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Get the most from this book 

IPrior knowledge 
This is a short list of topics that 

you should be familiar with before 
starting a chapt,et! The questio·ns 
wiU help to test your understanding. 

Tips 
These highlight itnportant facts~ 
comm,on misconceptions and 
signpost you towards other relevant 
topics. 

Exam Les 
Examples o-f questions or 
calculations are included to illustrate 
topics and fearure fuU workings and 
sample ans~Ters. 

Test yourself questions 
These sho,rt questions> found 
throughout each chapt,~ are useful 
for checking your understanding as 
you progress through a. topic. 

Welcome to the AQA A-level Chemist ry 1 Student's Book This book 
co¥ers Year 1 of the AQA A-level ,Chemis try specification and aU contenit for 
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sand formu ae 
These are highlighted in the tai: and 
definitions are given in the margin 
to help you pick out and learn these 
important concepts. 
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.-- Activities 
These practical-based activides \¥ill help consolidate yo,ur learning and test 
your practical ski]ls. 

In this edition the authors describe n1any important experimental procedures 
.as '.1\ctivities~] to conform to recent changes in the A-level cuniculum. Teachers 
should be aware that, although there is enough mfo,rmarion to inform sn1dents 
of techniques and many observations for e,ram-question pmposesJ there is not 
.enough information for teachers to replicate the experiments themselves or 
""ith students Vlithout recourse to CLEAPSS H~ds or Labo,ratory w,orl.Gheei.S 
which have undergo·ne a thorough risk assessment procedure. 
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Practice questions 
Yo,u will find practice quesrlo,ns, including multip le--choice questions, 
at the end of every chapter. These follow the style of the different types 
of ques tio1.i.s wi.th short and ]onger anSVi1ers r·hat you might see in your 
examination, and they are colour coded to highlight the level of difficulcy: 

• Green - Basic questions that everyone should be able to anSW"er vlithout 
dilficu lty. 
Orange- Questions 'that are a regular feature of eJCams and ·that all 
competent candidates sh,ould be .able t,o handle. 

• Purple - More demanding questions which the best candidates should be 
ab]e to do. 

A d.edicated chapter Ior deVreloping your Maths can be found at the back of 
this book. 
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Atomic structure 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
E PRIOR KNOWLEDGE ~ 
• I i Protons have a positive c,h,arge [relative cha rg e• +1L electrons nave a i 
: nega tive charge (relative chargie;;::: -l ] and neutrons have no cha rge at au : 
i [relative ch,a rg e = 0 ). ~ 
i The mass of an at,om is centred in the nucleus as tile ma,ss of elec trons i 

~~~~~--..--· ·~~~~ 

: are very much less than the mass of protons and neutrons. i 
i The relative mass of a proton 1is 1; the r elative mass of a neutron i'S 1 but ! 
E the rela tijve mass of an electron ~s 1 ~ 0. ~ 
• • 
: Electrons are arranged in shells at incr·easing, distances from: the : . . - . 
: nucleus. There are a m,a,x imum number of electrons w hich each s:hell : 
• • : can t,otd . The s'nells closest to the nucleus fill first. : 
: : • • : • Th,e number of pr otons in the nucleus of an atom of a part icular : 
• • 
: element is the same as th e atomic number for that element. : 
• • ! • 1n an ato,m. the number of protons is equal to tne number of t . : 
: electrons. Thi s makes aitoms electrica,lly neutral thave no charg,e]. ! . - . 
: • Th e number of neutrons ,is equal to the mass number - atam,i,c : 
• • 
: number. : 
~ • Th e m ass number and atomi,c nu m ber a re often written before th e i 
i symbol for the element as for exa,m,ple, ~~Na. where 11 is the atomic ~ 
: number for sodium and 23 is the mass nu m ber for this ato,m of : 
• • 
: sodi,um. : 
• • • : e, Atoms of th e sa m e elem,ent with the same number of pr otons and a : 
i di,fferent number of neutrons are ca l'led i,sotopes. For examp'le boron ! 
i has two isotop es: 1~8 a,nd 1 ~B . An E1tom of 1~B co ntains 5 protons, i 
i 5 elect rons and 5 neutrons; an .atom of 1~B co ntai ns 5 proton.s, 5 j 
• • 
: electrons a rid 6 rie u tron s. : 
i • Th e electron·ic struc ture of an atom is determined f ro,m the number i 
• i 

: of electrons. The first sheH ca,n ho ld a max imum of 2 electrons. ! 
! th e second shell can hold B electrons and th e chi rd shell can hotd a J 
• • : maxi mum of 8 electrons. : • • 
f • Fo r examp le an a-to m of so di·um [atorn i'C number 111, mass nu m ber 23) ~ 
: has 111 protons in t1he nucleus; 11 electrons arranged rn shells and 12 : 
i [= 2 3 - 11 ~ r,e u tro ns in the nu C'leu s. TMe 11 elect rons a re arr an g,ed 2 i 
• • : in the frrst shell; 8 in the second shell and 1 in the t hi1rd shell - th f s : 
E f s oft,en written as 2, 8, 1 for the electron~c structure or electron j 
• • ! conf igu rat,ion. i 
=················••t•••···················••t••····································· ......................... ... 



~ --·························································································: 
! TEST YOURSELF ON PRIOR KNOWLEDGE 1 i • • f 1 What is meant by the term atomic numb er ? i 
~ 2 State th e relative mass arid relati ve ch arge of: a], a proton; b) an ~ 
i electron and c] a neu tron? ! 
! 3 ?~et and ~~Cl are isotopes of ch lorine. ! 
• • i aJ What ,is meant by the term isoto pes? ! 
i b) Calcllilate the num ber of protons, elect rons and neut rons iri an i 
• f 37Cl : ; atom o 17 . • 

i 4 Wr,ite electron configurations for the foll·owing atom1s: I 
~ aJ P bi Li c) O dJ 1K el Ar f) He gJ Al ~ 
i 5 identify the elem ent w hich has atom s with 15 electrons and 16 i 
• • 
: n e u t ro n s. : 
• • ····~···········~···································~···········~····················"11111111 .................... ~ 

The development of theories about ato:ms and their structure has spanned 
centuries. The model of the atom that will be familiar from previous study is 
of a hea.\t·y nucleus containing protons (and neutrons) sunounded by electr-ons 

orbiting in shells. Many scientists contributed t,o the development of theo·ries 
of atomic souctu re. 

O~~~~~~~~ The basics of atomic structure 
An atom is the smallest particle of an element which has the characteristic 
proper ties of the element. The symbol for an element can represent an atom 
of that element. For ,example, Mg represents an atom of magnesium, C 
represents an atom of carbon. 

Relative mass of subatomic particles 
Atoms are composed of subatomic particles called electrons, protons 
and neutrons. The table below sho\VS the relative mass, relative charge 
and location of the subatomic particles. The acn1al mass of a proton is 
1.67262178 X 10- 27 kg. For ease of calculation the masses of the subatonllic 
·particles are measured relative to the mass of a proton, which is given a value 
of 1. The tnass of a neuwon is the same and the mass of an ,elec«on is 1640 
rimes less. The same idea of a relative scale is used v..i.th charge. The charge on 
a pro ton is given a value of + 1 and the charge on an electron has the same 
magniwde but it is oppositely charged. 

Particle Relative mass Re ta ti~,e. charge Location in the atom 
--

Pro ton 1 +1 nuc leus 

Neutron 1 0 nuc leus 

Electron 1 -1 energy levels 1840 

As the relative mass of an ,electron is su bstan.tially smaller than the mass of 
a proton and a neutron, most of the mass of an atom is concentrated in the 
nucleus. The nucleus occupies only a small fraction of the total volume of the 
atom. 

'The incredibly high density vvithin the nucleus suggests that the particles 
within it are drawn very close together by extremely powerful forces. These 



The num1ber of protons defines 
the element. Any pc1irtjcles w,ith 
17 protons are part~cles of the 
element chlori ne - they ,may be 
1ions or ata,m,s. 

Figure 1 .. 1 ThQ exp losive power 
of a hydrogen bomb results from 
an uncontrolled, cha in reaction in 
which isotopes of hydrogen- namely 
deuterium .and tritium combine under 
extre mely high temp@reitures. What 
element do you think is produced? 

• 1p 

1H 
1 

Protium 

2H 
1 

Deuterium 
Figure L2 The three isotopes of hydrogen, 
showi ng their subatomic partf cles. 

forces are obviously so powerful that they can overcome the repulsion which 
the p1·otons have· for each other as they are positively ·charged. Neutrons have 
no charge and are not involved in the repulsion in the nucleus. 

Atomic number and mass number 
• The atomic number is equal to the number of proitons in. the nucleus of 

an atom. 
• The mass number is the total number of protons and nelltrons in the 

nucleus of an atom. 
• Acoms ,of the same element can have different masses. For exan1ple an 

atom of hydrogen can have a mass number o.f 1, 2 or 3. 
• Ato1n.s of the same element, ,vhich have different mass numbers~ are 

called isotopes. 
• All the isotopes of an element have the same atomic number as they have 

the same number of protons in the nucle11.1s. 

Isotopes 
Isotopes shou]d be written as shown below. 

Mass number ----:> A E 
Atomic number ~ Z 

where Eis the s;mbol for the element. A is often used co represent the mass 
number and Z is used to repre-Sent the atomic number. The ar.omic number 
can also be called the proton number. 

There are three isotopes of hydrogen which can be written as: 

fH Mass Number l,. Atomic Number 1, called protium 

ftt Mass Number2,. Atomic Number lJ called deuterium 

iH Mass Nun1ber 3,. Atomic Number 1, called tri.tium 

·From the mass number and atomic number, it is possible to determine the 
quantities of the various subatomic particles in an atom of each isotope, using 
the fom1u lae: 

So 

Mass Number = Number of protons + Number of neutrons 

Atomic Number== Number of protons 

Number of neutrons== Mass Number - Atomic Number 

Number of electrons = Number ot protons [in a neutral atom] 

• •• 1p + 2n 

3H 
1 

Tritium 

Protium 1 H 

Deuterium ~H 

Tritium ~H 

Number of 
protons 

1 

1 

1 

Number of · N um b_er o.f 
electrons neutrons 

1 0 

1 1 

1 2 



Figure 1~3 A naLysi; of carbon isotope 
rati os [13C0 2~ 12C0 2] in the bre,ath of 
pae diatr~c patients on venti Lato rs ea n 
lea d to ea rly detection of sepsis. Sepsis 
is a who le-body inflammation ca used 
by severe infecti on, w hk h ca n Lec1d to 
death . 

Often tne atomic nu mber ts 
not inc luded when i denti1fying 
isotopes b1ut the mass number 
should always be written. 
Chtorrne-35 m ay be written 
as ?~et or 35Cl. 

Not aU isotopes of elements have individual names, for example i with the- avo 
is,otopes ,of chlodne: 

f~C1 (often caUed chlorine-35): Mass Number 35t Atomic Number 17 

{~Cl (often called chlorine-37): Mass Number 37~ Atomic Nu1nber 17 

The table below shov;s the numbers ,o,f subatomic particles for the two 
is,otopes of chlorine. 

Chlorine-35 17 17 18 

Ch Lo r f ne-3 7 17 17 20 

Isotopes have the same number and arrangem·ent of ele·ctrons 
and so the atoms of each isotope "Will have the same 
chenrical properties. However due to the different numbers 
of neutrons, the atoms have different masses and hence 
different physical pr,operties. For example pure I~C]i will 
have a higher density, hlgher melting point andl higher boiling 

. h 35Cl pomt t · ran pure 17 2· 

Two important isotopes of carbon are 12.c and 13C. 

The carbo1n-12 standard 
The mass·es of aU atoms are measured relative to the mass of an atom of 
carbon-12, which is given a value of 12.0000. ln all the following definitions 
the term relati.lV'e means that the mass is measured against rr the mass of an 
atom of camon-12. 

The reason for the choice of carbon as the .standard is an historical one and a 
practical one . Originally hydr,ogen w.as chosen as the standard against which 
the 1nasses of all i0ther elements was measured] ho,weverwhen the accuracy 
of atomic mass m.easuren1ent reached 0.00001, it was realised that elements 
were a mixtu:r::e of atoms of differ.:ent masses. So it was decided to choose one 

isotope of an element as the standard. 1~C was cho,sen for the practicality of 
carrying a solid around as ,opposed to, a gas. 

The rclath·l' isotopic n1as ... is the mass of a single isotope of an elen1ent 
relative torr the mass of an acorn of carbo,n-l2 . This is most ·0 1ften derived 
from mass spectrometry where the mass ,o,f th·e individual isot,opes can be 
detennined. This will be explained in th.e next section. fur all purposes the 
value of the relative isotopic mass is the san1e ais the n1.ass number for a 
particular isot,ope of an element. 

'The r hnivc at 1nic 111 . _ (~) is the average. mass of an. atom of an element 
I'ielative to /2 the mass of an atom of carbon-12. Ar is often used as shorthand 
for re lacive atomic mass. 



PLE 1 

Calculating relative atomic mass 
NaturaUy occurring elements are composed o.f a mixture of different isot,opes. 
These isotopes occur in different propo·rtions. 

If die proportion of each isotope were to be changed, the relative atomic mass 
of the element w,ould change. The foUo,"!ing hypothetical example shows what 
would happen if the proportion o,£ the t\Vo isotopes of chlorine wer,e different. 

% chlorine-35 100.0 75.0 50.0 25.0 0.0 

0/o eh lod ne-37 0.0 25.0 50.0 75 .0 100.0 

Relat ive atomic mass 35.0 35.S 36.0 36 .5 37.0 

In a naturally occurring sample of ch lori1ne. 75°/o, is 
35Cl and the rema,inder [2S%] is 37Cl. Calculate the 
relative atom f c mass of the sa m,ple of eh lori1ne. 

The relative abundance of the two ~sotopes may not 
be giver, as a percentage. The relat,ve atomic mass FS 
calculated in the same way. 1MutUply the 1mass iby the 
re lati,ve abundanc·e for ea:ch isotope. Add these values 
together and divide by t-h,e tota,l of au t~e relative 

Assuming 100 atoms of chlorine. 

Answer a bu ndein ces. 

Total mass of 35G l atom.s = 75 x 35 = 2625 

Total mass of 37C,l atoms !:! 25 x 3 7 ~ 925 

Total mass of 100 atoms;;; l75 x 35) + [25 x 37~ = 3550 

Average mass = ~s0~
0 = 35.5 

Relative atomic ma.ss of chlorine 21 35.5. 

TIP 
Often you may be asked to quote 
the answer to a specific number 
of dec1mail places. The answer 
above to 1 dec•ma,l place js 24.3. 
24.48 to 1 deci1mal place becomes 
24.5. 48. 775 to 2 decf ma l places 
becomes 48. 78. Jf you a re unsure 
a.bo,ut decim.aLp!laces see 
Chdpter 17. 

This table shows the relative abund!ances of the three different iso,topes 
of magr1es:ium. Calculc)te the relat,ive atom1ic mass of m,agnestll'm to one 
decimal place. 

- -

24M g 15 .8 

25Mg 2.0 

26Mg 2.2 

For each isotope multiply the ma:ss by the rela,tive abundance and add 
these to·geth,er. FinaHy divid1e this number by the sum o,f the re!lati1ve 
abundances. 

Answer 
IRela.tive ato·m ic m,ass - (115.8 X 24) + (2.0 X 25) + (2.2 X 26) 

15.8 + 2.0 + 2.2 
379.2 + 50 + 5·7.2 

20 

~ 4
~~-

4 ~ 24.32 

The answer to one decima~ place is 24.3. 



~ --·························································································: 
: TEST YOURSELF 2 i * • i 1 State the number of pr,atons, etectrons and neutrons present in: the f 
: fo How ing atoms: : 
• • i al ~iK b) 1iF c) 1~[B a di 2~~Ra f 
! 2 Bromine has two isotopes w h!i,cM are detailed in this tab'le. i 
t : 
• 11' • • • • • • .. .. • • • • • • • • . ... 
: 799 r : 
• 36 • 
t i 
! 35 81 49.5 : • • • • .. .. • • 
f al Copy an d co.mpilete t 1he table above. I 
• • ! b) Catcu late the relatlve atom1i1c mass of brom 1in,e. i 
: 3 Copper ex ists as two isotopes. 65C u ar,d 63Cu . 0scu has an abundance ! 
• • : of 3 !J.8%. ; .. .. • • : aJ Cate utate the r,elative a'b und a1 n ce of 63Cu. : 
• • 
: b) Ca!lcu late the relative atom ic mass of copper to two dec ima l i 
! places. : 
! 4 Si,lver has two isotopes, 107Ag and 109Ag. 52°1o of si1lver is io;Ag. i 
i Determ ine th e re lative atomic ,mass of s ilver. i 
• • i 5 92·.0°10 of ti thiu m js 7Li and the remainder is 8LL Determ1ine the relative : 
i ato·mic mass of Uth iu m1 to 1 decima l place. i 
• • 
~ 6 Bo,ron has two isotop,es, 1o ia and 11B. Th e r elatrve atom ic mass of f 
! boron ~s 1,0.8. Calculate the percefltag.e abund1ar1ce of each of the two ! 
f i soto,pes. i . .. : ..................................................... , ...................................................... ~ 

()~M_a_s_s_s_p_e_c-tr_o_m_e_t_ry_·~~~~~~~~-

Mass .spectrometry can be used to determine information about ·elements and 
compounds. It can determine the relative isotopic masses of the isotopes of 

elements and their relative abundance. It shows the different isotopes of an 
element. This iniorma tion is used to calculate the relative atomic mass CAr) 

of an element. For co,mpoundss mass spectrometry can identify unknown 
purified compounds by comparing the mass spectrum obtained to those in a 
database. TI1e mass spectrum of a cotnpound. also gives its relative molecular 
·mass CMr). 

Time- 1of-fUght (TOF) mass spectrometer 
A TOP mass spectrometer is used to analyse elements and compounds. The 
sample is dissolved in a polar, volacile solvent .and pumped through a na1TO\~ 

capillary tube to create droplets of the solution. A polar volatile solvent is used 
to ensure that it evaporates. 

The five processes 'v\7hich occur in a TOF mass spectrotneter are: 

l Electrospray ionis.ation 

A ·high voltage is app]ied to d1e tip of the capillary to produce highly 
cl1arged droplets. The solvent evaporates from these droplets to produce 
gaseous c barged i,ons. All the ions in this simple treatment of r ·op mass 
spectrometry are considered to be mononuclear ions (with a single positive 
charge). 
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Figure 1.J. Mass spectrum of magnes ium. 

2 Acceleration 

An electric field is applied to give all the ions with the same char-ge a 
constant kinetic energy. As kinetic energy= !mv2

1 it depends on the mass 
of the particles (m) and their velocity (v, or speed). As all panicles are given 
the same ldnetic energy~ heavier particles (larger MJ move more slowly ithan 
Hghter particles. 

3 Ion drift 

The ions enter a region with no1 electric field called the flight tube. Here th.e 
ions are separated based on their different velocities. The smaller &st ions 
crave] though the flight tube much more rapidly and arrive at the detector 
first. 

4 Ion detectio,n 

The detector records the different flight times of the ions. The positively 
charged ions arrive at the detector and cause a small electric current 
because of their charge. 

5 Data analysis 

The flight times are analysed and recorded as a n1.ass spectru.m by the data 
arrtalyse1: The mass spectrum obtained is a p lot ,of relative abundance against 
mass to charge ratio (m/z). 

General information about a mass spectrum 
The trac,e from the mass spectrometer (the ·mass spectrum) is a series of peaks 
on a graph where the vertical axis is relative abundance (which is the same as 
the electric current from the detector) and the horizontal axis is the mass to 
charge ratio. 

The re]ative abundance is a measure of how many ,of each ion is present. 
Often the highest peak is given a. value of 1.00 and the other peaks .are worked 
out relative to this value. 

The mass/charge ratio for single charge ions is equivalent ta the mass of the 

ion, as mass divided by 1 = mass. The hod.zon:cal axis should be labelled 
'm/z' but it may also be label]ed 'm/e, or 'mass to charge ra.tio,. The m/ z 
values for isotopes of an element are th.e relative isotopic masses for these 
isotopes. 

29 

Mass spectrum of an element 
Below is an exatnple of a mass spectrum of naturally 
occumng ntagnesium (au e]ement). The numbers above 
the peaks indicate the relative abundance of each ion 
detected. Sometimes it is given like this and for other 
examples the relatwe abundance may have to be read 
fraitn the scale on the vertical ,axis. 



If you a re asked to ea !Leu late 
the relative atomic mass of 
magnesitJm to an appropriate 
levet of precision, the answer 
must beg iven to 2 s:ignificant 
figures as this i!S the least 
accurate level of measurement. 
All of t ihe relativ,e :isotop~c 
a:bunda nee data are given 
to 2 significant figures. The 
relative abundance data are 
given to 2 tB.9J and 3 ~100 
air,d 1 O. 9 J s1ign i f,ica nt f ig1u res. 
Any ca lc,u[at,an 1in wnich tne 
appropriate tevel of precision in 
an answer ~s requrred shou[d 
nave its answer quoted to the 
number of s ig:n i fica nt figures of 
the lowest !level of precision of the 
data used. 

The peaks in the spectrum arre caused by the isotopes of magnesium. 

The mass spectrum tells us seireral things: 

1 Magnesium has three isotopes as there are three peaks on the spectrum 

corresponding to eacJ1 of the isotopes. 

2 The relative isotopic masses of these iso,topes are 2 4 > 2 5 and 2 6 as these are 
the m/z values for each of the isotopes. 

3 The most abundant isotope of magnesium has a relative isotopic mass 
of 2 4. TI1is is the m/z value fo,r the peak \.Vlth th,e highest relative 
abundance. 

4 The ion responsible for the peak at 24 is 24Mg+~ tl1e ion responsible for the 
peak at 25 is 25Mg+; the ion responsible for the peak at 26 is 26Mg+. 

5 The relative atomic mass (Ar) of magnesium can be ca1cu1ated from the 
information in. the mass spectrum. 

The relative atomic inass of magnesium is simply the average mass of all the atoms 
of the different isotopes. This calculation is carried ,out 'by multiplying the relative 
iso~opic mass by the relative abundance for each peak These are then added 
together and the total is divided by the total of all the relative abundances. 

Working this out 

J .-. ·~ _. . . - (100 X 24) + {6.9 X 25) + (10.9 X 26) _ 24 26 reraove atormc mass - - . . 
119.8 

To 1 decima] place this is 24 .3 as giv,en on the Periodic Table of the Elem,ents 
supplied in the Data B,ooklet with examina.ti.ons. 

The mass spectrum of m1a:g:nesi1um shows that the most abundant isotop,e 
is 24Mg and th,e heav:ier 25Mg and 26Mg occur 1in smaller propor tions. 
Even without a catcutator it ts possible to predict that the relative atomic 
mass of magnesium would be close to 24 but slightly above it due to the 
pres,ence of the heavi,er isotopes. 

Cub,ic zirconja, the cubic crystalline form of zirconium, 
d ioxtde 1is extensi:vely used ,in gems as a cheap 
a Herr,ative t,o diamo ndi. It is a rtif ~cia lly ma: nufa ctu red 
and conta ins the element zircon iu mi a transiti,on 
metal whic,h has four isotopes. 

The mass spectrum on page 9 is for z rrcon rum. 
Determine the relat:ive atomi1c m,ass of zrrconium to 
one deci,mat place. 

Figure 1.5 Cubic zi rconia resembles diamond, and 
sparkles with brilli ance. Can you compare its chemical 
co m positlo n and properties wfth that of diam ond? 



Answ·er 
There are four isotop,es of zirconi,u m wi:th reilatiive 
isotop,ic masses of 90, 91, 92 arid 94. 

9.0 .i-t--i-t--l--4-t-+-l--i--l--t--i-t--+--1--1-.f-+--+-to-l-i-+--i-t--+-l-t--l-

8.0 -l-to--l-,t-,,,,f-of-+-t,-ll-l-+-l--+-t~+-t--t-+-f-,i-.+--t-t,-t-,,,t-t...-t-+-1--

~ 7. 0 _1--+---+--+--+--ti-+--+-+---+--+i-+-+-+---+--+--+-+--+--+-+-+--+-+--+--+---+--1i-+--+--

c 
The re latiive abundances of the isotopes are: 9ozr = 9.0; 
91 z r - 2. o ; 92 z r ~ 3. o ; 94 Z r ~ 3. o . 

~ 6 .0-+-+--+-+-+-+-+-~i-+-+--+--i-+-+-+--+-+-+--+-+--+-+--+-+--+--+--+-+-c 
:, 5 0 i-t--+-t--t-ll-l-"4-l--t-4'-l--i--t--+-t--1-4-1--+-+-t-t-i--i-+--t-ti-+--i-

i ' ------------------­
~ 4.0 -----......--i-+--+.--+-...+--li-.+--+--1-,,,--+-+-+--+.-+--+--+-+.-+--+-..+--+---+---

re lattve atom 1c mass ·.p 

~ 3.0 -------------------------:... 
2.0 -+-+--+-+-+-+-+-~i-+-+--+--i-+-+-+--+-+-+--+--+--+-+--+-i.-+--+--+-+-

t90 x 9 .0 j + (91 x 2 .OJ + [92 x 3 .OJ + [94 x 3 .O] 
= 

9+2+3+3 

= 
1~;o = 91.2 Ito 1 decimal place) 

The element in Exa1mp le 3 cnuld 
have been an unknown elem1e11t 
and you m,ay have had to identify 
it from its relative atomic mass. 
In the Periodic Tab le provided 
w ith your examination, zircoriiu m 
has a relative atomitc 1mass of 91.2. 

I I I I I I 1 I I 

10 2.0 30 40 50 
m/z 

Figure 1.7 Mass spectrum of mo Lecu la r 
eh Lorin i!i! . 

I 

1.0 _1-1o--i-,i-t..-t-i--t--il-l-ol-l•-t--tl-t-ot-+--+-+-t-ot-t--+-+--t-11-+--i-+--t-

O ~~~---~~----~~-----~~+--"-~~---~~ 
90 91 92 

m/z 

Figure 1.6 Mass spectrum of zirconium. 

94 

The abHity to read data from a graph or i1n this case a spectrum and to 
transtate these data ~nto numerica l form is an important skill throu ghout 
Che1mistry. Use th e level of precision g,ive n on the gra ph/spectrum ~ iin 
this case both the m/z values a n,d' the relative ab undance vailues are given 
to two sign ificant figures. If you were a1sked for an appropriaite level of 
precision in the answer. it should also be to two si,g1n1iff cant frgiures. 

Mass spectrum of a mole -ular el ment 
Elen1ents like chlorine exist as diatomic molecules. In the mass spectrometer 
the 1nolecules of an element like chlorine can forn1 ions with a single positive 
charge but a]so the mass spectro,me ter can break up the molecule into atoms, 
whkh can also fo,rm single positively charged ions. 

Chlorine has two different isotopes: 35Cl and 37C} 

There are five different possible Lons vvhicb sho,uld be detected in the mass 
spectr,ometer: 

I 
I I I 

60 70 

• 35c l+ 

• 37ct+ 

• il?'sct-3SQ)+ 

• (39Cl~ 31 C])+ 

• (37Cl-37C1)+ 

There should be peaks seeu at m/z values of 35> 37, 70, 72 
and 74 on a mass spectrum of molecular chlorine. 

The mass spectru1n of molecular cltlorine is shown in 
Figure 1.7. 

• As predicted [here are peaks at 35, 37, 70, 72 and 74. 
• As the ratio of 35CJ:37Cl is 3: I the relative abundance of the peaks at m/z 

valu ,es of 35 and 37 are in a 3: 1 ratio. 
• The mti.o of the peaks at m/z values ,of 70: 72 : 7 4 are 9:6 : 1. 
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It is atso important to be able 
to tra rislate data ~n a graphical 
for 1m like a miass spectrum to 
numerical data, w1hich can be 
used i1 n a, catcu lation. Look at 
the labels on the axes [and any 
u n rts presentJ to see what data 
can be obtaiir,ed from a graphical 
rep res,entat ion. 
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There aire t\No atom·s and the r~t10 for t'he i n.dividucll is·oto pes is 3:1. The 
probabHity of two atoms being 35Cl is [f ><f =-&l. 
The probab1tity of two atoms being 37C l is [--} xf =~l 
and the p rob a b,iUty of erther (35C l - 37C l) or (37C l - 35C l] is fll 1 -rr-n-L 
Tnjs giives a ratio. of 9:6: 1. 

Mass p ctrum of a con1pound 
For a compound., th·e last major peak at the highest m/z value is ilie 
n1olccular ion. This means it is caused by the molecular ion formed from the 
whole molecule. The m/z value of this peak is the relative molecular mass 
(M1) of th co1npound. 

The re lati ·c ,no] cular tnas is the mass of a molecule relative to i12 the mass 

of an atom of carbon-12. The relative molecular mass is often ~'ritten as Mr It 
can be calculated by adding up the relative atomic masses of all the atoms m a 
compo,und. 

Vlhen a molecule is put through a mass spectrometer, the molecule breaks 
up. This process is called fragtnentarion. The fragments of the molecule fortn 
ions and these are detected. The pattern of peaks caused by these fragments is 
called the fragmentation pattern. 

Figure 1.8 sho,\rs the spectrum of ·ethanol,. CiH50 H. The molecular ion peak 
(often vrritten as M+) is at a11 m/z value of 1-6. This is the last major peak in 
the spectrum of the highest m/z ·value. There is a smaU peak a.t 4 7 and this is 
cau5ed by the presence oJone 13C atom. 

The peak wi.th the greatest abundance is usually not the molecular ion 
peak. The peak v.rith the great,est .abundance is called the base peak (in this 
case the one at .an m/z value of 31) and in. computer generated mass spectra, 
the height of this peak is usually taken as 100 and all other peaks are 
measured rela rive to i t. 
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Larg~st peak is caHed th~ base peak - it is 

I caused by the rnost stable ion for-med as 
the molecule break up 

A major peak at 
the highest rnl.z 
ra,tlo occurs ait 
46 so Mr- 46 
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Figure 1.8 Mass spectrum of ethanol, CH3CH20H. 



A sample of an unknown compound was analysed in a time-of-flight 
[TO F] mass spectra m,ete,r. The spectrum obtained f s shown in Figure 1. 9. 
What is the Mr of th is compound and w hat is the m/2 value of the rbaise pe~rk? 
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Figure 1.9 Spectrum of unknown co mpound. 

Answer 

60 80 

The Mr of the compnund 1is 88. Th~s is the highest ,m/z of a peak 1in the 
spectrum and corresponds to the m,alecular ion . 

100 

Th,e paa,k a,t an m/z value of 43 is the base pea.k and corresponds to the 
most stable ~on as th,e molecuile breaks up in th,e mass sp.ectrometer. 

Identification of elements (and compounds] 
A mass spectr-um is obtained, and infon.nation abou t the peak heights and 
m/z values are fed int,o a computer. This computer compares the spectrum 
of the unkno"Wn element ( or compound) with 1rhose in its data banks and 
can identify the element (or compound). The fragmentation pattern of a 
compound is the same and acts like a fingerprint for that compound. An ,exact 
match is required for identiJication and this req-uires a pure sample. 
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: TEST YOURSELF 3 ! 
• • i 1 The mass spectrum of an element i,s shown ib,elow. 2 The ·mass spectrum of lea.d 1is shown be low. ! 
: Ca lculate the relative atomi c mass of th e element Ca tcu :Late the re lat ive ato m ic 1mass of tMe te.ad. : 
• • 
~ to, one deci mat ptace an di id en tiify th e element. ! 
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i 3 The spectru,m betow ·is for an unknown alka ne. AH 
i alkanes ·have the genera l for'm,ula, CnH2n+2· 

a) State the m/z value of the motecu lar ion peak. i 
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b) State the m/z value of the pea,k w ith the highest : 
relat ive abu ndlan ce. : 
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For some wo rk in bonding 
and structure. GCSE notation 
of electrons 1in s~elts is st ill 
used. pairt,icu!larly in dot and 
cross diiagra:ms and sh,apes of 
molecules. 

o~-------Electron configurat ion 
The shells which may be familiar from GCSE are nmv called · n ·r , I · ls. 
Each energy level may be divided into su b-sheUs. 

The ,evidence for the existence ,of s ub-s h ·lls comes from evidenc,e of 
ionisation energies of elements. Tonisaci,on energies 'Will be examined in the 
next part of this topic but be:fore this can be done we need to understand 
electron configura ti.on. 

Basic information 
• The first energy level (m.oving out fro·m the nucleus) is called n= l; the 

second n == 2 and so on. This numb-er is called the principal quanrum 
number. 

• The energy levels get c]oser togethet as yo,u move further from rhe nucleus. 
The difference betv.·een the first energy level (n = 1) and the second energy 
level (n ~ 2) is larger than the distance between the second energy level 
(n==2) and the third energy level (n = 3) . This continues funher from the 
nucleus. 

• Each energy level is divided into sub-shells. 
• A sub-shell is an orbital or a combination of orbitals. 
• An orbital is a three-dimensional space and each orbital can hold up to nvo 

,electrons. 
• Two electtons in the same orbital spin in opposite directions to minimise 

repu]sions. 
• There are four main types of cmbirals: s p, d and f) but at this level only s, p 

and d oroiuils are studied. 
• There is only one s orbital at each energy level. 
• There are thre.e p oibitals at each energy level starting .a t n = 2 making up a 

p sub-shell. 
• There are five d orbitals at each energy level starting at n-3 making up a d 

sub-shell 



Althou,g1 h tne 4s fiills before the 
3d, in wr~tten form the 3d should 
always be written before the 4s. 
This means a1 scaind1iu mi atom 
wou ldl be 1 s2 2s2 2 p6 3s2 3p6 
3d1 4s2. Sub-shells at the same 
energy level shou td be wr~tten 
together ini sequence. 

Figure 1 ~ 11. Diagram to remember the 
order in wh1ch sub-shells are filled. 
Follow the arrowl 

Sub-shells 
A sub-shell is always written as the energy ]evel (principal quantum number) 
and then the type of orbital which makes up that sub-shell. 

For example: 

• The s orbital at energy level n= l is written as ls; this is the ls sub-shcU 
• The s orbital at energy level n=2 is \i\-ntten as 2s; this is the 2s sub-shell 
• The p orbital at energy level n=2 is written as 2p; this is the 2p sub-shell 
• The s otbital at energy level n=3 is written as 3s: this is the 3s sub"'SheH 

and so on. 

Writing notation for electrons in sub-·shells 
\Vhen electrons are placed in a sub--sheU, a number (,v-ritten as a superscript) 
is written after the sub-shell notation. If there are no electrons in a particular 
sub-shell,, it does not again have to be written. 

For example: 

• One electron in the ls sub-shell is written as lsl 
• Two electrons in the ls sub-shell is vlritten as ls2 
• Three electrons in the 2p sub-shell is written as 2p3 
• Six electrons in the 2p sub-shell is written as 2p6 

The 3d sub-shell is at a slightly higher energy· level than the 4s sub-shell as 
energy levels overlap slightly but by convention the 3d should be ~nen 
·before the 4s. 

Sub-shells available at each energy level 
• Then== l energy level can have two electrons in the same sub-shell (ls). 
• The n=2 energy level can have two electrons in one sub-shell (2s) and six 

e lectr,ons in a slightly higher su b-sheU (2 p) . 
• The n:=:3 energy level can have two electrons in one sub-shell (3s), six 

electrons in a :slight"fy, higher sub-shell (3p) and ten electrons in a sub-shell 
slightly higher again (3d). 

• The n=4 energy lev:el can have 'tw'O ,electrons in one sub-shell (+s), six 
electrons in a slightl\y hlgheT sub-shell (4p), ten eleccrons in the next sub­
sheU ( 4d) and 14 electrons in a sub..shell slightly higher again ( 40. 

4p Filling order of sub... hells 
------in-c~-~-s-in_g_d_i~-a-nc_e_f_ro_m_n_u_c_l~-s----~ ~~~~~~~full~~crs~~~rel.13. 
1s 2s 2p 3s 3p 4s 3d 

Figure t.13 Sub-shells filling order. 

A t~yp,ical sub-shell diagram 
Figure 1.15 shows the electron configuration of a potassium atom. 

At this stage it is impottant to note the following fro·m rhe diagram: 

• the distance be~·een the energy levels decTeases further from the nucleus 
• the n==3 and n== 4 energy levels overlap so that the 4s sub-shell is at a 

lower level than the 3d sub-shell 
• electtons fill the sub-shells closest to, the nucleus first 
• in .a potassium .atom there is ,one electron in the outer 4s sub-sheU and all 

other subeSheUs closer to the nucleus are full 



Rem1ember it is convention ta 
write th1,e 3d !before the 4s even 
though the 4s fjUs first. The 
princjpal quantum numb.ers are 
kept together. 

~2s 

@J1s 
Figure 1.16 The three electrons are 
shown to be spinning in the same, 
direction [all as j) in the electron in bo)( 
notation diagram~ 

4p 

3d 
i 4s 

iJ. iJ. iJ. 3p 

tJ. 3s 

tJ. i.1 tJ. 2p 

iJ. 2s 

r J. 1 s 

Figure 1.15 The electron configuration of a potassium atom . 

• the electrons are indicated by an up arrow" (1) and a do"WTI arrow (J) ; 
the up and down arrows represent the different directions of spin ieJ the 
electrons in an orbital to minimise repulsions 

• the 3d and 4p sub-shells are not occupied by electrons and so are not 
WTitten in the ,electron configuration 

• from the diagram below the electron configuration of a potassium atom is 
'Wriuen as: ls2 2s2 2p0 3s2 3p0 4sl. 

