.

Silica gel is also used as the stationaiT phase in chromatogiaphy.

silicates are the minerals that make up most of the Earth’s crust. The basic build-

ing block for silicates is a SiO^^” tetrahedron. Zircon (ZrSiC)^) is an example of a

simple silicate mineral with metal ions and silicate ions.

Silicate tetrahedra can Join up in chains or strands as in asbestos. They can also join

up in sheets as in mica, talc or clay minerals. In these minerals the negative charges

on the silicate part are balanced by positive charges from metal ions such as Na", (ia-^,

Mg“* or AF7

A single Si()
f~

tetrahedron

A fragment of a sheet of silicate tetrahedra
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silicon

In zeolites the silicate tetrahedra are built up into tliree-diinensional networks.

A very wide range of silicate minerals is possible because some of’ the silicon atoms in

the tetrahedra can be replaced by aluminum, boron or beryllium atoms.

silicon (Si) is the second most abundant element in the Karth’s crust, (k)mbined

with oxygen it forms many minerals including silica (SiO,,) and silicates. Silicon is the

second element in gcoup ^ of the periodic table. Its electron confi^iration is [Ne]2.f'2/>'.

Solid silicon has a diamond structure. It is a shiny gray material made by reducing

silicon dioxide with carbon in an electric furnace. The silicon formed in this way is

not pure enough for use in electronics as a semiconductor. The element is purified in

several steps ending with zone refining.

Silicon compounds are typical of the compounds of a nonmetal:

• the oxide SiO., is an acidic ox/r/c though relatively unreactive because it has

a g/r//?/ structure

• the chloride (Si(n^) is a molecular liquid that is rapidly hydrolyzed by

water to hydrated silica and hydrogen chloride

• the hydrides, such as SiM^ and Si.,H^, are molecular gases (silanes).

silicones are polymersh'dsed on chains of alternating silicon and oxygen atoms. They
are made by hydrolysis of compounds such as dimethylchlorosilane.

CH, CH., CH, CH,

— Si— O— Si— ()— Si— O— Si—
A silicone polymer CH^ CTl

3
CH,^

By controlling the chain length and degree of cross-linking it is possible to make a

range of silicones for use as oils, greases and rubber)’ materials. Silicones are water
repellent and can be more safely used at higher temperatures than polymers based
on carbon atoms. They are electrical insulators and other materials do not stick to

them. Silicones are colorless, have no smell and are inert.

Silicones are used:

• to waterproof fabrics

• as an ingredient of polishes

• to coat nonstick surfaces such as tlie paper backing for self-adhesive labels

• as lubricants, especially at high temperatures.

silver halides are insoluble siher salts made by mixing solutions of silver nitrate

and a soluble chloride, bromide or iodide. Silver halides are light sensitive and the
basis for black and white and color photography.

Ag’(a(|) + X"(aq) > AgX(s) where X = Cl, Br or 1

1 his pi ecipitation reaction is used as a test for halide ions (see anion tests). The three
sihei compounds can be distinguished by their cc:)lc:)r and the ease with which thev
ic'dissol\c‘ in ammonia solution. The' values for the solubility product constants shoss' the
trend in solubility. Silver chloride is the most soluble.
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smog

Silver halide (^olor Effect of adding

ammonia solution to

a precipitate of the

compound

Solubilitv/

mol dm"''

K /mol- dm ’’

'p

silver chloride, white redissohes readily in 1.4 X !()-" 2 X 10“'"

.\g(:i

silver bromide. cream

ammonia solution

forming an ammine

complex

redissolves but only 5.5 X 10“' 8 X lO-'-''

.AgBi

silver iodide,

Agl

yellow

in concentrated

ammonia

does not redissolve in

ammonia solution 2.8 X ur-’ 8 X 10-'*'

sizes of atoms and ions: see atomic radius, covalent radius, ionic radius 3.nd van der

Waals radius.

skeletal formulas: outline formulas for carbon compounds that are a useful short-

hand for complex molecules such as many natural products. The formulas need

careful study because they represent only the hydrocarbon part of the molecule with

lines for the bonds between carbon atoms, leaving out the symbols for the carbon

and hydrogen atoms. Functioned groups included.

H CH3 H CH.,

H C:

H
^

/
H

c-ch,h
C. \

/\
n H

H

C. ^CAF,OH
C

H

Skeletal formula for vitamin A

compared to its full structural

formula

slag: the unwanted waste material from metal extraction at high temj)erature

(j)yrometallurg)'). Slag is tapped from a furnace, such as a blast furnace. The slag

solidifies as it cools and can be dumped or crushed for use in construction or road

building.

smelting is a process of metal extraction at high temperature (|jyrometallurg)').

Smelting involves melting the concentrates from metal ores to leinove im|)urities

and to reduce metal compounds to metals. Examples of smelting include the

extraction of iron in a blast jurnace Aud aluminum extraction by electrolysis of a melt.

smog: a smoky fog caused by air pollution. Burning coal in homes and industry created

the dense citv smogs of the nineteenth and first half of the twentieth centuries. I he
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smoke

(laniagiiii^ components of tiiese smogs were sulfur dioxide and soot. Many people

affected by these acidic smogs died of lung disease. Smokeless /ones and the shift of

fuels from coal to oil and natural gas have largely eliminated this type of smog.

Idday cities are affected by another type of smog caused by motor traffic. Thh is

/)hotochem ical sm og.

smoke: a colloid with s))ecks of solid dis[)ersed in a gas. Smokes are examples of

aerosols.

Sn I and Sn 2 reactions: see uucleophilic substitution in halogcnoalkanes.

soaps are made by the hydrolysis of fats or vegetable oils witfi alkali. Soaps are the

sodium or potassium salts oi' fatty acids.

II

((:u,)„,(:ii^ + :tNaa)H" > h— c;— o— h + 3Na^ 'o— c— (CH > c:tt

((;hj„x;h, u_c;_()_u

H

glycerol sodium stearate (soap)

Saponification: the hydrolysis of a fat or vegetable oil (triglyceride) with alkali to make soap

Soaps are surfactants that help to remove greasy dirt because they have an ionic
(water-loviiTg) head and a long (water-hating) hydrocarbon tail.

Most household soaps are made from a mixture of animal fat and coconut palm oil.

Soaps fiom animal fat are less soluble and longer lasting. Soaps from palm oils are
more soluble so that they lather quickly but wash away more quickly. A bar of soap
also contains a dye and perfume together with an antioxidant to stop the soap and
air combining to make irritant chemicals.

sodium (Na) is a soft, shiny metal that rapidly tarnishes in moist air. It is the
second member ob group I with the electron configuration [Ne]4.s'.

Like other group 1 metals, sodium:

• is stored in oil

• floats on water, melts and reacts violently, forming hydrogen, which
catches fire, and NaOH, which is soluble and stronglv alkaline

• forms an ionic, crystalline chloride, Na*Cl".

Sodium i)roduces a mixture of the oxide, Na,0, and peroxide, NaA„ when it burns
in air.

Fdectrolysis of molten sodium chloride is the process used to manufacture sodium.
I he eleclrolvte also contains some calcium chloride to lower the melting point.
Sodium forms at steel cathodes while chlorine bubbles off the graphite anodes. The
cells are designed to keep these two reactive elements apart.

n ()

n— c— ()— c—
()

II

II— C— ()— C—
()

II

II— C— ()— C—
II
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sodium thiosulfate

Sodium is a po^^elful leducing agent used for titanium extraction and the extraction
of some other metals such as zirconium. Molten sodium is also the fluid that circu-
lates through heat exchangers to transfer energ\ and raise steam in some nuclear
power stations and other processes. Sodium is used in streetlights.

sodium chloride structure: the cubic crystal structure of the ionic compound
sodium chloride, NaC-1. Each positive ion is surrounded by six nearest neighbors
and each negati\e ion is suriounded by six positixe ions, so the coordination numbers
are 6 and 6.

Structure of sodium chloride showing 6:6 coordination. The structure consists of a face-

centered cubic array of negative ions with all the octahedral holes filed by positive ions.

(See wurtzite structure for a diagram showing octahedral holes In a structure.)

-Many other compounds have this structure, including: the chlorides, bromides and
iodides of Li, Na and K; the oxides and sulfides of Mg, (ia, Sr, Ba, as well as the

fluoride, chloride and bromide of Ag.

sodium hydroxide is a white, translucent solid supplied as flakes or pellets. It is

delicjuescent. Sodium hydroxide is a strong base, it dissolves in water to form a highly

alkaline solution. It is fully ionized both in the solid and in solution. Note that the

solution is alkaline because of the hydroxide ions (not because of the sodium ions).

Sodium hydroxide is a useful test reagent (see anion tests, cation tests and organic

analysis)

.

The traditional name for the alkali is caustic soda, which is a reminder that it is highly

corrosive. Scxlium hydroxide is more hazardous to the skin and eves than many acids.

Sodium hydroxide is manufactured by the electrolysis oj brine. Sodium hydroxide is

widely used for manufacturing other chemicals including .soaps dud detergents, rayon

fibers as well as aluminum, sodium cyanide and sodium peioxide.

sodium tetrahydridoborate(iii) (NaBH^) is a reducing agent used in organic

chemistry. It is a milder reducing agent than lithium tetrahydridoaluminate(lll) dud has

the advantage that it can be used in aqueous solution. NaBlI^ leduces aldehydes dwd

ketones to alcohols.

sodium thiosulfate (Na^S^Oj) is used in iodine-thiosulfate titrations. In photography

it is the fixer that removes unexposed silver salts after develo|jing the image (see also

thio compounds)

.
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solid

A milky precipitate of sulfiii' forms on adding dilute acid to sorlinm tfiiosnlfate. d fiis

is an example of a disproportionation reaction.

S/).;'-(a(i) + 2H (aci) > SOJaq) + S(s) + H/)(l)

solid: one of the states of matter. (See also crystal structures of ionic compounds, crystal

structures of nonmetals, crystal structures of metals, ceramics, glasses, metals 'A\\(\ polymers.)

solubility: the mass (g) or amount (mol) of' a substance that will dissolve in 100 g
water.

As a general rule, “like dissolves like.” Polar solvents, such as water, dissolve polar or

ionic compounds. Nonpolar solvents, such as hexane, dissolve other hydrocarbons and

nonpolar elements or compounds. Solids generally become more soluble in water as

the temj)erature rises. Clases become less soluble as the temperature rises. Boiling

water, for example, removes gases dissolved from the air. Bubbles of gas appear

around the edge of a cooking pan before tlie water boils. The bubbles contain air

coming ont of solution as the gases become less soluble with the rise in temperature,

(iases become more soluble as their pressure rises (see Henry's law).

No chemical is completely soluble and none is completely insoluble (see solubility prod-

uct constants). Even so, chemists find it useful to use a rough classification of

solubility based on what they see on shaking a little of the solid with water in a test tube:

• very soluble, like pota.ssium nitrate; plenty of the solid quickly dissolves

• soluble, like copper(ii) sulfate; crystals visibly dissolve to a significant

extent

• sparingly or slightly soluble, like calcium hydroxide; little solid seems to

dissolve but the solution becomes quite strongly alkaline

• insoluble, like iron (ill) oxide; there is no sign that any of the material

dissolves.

A similar rough classification applies to gases dissolving in water. Ammonia and
hydrogen chloride are very soluble. Sulfur dioxide is soluble. Carbon dioxide is

slightly soluble. Nitrogen is insoluble.

Some generalizations about solubilities help to interpret observations during quali-

tative analysis (see table). The generalizations in the table apply to solutions in water

at room temperature. Adding acid or alkali changes the patterns of solubilitv.

solubility product constants: equilibrium constants for almost insoluble salts in

ecjuilibrium with solutions of their own ions. Even salts that are insoluble for practi-

cal j)urposes do dissolve to a very slight extent. There is an equilibrium between the

solid and its ions in solution.

AgCl(s) Ag"(aq) + Cl-(aq)

I he e(/uilil)rium /r/rc applies. As with other heterogeneous equilibria, the concentration
of the solid silver chloride is constant and does not appear in the equilibrium law

e(]uation. In this context the equilibrium constant, is the solubilitv product
constant.

\|.
~ [‘\^"(‘tq)

1 [
C-l“(aq)

]
= 2 X 10“"’ mol- clm“*’for equilibrium concentrations

k values can be used to [)redict whether or not a precipitate will form on mixing
two solutions.

316



solvent

Soluble in water Insoluble in water

•Acids •All common <7nV/.sare

soluble

Bases Alkalis: the h) dioxides •All other metal oxides.

of sodium and potassium

(calcium hydroxide

is slightly soluble), ammonia,

plus the carbonates of

sodium and potassium

hydroxides and carbonates

Salts •All nitrates

•All chlorides ... silver and lead chlorides

•All sulfates ... except barium sull’ate,

lead sulfate, and calcium

sulfate, which is slightly

soluble

•All sodium and potassium •All other carbonates,

salts chromates, sulfides and

phosphates

Solubility

solute: a substance that dissolves in a solvent to make a solution. In a stigar sohition

the solvent is water and the solute is sucrose.

solutions are formed when solids, liqtiids or gases dissolve in a solvent. Water is so

abundant on Earth that sohitions in water {aqueous solutions) are partictilarly impor-
tant to the natural environment, to life and to chemistry in laboratories and in

in dust IT.

•Most solutions are solids, liquids or gases dissolved in a liquid but there are also “solid

solutions.’ Nickel-copper alloys avo exanq^les of solid solutions. In a solid solution

atoms of one metal replace atoms of the other metal in the crvstal lattice.

solvation takes places when solvent molecules bond to ions or molecules as they

dissolve. The bonding may be through weak intermolecular forces, attraction

between ions and j)olar molecules or via covalent bonds. Hydration describes

solvation when the solvent is water.

Solvay process: a process for manufacturing sodium carbonate from salt and
limestone.

solvent: a liquid used to dissolve things. (Chemists find it hel|3ful to cpiote the mle
“like dissolves like.” What this means is that nonpolar solvents dissolve non|)olar

substances while polar solvents ionic and polar compounds.

Water is the commonest solvent. It is a polar soKent and dissolves many ionic com-

j)ounds. Water molecules also dissolve compounds with which they can form hydro^ni

bonds, such as glucose molecules.

luipentine is a nonjiolar sohent consisting of a mixture of hydrocarbons. It dissohes

oily and greasy materials, including oil paints.
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solvent extraction

solvent extraction: a technicjiie for separating and pin ifying substances witli a

solvent that dissolves tlie product rec]iiired but leaves all other compounds dissolved

in the original solvent, d'he solvents must not mix so that the two licjuids separate

after being shaken up together.

Use of a tap funnel for solvent extraction.

Caffeine is more soluble in dichloromethane

than in water. The other chemicals in tea

are much more soluble in water. After sol-

vent extraction the caffeine is recovered by

distilling off the dichloromethane.

The substance being extracted /;r/rb7/o«.ntself between the two solvents until the two

solutions are in equilibrium. From the equilibrium law it is [)ossible to show that it is

more efficient to extract with two or three smaller volumes of solvent than to add all

the solvent at once in a single extraction.

Solvent extraction is used in the perfume industry to extract fragrant oils from
chopped up plant blossom. Solvent extraction is also used to decaffeinate coffee. In

both these processes it helps to use a liquefied gas as the solvent. One possibilitv is

carbon dioxide under pressure. After the extraction the solvent is easily removed bv

lowering the pressure. The solvent turns back to a gas at a low temperature. This

allows the use of a nontoxic solvent. It also means that there is no need for heating

to distill off the solvent, fleating can easily destroy organic compounds.

5-orbitals: see atomic orbitals.

space-filling models: atomic models that show the space taken up bv atoms in

molecules or crystals. They show the sizes of atoms, molecules or ions and how they

j)ack together. They do not show the bond angles or the numbers of bonds between
atoms in molecules as clearly as ball and stick models.

Invert to

mix liquids Tea

Organic solvent

A space-filing model of benzene, C^hi^

species: a useful collective noun used bv chemists to refer generallv to the atoms,
molecules or ions taking part in a chemical process. pure chemical species is a

collection of identical chemical entities.
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spontaneous reaction

specific heat capacity: the eiiergx transferred per unit mass when the teinperatnre
of a material changes by one kelviii. The SI unit is J kg-' R-'. When working on a
small scale m a ra/oivmrtcr chemists often work with \ahies in

)
g-' R-'.

energy transfer _ specific heat capacity

(1)
~

(J
g-' K-')

spectator ions: ions in a solution during a reaction that do not take part in tlie
chemical change. For clarity, chemists omit spectator ions from iouic equations.
Adding silver nitrate to a solution of potassium chloride produces a precipitate of
insoluble silver chloride. Both silver nitrate and potassium chloride are ionized in
solution.

mass temperature change
""

(g) (K)

Ag-(aq) + NO,-(aq) + RTaq) + C|-(aq) > AgCI(s) + NO,-(aq) + R-(aq)

The potassium and nitrate ions remain in solution unchanged. They are the spectator
ions left out of the ionic equation:

Ag-(aq) + (:i-(aq) > AgClfs)

spectroscopy: a range of practical techniques for studying the composition, struc-
ture and bonding of elements and compounds. These instrumental techniques have
been developed in the last 75 years and continue to become more powerful.
Sj)ecti oscoj)ic techniques are now the essential 'eyes” of chemistry

The instillments used aie \arionsly called spectroscoj)es (emphasizing the uses of the
techni(]ues fbi making obser\ations) or spectrometers (emj)hasizing the importance
of measurements).

Sj)ecti oscopy uses the full range of the electromagnetic sj)ectrum to study atoms,
molecules, ions and the bonding between them:

• radio waves in nuclear magnetic resonance spectroscopy

• microwaves to study the rotations of polar molecules
• infrared radiation in infrared spectroscopy

• visible and UV radiation in atomic absorption spectroscopy, atomic emission

spectroscopy and ultraviolet spectroscopy

• X-ray spectroscojw to study electron jumps between the electron shells in

atoms.

spin: the pio|)erty of electrons that accounts for their behaxior in a magnetic field.

Klectrons behave like tiny magnets. In a magnetic field electrons either line up with

the field or against the field.

An atomic orbital can hold only two electrons and they must ha\e o|)|)osite spins.

Arrows pointing up or down represent electrons in energy lex'el diagrams.

If all the electrons in molecules or ions aie |)aired with opposite spins the substance

is diamagnetic. Tlements and compounds with unj)aired electrons are paramagnetic.

spontaneous reaction: a reaction that tends to proceed naturalh'. In thermo-
chemistr\, spontaneity has the same meaning as a feasibility. So strictly s|)eaking any
reaction that naturally tends to happen is spontaneous exen if it is ver\’ slow.

I he control of s|jontaneous reactions is of \ ital imjioi tance in metabolism. I'he hydro-

lysis of A77'*is spontaneous. However, if all the AFP in cells were to react i'a|)idly with
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stability of benzene

water, the eneri^’ from res[)irati()n would be wasted arid life would cease. Hydrolysis

liaj)peus only with enzymes to speed up the reaction. W'ith enzymes the energ\’ from

hydrolysis can be harnessed to growth and movement.

In practice chemists sometimes use the word spontaneous in its everyday sense to

describe reactions that not only tend to take place but also go fast when the reactants

are mixed at room temperature. Here is a typical exam[)le:

File hydrides of silicon catch fire spontaneously in air, unlike methane, which has

an ignition tem)3erature of about 5()()®Ci.

file reaction of methane with oxygen is also spontaneous in the thermodynamic

sense, even at room temperature. However, the activation energy iox the reaction is so

high that nothing happens until the gas is heated with a flame. A mixture of methane

and oxygen at room temperature is kinetically inert (see inert chemicals).

stability of benzene is due to delocalized electrons. Benzene is more stable than

expected for a compound that is often shown with three double bonds as in the

Kekule formula.

A measure of the greater stability of benzene comes from a comparison of the experi-

mental enthalpy change on adding three moles of hydrogen to benzene (hydrogenation)

with three times the enthalpy change on adding a mole hydrogen to cyclohexene.

benzene

A//^ = -208kJmor'

+ H,

cyclohexene

A//^ = -l20kJmor'

Enthalpy changes for hydrogenating benzene and cyclohexene

Real benzene is more stable than might be expected by about 150 kj mob'.

+ m.

Kekule

benzene

benzene

Comparing the enthalpy change for hydro-

genating real benzene with the calculated

enthalpy change for hydrogenating a ring

compound with three normal double bonds

A/f^ = -360kJmor'

(Estimated enthalpy change for

hydrogenating 3 double bonds)

A/r = -208kJmol
'

(Measured enthalpy change

for benzene)

cyclohexane
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stability constants

stability of compounds: compounds are stable if tliey do not tend to decompose
into then- elements or tnto other compounds. A compound that is stable at room
temperature and pressure may become more or le.ss stable as conditions chatige.

C.hennsts often use standard enthalpy changes ns an indicator of stability. Strictly they
should use statidard free energy change. Aff,

, yalues hut in many cases AG^ = AH^.
When dtscassing the stability of a compound it is important to specify the ilecompo-
sttion reaction. At a high etiongh temperatitre, for example, calcium cm/w««/c becomes
itnstable relatiye to decomposition into calcium oxide and carbon dioxide. The
niliogen oxides, howeyer, are unstable relative to decomposition into the elements.

.A cotnpound such as the gas N„0 is themodynamically unstable; the compound
tends to decompose into its elements. The expressions A//, (= + 82 kj mo|-') and AC,
(= + 104 IsJ mol‘‘) are both positive. The decomposition reaction is exothermic bitt
the rate is very slow under normal conditions. Chemists sometimes say that N„0
is kinetically stable." It is better to use a different word and to refer to the kinetic
inertness of N\,0. (See also inert chemicals cmd thermal decomposition.)

Af; Activation

energ\’

(ihange

observed

positive high no reaction reactants stable relative to products
negative high no reaction reactants unstable relative to products hitt

kinetically inert

positive low no reaction reactants stable relative to
|
3i'oducts

negative low fast reaction reactants unstable relative to products

stability constants, K equilibrinin constants that are a measure of the
stability of complex ions. The greater the value of the stability constant, the more
stable the complex. The values for stability constants show that chelate complexes
formed by bidentate and hexadentate ligands are more stable than complexes
formed by monodentate ligands.

(.onijjlex
/ (mol (Ini 'h-"

where// = the iuinil)er ol ligands

[AgCNH^fJ^ 10x10'

1 X 10'-

[\i en,J-" where en is the biflentale ligand 2 X 10'”

1 ,2-diaininoethane

(ab-~ where V is the hexadentate ligand edla (i x 10'”

Stability constants show the jxxsition of e(|itilibritiin when a new ligand re[)laces water

molectiles in the hydrated ions.

|Co(ll/)),.J--(a(|) + (')NII,,(a(|) [CofNI I,,
),

]-• + (il l„()(a(|)

For simj)licity this is often written as:

(:o-'(atj) +bNIl.^(a(|) ^ [(:o(Nlf^)J‘-'^(a(|)

1 he tisttal titles for writing an e(]tiilibt ittm constant and its units apply.
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standard conditions

[Co'-'IfNII,]'-
1 X 10" mol •' dm"'”

standard conditions: the conditions used in thninochemistr's to define standard

enthalpy and free energy' changes, d hese conditions are the temperature 298 K and

a pressure 100 000 N m"- = 10" Pa (1 bar).

W'hen standard electrode potentials di't being measured the standard conditions are the

temperature 298 K, solutions at a concentration of 1 .0 mol dnr‘^ and a pressure of 1

0"

I’a if gases are involved.

standard electrode potentials are the basis of the electrochemical series for pre-

dicting the direction of redox reactions. They are also used to calculate the emfs of

electrochemical cells. The standard electrode potential for a half-ceHh measured relative

to a standard hydrogen electrode under standard conditions.

Pt[If,(g)] |2IT(aci) (^^"(ac))
I

(ai(s)

The emf of this cell under standard conditions is, by definition, the standard electrode

potential of the CirUric/i Cu(acj) electrode.

standard enthalpy changes: see enthalpy change.

standard form: the form that mathematicians and scientists use to write verv large

small numbers. Standard form is based on power:

K)-'’ = O.OOO ()()() 001 10' = 10

l(r*' = ().()()() OOl 10- = 100

1()-' = O.OOl UP = 1 000

Hr- = 0.01 HP = 10 000
10"' = 0.1 UP =

1 000 000

KP =
1 HP = 1 000 000 000

Worked example:

The dissociation constant for ethanoic acid, K - 0.000 017 mol dm“^
3

= 1.7 X 0.000 01 mol dm ^

=
1 .7 X 1

0“^ mol dm"^

which is standard form.

Worked example:

The Faraday constant = 9 6480 C mol-' = 9.648 x 1 0 000 C moh'

= 9.648 X lO* C mol"', which is standard form.

standard free energy changes: see free energy change.

standard hydrogen electrode: see hydrogen electrode.
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states of matter

Standard molar entropy, s ; the entropy per mole for a substance under standard
conditions. Chemists use values for standard molar entropies to calculate entropy
changes and so predict the direction and extent of chemical change.

The units for standard molar entropy are joules per kelvin per mole
(J R-' mol"').

S’ /J K ' mol ’ liquids .S^/J K"' moC

carbon (diamond) 2.4 mercun 76.0

magnesium oxide 26.9 water 69.9

copper 33.2 ethanol 160.7

gases S /J K ' mol '

hydrogen 130.6

carbon dioxide 213.6

propane 269.9

The table shows standard molar entropies at 298 K. Cktses have higher standard
molai entropies than solids. The number of ways of distributing particles and energ\'
m a system of gas molecules is much higher than in an ordered crystalline solid. The
more rigid and regular a crystal, the lower its entropy.

Liquids have intermediate values of standard molar entropies. The more atoms in
the molecules, the greater the opportunities for vibration and rotation so the higher
the entropy values.

standard solution: a solution with an accurately known concentration. The direct
method foi piepaiing a standard solution is to dissohe a weighed samj)le of a primary
standard \\\ water and to make the solution up to a definite volume in a graduated flask.

Standard solutions are used in titrations to determine the concentrations of other
solutions. They are also needed for the calibration of instruments such as colorimeters.

standard state: the stable state of an element or compound under the standard
conditions that apply in thermochemistry. Standard enthalpy changes and free energy

changes are defined for substances in their standard states.

When an element such as carbon has two allotropes, diamond and graj)hite, the
standard state of carbon is graj^hite because it is the more stable form.

Standard states noiinally refer to substances in their stable j)hysical slates under
standard conditions, (-arbon dioxide and methane aie gases but water is a fujuid.

starch is a carbohydrate ihdX consists of long chains of glucose units. It is a j)olysaccha-

ride. Suirch is insoluble in cold water. In hot water, starch gelatinizes, foi ininga colloidal

dispersion. Starch solution gives an intense blue-black color with iodine. The solution is

used as an indicator to delect the end |)oint in iodine-thiosulfate titrations.

state functions: measurable j)ro|)erties that depend only on the state of a system,

not on how the system got to that state. Examples are pressure, volumedud temperature,

as are thermocheiTiical Cjuantities such as enthalpy, entropy dm\ free energy.

(changes in state functions depend only on the initial and final states of the system

and not on the pathway from one slate to the other, fhis is the basis of //css’s law.