• when electrons are in their lowest possible energy levels, the atom is said to 
be in the ground state. 

Writing electron configurations 
Electrons repel each other and so when forming pairs in an orbital they will 
only do this when they must. 

Ans sub-sheU h_as only ·one orbital so ~,...o electto·ns v.rill occupy this (spinning 
in opposite directions). 

A p sub-s.hell has three p orbitals. If two electrons are plac,ed in a p sub-shell 
they \.ViU go into different orbitals which make up the sub-shell. 

Wrrte the electron configurati,on of a nttrog en a,to,m,. 

Answer 
An etectron in box nota tion diagram helps to show this as it sh,ows the 
electrons at each1 of the energy levels. Nitrogen atoms [atomic nu,mber e 7) 
have f,u H 1 s and 2s sub-shells and there a re three more electrons to 
place rn the 2p sub-shell. T1here is one ·electron in each of the thre·e 2p 
oribita'ls that make up the 2.p sub-shell. The three electrons are shown to 
be sp inning i1n the same direction (all as j~ in, tne electron j;r, box notatlon 
dragiram (Fig1ure 1.16t 

The electron confriguratlon of n,itrogen is written 1 s2 2s2 2p3. 

Nitrogen ato,ms have three u11paired electrons. 



Write the electron configuration of an oxygen atom. 

Answe,r 
The ato1m1:ic number of oxygen is 8. 

@J.2s 
The 11 sand. 2s sub-shells are full ond th.is le5ves 4. electrons to piLace 
1n the 2p sub-shell. There is one orbftat with 2 electrons (spinning in 
opposite directions sflown as l ! I and the other two 2p orbitals jn th·is 
sub-sheU have one electron (both shown as j~ 

[!I] 1's 

Figure 1.17 The electron confi g urat[o n 
of oxygen is written 1 s2 2s2 2 p4. 

Oxygen atoms have or,ly two unpaired ,electrons as one of tne 2p orbita'ls 
has a pair of eilectrons which spin in opposite directions to mirfrmise their 
repulsion for each other: 

Wri1te the etectron confiiguration of a vana.d1ium atom. 

Answer 
The ato·m:ic nu1m ber of vainadi1um is 23. For 23 
electrons once again the 1i s2 2s2 2p6 3s2 3p0 sub­
shells are fuU (18 electrons in tota[] . This leaves five 
electrons to place in the 4s and 3d sub-shells. The 4s 
fills first takrrng two etectrons and then the re maini·ng 
three ,electrons are pfla ced in t ,he 3d ,aH spinning in 
the sa m:e dir:ecti on 1 n d i,ffere nt orbitals). 

Wri1te the electron configuration of a cnromiu m, atom. 

Answer 
The atomic number of chrom,ium is 24. 

24 electrons mea,ns the 1 s2 2s2 2p6 3s2 3p6 are fu U as 
before [ 18 electrons i1n tota ll. Th is leaves six electrons 
to place in the 4s an d 3d. sub-shells. By moving one 
electron from the 4s to the 3d the eh rom·~um1 atom can 
have a haU-fi Ued' 3d sub-sheH (3d5J. A half- fiHed ,or 
fHled sub-shell is m,ore sta ble so thrs is a more stable 
elec tron conf,igu ration for the chromiu1m atom. 

I r .r. f 4s 

I t.J. I t .i. I r .i. I 3P 

I T J. I T J. I T J. [ 2p 

Figure 1~18 The electron configuration of a vanadium atom 
is 1 s2 2s2 2p6 3s2 3p6 3dJ 4s2. 

[Cl 4s 

@J3s 

@J1s 

___ r~p 

I i J. I i .i. I i .i. 13:P 

f 1·i I r J. 1 r .1. f 2p 

Figure 1.19 The e,Lectron co nfig u ration of a eh ram i um atom 
rs 1 s2 2s2 2p0 3s2 3p6 3d s 4s1 , 



Write the etectron cor.if1iguration of a c,apper atom. 

Answer 
I r .1 I r i I 1 i I 3P 

lri lr.i lr.i i2p 

The atom ic number of copper is 29'. 

2 9 electrons means the 1 s2 2s2 2p6 3s2 3 p6 a re fl!J ll I 18 
electrons in total) . Th is teaves 11 etectrons to place i:n 
tihe 4s and 3d sub-shells. As wrth chromium. copper has 
an un 1usuat electron confi guratJon as one electron moves 
frnm the 4s to the 3d sub-.sh.ell giving a more stable fu,ll 
3 d sub-shell. 

@J3s 

@J2s 

Wh,en y,ou go into any Chemistry 
AS or A2 exa1m you should put 
a star at chromi.um and copper 
on t'he Periodic Table as th eir 
atoms have unusual electron 
confr9u ra tic ns. 

Figure 1~20 The electron co nfi gur ation of a cop per ato m is 
1 s2 2s2 2 p6 3s2 3 p6 3d10 4s1 . 

The atoms of chromium and copper have an unusual electron configuration 
because of the stability of filled and half.filled sub-sheUs. Chr,o,mium is 
ls2 2s2 2p6 3s2 3p6 3d5 4sl instead of 3d-+ 4s2. This is because ,o,ne electTon 
in each of the orbitals of the 3d sub-shell makes it more stable - they are 
symmetrical around the nucleus. Copper is ls2 2sl 2p6 3s2 3p6 3dl0 4s1 instead 
of 3d9 4s2 as would have b een expected. Again the ten electrons in the 3d 

sub-shell make it more stable due to symmetry around the nucleus. 

Electron configuratio1 n of simple ions 
'When atoms form simple ions they can either lose or gain electrons. 

Ions formed from metal atoms 

• Metal atoms tend to lose electrons to become positive ions. 
• The number of electr,ous they lose is che same as the positive charge on the . 10n. 
• The name of a positive ion is the same as the atnm" e. g. Na is a sodium 

atom and Na+ is a sodiun1 ion; Al iiS an aluminium atom and Al3+ is an 
aluminium ion. 

• When metal aroms lose electrons they lose them from the outermost level 
except .atoms of d block elements. 

• Atoms of d block elements lose their 4s electrons first then their 3d. 

Ion for111 ~d from non-m tal atom 
• Non-metal atoms tend to gain electron5 to become negative ions. 
• The number of electrons they gain is the same as the negative charge on the 

, 
wn. 

• The name of a negative ion is the atom stem \vith 1 -ide·, on the end, e.g. 
0 is an oxygen atom and 02- is .an oxide ion~ Br is a bromine atom and 
Br- is a bromide ion. 

Hydrogen 
• A hydrogen aton1 has only on.e l s electron. 
• A hydrogen aton1 can either lose thls electron to become a hydrogen ion, 

H+ or it can gain an electron to becon1e a hydride ion> H-. 



Atoms on etements in, the ma1in 
groups [n.ot tra nsit ion 1metals) 
form ions w hich have the electron 
co nfi gurat ion of the nearest 
Noble g:as. For example nitrid e 
ions, N 3-, have the same electro r1 

co nfi gurat ion as Ne atoms. 

Write t he e lect r,on conf,iguration of an iron:(:111,] ion. 

Answer 
Atoms of iron have 26 electrons. 

A n i ro r, [ 111 ] ion i1 s Fe3 +. 

The electrons in an atom ,of iron are arranged 1s2 2s2 2p6 3s2 3p6 3d6 4s2. 

Iron is a d block element. 

A toms of d b'locik elem ents lose the ir 4.s electrons first. 

A n iron at om loses t!lree electrons to become Fe3+ so it loses two 
electrons from the 4s and, one etectron from the 3d. 

• The electron configurati on of an i1ron[ll il) ion is 1s2 2s2 2p6 3s2 3p6 3dls. 

Write the e lect ron co nfiguration of a s ulfide ion, 52- . 

Answer 
Atoms of su lfu r ih ave 16 electrons, arranged 1 s2 2s2 2 p6 3s2 3p4. 

W hen suUur ato1ms form sulfide ions, they ga ,n two elect ro ns to g-ive 
them1 the sa m e electron co nftgurat ,an as argon. 

The electron co nfiguration of a su lfjde ion is 1 s2 2s2 2p' 3s2 3p6. 

Isoelectronic 
• Panicles \\thich are isocl ~ tro11ic have the same electro,n. configuration. 
• An .at,om of neon has an ,electron configuration ,o.f ls2 2s2 2p6. 
• An oxide ion, 0 2-, .also has an elec tron configuration of l s2 2s1 2p6. 

• A neon atom has l O protons andl an oxide ion has 8 ·protons. This is 
what makes them different despite the fact they have the same· electron 
configuration (are isoelecttonic). 

~ ------······------·····------······------·····------······-----······------······---·-······------·····------······------·····-----·······--·-·-······ 
i TEST YOURSELF 4 ~ 
• • i 1 Write electron confi,gurations 1in spd format for t'h,e 3 Using ttie foHowi:ng electron confi1,gt Jrati,ons: i 
• A ~ : follow ing i,ons: ·. 1s22s2 2p6 : 
: i) L f + ii) C t- ii ii O 2- iv) N a+ v) F e2+ B 1 s 2 : . ~ i vi I Fe3+ viii Ni i2+ viii) Cu2"" ix) c r3"" x) B,r C 1s22s2 2po 3 s2 3 p6 3d1 o 4s2 i 
i 2 Which of t ihe foUcwi n,g :ionic comp,ound1s cointa i,ns D 1s2 2s2 2p6 352 3p63d1101'.s2 4po i 
! ions that ar e isoe lectron1ic [have the same etectron E 152 252 2p6 352 3p6 3ds f 
~ cori fi gurat~on):? G1ve the letter {A to El whtch represents the ~ 
i A sod ium c:h!lorid e electron confi9 1urat~ori of th,e fo,llow1ng, a-to,ms i 
: B, alumini 1um oxi,de and ~ons. ! . ~ 

i C potassiiu,m fluoride i)I H- i) N3- iii I zn iv) Ga+ v) Mg2+ vi) Kr i 
~ D zinc oxide vii) Se2- viiil Rb+ ix) Li,+ x) He xi) 02- x iii Sr2+ ~ 
• • . ~ . ~ : : 
=····••••i•••••••ttii t•••••·••••t••••••t iii i••·· ··~····4······~·· ········~··········~·•t••·····~··•••tt••···· ··· ········ ·····i················ ·•'llllllllllllllllllllllllllllllllli 



C)~lo_n_i_s-at_i_o_n_e_n_e_r_g_ie-s----------------~ 
el'ectron removed 

0 r::rgy needed ~ 
ion lsatio n energy 

Figure 1.21 What elemgnt is being 
ionised in th[s diagrc1m? 

l=igure 1. 22 Ionisation in plasm a 
te levisions. 

The ,electrons in atoms and ions are attracted to, the· positive nucleus. Energy 
is required to overcome this attraction and remove electrons. The process of 
removing electrons from atoms and ions is called ionisation. The ionisation 
energy is the energy required to remove ·electrons. 

Th..e lirst ioni~ation stlh:r is the energy required to remov,e one mole of 
electrons from one 1nole of gaseous aton1s to form one mole of gaseous 1 + 
ions. 

Successive ionisations give the first, second, third, fo,urth, etc. ionisati,on 
energies. Only one mole of electrons is removed with each ionisation. 

For example for sodium 

Th,e first ionisation of sodium is repr,esented by the equation: 

Na(g) ~ Na+(g) + e-

The second ionisation of sodium is represented by the equation: 

Na+(g) ~ Na2+{g) + e-

The third ionisation of S·odium is represented by the equation: 

Equations for ionisation ,energ ies a1re often asked for. You must inctud e 
state symbo ls. Ttle atoms and ions must be in the gaseous sta te. 

Ionisation occurs in plasma scre,en t:elevisions. llie screen consists of tvio glass 
panels with millions of tiny cells containing :&~non and neon gas, sandwiched 
in betw"een. When. en rgy in the fonn of an electrical voltage is supplied, the 
atoms become ionised into a miixture of positive ions .and negative electrons, 
~ 7hich is called a plasma. 

Ne(g) ~ Ne+(g) + e­

Xe(g) ~ Xe+(g) + e-

ln a plastna with an elecnical current running thr,ough it, positively charged 
io,ns collide \Vith. electr,onst exciting the gas atoms itn. the plasma .and causin.g 
them to release ultr.aviolet photons that in~eract with the phospl1or material 
coated on the inside of the cell, and gives off visible light. 



Only 1 mole of electrons is 
removed with eacn ion1sati1on. 
even though the ions formed may 
look odd, for example Cl+[g] or 
Al2+[gi . 

Figure 1.23 The log[ionisation energy) 
against the number of electrons 
removed from a s.odi um atom. 

Values for ionisation energies 
Ionisation ,energies are ,measured in kJ mol- l (l<lloj,oules per mole) . The units 
include per mole (mo}-1) as it is the energy per mole of gaseous atoms. 
The first ionisation energy of sodiun1. is + 4-96~mol-l. 496kJ of energy are 
required to convert l mole o,f Na(g) to 1 mole of Na+(g) by 1emoving l mole 
of electrons. 

Often this is written as: 

Na(g) ~ Na+(g) + e- 8H = + f96 kj mo.J-1 

All ionisation. energy values \Vill be po·sitive as they are endothermic as energy 
is required to remove .an electron from the attractive power of the nucleus. 
The higher the value, the mo·re energy is required to remove 1 mole of 
electrons. TI1e first ionisation energy for magnesium is + 73,8 kJ mol- 1. 738 kj 
of energy are required to convert 1 mole of Mg{g) to 1 mole of Mg+ (g) by 
remo\.'ing l mole of electrons. There are trends in ionisation energy values 
in the Periodic Tuble that provide ,evidence for the existence of electron 
.arrangement in energy levels and in sub-sh,ells. 

Ionisation ener1gies as evidence fo1 r energy levels 

6 

5 

General increase in successive ionisation 
energy values due to Increase In effective 
nu.clear charge, i.e. ratio of protons to 
el,ectrons increasing 

large gap betNeen nfnth and 
tenth eilectron s as tenth 
electron is removed f,rom, an 
energy tev,el doserto the nucleus 

Large gap bet\veen f I rst 
and -second e I ectrons 
as second' el'ectrcm is­
removed from, an energy 
leve:I doserto the nudeus 

0 ..,,_-----..----.--.--.--..--...----. 
0 1 2 3 4 5 6 7 8 9 110 11 

Number of electrons removed 

The graph shows the successive ionisation energies of a sodium atom, it 
becomes clear that 1here is a ms tinct set of energy levels. The diagram shows 
the log(ionisation energy) against the numb-er of electrons removed from a 
sodium atom. 

The log of the ionisation ,energy is used to condense the diagram as the 
ionisation ener-gies vary across a wide range of values. 

The existence of energy levels is proven by the large gaps in the successive 
ionisation energies as these correspond to the rein.oval of electrons from 
energ)" 1evels closer to the nucleus and so more energy is required t,o remove 
the .electron. 

The general increase in successive ionisation energies is caused by the increase 
in the ratio of protons to electrons as successive electrons are re1noved. This is 
often called effective nuclear charge. 



AU of the above quest~ons are 
d iffer,ent ways of gening you to 
pta,ce a1n ele,ment in a: parti cu la:r 
group. 

Using successive ionisation energies 
Successive ionisad.on energies are an indicator of the group to which an 
element belongs. 

The first five successtve ionisation energ:~es for four different eLe 1ments 
are given in the table. 

w +496 +4562 +6912 +9543 +13353 

X +1087 -1-2353 +6223 T37831 

y +578 +1817 +2745 + 11577 +14B42 

z +738 +1451 +7733 +10543 +13630 

State which etement belongs to G,roup 4. 
~ Which elem,ent would form a: simple ion with a charg,e of 2+? 

Which element would have one ellectrori in its outer energy level? 
Which element would form a·n oxide w~th the formula M203 where M 
represents the etement? 

Answers 
Element X has a large increase :in ionisati.on energiy after the fourth 
etectron has been re,m1oved [+6223 to re,move the fourfh elect ron and 
+37831 to remove the fifth electron). This would suggest four electrons in 
the outer eriergy leveil and the fifth electron in an energy level closer to the 
nucleus. So, ele 1ment X has four electrons in the outer ener9y l,evel, whf eh 
is character~stlc of an element in Group 4. Element X i1s actually carbon. 
An element in Group 2 would form1 a, si1mple ion with a char,g:,e of 2+. 
Element Z has a largie increase in fonisat 1i,on energy after the secon dl 
electron has been re1m,oved [+ 11451 to remove the second electron arid 
+7733 to r emove the third electron). This would sug,gest there are two 
electrons In the outer energy Level and the thiird electron is in an energy 
.level closer to the nucleus. So,, element Z has two electrons in its outer 
energy level, which is characteristic of an element lrn Group 2. 
Element Z rs actuaUy magnesi,um. 
One electron in th e outer energy llevet would sug,gest a Group 1 
element. Element W has a1 large i1ncrease in ionisat ion aJter th,e 
first electron has bee n re moved ,(+496 to remove the first elect ron 
and +4562 to remove the second electro11]. l his would suggest one 
eLectron in tihe outer energy level and the second ellectron i.n an energy 
level ctoser to the nucleus. So. element W has one electron in the 
outer energy Leve l, wh1ich fs ciharacter~sti;c of dn element in Group 1. 
Element W is actually sod ium. 
An element w hich forms an oxide with rh e form ula M20 3 wou ld sllggest 
an element in Group 3. Element Y has a la rgie i,ncreas.e in ionisation 
energy after the th~rd electron has been removed (+2745 to remove 
the thi rd electron and+ 11577 to remove th e fourth electron~. This 
would suggest th ree electrons in the outer energiy level and the fou rth 
electron in an energy teve!l closer to the nucleus. So, element X has 
three electrons in the outer energy levet which is char.acteristic of an 
etem ent in Group 3. Element Y is actucl lty alumin ium. 
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lo1nisation energy pattern for elements 1 
to 36 
The graph (Figure 1.24) shows the pattern in first ionisation 
energies for the elements, hydrogen (atomic number 1) to 

krypton (atomic number 36) . 

There are three general patterns \vbich should be apparent 
from this diagram: 

Fig u re 1. 2.4 Fi rs t 1 on Ls at i o n en erg i e s far the elements, 
hydrogen [atomic number 1) to krypton (atomic number 36]. 

Be Mg Ca Sr 
Group 2 element 

1 Ionisation. energy decreases down a group. 

Look at the decrease fron1 helium to neon to argon and then 

lcrypton. The same pattern is clear for Group 2. 

This is seen mo,re c le~rrly by examining a graph o.f first 
ionisation energies of the Group 2 .ele1n.ents (Figure 1.25). 

2 Ionisation energy shoW'S a general increase across a 
period. 

Ba From sodium to argon there is a general increase in first 
ionisation energy. 

Figure 1.25 Graph of first ionisation e·ne,rgy of the Group 2 
el9ments. 
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The graph in Figure 1. 26 shows the 6~t ionisation energies 
of the Period 3 elements from sodium to argon. 

3 Within the short periods (periods 2 and 3), there is a zig­
zag pattern. 

The first ionisation drops be low the general increase for 
elements in Group 3 (boron and ailumini.um) and Group 6 
(oxygen and sulfur) (Figure 1.26). 

E.,cplaining trends in ionisation energies 

·Figure 1.26 First ionisation energies of Group 3 ;.LQments. 
The patterns in ionisation energies can be explained by 
the electronic structure of the a.toms. There are three main. 
factors v;1bich can be used to explain these patterns: 

I Aton,ic md/ius (how far the outer ,electrons are from the atn-acth .. -e· power of 
the nucleus). 

• The atomic r.adius of beryllium is less than the atomic radius of 
' magnesium. 

• Atomic radius increases down a group and decreases across a period. 
• The further an outer ele-etron is ·from the attractive power of the nucleus 

the less energy is required to ionise it. 

2 Nuclear charge (how many protons are attracting the outer electron). 

• The greater the number of protons, the greater the nuclear charge. 
• A greater nuclear charge leads to a stronger attraction to the outer 

electron so, more energy is required to ionise it. 



Figurre 1. 27 Lithium is used in 
batt~rie;. Why i~ a Low lo ni sati on g nGrgy 
impor tant? 

~2s 

@J1s 

I r I I 3P 

I r .i I r .i I r .i I 2p 

Figure 1. 28 Electron co nfi g u ration of 
aluminium. 
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Figure 1. 29 Electron co nfi g u ration of 
su Lfu r. 

3 Shielding by inner e]ectrons (b.ow many e]ectrons are betw"een the nucleus 
and [be outer electron .so shielding the attractive pow,er of the nucleus). 

• The attractive power of the nucleus can be shielded by inner electrons. 

• The more inner electrons there are, the more the nucleus is shielded and 
the less energy is required to ionise the outer electron . 

First ionisation energ}'· decreases down a group 
This pattern is due to the existence of energy levels within the atom. As a 
group is descended1 the outer electrons are further away from the nucleus (at 
higher ·energy lev·els) an.d so are more easily r-emo,ved as the positive nucleus 
has less of .a hold ion them. This factor is called atomic radius. 

Also as the outer electron is at a higher energy level) there are tnore electrons 
between it and the positive nucleus so this .shields the attractive power of 
the nucleus &om the outer electrons. This fa-ctor is called shielding by inner 
electrons. The charge of the nucleus also, increa5es as a group is descended 
and so works against the other two factors to hokl the electron more firmly. 
This factor is called nuclear charge. However, the combination ,of the three 
factors causes the ionisation energy to decrease as the group is descended. 

First ionisation energy increases across a period 

The pattern of a genei-al increase in io·nisadon energy as the period is crossed 
from left to right is caused by the increase in. nucleaI charge. 

Also the atomic radius decreases across the period. The outer electron is 
closer to the nucleus with a. greater nuclear charge holding it: so more energy is 
required to remo~v.e it . 

There is no increased shielding (as the electron being removed is in the same 
energy level). 

1Group 1 elements, such as lithium, hav,e low ionisati,on energtes and are 
likely to form positive i:ons. Lithlum.·s low ionisation energy, for example, is 
important for its use in lithium-ion computer backup batteries where the 
ability to, lose electrons easily makes a ·battery that can quickly provide a large 
amount of energy. 

Group 3 and Group 6 first ionisation energies 

The zig-zag pattern gives us evidence for the existence of sub-shells in energy 
levels. 

The atoms of Group 3 ele·ments, such as aluminium, sho\.v a. lower than 
expected fii-st ionisation energy. This is due to d1e division of the energy level 
into sub.-sheUs. Aluminium has the electron configuration ls2 2s2 2p6 3s2 Jpl. 
The 3pl electron is furcher from ·che nucleus and. has adcliti.onal shielding from 
the 3s2 inner electrons so it requires less energy to ionise it. 

The atoms of Group 6 elements, such as sulfur, show a lo,ver than e1t..J)ected 
first io,nisation energy-: This is due to the pairing of electrons in the p sub-shell. 
The 3p4 electron configuration of sulfur (ls2 2s2 2p5 3s2 3p4) means that two 
electrons are paiI:ed in a p orbital in this sub-shell. The rqmlsion between 
these two ,electrons low,ers the energy required to remove one of the electrons 
and this decreases first ionisation energy. 



Fjgure 1.30 Why is helium safe to use in 
a diver's tdnk? 

The fact that the atoms of elements in Group 3 and Group 6 show a lower 
first ionisation en ergy than ~lould be expected provides evidence that the 
second and third energy levels are div;ded into two sub-shells., the. first taking 
two electrons and the second taking six. This '~lould explain the decrease in 
first ionisation energy from 1Group 2 to Group 3 and also the decrease from 
Group 5 t,o Group 6. 

Group l and Group O elements 
Atoms of Group I elements have the lowes t first i:onisation energy in every 
period as they have the greatest atomic radius and the lowest nuclear charge 
in a particuhr period. 

Aton1S of Group O elements have the highest first ionisation energy in every 
peri.od for the opposire :reasons - 'Chey have the sn1allest atomic radius and the 
highest nuclear charge in a period. 

The increased pressure that scuba dive~ experience far ·below the water's 
surface can cause too much oxygen to enter their blood, which would result 
in confusion and nausea. To avoid this, divers sometimes use a gas mixture 
called heliox - oxygen diluted ,~th helium. Helium,s high ionisation energy 
ensures d1at it MU not react chemically in the bloods cream. 

· um1nary of patterns in ionisatio,n energy and their explanatio11 
1 First ionisation energy dle creases dovm. a group 

• Atomic radius increases 
• Shielding by inner electron increases 
• So less energy required to remov·e the electron. 

2 Fiest ionisation energy increases across a period 

• Atomic radius decreases 
• Nuclear charge increases 
• Shielding by inner electrons is the same 
• More ,energy required to remove ithe electrons. 

Lower first ionisation ,energy than expected fo,r elements in Gfoup 3 and 6 

• Group 3 atoms have an s2 p 1 arrangement 
• Outer p1 electron is further fron1 the nucleus 
• Inner s2 electrons increase shielding so less energy is required to ionise 

the oucer pl electron 
• Group 6 atoms have a p 4 arrangement - the repulsion ,of two electrons in 

the same p orbital leads to less energy being required to ionise the outer 
electron. 

Patterns in second ioni5,ation energies 
T1he patterns in first ionisation energy are shifted one to the left when the 
patterns of second ionisation energy are considered. Vlhere a. Group I 
,element would have the low,est first ionisation energy, it would have the 
highest second ionisation energy. 

The pattern in i,onisat jon energi es fo r Group 2 can be appHed to any group 
in the Perio dic Table. Tlhe patterns in P,eriod 3 can be applied to Pe riod 2. 



Table 1.1 shows the firs t and second ionisation energies £or the Period 3 
elements. 

Group l ele·ments have the highest second ionisation en ergy in a particular 
period as the second ele-etron is being removed from an energy level closer to 
the nucleus. Group 2 elements have the lowest second ionisation energy in a 
particular period. 

Table 1.1 Ffrst and seco nd ion fsatf on ener·gles for the Per f od 3 elements. 

Element First i_on·isation ener~y/ kj mol~1 Se_c_ond ion isation ene~gy/ k.J mol-1 . 
- -

Na 496 4560 

Mg 738 1450 

Al 577 1816 

Si 786 1577 

p 1060 1890 

s 1000 2260 

Cl 1256 2295 

Ar 1520 2665 

~ ···························································································: : TEST YOURSELF 5 i .. . 
! 1 What 1s th e definiit ion of fiirst ionisa tion energy? J 
i 2 W·hat are the un its of ionisa·t~on energy? i 
I 3 Write equati ons for tih e followi n,g ioni sa ti·ons including· state symbols: ! . - - . 
: a) firs t i,o n isa t inn of s 1'li con : 
• • i b) second ioni saUon o f potassi.um ! 
i c) tn1i rdi ·i an isa t~on of ea rbo n. i 
• • i 4 Tl1 e first srx successi.ve ionisation energ:ies. 1n kJ mol-1, of an element i 
: M are: : 
• • 
: 578, 1817, 2745~ 11578, 14831. 18378 : 
• • 
: What is the formu:la of the ox ide of M? : 
! ! ............................. ................................................................................ ~ 



Practice questions 
I Vlhich of the following represents the second 

ionisation of n~agnesium? 

Mg(s) --+- Mg+(s) + e-

B Mg(s) ~ Mg1+(g) + 2e­

C Mg+(g) ~ Mg2+(g) + e-

D Mg+(g)-+ Mg2+(s) + e- (1) 

2 Which of the follo'Wi.ng is the ,electron 

configuration of an iron(IU ion? 

A ls2 2s2 2p6 3s2 3p6 3d5 4s2 

B lsl 2s2 2p6 3s2 Jp6 Jd6 

ls2 2s2 2p6 3s2 3p6 3ds 4s1 

D ls2 252 2p6 3s2 3p0 3d5 

3 An unla1,own element in Period 3 has the 
following successive ionisation energies in 
kJ mo]-1. 

First ionisation ,energy 

Secondl ionisation energy 

Third ionisation ,energy 

Fourth ionisation energy 

Fifth ionisation energy 

Sixth ionisation energy 

Seventh. ionisation energy 

Eighth ionisation ,energy 

+ 1000 

+2252 

+3357 

+ 44-56 

+7004 

+8496 

+27107 

+31719 

(1) 

lb which group of the Periodic Table does the 
elen1ent belong? 

Group 3 

Grollp 5 

·n Group 1 

D Group 6 

4 Write equations to represent the following 
ionisati.ons: 

a) First ionisation of aluminium 

(1) 

(1) 

b) Third ionisation energy of lithium (1) 

c) Exp]ain why there is no founh ionisation ·of 
lithium (1) 

S The graph below sho\Vs the first ionisation 
energies of the elements hyd_J:ogen to sodium. 
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Figute 1.31 

a) Write an equation for the first ionisation 
of boron including state symbols. (1) 

b) Bq,lain why the first ionisation energy 
of sodium. is less than ihat of lithium. (3) 

~) Explain why the first ionisation energy of 
oxygen is less than the first ionisation 
energy o.f nitrogen. (2) 

d) Continue the sketch above for the next 

three elements after sodium. (3) 

· ) Explain why the Noble gases have the 
highest ionisation energy in each period. (3) 

6 The graph below shows the first ionisation 
energies of the elements lithium (atomic 
number 3) to neon (atomic nuinber 10). 
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Figure 1.32 

a) Exp lain Vlhy there is a general increase in 
first ionisation energy across the period. (3) 

b) E>qJlain why the value for the first ionisation 
energy of boron is lo\.ver than the value 
for beryUium. (2) 

) Write the electron configuradon ,of an 
atom of nitrogen. (1) 



7 An element was analysed using a T10F (tilue-of- II 
flight) mass specu~ometer. The spectrum showed 
that there were four isotope.s. The relative 
isotopic masses and relative abundances are 
given in the table below. 

Relative isotopic mass Relative a bu nda nee 

s.o 9.4 

52 72.S 

53 14.S 

54 3.6 

a) Calculate the relative atomic mass of the 
element to one decimal place. (2) 

b) Identify the e 1em·en t . (1) 

) identify the species responsible for the 
peak at S4. (1) 

Bi The spectiu m below is for e thanoic acid. 

a) State the m/z value of the peak wid1 the 
highest relative abundance. (1) 

b) What is the relative molecular mass {lvir) 
of this compound? (1) 
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Figure 1.33 
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9 nie second ionisation of sodium is represe11ted 
by the ,equation~ 

Na+(g) ~ Na2+(g} + e-

a) Explain why the second ionisation energy is 
greater than the first ionisation energy 
ofsodiun1. (2) 

b) Wt.ire an equation for the first ionisation 

of sodium. (1) 

c) Whlcb. element in Period 3 would be 
ex'Pected to have the lowest second 
ionisation energy? (1) 

1d) The electron. configuration of an ion is 
shov\7n below: 

._...__.__.I 4p 

1 r i I r J. I r .i. 1 r .i. 1 r J. 13d 

1 r .i I r i I r J. I 2p 

jt-1, j2s 

jr.1. !1s 

Figure 1.3, 

i) Write tlle electron configuration. 

ii) An ion ,of zinc and an ion of copper 
have this electron configuration . 

(1) 

Write the fonnul.ae of these tvio ions. (2) 



Amount of substance 
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E PRIOR K OWLEDGE ~ 
~ f 
• t 

: : 
: Che1mica.l elements are repres,erited by symbo ls1 for example ,M.g is : 
• • 
: t1h,e symbol for magnesium and O is th e symboil for oxyg,en . : 
• • : • The sy m bot for an element represents an atom of that element. : . ' : Sta te symbols a re used after chemical formula to show the p,hy.sical : : : 
: state of the sub,sta nee: [sl for solid; (l) tor liqu id; [g] for gias and taq) for : 
• • : aqueous. : 
• • 
: Srnm·e etements ex,ist as simple molecules. The dFatoimic elem,ents : 
• • : have two atoms covatently bonded together. Th es·e are H2, N2, 0 2, F2, : 

i Cl2~ B r2• 112. ~ 
; • Molecular ions la~so, ca lled compound ~ons) are ions m1ade up of more i 
• • : than one atom,. : . ~ • • • + .................................................................................................................. llllmi 

~ ························~························~········ ·····•••t••••••·~················ ~RSELF ON PRIOR KNOWLEDGE 1 - i 
• • 
: 1 WrFte the symbols for the following elem.ents ,ncludir1g state symbols. : 
• • i a) soil i d' sod ~um bi liqu jd mercury j 
! c) gaseou s heli Lrm d) chlorin e water (aqueo.us ch lor ine) ; 
• • 
~ 2 Write t he formuta for the follow 1ing compounds includi.r,g state I 
~ symbols. ~ i a) Liquid wate r b) gaseous ca rbon ,diox ide i 
: c) ice d) sod iu m cn loriide so lution i 
• • • • 
································~······························~···················· ........................ .... 
Chemical formulae 
A chemical formula shows the aitoms/ions of each element that are present in 
a compound OJ" molecule

1 
as ~leil :as the number of each atom/ion. 

For example H2 0 is the chemical formula for water and it shows that a ,vater 
molecule contains ~,o, hydrogen atoms and one oxygen atom; MgCl2 is the 
chemical formu]a for magnesium chloride and i t contains one magnesium ion 
and two chloride ions. 

TI1e formulae of familiar and unfamiliar ionic compounds can be determined 
using the charges ,on the ions. 

• The formula and charge of molecular ions need to be leanied as you 
encounter them, for example, sulfate is SO~"~ 1 nitrate is ·No3, carbotiate is 
C01~- l hydroxide is OH-l .ammonittm is NHt. 

• Vlhere more than one of a molecular ion is needed, brackets are 11s-ed 
around the molecular ion and the number of these needed is placed 
outside the bracket. 

• The formulae of some compo,unds j1ust need to be leam.ed. For example: 
~lat,er is H2 0 1 

methane is CH4, ammonia is NH31 hydrogen peroxide is 

H202. 



N 

If an u n usua.t i1on is given. th·e 
same rules apply. For example 
the ethanedioate ion 1is c2oi-. 
Potassium ethanedioate is K2C204. 

Figure 2.1 Swe·ets co nta1 ning glucose 
C6H1206 and vinegar containing etha noic 
acid CH3COOH .. Both have the sa me 
em pi rlca L formula - what fs it? 

Using charges on jons 
ln an ionic compound, the number of each ion required i-s determined by 
using the charge on the ion. The compound s·hould have no overall charge 
as the total positive charge and the total negative charge on the ions should 
cancel out. 

For example: 

lithiu1n oxide 

lithium ion is Li+·, 1oxide ion is 02-

2 u+ and l 0 2- a:re required t,o, cancel out the charge 

Formula for lithium oxide is Li2 0 1 

iron(Ill) chloride 

iron (Ill) ion is Fe3+ ~ chloride ion is Cl-

1 Fe3+ and 3 Cl- .are required to cancel out the charge 

Formula for iron(Ill) chloride is FeCl3 

aluminium sulfate 

alu.mini.um ion is AP+; suUate ion is so!-
2Af3+ and. 3S ~ - are required to cancel out the charge 

Formula of aluminium sullate is Al2(SO.J3 

Typ.es of formulae 
An cn1pirical lorn1ula .shows the simplest whole number ratio of the a.toms o[ 

each elem ent in a compound. 

This type of formula is ·used for ionic compounds .and macr,omolecules (giant 
covalent mo ]ecules). 

Examples: NaCl (ionic); MgO (ionic); CaCl2 (ionic)~ Si02 (macromolecular) . 

Glucose and ethanoic acid are both found in foods. Glucose tastes swe,et and 
ed,anoic acid tastes sour. Glucose is found in sweets, cake and chocolate. 
Ethanoic acid is the main ingredient in vinegar. These are different chemicals,. 



Figu te 2.2 The energy drink Red Bull 
co nt;ins ; bout 80 mg of c; ffe i nQ in 
50 ml. Thf sis s1 milar to the amount 
found in a cup of freshly brewed coffee. 
Caffeine ha s the molecular formula 
C8H1 0N,0 2• What is its empirica l 
form ula? 

yet both have tl1e same empirical formula. Formaldehyde> a pungent smelling 
substance used as a preservative in m,edical laborat,ories also, has the .same 
empirical formula. AU three chemicals have different molecular formu lac. 
VVbat is che difference between molecular and empirical form.urn? 

A 111 n I "' u I a r forn1 u I ,1 s ho\¥S the actual number of atoms of ,each ·element in 
,one· mo,lecule of the substance. 

This is used for all molecular (simple) covalent su·bstances. 

Examples: H20; C02; 0 2; CH4; NH3; H20 2; 12; S8 (all molecular covalent). 

Some elements exist as simple molecules. The follo'Wing exist as diatomic 
molecules (H 2 i N 2, 0 2, F2,. Cl2 ~ Br2 ~ I 2) whereas su lfur CJ1..is ts as S8 molecules 
and phosphorus as P 4 n1olecules. 

An empirical formula can be written for molecular covalent substances and 
this may be the same as the molecullar £ormula or it may be different, e .g. th e 

molecular fonnula of hydrogen peroxide is H20 2 but its empirical formula is 
written as HO (simplest ratio). 