L(|uations of state show the mathematical connections between state functions. An
im|)ortanl example is the /r/w/ gr/.v e(]uation, which relates the pressure, volume aud
temperature of an amount of a gas.

states of matter: the .solid, liquid and ga.seous stales (.see changes of state) as

well as intermediate states such as liquid crystals aud mixtures, including acjueous

solutions and the colloidal state (see colloids).
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stationary phase

Slate symbols in equations indicate tlie states of the chemicals: (s) solid, (1) licjuid,

(g) ,^as, (a(|) acjiieous (dissolved in water).

stationary phase: see chwmato^dphy.

steady-state systems: systems in which the concentrations of chemicals stav

constant because they are being sup[)Iied or formed as fast as they are removed or

destroyed. I'he temperature is constant too because energ\' is transferred to the

system as fast as it is lost to the surroundings.

fhe blue flame of the F^unsen burner is a steadv-state svstem. There is a constant
j j

sup|)ly of gas and oxygen, which burn to release energy'. The products of burning and
energy are constantly lost to the surroundings.

Steady-state systems are important in environmental chemistry. The atmosphere iipprox']-

mates to a steady state, with gases such as oxygen being added to the air bv

j)hotosynthesis but removed by respiration and burning.

Ih'oblems arise when human activity on a large scale upsets one or more of the

processes in a steady-state system. Ozone, for example is naturally formed and
destroyed in the stratosphere:

rate of formation of ozone = rate of destruction of ozone

The release of chlorine compounds such as CFCs has increased the rate of destruc-

tion of ozone, upsetting the steady state and lowering the ozone concentration,

especially over the poles, hence the “hole” in the ozone layer.

steam cracking breaks up bigger hydrocarbon molecules into smaller molecules bv

heating them with steam at a high temperature. The process is especially useful for

converting the naphtha fraction from crude oil distillation into starting materials for

synthesis in the petrochemical industry.

Steam cracking converts ethane to ethene, which is a veiT important starting com-
j)ound for chemical synthesis in industry. Steam cracking is thermal cracking, as

opposed to catalytic cracking.

steam distillation is a useful technique for separating oils from plant materials

such as rose |)etals, cloves, lavender, thyme or fennel. It is an important technique
in the perfume industrv. Steam distillation makes it possible to separate compounds
that decompose if heated at their boiling points. The technique works onlv for

compounds that do not mix with water.

Steam distillation is also sometimes used to separate products of organic preparations,

leaving behind reagents and products that are soluble in water.

Steam distillation works because the vapor pressure oOd mixture of immiscible liquids is

the sum of the sej)arate vapor pressures when they are shaken up together. The mix-
ture boils when the total vapor pressure equals atmospheric pressure. So the mixture
of steam and oily product distills at a little below the boiling point of water and well

below the boiling point of the oil.

steam reforming is the reaction of steam with methane (or other hvdrocarbon)
in the j)resence of a nickel oxide catalyst at (S()0°C under pressure.

(’H.te) + H.,()(g) ^ 3II_.(g) + CO(g)
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stereochemistry

It is followed bv further reaction with excess steam. This "shift reaction" converts the
COjnto CO,,. The reaction happens in the pre.sence of an iron(lli) oxide catalyst at
400 °C.

H,0(g) +CO(g) H,,(g) + CO._,(g)

This niixttne of hydrogen and carbon dioxide can be converted directly to methanol
(see carbon), .\lternati\ely, absorbing the carbon dioxide in alkali provides hxdrogen
for ammonia manufacture.

steels aie alloys of iron with carbon and often other metals.

Mild steel contains about 0.2% carbon as iron carbide. Crystals of iron carbide in the
metal structure make the steel strong and yet it is still malleable. Mild steel is used for
auto bodies. As the carbon content increases the steel becomes stronger and harder
so that it is suitable for rail lines.

Steel is made by the basic oxygen steelmaking process, which removes impurities
from iron extraction in a blast furnace. During the process a blast of oxygen converts
impurities in the liquid metal, such as carbon, silicon and phosphorus, into their
oxides. (>aibon dioxide escaj)es as a gas. The oxides of the nonmetals silicon and
phosphorus are acidic oxides. They are converted to a molten slaghy adding the basic

oxides of calcium and magnesium. The slag floats on the surface of the liquid steel

and can be poured off separateh’.

SiO, + CaO > CaSiO.^(l)

Alloy steels consist of iron with small amounts of carbon together with up to 50% of
one or more of these metals: aluminum, chromium, cobalt, manganese, molyb-
denum, nickel, titanium, tungsten and \anadium. I he piesence of other metals
distinguishes alloy steels from carbon steels. E.xamples of alloys steels are:

• stainless steels, which include chromium and nickel

• tool steels with tungsten or manganese, which make the alloy harder,

tougher and keep their properties at higher temperatures so that they are

suitable for drill bits and cutting tools.

stereochemistry is the study of molecular shapes and the effect of shaj)e on chem-
ical properties. Stereochemistry is especially concerned with the study of the

contrasting properties of stereoisomers.

Smell and taste seem to dej)end on molecular shape. One mirror-image form of

limonene smells of oranges while the other form smells of lemons.

The enantiomers of limonene

and their smells. Asterisks

mark the chiral centers.
Orange
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stereoisomers

Molecular sha[)e can also subtly alter the physiological effects ofdrugs, as tragicallv

illustrated by the two enautioiuers of thalidoniide (see chiral compounds)

.

I he r//?///;/o//c j)enicillin destroys bacteria by disrupting their cell walls. fVnicilliri mol-

ecules resemble the shapes of molecules used to make the membrane around
bacterial cells. I'he reseml)lance is enough for enzymes to build penicillin molecules
into the structure. But penicillin lacks the part of the natural molecules that cross-

links the structure. The walls are fatally weakened so that the bacterial cells break
o|)en and die.

Molecular shape affects the physical properties of materials such as polymers. This is

illustrated by the differences between [)oly(propene) as an isotactic polymer ixnd as an
atactic polymer.

Steric factors can also affect the mechanisms of reactions and the rates of chemical
change.

stereoisomers are distinct compounds with the same molecular and structural

formulas but with different three-dimensional shapes. There are two kinds of
stereoisomerism: geometrical isomerism and optical isomerism.

stereoregular polymer: a polymer with a regular three-dimensional shape.

Poly(propene) can be an isotactic polymer. This is the useful stereoregular form. Or it

can be an atactic polymer, which is irregular and does not have useful properties.

stereospecific reactions are reactions that invoke one of the optical isomers of a

chiral compoundhwX not the other. All the biochemical processes involving amino acids

are stereospecific. The enzvmes involved can act on the T-amino acids but not on the

mirror-image D-forms.

Enzymes act only on molecules that fit their active sites. Thev are so selective that thev
can pick out from a racemic mixture those molecules that are either left-handed or
right-handed.

Since the thalidomide tragedy, the pharmaceutical industr\’ has become much mc:)re

awaie of the impoitance c^f chiralitv and the need to test mirror-image forms of
chiral compounds separately. This has encouraged chemists to develop stereospecific

reactions to produce particular o{)tical isomers.

steroids are lipids with molecules that do not contain fatty acids. An impc^irtant

steroid is cholesterol. (Cholesterol can be converted to biologicallv active steroids such
as the sex hormones estrogen and progesterc^ne.

stiffness is the opposite of flexibilitv. It is a verv important propertv of materials.

•Materials scientists seek to develop materials that are both stiff and strong while not
being too dense.

Stiffness is measiued by the Young modulus for the material.

stoichiometry: a stoichiometric ecjuation is the balanced equation for a reaction. It

shows the amounts, in moles, of the substances involved in a reaction.

A stoichiometric compound has a comjiosition that corresponds exactlv to its for-

mula. A stoic hiometi i( ic^action is one that uses up reactants and produces products
in amounts c'xactly as predicted Iw the balanced ecjuation.
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structural formulas

The word stoichiometry sounds mysterious but is simply based on Ch eek words mean-
ing “element-measure.” Stoichiometry is the basis of quantitative analysis where
amounts are measured in moles.

stp (standard temperature and pressure): the standard conditions for
describing the properties of gases. The standard temperature is 273 K (0°C) and the
standard pressure is 101.3 kPa (1 atmosphere).

The molar yolume of an ideal gas at stp is 22 400 cm'^ (22.4 dnv').

Note the distinction between these yalues and the yalues for defining standard states

in thermochemistry.

strength is measured by the stress needed to deform and break a material in ten-

sion or compression. Stress is the force per unit area of the cross section and is

measured in N m'-. Defining stress in this way allows for the fact that it is easier to

stretch a thin sample than a thick one.

-Metals such as steel have high tensile strength. Ceramics are weak in tension but have
high strength in compression.

For many applications engineers look for materials that combine high strength with

high stiffness.

strong acids are aeids that are fully ionized when they dissolve in water. Examj:)les

are hydrochloric acid, nitric acid and sulfuric acid.

strong bases are bases that are fully ionized when they dissolve in water. Examj)les

are the hydroxides of W/itwand potassium.

structural formulas show the arrangements of atoms and functional gioups in

molecules.

Sometimes it is enough to show structures in a condensed form such as

(4f^(4 f,CIf,(XX,H for butanoic acid. Often it is clearer to write the full structural for-

mula showing all the atoms and all the bonds. This type of formula is also called a

displayed formula.
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butanoic acid
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c
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cyclohexane

Examples of structural formulas. Drawn like this the formulas do not show the true shape in

three dimensions.
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structural isomers

Structural isomers: see isomers.

sublimation is tlie change of a solid directly to a gas on heating. Heating iodine
crystals makes them sublime to a purple vaf)or that condenses to shinv crystals on a

cold surface. This proce.ss is used to purify iodine.

Another substance that sublimes is solid carbon dioxide (“dry ice”) because it turns

to gas at minus 78°H without melting.

substitution reactions are reactions that replace an atom or grou[) of atoms
by another atom or group of atoms. An example is the reaction of butan-l-ol with

hydrogen biomide (from sodium bromide and concentrated sulfuric acid).

c:ff^(:ii/:ik/:if/)fi + hbi —> CH/:ff/:ff,(Tk,Br + if,o

In oiganic chemistry, substitution reactions are characteristic of halogenoalkanes (see

niideophiUc substitution) and arenes (see electrophilic substitution)

.

I he ligand exchange reactions of inorganic complex ions are also substitution

reactions (see ligands).

substrates, in biochemistrv', are the molecules on which enzymes dcl as they catalyze

change. An enzyme is specific because it acts only on the substrate that fits into its

active sitv.

Literally the word “substrate” means a lower layer on which something else can form
oi glow. One way of creating a large surface area for an expensiye catalyst is to spread
it oyer the surface of an inert substrate. This helps to keep down the cost of catalytic

converters in automobile exhausts.

sugars are water-soluble carbohydrates. Sugars yary in their sweetness. Sugar molecules
have many — OH groups and can hydrogen bondWiih each other and with water. This
means that they are solid at room temperature and yery soluble in water. (See also

reducing sugars.)

Ribose and deoxyribose sugars are important in the formation of nucleic acids such
as DNA and ItXA.

sulfates are salts oi sulfuric acid. Soluble sulfates such as blue copper(ii) sulfate and
green iron(ii) sulfate are familiar laborator\' reagents.

Some insoluble sulfates are natural minerals, including calcium sulfate, which exists

m a hydrated form as g\psum and in an anhydrous form called anhydrite. Heating
g\psum produces plaster of Paris. Barite is barium sulfate, called “hea\T spar” because
ol its density. (See also solubilities of salts And anion tests.)

sulfides of metals are salts of hydrogen sulfide, H.,S. Some \aluable metals occur
as sulfide ores, including copper, siher, mercury and iron. Sodium sulfide is soluble
in water but most metal sulfides are insoluble.

sulfites aie salts of sulfurous acid that form when sulfur dioxide dissohes in water.
Sulfurous acid is unstable and exists only in solution.

SO, (g) + If,0(1) > If,SO.,(aq)

I he most important sulfite is sodium sulfite (NkqSO.J, made by dissohing sulfur
dioxide in sodium hydroxide solution.
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sulfur

Sulfur dioxide and the sulfite ion are reducing agents. They reduce chlorine, iron(iii)
ions, dichroinate(\i) ions and nianganate(\ii) ions.

Sulfur dioxide and sulfites are used as preservatives. They are antioxidants used in
foods such as lemon juice. They inhibit the growth of bacteria. (See also anion tests.)

sulfonamide drugs: see chemotherapy;.

sulfonation of benzene is an electrophilic substitution reaction that takes place in

the piesence of fuming sulfuiic acid — a solution of sulfur trioxide in concentrated
sulfuric acid. The product is benzene sulfonic acid.

The electtophile IS sulfiii tiioxide. A sulfur atom attached to three more electronegative

oxygen atoms is electrophilic.

SO.TI

benzenesulfonic acid
Sulfonation of benzene

Sulfonation of arenes is important because it helps to produce a range of useful

j)roducts including surfactants, ion-exchange resins, r/yc5 and sulfonamide drugs.

sulfur (S) is a vellow crvstalline solid that normallv consists of S^ molecules. Sulfur
' ' *' o

is a nonmetal, coming helow oxygen in group () of the periodic table. Its electron

configuration is [NejSf-'S/A.

Sulfur has two solid allotropes (see enantiotropy)

.

Heating sulfur crystals produces a

runny, pale-yellow liquid that darkens as the temperature rises, [producing a highly

viscous liquid. The S^ rings break and form long tangled chains of sulfur atoms.

Further heating below the boiling point (44r)°(h makes the liquid more fluid

because the chains start to break into shorter lengths. Pouring this dark red li(juid

into cold water j)roduces an elastic, noncrystalline mass of plastic sulfur. In time,

plastic sulfur hardens as the sulfur chains gradually lefoiin lings and produce

rhomhic sulfur again.

Sulfur is a reactive element but it is a less powerful oxidizing agent than oxygen. It

combines with most other elements with the exception of nitrogen, iodine, the nohle

gases and some of the less reactixe metals such as gold.

Hvdrogen sulfide (II,,S) is a toxic, foul-smelling com|)ound. Despite haxing a higher

relative molecular mass than water, hydrogen sulfide is a gas, because sulfur is not

sufficiently electronegative for hydrogen bonding]yci\sccn I f,S molecules.

Sulfur foi'ins two acidic oxides Si),, and SO,^, which are both important in the |)i'ocess

sulfuric acid manufacture. Sulf ur dioxide is a reducing agent, as are sulfurous acid and

its salts, the sulfites.
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sulfur extraction

Bonding in the oxides of sulfur.

Note that the rules for predicting

the shapes of molecules apply. •C)

:():

T

'I’lie reactions of //aiP/c torn witli concentrated sulfuric acid illustrate the range of
oxidation states of sulfur.

sulfur extraction: processes that obtain sulfur from underground deposits of the
element or from crude oil and natural gas.

I he frasch process is an ingenious process for extracting sulfur from underground
deposits. Sulfur is a nonmetal with a molecular structure. It melts at 113°(:.

Supei heated steam at 165°(. passes down a pipe into the sulfur deposits. The steam
melts the sulfur. Ca)m[)ressed air pumped down a second pipe forces the liquid up a
thiid pipe to the suiface wheie it cools and solidifies. The process was de\eloped by
Herman frasch around 1900 to recover sulfur from 30 m thick deposits about 150 m
underground along the gulf coast of the USA. The process still operates and supplies
about 10% of the sulfur required for industry in the USA. A modified version of the
[)iocess opeiates in Poland, which supplies sulfur for the UK chemical industn.

Natural gas and crude oil often contain unwanted sulfur compounds that must be
lemoved befoie the gas and oil are used as fuels or in the chemical industry. The
hydrocarbons are mixed with hydrogen under pressure and passed over a catalyst.

Tins converts the sulfur to hydrogen sulfide. The hydrogen sulfide is separated from
the hydrocarbons and converted to a mixture of sulfur and sulfur dioxide.

Ninety percent of sulfur is used to make sulfuric acid.

sulfuric acid (H^SO^) is a highly corrosive but important chemical reagent because
it can act as a strong acid, a dehydrating agent, an oxidizing agent and as a sulfonating
agent. Puie sulfuric acid is a colorless viscous liquid. The molecules of this oxoacid dve
attracted to each other by hydrogen bonding.

--H— O o- -H— O 0 --H— C) o---

< sf

Structure of sulfuric acid molecules showing hydrogen bonding

In its different roles sulfuric acid acts as:

• a strong acid - sulfuric acid ionizes fully as it dissolves in water
IUS()^(1) + 11,0(1) ^ Il,p-(aq) + HSO^-(aq)

Dilute sulfuric acid neutralizes bases. It forms two series of soluble salts

called and hvdrogensulfates. llvdrogensulfates are acid salts.

• a powerful dehydrating agent - concentrated sulfuric acid can:
- remove the elements of water from sugars dnd other carbohydrates so that

thev char and turn to black charcoal
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sulfuric acid manufacture

- dehydrate alcohols, turning them into alkenes
- act as a drying agent to remove water from moist gases

• an oxidizing agent - it reacts with halide ions, especially bromide and iodide
ions

• a sulfonating agent - it is used for the sulfonation ofbenzene dud otlier arenes.

sulfuric acid manufacture; the contact process for making sulfuric acid from
sulfur, which produces over 150 million tonnes of the acid in the world each year.

Outline flow diagram for the 98%

manufacture of sulfuric acid

The process operates in three main stages:

Stage I; Burning sulfur to make sulfur dioxide

S(s) + 0,(g) —^ S(X,(g)

This is a highly exothermic reaction. The hot gas is cooled in heat

exchangers, which produce steam used to generate electricity. Sulfuric

acid plants do not have electricity bills. Electricity and steam exported

from the process help to make sulfuric acid economic.

Stage 2: Conversion of sulfur dioxide to sulfur trioxide

^S(X,(g) + (),(g) 2S(),(g) A// = -297 kj mol-'

This is an exothermic, reversible reaction that takes place on the surface

of a vanadium (v) oxide catalyst. The temperature effect on equilibrium

means that raising the temperature lowers the percentage conversion

to S().^ but the temperature must be high enough to make the reaction

go fast enough. The catalyst is not active below 380°C and works best

at a higher temperature.

Increasing the pressure would increase the conversion to sulfur dioxide

but the extra cost is not usually justified.

Typically the gas mixture passes through four catalyst beds. Between

each bed the gas mixture is cooled in a heat exchanger and cold air with

more oxygen is added to the mixture. After the third bed the level of
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sunscreens

conversion is 98%.To ensure conversion of the remaining S(X,, sulfur tri-

oxide is absorbed from the gas stream and more air is added before the

gases flow through the fourth catalyst bed. So three factors contribute

to converting as much of the sulfur dioxide as possible to sulfur

trioxide: cooling, adding more of one of the reactants and removing the

product.

Stage 3: Absorption

n,()(i) +S(x,(g) —> H,,S()^(I)

Sulfur trioxide cannot be dissolved in water directly because the violent

reaction produces a hazardous mist of acid. Instead the gas is absorbed
in 98% sulfuric acid. Sulfur trioxide passes up a tower packed with pieces

of ceramic, down which the concentrated acid trickles. The circulating

acid is kept at the same strength by drawing off product while adding
water

hnviromnenlal legislation requires very low emissions of acid gases into the air. A
modern plant converts 99.7% of the sulfur dioxide into sulfuric acid in stages and
9.

Snltinic acid is needed on a large scale to make many other chemicals, including
phosphate fertilizers, paints and pigments, detergents, plastics, fibers and dyes.

sunscreens protect the skin from harmful ultraviolet radiation from the Sun.
Suntan lotions include chemicals such as 4-aminobenzoic acid, which absorbs LA'
radiation.

Sunblocks are heavily pigmented so that they form a barrier to sunlight bv reflecting
and scattering light. The white pigments are zinc oxide and titaninni(iv) oxide.

superoxides: compounds with oxygen containing the O.pion (.see potassium).

supersaturated solution: a solution that contains more di.ssolved solute than a
saturated solution. A supersaturated solution is unstable. Crystals form rapidly when
the edge of the container is scratched or a tiny seed crystal is added.

I he way to make a supersaturated solution is to cool a hot, .saturated .solution of
a .salt such as .sodium thiosulfate or .sodium ethanoate. Sometimes an unwanted
su|)er.saturated solution forms when a solid product is purified bv renystallization.

Some instant hand warmers” consist of a supersaturated solution of sodium
ethanoate in a plastic bag. Flexing a metal disk in the side of the bag starts crvstal-
lization that is exothermic and heats the bag to about 6()°C. The hand warmer can
be reirsed after heating in boiling water to redi.s.solve the salt and then allowing it to
cool to room temjierature .so that the .solution is once more supersaturated.

surface tension: the tendency of surfaces to contract to the minimum surface
area. Surface tension accounts for the spherical shape of soap bubbles.

Sui lace tension arises becau.se of intermolecularforces. Molecules inside the liquid are
pulled m all dnections bv surrounding molecules. Molecules near the surface expe-
rience a net |)ull inward. This means that as manv molecules as possible leave the
surface, which tends to shrink.
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surfactants

The surface tension of the soap film makes
the slider move to the left unless balanced

by a pull on the thread.

Wire Wire

slider frame

Intermolecular forces acting on molecules inside the liquid and at the surface

Tlie surface tension of many organic liquids is in llie range 15 to 30 niN nr'. The sur-

face tension of water is higher because of strong hydrogen bonding. For water the value

is about 73 inN nr'. Surfactants lower the surface tension of water so that it can wet

greasy surfaces (.see metting).

surfactants are surface-active agents. They are chemicals with molecules that seek

out the boundary surface between two liquids or between a liquid and a gas. One of

the important effects of surfactants is that they change the surface tension of licjuids.

A surfactant molecule has an ionic or [jolar group attached to a hydrocarbon chain.

The polar group is water-loving (hydrophilic). The hydrocarbon chain is water-hating

(hydrophobic).

Jf H If H 11 11 11 11 11 11 11 " (TNa*

n— c c c c C c— (;— c— c— c—C o

If 11 11 11 11 11 11 11 11 11 11
11 ^ ()

Nonpolar; Ionic;

hydrophobic "tail” hydrophilic "head"

Structure of a surfactant molecule
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surroundings

1 Ik h)(li ophobic cliains of surfactaRt niolecules tend to esca[)e from water by nio\'-

mg to the surface or by forming micelles. Surfactant molecules at the surface lower
the sin face tension of the water so that it wets surfaces more effectively. Surfactant
molecules adsorbed at the boundary between air and water stabili/.e bubbles of foam
by stopping all the water draining away.

Surfactants help to separate greasy dirt from surfaces. They keep dirt dispersed in

water so that it rinses away. They also help to [)revent dirt reattaching itself to the
surface of fabrics.

Sin factants come in three kinds based on the tvpe of hydrophilic group!

• anionic surfactants such as soap, (Tk^((:HJ |^.(XVNa^
• nonionic surfactants made from epoxyethane, (OCfIJdlj OH
• cationic surfactants such as (juateniary ammonium salts.

Synthetic aniouic surfactants are widely used. They are included in bath foam and
shampoos. They make stable foams with water.

Nonionic surfactants are used in many household cleaners because they allow
smooth drainage and leave no de[)osit even when they are not fully rinsed away.
Nonionic surfactants also make less stable foams so they are included in washing
powders for dishwashers and washing machines.

(-ationic surfactants are used in fabric softeners and hair conditioners.

surroundings: see system.

suspension: particles of a solid suspended by shaking or stirring in a liquid or gas.
In time the particles of a suspension settle out, unlike the smaller particles in colloids.

sweetness: a taste sensation on the tip of the tongue produced bv sugars dnd a num-
ber of svnthetic chemicals such as saccharin, cyclamate and aspartame. Sugars vai^- in
their sweetness. Fructose is sweeter than sucrose, which is sweeter than glucose.

Most synthetic sweeteners have been discovered when chemists have accidentally
tasted chemicals made for other purposes. Synthetic sweeteners are taken in small
amounts especiallv by people trving to cut the quantitv of energ\- foods in their diet.

Chemical formulas of two

sweeteners. Saccharin is

300 times sweeter than

sucrose when equal

quantities are compared.
O

saccharin cyclamate

(Ailamatts aie banned in the L'S and L K because some people
sweetener to another chemical that causes bladder cancer if fed in lai

metabolize the

ge doses to rats.

AspartiiiiK- is an artificial sweetener that is abont 200 titnes sweeter thati siinvse. It

(Onststs of the inetfivl esVerof a <fi[)epticfe cotisistitig of two amino acids litiked bv a
peptide hand.
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system

Structure of aspartame aspartame

Aspartame has no aftertaste but cannot be used in cooking because hydro/ysis on heat-
ing destroys its sweetness. There is a warning on the labels of soft drinks and other
foods sweetened with aspartame that they contain a source of phenylalanine. This
can harm some people with a genetic disorder. Hydrolysis of aspartame produces
phenylalanine.

synthesis: a j^rocess of making compounds from simpler starting materials.
Synthesis puts things together. It is the opposite of analysis, which takes things ajxirt

to see what they are made of.

The Habei piocess is an example of synthesis: two elements (nitrogen and hydro-
gen) combine to make a compound (ammonia). This is the method of riDimouid

mrinufacture on a large scale in industry.

Synthesis of more complex molecules often takes several reaction steps.

system: a term used in thermochemistry to describe the material or mixture of chem-
icals being studied. E\’erythiug around “the system” is “the surroundings,” which
includes the apparatus with maybe a ^vaterbath, the air in the laboratory — in theory
eventhing else in the universe.

.An open .system can exchange energy and matter with its surrounding. Most chemical
reactions in laboratories take place in oj)en .systems.

.An i.solated, or closed, .system cannot exchange energy' or matter yvith its surround-

ings. A mixture of chemicals in a vacuum flask yvith a stopper comes close to being

an i.solated .system.
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temperature effect on equilibria: the shift in tlie position of equilibrium that

happens when the temperature changes. Fhe effect depends on tlie enthalpy change
for the reaction. Le (Ihatelier's principle predicts that raising the temperature makes
the equilibiium shift in the direction that is endothermic. In sulfuric acid manufacture,
for example, raising the temperature lowers the percentage of sulfur dioxide at

equilibrium.

I he ecjuilibrium shifts to the left as the temperature rises because this is the
direction in which the reaction is endothermic.

These shifts happen because equilibrium constants vaiy with temperature.

At 500 K, - 2.5 x 10'*’ atm but at 700 K, A"^^ = 3.0 x Hb atm '. The value of the equi-
librium constant falls as the temperature rises. With a smaller value of A^ the proportion

'vhile the proportions of SO.,(g) and 0._,(g) rise at equilibrium.

c
(Uu

Q_

20 -

0
Effect of rising temperature on the

equilibrium between SO^, O, and SO
600 700 800 900

Temperature/K

temperature effects on reaction rates: see activation energy and Arrhenius
equation.

teratogens: substances that may cause harm to an unborn child if inhaled,
swallowed or absorbed through the skin of the mother.
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thermochemistry

termination: a step in a free-radical chain reaction that tends to
iemo\ing free radicals. In a termination step two free radicals
molecule.

stop the process bv

combine to form a

tertiary organic compounds: see primary, secondaty and tertiary organic compounds.

theoretical yield: see yield calculations.

thermal decomposition is a reaction in which a compound decomposes on
heating. An important example for industry and agriculture is the thermal
decomposition of calcium carbonate (limestone):

(:a(:03 (s) > CaO(s) +CO,(g)

Sometimes heating causes decomposition because a compound is stable at room
temperature but becomes unstable at a higher temperature. This is the case with the
calcium carbonate and the other carbonates gioup 2 metals.

Sometimes heating causes decomposition of a compound that is unstable at room
temperature but does not decompose because the rate of reaction is so slow. This is

true of the nitrogen oxides, which, at room temperature, are examples of unstable but
innt chemicals. They all tend to decomj)ose into nitrogen and oxygen but they do so
only on heating.

thGrrnal dissociation: a rexersible process that splits a compound into fragments
as the temperature rises, but re-forms the starting material on cooling.