~ ···························································································: : TEST YOURSELF 2 ~ 
• • 
: 1 Write forim,utae for th e follow ing compounds: : i a) sod ium fluoride b) magnes1ium oxide I 
i c) potass~um oxrde di bari,um chlo r[de i 
~ 2 Nam,e the foUow~ng ,ons: a)I OH-; b) 0 2-; cl Cl-; d) Al3+; e) SOl- ~ 
• • : 3 Wri,te far ,mula e for the follawin·g transition metal co mpounds: : 
! a) co pper [IIJ cn loride b) zinc oxide f 
i : : c) co pp er sulfate di iron HI I] hydrox ide : 
• • 
: , Name the follow,ing compounds: : 
~ . i a) C02 b) KN03 c1 CuC03 dJ HF el Mgso, i 
f 5 Write form,ulae for the following compounds: i 
~ a) ammonium su lfate b) sulfur dioxide ! 
• • 
: c) ca lcium carbo nate dJ al1u:mini,um su:Lfate : 
• • ~ . ...................................................... ......... ...................... ........................... 

Bal nc d quations 
A balanced equation shows the rearrangement of atoms in a cl1.emical 

• reaction. 

Re'm,emoer you ca nnot change a formu la to balance an eq uation 

2Mg + 0 2 - 2Mg0 

/ ' STEP 2: With the oxyg,e n nm,v STEP 1 : A 2 he re ba~a nces the 
balanced, you need a 2 here in oxygen but creates another issue 
front of the :Mg to give 2 Mg and now there a re 2 Mg on the 
atorns and1 ba,lance the equation rigiht hand s,ide - tnis now nas to 

be baJanced as ~Iii 

Figure 2.3 

The equation is now balance·d; often y,ou have to ea la,nce o,ne eleme nt 
whi,ch m,ay crea,te another issue wi1tn anotiher eleiment 
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Figure 2.4 When natural gas burns it 
producQs a cl~eir, ste;dy, bluQ flam~. 
What fs produce·d? 

It js common to be given, the 
na.mes of reactants and products 
and have to write a balanced 
eq u ati10 n for an u11fa m I Liar 
reaction. FoUow the pattern 
shnwn 1in previous examples 
balancing1 each type of ato,m on 
both sides of the equatiion. 

EXAMP E 1 
Natural gas is used as a fuel. It is made up mainty of methane, with about 
2. 5 o/o ethane. 

Ethane burns completely in ai·r to form carbon dioxide and water. Write a 
balanced equat1ion for thiis reaction. 

Answ·er 
C

2
H

6 
-t 0

2 
...,. 

/ I 
co:z + 

' 
HO 2 

ethan~ 1is C2~ 6 oxygen is diatomic 
SC is 0 2 

ca,mon di·o::clide 
is C02 

Figure 2~5 

Th1is equatiion 1is not bala need a,s there are: 

2 C atoms on the left [in C2H6) and only 1 C atom on the r ight [1in C02l: 
also there are 6 H atoms on the left [in C2H6) and only 2 H atoms on the 
ri,gint [in H20)1

; 2 O atoms on the left [in1 0 2) but 3 a atoms on the right 
[2 o in Co2 and1 1 O in H20]. 

Sort o,ut the ea rbon first : 

C2H6 + 3~02 

1/ 
STEP 3: A 3z hir~ 
baJances the 
oxygen atoms 

Figure 2.6 

...... 2C02 + 

' STEP 1: A 2 her@ 
balances the 
carbon atoms 

3 H20 

STEP 2: A 3 h~r@ 
balances the 
hyd rage n atoms 

It 1may se,em unusuai to balance an equation using deci,mats. and the ba1lancing 
numbers in the equation can be doulbled to avoid th.e decima'l giving : 

2 C2H 6 + 702 -t. 4C 02 + 6H20 

At AS level ~t is fi·r,e to ,use decimals to bala nee equati,ons particularly 
co,mbustion equations aind this witt even be encouraged in th,e energetjcs 
section of AS level. 

L 2 
Copper{l l) oxide reacts w:ith nitric acid to for·m copped ll]I ni trate and water. 
Write a balanced equati1an for this reaction. 

Answe,r 
Tt1e unbalanced equation is written as: 

Cua + HN03 -1- Cu~ N:03)2 + H2o 

In this type of equation it is ea1sy to get lost with tlhe oxy,g,en atoms as 
there are three fin HN 0 3 and one 1in CuO on the Left, arid six in Cu [N 0 3b 
and one i,n H2o on Hie r ight of the equatiori. As the N 03 1is not broken 
up, rt is o,est to treat it a·s a unit As the re is only one IN 03 on the left and 
two on the rigiht. so two 2HN03 are requ~red; this wiH a-lso balance the 
hydrogen. The oxygen in CuO is 'bala need w1ith the oxygen in H2o. 

CuO + 2H N 03 -4 Cu i N03b + H20 



ronjc equations 
Some chemical reactions \\o"hich involve ionic compounds are actuaUy 
reactions between only some o f the ions involved in the reaction. The 
balanced equation can be revnitten as an ionic equation leaving out the ions 
which do, not take par t in the r:eaction. Ions which do not take part in the 
reaction are known as ~pt:cLat r io 1s, 

For each. ionic su·bs tan cc in the reaction write the ions present below it and 
h ow many of each ion are present. Covalent substances should be left as they 
are. If an ion appears on both sides ,of the equation (m the same state) it 
should not be included in the· ionic equation. 

Som etimes state syinbols 11:eed to b e included to show exactly what ions have 
changed and which have not changed. 

Write the ioni c equatton for t:h e react~on between hyd rochlor ic acid and 
sod iu m ·hydrox ide. 

Answer 
The balanced equatiion 1s : 

HCl + Na OH--+- NaC l + H20 

~ons: 

H+ + Ct- + Na++ OH- -t Na++ Cl-+ H20 

Th·e Na+ and Cl· rons are on bot1h s1ides of th e equation so are not part of 
the ionic reaction. llhese are the spec tator 1ions. 

Th e ion,ic equation is: 

H+ + OH---+ H20 

Wr~te an ionic ,equa tron for t:h,e rea,ct~on between copper[ 11 J su lfa te so lut,io n and 
so d~um hyd rox ide solu tion. 

l 
Answer 
Th,e .bata n ced equation is: 

Cu so,( aql + 2N ao H'[a q) _,. Cu [OH bf s] + N a,2S0 4(a,q] 

I.ons: 

Cu2+ (aq] + soz- [aq)' + 2'Na+f aq] + 20 H-~aq] --t, Cu2+[s) + 20Hl- [s] + 2·Nia+,(aq] + soz-[aql 
The 2 N1a+[aq] and SO~~(aq] a ire on both sides of the equ at ion so a re not pa rt of the 
ionic equati,on. 

Th e ·ionrc equati on is: 

Cu2· 1[aq] + 20H- [aql ~ Cu[OHb 1(s) 

Thi s reaction rs a preci pitat,ion reaction. Copper hydroxide is iriso:luble and is formed 
as a blu e precipitate, as shown in Fi1gure 2. 7. 

Figure 2.7 Copper hydroxide 
is a blu~ pr2cipitate. 
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State symbols a,re m,ost ofte n. not 
requ ired but they may help you 
w,ork out the spectator ions in t he 
equat i!ort 

Wri.te an ,ionic equation for the react ion betw,een, potassiu m chiloride 
solut~on and si.Lve r nitrate so lut1on. 

Answer 
The ba lanced equation is: 

KC L[aq] + AgN03,(aq)I ~ AgC:L[s] + KN03 [aq] 

Ions: 

K+faq]? Cl-[aql ~ Ag+[aq] + N 03 [aq] -+ Ag+!sl "r Cl-[s) + K+!dq ] + N 03 iaqJ 

The K+faq]1 -and N03 [aq]1 -a re on bot:h sides of the equation so are not part 
of the ;on i c equ at i·on. 

The ion i,c equat~on i,s: 

ct-['aq] + Agi+ [aqJ ~ AgC L[s]' 

These equa trons are useful in the tests ·for cations and an~ons which will 
be Looked at in Group 2 and Group 7 on pages 238-241. 

································ ···········~~··············································· 
: TEST YOURSELF 3 .. i 1 Write balanced equations for the fo llowing, reactions. 
i aJ potass·iu m hydroxrde + sulfuric acid~ potassiu 'm, suUate + wate r 
i b) calcium+ oxygen~ calcium oxide .. 
: cl alumrnium + chlorine~ atumin~um Clhlor,ide .. 
i 2 Barium chloride so lu tio n reacts with p,otassi,um, sulfate solut,ion t,o 
I prod uce soUd bari1um sulfate anc:J potass,iu m chloride remains in .. 
: sa Lution. • 
! aJ Write a balanced symbol equation for the reaction. 
• 
: b) Write a1n i1on i;c equat~on for the reaction. 
! 3 Wr,ite a balanced sym:bol equati1on for thi·e reactl,ons: 

• .. 
• • • • • • • : • • .. 
• • • • .. • • .. .. • • • • : • .. 
• • • • .. • • • • • • • : 
• • .. 

i al calcium hydr,o)dde + hydrochlor1c acid~ catcium chloride+ water ~ 
! b) aluminium oxide+ su lfuric acid -4 al 1um}ni1um sulfate + wa,ter i .. . 
i cl zinc+ hydrocnlori c acid ~ zinc chlori,de + hydrogen, : 
i t. Write an io1ni,c equation for the reaction betweein zi nc[ll1] ions and i 
i hyd rox~de ions to produ ce zinc [III] hydroxide. ~ 
.. .. 
: 5 Convert the foUowing balanced sy mbot equ'ations 1n to ionic equa tiioris : 
! by rem ov rng spectator f ons: i . ; ! al Mg(s) + CuSOda,q) ~ MgSO.daq] + Cu{s) ! 
J b) Zn[s~ + 2HCL[aq] ~ ZnCt2[aq) + H2!g) ~ 
~ . • • ....... ... ..................... ....................................................................................... 



o~-------The mole and the Avogadro constant 

Figure 2.8 Just liow big is the· 
Avogadro constant? The Shard near 
London Bridge is 304000 m high. 
Currently it fs the tallest bu1Lding in 
the European Union. If there was a 
building 6 x 1023m tall, rt would be 
1980 DOD OOO OOO 000000 OOO timQ·S taLLQ.r 
than the Shard . 

Figure 2.9 Each be-aker contains 1 mole 
of a different coloure·d compound and 
hence each contains the Avog;dro 
constant number of particles.. The 
compo unds shown are copper carbonate, 
hydrated copper su lfate, sod ium 
chloride, potassium manganate(VII) a-nd 
pot as sj u m di chromate [VI] . 

The Ar values should be used. to 
1 decrm.al place as given on the 
Periodrc Table supplied with the 
AQA examina,t~ons. It is available 
to down loa,d frrom the past pa,p,er 
section of the AQA webs'lte. 

A bala.·nced equation for a reaction. gives the rearrangement of the atoms 

~~thin .a chenlical reaction. 

·u smg the equation: 

We can read this as 1 C atom reacts with 1 0 2 molecule to form 1 COi 
molecule. 

However, the mass of 1 atom of carbon is approximately 2. 0 X 10-13 g. This 
sort of me.asuremenr is not p·ractica.lly possible and so the number of particles 
measured must be scaled up but they V,iiU still react in the same ratio. 

For example 1 million C atoms 'Will react \Vith 1 million oxygen 1nolecules 

to form 1 million carbon dioxide molecules. However, the mass of 1 million 
ca11bon at,oms is 1 OOO OOO X 2.0 X 1ox23 = 2 X 10-17 g. This is still tro,o 
small ro be measured practically. We need to multiply by 6. 02 X 1023. This 
number is called the Avogadro constant. The Avogadro constant is often 
represented by the capital letter L and may be de.fin.ed as the number ·Of 
a't·01ms in 12.000 g ,o,f carbon-12. The Avog;dro constant is used to get a 
measureable mass . 

• l carbon atom. has a mass of 2 X IQ-23 g so 6 .02 X 1Q23 coobon aton1s 

ha'Y"e a mass of approxitnately 12 g. 
• The amount of a substance that contains the number of particles (a.toms, 

ions 1 molecules or electrons) equal to the Avogadro constant (6.02 X 1023) 

is called a rnole of the substance. 
• The term 'amounti is the quantity which is measured in moles. Mole is 

written as mol for unit purposes. 

Reading equations in moles 
This equation: C + 0 2 --;. C02 can be read as: 

l mole of carbon atoms reacts with l mole of oxygen molecules to form l mole 
of carbon dioxide. 

For any substance the mass of 1 mole is simply the total of the relative atomic 
masses {AJ of aU the a.toms which make up the sub.stance: 

1 mole of Mg == 24.3 g 

l mole of 0 2 = 32.0 g 

l mole of H20 = 18.0 g 

(Ar of Mg== 24.3) 

CA.r of O = 16.0) 

(~ofH = l.O~ ~ofO = 16.0) 

1 mole of Ca(OH)2 = 7 4 . lg (Ar of H ~ 1.0; Ar of O ;;;; 16.0; ~ of Ca ;;;;;; 40.1) 

1 mole ,of Fe,z(SOJ3 = 399.9g (Ar of O = 16.0; S = 32.l; Fe = 55.8) 

There arc 2 moles of Fe atoms, 3 moles of S atoms and 12 n1oles of O atoms in 

1 mole of Fe1(S04)3. 

Oft n the total of the relative atomic masses in any substance is referred. to· as 
the relative molecular mass (represented by Mr). Relative formula mass {RFJvl) 
may be used for ionic compounds but Mr is accepted for all. compounds. 

TI1e Mr of H 2 0 = 18. 0 (no units required) 

The Mr of Fe2(SOJJ = 399.9 
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The mass of water i·s g i,ven to 3 
s ig nifi caint figures and the Mr is 
also calculated to 3 significant 
figures. It is then com·mon to be 
asked for an answer to the same 
level of preci1s1on. 

As the rmass is given in kg, it 
must be converted to grams 
by m·U'ltiplying by 1 OOO. M,a ny 
mistakes are mdde in converting 
a measure·mer,t tram one unit to 
a nether: Thi n1k carefully when you 
are doing tlhis. 
250 kg ;;; 250 OOO g 

The term molar nw.ss is .also used which means the mass of 1 mole 

The units of ·molar mass are glmol or g mo]­

Molar mass of Ca(OH)2 == 74.l gmol-1 

Molar mass of 02 = 32.0gmol-1 

The terms molar mass,. Mr and RFM have the same nutnerical value. Mr and 
RFM do not have units ·but molar mass has units of gmol-1. 

Duri,ng c:a lcu lati,ons i,t i,s acceptabte to follow through1 wjt:h the answer 
on your calculator. llf writing down a number from your catculator during 
a ca:Lcutation (e.g. 0.02927400468] you would be advised to write down 
a number less th:an 1 to 4 slgn 1ifica nt figures :(i.e. 0.02927) or a rnu ·m ber 
g,rea ter than 1 to 3 dec~m,a.l places (e.g. 20.482]. Most ca lcu latio:ns in thi,s 
chapter will ask for an answer to 3 s~gnrficant figures. If a11 'appropriate 
level of p recij si on· ~s asked for in an answer. tih e answer rnust be ·given 
to the tim!ts of the lea,st aiccurate mea,sureiment used !fewest num,cer of 
s ignificant figures~. 

Calculating moles from mass 
The amount, in m,oles, of a substance can be calculated from the mass using 
the expr:ession: 

mass (g) 
amount (in n10les) = M 

!: 

The mass must be in grams to calculate a correct amount, in moles. 

Amount, in moks, is often written as n so the expression is often written as 
m 

n = Mr. 

Ca!lcu late the amount. in motes. pres,en t in O .27 4 g of water. Give your 
answer to 3 sigin ifiica nt figures. 

Answer 
The M, r of wa1 te r i s [ 2 >c 1 . 0 JI + 1 6. 0 - 11 8. 0. 

m 0.274 . I n =-son= . = 0.0152 m10L 
Mr 18.0 

Calculate the amount, i1r, moles. present in 25 0 kg of iron[II I,] oxi,de. Gi,ve 
your answer to 2 decim,al plaices. 

Answer 
Tile Mr of iron{l 11 ) oxide [Fe203) = 2 x 55.B + 3 x 16.0 = 159 .6 

m 2s.oooo 
n • Mr' son • 159.6 - 1'566.42mol 



Rearranging an exp ress1ion 
to Crhange tihe subject is an 
important ,ma:thematical skill. You 
shou ld rearrange the express ion 
before substituting va loes into 
it See Chapter 17 for more 
information. 

In this question decimaJ places are used as the mass and1 amnunt, 1in 
moles, are large numbers and the precision of the answer would be 
li :m ited if 3 or 4 s~g,nii fi1cant fr,gures were used,. 

Ha mass in tonnes ,s give11 multiply the nu:mber by 106 to change to 
graims. See Chapter 17 for more informat ion. 

Using the Av,ogadro constant 
Som·etimes calculations are se't which requfre the calculation of the mass of 
one atom or molecule or a comparison'between masses of atoms. Q,r there 

may be a comparison between the number of particles (atoms, molecules; 
ions) in a certain mass of substances. 

The i\ rogL d ro 011.:- tant is the number ,of ·particles in one mole. 

The Avogadro constant is equal to 6.02 X 1023. 

All these calculations rely ,on these expressions: 

mass (g) . 
1
__ number 10.f pa:rriclcs 

= amoun.r 1n mD!C!:5 = 
M1 Avogadro constant 

This is often written: 

m number of particles 
-~n= 
lvlT L 

whet"e n1 is the mass in gran1s, Mr is the relative molecu lat n1ass, n is the 
,amo,unt (in moles) of a. substance and L is the Avogadro constant. 

The expression cain be rearranged to: 

rn = n X M:r 

and 

number of particles = n X L 

PL 8 
Calcuilate the mass of 1 atom of Fe. Give your answer to 3 s~g: ni fi1cant 
figures. 

Answer 
Amow1t (in moles) of Fe for 1 atom -

6
.
02

: 1023 - 1.66 x 1 o-u mol 

Mass of 1 iron atom,~ 1.66 x 10-2.4 x '55.8 - 9.27 x 10~23 g 
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Ca'lculate the number of nxyg:en atoms present 'in 4.40 g of carbon dioxide. 

Answer 
Mr of C02 - 112.0 + (2 x 16.0j - 44.0. G1ive your answer to 3 signi1ff cant 
figur,es. 

n = ~ = 
4

·
40 

== 0.1 00 mol :x L l6.02 x 1023) = 6.02 x 1022 m olecules of C02 Mr 44.0 

Each C02 conta,ins two oxygen atoms 

so the number of oxygen atoms= 2 x 6.02 x 1022 

::: 1. 204 x 1 Q23 atoms of oxygen 

To· 3 sign,ificant figures the answer ls 1.20 x 1 Q23. 

~ ...•.........•...... ..................................... . ...........•....................• , 
f TEST YOURSELF 4 i . .. 
~ 1 Calculate the number of aitoms pr,eser,t in th e foUow in·g: ~ 

£ aJ 0.243 g of m,agnesi1um i 
I b) l4.2 g of neon i .. . 
! cl 0.482 g ·Of water [H 20! J 
! 2 Calculate the number of oxy,gen atom.s present ,jn 1.10 g of carbon i 
i droxide [C02J1 ! 
.. . . 
: 3 Calculate the number of 'm,ote,cules present in the foHow ing: : .. . 
i aJ 9.0'5 g of water i 
i b) 11 .0 g of propane, C3H8 ! 
.. . 
: 4 What mass of ma,griesium contains the same nu1mber of atoms as the : 
• • 
; number of atoms in 3.807 g of iodi ne, ~2? ; 
* ~ 
········ ········· ······ ······· ···· ························· ········ ···· ······· ·····~• .... 1111111111111111111111111 01--------u in bala need q uatio ns quantitatively 
Quant1tacively means measuting and calculatLng quantities. 

As no atoms are gained or lost in. a che·mical reaction, the equation can be 
read quanti tarively. This allows mole calculations to be carried out. 

A balanced equation such as the ,one belovt gives the mole ratios ,o.f the 
reactants to products in the chemical re.action .. 

2'Pb(N 0 3) 2{s) -t 2·PbO(s) + 4N02(g) + Ot(g) 

This equation shoVJS that 2 moles of Pb(N°'3)2 when heated to c,onstant mass, 
break do-wn to produce 2 moles of PbO,. 4moles of N02 and I mole of Oi. 

If the Pb(N03)2 is heated to constant mass ) this should ensure that it all 
decomposes. 



For some ca lculations it is 
important to realise that 2 motes 
of solid Pb[N03h produce a total 
of 5 motes of gas [4N0 2 and 
02]. State symbols lsl = S·Ol1d; 
[l) = liquid; [g] = gias and faq~ = 

aqueous aire often used to show 
the states of t1he reacta,nts and 
products. Do not put the 1m in 
unless they a re specif i ea lty asked 
for in a question . 
If there is a, djfferent amount, 
in motes. o,f Pb1(NI 03b to start 
wrth, the balancing numbers in 
the ·equation stH'L g,ve the ratio 
of how many moles react or are 
produced . 

There are tb:ree steps to foUow: 

Step 1 Using the: mass of r0ne of the reactants, which v..ill be given to you, 
calculate the amount

1 
in moles, of this substance by dividing by 

the Ml' 

t p 2 Using the balancing numbers in the equado,n, calculate the amount, 
in moles, of the substance asked for in the question. 

Step 3 Change the atnount in moles of this slibstance' to mass by 
n1ultiplying by the Mr 

PLE 10 
Po( N03h undergoes therma,L decomposition accorcnng to t 1he equation : 

2P 1b(N03h --4 2Pb0 + 4N 02 + 02 

82.Bg of PblN03h were heated to constant mass. Calculate the mass of 
IPbO forimed. 

Answer 
Mr of Pb[N03b = 207.2 -t 2 x [14.0 + (3 x 16.0)] = 331.2 

As ft is a solid , n = ;r -
3
8
3
2
/

2 
- 0.25 motes of Pb[N03!2 

2 In the balanced: equation, 2 mo,les of PbiN03b forms 2 moiles of Pb 0. So 
0.25 moles of PblN03b forms 0.25 moles of Pb 0. 

:; 0.25· m,oles of PbO ca n be converted to mass by multiplying by its Mr. 
Mr of Pb,0 207.2 + 16.0 2·23.2. 
Ma~s of PbO forn1@d- n .~Mr= 0.25 )< 223.2 - 558g 

Th ts type ,of ca tcu lati on ea n be set au t i ri a tab le be low the balanced 
equation 

2Pb(N03l2 -+ 2Pb0 + 4N02 + 02 

Mass 82.Bg ***55.8 g 

Mr 33 1.2 **223 .2 

Moles 0.25 *0 ,25 

1 Put in the mass you have been giiven and calculate t lh e :Mr va Lue of 
that substance. Divide the mass by the M1r to ca lcu late the amoiunt. in 
moles. Thi s i·s s hewn in the P'b IN 03] 2 c,o l 1u min. 

') Then ca lculate the ,other moles using the balancing numbers. 
0.25 motes of Pb[N D3b produces 0.25 moles of PbO [* 1in the tab le). 

1 Calculate the Mr of P,bO !*It! in the tableJ and ·multiply it by Ule a·m1ount 
i.n moles, to determine the mass of PbO l*,ic"' i·n the table) . 



N Questio1ns are set using 'kg' t,o 
ensure you know to use mass in 
grams. Always convert to grams 
before working out moles as 
motes i,s mass in grams d1ivided 
by th,e Mr. This shows t 1he use of 
scale particutarty when deaUr,g 
wi tn i nd u stria l processes. 

The types of calcutat1i,on shown mn thi,s ex.a·mp le a:re often ,H;ked ~n 
questrons. The most common m istak,e is to calcu late the Mr and multiply 
it by the balancjr,g number before calculating! the amount, in moles. 
Remember tih at the Mr is for 1 m,o[e o,f th e form,u la. The ba ta nci,ng 
numbers are for tha1t particular equation . In th1is example. the error would 
be to use '662.4' as the Mr of Pbl N03b because it has a ·2· in front of 
i1 t. Rememroer when using the table met,hodl to work down to moles, go 
across us,in,g tile oailancing numbers and work up to mass. 

2Pb[N03b ----,, 2Pb0 + 4N02 + 02 

Mass / 82.8g ***55.Bg , 

' 
Mr ~ 331.2 ••223.2 ) 

:~ 0.25 
,. 

Mole-s *0.25 / ... -,. 

27 .5 lkg of alu m,in i um were heated irn a stream of oxygen u ntrl consta, nt 
mass was achi1eved. Determ:ine the mass of alu mini1um o,xide formed. 
Give your answer to 2 decimal places. 

Answer 
4Al + 302 ~ 2Al203 

27.5 kg of aluminium is 27 500 g. 

As it is a solid, motes m £e 2;;,~o m 1018.52 mo,tes of At 

2 In the bala need equat,ion 4 motes of Al forms 2 moles of Al20 3. 

1018.52 
So 1018.52 moles of Al forms 

2 
= 509.26 imoles of Al203• 

Mir of Al203 m (2 X 27 .0) + (3, X 1 6. OJ - 11 02. a. 
Mass of Al203 formed= mass x ,Mr= 509.26 x 102.0 = 51' 944.52 g = 
51.94 kg. 

The tacle shows step 1 in the first co lumn, step 2 working out other 
motes* and step 3 workin,gi out M/'.o1c and mass••*. 

4AL + 302 --+ 2AL203 

mass 27 500 g 51 944.52 g ••• 

Mr 27.0 102.0** 

moles 1018.52 50 9.26* 



If a number is written in standard 
form, for exampte 116.1712 g 
wo u l d be 1. 61 71 2 x 1 0, g,. The 
first significant d1 git is the first 
non-zero di:git. In this case the 
first three digits are signi f1icant so 
the answer is 16.2 g. S1igni:f1icant 
f 1igures a.re m.aintairied between 
ord inary form and standard 
form . 1'.62 x 1' 01 g ·is written 
to 3 si g,n ifi.ca: nt figures as is 
16.2 g. See Chapter 17 for more 
jnformatjo n. 

lE 12 
Calci u1m oxide reacts with carbon to fo rm ea lei um carbide, CaC2, and 
carbon monox ide. 

Answer 
CaO + 3C ~ CaC2 + CO 

Ca lcu tate the mass of carbon required to rea ct completety with 25.2 g of 
ca lcium oxide. Give you r answer to 3 s1gnrficant figu res. 

Cao + 3C ~ CaC2 + co 

mass 25.2g 16.1712g 

Mr 56.1 12.0 

moles 0.4492 1.3476 

Th e answer to 3 si,gnificant figures is 16.2 g . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• •••••••• ••••••• ••••••••• 
i TEST YOURSELF 5 
• i 1 1.28 g of scdiu1m hydrogen carbonate, NaHC0 3, are heated to constant 
i mass. Ca lculate the mass of sod jurn carbonate formed. Girve yo ur 
• 
~ answers to 3 srg n i,f i ea nt figures. 
• • 
: 2NaMC03[s] ~ Na2'C03(s] + H20H] + C02lgl 
• I!, 
ii, 
t 

" % • • • • • • 

2 0.900 g of copp.er [JI) nitra:te, Cu!(N03b, are heated to co,nstant mass 
reLeaSiing nitrogen dioxi.de and oxygen 9.as . 

i 2Cu[N 03b~s] -4 2CuO[si + 4N 02lg] + 02:(g ] 
• I ! Calculate th·e mass of coppedll]' ox ide formed. Grve your answer to 
i 3 sign ificant ffgu res. 
• 
~ 3 Met1hane reacts wi·th steam according1 to the equation: 
• • ! CH4'9] + 2H20 [g) ~ C02(gJ + 4H2~9~ 
I 
I 

f Ca lculate the mass of carbon diox ide formed when 0.0124g of 
• : m,et'h.ane reacts. Give your answer to 3 signifi:cant fi.gures. 
i I. Catculate the mass of PCt5 requ ·ired to form 0.124 males of HCL. G:ive 
• i your answer to· 3 si gnrif ica nt f fQrU res . 
I 
I 

" : PCt5fsJ + 4H20[l] ~ H3PO.daq)1 + 5HCUaqJ 
• • 

• • • I 
I 
I 
• I 
j 

• • • • • • • • • • • • t • • I 
I 

: • • t 
• • • • • • • • I 
I 
I 
I 
I 

i • t 
• • • • • • • • • t 
I 
I 
I 

' • • • • t 
• • • • • • • • • I 
I 
I • • • • • t ............................................................................................................... 

Percentag,e yield 
• During a chemical reaction the calculated amount in moles l of the 

product formed or the calculated tnass of the product forn1ed is called the 
theoretical yield . 1 t is the moles or mass you would expect to be produced 
if the reaction goes t,o, completion. 

• However many chemical reactions do not give the m.oles or mass you 
would expect and the moles or mass you obtain is called the actual yield. 
This is what you obtain experi1nentaUy. 
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• The percentage yield is the percentage of the theoretical yi.eld which is 
achieved in the reaction. It is cak:ulated using the aipression: 

. actual yield 
Percentage yield == X 100 

theoretical yield 

• The actual yield and theoretical yield may be in moles or as a mass 
measurement, usually in grams. The calculation wiU be c,orrect as long as 
both are moles or both are masses '\i\>ith the same. units. 

• The reasons why the percentage yield is no t 100% are often asked and the 
main reasons are: 

• )oss by mechan.ical transfer (ttans ferring from one container to .another) 
• loss during a separating techniquej for e.~mple filtration) separating 

funnel 
• side t-eactio,ns ,occurring 
• reaction not being complete. 

LE 1 
A sa,m ple of 3. 72 ,g of magnesium was h·eated with 
a Bunsen burner. The magnesium reacts with the 
oxygen in the air forming magineslur11 oxide according 
to the equation : 

2Mg + 02......:, 2Mg 0 

1 C.atcu Late the theoreti cal y 1ield of m1ag nesi,um oxide 
obta1ned in ttne reactf on. 
4.44 g of magnesium oxrde were obtained, ca lculate 
the percentage yield of thi s reaction using your 
answer to L 
Suggest one reason wtny the percentage y,ietd was 
not 100°/o. 

Answers 

2Mg + 02 ~ 2Mg0 

Mass 3.72g 6J7g 

Ar or Mr 24.3 40 .3 

Moles 0.1531 0. 1531 

The theoretical yield ,s 6. 17 g ,of mdgnes iu m oxid'e, 
Mg,O. 

. actual yield 
Percentage yield =i h t· l . 'Ld x 1 DO t eorer ,ea y1e 

4.44 
= x100 .= 71 .96o/o 

6.'17 
" Reaction is not complete. 

1 
Phosphorus(vi ox id,e. P~0, 0 reacts with water 
according to the equa tiian : 

P4010 + 6H20 -4 4H3P04 

72.0 g: of phosphorus[V] ox id,e reacts with an excess of 
water to form H3P04. The percentage yie:ld i1s 70.0°/o .. 
Calcu Late the mass of H3 P04 formed to 3 sign i,fican t 
figures. 

Answer 

P4010 + 6H20 ---'> 4H3P04 

mass 72.0g 99.37 g 

Mr 284.D 98.0 

moles 0.2535 1.014 

The th,eo reti eat yie'ld of H3P04 is 99 .37 g. 

1 

. . • , actua ll y~eld 
Pe rceritage y ield = . h . . l . ld x 1 OD t ,e,oret1ca y1,e 

70.0 _ a ctua L yield >c 100 
99.37 

. 70. 0 , 
ac tual yreld = 

100 
x 99.37 = 0. 700 x 99.37 ·= 69 .56 g 

The m,ass of H3P04 form ed ta 3 sig,niffcant figu res ls 
69.6 g. 



Am1monia reacts wi th oxygen to form nitrogenl l 11) ox.id,e, NO, and stea:m. 

4Ni H3 + 502 ~ 4NO + 6H20 

Calculate the mass o,f ammonia requi 1red to react w~th excess oxygen to 
·form 5JJO g of r, :itrogen[ll ) oxi1de given a 40.0%, yield. Give your answer to 3 
sig n.ifi cari t figures. 

Answer 
In this q.uestion th·e actua.t yield is 5.00 g a.nd the theoret·ical yiel·d ~s 
determined from the percentag,e yield. 

. . actual yield 
IPercenta g e y1e lci = h . l .. . l.-11 x 1 DO 

t1 eoret1ca1 y1e u 

40. 0 = S.OO x 100 so theoretica L yi·eld = 
5· DO x 1 OO = 12.5 g 

theoret ica l yield 40.IJ 

Th,e reacting m,ass catculation is carried out in reverse to determine the 
mass of a m:monia required to form 12.5 g of nrtirogen'(U) ,oxide. 

STEP 3: Calculate t he mass 
of NH3 f rom the amoo111t, 
·in moles, and the Mr. 

"' "' 4NH1 + 
r-

mass 7.0833 g 

M 17.0 
r 

moles 0.4167 

/ 

·SO 2 

STEP 2: Determine the amount, 
in mol·es, of NH3 using the ratio 
in the ba I a need equa·tio n 

Figure 2.10 

...... 4NO + 6~20 

12.5 g 

.30.0 

0.4167 

/ 
STEP 1: D eterrn i ne the 
amount , in mol'es, of NO 

The answer to 3 signrficant figures is 7.08 gi of a·mmoni,a are required. 

Drugs are pt'oduccd in industry using different chemical st,eps, ,each of which 
typically occurs with less than 100% yield. The overall percentage yield for 
the production of the drug is the sutn of the product of the percentage yields 
of the indi~tidual steps. For a drug synthes1s 'With many steps the overaU 
percentage yield can be very small and this is one fac·t,o,r contributing t,o, the 
huge cost of som e dmgs. 

Salbutamol is au inhaled drug used to treat asthn1a.. lt is purified in a fiv,e step 
synthesis. Table 2.1 below shows the percentage yield for each step, and the 
overall percentage yield. Only about one fourt,eenth of the original marerial 
was turned ir1to the purified drug. Scientists are continually researching to find 
new ways to improve percentage yields of the steps in the synthesis of high 
purity drugs in order to decrease costs andl improve profits. 
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Table 2.1 The percentage, yield for each .step1 and the overall percentage yie ld for the drug salbutamol. 

Ste·p 1 impure sa lbutamol-+ int~rmediate A percentage yield= 70% 

Step 2 intermedfate A~ fntermedlate B p ere en ta g e yield = 1 0 0 o/o 

Step 3 interme,diate B-+ intermediate C percentage-yie ld = 40% 

StQp 4 i ntermed ,ate C ~ i nt9rmed ie1te D pe rcentage yield= 72o/o 

Step 5 intermediate D ~ purffied salbutamol percentage yield= 350/o 

overall percentage y ield= 70°.tb x 100o/o x 40o/o x 72°/o x 35% = 7.06% 

Figure 2.11 Many people use 
salbuta mol to relieve the symptoms of 
asthma. It is adm in iste·red by inhaler. 

1' cm3 [cuhi c cent imetre] is the 
sam e as 1 ml f m iillHi1treJ. 1, d m3 

(cubi,c decimetreJ is the same as 
1: l [ litreJ of va lu me. 1 OOO cm3 is 
equal to 1 dm3. The concentrati,on 
of a soluti on in mol dm-3 is the 
amount, in m,oles, of solute which 
would be dissolved i.n 1 dm3 to 
form the sa me concentratiion of 
so lution. 

: . TEST YOURSELF 6 
• ! 1 Calculate the percenta,ge yreld of magnesium su tfate if 2.1 O g of 
: ·magnesi:um reaicts with excess sulfuric acid to form 8.30 g of 
• 

• • • • • • • .. 
• • • ! mag,nesi,um sul·tate. Give your answer to 3 signifrcant figures. i 

i M!gfsJ + H2S04[aq) ~ MgS04i(aqJ + H2,[g] i 
I 2 Ca lcu late the mass of N02 f,ormed from 5.00 kg of a,mm,on fa assuming f 
i a 75.0°k yreld . Gfv,e yo ur answer in kg to 3 significant figures. i 
: 4'N H3( g l + 702 [g,] --4 4N 02i(gJ + 6 H 20 [g] : 
• • • • • • i 3 Ca lculate the percentag,e yi,etd, of sulfur when 42 .1 g of hydrogen iodide i 
! r eacts completely with concentrated sulfur ic acid. 1.20 g of su Lfu r ! 
J were formed . Give your answer t o 3 signifi cant f.igu res. ! 
: 6H,l(gJ + H2S04[l] ~ 312ls] + S(s~ + 4H20 lgl : : ; . : ! 4. I ron l(l 11) hydroxide 1undergoes thermal decom,position to form ir,on1[I IIII : 
: ox ide and water. ! • • i Calculate the mass of Fe20 3 formed ·from the d·ecompositron of 17.2 g i 
i of Fe[ OHb, assuming a1 40.0°/o yield . Give your answer to 3 s ign1ficarit i 
i fi1g u res. i 
E 2Fe{OH)1

3[s] ~ Fe20 3{s] + 3H20[g~ ! . .. .. . ............................................................................................................. ~ 

Calculations involving solutions 
Solutions contain a solute dissolved in a solvent. The amount, in molest of the 
solute can be determined from the solution volume used (most often in cm3) 

and the concentration of the solution (most often in rnol dm-3). 

moldm-3 can 'be wri:tten as moVdm3 or somietimes as molar [M) . 
A 1: molar sotution is written as 1 M and i,s described as having a molarity 
of 1 M. 
1 M = 1 moldm-3. For a 1 moldm-3 so 'lut ,ion, 1 mole of solute is d issolved in 
deioriJsed water and the volume made up to form 1 dm3 of solution. 



F'o r a soilutio,n volume in dm3 the 
expressio n becomies n ·= v x c. 

Rearranging a mathemat1cal 
express ion to make some 
other quant~ty the subiect 
is an essential skill. Make 
sure you u ndersta,nd ho,w thi1s 
process works. 

The amount, in moles, (n) of solute dissolfved in a. solution is calculated from 
the v,otume of the s,o,lution and the conc,entration based on the expression: 

(
. . . l · ) _ solution volume (cm3) X concentration (moldm- 3) 

amount in mo ,es , = . 
1000 

vxc 
or more simply as n = 

1000 

PLE 16 
Ca lcu tate the amount, in moles, of ca lcium hydr,ox ide present in 25.0 cm3 
of a solution of concentra tiion 0.127 molcfm-3. Give your ,Hisw,er to 3 
sig nit i ea nt figures. 

• V X C • 2 5. 0 X O. 1 2 7 a ~ O 031 75 , l 
n 1 OOD 10100 u . mo 

0.003175, may be written ~n standard form as 3.175 x 10-3. 

To 3 signi,fi'cant figiures the answer is O.D03l8 rnol. 

Calculating volumes and concentrations 
The expression can be rearranged to allow the calculation of solution volume 

• or concentratton. 

n X 1000 11 X 1000 
v == and c == ----

c y 

'For volumes (v) in cm3 and concentrations (c) in moldm-3 and where 
n = amountt in moles. 

PlE 7 
Ca lcutate the ocncentrati·on of a so lution of ·sodrium hydroxide formed by 
dissolving 6 g of sodium hyd roxfde 1n de:ionrsed water and the vo lu m,e of 
th,e so lution 1is made up to 250 cm3. 

Mr of Na OH • 23.0 + 16.0 + 1.0 • 40.0 
m 6 

n = R FM = 40 .O = 0 .15 m ol 

Th ere are several ways to approach the next part of thi s calcu tati ori and 
you may move from one method to th e other with practrce at these types 
of ea lcu latiio n s. 

Method 1: Using the expression 
As you want to find the concentratio n of th,e so lut~on t:he expres·si1on 

n x 1 noo b d 2 so 3 o 1 5 l d · h · c ;;:; may e use . . v ;;;; _ c 1m ; n ;;; , . · m O· a n c 11 s t e q u a n t t ty 
V 

you want to find . 

0. 1 5 x 1 () DO O 6 I. d -3 
C • 

250 
m • mo ~ m, 



N x40 ·is a very corn mon ca,lculaition 
feature when using solutions as 
most p1 pettes measure 25.0 c,m3 

of solution and co ncentration is 
often asked. 

Method 2: Using the volumes 
From the initfa l ca tculat,ion you kno,w that there are 0.15 mol O·f NaOH 
di,ssoilved in 250 cm3 of the solution: made. 

The concentrahon in mol dm-3 is the amount, rn m1oles, which would 
be required to make a sotuti,on ,of the saime concentration if tne volum,e 
was 1: dm3 ( 1 OOO cm3). 

To scale up from 2-SO cm3 to 1 dm3 there is a factor of four so 
0.12 x 4 = 0.6 m,ol dm-3. 

0.6 mol of Na OH would be required to b·e dissolved in 1 dm3 to, produce 
a solutiion of the sam.e concentration as when 0. 15 mol of NaOH were 
drssoilved in 250 cm3. 

EXAM lE 18 

Calculate the concentration of a solution formed when 1.25 g of calcium 
chloride are d'issotved i,n d·ei,on ised water and th,·e volume of the solution 
is made up to 25.0 cm3. Give your answer to 3 s,igin ificant figures. 

Mr of Ca C l2 = 40. 1 + f 2 x 3 5. 5) = 111 . 1: 

m t25 
n - - 0.01125mol 

Mr 111 .1 

Method 1: Using the e·xpression 
As you want to find the co ncentration of the soluUon the expression 

n x 1 OOO c ,m,ay be used. v 25.0 cm,3: n 0.1125 mo.l and c is the 
V 

qua n t Hy you want to find. 

~ 0. 0 1' 1 2 5 x 1 0 0 0 ~ O 4 S O· l d. -3 c 
25

_
0 

. mo m . 

Method 2: Using the volumes 
From the i1nitial ca tculat:ion you know that there are 0.01125 mol o,f 
CaCt2 di1ssolved in 25.0 cm3 of the solution mad,e. 

The concentration in mal dm-3 j.s the a1m·ou nt, in m1oles, which would 
be requrred to make a solution of the same concentration if the volume 
was 1 d m3 [ 1 OOO cm3 )' . 

To scale up from 25.0 cm3 to 1 dm3 there is a factor of 40 so 
IJ .01125 x 40 = 0.45() moldm- 3 (to 3 sig:nifica:nt figures]. 

0.450 mot of CaCl2 would be required to be dissolved i'n 1 dm3 to 
produce a solution of th,e same conceritra,tion a,s when 0.0111,25 m.·ol of 
CaCt2 were dissotved ln 25.0 cm3. 

Th rn u g ho u t t h is c a le u la t i. or, you s ha u l d wo r k to a t le as t 3 s i g n rf i ea n t 
figures. 0.011125 imol 1s to 4 significant f~gu:res. The frna 'l ans.wer ,is stated 
to 3 si,gi ni,Hca nt figures as 0.450 m old m-3. 



Working to A. significant figures 
throughout i.n a calculation 
where 3 si,gni·ficant figures are 
required . Show all the ste.ps in 
any ca lculatio·n1. l1f you make a 
m .istake your m·ethod can be seen 
more clearly. 

c·atculating concentrations from reactions fo1 rming a 
s,olution 
Some chemical reactions where a substance reacts with water or other solutions 
such as acids can form the basis of calculations. The concentration of the 
solution formed can be detennined from the mass of the substance Mlich reacts, 

the ratios in the balance'd equation and the final volum·e of the solution. 

Solid phosphorus pentasu lfide. P2Ss. reacts with water to form a solution 
of phosphori.c[V] acid, H3P04, and hydro.gen sulfide gas. 

P2S5 [s] -t 8H20 [t) -+ 2 H3P04'(a,q) + 15 H2S1{g) 

Ca.lc,u late the co nee n tra tio n of the sotuti o,ni of phospno r,icfV~ acid 
formed when 3.82 g of phosphorus pentasulfi.de reacts w :itli water 
and the so1u tion volume is made up to 100 cm3. G.ive your answer to 
3 sigT~ificant f,igu res. 

Answer 
IMr of P2S5 = [2 X 311 .0] + f 5 X 32.1 I= 222.5 

Calculating moles of P2S5 : 

m 3·82 O 017 7 ~ 4 · ·t· f · ) n = - = . :;;;: . 11 1 · moL tto _ srgn1 ·1cant ,,gures 1 

Mr 222.5 

Moles of H3P04 formed= 0.01717 x 2 = 0.03434 mot 

Method 1: Using the expression 
n X 1000 

C=---
V 

v:: 1 DO cm3 ; n: 0.03434 mol and c is the quantity yo,u want to find. 

. = 0.03.li.34. x 11 OOO = 0 3 , 34 l d - J 
c 1 DO . ~ - mo m . 

The answer to 3 si·gnificant fig ·ures is 0.343 ,moldm-3 

Method 2: Using the volumes 
From 1 OD cm3 to 1 dm3 (1 OOO cm3J the fa,ctor is 1·0 so 
0.03434 x 1 O = 0.3434moldm-3 and the answer to 3 Siignificant frigures 1is 
0.343 rmotdm-3. 

You may not h,ave to calculate the amount, in molesi from, the mass of the 
substance whlch reacts w,ith water: Th,e amount. ,n moles, may be ,given 
to you. 

PLE20 
ca,lcula,te the concentratf on of n,itric acid produced when 0.253 moles of 
nitrogen di10X'ide [N 02l reacts with water and the solution votu.me is made 
up to 200 cm3. Give your answer to iU1 appropriate level of precision. 
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The data given in th,e question are 
to 3 s ig nriif ica nt figures f O .253 mo l 
and 200 cm3J and the answer 
should be quoted to th,is nu,mber 
of si19inificant figures. Hone of the 
values given was to 2 significant 
figures the lleve l of precision in 
the answer would be 2 signiif icant 
figures as this would be the 
lowest !Level of precision in. the 
question. 

Answer 
3N02(g,) + H20[L] --p 2HN03[aq] + NO~g) 

IJ.253 moles of N0 2 forms 
0

·;
53 

x 2 = 0.1687 mol of n~tr,ic acid lworkir,g to 
4 signMicant hgures during the calculaUon) 

Method 1: Using the e.xpression 
n x 1 OOO 

C =---
V 

Ve 200 cm3; n - 0.1687 mol and c is the quantity you want to find:. 

= 0.168 7 X 1. OOO = 10· 8. ·4.35 - ' 11 d --3 c 
200 

. moll m . 

The concentration of the nitrtc add formed rs 0.844 mold ,mi-3 [to 3 
si,g ntfi1ca nt figures] 

Method 2: Using the volumes 
From, 200 cm3 to 1 dm3 (1 OOO cm3) the factor ,is 5 so 
0. l 687 X 5 e 0.8435 mOtdm·3. 

The answe r to 3 srgn1fka,nt fig1ures is 0.84.4 mol dim-3. 

Calculating v,olumes and concentrations required to 
react 
Vlhen a solution reacts with a solid or another soh-1tion, calculations can be 
carded out to determine the concentration ,of solution required or the volume 
of a particular concentration which is required. 

All of thes.e calculations are again carried out using the ratio in the balanced 
equation and the ,expressions linkin.g n~ v and .c shown below: 

\i X c n X 1000 n, X 1000 
n = 1000 ; C = V ; V = 

C 

Calculate the volume of 0.140 mol d'mi-3 hydrochloric a1c.id required to 
react w1th 1.00g of 1magnes,ium. Give your ariswer to 3 signi, ficant figures. 

Mg~ 2HCt-, 1M'9'C l2 + H2 

Answer 
Determine the .amour,t, in moles, ,of magnesium 

' M m 1.00 0 0 · 1 5 [ 4 · ·t· t· ~ moles 0 ,1 g - Ar !::l 

24
.
3 

- . ,4 1 mol to · sign, ·1cant 1gures~ 

Motes o,f H Cl thra,t rea et with 0. 04 115 motes of ,Mg ;;; D. 0416 7 x 2 ;;; 
0.08230 mol [using 1 :2 ratio in the balanoed equati'onl. 

Calculating vo lume of hyd rochlorfc acid required 

'1 X 110QQ 
v ;;; ; c ; !J.140 m ol d'm~3; n ;;; O .08230 

C 

0. 0 8 23 0 X 1 0 0 0 5 8 8 J [ 3 , , f. f. ] v = O. 
1
, 
4 

= , · cm to s~g ni l'Ca nt 1gures. 
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25.0 cm3 of nitric acid reacts co,mptetely with 5.00 g of copper. The balanced 
equation for the reacti1on is: 

Cu+ 4HN03 ~ Cu(NOab + 2N02 + 2,H20 

C.3Lculate the concentration of the nitri c aC!id to 3 srgnific8nt figures. 

Answer 
Determine the amoun,t, in ,moles, of copper 

moles of Cu=~= ~3~~ = 0.07874mol Ito 4 significant figures] 

Motes of H N03 whrch reacts wi:tf"l 0.07874 moles of Cu ~ 0.07874 x 4 = 
0.3,496 mol [using 1 ~4. rat~o in th e ba:Lanced equati,onl. Figure 2~12 The dramatic reaction of 

a penny with nitric acid . The cop per in 
the penny reacts and a green so Lution 
and brown nitrogen dioxide are 
produ ced. 

Ca lcu la ting con centratFon of nitni c acidi required 

rl X 11 QfJ[) c ~ ; v !::! 25.0 cm3; n ~ 0.3-1496 
V 

0.31496 X 1 OOO 12 5· 984 - 111 d - -3 c = 
25

_
0 

= • - m 101. m i 

Rem,ember this last calculation can be carri,,ed out usi,ng the votu,mes 
method where you simple m,ultiply by the factor which, is 25. 

Answ.er to 3 signrf.icant figures ~s 12.6 moldm- 3. 

This last calculation could be reversed. Y:ou could easily be asked 
to calculate the mass of copper required to react w ith 25.0 cm3 of 
11 2.6 mol dm-3 nitri c acid . 12.6 mot dm-3 is to 3 siginificant figures lbut your 
answer shou'ld be very close to 5 g. Th,is JS si1mi,lair to the questions in the 
next section. 

Calculating the mass or identity o,f a solid reacting 
with a solutio1n 
In this style of ,question, you will be given information on the solution and 
asked t,o calculate the amount1 in moles) of the solute present in the solu tion . 
'Fro·m here you can calculate the amount, in m,o]e-s, of solid which reacted 
with du~ solute in the solution. From this point, the mass of a solid can be 
-calculated from the amount in n1oles and its Mr, or the ~ of the solid ) can 
then be calcu]ated using its mass and moles. The solid can be easily identified 
from its Mr 

The identity of an unknovm. compound can be detennined by determining its 
My from th.e reaction of a given mass of solid reacting with a solution (usually 
an acid). 
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' E 23 
Capp,er[ I I] chtoriide can be formed from the neutralisati,o,n reaction of 
copper[! II carbonate W'ith hydrochloric acid. 

CuC03[s)1 + 2HCl[aq] ~ CU'Cl2!aq] + C02'[g}1 + H20[l] 

15.2 cm3 of 0.174 mol dim-3 hydroch loric aci1d! is reacted with copper(l: I] 
carbonate. 

Calculate the amount, in motes, of HCl 1n 115.2cm3 of 0.174 mol dm-3 
niitric acidl. Give your answer to 3 si,g:nlfi:cant fi,gures. 
Calcu late the amount. in motes, of CuC03 which reacted with the nitric 
acid. Grve your answe r to 3 sign ificant figures. 

I Ca lcu~ate the mini mum mass of powdered CuC03 which shoutd 
be a1dd1ed to react wi,ttl all of the nitric ac id. Gi~e your answer to 
3 significant f igures. 

Answer.s 

a n - ;;
0
~ ~ 15

·~ ; 0°6
174 

- 0.00264 [2.64 x 10-:11 mol 

I Using the 2: 1 ratro in the balanced equa,tion for H Cl:CuC03 

(L00264 
m oles of CuC03 = 

2 
= 0.00132 m ol 

Mr of CuC03 - 63.5 + 12.0 + 3[1 6.0I • 1123.5 
mass of Cu C03 ;;; n x Mr;;; 0 .00132 x 1: 23. 5 ;;; 0.163 g [to 3 sign i1fi ca nt 
fig:ures] 

An unknown m etal carbonate may be written X2C03. X2C03 reacts W1ith 

hydrochloric acid accordtng to the balanced equa,tion: 

X2C03(aqJ + 2HCl[aq] ~ 2XCt[aq)1 + C02[g,] + H20[U 

A 3.69 g sample of soll~d X2C03 was dissolved rn deionised water and the 
soluition volume made up to 1 OOO cm3. A 25 .0 c'm3 portion of thi,s solutio11 
requ ired 20.0 ems of 0.1125 mol dmi-3 hydrochiloric acid for co,mplete 
rea,ct1on. 

Ca lcu late the amou rit, ~ n motes, of HCL in 20.0 cm3 of 0.125 mo l dm-3. 

Calculate the amount, in motes, of X2co3 which reacted wit 'h th1is 
amount of HCl. 

• Ca Leu late the amount , in moles, of X2C03 present in the 3.69 g sarn ple. 
Calculate the Mr of X2C03• 

r: Calcu late the relat~ve atom,ic mass 1[Arl of the metal X and deduce iits 
identi1ty. 

Answers 

1 = VX C 20.Q X 0.125 = ~ 0025 ,2 5 X Qr--3~ 
n 1 OOO = 1' O[HJ u. . . i . . 1 ~ mol 

Using the 2:1 ratro in the balanced equation for 2HCil:X2C03 

0.0025 
moles of X2C03 = 

2 
= 0.001, 25 mo l 



Remember you are asked for the 
identlty of X in X2C03 sa 1identify 
X and not th,e corn pou rid X2C 03• 

Th~s question provided a very 
defin:ite answer but remem:ber 
that rounding o,f sotut,i,on volumes 
may give an a inswer close to the 
Ar of the etement. It is always 
a good idea to ca rry out the 
ea le u lation in reverse to see if 
lithium carbonate would react 
with the volume of acid stated in 
the qu esHon. 

« All of 3.69 ,91 of x2co3 dissolved rn 11 OOO cm3 

moles in 1, OOO cm3 - 0.00125 x 40 • 0.05 mot . . 
1 Rearranging the expression: amount, in moles, ma~s [g , allows us to 

calculate the 'M,r or rela:t1ive formula ,miass of X2C03 
m . m n-- so Mr•-
Mr n 

3.69 
Mr of X2C03 = O.OS = 73.8 

5 Mr of . C 03' - 1 2. O + 3 [ 1 6. 0) !!!! 6 0. O 
Mr of 'X2' - 73.8 - 60.0 - 13.8 

A, of 'X' = l~.B = 6.9 

Fr,om the Period:i,c Table, X is lithium. 

r 

The calculatron could atso ·b·e an unknown 1hydrog,en carbonate. XH C03 
or M HC03 where M represents a metat such as a Group 1 metal. The 
calcu lati'on follows the sa1me pattern except ttlere is a 1: 1 ratio for the 
react ion !between XHC03 and HCt 

On:e indi,g,esti:on tab le !0.850 g) conta iniingi ca lcium carbonate reacts with 
exactly 40.0 c1m3 of 0.220 m,ol dm-3 hydrochlor·ic acid. 

CaC03 [s] + 2HC:l (aq]' ~ CaCL2[aqJ + COt[g]1 + H20[l) 

C.atcu tate the percentage of calcium ea rbonate iin one tabtet. Give your 
answer to 3 significant figures . 

V X C 40.0 X 0.220 
!Moles of HCl = H)OD = 1 OOO = 0.0088 mot 

Moles of CaCOa in the taolet - o.ogas - 0.0044 mol 

Answer 
!Mr of CaC03 = 40.1' + 112.0 + 3P 6.0] = 100.1 

Mass of CaC03 in the tablet · 0.0044 x 1100.1 • 0.440 g 

Percentage of calcium carbonate in the tablet= ~::::~ x 100 = 51 .8%. 

A tJack titration may also b,e used to determine the ·mass of ca lch.fm 
carbonate or any other irisotu ble so lid us~ng ~ts reaction w~th an ac id. 
See page 58. 
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Figure 2 .13 B u rette. 

~ -··························································································: 
. ! TEST YOURSELF 7 ! 
• • i 1 What is the concentration. in motdm- 3, of a solut ion prepared by i 
: di1sso'lving 0.737 g of phosphoric acid, H3P04 in 25.0 cm 3 of w ater? Give : 
• • i your answer to 3 sign i1f i ea nt f,i g u res. : 
• • 
I 2 Wh at mass of potassium sulfaite. K2S04i should 'be disso lved i1n : • ! : 100 cm3 of water to make a solution of concentra,tfon 0.5 moldim- 3? : 
• • 
: 3 0.137 g of an un known m·eta l hydrox~de M[OHb reac ts compteteiy w ith : 
• • 
: 15.4cm3 of 0.24 mold m-3 hyd rochlori c aci'd. : 
i i 
: M[OHh[s) + 2H Cl[aq) --t MCl2(aq] + 2H20[l] : . ~ • • 
i al Determ ine the relati,ve ato1mk mass [Arl of M to 1, decimal place. i 
• • 
~ b) l'dent ify M E 

i , Zinc react s with hydrochloric acJd : j 
~ . . . . : z n ~sl + 2 HC t[;q), ~ · z nc l2[aq J ,. H21(g J : . .. • • • • : Calculate the vo lum e in di1m13 of 0.12 mat dm-3 hydrochlor fc acfd : 
• • 
: requ ir·ed to react with 0.5 g· of zinc powder. Give you r answer to : I 2 decimal places . i 
• • ····~,,·····~····,···············,··········,·······~·-,~,··~·····,••,•••••••••,1•••·'111111 .................... ~ 

oi------------0 l u t i o s reacting together 
Solutions can react togethet This is true in neutralisation reactions where an 
acid neutralises an alkali. Both an acid .and an alkali are solutions. They are 
most often colourless solutions and an indicator can be used to de tem1ine the 
point (called the end-point) where the solu tions have neutralised each other. 

o~~~~~~~~ 
arrying out a titration 

~ tap 

A titration is .a method of volumetric analysis. One so Lucion is placed in a 
burerte and ILhe other is placed in a conical flask An. indicator is added to 
the solution in the conical flask. The solution in the burette is added to the 
solution in th e conical flask. The indicator will sh ow rhe end-point of the 
titration (when the indicator changes colour) . This is the p oint when the 
reaction is complete. 

Appar at us and pra ct ical techniques 
The main pieces of appar-atus used in a titration are a burette, a pipette with 
safety 6.Uer, a voh1metric flask and several conical Basks. One conical Rask can 
be used and it can b e rinsed out bet\Veen titrations. 

Preparing a burette for use 
l rinse th e bu rette "With deionised water 

2 ensure the water flows through the jet 

3 discard the water 

4 rinse the burette 'With the solution you will be filling it vrith 

5 ensure th.e solution flows through the jet 

6 discard the solu don 

7 charge (fill) the burette with the solution you will be u sing in it. 



Figure 2.14 Usfng a burette . 

Line indkati1ng-­
exact volume 

Figure 2J 5 A typica L pipette. 

Une u,diatin,g -
ex.a.cc vol 1.me 

Figure 2.16 A volumetri c fla sk. 

Usi11g a burette 
'When using a burette the volum,e o·f solution. it contains is read at the bottom 
of the meniseu5 as shown in the diagram. 

If you are right handed the tap of the burette is operated with the le& hand 
to allow the right hand to be used to 5\Vlrl to mix the contents of the conical 
flask. 

Preparjng a pipette for use in a titration 
1 Usmg a pipette filler rins,e the pipette using deionised water. 

2 Discard the water. 

3 Rinse the pipette with the solution you ~ill be filling it with. 

4 Discard this soluti,on. 

Using a pipette 
A pipette accurately measures an exact volume of a solution and should be 
used in the follov.-ing v.."ay: 

I A pipette filler is attached to the top of a pipette. 

2 The pipette is placed in the solution and suction applied to draw the 
solution up. 

3 The solution is drawn up above the line on the pipette. 

4 TI1e solution is released until the m,eniscus sits on the line. 

5 The solutio,n in the pipette is releas,ed into a conical flask. 

6 Pipettes measure out exactly 25. 0 cm 3 or 10. 0 cm3. (Remember that 
1 cm3 = l tnl ·but cl1-emists prefer cn13 as th.eir unit of volume). 

7 An exact volume of a solu·rion is vital in v,oh,metrlc vlork as ·raking ,exactly 
25 . .0cm3 of a knovm concentration of a solution means that we know 
exactly how n1any n1oles of the dissolrved substance are present in the 
conical flask 

Conical f lasks 
Conical Rasks ar.e used in titrations as they can be swirled easUy to mix the 
reactants. Also tthe sloped sides pr~~nt any of the s·olution spitting out when 
it has been added. The conical flask should be rinsed out ""ith deionised water 
before use. 

The conical flask does not have to be completely dry before use as the exact 
volume of so]ution added contains an exact number of moles of solute. Extra 
deionised. water does n ot add to the number of mole-S ,o.f solu te. 

Volumetric flasks 
Volum·etric flasks a1-e used when diluting one of the solutions before the titration 
is canied out. They can also be used when preparing a. solution of a solid. 
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The '1 l•Jtion f et 1 ~-5 the amount the 
or~ginal so,lutto,n ~s diluted by. It is cak.ulat,ed 
by dividing the new total volum,e by the 
volume of original solution put into the 
mbctur,e. 

You should ea lcu late the mass 
required to make tne solution 
and w,eigh thi1s out aiccurately. 
Calcutate th,e amount, in moles. 
of the so Lid from the solution 
volume required and the 
concen,tration. Ca1lcwlate the 
mass requrred by multiply1ing the 
amount by the Mr of tne soli,d. 

Glass p~pettes may be used i·n 
preferenc·e to disposa bte plastic 
pipettes. 

Carrying out a dilution of a solution 
1 pipette 25.0 cm3 of the original solution into a cle-an volum,etric flask 

2 add deionised water to the flask until the water is just below the line 

3 using a disposable pip ette add deionised water very slo"vly un til the bottom 
of the meniscus is on the line 

4 stopper the flask and inven to mix thoroughly. 

If a 25.0cm3 sample of a solution is n-rade up to, a tota] volume of 250 cm3 

using deionised vrater then the dilution factor is 10. 

lf a 10.0 cm.3 sample of a soh1tion is made up to a total volume of 250cm3 

using deionised water then the dilution factor is 25. 

Preparing a solution from a mass of solid 
When preparing a solution from a solid it is important not to lose any of the 
solid or solution before it is placed in the volumetric llask 

1 Weigh out an accurate mass of a solid in a \Veighing boat and dissolve in a 
suitable volume (100cm3 , if the final voluine in the volumetric flask is to 
be 250 cm 3; to allo,v for rinsings) of deionised water in .a beaker, stir v.iith a 
glass rod and rinse the weighing boat into the beaker ~ith deionised water. 

2 Once dissolved, hold the glass rod above the beaker and rinse it with 
deionised water before removing it. 

3 Place a glass funnel into tl1e top of a clean vohnnetric flask and pour the 
prepared solution down a glass rod into the funnel 

4 Rinse the glass rod \\,1th deionised water in to the funnel. 

5 Rinse the funnel with deionised water. 

Remo,ve the funnel and add deionised water to the volumetric flask until the 
water is just belovv the line. 

7 Using a disposable pipette add deionised water very slowly until the bottom 
of the meniscus is on the line. 

8 Stopper the flask and invert to mix thoroughly. 

Describe h1ow you wou!Ld prepare 250 cm3 of solution of 0. 170 motdm3 
potassi1um hydroxide. 

Moles of KOH required 

Answer 

250 >< 0.170 

1000 

Mr· of KOH= 39.11 + 16.IJ + 1.D= 56.1. 

0.0425 mol 

,., Mass of KOH required~ 0.0425 x 56. 1 == 2.38 g !to 3 signi fi cant f i,gures] 
~ Weigh out 2.38 g of KOH to 3 significant figu res on a balance. 

D·issotve in 100 ctm3 of deionised wc1ter in t:11 beciker. 
Add the solut ton to a 250 cm3 vo lu metric flask and r in se the beaker i rito 
the flask. 
M1ake the solutron up to the mark with deio·nised water untH rhe bottom 
of the m en1i scu s i1s on the tine. 
Stopper the ftask and inver t to m ~.x. 



c·arrying out a titration 
The major points in carrying out .a titration. are sho,\.Vll in the diagram: 

Q =, 
Use a beaker and a small ...--11 · . . ./'.. leave a1n air ga,p when fii ll ing. 
funn~ I to chargiz the bur~e; ~ 
remove the funnel before 
reading the ~n it~a I volume and 
keep :it out when t itrating. 

Use a rntort stand aind ~­
bwrette damp to hold the 
burette firml1y in place. 

Use your I eft hand to 
opera'!e the ta:p by reaching 
from the left around the 
who le tap ( tlj,J rn t~e bur ette 
and operate w ith the rJg.ht 
ha,nd coming from the ri·ght 
if you an~ left•handed). -...___ 

Figure 2J7 Carryin g out a ti tration. 

R.EMEM BER; Trie burette 
tead i ng rs taken from the 
bottom of the me n.Jscu s 
(the c u rv atu re of the sol.utior,). 

Hold the flask at the bottom 
of the neck w ith the finger tips 

-- and swirl in a 'tasso' circu'lar 
motion to rn ix the reacta1n ts. 

fila c:e .a whi~ t ile underneatn 
the c:onk al flask to vie'ltv the 
i,ndicato r colour more dearly. 

• l n one volum,etri.c analysis; several titr:acions should be carried out. 
• The first titration should be rough and sh ould be an overshoo,t an d 

therefore the titre shou]d be greater in value 'than. the tw'o, accurate 
ri tra tio11s. 

• The subsequent titrations should be accurate (within 0.10cm3 of each 
other) 'With drop-wise addition as the end-p oint is reached. TI.trations 
'w~hich are not Ylithin 0;10 cmJ ,o.f each other are not used to calculate the 
average titre. 

• Standard solutions a.re used in volumeu1.c analysis. A standard solution is 
a solution of lmowo concentra tion. 

• A burette has a total graduated volume o,f 50. 0 cm3. You can perform t\ZVo 
ritrarions using a burette if the titres .are well below 25cm3'. However if the 
rough is close to or above 25cm3

i it is essential you refill the burette before 
starring the firs t accurate titration. 

• The funnel is removed to ensure any drops of the solution which r-emains 
in the funnel do not interfere v..ith the titration results. 
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Severa l titrations may be carrJed 
out and the accurate tHrations 
are rdentified as being wrthi n 
0.1 o cm3 of ea1c1h other. 

Titrati,on results are often marked 
based on recording tne results, 
precision of the results [record,ing 
to 2 d,ecima l ptacesl. concordant 
resu Us i[resu Lts within a. 1 O cm3 
of ec3,ch other] andl accuracy 
~agreement w.ith the supervisor's 
value] . 

Often s,everal ti 1 tration values 
are given and1 you are asked 
to choose the ones w'h f·ch a re 
concordant. Choose the ones 
wh i eh a re withi1n 0.1 O cm3 of 
each other. This table snows a 
rough tiirat,irnn and two accurat,e 
titrat10 ns. 

Recording titrati 1on results 
A typical tabl·e i.ised to record titration results is shovm below: 

Rough titration 1st titration . 2nd titration 

In it1a l b urette 
read in g/c m3 

Fina L b urette 
rea din g/c m3 

Titra/cmJ 
-

The titre is the volume delivered from the burette into the conical flask until 
the indicator changes colour (end-point). 

Please note the following points about recording titration results. 

• 'You should put units 'With the headings. 
• AU values should be recorded to 0.05 cm3 , for exan1ple O cm3 is written 

as 0.00·, 24-.5cm3 is ~Titten as 24.50. 2.4.35 is acceptable but 2i .31 and 
24.38 are no·t. The units should be Vlith the headings and not in the main 
body of the table. 

• The rough titration. titre should be greater than the two accurate titration 
titres but not more than 1 cm3 greater. 

• The two accurate titration titre values should be 'Within 0.10 cm3 of each 
other. litrations should be carried out until two values within O .10 cm3 of 
each other .are obtained. 

• The av-erage titre must be stated \\iith. units to 2 decimal places. 
• Tittes "Within 0.10cm3 of each other should only be used to calculate the 

average titre. Any other titres should be disregarded in the calculation. 
You should indicate which titration results are being u sed to calculate the 
average titre. 

Calculating the average titre 
• \.Vhen calculating the average titre,, ignore the rough titration and any 

result, which is clearly not '\Vithin 0.10cm3 of the other accurate titration 
values. 

• Write the average titre below the table and include the units. The average 
titre should be written to 2 decimal places. 

The table below shov.,"S a sample set of titradon resu]ts. 
----------------------.,----------------------

J!o:~ g)ftifif{!~1'~~. ',\n~iifiili~Jiifn~ ·-.s;-.1r-;,e',;,I 1-:--- I 

~2 n d~;t it rra tlon l) 
2.:,-:.b,.-•• : .. ,,::.s,;,; ... '1:~ ..... ~;,: .I: --... "'-.=,.:-.:·,I'-: -.,.1.(.P.: =-~·~:=::..:.:f~!·: .. --:.t~:.--r..-~; - ·-· -~ -.. ,, _____ ,,, -------··· 

In itia L b urette 0.00 0.00 24.00 
read in g/c ms 
F[nal burette 

24.50 24.00 47.90 
read in g/c m3 

T1tre/cma 24.50 24.00 23.90 

Average tftre = 23.95 cm3 



Units 
• Units of volume are in cm3 (1 cm3 = l ml). 
• Conoentration units are moldm-3. cmol dm-3> can also be written as 

cmoVdm31 • 

• Remember that l dm3 is the same as I litre. 
• How,ever l\-1 (molar) may also be used and is the sam-e as moldm-3. 
• A lM solution is l moldm-3. The m,olarity of a solution has units M but 

con centration is usuall~r quoted as n1oldn1- 3 but also can be given in 
gdm- 3. 

• Units of gdm-3 (grams per dml) may be calculated by multiplying the 
conce.ntration (or molarity) by the Mi, of the solute. 

Percentage error 
The percentage error in tbe measurements obtained from different pieces of 
apparatus can be calcu]ated. 

A volume of 2.'3 cm3 measured with a measuring cylinder has an error of 
:t0.5cm3. ·Toe percentage error for this piece of apparatus is 

0.5 
25 

X 100 = 2% 

A volume of 25 cm3 measured using .a class A pipett,e has an error of 

+ 0. 03 cm3. The perc,entage error is 

0.03 

25 
X 100 == 0. 12%. 

A mass of 0.120g measured using a baJance with an error of +O.OOlg. The 
peroentage error is 

0.001 
Q. llO X 100 = 0.833%. 

()~ln-d-ic-a-to_r_s~~~~~~~~~~~ 

Ch~Higes in tem perature or tiit res 
measured fro m a tn.wette w ill 
have double the ± error as they 
are catculated tram two readings 
and eac h r.ead ~ng wi U have an 
error. For more informati.on see 
pages 358-9. 

The tw'o main indicators used for acid-base titrations are phenolphthalein and 
methyl orange. 

Indicator Phenolphthalein Methyl orange 

Colour in ac idic solutions colourless red 

Colour fn neutral so luttons colourless orange 

Co Lour in a Lka Line so Lu ti ons p1nk yellow 

T f tra tf on s s u i ta b Le for~ 
strong acid-st rong base st rong acid- st ro ng base 
wea k acid-s trong ba se st rong acid-weak base 

The choice of indicator is based o,n the type ,of acid and base in the tittati,on.. It 
is important to be able to choose the correct indicator for a particular titration. 
If ethanoic acid (a weak acid) and sodium hydroxide solution (a strong alkali) 
a!ie being used then phenolphthalein is the indicator of choice. Both methyl 
orange and phenolphthalein can be used for strong acid-strong base titrations. 
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Figure 2.16 Phenolphthalein and methyl 
orange in di cat or. Which beakers contain 
acid and wh i eh alkali? 

In th,i s ea le utatio n you wil l 
calculate the amount, 'in moles, 
of sodi,um hydroxt6e [a,s you have 
a votume and concentratjan 
of sodi,um hydrnxide) . Then 
lJsing the equat1ion you can 
ca,Lculate the amount, 1in ,m,oles. 
of hydrochloric acjd which will 
react w ith the sodit.fm hydroxide. 
Fro1m this a r,swer using the 
concentration you can ca lculate 
the volume of hydrochlori1c acid 
required to react. 

The colour change of the indicator at the end-point of a titration is given in 
the table below: 
---------------------------

t J; it~ at ion 1 le 
~----------, .. --------~------' 
A ci' d in co n i ea l fla s k 
A lk a li i n b u r et te 

Alkali in conical flc1sk 
Acid fn burette 

Types of titrations at AS 

red to ye LLow colourle,ss to pink 

ye llow to red pink to colourless 

For AS the titrations whicl1 are carried out a.re mainly monoproric acids Vi'l.th 
bases. 

A monoprotic acid is an acid which can release l mole of H+ ions per mole ,of 
acid. 

The main monoprotic acids which may be used are hydrochloric acid (HCl), 

nitric acid (HN03) and ethanoic acid (CH3COOH). Hydrochloric acid and 
nitric acid are strong acids. Ethanoic acid. is a weak acid. 

Sodium hydroxide (NaOH) and potassium hydraJci.de (KOH) are strong bases. 
Ammonia (NH3) is a weak base. 

Di.proric acids su,ch as sulfuric acid am be 11sed in ticrations. The only 
difference in using a diprotic acid is the ratios in the equation for the reaction~ 
for example 

2NaOH + H2S04 ~ Na2S04 + 2H20. 

There is a 2:1 ratio of NaOH:H2510 4 

27 
Catcu late the volu m,e ,of 0. 750 m old m r-3 hyd roc1h loric a,ci d required t,o 
rea et with 18. 2 cm3 of 0. 840 m ot d m-3 sod ium hydroxide solution,. Give 
your answer to 3 sig,nificant figures. 

Answer 
NaOHlaqJ -t HClfaq~ ~ NaCl[a,q] + H20[l] 

M L f N u V X C 1 8. 2 X O. 8 4 Q rr. l S 2 9 [ 4 . . . f. i o es o ao~ 1 = 
1000 

= 
1000 

= 1 .u · · m,ot to . s1gn1,f1cant 1guresJ 

Using the ratio in the balanced equation: NaOH + H1 Cl; rat~o = l :1 

Moles of HCl- O.D1 529 mol 

. . n x 1 OOO 
Using the expression: v = c 

o .o 1 s229 x 1 ooo 20. 4 3 [t 3 . ·r· t ,. 
1 SO V a D. 

75 
a . cm O S1,gin1 1can 11 IQ1Ures 



This step FS the same as 
multiplying by 40. 

lE28 
A so lution of n1tr~c acid was dituted by placi,r,g 25.0cm3 of th,e solution 
in a votumetric flask and the volume was made up to 250 cm3 using 
deionised water. 25.0cm3 o,f th,s diluted s,olution were placed in a con.ical 
flask and titrated against 0.0120 m,oildm,-3 potassium hydroxide solution. 