The brown gas that forms on heating some metal nitrates contains an equilibrium
mixture of N/)_| and NO,,.

N/), ^ 2NO,,

colorless brown

The mixture darkens on heating as more colorless N„0_| dissociates into NO,,, which
is brown. I he color fades on cooling as N.,0, reforms.

thermit reaction: a highly exothermic reaction use for welding rails and in some
incendiary devices. The reaction is similar to the j)rocess for chromium extraction

but operates on a smaller scale. A magnesium fuse heats and sets off the reaction in

a mixture of iron(iii) oxide and aluminum. The aluminum reduces the oxide to a

glowing mass of molten iron.

Ke/).^(s) + 2Al(s) > 2Fe(s) + Af,().^(s)

thermochemistry is the study of energy changes during chemical reactions,

including enthalpy changes, free energy changes Awd c/?/re/;v changes. It is a major pai t of

chemical thermodynamics. Thermochemistry is impoitant fbi' theory because it

helps chemists to explain the stability of compounds dwd to predict the likely direction

of chemical change. With the help of thermochemistry, chemists can decide on the

feasibility of reactions.

Practically, thermochemistry is important because of the significance of:

• calculating the energy from burning fuels

• keeping large-scale reactions under control in the chemical industry

• estimating the impact of energ\’ changes in the emironment.

rhermochemisti'N was de\’eloped mainly in the nineteenth and early twentieth

centuries.
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thermodynamic control

Antoine Lavoisier (1743—1794): the Irencli cheniisl who not only [)ioneerecl the oxygen
theory of hiiriiing but also used calorimeters to ineasuie enei'g\’ changes on burning.

Germain Hess (1802-1850): tire clieinist who was l)orn in Switzerland but moved
with his parents to Russia. He studied the heating effect of cfienhcal reactions and
demonsti'ated the importance of the law that is named after him (see Hess's law).

Marcellin Berthelot (1827-1907): the French chertiist who studied the heating effect

of reactiorrs. He conchrded that reactions tend to go in the direction that is exo-
thermic. (drernists today still use this idea thoirgh they know that it is not always the
case (stv feasibilily of reactions).

Josiah Gibbs (1839-1903): the US chemist who devised the (juantitv /rcc energy as a

mearrs for pr edicting the feasibility of r eactions.

Ludwig Boltzman (1844-1906): the Austriarr physicist who was the first person to

exj)lairr the laws of thermodynamics in terms of the behavior of atoms and molecules
in rnotiorr (kinetic theory). He showed how to calculate the distributiorr of energies for
the molecules in a gas molecule (the Maxwell-Boltzrnan distribution) . He also showed
that the entropy of a system is determined by the nttrnber of ways the particles can be
arr anged arrd share the energv' of the system.

5’ = k In ir

wher e 5' is the entr opy of the system, k the Boltzman constant and In IF the natural
logarithm of the number of ways of arr anging the particles and energv- in the system.

Henri Le Chatelier (1850-1936): the French chemist who proposed Le Chatelier's

principle, which describes how ecjuilibrium svstems shift in response to temper'atirre
(and pressure) changes.

Walther Nernst (1864-1941): the Genuan chemist who proposed the third law of
thennodynamics, which states that the entr opy of perfectly or der ed crystals is zer o at

absolute zero.

thermodynamic control operates wher e ther'e is a choice of possible products
and the main product is the one that is most stable (according to thermodynamics).
Fhrs contrasts with kinetic control, which operates when the main product is the one
that forms fastest.

thermodynamics: see thermodynamics (laws of) and thermochemistry.

thermodynamics (laws of): the laws that govern energv- transfer's and the direc-
tiorr of change. The laws or iginally grew out of the study of heating, mechanical
wor king and steanr engines. They have now been given a molectrlar inter pretation
that rrrakes them a})plicable to chemical svstems.

The first law of thermodviiamics says that the total qirantitv of ener gv- for a svstem
and its sur roundings is the same before and after any change. In other wor ds, energv
carrnot be cr eated or destr'oyed. This is the law of conser vation of energv. Chemists
are irrterested irr ener'gv transfers:

• by heating, as energv flows from a higher to a lower temperattrre
• by working, as a system expands or contracts against atmospheric pr essure
• bv the flow of an electric current

• by the absorption or' emission of r adiation.
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thin-layer chromatography

The value of the first law of thennodvnaniics is that it provides a check that all
transfers have been accounted for.

energy-

The second law of therniodjnamics shows ^vhich clianges can take place (see feasi-
; ;/v). The law states that a change tends to happen if the total entropy of the system

p ns the sinTonndings increases. The entropy change, A.S;,,,,,, is positive. Cilieinisis
often find it more coinenient to work tvitli free energy changes. Tlie rule is tliat a
process tends to happen if the free energy change, AG, is negative.

Thermodynamics indicate the possible direction of change htit say notliing about tlie
rate of change. .A reaction that tends to liappen may in practice be .so slow tltat it is

kineticallv inert.
/

thermoplastic polymers are .solid when cold but they soften and become plastic
on wanning so that they can be molded. Most addition polymers are thermoplastics.
The\ consist of long-chain molecules with no cross-linking.

Thermoplastics such as polythene, polvpropene and P\X: are supplied by the chem-
ical industry as small chips or as powders that can be melted and forced under
piessure into closed molds. Plastic buckets, crates, combs and many other articles are
made by this process of injection molding.

Thermoplastics can afso be extruded by squeezing the heat-softened material
through a die to create a continuous strip with a constant cro.ss section. This is the
technique foi making auto trim, draft seal, curtain track and pipes.

Extrusion through the fine holes of a spinneret converts a thermoplastic such as nylon
u\io fibers. Cold-drawing the fibers by stretching them when they are cold lines up the
molecules and increa.ses the tensile strength.

thermosetting polymers are ;F5//?5that .set to strong, stiff material once they have
been heated in a mold. Heating cross-links the poKiner chains with strong covalent
bonds. Once formed, a thermosetting plastic emmoi be melted again.

Bakelitexss a cro.s.s-1inked thermoset made from phenol and methanal (formaldehyde).

(>ooking pan handles and electrical fittings are made from thermosets because these

plastics do not melt on heating and are electrical insulators.

thin-layer chromatography (tic) is a type of chromatography in which the sta-

tionan phase is a thin layei' of a solid supported on a gla.ss or [)la.stic plate while the

mobile phase is a licjuid. The rate at which a sample moves up a tic j)late dej^ends on
the ecfuilibrium between adsorption on the solid and solution in the solvent. I'he j)o.si-

tion of ecjuilibrium varies from one compound to another so the components of a

mixture .sej)arate.

riiin-layer chromatography is cjuick and cheaj). Only a \’er\ small .samj)le is needed.

I he technitjue is widely used both in research laboratories and in industry. It can be

u.sed (juickly to check that a chemical reaction is going as expected and making the

required product. After an attempt has been made to purify a chemical, tic can show

whether or not all the impui ities have been removed.

(Colored compounds are ea.sy to .see on a tic plate. Howevei', the technicpie is often

used with colorle.ss compounds as well. A (juick way of finding the position of color-

le.ss organic spots is to stand the plate in a coveied beaker with iodine crystals, fhe

iodine vapor stains the spots.
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thio compounds

Solvent tank - atmosphere

saturated with solvent

vapor by lining it with paper

soaked in the solvent

Thin layer of powdered solid

on plastic or glass plate

Spots of solutions applied

here, including one or more

reference compounds

An alternative is to use a tic plate impregnated with a fluorescent chemical. Under a

UV lamp the whole plate glows, except in the areas where organic compounds
absorb radiation, so that they show up as dark spots,

values can be used to record the distances moved by chemicals in a mixture
relative to the distance moved by the solvent.

thio compounds: sulfur compounds with similar formulas and structures to equi-

valent oxygen compounds. The thiosulfate ion, for example, can be thought
of as a sulfate ion, with one oxygen atom replaced by a sulfur atom.

Examples of thio

compounds with

their oxygen

equivalents

s,o/'- C= S aH.SH

thiosulfate thiourea ethanthiol

0 1

c= o aH.OH
- D

sulfate urea ethanol

Oxygen and sulfur are in the same group of the periodic table with the same number
of electrons in the outer shells of their atoms. They therefore form compounds uith
similar formulas and structures.

tin (Sn) is a shiny metal with a long histor\’. Tin was valued as an ingredient of a range
of <7//qvi including pewter (with antimony), solder (with lead) and bronze (\vith copper).
The main use of tin today is for coating the steel for tin cans. The laver of tin stops the
iron corroding. Tin s Sn-^ ions are not toxic. Small traces of dissolved tin contribute to

the characteristic taste of some tinned foods such as canned fniit and tomatoes.

At loom tempeiatuie tin has a metallic structure but below the transition temperature

13.2°U the stable form is gray tin, which has the diamond structure.
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titanium extraction

above 13.2°C

gray tin metallic tin

below 13.2°C

h takes a long time foi atoms in a solid to rearrange themselves So metillir tiphas to stay cold for a long time before it shows the symptoms of “tin plague” as iigradually alters to the crumbly, brittle, gray form.
^ ^

““ •'»>'

titanium (Ti) is a yer>- strong metal that is much less dense than steel. It melts atthe very h.gh temperature of 1675"C. It does not corrode because, like aluminu,nl
IS pro ecte by a thin layer of oxide on the surface of the metal. The difficulties oftitanium extraction mean that the metal is not as uidely used as might be expected
considering its properties.

ptrcLeu

Titanium is a d-block element W\\h the electron configuration Titanium formscompounds in the +2, +3 and +4 states but only the +4 state is common. Titanium (i\')
chloride IS a colorless liquid formed as an intermediate in titanium extraction and in
the manufacture of titaniuyn(iv) oxide.

Smoke grenades produce dense clouds of titanium (iv) oxide by the rapid hydrohsi,
of titanium (IV) chloride.

' '

titanium extraction: a process for extracting the metal from its ores, which are
rutile {T 1O

2 ) ihnenite (FeTiOJ. Titanium is the fourth most abundant metalm the Earth’s crust and it would be more widely used if the methods of extraction
were less difficult and expensive. In theory it should be possible to extract titanium
from Its oxide with carbon but in practice some of the titanium reacts with carbon
forming carbides, which make the metal brittle.

After the ore has been purified it is heated with carbon in a stream of chlorine eas at
about 1100 K.

'

2TiO^ + 2Cf, + 2C —> TiCl^ + 2CO,

The titanium (i\ ) chloride condenses as a liquid that can be purified by fractional
distillation.

In most countries, the preferred reducing agent for producing titanium from its

chloiide is magnesium. In the UK, sodium is the reducing agent. Either way, the
production is a hatch process.

In the UK method, titanium chloride passes into a reactor containing molten sodium
at 800 K in an inert argon atmosphere. Exactly the right amount of the chloride is

added to react with all the sodium. The reaction is exothermic and so the temperature
rises.

TiCl^ + 4Na > Ti + 4NaCl

The reactor is kept hot for about two days then it is removed from the furnace and
allowed to cool. The solid product is crushed and leached with dilute hydrochloric
acid, which dissolves the sodium chloride, leaving the titanium metal that is then
washed and dried.
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titanium(iv) oxide

ritaiiiuni is used mainly to make aipcraft engines and airframes. Other major uses

are the production components of chemical plants such as hmt exchangers.

titanium(iv) oxide is a brilliant white pigment. It has two crystalline forms: anatase

and rutile (see rutile structure). Millions of tonnes of titaniitrn(iv) oxide are made
each year', dlie main use of the pigment is in paint but it is also a surface coating for

paper, a frller in plastics and an ingredient of cosmetics and toothpaste. The oxide

makes a good white pigment because it has a very high refractive index but absorbs

almost no light in the visible part of the spectrum. When ground to a fine powder it

is both intensely white and very opaque so as a pigment it has excellent covering

power. The oxide is also iner t and nontoxic, which is why it has replaced lead oxide

in many applications.

There are two processes for producing titanium (l\') oxide from ilrnenite: the long

established sirlfate process and the newer chlor ide pr ocess.

titration: an analytical technique for finding the concentr ations of sokrtions and to

investigate the amounts of chemicals involved in reactions. Titrations are widely used

because they ar e quick, convenient, accurate and easy to automate.

The procedure only gives accurate results if the reaction is rapid and is exactly as

descr ibed by the chemical equation. So long as these conditions apply, titrations can
be used to stirdy acid—base, redox, precipitation and complex-forming reactions.

The measur ed volume of the unknown is transferr ed to a flask with a pipette, then the

standard solution is added car efully fr om a burette. The end point is determined by
adding a few dr ops of an indicator or by using an instr ument such as a pH meter, a

colorimeter or a conductivit\' meter'.

Sometimes no indicator is r'leeded becaitse the excess reagent itself proditces a per-

manent color change at the end point. This happens in potassium manganate(vil)

titrations.

Apparatus for a titration

I he diagr am shows the apparatus for a titr ation involving a solution A that reacts

with solution B. Suppose the equation for the reaction takes the form:

/i^A + //j^B > pr'oducts

which ineatrs that n^ moles of A r eacts with moles of B.
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In the laboraton^vohtmes of solutions are normally measnred in cm> bnt they shonidbe conyerted to dm^ in caicniations so tha, they are consistent with the l.nhs nled 1 Imeasure concentiations. (1 dm'' = 1000 cm-^)

The concentration of B in the flask is C3 mol dn,-^' and its yolnnte is r d.n •.

The concentration of A in the burette is c, mol dn,-’. dm’ of the solniion A areadded until the indicator shows that the end point has been reached.
The amount of B in the flask at the start = x mol
The amount of A added from the burette = \\x c mol

eqmuion!'’"'" -

' b
X n

In any titration, all but one of the yahies in this formula are known. The oneunknown is determined from the results.

(See and-base titrations and iodine-thiosulfate titrations and complex-forming titrations forworked examples.)