24.25 cm3 of tl,e potassium hyd'roxi,de s,olution were requ1ired for co·m plete 
neutra lisaHon. Ca lcutate the concentration of the nitri,c acid' in g dm-3. 
Gi,ve your answer to 3 srgnifrcant figures. 

Answer 
KOH [clq J + H N03f aq] -t KN 03f aq J + H20 [[] 

. . _ _ v x c _ 2 4. 2 5 ><" 0. 0 1 2 0 _ 
1 1 

, • 
1 !Moles of KOH -

1 
OOO -

1 
OOO - 0J)00291 mot 

Rat~o of KOH :HN 03 in equation is 1: 1 

!Moles of HN03 in 25.0 cm3 = 0.0002911 mot 

U . th . n >< 1 OOO s1n,9 ne express ion: c • v 

• '. · = D.00291 x 1'000 = O 0:1164 ld -3 so c 
25

_
0 

. ma m 

Thi s is tne co,11centrat1on of the diluted solut~on. The dilut~on factor is 1 O 
so the concentrati:011 of the orig.inal s,olut 1ion1 1is 
0 . 0 11 64 x 1 0 = 0. 11 6 4 m o t d m-3 

IM r Of H N 03 = 1 . 0 + 11 4. 0 + 3 ( 1 6. 0) = 6 3. 0 

Conceintratiion in g dm-3 - concentrat~on ,in moldm-3 >< Mr 

= 0 .11 1' 64 x 63.0 = 7.33 g dm,-3 ho 3 si g:riihca nt fig 1Ures] 

• •• •••••• Ill• ••11 •• ••• •• • •• .,. • •• ••• •• ali'I •• ••• ~· ••• •• .,.,. ••• •• •,• •• ••• •• • 111-. •• ••• ••• •• a;a• a,i ••••• Pila•• ••••• ~~·••• •• ••11 •• • •• •, •••••Pila •1o• •••••Ill•": 

REQUIRED PRACTICAL i 

. Finding the concentration of a sample of commercial 
! • 
! v1ne,gar 
: 
~ Commeroiail vinegar contains ethanoic aci1d. 10.0 cmr3 0 1f com,m,eroial 
~ vinegdr was dllUted to 11 dm3 Wl'tn water 'befnre bei rig used in a 
; resta,ura,nt. 25.0 cm3 ,of the diluted so lut·ion was Htrated against 
" ~ 0.10 mol dm-3 sod ium hydroxide us~ng phenolphthalein indjca,tor. T:he 

results were recorded in the table below. 

Initial burette 
readin (cm3J 

Ff n a L b u re t te 
re·ading [cmJJ 

Titr9 [cm3] 

0.00 0.00 

18.10 17.55 

18, 10 17.55 

0.00 

17 .. 45 

17.4,5 

1 Descri1be how you would prepare the diiil'uted solution of vinegar. 

2 Describe how you would accU'ratety transfer 25 .0 cm3 o,f tihe diluted 
solut1on of vinegar into a conica.t flask. 

3 State the cotour chang e of the ind1icator at the end- po,int. 
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I+ Calculate tlh,e average tit re. 
Write the equation for the 
reaction ,of et:hainoic acid wi th 
sodium hydroxide. 

6 Calculate the number of 1moles 
of sod1ium hydroxid!e used in the 
ti traitia n. 

7 Calculate the number of m1oles 
of eU1anoi1c acid in 25.0cmJ of 
the diluted vi,negar. 

8 Ca le u late the co nceri tra t1i on of 
the di luted v~negiar solut,on. 

9 Ca lcu[ate the concen trat~on of 
the commercial v~negar sotution 
rn g dm- 3. 

Figure 2 .. 19 Vinegar contains etha note 

• . . . 

r acid; and can be trtrated wi,th any 8 Lka Li. . ; 
i.,., ........ ........................... ......................................... ·• .......... , .... ,., ...................... ...... , .. ............ , •••. ,-~ ...................... , ••.•• ! 

Back titration 
The mass of calcium carbonate in an indigestion tablet can be determined 
using a back titration. A back titration involves reacting the tablet (or any 
insoluble solid) with a kno\\rn excess of dilute hydrochloric acid. The excess 
acid is then titrated using a standard solutioi-1 of an alkali such as sodium 
hydrmide solution. The basic med1od of any back titration is shovvn below 
though the tO'tal v,olume and concentration of the sodium hydroxide so]ution 
may vary·. 

0 
Known rnasg of 
Group II oxide, 
hydroxide- or 
ear bo n,ate. 

Figure 2.20 

Pl1a ce sdlution in 
voJ u1metric flask and 

make up vo I urrne 
u s,i n g de lo nised vv ater 

to 250.0 cm3• 

Take 25.0 cm3 samp1le 
fro rn d Huted sol1ution 

and add 'S drops 
of 1i n dicato r. 

Add 0.1 mol, dm-:3 
s-0d i,u rn hydroxide 

from a b u rette ·U nti't 
rifl dkato r just 

changes c:oiour. 

Added to excess 
knovvn vo I u.me 

and con c:entrati on 
of hydro, h~ori, 

a1cid. 

C onta1i n 1i n g exeess 
hydroch I ode add. 

Cohourl',ess sol'utio:n 
c fianges to pl n k at 

endpoint. 



Two indJg"est1ion tables were reacted w ith 25.0 cm3 of 2.00 1moldm~3 
hydrochilortc acid. Th e so lution was t ransferred to a volumetriic flask and 
the vo lume m1ade up to 250 cm3 using de1ionised water. 25.0 cm3 of t'hfs 
solut ion were tiitrated against 0. 100 moldm-3 sod'i11.Jm hydrox ide solution . 
The average t itre was found to ibe 24. 7 c1m3. 

Answer 
CaC03[s)1 + 2HCUaqJ __,. Ca,c~[aq)I + C02,gJ + H20[l~ 

NaO H[c1q] -+. HCL[dq]-+ Nc1Cl(aq~ + H20[Li 

Calcutate t he mass of calc ium carbonate, in mg, presen t in one tablet. 

v ~ c 2 4. 7 x O. 1 00 . . , 
Moles of Nao H • 1 OOO • 11 OOO • 0.00247 mat 

!Motes of HCl in 25.0 cm3 = 0.00247 mol 

Moles of HC l in 250 cm3 - 0.00247 x 1 o - 0.0247 m,ot 

Moles of HC ladded initia lly to the tablets = ;;
0
~ = 

25
-~

0
x
0
6·00 

= 0.0500mol 

!Moles of HCl which reacted w ith CaC03 in tab tets = 0.0500 - O.D247 = 
0.0253 mot 

r . . 0.0253 . . 
!Moles of CaC03 ,,n two tablets= 

2 
= 0. 01265 mol 

Mass of CaC03 in two tablets== 0.01265 x 100.1 == 1.266 g 

M I C CO . b1' 1.2
2
66 -- 0.633 g a SS O m . a 1 3 I 11 0119 td (9 t = --

Mass af CaC03 in one table t in mg = 0.633 x 1 OOO = 633 mg 

~ ···························································································: 
i TEST YOURSELF 8 i . ' i 1 Calculate the volu m,e of 0.2201mol dm-3 socHum hydrox i,de so'lution j 
~ req uired to r.eact w ith 20.5 cm3 of 0.400 1mo l d,m-3 hydroc.htor,ic acid. ~ 

: Give your answe r to 3 signifi cant figures. : 
• • • • • • i NaO H1[a1q)' + H CL[aq) -}, Na.C llaq) + H20[U ! 
I I 

! 2 Ca tculate th,e co,ncentra,ti.011 .of nitric ac~d in g dm- 3 if 11.4 cm3 of n:itric i 
~ acid reacts completely w ith 25.0 cm 3 of 0.350 mo l dm-3 potassi1um ! 
• • 
: hydrox id·e sotutron . : 
• • • • i KOH (aq l + H N03(aq] --+ ,KN 03[aq) + H20 [l) f 
' . • • 
~ 3 A so lution of nitric acid was d1luted by ptaci ng 25.0 cm3 in a volumetric ~ 
• • • 
: flask and making up the volu1m1e to 250 cm3 usrrig deion~sed wa ter. : 
• • • 
: 25 .IJ cmJ of th1s solu1tion req uired 17.7cm3 of 0.200 moldm -3 sod ium ; 
i I i hydrox ide solution for neutraUsation. ; 
: a) Calculate the amount. i,n moles. of NaOH in 17.7 cm,3 of : 
• • 
: 0.200 mol dmi-3 solut i·on. : 
• • 
: bi c.a lcu late the con cent ration of the dii'luted so lu ti·or1 of H N 0 3. : : ; 
i c) C a:lcu taite the con cent ra,tion of the o r i,gi i na t s o,lu ti on of H NO 3. i 
• • ' . ' . .............................................................................................................. ~ 
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()~C-a-Lc_u_L_a-ti_o_n--in_v_o_L_v_in---a--e_s __________ _ 

The units of gas volume are 
~mportant as 24 d m3 = 24 OOO cm3. 
If a q u esti o,n asks for a gia s 
vo[ume in dm3. use Vm = 24 d:m3. 
If a questron asks for gas volum1e 
rn cm3. use Vm = 24 OOO cm3. See 
Chapter 17 for more ,information. 

A question may ask for speci1fi c 
uniiits of gas volu1m1e butJ if not, 
be clear to state the units in 
your answer. llt is a good idea to 
get used to usiir,g a, cap i tat V for 
g:as volume and a lower case v 
for solut1ion volum,e in solution 
ea lcu lations. 

This ca lcu lation would ,give 
a different answer ff the 
temperature and pressur·e were 
not room tempera,ture and 
pressure. 

1 mole· of any gas occupies a volume of 24dm3 (24000cm3) at room temperature 
and pressure. This is called the molarvollutme and is often written as Vm. 

The .amount, in n10,les, of a gas (n) is related to the volume of the gas (V) by 
the f ollo'Wing expression: 

gas volume V 
n == or this can be simplified to n == -vm vm 
Vm is 2f OOO where the gas volume (V) is m,e-asu:red in cm3. Vm is 24 where· 
the gas vohtme (V) is measured in dm3. 

The expression can be. rearranged to: 

gas volume (V) = n X V m 

4 g of dry ,ice [sotid ca rb,on diox,ide)! is allilowed to expa nd to roo,m 
temperature. Ca lcu late the volume of carbon dioxide formed1 in dm3. G,ive 
your answer to 3 deciimal places. 

Answer 
Mr of C02;;;; 12.0 + 2116.0] ;;;; 44.0 

Amount of C02 [in moles! - ;r -
4
:.

0 
- 0.09091 mol [to 4 significant figuresl 

As units of volume i.n d m3, V m • 24dm3. 

gas volum1e [V] = n x Vm = (109091 x 24 = 2.182 cm3 ho 3 d',eci mal places)i 

31 
IJ.1 g of magriesium1 r 1ibbon reacts completety with hydrochloric acid 
accord,ing to the equat~on betow: 

Mg [s) + 2 HC Haq] -4 M,g:C l2( aql + H2{g.] 

Cailculate the volum,e of hydrogeri produced in cm3. G~ve you r answer to 
1 deci1m,at place. 

Answer 
Th is calcu latron req u i reci th1e cailcu latf 011 of the amount of Mg in males, 
using the ratio 1in ttle equ.ation of Mg·:M2 and f,ina lly cailcutat~ng the gas 
vo lu m,e of hyd ro·g en in c m3 us1i ng the V m - 24 OOO c m3. 
Ar of Mg = 2.4.3 

Amount of Mg [in moles)= m = . 
0

· 1 = 0.004115 mol (to 4 s~gn ificant 
figur,es) Ar 24·3 

Amount of H2 [in moles]= 0.004·11.5 mot ~1 :1 ratio in ,equation) 

Vm = 24 OOO cm3 [as a11swer required in cm3) 

Votu me of H2 • n x V m • 0.0041! 15 >< 24000 • 98. 76 cm3 
Answ,er to 1 decimal place= 98.8 cm3. 



C)~Th_e_l_d--al_G_a---q-u-at-io_n ____________ _ 
k pressure increases at constant temperature, the volume of a gas decreases. 

As temperature increases at constant pressure; the volum e of a gas increases. 

The amount of a gas in moles is directly proportional to irs volume. 

The ideal gas equation relates all these factors and includes the gas 
constant, R. 

The ideal gas equation is pV = nRTwhere p is pressure {measured in Pascals, 
Pa) V is gas volume (measured io cubic metres~ m3), n is the number of 
moles of the gas) R is the gas constant (R = 8.31JK-1mol-1) and T is the 
temperature n1easured in kelrvin (K) . 

Units in the Ideal 1Gas equation 

Temperature 
The kelvin temperaru re scale is an .absolute scale. Temperatures in kelvin are 
written as 2 73 K. There is no, need for a degree symbol when using kelvin. 
Zero kelvin (O K) is called absolute zer,o and is the temperature at which 
all movement of particles stops. Tempe1atures in kelvin are either .zero or a 
positive numbei: A rise of I °C is the same as a rise of 1 K .AJbsolute zero (OK) 
is equiitalent to -273. l SQC. This is usually tal<en as -273 °C. To convert 
temperatures :from °C to kelvin, add 2 73. To change from kelvin to °C, 
sub tract 213. 

For example: 

Convert O °C to kelvin 

Add 273; 0°C is 273K 

·Ot 

Convert 1000K to °C. 

Subtrac t 2 73; 1000 K is 72 7 °C. 

Pr:essure 
There are many different units of pressure. The units which are usually used 
in the ideal gas equation are Pascals. The symbol for a Pascal is Pa. 1 Pa = 
1 N·m-2 (Newton per square 1nette). 101325 Pa is equal to 1 a.tmosphere 
pressure. Often kilopascals are used (kPa). \Vhen the gas constant is quoted 
as 8.31 J Kl mol-1, th,e units of pressure must be Pa. 

Volume 
As seen previously vrith the solution cak"ldarions., cm3 and dm3 are common 
units of volu111c and gas volumes may also be measured in these units. 
In the ideal gas equation , the gas volun1e (V) must be measured in m3. 
l m l = 1000 dml = 1000000cm3. 

Converting between different units 1is very ~m portant. 100 cm - 1 m so 
when dealing wiith cubi,c quantit~es 1100 cm)3 = (1 m]3 so 1 OOO OOO c:m3 
= 1' m3 as 1003 = 1 OOO OOO. Also 1 O d1m = 1 m so when dealing witti cu 'b i1c 
quantities (10 dm~3 = [ 1 mJ3 so 1 OOO dm3 = 1 m3. 
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Moles 
The units of n ar,e mol. This may be ca]culated from a tnass of a gas or be 
given as an amount, in moles. 

R, the gas constant 
The gas constant can have various values depending on the units used for 
pre55ure. and volume but 8.31J K- 1 mol-1 is most often us-ed v,;1here volume is 

measured in m3 and pressure is measured in Pa. 

Using the Ideal Gas equait ion 
The ideal gas equation allows conversion between moles of gas and volume at 
a particular temperature and pressure. 

If n = 1 [1 mole of a gas] and T = 2·99 K :(room tern perature of 25, 0 ct 
p == 101 32'5 P.a [atmospherric pr,essure), 

V.;; nRT::; 1 x 8.31 x 298 ;;; 0 02445 1 , 3 
p 101325 · -- m · 

0.02445 m3 ·= 24.45 dm,3. which is why 24dm3 is used as the molar gas 
v,olume at room temp·erature and pressure. 

32 
Ca'lculate the volume, in dm3. of a samp le of ch lorin,e ga·s if there 8re 
0.217 moles of ch lorine gas at temperature of 350 Kand a pressure of 
200 kPa. [The g,as constant R = 8.31 J K-1 mol-1 .) G1ive your answer to 
3 si,g n i fie ant figures. 

Answer 
Atl of the above quant:itf es are jn the correct units to g:ive a volume in m3. 

p ~ 200000 Pa 

T ;:; 350 K 

n = [L217 mol 

R - 8.311 J K-1 m,ol-1 

PV = n RT· V = nRT 
' p 

0.217x8.31 x3.50 
V != 

200000 

V 6 31' . 11 445 D D 031 5 6 3 [ · 4 . . f' f ) = 
200 000 

= 1
• 1 . m to · s1grn 1· 1cant rgures I 

V - 0.003156 x 1 OOO ~3.16 dm,3 



As m,entioned earlier this typ·e 
of reaction where two drfferent 
gases are produced is common 
and you just need to combine 
the total number of moles of 
gas produced in the balanced 
eq u atio:n . 

The tern peratu re irs q uote·d in 
~C but +273 wi'll convert to K 
so t'h e temperature used in the 
ea le ulat ion is 300 K. See Chapter 
17 for ,more inform,ation. 

lE33 
Calcu late the total volume of gas produced in m3 at 27 °C and 1100 lkPa 
wh.en 0.254 moles of calcium n~trate are heated to a co nstant mass. 

[The gas constant R I!!!! 8.31 J K-1 mol-, .I Give your answer to 3 significant 
figures. 

Answer 
2CalN03b[s). -4 2.CaO~s) + 4N 02(g ~ + 02[g] 

From the balanced equati,on : 2 moles of Ca~ N03)2 prnduces 5. moles of ,gras 
[4N0 2 + 02). 

l ) 0.254 5 6 5 r f 0.254 mol of Ca N03 r 2 = 
2 

x = 0. 3 m,ol a gas 

pV - nRT 

p = 1 0 D k Pa = 1 (HJ OOO Pa 

R = 8.31 J K-1 moiL-1 

n - 0.635 mol 

T = 300 K 

nRT 
V ---

p 
0. 635 X 8.31 X 3,0Q 

V = 
100 OOO 

V 1 S8 3. 0 5 5 0 " 1- 5 8 3 [ 3 . . f. t· ] -
100 000 

- , .u . m · to s1,g n111, 1 cant ,,g ures 

By using gas volumes, this type of calcu lation may be reversed as shown 
1n t1he follow,ing example. 

IBoron trichloiride (,BC ,~] may be prepa·red as shown in the equat ion below. 

B20 3[s} + 3C[s) + 3C l2 i[g] --+ 2BCl3lg] + 3CO[g.) 

A sample of boron oxi,de (,8203] was reacted: co,mpletely with carbon and 
ch lorine. 

The two gases produced occupijed a total volum.e ,of 1250 cm3 at e1 

pressure of 110 kPa and a temperature of 375 K. 

Calcutaite the mass of boron ox ide tt,at reacted. G,ive your arnswe r to 3 
signjfi cant figures. The gas co nstant R ... 8.31 J K-1 mol-1 

Answe,r 
Th e first s tep is to calculate the tota l number of moles of g,as that were 
produced using the idea t gas equat ion. 

pV = nRT 

p = 110 kPa = 110 OOO Pa 

V - 1250 cm3 - 0.00125 m3 !, 250/1 OOO OOO] 

R = 8.31 J iK-1 ·mol-1 
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1250 c.m3 in m3 can be put into 
you r ea le u La tor as 12 5 a x 1 Q-6, 
usually 12fi0 EXP [or EE) - 6. 

T = 375 K 

pV • nRT 

n = p V = 110 OOO x O.DO 125 
RT 8.31 x 375 

n • 3~ ~~:;s • 0.04412 mol !to 4 significant figures! 

5 mol of gas in the equatiion ,2BCl3 + 3CO ] formed from 1 mol of B203 

. 0.04412 
0.04-4.12 mol of gas 1s forimed from 

5 
• 0.008824 mol 8203 

Mr of B203 = 2'[10.8) + 3( 16.0) = 69.6 

Mass of 8203 = n x Mr= 0.008824 x 69 .6 = 0.6142 g ,of B203 

Answer is 0.614g of '8203 to 3 sign'ificant figures. 

~ ···························································································: ! TEST YOURSELF 9 I 
• • 
~ 1 Ca lculate the votu m e in dm3 that 0.726 mol of nitrogen occupies at a E 
i tem perature of 200 K and a pressu re of 150 kPa. tT1he gas constant, i 
i R ~ 8.31.J K-1 mot-1). Give your answer to 3 significant figures. ! 
i 2 Ca lculate the mass of ammonia in g which ha:s a volu,m1e of 20.0 dm3 at i 
~ a pressure of 1: OD kPa and a teim per a tu re of 298 K. [Tt1 e gas constant, ! 
i R = 8.31 J K-1 mot-1). Give your answer to 3 signifircant fig ures. ! 
• • f 3 Thiony l ch loride [S0Cl2~ reacts w ith water to form hydrog,en ch lor ide i 
f and suUur d1ioxide. [The ,gas constant, R • 8.31 J K-1 mot-1L I 
• • .. . 
£ 5 0 C l2[ll + H20 I l]I ~ S02{g )1 + 2HCL[,g1I i 
• • • • 
: 2. 0() g of SO C l2 reacts com,p'lete Ly w it ih water. : 
• • ! al Calcutate the amount, in m,otes of S0Ct2 used. i 
• • i b) Calculate the totarl amou n,t. in moiles. of gases produced. : 
• • f cl Calcuilate the volume of gas present in dm3 at 300 Kand 1'20 kPa i 
! pre·ssure. Give your an.swer to 3 signif'ic:a nt figures. f 
• • • • ... ,. ...... ' •• "'"'""··· .. "' lj,.'. f'f'f' •• ,. ... ' '. ' .... ,,.,.,. .. "lj,' ;jl" ""'"',.,.,.. lj,.' •• "'"' ... ,..,.'.'f."""' •• ,.,..'''.""' ... _____ _ o~-------oetermining empirical and molecular 
formL1lae 
• The formula which is derermined from experimental mass (o,r percentage) 

data is called the e1npirical formula. 
• The 111piri al rorn1ul:1 is the simplest whole number ratio ,of the atoms of 

each element in a co,mpound. 
• The n1o lL:cula1 lon11ul&1 is the actual number of the atoms of each element 

il1t a compound. 
• The molecu]ar formula is a simple multiple: of the empirical formula . 

Reme,mber to use the Mr to detetmi·n·e how many ti1m1es the empiT:ical 
formula you need for the molecular form.ula . Also rem.ember to cance l 
down tne number of ecu:h cy pe of atom to its towest nu m,ber to d eterm1ine 
the empiri.ca l formula. 



The empiricat formula of a compound is CH20 but its Mr i,s 180.0. 
Determi,ne the molecular formu la of th,e com,pound. 

Answer 
Th,e Mr of CH 20 is 30.0. 

So 6 x CH20 [6 x 30.0 = 1 BOJJ] must be present in the compo und so the 
m olecuila r form,u la is C0H 1206. 

PLE 36 
The m,olecular formula of a compound Is, Na2S406. Deter,mi ne the 
empi,rica t formula of the compound. 

Answer 
The s~mplest whole number ratio of the atoms i1s found by ·dividrng the 
num1ber of each type of atom by 2. 

The empirical formula is NaS203• 

Determining for1mul ae of simple compounds 
Simple compounds are formed from two elementsi for example, sodium 
chloride and magnesium oxide. However you must also be able to use 
percentage information by mass to determine the empirical formula of a 
simple compound. 

You can calculate the amount in moles, of the atoms of each element by 
dividing the percentage or mass o,f the element by irs ~ (always use the Ar fo,r 

these type of calculations with elements). 

• The amounts in moles are converted to a simple ratio - this is best 
achieved by making the lowest mole value = 1 and then dividing though 
che other mole values by the lowest mole value. 

• In som..e examples,. you maybe given ·rhe mass of the elements which 
combine and in o ther examples you m.ay be given the mass of the 
compound. formed (a simple subtraction. will calculate the mass of the 
second element). 

• You also need to be able to plan practically how to carry out these 
experiments to d.e terimine the formula of a simple compound. Most of the 
experiments involve hearing to constant mass but full practical details and 
apparatus required may be expected. 

Take care w:ith d11atomic etements like chlortne and oxygen. Use 3,5.'5 as 
the Ar nf ch lorine atoms and 16.0 as the Ar of oxygen ato,ms. Mistakes are 
made most often usi,ng 71. 0 and 3 2. D to ea Leu late tt, e a m,ou nt, ~ n moles, 
of the etements. 1,t is the amount, iin moles, of tlh,e atoms that you are 
try,ing t,o find n,ot the am,ount of tne diatomic molecutes. 
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The masses are measured to 2 
decimal places which may allow 
for some error. This ~s why the 
ratio js not ,exactly 1: 1 so do allow 
some room for error but not too 
much. For example 1.329 is most 
Likely 1.333 so the m,o les should 
be multiplied by 3 to achieve a 
whole nium,ber ratio . 

crucible 
cont;i i n,i n g 
solid -----11-

heatproof 
mat 

crucrble Ud 

HEAT 

1 .06 g o"f magnesjum combines with oxygen to give 11.76 g of magnesiu m1 
ox,de, calculate the formuta of the oxide of magnes,ium. 

Answer 
Fi nd the mass of the empty crucible: 16.18 g 1(1 J 

Find the mass of the criudble and some rna9nesiu,m: 17.24 g: [2)1 
... M'ass of maginesru m = 1(2) - [1] = 17.24- 16.18 ·= l .06 g (3) 

Find the mas-s of the crucibte after heabng to a constant mass: 17. 94g [4)1 
r Mi ass of oxyg,en coim bi ned - '(4] - (21 - 17. 94 - 17 .24 - 0. 70 g 

We can now calculate the formLlla of the oxide of ma,gnesiu1m. 

Element Ma gn.e.sium Dxyge,n 

Mass (g) 1.06 0.70 

Ar 24 .. 3 16 .. 0 

Mole; 
1~06 ~ 0.043b2 
24.3 - - ~ 6~~ = 0.04375 

Ratio(+ 0.04362] 1 1 .. 003 [;...1) 

Empirical Formula MgO 

A sampte of solid phosphorus was burned in excess oxygen. 0.775 g of 
phosphorus reacted with 1.00 g of oxygerl. 

Caicu late the e,m p,i ri ca.l form,u la1 o,f the ox,i de of p hosp hoiru s fo r,m ed. 
L.. Giver, that the Mr of the oxi1de of ph,osphorus i,s 284.~ ca,lcula:te the 

molecular formula of the ox1de. 

Answers 
In thi s example the masses of the two elements are given di rectly. 

Element Ph~sphorus Oxygen 

Mass tg) 0.775 1. 00 

Ar 31 .0 16.0 

Moles O · 77 5 = D. 0 2 5 0 
31 .0 

, .oa = 0.0625 
16.0 

Ratio [-;- 0 .0 2 5) 1 2 .. 5 

The ratio works out at 1 ~2.5 but both are multiplied by 
2 to q1ve whole numbers 

2 5 

Empirkal Formula P205" 

2 The Mr of P205 is 142 and the Mr of the ox ide is 284. 
So 2 P205 rnust be present in the cornpound so the molecular formula 
IS P4010-



A c.ompnundl containing chlorine and oxygen conta1ins 61.2% by mass of 
oxygen. Caloulate the empiricall formula of the compound. 

Answer 
In a percentage by mass question, w.e assum.e 100 g of the compound are 
present so tn th,is exa1mpte oxygen makes up 61 .2·gl of the 1:oog and the 
rest of the mass 1100- 611.2 = 38.8g] is due to c:h~orine. 

E:leme-nt· Chlorfn·e O~y.gen 

Mass [g] 38 .8 61 .2 

Ar 35 .5 16.0 

Moles 
38 ·8 = 1.093 
35.5 

61 ·2 = 3.825 
16.0 

Ratio ["i" 1.093] 1 3.4995 [= 3.5) 

Th~ r a ti o works; o u t at 1 ~ 3 . 5 but bo th a r 8 m u l tip Li~ d by 2 
to gfve who le numbers 

2 7 

Empiri cal Formula Cl201 

Determining degree of hydration by heating to 
co1nstant mass 
The metl-1.od of determining simple fonnuJla can also be applied to hydrated 
compounds. 

• If hydrated comp,ounds .are heated they lose w ater of crYEtallisacion so their 
mass decreases and the anhydrous compound is form.ed. 

• By using tl1e mass of the anhydrou s comp ound and the n1ass of water lost 
the degree of hydration can be determined. 

• The assembled appa.rattis used to heat hydrated co·mpo,unds is shmvn in 
Figure 2.22. 

e.va-pora,tl ng -
lba3ln 

tripod - .... 

heatproof HEAT 
mat 

Figure 2~22 
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G lven that 3.12 g of hydrated co pper[I I~ sulfate. CuS0 4 .n H2o. produces 
2.00 g of the anhydrous copperUI~ sulfate Cu SDA on h1eati,ng to cor,stant 
mass, fiind the vatue of n in t he formu1 la1 of t he hydrated sa lt. 

Answer 
Mass of anhydrous salt f Cu SO,J = 2.00 g 

Mass of water Lost [ H2o l = 3.12 - 2.00 = 1.12 g 

r"com·go\.fli~d Ico"tfR;;m-rrit~u ua·teJ-' --~.W.ate11 
~IJ:'i, __ ":~ ~ 1§..'¥,~);.,;-..-.'~ ~ _ _ __ -~.·~; •; _ I 

Formula CuS04 H20 

Mass (gJ 2.00 g 1. 12 g 

Mr 159.6 18.0 

Moles 2 00 - D 2-
159 .6 = 0' 1 53 181.~ = 0.06222 

Ratio (7 0.01253] 1 4.96 [=5) 

Empirical Formula CuS04.5H 20 

You ea n see frclm the em pf ricall for mu ta that th e valtJe of n = 5. 

~ ···························································································: 
: TEST YOURSELF 10 ! 
• • ! 1 An oxide of sulfur contai,ns 40°/o su Lfu r by mass. Ca lcu late the ! 
i empirical form,ula of the axi,,de. J 
! 2 6.57g of hydrated ni1ckel1[11), sutfate. NiS0,.xH20, were heated to i 
~ constant mass. 3.87 ,g of so lid r ema,ined ei t the end. Calculate the ! .. .. 
: vatue of x ,in Ni S0 4.xH 20 . : 
• • : 3 Calculate the emp~r,ical formula of an ox 1id,e of lead whrch contarns i 
f 9 0. 67°/o of lea1d by mass. j 
! 4 A co,mpou,n d of nltrogen and hyd rnger, contains 87.So/o niitro,ger, by ; 
~ mass. The Mr of the compound is 32.0. i 
i al Calculate the empiricat fo,rmula of the com pound. i 
i b) Calcuilate the molecular formula of the com pound. i 
• • • • ~··•••t••t•••••••t•tf•t••••••••••t•••••••••tf••··················•t•••••••••••••tt•••"IIIIII .................... ... 

Atom economies 
Atom economy is a measure of how efficiently the atoms in the reactants are 
used in a. chemical re.action . 

It can b e calculated as a percentage using the following expression: 

% . 
molecular m.ass of desired product . 

100 ato,m econo·my = X 
sum ,of molecular masses of all reactants 



Chemists now loo:k at having a 
high percentage yiel,d ibut a1Lso 
a high ato1m1 economy to reduce 
waste. Th is is the 1ma in thrust of 
Green Chemistry·. 

Calcutate the percentage atom economy in the add,it:ion of bro.mine to 
cycloh exene. 

Answer 

cyclohexene bromi1ne 1.2-dibromocyclohexane 

This ,is an a·ddition reaction and by their very nature, they are atom 
econom:ical beca,use there is only one product. 

Mr.of reactants Mr of desired product 

C6H10 82.0 C6H,0B r2 241 .8 

Br2 159.8 - -

Total 241 ~8 Total 241 .8 

2411 .8 . 
0/a atom ecorio'm1y = 

2411 
_
8 

x 1 DO= 1 D0°/a 

PLE 42 
tin the blast furnace, cartJon monox~de i·s used to reduce iron oxrd'e to iron. 

Answe,r 
Fe203 3CO --+ 2Fe + 3C02 

rro:n oxide ea rbon monoxid1e iron carbon dioxide 

Calcu late the percentage atom econon,y of th 1is teact:ion 1if iron is tne 
desired product. Give your answer to 3 significant figures. 

,, - - ·Mr o·f ·desfr~d prod-uct · Mr of r;e~c~ants 

Fe203 159.6 2Fe· 111 .6 

3CO 84.0 - -

Total 243.6 _rotal 11 1.6 
-

111'.6 
0/o atO m eCOn01m1y = X 1 00 = 45 8°/o 243 .6 . 

Understanding atom econ.omy and perc.entage yielcl 
Chemists often use percentage yield to deternrine the efficiency of a chenncal 
synthesis process. A high percentage yield would. indicate that th·e reaction 
process is efficient in conv,erring reactants into products. This is important for 
pro6t but percentage yield does not take into account any vtaste products. 

Chemistry, like all other industries, is concerned abnut its effect on the 
,environment, particularly when it comes to waste. A reaction may hav.e a high 
perc,entage yield but have a lo,v.. .. atom economy. This will mean that other 
products in the reaction would be V{aste and with a high percentage yield 
there are just more of thetn. 
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The mass af saUcyUc acid can be 
determi1ned i1n a tabtet by a simple 
Htrati!on with an atkaU such as 
sodium nydroxi,de soluti1011 and 
us i n g p he no l p h t ha le 'i n 1i n d 1i eat or. 
Aspk1in is a weak monoprotic 
ac,d. 

Figure 2.23 Aspirin tablets contain the 
drug salicylic acid . The manufacture of 
sa licylic acid has a 76% atom economy. 

~ -··· .............. -........................ ···-·········· .................... ···-·· .......... -····· ............................... . 
i ACTIVITY 
i 

~ Finding the formula of t1ta1ni,um oxid,e t1tan1um . . 
~ To determ,in,e the em pjri cat 
~ form uta of an oxi d,e of tHan ium1, 
: some tJtani,u1m metal was heat,ed, 

. 
i 
~ . . . . . 
~ 
' :, 

i:n a stream of oxygen as shown in 
Frgure 2.24. 

1 Descr·ib,e a test which could be 
carr ied out. before th e cyUnd1er 
was used, to prove that the ga1s 
~n i1t was oxygen. 

oxygen 
from 

cylinder 

2 What we1ghing.s would be made, Figure 2.24 Formation of titanium 
before heat~ng to determine the oxide by heating titanium 1n oxygen. 
mass of t,ita nru1m us,ed1? 

3 l'n tn 1is reaction th,e titanium could be a soti,d lump or powdered. State 
arid explain if there i1s any advantage i1n usrng titanium powder. 

I+ The ce rami c container a,nd its contents are repeatedly we,g hed1 

lieated', rewe ighed and heated. Sug,gest and exp lain the trend in 
ex p,ected resu ilts. 

5 What safety pr,ecautions should be taken ,in this experiment? 

6 How would the retiabitity of the results oe improved? 
7 Water vapour reacts wit:h hot t1tarlium to produce titan1iu,m oxide and 

hydrogen. Sug,gest h1ow you coul<i modi.fy th,e apparatus to r,emo,ve any 
traces of water vapour from1 the oxygen supply. 

8 In this experrment 4.8 g of tHanium was ox idised to f,orm 8.0 g of 
titanru1m oxide. Deduce the empi rical formula o·f the titaniu1m, ox id,e and 
sug1gest ~ts systematic na·me. 

~ 9 a Titanium1 ox 1ide is found in the naturaUy occurr ing ore rutHe. 
~ Titanium ,metal can be extracted fra,m this ore by two different 

methods. One uses a more reactjve metal to displace t,he ti:tan1um: 

} 

Ti02 + 2Mg ~ Ti;. 2Mg0 

The second method is e~ectrolysi1s of the are. The overall react ion for 
thi s metihod is: 

I 
~ Calculate the atom economy for 1each react~o n. 
: • 
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bi D:iscuss which m,et:hod rs 
·greener'? What el se might 
you want to know befnre 
ma!ktng a finat dec~ston? 

cl Oxygen i,s a useful product 
and ea n be so ld. What 1s 
the a.tom econo,my of the 
electrolysis if the oxygen is 
coHected and sold? 

di State and ,explain wtlich 
metho,d might be mor·e 
expensive to ru r, 'in industry . . 

el Titanium is used for 
replacement hip joints. What 
properties must titan·ium 
have to be used in thi s way? 

Figure 2.25 Th~ mineral rutile 
[trtanium ox fde], a majo r ore of the 
metal titanium. This specimen is from 
Graves Mountain, Lincoln County. 
Georgia, USA. 

. • •• .... •• ••• •• ••• •• ••• ... .... .... •• ••• •• ••• •• ••• •• ••• •• .... •• .... .... ... ••• •• ••• •• ••• •• ••• •• .... .... •• ••• •• ••• •• ••• •• ••• •• ••• .... •• ••• •• ••• •• ••• •• ••• •• 11•• .. . ........................ . 

~ ......... , ........... , .......... , ................ , ................... ,.,, ............ , ..... . 
: TEST YOURSELF 11 i 
• • : 1 Ammonia can be produced by the reacti on of water with magnesium : 
• • 
: n~tride. : • • • • • • i Mg3N 2isl + 6 H20( tJ --+ 3 M9f OH l2[ s] + 2 N H3(g] i 
• • • • 
: Calculate the perc,entag,e atom economy 1n thrs rea ct,ion ,if ammonia ~s : 
• • ! the useful product. G~ve your answer to 3 si,gnificant Hgures. i 
f 2 Calculaite the percenta gie atom economy of the follaw,in,g reaction in i 
i wrdch1 hydr og,en fluor1ide is the usefut produ ct. Give your answer to 3 I 
: significant frigu res. : . ~ 

• • • • 
: Ca F2[s] + H2S04[lJ -t CaS04[s] + 2 H F'(g] : 
• • • • • • I 3 Wlh i,ch ot the followi ng1 reacti ons gives th e highest atom ,eco,nomy for ; 
! the preparati1·an of magnesi,um sulfate? ! 
! a) Mg + H2SOA-+ Mg.504 + H2 ! 
i b) MgO + H2S04 ~ Mg S04 + H20 ~ 
f cl MgC03 + H2SO~--+ Mg,SO~ + C0 2 + H20 ! 
• • • • ................................................................................................................. 

C)--C-o_m_b_i_n-ed __ c_a_lc_u_la- t-io_n_s ______________ _ 

Some calculations may involve aspects of many different types of calculations 
where mass gas volumes, solu tion volumes and concen trations, pV == nRT 
are oon1bined. 

Percentage yield an d reactin 1g mass 
9.33g of ziI-1c carbonate reacts with excess hydrochloric acid . 

1 Calculate the amou nt, in moles, of ZnC10 3 in 9.33 g of zinc carl,onate. 

Mrof ZnC03 = 65. 4 + 12.0 + 3(16.0) = 125 .4 

I . m 9.33 
moles of ZnC0 3 = M. = 

125
_
4 

= 0 .07440 m.o1 



N 

2 Calculate the n1ass of ZnC12 produced in this reaction assuming an 85% 
yield. 

ratio of ZnC03:ZnC12 = 1:] so moles of Zn.Cl2 = 0.07 440 mol 

Mroif ZnOi = 65.4 + 2(35.5) = 136.4 

Theoretical yield of ZnCli = 0. 07 440 X 136. 4 = 10.148 g (to, 3 decimal 
places) 

~ ~ . , _ actual yield . 
percentage yield - th . _, . ld X 10 0 

1 eo·retlcaL }"le 

. percentage yield X theoretical yield 
actual yield == 

100 

85 X 10.148 . . . 
= 

100 
= 8.626g (to 3 decu11al places) 

Solution volum,e and pV = nRT 
Solid lea.id reacts with \varm nitric acid according 'EO ·equation: 

3Pb(s) + 8HN03(aq) ---* 3Pb(N03)2(aq) + 2NO(g) + 4-H20(l) 

20.0 cm3 of 2.40mo1dm-3 nitric acid reacted completely "With solid lead. 
Some lead \.Vas left ovet 

1 Calcu]ate the amount, in moles, of HN03 used. 

-v X c 20.0 X 2.40 
moles ,of HN03 = 

1000 
= 

100 
= 0.0480mol 

2 Calculate the amount, in moles of NO fornied. 

1atio of HN01

3:NO = 8:2 = 4: I 

0.0480 
moles of NO formed= 

4 
~ 0.0120mo1 

3 Calculate the volume of NO in cm3 formed at SQO K and 120 kPa (t he gas 
constant, R = 8.31 J K- lmol- 1). Give your ansv.rer to 3 significant figures. 

pV == nRT 

p = 120 kPa = 120000 Pa 

n == 0.0120mol 

R = 8.31JK-1 mo1-1 

T == 500K 

120000 XV= 0.0120 X 8.31 X 500 

120 OOO X V == 49.86 

V -
49

·
86 

- 0 O,OQ 1 155 3 - 120 OOO - ' 4 m 

V in cm3 == V in m 3 X 106 == 0 .0004155 X 106 == 416 cm3, 



Pr c ic qu stio 
I \Vhich of the f ollo\\ring is the empiric.al 

·fonnula of an oxide of manganese that 

contains 36.8% 0:21..ygen by mass . 

A MnO B Mn02 

D Mn304 

2 The foUowing 'table ,of results was obtained 
from titration experi1nents. 

Titration lnit ial volume I cm·3 Final volume /crw 
number 

1 0.40 21.40 

2 21.40 43.101 

3 0.00 21.30 

4 21.30 42.70 

v~lhich titra.tions should be used to calculate 
the average dtre? 

au the titrations 8 1 and 2 

2and4 D 3and4 

3 Vlhich of the following is the 1nass of H2S01

4 

formed from 2 .5kg of sulfur, assuming a 64% 
yield and all other reactants are in excess, 

(1) 

(1) 

2S(s) + 302(g) + 2H200) ~ 2H2S04(aq) 

3.82kg B 4.89kg 

~ 7.64 kg D 9.78kg (1) 

4 v~lhich of the following pieces of appa1arus 

would l1ave the highest percentage error in die 
measurements shown? 

A A volurne of 25cm3 measured using a 
tneasuring cylinder ~rhich has an error 
of :t 0.5 cm3 

B A temperarnre of 45.5°C measured using a 

thermometeI which has an error of 0. :5, °C 

A mass of 1.20 g measured using a balance 
with an error of+ 0.001 g 

D A volume of 25 cn13 measured using a 
pipette which has a percentage error 
of± 0.3cm3. (1) 

5 1.2 4 g of phosphorus were burned completely 
in oxygen to give 2.84-g of phosphorus oxide. 

a) Calculate the empirical formula of the 
-o~de. (3) 

b) Calculate the molecular formula of the 

oxide given that 1 n1ole of the oxide 
wcighs 284.0g. (1) 

6 Write a 'balanced equation for the thennal 
decomposition of strontium nitrate into 
str,ontium ,oxide, nitr,ogen(IV) oxide and 
oxygen. (1) 

7 Calculate the. number of molecules of water 
prese11t in O .1 g. 
(The ~A..vogadr,o constm[, L = 6.-02 X 1Q23). (2) 

H Calcium sulf:ate reacts 'With carbon to form 
calcium sulfide accord.mg to the equation: 

CaS04(s) + 4C(s) ~ CaS(s) + 4·CO(g) 

a) Calculate the mass of carbon required to 
react "With 250 kg of calciu111 suUate. (3) 

b) Calculate the percentage" ato,m economy 
o f this reaction if calcium. sulfide is the 
desirable product. (2) 

9 Ammonia r-eacts \\'ith chlorine according to the 
equation: 

8NH3(aqt) + 3C12(g) ~ 6NH4Cl(s) + N 2(g) 

25. 0 cm3 of 7. 80 mol dm -3 ammo-nia solution 
react completely with chlorine. Give all a.nS\V,ers 
to 3 significant figures. 

a) Calculate the amount, in moles, of NH3 
in 25.0 cm3 of 7.80 moldm-3 soluci,on. (1) 

b) Calculate the amount, in ·n10les
1 

of N2 
gas formed. (1) 

c) ,calcula.te the volume of N2 aas in cm3 
0 , ' 

at 298 Kand 100 kPa pressure. (The gas 
constant, R = 8 .31] K-1 r-nol- 1). (3) 

10 A sample of 1. 50 g of phosphorus was heated 
in chlorine in the form o,f phosphorus(\!) 
chloride, PC15 . The phosphonJJ.S reacts 

according to the equation 

P 4(s) + lOCl2(g) ~ 4PC15(s) 

8.34-g of PC15 were obtained. Calculate the 

pe1centage yield. Give, your ansv;rer to 3 

significant figures. (4) 
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11 A solution of ethanoic acid (CH3COOH) is 
diluted by placing 10.0cml of the solution 
into a 250 cm3 volumetric flask and making the 
volume up using deionised water. 2.5. 0 cm3 of 
this diluted solution were' placed in a conical 
flask and! titrated against 0.200 moldm-3 
potassium hydroxide (KOH) solution . 15. 7 cm3 
of the potassiun1 hydroxide solution were 
re,quired for neutralisation. 

CH1COOH(a.q) + KOH(aq) -j, 
CH31CO,QK(aq) + H200) 

a) Calculate tl1e am.aunt , in moles> of KOH 
used in. this ritrarion. (1) 

b) Calculate the an1ount, in. moles, of 
CH3C010H that reacted with KOH. 

) Calculate the concentration, in moldm-3, 

(1) 

of the diluted CH3COOH solution. (1) 

1d) Calculate the concentration> in moldm-3, 
of the undiluted CH3C001H solution. 
Giv,e your ansv,er to 3 significant figures. (1) 

12 l.OOg of impure calcium canbonate "\Vas reacted 
v.iith 50.0cm3 of l.OOtnoldm-3 hydrochloric 
acid. Once the reactio1, is finished the solu tio,n 
is placed in a 250 cm.3 ·volumetric Rask and the 
volume n1ade up to 250 c1113 11sing deioniised 
water. A 25. 0 crn3 sample of this .solution is 
pipetted into a conical flask and titrated against 
0 .100 mol dm- 3 sodium hydroxide .solution. 
The average titre Vlas de termined to be 
34.0 cm3 . Calculate die percentage purity 
of the calcium carbonate to 3 significant 
figures. (7) 

13 A san1ple of hydrated sodium carbonate, 
Na2 C03.xH20 was heated to co11Stant mass 
in an evaporating basin. The measurements 
below are taken at 5 minu~e intervals. 

Mass of ,evaporating basin = 122. 400 g 

Mass of ·evaporating basin and hydrated 
sample = 122.900 g 

Mass of e:vaporating basin and sample after 
S, minutes heating= 122. 714g 

Mass of evaporating basin and sample after 
10 minutes heating == 122.6l2g 

Mass of ·evaporating basin and sample alter 
15 ·minu~e-S heating= 122.6l2g 

a) Calculate the mass of anhydrous sodium 
carbon a re present at the end of the 
experiment. (1) 

b) Calculate the amount, in 1noles, of 
anhydrous sodium carbonate present at the 
end of the experim.ent. (1) 

c) 1Calculate the ntass of water lost by 
heating. (1) 

,c]) 1Ca]cuh1te the amo,untm in. m oles., of water 

lost by heating. (1) 

e) De·termine the value of x in 

Na2C03.xH20. 

14 Lead reacts \Vith nitric acid to form le-ad(Il) 
nitrate acc,ording to the equation. 

3Pb(s) + 8HN03(aq) -+ 3Pb(N0~2(aq) + 
2NO(s) + 4H200) 

a) Ca]cu1late t11-e perc,entage a101n economy 

(1) 

if lead (II) ni tmte is the desimble produ et. (2) 

b) The amount of llead(II) nitrate produced \Vas 
0.522moL 

i) Calculate the mass -of lead required to 

prodnce 0.522 moles o,f le-adOl) nitrate 
if the nitric acid was in excess. (2) 

ii) Calculate the volume t in dm3 ; of 
0.522 mol of NO, at 62 °C andl 
125kPa pressure. (The gas constan t, 
R == 8.3 lj K-1 mol-1.) Give your 

all5\¥er to 3 significant figures. (3) 

II 15 0.0500 g of magnesium ribbon reacts 
completely with O.lOOmoldm-3 hydrochloric 
acid according to the equation: 

Mg(s) + 2H1Cl(aq) ~ MgCl2(aq) + H2(g) 

a) Ca]culate tl1e volume of 0.200 mol dm-3 
hydrochloric acid required to react 
completelymth the magnesium. Give 
your .answet· to 3 significant figures. (3) 

b) Calcu]ate the volume of byd.Iogen gas in 
cm3 ~ produced in this reaction at 20.0°c 
and 1.10 X 105Pa. (The gas constant) 
R = 8.31] K~ 1 mo]-1). Give your answer to 
3 significant figures. (4) 



Bonding 

:··············································································································: 
~ PRIOR KNOWLEDGE i 
• • . ' • + 
• + 

~ • When ato,ms react tog.ether to form com,pnunds the atoms usually : 
• • 
: achieve a fu~L outer shell whic.h is 1more sta b'le. : • • • • : ,Ionic compounds are compounds which contain a metal. They are said : 
• • : to have ion~c bondi1ng . : 
~ ~ 

: When ionic co rn pou n,ds form fro'm th e aitom s of its elements, a ; 
• • 
: transfer of electrons occurs. : • • • • 
: • For simple ionic corn.pounds, atoms of metaUic elements in Grau ps 1 : 
• • : and 2 react with atoms of non-metalli c elements rn Group 6 and 7. : 
• • 
: • Th e charge on the ion s for:med depends on the nu1mbers of etectrons : 
! lost [atom beco,mes a p·os,itive ion) or electrons ,ga,ined ,(atom becomes J 
f a neg a t,ive i·on). i 
• • 
: • Atoms of Group 1 ele me nits Lose their outers hell el,ect ro n to form a : 
: l . : sing e positive charged: ion. : . ~ 

i • A to ms of Group 2 ete m,e nts lose th,ei r two outer sn ell electrons to : 
• • : form a 2+ ,ion. : • • • • 
: • Atoms of Group 6 elem.ents gain two electrons to form a 2- 10n. : 
• • : • Atoms of Group 7 elements gain one electro,r-1 to form a srngite ! 
~ . 
: negatively-charged ion . : 
• • 
: • The name of simple positivelly-charged 1ions is the same as the ato,m : 
• • : from whi1ch they a re formed, for example Na i:s a sod,ium ato,m arid : 
• • : Na+ is a sodium ion . : • • i Th,e names ,of s1impl,e nega,tively-charg,ed 1ions end in - ·ide, for example i 
! O is a.n oxyg:en a,tom and· 02- i.s an oxide ion. ! 
• • : • Simple ionic compounds a re na·med with the metal ion name followed' : 
• • : by the non-metat ion name, for example sodium oxide. : 
• • : At,o,ms o,f non - metallic elen1ents form covalent compounds with othe r : 
i : 
: non-metatls by shar~ng electrons to comp lete their outer sheU. : 
• • 
: • A single covalent bond is a shared pair of e~ectrons. : 
• • : • The nu·m,ber of unpaired electrons iri an ato·m ind~cates the minim·um : 
• • 
: number of cova1lent bonds the atom can fonm, in a cova lent compound: : 
• • : For ,exam,ple, atoms ofi elements in G ro,up 4 have four unpair,ed1 : 
• + 

: electrons so can form fou r cova lent bonds. : • • 
i • Dot and cross diagrams use dots ~·] and crosses ,x} to represe nt i 
! electrons and to show tra nsf·er of electror,s or sharrng of electrons. i 
• • • • 
~-·····--·~·-- ···········-~············· •••1•····~~---- ·-···- ····~······-······-,.. .................... -..:j 
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i TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
i 1 State the name of the following i o.n s: i 
~ al N3- bi Ca2+ c) 52- d) Br- el Rb+ I.I H- ~ 
• • 
: 2 What is meant by a covalent borid'? ; 

i 3 Na me the com,pouinds formed between th,e following elements: i 
J al sod ium and oxygen bi calci1um and filuor1ine : 
• • 
~ cl magnesium and iodin e di potass:iu ,m and chlorine E 

~ 4 State how many covalent bonds the foltlowin·g atoms can form : ~ 
i aJ fluorine bi carb,on cl oxyg· en i .. : • • ................................ ............ . . .......... ..................... ........... ................................... 

0-------------a tu re of ionic. covalent and metallic 

Figure 3.1 Fisht Stadium in Sochi, 
Russia where the 2D14 Wi nter Olymp ics 
were held. The roof is made of a new 
material ea lled tex lo n, of which ea eh 
layer has been eng ineered to transmit, 
reflect or scatter the image, enabling 
the roof to double as a v 1s u al dis play as 
shown above. 

bonds 
In addition to sho~'"casing the best a thletes in winter sport,. d1e Winter 
Olympics. in Sochi in 201'4 also showcased some new materials, which 
enhanced the Olympic arenas and the ,equipm,ent u~ed by the athletes. The 
40000 capacity Fisht Stadium was designed using materials that allowed vivid 
light shows during ceretnonies - for example the roof was made of a new 
translucent cushioned membrane called teJdon. Team GB's bobsleigh team, 
used a range of new abrasives, sandpaper-like materials, made from aluminium 
oxide and resins to allow the ~eam a quicker .and mo·re effective way to po]ish 
bobsled runners. 

To design new materials chemists need information about the structure - how 
the atoms or ions in the substance are arranged; and the bonding - how they 
are held together. 

·Many materials are pure substances. All pure subs1tances may be classified .as 

elements or compounds. The diagram be]O\V shows the main subdivisions o:f 
all pure substances. The type of bonding and structure shown by each type of 
substance \vi.th some common examples are also given. 

Figure 3.2 Ne,w materfal.s such as 
po Ly u re th a n e s u its s n d a b ra s i ve s far 
the bobsleig·h runners were designed 
by chemists, for US.'2· in the Wint2r 
Olymprcs 2014. The stru cture of these 
materials give th em properties s uitable 
for their purpose. 

The main type of structures {metals, ionic compounds, molecular covalent 
and macromolecular elements and compounds) will be examined. Semi­
n1etals can also be called metaUo,ids and they have properties ,of both metals 
and non-metals. Silico,n has a macromolecular structure. 
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Ionic bondinq 

The ionic bond i1s not the transfer 
of electrons. Th e transfer of 
electr,ons f,orms the ions. Tnjs i:s a 
co mmon m.istake. 

Ionic compounds arc formed because of a. transfer of electrons usually &om 
metal atoms (which lose electrons from their outer energy levels) to non-metal 
atoms (which gain electrons to their outer energy levels). 

• Metal atoms lose electr,ons and non-meta] atoms g.ain electrons. This gives 
them a noble gas electron configuration. 

• The atoms of d block elem:ents do not always achieve a noble gas electron 
configuration. 

• 'When atoms lose and gain electrons, they are no longer electrically neutral 
and so have acquired an ov:erall charge. They are now caUed io,ru. 

• Metal atoms lose their curer electrons and so become positively charged. 
• Non-metal ato1ns gain electro,ns to fiU their outer ,energy level and so 

become negatively charged. 
• Positive ions are caUed ·ations. Nega tive ions are call.ed 3uious. 
• The formation of the ions can be shown using electron configurations. 
• The attraction between the positive and ne.gative ions is the ionic bond. 

Formation of ions 
Ionic compounds form when aton1S react together and transfer electrons. It is 
important to unde~tand this as it exp1lains the charge on the ions formed. 

Throughout this sectio,n you should understand that the i, 11ic b( 11J is the 
electrostatic attraction ·betv;r.een oppositely charged ions. 

Sod iu:m reacts vigorously w ith ch lorine. Explain lhow sodium atoms and 
chlorine atom,s react to form ions. 

Answer 
sodium1 atom 
Na 
1s2 2s2 2p6 ~ 

~7lorine atom\ 

1 s2 2s2- 2p1 3s2 3p5 

Figure 3.3 

sodium ion 
NaT 
1 s2 2s2 2p15 

chloride ion 
c~-
t s2 2s2 2p' 3s2 3p6 

The sodlum atom loses i,ts 3s1 electron to achieve a noble gas electron 
con1figuration . The sodium ,on is Na,+. 

Chlorine atoms have a 3p5 electron configur.atrori and each atom 
requ 1i res o,ne etectron to achieve a noble gas electro n canfig.ura Uon. 
The chlo,r ide ion .is Cl-

Bath ions have a full outer energy level of electrons. 

Figure 3.4 Sod1 um reacts vigorously 
with chlor ine '3S shown in this 
p ho tog rap h. Why? 
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lE 2 
Explain h,ow atoms of magnesium react with atom s nf o,xyg,en. 

Answer 
magnesium atom 
M:g 
, s2 2s2 2p5 

oxygen a 
0 
1 s2 2s2 2p4 

Figur 3 .. 5 

magnesium Ion 
M'g2+ 
1 s2 2s2 2p6 

oxide Ion 
02--
1 s2 2s2 2p6 

The magnes~um ato,m loses its 3s2 electrons to form a noble gas 
e lectron co~figuratio11. The magnesium ,ion js M'g2+. 

Oxyg,en atom,s have a 3p4 electron, configuration and each atom 
requires two electrons to a1c1h i eve a noble gas e Lectron co nfig u rat1ion. 
The oxide ion is 02-. 

Both ions nave a full outer energy level of electrons. 

Expta~n how atoms of calcium react with ato·ms of 
fluo:rine. 

Answer 
In this example two fluo,rine atoms are required 
for each caLci,um aitom as each ca lc 1ium atom has 
2 electrons to Lose from 4s2 to obtain e noble g;as 
con f 1 Q' u ra t i o r,. 

Each fluorine atom requires one electron to 
ach,ieve a noble gas configuration. 

The calcium i1on is Ca2+ and the fluoride ion is F-. 

Again the ions formed have a fuUL outer energy 
leve l of electrons. 

Figure 3~7 Fluorite is minera l composed of ca lcium 
fluo ride and is the source· of most of the world 's 
fluorine. It is. co lourful both in vr si ble and ultraviolet 
Light and ls often used ornamentally. 

calcium atom 
Ca 
1s22sl 2.p' 3~ 3p5 

2 fluorine ato 
F 
1 s2 25'2 2p5 

F 
1 s? 2sZ 2pS 

Figure 3 .. 6 

calcium ion 
Ca~-tc 
1 ~ 2s2 2p& 3s2 3pi5 

2 fluoride ions 
F-
1'$2 2s2 2p& 
F-
11:si 2~ 2p& 



Key 

• posi:ttve ion 

nega,ti,ve ion 

+ An 1ion i c tatt,ice str,u ctu re 

Figure 3.8 As ea n be se,en from the 
diagram, each N~· ion is surro unded 
by six CL- fans and each Cl- 1on is 
surrounded by six Na+ ions. The regular 
stru cture continu es like this to form the 
crystal. 

Figure 3.9 Part of an 1oni c Lattice. 

Unknown elements formjng ionic compounds 
A compound may be formed fro,m unknov;n elements named X and Y and 
you may be told the electron configuration or the number of electrons in their 
outer shell. 

PLE 
Element X rias 2 elec trons in i:ts oute r m,ost shell arid elem.ent Y has 
7 etectro,ns in its outermost shel l. 

Severa l questions can resullt from thi s: 

What 1is the formula of an ion of X? 

A s X has 2 el,ectrons ,in its outer shelt, it will lose these 2 electrons 
when it for,m,s an ,i,on so the cf1arge on the i1on i1s x2+. 

What 1is the farm u la of an ion of Y? 

As Y has 7 electrons i1n its outer shell, 'it w ill gain 1 electron when it 
forms an ion so t 1he cihairge on the ion is Y-. 

• W hat is the formulrl of the compound' form,ed between X and Y? 

Use the charges of the ions worked out from above: X is 2+ and Y ~s -

so 2y- are needed for each X2"*'. The formula of rhe compound is XY2• 

Ionic crystals 
• The ionic bond is the electrostatic attraction ben.v,een the oppositely 

charged ions. 
• The ionic solid formed has the ions held in a three-dimensional framework 

called an ionic lattice. A lattice is a ·regular repeated three-dimensional 
arrangement of aton1s) ions) or m,olecules in .a 1.netal or other crystalline 
solid. 

• The lattice for NaCl has each Na+ ions surrounded by 6 a - ions and each 
Cl- ions surrounded by 6 Na+ ions. This type of lattice is said to have a 
6 :6 configuration. Its lattice is described as a cubic arrangement as it is 
based on a cube. 

• The ionic solid formed has many strong electro_ tatic attn1ctions between 
the oppositely charged ions. 

• The regular pattern of the ions within the structure causes the crystalline 
nature of ionic co·mpounds. "'1he.n sodium ·chloride is heated,, it makes a 
cracking sound which is caused by the ionic crystalline sm1.cm·re breaking 
up. This is called decrepita tio n. 

Yo,u may be asked to draw a sodium chloride ]attice with a specified number 
of ions. Start v..ith a Na+ io,n and surround it with 6 1Cl- ions as sl1own in 
Figure 3.9. The lu-ies can be used to give a three-dimJ~~nsional shape and show 
the attraction between the ions. The diagram may be extended fo,r more ions. 
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The scr.ength of die ionic bond accounts for many of the properties of ionic 
substances. 

1 Ionic compounds have a high melting point or boiling point, or are 
solid at roo1n temperature 

The energy required to melt an ionic solid is large due to the large number of 
strong electrostatic ,attractions between the positive and negative ions, w"hich 
is know as ionic bonding. 

The smaUer the ions and the higher the charge on the ions, the stronger t1'1e 
ionic bond. Magnesium oxide has a melting point o.f 2852 °C whereas sodium 
chloride has a melting point of 797°C. The attraction between the Mg2+ and 
0 2- ions is stronger than the attraction between die Na+ and Cl- . Some 
atomic and ionic radii ineasured in picornetres (pin) are given below. 

G rou,p 1 G ro u1p 2 Group ~ Grou.p 6 G ro,u p 7 

li B-e2
t- Be Bl-1- B O 01- F F-

90 41 82 73 126 71 119 
Na 1Mg1+- Mg Alh Al S S~ Cl c1-

167 

K Ca2"' Ca Gaa+ Ga Se Br 

Figure 3.10 

As can be seen the ionic radius of Mg2+ is 86pm whereas the ionic radius ot 
Na+ is 116pm. The 02- ion has an ionic radius of 126pm ~"hereas the cl­
ion is 167 pm. The smaUer and higher charged ions in magnesium oxide rest1lt 
in a stronger ionic bond and a higher mel ting point and boiling point. 

1 pm = 11 o-12 m. There are 1 OOO OOO OOO OOO nm 1n 1 'm. Sometimes 
nanometres {nmJ a re used . 1 nm = 1 Or 9 ,m. There are 1 OOO pm in l nm. It 
i,s important to be able to recognrse unrts of t1his sea le when deali ng witn 
tih,e s iz,e of particles. 

Positive ions are generally smaller than the atoms fr1Jm which they are fonned. 
Negative ions are larger than the parent atom. This r,esulrs from the metal 
atoms losing electrons from the outer energy level so the ion has an ,electron 
configuration with one less energy level occupied. The. effective nuclem- charge 

(ratio of pro~ons to electrons) increases so the electrons are pulled closer to 
the nucleus. 

For negative ions1' the ion is ]arger than the atom as the repulsion between the 
electrons moves then1 further apart from each other. Also ihe effective nuclear 
charge decreases as the re ar,e more electrons with the same nun1ber of protons. 



lE 5 
The m.elting point of sodium chloride is 797 t:JC, sodiu·m bromide i1s 747 °C 
and sodiu.m jodide is 647°C. Explain the difference in their melting points. 

Answer 
Th,ese compounds aH have a1 sir,gte pos1t1vety-cMa1rged ion a.nd a sing le 
negatively-charged ion. 

The positive ,on is the same 1n all tnese compounds [N a.+] 1but th·e size of 
the negat,ive ion rs increasin,g, from cL- to Br to 1-. 

Th,e larger negative ro11 causes a weaker attraction between the ·ions as 
they are not as close together. 

The ionic bond streng tt"l decrea.ses from NaCl to NaBr to INal as there is 
an increas~ng:ly weaker a,ttract,ion between the Na· pos1itive ion and the 
negative ·io 11 . 

2 loni co1npounds ar u ually oluble in wat r 

\\tater likes charged substances and likes to surround the ion5 that have 
·broken out of the lattioe. When the moving water molecules hit the ionic 
lattice they can knock ions off and then water molecules sunound the io,ns. 

For some ionic substances like aluminium oxide the electrostatic attraction 
beWiJeen the positive and n egative ions (the ionic bond) is so strong that water 
cannot break up the la ttice so the compound is insolulJle in v;rater. 

Figure 3.11 Sodium chlo ride dissolving fn water. The sodiu m ions and the chloride 
ions become surro unded by water molecules. 

IRem,em.ber that ionic substa,nces do not like to dissolve iin non-polar 
solven ts like hexane. [ Pnta ri;ty and non- po lar1ty wi Lt he d lscussed later.) 
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Solid 

Ions f,ixed in I atti ce afl d cannot move 

Figure 3.12 

Molten or aqueous solution 

Jom; c:an now 1rnow and c:ondu,ct etectricity 

+ ions move to 
neg.ltive terminal1 

Figure 3.13 

- ions mov~ to 
positive t r rr i na I 

The Ust of 1ions wiH be added to as 
you progress through the course 
but you should learn these ions 
ca refully. ,Reim ember you need to 
he ab le to work from a for;mula. 
to a nam1e or from a name to a 
formula . For exa1mpte, be able t o 
identify [N H4b S04 as am 1moni1um 
su lfate, b,u t a.tso b,e able to wr'ite 
the formuta of sod,ium1 carbonate 
as Na2C03. 

+ 3 Ionic compounds conduct electricity when mohen or when in aqueous 
solution 

In the solid state) ionic compnunds cannot conduct electricity: However,. 
in the liquid and aqueous state\ the ions are free to move and carry charge. 
E]ec trical co,nduction is caused by the movement of charged particles and for 
molten ionic compounds and ionic compounds dissolved in water, it is th 
ions which are free to move and carry a charge. 

Figures 3 .12 and 3 .13 show how, when molten~ or dissolvecL the ions in an 
ionic co,mpound can move and carry charge, yet when solid they cannot. 

Other ionic compounds 
Some ionic compounds contain molecular ions . Molecular ions include the 

following ions: 
- -

Ion Formula 
I"'. • • . I . 

110n: ~ I_. - ~ ~, , •. I 

;1F.orimula'! 
'-.'."ll'~ -~-·'··= !: ..... ,-. ...,~~ 
st - : I .. 

Su lfate soi- carbonate co5-

Nitrate N03 hydrogen ea rbo nate, HC03 

Hy·droxide OH~ ammonium NH4 

Compounds containing molecular ions are ionic and exhibit the properties of 
ionic compounds. The molecular ions may contain covalent bonds within the 
ions but their compounds .are ionic. 

~ -··························································································: 
: TEST YOURSELF 2 i 
• • i 1 Pota1ssium chlor:ide .is form ed wnen potass~u m reacts w ith c~Lorine. i 
= al Exptain. using, etectron config1urations, :how atom,s of potass 1i1um i 

f 

I • • • • • • • • • • • • 

I 
• • • • • • • • • • • • s 
; 

: 
I 
~ 
I!! • f • • • • • • • ; 
• • I 
I • • f 

• and atoms of chtorJne form potass:ium1 ions and chlor 1ide ~ons. ·: 
bJ Explairi why potassium chiloride is so lub le in water. i 

• cl State two properb·es of potass jum chloride, apar t f rom solubility. : 
• 

which are typicat of ion ic compounds. ! 
2 Sodium hydroxid e i.s an ionic com~ound . E 

al State the char,gie on a sod iu1m1 ,ion. ! 
• bi Write t,h,e eilectron configurati on of a sod ium ~o n. : 

· t 3, Complete the table below ,giving either the name ,or form,ula of the i 
ionic co,'mpaund or th e formula,e of the i'ons present in th,e compound ~ 

in c lu dj n g cha r9es. · f 

Mg2+ 02-

• • .. 
: 
i • • • • • • • • • • ---------------+-------------- · 

s ilve r[I) flu o rt de 
.. 
• : 
• "' • 1---------.;-------1-------;--------1 . 

Li + co~- "" • • • • .. 
• ---------------------------- · 

Zn2+ Br 
• • • • • • 

---~~~~~~~--~~~~~--~~~~~~--~~~~~~ : • • 



• • : 4 Sodium chloride has 1oni,c bond~ng. 
i I a) Explain what you und,erstand by an1 io·riic bo·nd. 
i bJ Expla1in why so diu m chlo rid e has a hfgh 'm,elti ng pnint. 
• • • • • • • j 
Ii 
I 

5 Explain why magnes,ium ox ide !2852 °C! has a htgher melti ng poin t 
than calci·um ox rde [2572 °CJ . 

• • • • • i 

' ' ' • • • • • • • • • • • i 
i 
i 

=·· · ······································································••++•••••••111: iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii .. 
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Dot and cross diagrams w ith up 
to 12 electrons surrou ndin·g a 
ce ntra l ato,m i'n a molecu le or ion 
can help to expla in shape. For 
at oms of e lements in Period 2~ 
the maxrimum is eight electroris 
but in Period 3 and beyond the 
maxi mum ca n be 2 x the group 
nu1mber. 

bonds 
A covalent bond consists of one or more shared pair.s of electrons bet.ween 
two atoms. 

Co,valea t bonds are found in: 

a)molecular elements and compounds 

for exantple: Ch, P4, Sa, C02, H20, CH+, CC4 , C2H6 

b)macr,omol,ecular (giant) covalent elemen.rs and compounds 

for example: c · (graphite and ruamond), SiCJi 

c) molecular ions 

for examp]e: NHt, N03, SO~- , C01j- , HC03, H30+ 

A single covalent bond is a shared pair of elecnuns. NorirriaUy each a.tom 
provides one electrou., which will have existed .as an unpaired electron in an 
orbital. The number of unpaired electrons is mostly equal to the number of 
covalent bonds which the .a tom can fo·rm. bu t beware of the promotion of 
electrons as sho~ in the examples which foUow. 

A single co·valent bond is represented as a line between tvlo atoms, for 
.example3 H..........Cl. 

A double covalent bond is t.wo pairs of shared electrons. A double covalent 
bond is represented as a double line betw'een tvro atoms, foy example, 
O=C=O. 

A triple covalent bondl is three pairs of shared electrons. A triple covalent 
bond is represented as a triple line betw·een two a toms, for example N- N. 

Cova lent bonds exist bernr,een non-metal atoms (so,me exceptions do occur 
where metal atoms can form covalent bonds, i.e. beryllium. in beryllium 
ch loride, aluminium in aluminium chloride). 

The human body contains carbohydrate> protein, fat and about ?Oo/o ,vater. AU 
of these molecules contain covalent bonds. 

Dot and cr,oss, diagrams 
D,ot .and cross diagrams are used to show the arrangement of electrons in 
c,ovalently bonded molecule-S. 

A shared pair of electrons may be represented as X • to show that the two 
electrons in the bond are from different atoms. 

Dot and cross diagrams for covalent molecules 3 and ions containing covalent 
bonds, help to determine the shape of the molecule or ion .. 
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@J1s @J 1s 
Figure 3.14 

•• 
eB 

• 
Figure 3.15 

The dots (e) are used to 
· rep1rese nt the u n pa1i red 

electron,s in a boron atorri 

The symbo1I for the 
element is written to show 
the ide ntkty of t;h e ato rn 

XX 
X X 
X F X 

XX xe 
x F • 8 X X 

XX •x 
X F )( 
X X 

XX 

Figure 3.16 

F 
I 

F- B 
I 
F 

Figure 3.17 

How atoms form covalent bonds 
A dot and cross diagram shows the covalent bonding in a molecule or ion. 

• Atoms use unpaired electrons in orbitals to form covalent bonds. 
• The unpaired electron in an orbital of one atom can be shared -with an 

unpaired electron in an orbital of another atom. 
• Atoms can promote electrons into unoccupied ,orbitals in the same . nergy 

level to form more covalent bonds. 
• Atoms may not promote electrons1 so often a variety of compounds can be 

formed, fo,r example phosphorus can form PC13 and PC15. 

Boron trifluoride 
Boron trill.uoride. (BF3) is shown as an example of how atonis fom1. cova]ent 
bonds and how a dot and cross diagram and bonding diagram should be dra\\711. 

Elements in 1Group 3 have a s2p1 arrangement ,of electr,ons 
in their outeT shell. One of the s electrons in me outer shell 
can be promoted to the p su b-sheU to give the element three 
unpaired electrons. 

Boron in the ground state is shown on the left but wh.en 
forming covalent bonds, boron pron1otes one of the paired 
2s electrons to the 2p to give thr-ee unpaired electrons. 

This process is caHed hY'bridisation and wriite it is not on the course for A 
level, it does explaii.n why boro,n can form three cova1le1rt bonds but from 
its electron configuration it only has one unpa~r,edi eLectron. 

The three unpaired electrons in boron are usually t-ep:resented as s·ho"Wn on the 
left. 

Other atoins wjrh unpaired electrons can foTm covalent bonds with boron by 
sharing the unpaired electrons. Fluorine aton1S have an ·electron configuration 
of ls2 2s2 2p5. Fluorine atoms have one unpaired electron vlhich can form .a 
covalent bond with bo,ron atoms forming BF3. 

The boron ato1m ,in BF3 has an ,em1pty orb ita l (one of the 2p orbita,ls)1. Thi1s 
will be 1important tater when coordinate bonding is discussed. 

Th,e X • presents the co,valent bond. Boron forms three single c,ovale.nt bonds, 
one to each fluorine atom. The bonds can be shown in. a bonding diagram 
where a single line is used to represent the covalent bonds. 

This is not the shape ·Of the BF 3 m-0lecule ·but the single lines between the 
atoms show the single coi,,-alen't bonds. 

x or • can be used f·O·r erther at,o,m i.n a molecule as iit is si mply to show 
the pai nin9 of th,e a to.ms. Throug ihout th·e diagrams which follow• has 
been used for the central atom. 
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Dot and cross diagra1m 

Figure 3J8 
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Figure 3.19 
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Beryllium cltloride (BeC12) 

Beryllium chloride is CO·valent. This is unusual chemistry fo·r a Group 2 
element. Beryllium a.t,oms have an electron configuration of ls22s2. Beryllium 
atoms promote one electron from the 2s to the 2p sub-shell tq give the 
beryllium a~oms two unpaired electrons. The dot and cross di.a.gram for 

beryllium chloride is sho,;m on the left Vlith a diagram 
showing the c,ovalent bonds in a beryllium chloride 

Cl- Be- Cl molecule. 

Bonding diagram 

[!J 2s 
Ii 

[03 
22r [!I] 1s 

H 
I 

lr lr l2p 

The beryllium ato,m in beryllium chloride and the boron 
atom in boron rrifluoride do not have a complete outer shell 
when. they form. covalent bonds. 

Methane (Cft+) 

Carbon is in Group 4. Carbon ato·ms h.ave an e]ectr,on 
configuration of ls22s22p2. This is shown. below on the left. 
V{h.en fom1ing covalent bonds} carbon atoms can pro111ote 
one electron froni. the 2s to the 2p to give four unpaired 
electrons. Carbon atoms can form four co,valent bonds. 