Tollens reagent is a test reagent tised to disiingtiish aldehydes from ketones
Warming Tollens reagent with an aldehyde produces a precipitate of silycr, which
coats clean glass with a shiny layer of silver so that it acts like a mirror.

The leagent consists of an alkaline solution of diamminesilver(i) ions, [Ag(NH
)

]"

Aldehydes reduce the silver ions to metallic silver. Ketones do not reaa.
‘ '

toughness: a property of materials that measures how much energv' is needed to
break diem. Tough materials are hard to break. .Metals and polvmers are tough.
(>eramics and glass are not tough - they are brittle.

toxic substances are labeled with the skull and cross-bones hazard warning sign
because they can lead to serious, acute or chronic health risks or even death. Toxic
substances can cause harm if inhaled, swallowed or absorbed through skin.

Toxic substances include jioisons, carcinogens, mutagens And teratogens.

trace elements: the micronutrients that plants need in small amounts from the
soil. Examples are cobalt (Co-'A, copper (Caf^A, iron (Fe-^ or Fe‘'A, manganese
(.Mn

) and zinc (Zir ). Plants need these nutrients in much smaller amounts than
the nitrogen, phosphorus and potassium supplied by NPK fertilizers.

tracers, chemicals used to keep track of chemicals in the einironment, in li\ing
oiganisms, in a chemical process or in many other circumstances where chemicals
aie on the move. The tracer is chosen so that it does not interfere with the changes
to be studied, for this reason radioactive isotopes are often chosen as tracers because
they are chemically identical with the substances being tracked but easily detected
from the alpha, beta or gamma particles emitted during radioactive decay. Fxamj)les
of radioacti\'e tracers include the use of:

• iodine-131 to study the behavior of the thyroid gland

• hydrogen-3 (tritium) to iinestigate the metabolism ofdrugs in the human
body
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transition metals

• phosphorus-32 to explore the uptake of phosphate fertilizers from the soil

by plants.

transition metals are d-block elements that have partially filled d-energ)' levels in

one or more of their oxidation states. In the d-block series from scandium to zinc this

definition includes all of the metals except for the first and the last. Scandium,
[Ar]3d*45% is excluded because it only forms compounds in the +3 state and it loses

all its three outer electrons when it forms a 3+ ion. Zmc, [Ar]3d^M5^, is excluded
because all its compounds are in the +2 state. Losing two electrons gives an ion Zn^*

with the electron configuration [Ar]3d'‘^ in which all the d-energy levels are full.

Transition metals share a number of common features. They:

• are metals with useful mechanical properties and high melting points

• form compounds in more than one oxidation state

• form colored compounds

• form a variety of complex ions

• act as catalysts either as metals or as compounds.

Many transition metal salts are paramagnetic because of the presence of unpaired
electrons in the partially filled inner d-energy levels.

+7

+6

+5

+4 +4 +4

+3 +3 +3 +3 +3 +3

+2 +2 +2 +2 +2 +2

+ 1

Sc Ti V Cr Mn Fe Co Ni Cu Zn

Main oxidation states of the elements Sc to Zn, Note that scandium and zinc form ions

only in one state.

The chemistries of titanium, vanadiiun, chromium, manganese, cobalt, iron and copper

provide many examples of these features.

transition state: the state of the reacting atoms, molecules or ions when they
are at the top of the activation energy barrier for a reaction step. Transition states

exist for such a brief moment that they cannot be detected or isolated, unlike the
intennediates in reactions formed between two steps.

The combination of reacting atoms, molecules or ions in a transition state is

sometimes called an activated complex (see figure).

transition temperature: the temperature at which two allotropes of an element
are in equilibrium. One form is stable below this temperature, the other is stable

above the transition temperature. (See tin and enantiotropy.)

transmittance measures the extent to which a sample in a spectrometer absorbs
radiation at a particular wavelength. Printouts from some spectrometers show
transmittance on one axis.
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tri-iodide ion

Transition state

Transition state: energy changes during a reaction with a one-step mechanism showing the
transition state ^

Transmittance T, is defined as tlie ratio of the intensitt- of the radiation leaving die
sample, /, to the intensity of the radiation entering the sample, /

T
o

For a particular wavelength of radiation, transmittance is low when a sample absorbs
strongly. It is 100% if the sample does not absorb at all.

Transmittance is a useful term but not so useful as absorbance. The advantage of
absorbance is that it is proportional to the concentration of a sample in solution.

triglycerides are esters o{ fatty rtw/iwith glycerol (propan-1, 2, 3-triol), which is an
alcohol with three hydroxyl groups. Animal fats and vegetable oils are examples of
triglycerides. Hydrolysis of triglycerides produces soap.

H

H— C— O— C—

General structure of a

triglyceride. In natural fats and

vegetable oils, R I{ and IG
may all be the same or they

may be different.

II—

C

I

H
I

From

glycerol

— ()—

C

o

c— R

o
II

c R'

o

C— R"
1

1

e From fatty acids

ester

links

tri-iodide ion: the ion that forms when iodine dissolves in aqueous j)otassium

iodide.

f,(s) -t r(aq) ^
3"(^^l)
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tri-iodomethane reaction

lodiiu' is only very slightly soluble in water. It dissolves in potassium iodide solution

l)(“(anse it forms I.^~(aq). A reagent labeled “iodine solution” is normally I.^(s) in KKaq).

I be l.^"(ac|) ion is a yellow-brown color, wbicb explains why aqueous iodine bjoks

Cjuite different from a solution of iodine in a nonpolar sohent ^\\q\\ as hexane.

tri-iodomethane reaction: a reaction that produces tri-iodometbane (iodoform)
from a comj)oimd containing either a Cdf.^C— group or a Cf I,^(:— group.

Off
The reaction conditions are to warm a drop of the compound with a solution of
iodine in sodium hydroxide.

I be tri-iodometbane reaction is used as a test for the presence of a methyl group
next to a hydroxyl group, or a carbonyl group, in an organic molecule. If the result

of the test is positive, iodoform appears as a pale yellow precipitate.

The reaction takes place in three steps for an alcoliol or two steps for a carbonyl
compound. The first step, oxidation to a carbonyl group, is not necessary for a

carbonyl compound.

H.Cf If:

c
oxidation

/ \
R OH R

C=O
substitution

\ OH-
> c=0 — .

>
^ hydrolysis

R

CHl3(s)

-t

RCX).H

Equations for the tri-iodomethane reaction

(-blorine and bromine in alkali react in a similar way to produce tricblorometbane
(chloroform) and tribromomethane (bromoform).

trioxygen is the systematic name for ozone.

triple bond: three covalent bonds between two atoms as in nitrogen, a/kynes and the
cyanide ion. With three electron pairs involved in the bonding there is a region of
high electron densitv beUvcen two atoms joined by a triple bond.

Examples of molecules with triple bonds

X

HSCSC
X
O

X H

N=N H—C=C—

H

'Hie molecular orbital model for a triple bond shows that one of the bonds is a
normal sign/a bond while the other two bonds are pi bonds.

triple point: the unique combination of temperature and pressure at which the
solid, li(|uid and gaseous forms of a substance are at equilibrium. The triple point of
water is at 611 N nr- (O.OOb atmospheres) and 273.16 K (0.0 1°C ).

fhree lines meet at the triple point on a phase diagram for a pure substance.

tritium is the isotope ot hydrogen, jif. It is radioactive and emits beta particles with
a half-life 12.3 years.
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stait chemical leactions by forming free radicals.

O^one forms in tlie npper atmosphere (.lie snatosphei e) where m’ li.h. fVon, the Snnhtnes on oxygen niolecnles, splitting then, into oxvgen atoms, which then cmnbtneo le. ox\gen molecules to make ozone. In the laboratorv, m’ light can start theHiactton of chlonne with alkanes bv splitting chlorine molecnies into chlorine ,msThis IS an example of a free-radical chain reaction.

Ultraviolet (UV) spectroscopy is par.icniarly nsefi.l for stitching colorlessoigan.c molecnies with tmsMmMod functional g,oupssucU as C= C and C= O The

v\ spectrometers make it possible to extend the techniques of colorimetry to colorlesscompotmds. In the pharmaceutical industry, for example, scientists i.se'm' siieciro-
scopy to check that medicines contain the correct amoimts of dings and that the
pioducts do not deteriorate in storage.

unit cell: the smallest unit of a ciystal sinict.ire which, when piled np in three
dimensions, gives a whole ciystal.

The mm cell of a cubic crystal is a minme cube. .\n atom or ion inside the nnil cell
belongs entirely to that cell. An atom or ion at a corner is shared between the eightmm cells that meet in three dimensions at a corner.

Unit cell for the cesium chloride structure

The unit cell lor cesium chloride consists of one cesium ion and 8 x X of a chloride
ion. So the composition of the unit cell still corresponds to the empirical Idrmula
(isCl. (See cesium chloride structure.)

universal indicator is a mixture ol several acid-ba.se indicators that changes color
through the colors of the spectrum from red to indigo as the /y// rises from 1 to 1 1.

Narrower range indicators are also available that co\er a smaller range of pH.
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unleaded gasoline

unleaded gasoline is gasoline fomnilated for modern motor vehicles by adding
chemicals other than tetraethyl lead to raise the octane number.

There are two main objections to adding lead compounds to gasoline. The first is

that lead compounds are toxic and harmful, especially to young children, when
released into the air from vehicle exhausts. The second is that lead compounds
“poison” the catalysts in catalytic converters.

Instead of lead compounds, gasoline is blended with oxygen compounds that may
be alcohols or ethers. The commonly used additive is MTBE (initials based on the

traditional name of the compound, methyl tertian^-butyl ether).

unsaturated compounds are compounds containing one or more double or

triple bonds beUveen atoms in their molecules. The term is often applied to the hydro-

carbons alkenes and alkynes, which typically undergo addition reactions. The term is

also commonly used to describe unsaturated fats and fatty acids, which have double
C= C bonds in their hydrocarbon side chains.

urea is a white crystalline solid. It is an end product of the metabolism of proteins,

and excreted as a waste product in urine.

Structure of urea. Urea is a diamide of carbonic acid

so it has the alternative name carbamide.

H,N—

C

O

\
NR

Urea slowly hydrolyzes, releasing ammonia, making it a useful nitrogen fertilizer. It is

manufactured by the reverse process of heating ammonia and carbon dioxide under
pressure.

Urea and methanal (formaldehyde) are used to manufacture a range of thmnosetting

polymers that are used as adhesives in chipboard, for producing electric outlets and
plugs.

urease is an enzyme (found in plant materials such as water melon seeds) that

catalyzes the breakdown of urea to ammonia by hydrolysis.

Urease illustrates that enzymes are very specific. They will act only on particular

molecules. Urease breaks down urea but has little or no effect on molecules with
similar structures, such as A-methylurea, ethanamide or thiourea.

I f,N— C
\
NIICH,

N-methylurea

Molecules not affected by urease

NR
ethanamide

NR

thiourea
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compose. Louenng the pressure lowers the tentperatttre at which liquids boil

from'^fmcTonri Sird^rar^h^i
.^ntjing oils and wa.es from o/er h.dr^ocarboL^

I’

vacuum filtration: see Buchnerflask andfunnel.
valence theory covers all the theories of chemical bouding. The outer electro.is
of an atom are its valence electrons, which take part in chemical bonding. Electron

irXg
">«‘™''alence. Electron sharing leads m covalent

Qiemists use a \ariet>- of ways of describing or predicting the
formed by the atoms of an element. These include:

number of bonds

• the pattern of charges on the ions in a group of elements - ^oiip 2 metals
for example, form 2+ ions

• the number of covalent bonds that atoms normally form in molecules -
carbon, 4; hydrogen, I; oxygen, 2; nitrogen, 3; and the halogens, 1

. the coordination numbers in crystals and complex ions - giving the numbers of
nearest neighbors bonded to an atom

• oxidation numbers - which provide a formal code for keeping track of the
numbers of electrons taking part in bonding.

None of these are rigid guidelines and there are exceptions to all the rules.

Some writers refer to the VSEPR theory, which is shori for the “valence shell electron
pair repulsion theory.” This theoiy helps to predict the shapes of molecules from the
number of bonding pairs of electrons and lone pairs of electrons in the outer
(valence) shell of the central atoms in a molecule.

van der Waals forces are weak intermolecular forces. Chemists disagree about the
meaning of the term. .\11 agree to include dispersion forces \n the definition; these are
the weakest attractions between nonpolar molecules.

Differences arise about the attractions between permanent dipoles, and dipole-
induced dipole attractions. Some people include them as van der Waals forces but
others do not.

Hydrogen bonding, the strongest kind of intermolecular attraction, is generally
excluded from the definition of van der Waals forces.

Johannes v'an der W aals (1837—1923) was a Dutch scientist who studied reed gases

their deviations from idecd gas behavior, ffe devised a modified gas equation for real
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van derWaals radius

gases. His equation includes two correction factors based on kinetic theory - one to

allow for the existence of intermolecnlar forces and the other to allow for the fact

that gas molecules have a definite volume.

van der Waals radius: the effective radius of an atom when held in contact with

another atom by weak intermolecnlar forces.

Atoms do not have a definite size. The apparent size of an atom depends on the way
it is bonded to a neighboring atom, so the ionic radius and the covcdent radius of an
atom are not the same, (ienerally, the stronger the bonding, the smaller the effective

radius. Intermolecnlar forces are much weaker than covalent bonds, so van der Waals
radii are relatively large.

van der W aals radii determine the effective size of a molecule as it bumps into other
molecules in a liquid or gas, and when it packs together with other molecules in a
solid.

Covalent and van der Waals

radii for bromine

Covalent radius = 0. 1 1 4 nm

vanadium (V) is a d-block metal with the electron configuration [Ar] 3^/45*. The metal
is used to make alloy steels that are strong and tough, making them suitable for
machine tools and parts of engines. \^anadium is a tvpical transition metal: it forms
colored compounds in several oxidation states, it forms complex ions and has com-
pounds that can be used as catalysts such as vanadium (v) oxide in sulfuric acid
man ufacture.