Hydrogen atoms have an electron configuration of ls1 so 
can form one covalent bond by sharing the one electron. 

H~C~H H-C-H 
x e 
H I 

H 
Dot and cross diagram Bonding di1agrarn 

Figure 3~20 

I r Ii Ii I 2p 

@J2s 

@J 1s 

Figure 3.22 

Figure 3.21 

The photograph shows a worker at a Jandfi.U sire in France. This site· collects 
the methane gas released from household v..1as te atS it dec"°mposes, and bums 
it to produce electricity. 

Am1nonia (NH~ 
Nitrogen is in Group 5 and atoms of nitrogen have an electron configuration 
of ls2 2s2 2p3 . 

Niuogen atoms have three unpaired ,electrons so can form three c1ovalent 
bonds. Nitrogen atotnS cannot promote ,o,ne of the 2s e]ectrons as there are 
no more sub~she.lls available in the second energy level However in ammoma

1 

the nitrogen aton1. will have a. pair o:f electrons in the 2s sub-shell 'which are 
not involved in bonding. ThiLS is called a lone pair of electrons and should 
always be shown, on a diagram of .bonding or shape. They are mosdy shown 
as X X or •• on the atom. 
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Ammonia 
Figure 3.23 Bonding pairs of electrons and lone pairs of 
electro ns . 

Methane 

Figure 3.24 

[!±J 1s 

Figure 3.25 

A bonding pair of electrons is a pair of electrons shared between two a toms. 

A lone pair of electrons is an unshared (non-bo,nding) pair of elecrrons. 

For example in a molecule like methane there are four bonding pairs of 
electrons whereas an ammonia molecule has 3 bonding pairs of electrons and 
one lone pair ·of electrons. 

\,later (H20) 

Oxygen is in 1Group 6 and has a.n electron configuration. of ls2 2s2 2p4. 

10xygen atoms have tw"o unpaired electtons so can form C\Vo, covalent bonds. 
Again oxygen a toms cannot pro,mote one of the 2 s electrons as there are no 
more sub-shells m7ailable in the second energy level However in water; the 
oxygen atom will have rwo pairs of electrons in the 2s and 2p sub~l1ells 
which are not involved in bonding. So, the oxygen atom in water has l"\Vo lone 
pairs of electrons and again these should be shown as X X or •• on the atom . 

•• 
H- X 0· e . -· x e 

H 

" H- 01J 
\ 
H 

Dot and cross d iagram Bond~ng diagram 

Figure 3.26 

In all of the molecules examined so far, the central atom does not have 
more than eight electrons. For elements in Period 3, the outer electrons 

are in the third energy level and this allows the 3d sub~shell to be used for 
hyibridisation. This means that for at,oms of elements in Groups 5, 6 and 
1 from Periods 3 onwards, the atoms can fonn. a maximum of S, 6 and 7 
covalent bonds respectively. 

Phospho,ms pen tafluoride (PF5) 

The electron configuration. of atoms of phosphorus is ls2 2s2 2p6 3s2 Jp3. 

@J3s 

[2D 2s 

@J 1s 
Figure 3.27 

I r I r Ii I 3p 

I t i I t .i I t .i I 2p 
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Figure 3.28 

Dot and cross diagram 

Figure 3~30 

.
1
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Dot and cross diagram 

Figure 3.31 

Bondlng diagiram 

~ -~ 
~ 0-0~ 

Bonding dJag ra, rn 

Atotns of ph osphorus can promote one o f the Js electrons to the 3d, which 
vvill allo,'fw" atoms of phosphorus t,o form five cav"'alent bonds. 

There are five bonding pai rs of electrons around the cen.ttal phosphorus atom 
and no lone p airs . 

Sulfur h ~afluorid (SF6) 
The electron configuration of atoms of sulfur is ls22s22p03s"3p4. 

@J3s 

[!±J 11s 

Figure 3~29 

I r .i I r I r I 3p 

I r j, I t J, I t J, I 2p 

__________ I 3d! 

Atoms of sulfur can p romo te w o electrons; on,e from the 3s electrons to the 
3d and one from the 3p to the 3d which will allow atoms of sulfu.r to fonn six 
covalent bonds. 

There are snr bonding pairs of electrons around the central sulfur atom and no 
lone pairs. 

The examples g1iven show i·ng bond~ng may be appUed to sim ilar 
m·olecu Les w ith different .elements fro1m tile sa-m,e group. For exa mple. 
sitane [Si1H4} has si1m1i1 lar lbond·ing to methane [CH4]; phosphine (P H3) has 
similar bond ing to ammon ia [NH3]: hydrogen sulfide [H 2Sl ha.s si mitar 
bondin g, to w ater [H20]. The dot and cross di:ag.rams for these molecules 
are t'h e sam e w,ith only the centra l atom changed. 

Multiple covalent bonds 
Some molecules and ions contain tnultiple covalent bonds. Some examples 

. .are given. 

Oxygen, 0 2 

In diatomic oxygen., the two oxygen atom.s have n.vo unpaired electrons as 
discussed for ~'atet These electrons are in the 2p sub-level andl OiJi:Ygen at,o,ms 
can s baie electrons in both o.f ·the 2p ,orbitals. 

It is not con1pletcly :necessary to show the lone pairs of elecuuns on the 
oxygen atoms. Di is often sl1own as Q..;_Q. The double lines between the 
,oxygen atoms represent a double covalent bond. 
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Nitrogen , N2 

X • 
~N ~ N: 

X • 
Dot and cross diagram 

Figure 3.32 

Bond ing diagram 

•••• /i\ ~ 
• 0 x C x O • (!_-O===C===O-.!) .. : ~ .. ~ · ~ 

Dot and cl!'oss dtagram Bondjng, diagram 

Figure 3.33 

In cliato·mic nitrogen, the two, nitrogen atoms have three unpaired electrons as 
cfu;cussedl for ammonia. Th,ese electrons are in the 2p sub-shell and nitrogen 
atom s c~n1 share electrons between all three of the 2p orbitals. 

It is not c,ompletely necessary t,o show the lone pairs of electrons on the 
nitrogen atoms. N2 is often shown .as N=N'. The triple lines between the 
ni trogen atoms represent a triple covalent bond. 

Carbon dioxide, C02 
1Carbon can form four covalent bonds by promoting one electron fro·m the 
2s to the 2p giving i t four unpaired electrons. Oxygen can form twn G(Jvalent 
bonds (due to two unpaired eleccrons). 

Again is it not completely necessary lo show the lone pairs of electrons on the 
oxygen atoms. C02 is often shown as O--C:= 0. COi contain s two double 
covalent bonds. 

Co 1ordinate bond (dative covalent bond) 
An atom which has a ]one pair of electrons can. form a coordinate bond 
with another atom which has an empty orbital. The lone pair of electrons is 
donated into the empty orbital on another aton1 to form a coordinate bond. 
The coordinate bond, ,once fo,rmed, is the same as a normal covalent bond. 
A t.oordin .. ltc· bo11d contains a shared pair of electrons v.1th bo1th -electrons 
supplied by one atom. 

An example of this is the ammonium ion, NHt. 

\.Vh.en an am monia (NH:J molecule. reacts with an H+ ion) a coordinate bond 
forms between the lone pair of electrons (pair of electrons not involved in 
bonding) on the N atom and the empty ls sub-sheU in the H+ ion. 

The ammonia molecule has a lone pair of e]ectrons which it can donate and 
the hydrogen ion has no electrons] so it has an empty otbiral available for 
sharing a pair of electrons. Bo th electrons in the coordinate bond cotne from 
one atom. 

VJhen a coordinate bond is fonn.ed, it is indistinguishable fro,m a normal 
covalent bond. Vlhen it is necessary to diistinguish betv,leen a 'covalent bond, 
and a 'dative covalent b ond 1 (coordinate bond), use --+ to represent the lanei; 
instead of - . 

H 
ex 

H xN• • • x• 
H 

Figure 3.34 

H 
ex 

H~IN:H x• 
H 

+ 

Dot and cross 
diagram 



Figure 3.36 

A neutral NH3, fftolecule and an H+ ion result in an overall charge of+ on the 
ammonium ion formed. If there is a charge on the final ion, it must be shown.. 

H 
I ~ H- Nl 
I 
H 

Figure 3~35 

Bonding 
diagram 

The photograph shows white fumes of ammo,nium chloride particles forming 
when gases from concentrated ammonia solution (left) and concentrated 
hydrochloric acid (right) mingle and react. There is a courdinate bond in the 
ammonium ion. The ammonium. and chloride io,ns are held by ionic bo11ds 

Other examples include: 

I Hydroniutn ion,, H30+ 1 formed from water and tt+. 

•• 
H X 0··. e • •• x e 

H 

Figure 3~37 

2 NH3 reacting "With BF3 

•• 
H x o• H • • x e 

H 

~, 
H- 0 H 

I 
H 

+ 

+ 

Dot and cross 
diagram 

1Bonding 
diag,ram 

Earlier it was stated that the empty orbital in BF3 would b e important 
later. The lone pa:ir ,of electrons ,on the ammonia m,olecule is able to form a 
coordinate bond \Vi.th the empty orbital in. BF3. This forms a molecule with 
the form·ula NH3BF3. 

H F H F 
e x e x e x e x 

Dot and H xN • BX F- H xN • Bx F • •• • I. • • cross x• x• x e x•I diagram 

H F H F 

H F H F 

11 I I I Bond~ng H- N: 8- F- H- N-+·B- F d1agram 
I I I I 
H F H F 

Figure 3.38 
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[F~-
Figure 3.39 

F 
e x 

B ~ F-
x e 
F 

F 
I 
8- F-
I 
F 

F 
•• •x 

• F • • • BX F • • •• xe 
F 

F 
I 

Dot and 
cross 

d fagrarn 

3 BF 4 formed fron1t BF3 an d F-

Fluoride ions have four lone pairs o,f electrons. They can 
donate one of the pairs of electrons to BF3 to form BF4. 
The ion formed has an overaU neg,a tive charge dlue to the 
charge on the fluoride ion. 

The fluoride ions form a coordinate bo-nd with BF3. 

Bonding F _.. B- F diagram 
Once a coordinate bond is forn1ed it has the same 
properties as a covalent bond and although both electrons 
in the bond come from the same atoms, thes,e electrons 
a.re now treated as a bonding pair of -electrons. 

I 
F 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
! TEST YOURSELF 3 I 
• • : 1 Wh a,t is a covalent bond ? : 
• • 
: 2 Fro1m the Ust below: : 
• • ! C0 2 H20 N2 H30+ 0 2 N H3 CH4 BF3 NH4Cl ! 
! al W1hich contain multiple covalent bonds? : 
: b) : : Whi ch contain coo rcHnate bond s? ! 
• • i 3 Draw a dot and cross d~agram1 of a molecule of ammonia and 'label a i 
J boridi1ng pair of electrons and a lone pair of electrons. f 
i 4 Explai1n now a coordinate bond forms. i .. . 
• • ••• ~• •••••••••••••• •• •••••••••••••••••••~•• •1•••••••••••••••••••••••••••••••••••1•••• "1111111 .................... .... 

0--------------M et all i c bonding 
As '"-'"'eU as l,ooking at the bonding in metallic c,ompounds and non-m-etallic 
elements and. compounds, we must also look at the bonding in metals. 

• Metals a.re generaUy solids and have their particles packed close togedier. 

• The atoms are packed in layers and the -outer shell electrons a1-e not bound 
to an individual atom. ln fact these outer shell -electrons can m ,(Wc about 
between the layers. 

• These electrons are referred to as d localised electron.:; as they are not 
confined to any one atom. 

• As these delocalised electrons can mo,ve, this explains why metals can 
conduct electricity and hea.t. 

• The atoms in the layeis are now witho,ut their outer shell electrons and 
s,o, they are ions. There is confusion created when discussing the panicles 
in metals (whether to refer to them as atoms or ions). ln general when 
dis cussing bonding] tl-1.e metal particles are referred to as positive ions. 
However; usually when discussing srructure and reactivity, the convention 
is to discuss metal ate-ms. 

• The metallic bond is the l:" l~ ltost~ t i attrac Lion beween the J cl a I is ·d 
electron.: and the positive n1cta ls ions in the lattice. 

Mag1nesium 

Figure 3.40 



Figure 3.41 

1Figure 3.42 

Figure 3.43 

This metallic structure ·is often described ,as a lattice of positive metal ions in a 
sea of delocalised electrons. 

The arrangement of the ions in sodium and magnesium is different as they 
have a differe·nt metallic lattice structure but thi1s is beyond the A-level cours·e. 

The structure and bonding in a metal can be used to aplain the physical 
properties ,of metals. 

Properties of metals 
1 Metals conduct e lectrlcity 

There a.re de.localised electrons in the metal stru.crure and these electrons 
can move. An electric current flows because of the moven1ent of electrons or 
charged particles. The delocalised electrons can carry the charge. 

2 Metals oonduct heat 

Heat is conducted when panicles can move and are close enough together to 
pass ,on 1the heat energy &om one to anothec The delocalised electrons in the 
metal structure enable heat energy to, be passed through the metal. 

Silver is an. ex:ceUent conducto,r of heat, so one of its uses is in the rear-wind.ow· 
defrosters of cars. The tiny silver/ceramic lines conduct heat onto the glass, 
cle.-aring frost~ ice and condensation. 

3 Metals are ductile and malleable 

Metals can be drawn out into wires or ha1nmered into shape. This is due 
to the layered. structure of the 1.attice ,as the layers can slide over each ,other 
with.out disrupting the bonding. 

The top layer moves with the force applied to it. It is also 
important to note that the bonding i.s not disrupted by 
rhe movement of the layer as it just shifts over one .and is 
still helcl together by the delocalised electr,ons. The strong 
attraction between the positive ions and the delocalised 
electrons hold the structure together. 

4 Metals have high densities 

In metals the positive ions are packed tightly together and so the density is 
high. Tungsten vrire is used as winding wire for musical instruments such 
as the cello and viola. The high density ,of tungsten allows the strings to be 
thinner and yet 'Withstand the frequency o,f V1brat1on. 

5 Most metals have high melting points 

Any discussion of melting points is related to the strength of bonding 'Within 
the structure being examined. Metals have a large regular strucn1re with str·ong 
forces of attraction bet\iVeen th._e positive ions and the delocalised electrons. 
It is these attractive forces which must be overcome in order for the metal to 

melt. This requires a large amount of energy in the form of heat. 
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The m elting point of the firs t three elements in Period 3 (Na> Mg and Al) are 
98°C, 6t9°C and 660 °C. The increase in melting po,int of the m,eta1s is due 
to, an incre.ase in the srrength of the metaUic bond. Sodium forms Na+ ions 
in the metallic lattice vvith oruy one delocalised electron per sodiun1. The 
m,etaUic bond in alu·minium is .stronger as the aluminium ion is AI3+ and 
there are ·chree electrons which may be delocahsed per aluminium: also the 
alumi_nium ion is smaller than the Mg2+ ,vhich is smaller than the Na+ ion. 
The attraction ben.veen the smaller Al3+ ions in the metallic lattice and the 
delocalised electrons is stronger than the attraction between the larger Na+ 
ions and the delocalised electrons. 

Transition metals have much higher melting points tha-n the main group 
metals. This is due again to the large number of d sub-sheH electrora which 
n1ay be delocalised creating an even s tronger 1netaUic bond. For example iron 
m,elts at 1535 °C and tungsten melts at 3410 °C (tbe hlghest melting point of 
any metal). 

~ --·························································································: 
t TEST YOURSELF 4 i 
J 1 D rc3w tt,e structure of the metal m1a,.ginesium ind'icating how the mete1l ! 
: is bonded. : 
• • i 2 Ex.plafn the differ ence between the bonding in a metal and the i 
! structure of a metal. ! 
" . : 3 Exptai,n why iron. like most ,m,etals. i,s a good conducto r of elect r icity. i 
• • i I+ Explai:n the ,meaning1 of the following terms : i 
: a) ma lileable : .. . 
• • 
: b) du ctHe : 
: : : 5 Sodium has the typica l properti es o·f a1 m,etal . i 
i al Expilai,n why sodium is m·alleable. i 
• • 
: b) Ex p,ta i ri why sodium co rid u cts electricity. : 
i : 
: ••••••••• • •••••••• ,, ••••••••••••••••• •••••••••••••••••• ,, ••••••••••••••••• • • ••••• , •• fl!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!II 

oi---------sonding and physical properties 
There are two ·main cypes of covalent substances. 

1 Molecular (sometimes called molecular co,vale.nt or simple covalen t) 

2 Macromolecular (so111etimes caUed giant covalent) 

Both these types of substances contain cova1ent bonds but they differ in their 
structure. 

Elen1.ents and compounds can be described as molecular if they exist as 

simple discrete ·molecules. For example, chlorine molecules are C}i~ water 
molecules are H20; sulfur hexafluoride. moie·cules are SF01 ethane molecules 
are 1C2H6. The formula of these elements and compounds .are molecular 
fonnulae and they show exacdy how many atoms of each element are present 
in one molecule of the con1pound, for examp[,e the ·molecular formula of 
ethene is Ci~ which tneans that ea.eh molecule of ethene contains two 
carbon atoms and four hydrogen a toms. 



The structure of m10 tecu la,r 
covalent crystails is motecular 
and the bonding ,is covalent. 

The attractions between the 
molecules wilt be examined in 
more detail tater in the chapter. 

Molecular covalent crystalline substances 
M,olecular cov""alent s ubstances exist .as single molecules, i.e. 12, 58, CCLi., H20 1

t 

CH4 , 0 2 , Cl2 . 

These substances exist as gases (04) 0 2 and Cli) or liquids (H2o and C~) 
or low melting poin·r solids 02 and S8) at ro,om temperature and pressure. 

Many solid molecular c,ovalent substances form crystalline s tructures which 
are called n1olccula r ~ova len t cn·stals . 

,I 

12 and H20 {ice) are covalent crystalline substances due to the attractions 
betw·een the molecules. 

Iodine 
The large iodide mo]ecules pack t,ogether int,o a regular amngement ,causing 
the crystaUine form of iodine. 

Figure 3~44 lodin e crystals a re shovvn on the Left . The structure of iodine on the 
right shows iodine molecule s as small units which pa ck together in a reg ular 
lattice giving rise to the crystalline nature of solid iodine. 

Ice 
The structure of ice is shown below. The molecules of water are arranged in a 
regular arrangement forming a crystalline structure. 

Figure 3~45 

Red ~phe r'1! = oxygen atom 
White sphere = hydrogen atom 

Molecular covalent substances like i,odine and ice whlch. exist in a crystalline· 
form are referred to as rnolL·cular co a lc11t crystals. 
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The structure of macromolecular 
[giant covalent} substances 
is described a,s ,giant or 
macromo,lecuilar but the baind1 ing 
is covalent 

/ carbon atom 

Figure 3,./.7 

Properties of molecular covalent crystals 

• Molecular cova]ent crystalline substances h~ low 1nel1ing points 
02 114°C and ice 0°C). 

• They are alsq brittle as they do not have the strong bqnds holding them 
together like other crystalline substances such as ionic crystals and 
diatnond. 

• They d.o not conduct electricity as there are no charged particles to carry 

charge. 

Macromolecullar (giant covalent] structures 
So,m.e non-metallic elements and compounds can form a giant structure 
of covalent bonds. T1hese strucru.res are called macromolecular (or giant 
cov~lent). They include diamond and graphite (forms of the elen1ent carbon). 
·The regular arrangement of a·toms causes the crystalline form. 

1Carbon 
There are two, forms of the element carbon. These forms have identical atoms 
but it is the way in ,:vhich the atoms are bonded 1ogether that makes the forms 
different. Different forms of the same element in the same physical state are 
called allotropcs. Two ailotropes of carbon are clia1noud and graphite. 

Figure 3 . .46 Diamond and graphite, two very different substancQs, but both an~ the 
sa me element. 

The physical properties of macromolecular (giant covalent) substances mostly 
depend on the man.y strong covalent bonds within the structure. 

Diamond 
• Diamoncll is the hardest naturally occurring substance due to the many 

strong covalent bonds and the rigid three-dimensional sm1crure holding 
surface atoms in place. 

• Diamond has a very high melting point (3550°C) as it has many srrong 
covalent b onds which require a lot of energy to break 

• DiaLnond tipped too ls are used for CU'tting glass/drilling/engraving. 
• Each carbon ato·m is .strongly bonded to four otheTS in a. tetrahedral 

arrangement and the bond angle is 109.510
• 

• Diamond does not conduct h eat or electricity as there a.re no charged 
panicles v..~hich can mo,.,~ . 

The diagram on the left shows only a smalll part of the structure of diamond. 



Fig 1.1 re 3.48 A de ntal drill is a sma LL. 
hi gh-speed drill used to remove decay 
and shape the tooth st r uctu re pr ior t o 
the insertion of a fill ing or crow nL The 
d rlll bit is kn own ~ s; a burr a nd often 
has a diamond coating. 

Figure 3.,49 The graphite 1n a pencil 
being used to Lubricate a zip fastener as 
the Layers ca n slide over each other. 

Graphite 
• Graphite conducts electricity due to delocalised e]ectrons between the 

layers which can move and carry charge. 
• Graphite has a very high m elting poin t (approximately 3600 °C) as it has 

many strong covalen t bonds which require a lot of energy to break. 

• Graphite has a layered snucture with weak forces of atttacdon betw',een the 
layers. This means that lhe layers can slide over each othet This accounts 
for the flakiness of graphlte and its use· in pencil lead and as a lubricant. 

• Each camon atom in graphite is bonded .strongly to tl1ree others in a 
h~gonal arrangement and the bond angle is 120°. 
Carbon atoms have four unpaired elecnons and so can form four covalent 
bonds. In diamond all the four unpaired electrons are used in bonding as 
each carbon atom is bonded to four others . In graphite only three of these 
electrons are used in covalent bonding and the fo,urth electron. becom,es 
delocalised benveen the layers! providing the vleak forces of attracti,on 
beween the laye~. The presence of the delocalised electrons e.xplau11s why 
graphite can conduct electricity. 

• The forces ,or{ atttacd,on betv-reen the layers are ·weak and so can be broken 
easily .. hence allowing the layers to slide ,over each othet However the strong 
covalent bonds in the layers give graphite. its hlgh 1nelring point as they 
require a large amount of energy to break them. 

The structur-e of graphite is shown in Figure 3.50 where the ]ayered structure 
can be clearly seen . 

Figure 3~50 Laye red struct ure of 
graphite. 

coval,en1: bond 
...... -----4111: 

weak bonds : 
bet\vee n I aye rs : 

J9-ll-C 

carbon atom 

I 

Figure 3.51 Stru cture of g r'3 p hite. 

0--------Types of crystalline substances 
Crystalline substances can be divided in.to the folloMng categories: 

1 Metals 

2 Ionic compounds 

3 Molecular (simple) covalent substances 

4 Macron1olecullar (giant) covalent substances 

A discussion on the types of crystalline substance and their properties may be 
found in the individual sections on metals

1 
ionic crystals} molecular covalent 

crystals and giant covalent crystals. 
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Table 3.1 Crysta Lli ne substances. 

Typ~ of crystalline 
Metals 

substance 

Common example·s Magnesium 

Bonding Meta Llic 

Conduct electricity 
Electrf ea L 

when solid and 
con du ctfvity molten 

Melting point 
Generally high 
melting points 

Insoluble in water 
Solubility in water (some metals will 

react with water] 

Table 3.1 summarises the four types of crystalline substances. 

tonic compounds 
Molecular (simpl e] Macr~molecular (giant) 
covalent covalent 

Sod ium chloride Ice·, iodine Diamond, graphite 

Cova Lent within 
Covalent (graphite has 

the molec u Les and 
Ionic 

inter mo Lecu La r forces 
weak bonds between the 

between the m ole,cule·s layers 1n Its s tru ctu re) 

Does not con du et 
Does not conduct 

electricity when solid. 
e Lectric 1ty [graphite does 

Conducts electricity Does not conduct electricity 
con du et e,lectricfty as a 

when molten orwhe·n 
dissolved in water solid] 

High melting points Low melting points High melting points 

Mostly insoluble in water 

Gen era LLy so Lu ble in [some polar substances 
dissolve in wate·r and some Insoluble in water w;ter 
non-po La rs u bsta nces react 
with water] 

You should ibe able to draw simple ,examples for each type of crystatliine 
substance and explain the pro,perti es. I nterm o lecu lar forces will lbe 
exam,ined iin more deta i1l later ~n the chapter. 

()~S-ta_t_e_s_o_f_m_a_t-te- r~~~~~~~~~~ 

Matte·r exists in three states: solid] liquid aind gas. As a substance changes 
from one stare to another there is an energy change. 

Melting 
Melting is th,e change of sta.te from s.olid t,o Hquid. The temperature at v.-"hich 
·melting occurs is called the melting point. The melting point can be measured 
in degrees Celsius (°C) or kelvin (K). 

Energy is taken in when .a substance m:ebs to overcome the forces ,or bonds. 
The stronger the foin:es or bonds in a substance1 the greater the energy 
required. to melt the substance. 

The melting point is often used as a comparison between the strength o,f the 
forces or bonds in crystalline substances such as metals; ionic compounds,. 
molecular (simple) covalent crystals and macromolecular (giant) covalent 
substances. 



Figure 3~52 Iod ine sublimes w hen 
heate·d. 

Freezing 
Freezing is the change of state from liquid to solid. The temperantre at which 
a substance freezes is the same as its melting point. 

Energy is released when a substance freezes as forces or bonds are formed. 
The srr,onger the for,ces or bonds formed on freezing, the more energy is 
released. 

Boiling1 
Boiling is the change of state fiom liquid to gas. The remperarure. at which 
,a. substance boi]s is called the boiling point. Again the boiling point can. be 
measured in degrees Celsius {0 C) or kelvin (K). 

Energy is taken in when a substance boils. The snnnger the bonds in the 
liquid substance, the greater the energy required co, boil the substance. 

Boiling overcomes a.11 attractions between the particles or m olecules in a 
substance so it is often used as a good measure of the strength of the bonding 
or forces in a structure particularly for molecular covalent substances where 
the intennolecular forces are broken on boiling. 

Conidensing 
Condensing is the c·hange of state from gas to liquid. The t,emperarure at 
vvhich a substance condenses is the same as its boiling point. 

Energy is released when a substance condenses. The stronger the bonds or 
forces formed on condensing~ the more energy is released. 

Subliming 
Subliming is the change of state from solid to gas on hearing or from gas to 
solid on cooling. Substances whlcb sublim:e are solid iodine and solid carbon 
dioxide, which is called dry ice. 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
: TEST YOURSELF 5 
• 
i 1 Name two mol,ecular covatent crystatUne SU'bstances . 
t 
: 2 State the typ e of b,011ds present in an iodine crystdt 
• : 3 From the f oHow ,ing ions: 
• : Cl- F- Na+ 0 2- Mrg2+ 
• 
: a) W1h ich ,one 1s the smaUest? • ! bi W 1h ich two w ould form an 1ion:ic compound w,ith the hi1ghest 
• : melting point? 
• : '4 Na,m e th e type of crys tals shown by the fol lowfng substa,ices. 
t 

i a) graphite 

' : bi potassium iodjd,e 
• 
i c) sulfu r 
• I di mag,n,esium 
: 5 Expla~ n why a large a'mount of energy js needed to melt diamond. 

• • • t 
• • I 
• I 

I • • t • • • • • • • • • • ' I I 
I 

' ~ • • • • • • • • • • 
' i 
' I I • • • • • • • • • • • • s l 

························ ·········•••t••tti+••••··············· ··········· ············ ;Wj. iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiilii 
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o~-------shapes of simple molecules and ions 
H ~ Bondi.ng p.;fr of e'lectrons 

x e - f I H • N • ...--- Lone pa ir o e earons 
X e x• 

H 
Figure 3.53 Example of bonding pair 
a n d lo n e pa i r. 

The shape ,of a covalent molecule o,r an ion depends ,on the repulsion of the 

electrons around a central atom. The electron pmis are charge clouds around 
an atom and they repel ·each o,ther as far as possible. Ther-e are two types of 
electron pair, a bonding pair of electrons and a lone (non-bonding) pair ,of 
electrons. 

The shape of the molecule or ion is determined fronll: 

• the total number of electron pairs around a central atom 
• the number of bonding pairs of electrons 
• the number of lone pairs of electrons. 

You must be able to identify the lone pairs arnd bonding pairs of electrons in 

any molecule or ion. Lone pairs are held closer to the central .atom so they 
have a greater repulsive effect on the other pairs of electrons. 

Lone pair ~ · Lone pair is greater Lone ,pair ~ Bonding pai, is greater Bonding pair ~ · Bond:ing pafr 
LP ~ LP than LP ~ BP tha,n1 BP ~ BP 

Figure 3.5.4 The orde·r of strGngth of the repul5ions exp;rie.nced by the electron pairs. 

XX •• 

This means that lone pairs ,of electtons repel lone pairs of electrons m,o,r,e than 
they repe 1 bonding pairs of electrons. The lowest level of repulsi,o n is betvveen 
bondin.g pairs of electrons. The molecule or ion will take up a shape which 
minimises these repulsions. The shape depends on the arrangement of atoms 
around a central atom. 

In questions relating to shapes of mole{:ules and ions you mar be asked fo,r 
any combination of the following: 

• a sketch of the shape 
• the name of the shape 
• the bond angle 
• an e~planation of the shape. 

For the examples that follow, all of the above ~i ll be given for each molecule . or 1,on. 

x Cl x Be • Cl• X e X • 

Examples with only bonding pairs of electrons 

Be1yllium chloride (BeCl:J 
Cl- Be-Cl Around ilie beryllium atom there are two bonding pairs 

XX e ,e 

~ . 

CI-L__B~CI 

Figure 3.56 

sketch of the s ha:pe 

Bond angle ;;;;; 180° 
Sh a,pe ~ Linea. r 
Exiplanati.on: two bonding pairs of el'ectrons 
r~pel each other equalily and the molecule 
takes up this shape to minknise repulsions 

of electrons only. These repel ,each other equally so the 
molecule takes up a line ar shape to minimise the effect of 
the repulsions. 

The bond angle is the angle bet\veen the two covalent bonds, 
which in beryUiun1. chloride is 180°. 



xx 
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X e 
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F F 
' s1 

~v120° 

F 
Figure 3.57 

H 
•x 

H•c•H X X 
ex 
H 

H 
~109 .. 5° 

.,,CJ .,, \. ·~H 
H H 

Figure 3.58 

H 
I 

Y:~·-··H 
H H 

rotate the mol!e C:1Jl:e 
u n tiil the two H atoms 
with solid bonds are 
lined up above and 
below the C atom 

Figure 3.59 

xx xe 
:X - X 
X F X 

x:x Sketch of the shape 

Bond angh~i ~ 120° 
Shape c Trigonal planar 
Explanation: three bondi.ng pairs of e,lectrons 
repel each other equally and the molecu'le 
takes up thfs shape to minimise repul1s1ions 

H 
I 
C 

H/ ~~~~~ H 
H 

Sketch of the shape 

Bond ang.le ... 109. 5° 
Shape = f.etra hed rat 
Explanation~ four bond•ng pairs o.f electrons 
repel each other equally and the molecdle 
ta'kes up this shape to minimise rep1dlsions 

tetrahedron 

H 
I 

H----·r,H--~ 
H 

't 
pJane of the paper 

viewed from the side 
of the paper the H atom 
with the solid wedge 
bond is coming towards 
the vrevver and the 
H atom w1ith the da,sh ed 
bond 1is going a.way 
from the vi,ewer 

Boron trifluoride (BF .;J 
There are thre,e bonding pairs of electrons around the boro,n 
ato,m in BF 3. These repel each other equally and so the 
molecule takes up a trigonal planar shape 'With a bond angle 
of 120°. 

The tw'o shapes encountered so far can be drawn easily as they 
are two dimensional. When there are four or more pairs of 
electrons; the arrangement becomes three-dimensional, which 
requires a little tnore sld.U in dtaMng. 

Methane (CH4) 

There are four bonding pairs of electrons around the carbon 
atom in methane. These repe] each other equa1lly and the 
molecule takes up a tetrahedral shape to minimise repu]sions. 
The bond angle is 109 .5°. 

The term tetrahedral sterns fro1n the fact that the solid shape 
formed whec all the hydrogen atoms are: connected w,ould 
be a triangular-based pyramid with four sides, \.vhich is called 
a tetrahedron , The shaded area is the triangular base of the 
pyramid. 

When drawi1ng a three-di mensronal shape, such as the 
tetra1h,edra l shape of methane, tihree types of lines are 
drawn1 to show the three- di,mensh:u,al arra ngem,ent of 
the atoms. Bonds in the plane of the pag:,e are shown as 
normal li·nes [- J. Bonds co m 1ing towards the viewer out 
of the plane of the page are ,dtawn u1s,ing a solid wedge 
getting thicker as it com,es out towards the atom a,t the 
end of th e bond [ ~ ]. Bnnds going backwards from the 
plan,e of th1e paper are shuwn us·ing a dashed Lrrre (- - -] . 

If a molecule of methane W·ere viewed fro,m the side .and 
rotated Vlith two of the bonds appearing to ·be vertical in 
one plm-re with the carbon atom, th.e other bonds would be 
with one going inio the plane of the paper and the iether 
coming out. 

Try thi1s wit1h a motymod kJt to make 
sure you ca:n see the tetrahedrat shape. 
tt shou ld look Like Figure 3. 60. Again 
,it is clear that with two H atoms in the 
one pla n1,e, there is an H atom in front of 
that plane and one beh,ind. Figure 3.60 
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The identica l and sy1m,metrical 
polar bands expla1n the lack of 
polarity 1n the ca rbo,~ dioxide 
molecule. even though it 
contains pota,r bond s. This wi.Ll be 
,explained: soon. 

H- c- N 
hydrogen cyanide 

H H " / C==C 
/ " H H 

ethene 

Figure 3.63 Benz a Lde hyde [left] and 
hydrogen cyan ide !rigntJ. 

F 

The understand ing ,of a two-djmensjonat ,201 and three-d~mensi,onal [3D] 
arrangement of atoms in a motecule or ion is a key skill i11 predicting; a 
bond angle ·for the shape. You should know some bond angles, suc 1h as 
those for tetrahedra,L. pyramid a Land bent shapes of molecules and ions. 

Carbon dioxide (CO:i) 
The carbon in carbon dioxide has two sets of bonding pairs of electrons. A 
double bonding pair of electro,ns repels in. the same way as a single bonding 
·pair. The two sets of bonding pairs of electrons repel each other equally so 
C02 takes up a linear shape to minimise repulsions. 

Figure 3.61 

Bond a ng,le ~ 18,0° 
Shape - linear 
Explanation; 1Mlo (sets of) bonding pairs of e'lectrons 
re:pel each otner eq,uaJly and the molecule takes up 
this shape to minimise repulsrons 

A double bonding pair of electrons or a triple bonding pair of electrons repel 
in the same way as a single bonding pait This can b e seen from the bonding 
diagram fo,r hydrogen cyanide (HCN) and ethene (Ci~). 

Hydrogen cyanide is Ii ~ r due to equal repulsions of the triple bonding 
pair of electrons and the sing]e bonding pair of electrons. Around the carbon 
atoms in ,ethene the shape is tr in-onal l IL111.11 due to the equal repulsi,on of the 
three sets of bonding pairs o.f electrons (even though one is a double set). 

It is thought that receptors in the nasal cavity identify the 
shape of a molecule and use this to sense their odou:c 
However as sbo\VU in the photograph benzaldehyde and 
hydrogen cyanide have very different shapes,, yet they both 
smell of bitter almonds. Recent research has shown that 
molecular \-ibrations rather than shape may be used by 
recep tors to identify smell. 

Phosphorus pentafluorlde (PF~ 

F., I 
~ ..... .. P--

~ 
F 

ln PF5 there are five bonding pairs of electrons around the 
central phospho,rus atom. These bonding pairs of electrons 
repel each other equally and the molecule takes up a rr1. onal 
hipyran, ida l shape. There arc two bond angles in a trigona1 
bipyramid] 90° and 12 0°. 

F 

F 

Figure 3.64 

F F 
sketoh of the s'h ape 

Bond angl,e;;;; 90° and 12.0° 
Shape :;;:: T nig o nal bi pyr-a mid al 
Explanation: five bonding pairs of e1lectrons 
repel each other equa1ly and the molecule 
takes up thts shape to mini1mi1se repul1sions 

Again if th,e points where the fluorine atoms are placed are 
connected the shape foi1n,ed is a triangle with a pyramid 
above and b elow. This is called a trigonal bipyramid. 