In solution, vanadium forms ions in the +2, +3, +4 and +5 oxidation states. The +5
state is available as the yellow solid ammonium vanadate(v).

Oxidation states of vanadium showing the

colors of the ions

+5 - (aq) yellow

+4 - (aq) blue

+3 -
(aq) green

+2 -

+ 1

-

(aq) violet

0 -

3S0



'
Iodide ions, for example, reduce vanadium(v) ,o vanadium(u ).

\'0./(aq) + 2H-(aq) + e"

21

i-:7y

+0.54

\W7aq) + R,0(1) +1.00

Holf-equations and electrode potentials for the reduction of vanadium(v) to vanad,um(iv)

Zinc in acid uill reduce vauadium(x
) all ihe way to vauadium(ii). The V-'-(an) iou isa strong reducing agent.

v ; c v oap ion is

Th^Mir^”"''®-
'

1

* "i'll its own liquid.
1 he lull term is either: '

. equilibrium vapor pressure - a reminder that in a closed couiaiuer a
liquid and vapor reach a state of dynamic equilihriiim; or

. saturated vapor pressure - a remiiHlci that the atmo,sphere ahoxe
t le liquid holds as iiuich vapor as it can at eqttilihriiini at a particular
temperature.

The vapor pre,ssure of a liquid rises as the temperature rises. A liqtiitl starts hoiUneWhen iLs vapor pressure equals the external pressure.

A solution of an involatile substance in a liquid has a lower vapor pressure than the
pure solvent. This follows from Hanult's low. Because of this elfect the solution has to
he hotter helore it starts to hoil at a given pressure. Dis.solviug an involaiile salt in
water raises its boiling point slightly.

The lowering of vapor pressure depends on the mole fraction of di.ssolved particles.
It does not depend on ihe chemical nature of the particles. (So the loweriiigol vapor
pressure is an example of a colligative property.)

vapors are gases formed by evaporation of substances that are usually licjuids or
solids at loom temperature. So chemists talk about oxygen gas but water vapor.

Vapors are easily condensed by cooling or increasing the pressure because of rela-
ti\(l\ stiong mtermolecularforces. Vapors therefore tend to de\'iate markedly from ideal
gas behav ior.

Physicists sometimes broaden the definition of a vapor to include gases such as
butane, amnumia and carbon dioxide, which can be li(]ueficd at room temperature
by increasing the pressure. (These are gases below their critical temperature.)

vat dyes: (7yc5such as indigo that are insoluble in water hut can be converted to a
soluble form to dye cloth. (Chemical reduction converts indigo to an almost colorless,

water-soluble dye that soaks into cloth such as denim for jeans. Oxidation converts
indigo hack to the insoluble blue form, which precipitates in the fibers.
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vegetable oils

vegetable oils are liquids extracted from plants that are esters of fatty acids with

propan-1, 2, 3-triol. They are triglycerides that belong to the broad class of lipids. The
fatty acids in vegetable oils contain a higher proportion of unsaturated fatty acids than
animal fats. Examples of vegetable oils are olive oil, sunflower oil and palm oil.

Triglycerides with unsaturated fatty acids have a less regular structure than saturated
fats. The molecules do not pack together so easily to make solids, so they have lower
melting points and have to be cooler before they solidify.

Hydrogenation is used industrially to add hydrogen to double bonds in oils. This pro-

duces saturated fats that are solid at room temperature. The process is sometimes
called “hardening,” and the catalyst used is finely divided nickel. Nondairv' spreads
are a blend of vegetable oils with a high enough proportion of partly hardened fats

to make the product a spreadable solid.

vibration of bonds: the springlike \ibration of covalent bonds as they bend and
stretch. A vibrating polar covalent bond is an oscillating dipole that can interact with
infrared radiation. Like other energy changes involving atoms and electrons, energv’

is gained or lost in fixed amounts (quanta). According to quantum theory, E = hv. It

turns out that the sizes of the energy jumps for vibrating bonds correspond to fre-

quencies in the infrared region of the spectrum. Each type of bond has a particular
value for the energy jumps so it absorbs at a characteristic frequency. This is the basis

of infrared spectroscopy.

viscous liquids are thick and sticky liquids such as syrups and treacle. Some liquids
are viscous because they consist of a tangled mass of long-chain molecules.
Lubricants from crude oil consist of hydrocarbons Wwh chains of over 25 carbon atoms
in the molecules.

Other liquids are viscous because of extensive hydrogen bonding. Propan-1,2,3-triol

(glycerol) is a sticky liquid for this reason. It flows much more slowly than propan-l-ol.
Hydrogen bonding also contributes to the high viscosity' of concentrated solutions of
sugars in water.

On an atomic scale toffee and glass have disordered structures like liquids. They are,

however, so viscous and flow so slowly that they are effectively solids.

visible radiation is electromagnetic radiation with wavelengths between 400 nm and
700 nm. This band of radiation is visible because it can bring about reversible chemi-
cal changes in cells of the retina. These chemical changes lead to electrical impulses in

the nene cells of the eye, interpreted in the brain as colors. (See figure.)

vitamins are a group of chemically unrelated organic compounds that are needed
m very small amounts in the diet for healthy growth and body functions. The B
vitamins and vitamin C are soluble in water. The other vitamins are fat soluble.

The B vitamins are essential for the activity' of some enzymes. Lack of vitamin B^^ leads
to a form of anemia. One of the triumphs of twentieth-centur)’ organic chemistn’ has
been the analysis and total synthesis of vitamin Bj,,. Vitamin C is ascorbic acid.

volatilG substancGS aie solids or liquids that evaporate easily. A v’olatile substance
easily turns into a vapor. Iodine is an example of a volatile solid. Most familiar volatile
compounds are molecular liquids at room temperature. Examples are water, hexane,
ethanol and propanone.
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volumetric analysis

H,C CH, CH,

Visible radiation: the chemical starting point for vision. A photon of light is absorbed bv
electrons in a double bond of retinal. Elating the electron allows roLn about the Ld
converting the as isomer to the trans -some. The resulting chemical changes set off anQiBCtncol signol in o hqtvq cell of the retlno.

The eqiiilibriLin, va/ror pressure of a substance is a measure of its eolatilitv at a
particular temperature.

Makers of perfumes take advantage of differences in volatility.

voltmeters measure the potential difference between two points in a circt.it in
volts. C.hennsts use voltmeters to measure the on/s of electrochemical cells.

The value needed when determining standard electrode potentials is the emf when no
ct.rrent is flowing between the electrodes. These vahies are nieastired with an accurate
voltmeter with a ver\' high internal resistance.

volume is the amount of space taken up by a sample. The SI »«t7 of volume is the
cubic meter (m*). (las volumes are converted to in’ before substituting values into
the ideal gas ei\\vd{\(j\\.

C.hemists generally measure volumes in cubic decimeters (dm^ formerly in liters) or
cubic centimeters (cm^).

.Measuring volumes of gases and solutions is an essential part of ejuantitative
chemistiy. (See gas volume calcidations, molar volume dnd volumetric analysis.)

volumetric analysis is a ver)’ important aspect of (juanlitative analysis because
volumetric methods can be ver)' accurate. An analyst can measure the volume of the
liquid from a burette to the nearest 0.01 cml If the total volume is 25 ciif\ this
represents an uncertainty of only

1 part in 2500. Most of the methods recommended
for measuring amounts of drugs and medicines are based on volumetric techniques
(see titration).
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wastes aic unwanted solids, liejnids and teases discarded from homes, commerce,
industry, agriculture and the })nblic services. Chemists have a role to play in the

management ol waste by:

• reduction — the chemical industry has an extensive program of research

and development to introduce new [)rocesses to give higher yields and
create less waste so that the disposal problem is cut

• reuse - this depends on solvents and detergents that help to clean products
or containers so that they can be used again

• recycling — a \'ariety of physical and chemical processes recover metals,

polymers and other materials so that they can he added to the raw mat-
erials used to make new products; in some industries, such as the steel

industry, recycling is well established

• recovery — this includes the recoxery of the energy' resources tied np in

matei ials; incineration not only disposes of the waste but provides energy
to generate electricity’. Hoyvever, incineration can be hazardous if not car-

ried out at a high enough temperature to ensure that harmful chemicals
do not escape into the air.

It is also important to understand the chemistry’ of the changes that happen yvhen
yvaste is dumped in landfill sites. Anaerobic processes lead to the formation of
biogas, yvhich is hazaidons unless collected and burnt as a fuel. Water percolating
through rotting landfill can dissolve harmful chemicals such as the ions of toxic
metals, yyhich can be lecoxeied from the liejnids by ion e.xchange if yvaste disposal is

managed correctly.

water (H^O) is a familiar liquid yvith remarkable properties. Despite the small size

of its molecules, yvatei is a liquid at room temperature because of bonding.
I he O H bonds in yvater molecules are highly polar because oxygen is so electro-

negative. Watei molecules too are polar because they’ are not linear, oxving to the tyvo

lone pairs of electrons that help to determine the shape of the molecule.

As a pold) solx>e)it, yvatei can hydiate ions and dissolve salts. Watc^r can also dissolve
some organic comj)onnds because it can form hydrogen bonds with hydroxvl groups
in alcohols, sugars or carboxylic acids and with — NH, groups in amines.

Water j^lays an important part in many reactions:

• hydration reactions - water forms aqno complex /o/rv with metal ions
• acid-base reactions - water acts as both an acid and as a base because it is

an amphoteric compound

• ledox I eactions — leactive mc'tals such as ^roup 1 elements reduce the
hydrogen in water to hyclroQ'C'ii tias

• hydrolysis reactions - this includes the hvdrolvsis of non metal ch\ov\d^s and
of organic compounds such as esters {acid catalysis or base catalysis).

water cycle: the cycling of water in the environment betyveen the oceans, the
atmosphere and the crust of the Karth.



- water treatment

The water cycle, showing the amounts of water in each of the three
flows between them

main reservoirs and the

The speciHc laiem heal of vaporization of water is rclativelv large so huge anioinits
of etiergv are transferred by the water cvcie. Ene, gt Iron, the Son evaporates water
111 the tropics. Winds earn- the warm moist air to higher latitudes where tlie energv
IS released as the water condenses and falls as rain.

water of crystallization: water molectiles that make np part of the crystal struc-
ture of a compound. There are five molecules of water of crvslallization for each
C.irSO^ unit in blue copper(ii) sulfate crystals, CuS0^.5H,(). The full systematic name
lor copper sulfate is letraaqitocopper(ii) tetraoxostilla‘te(\ l)-l-watcr, which shows
that loitr of the water inolecitles hydrate ilie copper ions; the fiftl, water molecule
forms hydrogen bonds with sulfate ions.

Heating hydiated crystals drives off the water as steam, lea\’ing the anhydrous salt.
Stronger heating may then lead to other changes (see nitrates, for e.\ample). Other
.salts with water of cnstallization include:

• hydrated .sodium carbonate (.sal .soda crystals) - Na„C().^.l()If,()
• hydrated magncsitim sulfate (Ep.som salts) - MgS(),.7I f,().

water treatment provides water for drinking, water for indnslrv and water for
medical uses.

S()me of the chemical processes used to [u enide water for homes include;

• coagulation - the addition of alnminnm(iii) or iron(iii) .salts to add posi-
ti\e ions that helj) to coagulate negatixely charged colloid particles .so that
finely divided solids clump together and settle out

• adsorption - removing organic chemicals on the surface of activated

charcoal

• disinfection — use of chemicals such as chlorine io kill microorganisms that

might otherwise cause disease; increasingly ozone or ultraviolet radiation are

being used in j)lace of chlorine because the\’ are le.ss hazardous and do not

react with organic impurities to produce chloi inated hydrocarbons, which
mav be harmful
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wavelength

• water softening - removing calcium and magnesium ions from hard wain
by precipitating them as insoluble carbonates.

loa cxchayigf can lemove all the ions from water to give very pure water needed
industrially and commercially.

wavelength: the distance between the peaks (or troughs) of a wave. Wavelengths
of electromagnetic radiation vary from about 1000 rn for radio waves down to about
10“^ nm for gamma rays.

A waveform showing the wavelength Wavelength

Light in the visible region of the spectrtnn has wavelengths from about 400 nm at the
blue end to 700 nm at the red end.

All electromagnetic radiation travels at the same speed, c, in a vacuum. The frequency,
V, wavelength, X, and speed are related by c = vA,.

waxes are materials that can be molded when warm but are hard and brittle when
cold. They aie insoluble in water and water repellent. Waxes are ingredients of pol-
ishes and aie used to waterproof cloth and leather. Natural waxes such as beeswax
from honeycombs and lanolin from wool are esters of fatty acids with alcohols with
only one hydroxyl group. This distinguishes them from fatsmul vegetable oils. The for-
mula of beeswax is Carnauba wax, an ingredient of polishes,
varnishes and lipstick, comes from the leaves of a palm tree that grows in Brazil.

Hydrocarbon wax, such as the kerosene wax used for candles, is one of the products
from the vacuum distillation of the residue from the fractional distillation of crude oil.

The chemical industry makes synthetic waxes by polvmerizing epoxyethane.

weak acids are only slightly ionized when they dissolve in water. In a 0.1 mol dm’^
solution of ethanoic acid, for example, only about one in a hundred molecules reacts
with water to form oxonium ions. The more dilute the solution, the greater the degree
of ionization. The acid dissociation constant, K^, measures the strength of an acid.

Note the important distinction between strength and concentration. Strength is the
extent of ionization. Concentration is the amount of acid present in mol dnrl Note
that It takes as much sodium hydroxide to neutralize 25 cm^ of 0.1 mol dnr^ of a
weak acid (such as ethanoic acid) as it does to neutralize 25 cm^ of 0.1 mol diir^^ of a
strong acid such a hydrochloric acid.

Measuring the pH of a solution of acid is not enough to show whether or not the acid
IS strong or weak. A solution of an acid with pH 4 might be a ven' dilute solution of
a strong acid or a concentrated solution of a weak acid.
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uith weak adds, it is important to distinguish between strength attd concentration.

weathering is a process that breaks down rocks physically and chetnically Physicalweathenng cracks rocks into smaller fragtnettts. increasing the sttr^" area e^oseJto chemical attack^Durmg chemical weathering rocks react with water, oxygen andarbon dioxide. The types of reaction imoKed are hydrolysis and lldalion

Oxygen and

carbon dioxide

Water

Organic acids

in soil

Igneous rocks

elements include:

Fe, Mg, Ca, K, Na,
AI, Si and O

Soluble hydrogencarbonates and
silicates of sodium, magnesium, calcium; these

may be washed away by rainwater to rivers

and the sea

Sand (silica)

Si02

Iron (III) oxide

Fe203

Aluminum oxide

AI2O3

Clays that are

compounds of silicon

and oxygen with

aluminum as well as

other metals such

as potassium,

magnesium and iron

Products of weathering igneous rocks

weight, measured in newtons (N), is the pull of the Earth’s gravity on an object. A
laboratory' balance responds to weight but is calibrated to give readings in grams or
kilograms that measure the mass of the sample. On the surface of the Earth the pull
of the Earth is proportional to mass.

weight = mass x g where the constant g = 9.8 N kg"'

So chemists use “weighing” to determine the mass of a .sample. This accounts for the
continuing use of concentration units such as weight/volume percent (w/v), which
should strictly be the mass/volume percent.

wetting happens when water spreads out and covers the surface of a solid. Water
wets clean glassware but breaks up into separate droplets on greasy glassware. This

makes it easy to see if pipettes and burettes are clean.
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word equation

Wetting is an important step in getting materials clean but water does not wet fabrics

that are contamitiated with greasy dirt. One of the functions surfactants \n dctfr^ents

is to lower the surface tension of water so that it will wet dirty surfaces.

Surfactants are added to pesticides so that when sprayed onto plants the solution
spreads over the leaves and is absorbed. W'ith no surfactant the solution would break
up into tiny droplets on the surface of the leaves.

word equation: an equation that describes a chemical change in words instead of
symbols. Waiting word equations identifies the reactants and products, so it is a
useful first step toward balanced ecfuationsw'Mh svmbols. For example:

sodium + water > sodium hydroxide + hydrogen

Word equations are useful as ways of summarizing general patterns of behavior. For
example:

acidic oxide + water > oxoacid

carboxylic acid + alcohol > ester + water

wurtzite structure: the structure of one of the crystalline forms of zinc sulfide
(ZnS, which can also crystallize with the zinc blende structure)

.

In the wairtzite structure
the sulfide ions are in a hexagonal close-packed array with zinc ions in half the
tetrahedral holes.

Tetrahedral holes are spaces in a close-packed

structure enclosed by four atoms. Octahedral

holes are spaces enclosed by six atoms (the

centers of these atoms are at the corners of
a regular octahedron).

Each zinc ion is surrounded tetrahedrally by four sulfide ions. Similarlv, each sulfide
ion has four zinc ions as nearest neighbors. So the coordination number for both
elements is 4.

Other compounds with this structure are ZnO, AIX, BeO and SiC.
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y cryst^lography is a technique used to determine crystal structures bv interpreting the diffraction patterns formed when X-m^s are scattered bv the electrons ofoms in crsstalhne solids. Interference bettveen the scattered X-ravs prodtices patternsrecoided on photographic film. Crssurllographers have developed techniques formtei preting the patterns so that they can determine:
^

. the arrangements of atoms, molecules or ions in cnstals
• the sizes of atoms and ions

• the shapes of molecules.

f
it is possible to draw tip electron de,uil^ mahsfrom the diffraction patterns showing the positions of atoms. Small atoms such as

dmenninV''
' “P Position can be hard to

The use of X-ray cnstallography to determine the structures of crvstals was pio-
neered by I.awrence Bragg (1890-1971), who deteloped the theory, and his father
William Bragg (1862-1942), who designed the instruments.

Among the great successes of X-ray ciystallography were the determination of the
structures of:

• the protein a-helix by Linus Pauling in 1951
• myoglobin and hemoglobin byJohn Kendrew and Max Perutz in the 1950s
• DNA by Rosalind Franklin, Maurice Wilkins, Francis Crick and lames

Watson in 1953

• vitamin by Dorothy Hodgkin in 1956.

X-rays are electromagnetic radiation with very short wavelengths in the region
1 X 10 in (1 nm). X-rays have wavelengths of the same order of magnitude as the
lengths of atomic bonds. As a result it is possible to use X-ray diffraction to investi-
gate crystal St) uctures 'dm\ the shapes of including long-chain molecules such
d% proteins dnd nucleic acids.

xenon (Xe) is a noble gas that makes up less than 0.1% of the atmosphere. Xenon
is sepaiated fiom liquid air hy fractional distillation. For a long time chemists thought
that the noble gas elements gioup (Vwere completely unreactive so they called them
the “inert gases.” This changed in 1962 when the British-born Canadian chemist Neil
Bartlett was working on the properties of platinum fluorides. Based on the accidental
discovery’ that platinum (\’i) hexafluoride could combine with oxygen molecules, he
used \alues for ionization enei'gies to predict the formation of a compound between
platinum (\'i) hexafluoride and xenon and produced the yellow solid Xe4dF^“. Since
then chemists have produced a range of xenon compounds but only with the most
reactive elements oxygen and fluorine. Examples are XelC, XeF, and XeF..
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yield calculations are used to assess the efficiency of a chemical synthesis. A
perfectly efficient reaction would convert all of the starting material to the desired
product. This would give a 100% yield.

Few reactions are completely efficient and most reactions, especially organic reactions,
give lower yields. There are several reasons why the overall yield may be low:

• the reaction may be incomplete (perhaps because it is slow or because
it reaches an equilibrium state) so that a proportion of the starting

chemicals fails to react

• there may be side reactions producing by-products instead of the required
chemical

• recovery of all the product from the reaction mixture is usually impossible
• some of the product is usually lost during transfer of the chemicals from

one container to another when the product is separated and purified.

The theoretical yield is the mass of product assuming that the reaction goes according
to the chemical equation and the synthesis is 100% efficient.

The actual )ield is the mass of product obtained.

The percentage yield is given by this relationship:

.
, ,

actual yield
percentage yield = theoretical yield

'0°^°

Worked example:

What is the theoretical yield of aspirin when 15.5 g 2-hydroxybenzoic acid reacts
with excess ethanoic anhydride? What is the percentage yield if the actual yield of
aspirin is 7.25 g?

Notes on the method
Start by writing the equation for the reaction.This need not be the full balanced
equation so long as the equation includes the limiting reactant and the product.

Since the ethanoic anhydride is in excess the limiting reactant is the 2-hydroxy-
benzoic acid. This means that the ethanoic anhydride can be ignored during the
calculation.

Answer

The equation:

O

C-CH3

The molar mass of 2-hydroxybenzoic acid, C.Hg03 = I 38 g mob'
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yield calculations

The amount of 2-hydroxybenzoic acid at the start of the synthesis
15.5 g

" = 0.1 12 mol

I mol of the acid produces I mol of aspirin.

The molar mass of aspirin, =
1 80 g moh'

The theoretical yield of aspirin = 0. 1 1 2 mol x 1 80 g moh' = 20.2 g

Percentage yield = x 1 00% = 35.9%

361



z

zeolites arc sodium aliimimim silicates \n which the three-dimensional structures of
the silicon and oxygen atoms form tunnels and cavities into which ions and small
molecules and ions can fit.

A/Iode/ of a zeolite crystal structure

Synthetic zeolites can make excellent catalysts because they can be developed with
acti\e sites to fa\oi the required reactions by acting on molecules with particular
shapes and sizes.

Natural and synthetic zeolites are ion exchangers. Permutit is a svnthetic zeolite used
to soften water by swapping the calcium ions in hard rec//erwith sodium ions. For this
reason many Avashing powders contain up to 25% of zeolites.

Zeolites can be very good di ving agents; they can absorb water molecules selectively
because the water molecules fit into the holes in their crystal structure.

Similarly, zeolites can acts as “molecular sieves,” sorting out molecules bv size. Some
zeolites will absorb nitrogen from the air while letting oxvgen pass through. This
is one of the methods used to separate oxygen from the air on a large scale. Once
the zeolite is saturated with nitrogen it can easily be regenerated bv lowering the
pressure and releasing the waste nitrogen back into the air.

zero-order reaction: a reaction is zero order with respect to a reactant if the
rate of reaction is unaffected by changes in the concentration of that reactant. The
concentiation term for this reactant is raised to the power zero in the rate equation.

Rate = k[\f = k (a constant) since [X]° = I

(.\ny term raised to the power zero equals 1.)
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zinc

Variation of concentration of a reactant

plotted against time for a zero-order

reaction. The gradient of this graph

measures the rate of reaction. The
gradient is a constant so the rate stays

the same even though the concentration

of the reactant is falling.

Variation of reaction rate with concentration

for a zero-order reaction

c
O
tj
rT3

"o
CU

rC

CC

Concentration of

reactant

I he rate of reaction of iodine with propanone in the presence of acid is zero order
with respect to iodine.

Rate = /^[propanone]' [hydrogen ion]'[iodine]°

Ziegler-Natta catalysts speed up the polymerization of alkenes such as ethene
and propene, making it possible to produce addition polymers at relatively low tem-
peratuies and piessures. Ziegler-Natta catalysts are made from titanium (i\') chloride
and aluminum alkyls (such as triethyi aluminum) in a hydrocarbon solvent.

Theie is little chain branching in the j)olymers, so the poly(ethene) chains formed
by this method can j)ack closely together, forming the high-density form of
poly(ethene). Poly(propene) made with a Ziegler-Natta catalyst has a regular
arrangement of the methyl side chains. The molecular structure is isotactic. The long
chains can pack together more closely because of this regularitv, allowing stronger
inter molecularforces between the chains and a strong polvmer ^vith the ability to form
useful fibers.

zinc (Zn) is a metallic element; the last in the d-block serxes of the fourth row of the
pel iodic table. Zinc is not normally regarded as a transition wc/r/Z because both its

atoms, [Ar]3r/''T5'^ and its Zir’Nons, fAr]3r/“’, have full r/-subshells.

Zinc and its compounds show few of the t\'pical properties of transition metals. The
metal has lower melting and boiling jjoints than transition elements. It forms only one
series of compounds in the +2 o.xidation state and these compounds are colorless.

Examples are zinc oxide (Znf)), zinc chloride (Zn(>f,) and zinc sulfate (ZnSO,).
- 4

'
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zinc blende structure

Zinc oxide and hydroxide are amphoteric, which means that they will dissolve in both
acids and alkalis. Adding sodium hydroxide to a solution of zinc ions produces a

white precipitate of the hydroxide that will redissolve either on adding acid or on
adding excess alkali.

Zn(OH)
2
(s) + 2H-(aq) > Zn2^(aq) + 2Hp(l)

Zn(OH)<^(s) +20H-(aq) > [Zn(OH) J^Aaq)

Zinc resembles transition elements by forming complex mm such as [Zn(NHj
5
)^]^^(aq).

Adding ammonia solution to a solution of zinc ions produces a white precipitate of
the hydroxide that redissolves in excess ammonia solution as the ammine complex
forms.

Zn(OH),(s)

+

4NH
3
(aq) > [Zn(NH

3 )J‘'^^(aq)
+ 20H-(aq)

zinc blende structure: the structure of one of the crystalline forms of zinc sulfide

(ZnS), which can also crystallize with the wurtzite structure. In the zinc blende struc-

ture each zinc ion is surrounded tetrahedrally by four sulfide ions. Similarly each
sulfide ion has four zinc ions as nearest neighbors. So the coorclination nurnberior both
elements is 4.

• S

O Zn

A representation of the zinc blende structure

showing the cubic unit cell with sulfide ions in a

face-centered cubic arrangement

Other compounds with this structure are BeS, MnS, SiC.

zinc extraction produces the metal from one of its sulfide ores. The most abund-
ant ore is sphalerite (zinc blende), consisting of zinc sulfide (ZnS). Froth flotation is

commonly used to concentrate the ore, which is then roasted by heating in air to
convert the sulfide to zinc oxide.

2ZnS(s) + 302 (g) > 2ZnO(s) +2S02(g)

A neighboring plant converts the sulfur dioxide into sulfuric acid for making
fertilizers.

.Most zinc (around 80%) is obtained from the oxide by electrolysis of zinc sulfate
solution made by dissolving the zinc oxide in sulfuric acid. The electrolysis cells have
lead r/«w/cvand aluminum cathodes. Zinc forms at the cathodes.

Zn“^(aq) + 2e" > Zn(s)

At regular intervals the zinc is stripped from the anodes, melted and cast into ingots
with metal at least 99.96% pure.
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zymase

Oxygen bubbles off from the anodes
reused to dissolve more zinc oxide.

where sulfuric acid reforms. Recycled acid is

The main use for zinc is for protective coatings such
It is also used to make alloys.

as the layer on galvanized steel.

zone refining is a method of pt.rihing cnstals o( semiconductorsmA as silicon. Theprocess makes \er>’ high puritv' silicon suitable for the electronics industiT.

Zone refining to purify o crystal

of silicon. The impurities are

more soluble in the molten

silicon. The moving heater

carries the impurities to one

end as the molten zone moves
along the rod.

zwittenons are ions with both a positive and a negative charge. Amino acids (orm
zwitterions when the amino groups accept protons and the acid groups give awav
protons.

from a

carboxylic acid

group R

H,N— C— CO^H

H

ammo acid

I r given to

an ammo
group

R

H3N — C— CO,

H

zwittenon

An ammo acid forming a zwitterion

In crystals and in aqueous solution, amino acids exist largely as zwitterions.

zymase is a group of enzymes in yeast that catalyze the fermentation of glucose sugar
to carbon dioxide and the alcohol, ethanol.
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