Figure 3.65 

•• 
H~N~H 

ex 
H 

Figure 3 .. 66 

Figure 3.67 

F 
F •. _ I .. F 

-...... 5 ... ·· 

F~~F 

F 
!ike-tch of the s nape 

Bond an gr e == ·90° 
Shape == Octahedral 
Exipl a na'tion ~ six bonding pairs of el1ectro n s 
rep~l1 ~ac:h oth@r ~qually and th~ mo'lecu'I~ 
takes uip t hls shape to mini mise repulsions 

octahedron 

" ~ N·-··· H 
H \., 

H 

Bond ang,le Cl 107° 
Snap~ - Pyramidal 
Exp lanation: three bonding1 pa.i.rs of eJectrons 
and one lone pair of e lectmns; the lone pair 
of electrons has ;a greater repuision than thie 
bondi·ng pairs of electrons aind the molecule 
takes up this snap e to mini rn ise rep u.ls i·o ns 

~~ 
H- 0~ 

\ 
H 

sketch of the snap e 

Bond angl1e = 1' 04. 5° 
Shape;;;;. Bent 
Exp·lan atiori ; two bonding pai rs of e lectrons 
and two 1cne pairs of electrons; tf:ie lone pa,irs 
of electrons have a greater repu·lsion tnan the 
bonding pair of electrons; tn~ rriol~cule takes 
up this shape to minimcse repulsions 

Sulfur hexafluoride (Sf t,} 
In SF 6 there are six bonding pairs of electrons around the 
central sulfur atom. These repel each other equally and the 
molecule takes up an octahedral shape to minimise the 
repulsions. 

The octahedral shape is allso called square bipyramidal The 
term octahedral comes from the fact that the solid shape 
fonned from connecting aU the fluorine atoms fonns an eight 
sidled figure called an octahedron. The shaded area is the 
central square. 

Examples with bonding pairs of electro1ns 
and lone pairs of electrons 
The f:o,Ilo~ing examples all have four pairs of electrons around 
the central atom. These pairs of electrons take up a te trab en ral 
.shape like CH4. However out of the £our pairs of electrons> 

some are bonding pairs of electrons and some are ]o,ne pairs 
of electr,ons. Remember a lone pair of electrons base greater 
repulsion than a bonding p air of electrons. 

i\tnmonia (NH:,) 
There are th.Fee bonding pairs of ,electrons and one lone pair 
of e]ectr.ons around the central nitrogen atom in NH3. Th.e 
basic arr.angemen.t of the electrm-1. pairs is tetrahedral around 

the nitrogen but as there. is no atom attached to the lone pair 
aU yo,u see is the bottom ,of the tetrahedron which looks like a 
pyramid. The extra ·repu1lsion from the lone pair squ,eezes the 
bonding pairs of electrons closer together decreasing the bondl 
angle r.o 10 7°. 

Water (H?O) ... 
The basic. arrangement of the eJe,crron pairs is letrahedral 
around the oxygen atom but as there is no atom attached. to 
the lone pairs all you see is two bonds of the tetrahedron, 
which makes it appear bent. The extra repulsion fr,om ilie lone 
pairs squeezes the bonds closer giving a bent (or V) shape arnd 
decreasing the bond .angle to 104-.5°. 

.Remem,ber that w ith any shape witr, tone pairs ofr 
electrons, you shoutd s!how the tone pairs on th e cent ral 
atom. Thi s should be done using O or~- Vou earn 
also d·o this using ••· or xx . See F·igure 3.68. 
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0 
,,,... N .. ~ , \. .. .. .. H 

H • H 

•• / N .... .,, \ "'~~ H 
H H 

XX 
.,.... N. .,, \ ~ .. ~. H 

H H 

Figure 3~68 Different ways to show a Lone pair of electrons. 

Examples involving coordinate bonds 
v.lhen a coordinate bond fom-is i t conven s a lone pair of electrons into a 
bo,n,ding pair of e leC'trons. 

Ammonia ·reacts Mth hydrogen ions to form the ammonium ion> NHt . 

H 
,ex 

H:Nt 
xe,lonepak of 
H electrons 

H 

H 
r-----.J.._ coordinate bond 

= bonding pai,r 
of e lectrcns 

AMMO NILA. 
NH3 

AMMONIUM! ION 
NH; 

(ee) 
N ·-- .. H I · -

H ~ 
H 

sketch of the shape 

Bond a,ngfe - 1, 07° 
Shape ;;;:; Pyra rn fda I 
ExpJan a,tion: three bonding pa.i rs 
of etectrons and one lone pair of 
el1ectrons; lone pa-ir of el'ectrons has 
a greater repulsion ~han the bonding 
pair of electmns; the motecule takes 
up this shape to m,inimi,se repulstons 

Figure 3~69 

Bond angh? - 1109.5° 
Snape ;;;; Tetrahedral 
Explanation; four bonding 
pairs of elect rons rape I each 
other equaHy a,nd t-'he 10n 
takes up this shape to 
minimise repu1sions 

The formation of the coordinate b ond causes a change in the shape. 
Remember ammonia (NH3) is pyramidal (three bonding pairs of electrons and 
oue lone p aiJr of electrons) but the ammonium iou is tetrahedral (fo,ur bonding 
pairs of electrons). 

The H 30 + ion is formed when H 20 reacts with H-+. The H30 + ion has 
three bonding pairs of electrons and one lone pair of electrons around the 
ni t1ogen atom so it takes up a pyramidal shape (b,ond angle 105F) to minimise 
repulsions. 

•• 
H xo • • • x• 

H 

Figure 3 .. 70 

+ + 

H 
Bond angle!::!. 1!07° 
Shape-~ Pyramidal 
Explanation·: three bondtng pairs 
of eJectrons and one lone pai1r of 
el,ectrons; Jone par:r of electrons has 
greater repulsion t nanthe bonding 
pair of e~ectrons; the ion takes up 
t1,i s shape to irr, irni mise re pu1lsi ons 



CH2 
. J\ 
HC ..,..CH 
~H~ ~C H 

HC CH 

I CH- -,C H 
HC,.,. CK 

Housane Churchane 

Figure 3~72 Housa ne, Cs He and 
churchane, C11 H1 2, 

Figure 3. 71. Tri go na l planar 
arrangement . 

The BF 4 ion is fomied when BF3, reacts 'With F- . The BF4 ion has four 
bonding pairs of elecuo,ns aro,und the central boron atom so it takes up a 
tetrahedral shape (bond angle 109.5°) to minimise repulsions. 

F 
•• ex 

:F:B~F 
•• x• 

F 

Figure 3.71 

/ 
F 

Bond angle !!!!!! 109.S 0 

Shape c Pyra,midal 
Exp la na,tion: fo ur bon-d in,g pairs 
of el~ctrons repel each other equally 
and tne ion takes up this sharpe to 
m•n1imise repuls 1ions 

Some unusual molecules get their nan1e from their 3D shapes. Housane C5Hs 
and churchane, C 11H12 are shown in Rgut-e 3. 72. 

More unusual examples 
With some more complex molecules and ions it is importan t to be able to 
visualise the total nuu1ber of ,electrons around the· central at,om. This helps 
Vlith the basic shape. The number of lone pairs of electrons and bonding 
pairs of elecauns dictate the shape and the bond angle but it is important 
t.o remember in a shape li~ a trigonal bipyi-amid that the lone pairs wiU take 
up p-0,sitions as fat away from ,each other as possible. They will also push the 
bonding pairs o,£ elecrrons closer together. Each lone pair typically reduces the 
·bond angle by around 2 to 2.5°. 

Br,omine trifluoride. (Brf y 
• Bromine (outer electron con6gurationJ 4s2 4p') has one unpaired electron 

so to form the three covalent bonds required tor BrF3~ one electron in the 
brotn i.ne atotn. is promot,ed to a higher sub-level. 

• This gives bro·mine three unpaired electrons in this com·pound, which can 
form three bonding pairs of electrons and leaves two, lone pairs of electron-5. 

• Five pairs of electrons would suggest a trigonal bipyramidal general shape 

with two of the paits being lone paits of electrons. The dots in the dot and 
cross diagram represent th.e bromine· electrons. 

• The shape· is described as I-shaped as the lone pairs of electrons take up 
positions 120° from each other. The three fil.uorine atoms take up the three 
other positions in the trigonal bipyramid 

• The r-epu lsion from the lone pairs of electrons is greater than the repulsion 
h,o,m the bonding pairs of electrons so the 90° angle is reduced to 86°. 

XX 

X F X 
)( X .x • )( )( 
• Br x F >< •• e X .X X .X 

>C F X 
)( )( 

)C )( 

F 

~ r - F 
~ I 

F 

Figure 3.73 Bromine tr,fluoride . 

Bond anglle = 86° 
Shape!!!!!! T shaped 
Ex,pl,anation; three bondi:ng pa.frs of e1lectrons and 
t\iVo lone pairs of electrons~ basic sh.ape is trFgonal 
b·ipyrirnrdal but lone pai,rs of electro,ns ha~ gr~at~r 
repulsion ·than, the bonding pa~r of electron s; the 
m o'lec u,I e takes up th.is shape to minimise rep u [ skms 

The shape could be described as trigonal planar if the three fluorine atoms 

took up the positions in Figure 3. 74. Ho\.V'ever due to the greater repulsion 1of 
the lone pairs of electron5 the T-shape is more correct. 
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BrF3 reacts to form BrFi and BrF4 . Determine the shape of both BrFt and 
BrF;. 

ff + 
F-Brt} 

" 
Bond ang.~e :.; 1' 04. 5"' 
Snape = bent 
Exp la n ait,ion: two b on ding, pairs of eiectron s 
and tw'o lone p2tii rs of e:lectrons: the lone pa,i rs 
of el'ectrons have a greater repulsion than the 
bonding pair of electrons: the molec:u!le takes 
up this shape to m1inimi·se repulstons 

In BrF!, BrF3 has lost an. F- . BrF3 contains two lone pairs of 
electrons and three bonding pairs of electrons. 

F 

Figure 3 .. 75 Brri ion. 

BrFi \\'ill contain nvo lone pairs of ,electrons and two 
bonding paic; of electrons. With four pairs of electrons the 
basic shape is tetrahedral but like water d1e shape will be 
bent "'with a bond angle of 104.5°. 

Bond angle= 90° 
Shape = square pl1anar 
Exp1anaticm ~ four bond.in g pai,rs of 
electrons and tv.ro Jone paiirs of 
electrons; the lone paks of electrons 
haw a gr~at~r repu~sion than tine bondin( 
pair of electrons; the mol'ecule ta'kes up 
this shape to minimise repulsions 

In BrF;, BrF3 has gained. a F- so, BrF 4 bas two }one pairs of 
electrons but four bonding pail'S of ,eLecrrons. This gives six 
electron pairs and a basic octahedral shape where the atoms 
and lone pairs \.Vill be at 90° to each othet 

Figure 3 .. 76 Br~ ion. 

To get as far away from each ,other as possible, the lone pairs 

of electrons truce up positions above and below the Br aton1. 
This leaves the four F atoms in the ion arranged in a square 
planar arrangement with a bond angle of 90°. 

F 

I~. x~_ . ., •. 
I \!7 
F 

Bond ang,le :;; 1, 80° 
Shape= Linear 
Explanation: t\~o bond,ing 
pa,i rs of e,lectrons and 
t hrree l1on,e pairs of eh~ctrons; 
basic shape f s tri90.n al 
bipyramida~ but lone pairs of 
electrons nave a greater 
repulsion thatl ~he bonding 
pa1i rs of e lectroris; the 
molecule takes up th fs shape 
to minimise repulsions 

Figure 3.77 XeF2 . 

Xenon difluoride (Xef i) 
Determine the shape ofXeF2. 

• Xe promotes one electron to aUow it to have t"'1"0 unpaired electrons .and to 
form t'W'o covalent bonds. 

• Xe -will have three lone pairs of electrons and mi~o bonding pairs of 
electrons. 

• The basic shape is ttigona] bipyramidaL 
• The three lone pairs take up position as far away from each other a.s 

possible (120° from each other). The bonding pairs take up position above 
and below the Xe arom so the molecule is linear 'Nith a bond ang]e of 180° 

Table 3.2 Summ;;ry table for shapes of molecules. 

2 2 0 linear 180° BeCl2, C02 

3 3 0 trig-ona L p Lana r 120° BF3 

4 4 0 tetrahedra L 109 .. 5° CH4, NH! 

4 3 1 pyramidal 107° N H3, H30+ 

4 2 2 bent 104.5° H20, BrF~ 

5 5 0 trig ona Lb i pyramid 90° and 120° PF5 

5 3 2 T-shape,d 86° 8rF3 

5 2 3 linear 180° XeF2 

6 6 0 octahedra l 90° SF6 

4 2 sq ua rg p Lana r 90° Br~ 
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lii Be 
1.0 1.5 
!Na Mlg 
0.9 1.2 
K Ca Sc Ti1 

0,.8 1.0 11.3 11. 15 
:Rb Sr 
·0.8 1.0 
Cs Ba 
0 .. 7 0.'9 

Figure 3. 78 ELGctro ng,g e3tivit iss. 

~ -··························································································: i TEST YOURSELF 6 i • • • 
: 1 What is the shape and bond angle for the f.ol towing motecutes? : 
• • 
~ a) H2o b) SiH.4 cl PH3 d) BCl3 ~ 
i 2 What 1is the sflap,e an,d ibond angle for the f,oUowing i·ons? ! 
i a) H30+ b) PH4 cl 8 F4 d) 8 1

~ i 
• • 
···············································~····································· ......................... .... o~-------Bond polarity 

V Cr 
1.6 1.6 

The ·I · troncgati,·it , of an ,element is the power of an ato,m to attract the pair 
of electrons in a covalent bond. 

1:v,ery covalent bond contains electrons and the elect~ons in the bond move in 
the bonded orbitals. Ho~~er the electron distribution in the ·bond may not 
be even and the electrons may be found more ofren closer to one atom than 
the other. This aton1 is more electronegative. 

TI1e Pauling Electro,negativity scale is commonly used \Vith F (4.0) as the m,cst 
electronegative element and Cs (0. 7) as the least electronegative (or most 
electropositive). There are no units of electmnegativity. 

The Periodic Table in Figure 3. 78 gives values of electronegativity of s,otne 

·elements. 

3 4 5 6 
H 

2.1 
8 C N 0 

2.0 2.5 J.O 3.5 

Al Si p s 
11.5 1.8 2.1 2.5 

Mn Fe Co Ni Cu Zn Ga Ge As Se 
1.S 1.8 1.8 1 .. 8 11.9 11.6 1.6 1.8 2.0 2.4 

~n Sn Sb Te 
1.7 1.,8 1.9 2 .1 

111 Pb Bi Po 
1.8 1.,8 1.9 .2.0 

Electronegativity is dependent upon three factoG: 

1 The distance of the bonding ,electrons from the attractive power of the 
nucleus. 111,is can be taken to be the same as the atomic radius. 

7 

F 
4.0 

Cl 
3.0 

Sr 
2.8 
I 

2.5 
At 
2.2 

2 The size of the nuclear charge. This can be rnedsured .as the atomic number. 

The atomic radius decreases across a period so, the electrons in the outer 
energy levels, which would be forming covalent bonds! are closer to the 
nucleus in. oxygen compared t,o nitrogen. Oxygen also1 has a greater nuclear 

charge than nitrogen. 

· The attractive power of the nucleus being shielded by inner electrons. 
Going do'W!l a group there are more inner energy levels of elecn~ons 
shielding the attractive power of the nucleus, which, combined "With the 
increase in atomic radius, leads to ,a decrease in electronegativity despite: the 
increase in nuclear charge. 



c., 
z 
C z 
0 

'° 
M 

Tne shi,etddrig by inner electrons 
remains the same across a 
period so it has no effect on the 
e te et ro n e·g a t iv i ty. 

The nuclear cha rg e increases 
down the group which 
counteracts the prev,ious two 
praperHes but the decreasing 
trend is observed despite 
thi s effect. 

Hydrogen chlorrde gas dissotves 
in waiter to form hydro·chtoric 
acid. Th,e H-C t bond is broken 
in water and the two etectrans 1in 
the covalent barid remain with the 
Cl atom for,ming chloride ions, 
CL-I anid h1ydrogen ,ons, H+. This is 
due to the pola rtty of the cova Lent 
bond arid this happens Wlth many 
acids. 

Trends in electronegativity 
In the Periodic Table~ the following trends in electronegativity values are 
obseriled: 

l Ekctronegativity increases across a period. 

• This is becaus·e ato·mic t-adius decreases across a penod, giving a 
progressively suonger attraction betw'een the positive nucleus and the 
two electrons in the oovalent bond. 

• Also the ·nuclea:r charge increa.s·eS across the p eriod and this vtiU cause a 
greater attraction for the electrons in rhe c-0valent bond. 

2 Electronegativity decreases down a group. 

• This is because the atomic radius increases down a group> giving a 
progressively weaker .attraction between the positive nucleus and the 
electrons in the covalent bond. 

• The shielding of the nuclear charge increases down. a group .as there are 
more electrons in inner energy ]evels. 

The varia.rion in electronegarivity is most noticeable across the period. The 
decreasing trend is observed going dovm. a gr,oup but it is not as no ticeable 
due to the increasing nuclear charge. 

Electron 1egativity as a guide to the polarity of bonds 
In a covalent bond the twn a.toms at either end of the bond have an 
electronegativityvalue. For example in H-Cl, the elecrroneg.ativity values are: 
H = 2.1; Cl= 3.0 

This m,eans that the electrons in this bond are drawn closer to Cl than to H a.s 

Cl has a higher electronegativity value. This is represented by the use of o + 
(delta plus) and b- (delta minus) above the atoms in the bond. The o- is 
placed above the atom which has the higher electronegativityvalue and the 
6+ is placed above the atom with the lower electtonegiativityvalue. The more 
electronegative a tom has the great:er pull on the two electrons henoe it is 3- ; 
the other atom is 6+. 

Ionic an,d co al nt cha?"acter 

For compounds composed of two different elements; the difference in 
electro·negativity of the differ:ent atoms of the elentents d ictates the type of 
compound formed (i.e. ionic or c,ovalent) and, if the compound is covalent, 
also de termines the polarity of the molecule. 

l No difference or a very small difference in electronegativity results in .a non­
polar molecule . For example: Br2; I2; d 2~ 0,2; CH4. 

2 A smaJl difference in electronegativity usually results in a polar molecule. 
For example: HF~ HCl; H20; NH3. 

3 A large difference in electrouegativity results in an ionic compound. For 
example: Na.Cl; MgO~ CaF2. 



Table 3.3 Properties and examples of 
covalent and ionic bonds. 
1.::.i.1 ...... r":l <f',... ,,.,._(·.,.,:- ,.,.. u..,,, 
m~ 1] I C:U J I] ::H,."{. laTf:t ;l ,lrl 1lii1i11 ;, 
" .... ___ 1,· 11. I ~ ...... - -~ --,.. 

A-A 

The ele·ctronegativities of the, two 
atoms in th~ cova Lent bond ei rG 
the same . Th ls means that the 
bonding electrons are shared 
eq ually, i.e. electron distribution 
is symmetrical. 

Examples : 

CL-CL 

H- H 

0=0 

N=N 

-0-f 6 -
A-B 

B is more e·lectronegative, than A. The electrons 
in thG covaLGnt bond arei closer to B, i.e. e,L~ctron 
di str1 butfon is not sym metrka L So A wfLL be sUg htly 
positive {o+) and B slightly negative [6-]. 6+ and 3-
a re used to show the polarity of the bonds and a re 
written above the a toms in the bond. 

Examples 
:s + 6 -
H-CL 
S+ &-
C-Cl 
6. S-
8e-CL 
:s + 6 -
C= 0 

-

Na+ Cl-

t 

A+B-

B is much more e· lectronegative 
t ha n A _ Th Q s lG et ro n c Lo u d of B- is 
not dlsto rted at a LL by A+. The band 
consists of the attracti on between 
the oppositely· charged ions A+ and 
8- . 

Examples 

Li+F­

K+Cl­

Cs•CL­

Na+F-

t 
11onk bondin9 
(fulil, cha,rges) 

Pola,r covalent bonding 
(pa,rti a,I charges) f 

Non-polar coval'enit bonding 
(~I ec:tro,n,i ea Illy symm~tr ica l,Y 

Figure 3.79 

The overall polarity of a molecule 
~softer, called, a diipole. Carbon 
dioxide ,s non-polar or ca n be 

A molecule may be described as polar or non-polaI A molecule such as water, 
which contains n.vo polar 0---H bonds, is a polar molecule. Howevcr some 
substances may contain polar bonds but the overall molecule is non-polar. 

sa ~d not to possess a d,i po le. 

,{!i+ i&+ li-
0::::C:O 

Fig u re 3. 8 O Non- po La r carbon d i ox id e. 

Figure 3.81 Non-po La r boron tri flu o rf de. 

Callbon dioxide contains polar C=O bonds but carbon dioxide molecules are 
n,on-polar. Th.is is because the polarities ,a,f the bonds are equal, both are C=O 
bonds and the molecule has the two C ==O bonds arranged symmetrically so 
the polarities of the bonds cancel each other out. 

BF3 contains polar B-F bonds but BF3 is non-polat This is again due to the 
equaUy polar bonds being arranged symmetrically around the boron atom so 
the polarities of the bonds cancel each other out. 

Other non-po1.ar m,olecules due to the cancelling out of the ·effect of equally 
polar bonds are: BeCl2 , CC~ and SF6. Generally, equal polar bonds arranged 
in a linea~ trigonal planar, temiliedral or octahedral arrangements create non­
polar n1olecules. 

Cl-Be~· -Cl 

Cl 
I 

/ C 9--~-cl 
Cl ~ - Cl 

F 

F,_ I ~~ F ~- ... _ s .-,-' 
F~~F 

F 
Figure 3~82 Examples of non- polar molecules co ntaining polar bonds. 
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Testing a liquid for polarity 
The po'lar nature of a Uqutd can be demonstrated by using the foUowing 
exper,imental met:ho,d. 

FiH a bu rette with the liqLiid under i1nvestigation and ptace a beaker 
under the jet. 
Ru1b an acetate rod with a duster to create stat,ic charge. 

• 0 pen th:e burette tap and bri,ng the cha r·g,ed rod close to tne strea,m of 
w.aiter. 
is the s tr,ea:m, defkected from its verUca,l path? 

1 Water was attracted to the charged rod becaus·e it is potar and 
conta,ins polar bon,d:s. 

What js meant by the phrase ·pola r 'bond'? 
b) Expldir, why the 0-H bond 1n water is potar. 

2 Draw d,ia,g1rams to shmN a wa,ter molecule attracted to a positively­
charged rod and to a negat1vely ... charged rod . Show th,e palar 'ity of th,e 
water 1molecule. 

3 The r es'uilts table for the experiment is shown below. 
al For each of the hquid's ethanol, hexane and tri1chloro,methane, state 

and: expla ~n i'f rt is a patar molecule. 

b] Complete the results ta bte. 

Water yes 

Trichlorom ethane, CHCl3 

4 Tetr achlorometihane, CCl4, is not safe to use in a school 1labo ratory. 
a Tetrachtoromethane contc:ltns polar bonds. ldentHy the polar b,ond 

in t·etrachtoromethane. 
b) Pred'i,ct the effect o,f a cha1rged rod on a stream of 

tetrach[oromethane and expla]n your answer. 
' ....... ••'-•A ........... I•••• .... •• .... •• ••• •• ••• •• •• ••• .................... •• ......... 1.•.1 •• . ..... ••• •• - • •• ••••• ea Ilia••• .......... •• ..................... ••••••• •• ••• •• a aa •••••••••• •• ••••• •• I, 

()--F-o-rc_e_s_b_e_t_w_e_e_n~m-o_l_e-cu~Le-s~~~~~~ 
11tem1olccular orces are d1,e attractive forces b etween covalent molecules. 

(Note that intr.:..1111 h·cut1 r I r c~ are the bonds 'that exist \:\11thin the molecule 
itsel( i.e. covalent or coordinate.) 

Il1ere are three types of intermolecular force: 

• induced dipole-dipole forces (van der Waals' forces) 
• permanent dipole-dipole forc,es 
• hydrogen bonds. 
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Figure 3.83 Eve n distribution of 
electrons. 

Figure 3.84 A te mporary dfpole fs 
cnHated. 

Figure 3.85 

rn1duced dipole-dipole forces (van der W,aals' forces} 
Induced dipole-dipole forces or van d r Waals' forces are attractive forces 
ben.veen all molecules andl atoms. They a.re caused by induced dipoles, \Vhich 
are temporary and cons tantly shifting. These attractive forces are .also called 
London forces or dispersion forc,es. 

All molecules are composed of atom_,5 which have electrons orbiting the 
nucleus. These electrons a.re in rapid motion and at any one time they may 
be distributed more on one side of the molecule than the other. Another 
molecule approaching this side ,of the molecule ,villl have its electrons repelled. 
This creates a temporary or ir Juu.: d hpol ·. 

These induced dipoles act one way and then anothet; continually forming and 
disappearing as a result of electron rnovement. The forces are always attractive 
forces. Even though the average dipole on every molecule is zero the forces 
·bet\Veen the molecules at any ins tant are not zero . 

Figure 3.83 shows the distribution of electrons in two neighbouring atoms. 

The electrons keep moving and the dov.s show the position of the ,electrons. 

In this figure, the electrons are ,evenly distributed and the atoms have no 
induced dipole. 

In Figure 3.84, the electrons ,on the atom of the left a.re closer to, the right 
hand side. The electrons in the right hand atom are repelled to the right and 
both atoms possess a tempora:ry and instantaneous dipole. 

The electrons are in continuous moven1ent and so th.e dipoles keep shifting. 
This creates an attraction bet\veen all atoms in close proximity. The larger a 
molecule is, the higher the M~ and the grea.ter the number of electrons. Th.e 

more electrons there are; the greater the induced dipoles , so the greater the 
van der \\'aals i forces. 

Remember that a Larger molecule [greater Mrl has more electrons. 
More etectrons .meain greater van d,er waats· forces b,etw,een molecules. 

Vlhy can geckos walk upside down on a ceiling? Geckos have tiny hair-like 
structures on their feet. Vlhen they touch a surface, van der Vvaals forces 
between these hairs and the surface draw the materials together and cause 
adhesion. The5e forces are relatively Vleak oompared to normal chemical 
bondsi but they provide the requisite adhesive. strength that allows the gecko 
to support its body upside down or to scurry along walls and ceilings. 

Scientists have tried to develop various materials that mimic the geckos 
remarkable stickiness. Researchers at the University of Kiel in Germany have 
created silicone tape with tiny hairs which not only boasts in1pressive bonding 
strength, but can also be attached and detached thousands of times vlithout 
losing its adhesive propenies. A 20 cm.2 piece of the· new GSA (gecko-inspired 
synthedc adhesive) tape was able to support the weight of one team ·member 
dangling from the ceiling. 



c., 
z 
C 
z 
0 

'° 
M 

Re,me.mber both the a lkanes 
and the halogens are non- po lar 
molecules so t11e only forces of 
c1 ttra cti,on between the molecu les 
are van der Waals' forces. 

Tri chi o rometh a ne a-
1 C 

Evidence for van der \\-aals' forces 
Halogens are non-polar diatomic molecuJ.es. As shown in Table 3.4, ther,e is a 
definite trend. in their boiling points, melting points and their states as the size 
of the molecules increases. 

fluorfne F2 38 gas -220 -1 88 

chlorine Cl2 71 gas -101 -34 

bromine Br2 160 liq uid -7 58 

iodine 12 254 soUd 11 4 183 

ThilS is agam eXJPlained by the· increase in the Mr which causes an increase in 
the number of electrons. This leads to an increased induced dipole-dipole 
force thus leading to increased van der \¥aa]s' forces be~·een the molecules. 

• For small non-polar molecules such as CC4~ Cl2, CH4 and C02, che van 
der Vvaals, forces are very small so these tend to be gases or volatile liquids. 

• For large non-polar molecules such as polymers (e.g. polythene) there are 
n-iany contacts bew,e,en molecules which means that the van der \¥aals' 
forces are reasonably large. 

·Noble g;:tses are monatomic. They are non-polar as they have no permanent 
dipole and do not form any b onds; yet they will cm-1.dense if the temperawre 
is low enough. Table 3.5 gtves the boiling po1nts of the Noble gases. 

Table 3~5 Bo Hing points of Nob L~ gasg,s. 

- 268.8 - 245.9 - 185 .8 - 151.7 - 106 .6 - 61 .7 

The increase in boiling point suggests that forces do exist beween these 
aton1s in the liquid state. The increase in boiling point n1ay b e explained by: 

• larger ato,ms 
• more electrons 
• greater induced d.ipo le-dipole forces 
• grea.ter van der Waals 1 

forces benveen the atoms. 

Van der \.Vfu:als'' force.s are much weaker than covalent bonds~ pennanent 
dipole-dipole foroes or hydrogen bonds. 

Permanent dipole-dipole forces 
6- ' Cl , 6+ 
'- ~+ ~-/JC-H 

MoleC11les vlhich have a permanent dipole Vlithin the 
molecule have an additional type of intermolecular force. 
bet\.Veen their molecules . These permanent dipoles cause 
the molecules to, be attracted to each othet The 6+ end 
of the dipole on one molecule is a ttracted to the 6- end of 
the dipole on another molecule. The attraction is called a 
permanent dipo]e-dipole force. 

C- H--~ - --Cl' I 
~t/;' " ·· -.· Cl0_ c, ~ 

&- permanent dip o le·d i po le force 
Propa none 

H3C ~3C 

\a+ a- \34- a-c =o--.. ---C =O 

H,C/ /,/ 

permanent d1 pdle-di.po le force Figure 3 .. 86 Pe,rmanent dipole- dipole force. 



The permanent dipole-dipole forces are responsible for holding together the 
molecules in polar substances but it should be remembered that there ar:e also 
van der ~ls~ forces bel'\Veen these polar ·molecules as well 

Hydrogen bonds 
Hydrogen bonds occurbetw'e,en a o+ H atom (which is covalently bonded 
to 0,. Nor F) 1of one molecule and the lone pair of electrons of an 0, Nor F 
.atom of anod1er molecule. The strength of a hydrogen bond is about lo the 
strength of a covalent bond. 0 -H~ N-H and F-H bonds are the 1nost 
polar bonds but only 0-H and N- H are found in covalent molecules as 
H- F bonds are only found in hydrogen fl.uo,ride. 

Hydrogen bonds explain n1any properties of sitnple covalent molecules. 

l V-.~ter 

Figure 3.87 shows the hydrogen bond ben.v.een two water molecules. 

Figure 3.87 Hydrogen bonding in water 

The ilnponant features of drawing a diagram like this are: 

• show 6+ and 6- ,o,n all atoms 
• show the lone pair of electrons fanning the hydrogen bond. 
• draw a dashed line to sl1.ow the hydrogen bond between th.e lone pair and 

the o+ H atom. 

The hydrogen bonds betw',ee11 ,w.ter molecules ·explain many r0f its physical 
propenies. 

a) Vwater is fluid as the hydrogen bonds can break and reform allowing 
water molecules to move around each 1othet 

b) \."\hiter has a higher boiling point than would be expected for a Group 6 
hydride. The graph in Figure 3.88 on page 112 shows the boiling points 
of all the Group 6 hydrides. 

As can be seen clearly! vvater has a much higher boiling point than all the 
other Group 6 hydrides. It would be expected based on the other hydrides 
that water should have a boiling point of around - 90°C. Thls would be tl1e 
·case if the only intennoleculaT forces betwe,en vtlater molecules were van der 
\\iaals, forces of attraction. and permanent dipole-dipole f:orces. However rhe 
hydrogen .bonds between water molecules mean that it requires substantially 
more energy to separate the water tnolecules into the gaseous state. 
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The boiling pojnt of water ,is higher due to 
~ lhydrogeri bonds betvvee·n wate.r moiecules 

HO~ 
2 

The genera·I increase from H2S to H2Te is 
caused by an .increased M,.. so more e·lectrons 
means more Jnduced dipoles and so grea-mr 
Vim der Waals' forces of attraction between 
the molecules 

-200 --------------------
2 3 

Period 
4 

Figure 3.88 The boiling poi nts of Group 6 hydrides . 

5 

The increase seen ftom H2S to H2Se and to H2Te is caused by an increase in 
the van derWaals1 .forces of attraction. As you descend Group 6, each a.tom 
has more electrons so the induced dipoles increase and hence the van der 
Waals 1 forces between molecules increase ,as well. 

This pattern repeats for the Group 5 and Group 1 hydrides but not for the 
Group 4 hydrides as CH4 is n on-polar. 

Figure 3 .89 shoVti'"S the boiling points of aU the hydrides of elen1ents in 
Gro·ups + to 7 in. Periods 2 t,o, 5. 

• H20 has a higher boiling point than H2S. 
• HF has a higher boiling point than HCl 
• NH3 has a higher boiling point than PH3. 

• 'With CH4, however, its boiling point is as expected bas-ed solely on van 
der \.Vaals, £0-rces of attraction: there are no, hydrogen bonds betwem CH4 
molecules. 

150 

100 

50 
V 
QI 

+I 
0 C: 

~ 
C'i - 50 -C ·--·o 
m 

- 11 00 

-1150 

-200 
1 2 3 

Period 
4 

Figure 3.89 The boi ling polnts of hydrf des fn Groups 4 to 7. 
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water 

Figure 3. 90 Water and ice. 

Figure 3.91 Iceberg. 

c) lee has a lower density than water. 

\Nhen water freezes the hydrogen bonds hold the water ·molecules in a more 
open 3D crystalline strucn1re. The water molecules are further apart from each 

other than they were in liquid water and so ice has a lower density. 

As can be seen from the figures, the molecu]es in ice are much further apart 
than the molecules in v,ater. This is caused by the hydrogen bonds holding 
the water molecules in this more open tetra.hedral arrangement. This more 
open arrangement means that ice has a lower density th an water (fewer 
particles in the same spac,e) and so ice floats on watet 

ice 

Many solids are denser than v,rater and smk in i t . The iceb erg in Figure 3.91 is 
off the coast of Newfoundland in Canada. Why does ice float on ~ter? 

2 Ethanol (CH3CH20H) 

a) Ethanol is soluble (or 1niscible) in water: The reason being that ~ter can 
form hydr,ogen bonds with ethanol molecules as shown in Figure 3 .92. 

Again, when asked to draw this diagram follow the import.ant features noted 
for drawing hydrogen bonds between water molecules on page 111. 

b) Ethanol has a higher boiling point than expected fo,r a molecule of its 
Ml"' Ethanol has a boiling point of 79 °C whereas propane (C5He) has a 
shnilar ~. but has a boiling point of -42 °C. This can be explained by the 
presence of hydrogen bonds between ethanol molecules. Vlltereas the only 
forces of attraction beC\Veen propane molecules are van der Waals' forces. 

~~ H C 0 
3 ' .·./16---............._ 

"'-...... C / .. """H ,6+ I , . 

H .... ./ Hydrog eni bond 
2 • 

• 
c[-10~ CH 

/6-"'- . / 3 
6+H~ ~C~ 

H 
2 

Figure 3.92 Hydrogen bonding betweQn ethanol and water. Figure 3.93 HydrogQn bonding in Qth8no L. 
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Figure 3 .. 94 A glass of gin and tonic 
water. Why ar~ they miscible? 

The order of strength of the 
intermolecular forces is very 
i1mportant. 

3 Propanone (CH3COCH3) 

a) Propanone has a higher boiling point than \vould be ·e,q:,ect·ed for a 
molecule with its Mr However its boiling point would be lower than an 
alcohol of similar Mr 

Molecule M.r ,Bailing point .(°C) 

Butane [C4H1ol 58 0.5 

Propanone [CH3COCH3] 58 57 
- -
P ropa n-1-ol [CH3C H 2C H 20 H) 60 97.1 

The pennanent dipole-dipole· forces betw:een propanone molecules cause 
its boUing point to be higher than an alkane with a similar Ml' H,ovvever 
its boiling point is lower than an alcohol with a similar Mr-

The van der \\~a.ls' forces beween the molecules in butane are weaker 
than the v~n der 'rvaa]s · forc,es and permanent di-pole-dipole fo.rces 
becw-een the molecules in propanone. These are weaker than the van der 
'M:iiahi' forces and hydrogen bonds betv.reen the molecules in propan-1-ol 

b) Solubility of propanone in water (or miscibility of propanone and ~ter) 

Permanent dipole-dipole interactions and van der \'hals' forces 
exist between molecules of propanone as the C==O bond is polar 
(Figure 3.95). Howev-erwhen propanone mixes with wa.ter), hydrogen 
bonds are formed (figure 3.96). This matches the definition of a 
hydrogen bond as the&+ Ha.tom. in one molecule (bonded to oxygen~ 
nitrogen or :fluorine) bonds with the lone pair of an oxygen] nitrogen 
or fluorine atom in another molecule. The ability of propanone to form 
hydrogen bonds with \W.ter Lnolecules explains its solubiliry in watei: 

HC HC 
3 3 

\t'l+ 6- \6+ o-
C--0·· • •• • C--o 

I I 
H

3
C H

3
C 

permanent dipole-dipole a,ttraction 

Figure 3.95 Inte rmolecula r forces between pro pa none molecules .. 

~Q~ Hydrro gen bond 

'f.o--o 
~a- f>4-\ 

CH 
3 

Figure 3.96 Hydrogen bonding between propanone and water. 
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~ Comparing the viscosity of liquids 
' ~ Crude oil is very viscous~ it does not flow easily. The vr,scosrty of Uquids 
~ can be compared by measur1ing th,efr flow rate, in cm3 s-1. Tnis 1may be 
• 
~ carr~ed out by mea,s,uring the volume of liqui,d flowi.ng from a burette i·n a 
• 
; certain time interval. . 
i The alco hots stud i·ed were: 

CH3CH20H CH20HCH20H CH20HCHOHCH20H 
eth a,no L etha,n e-1,2-d iol prop a,ne-1,2,3-tri ot 

1 Draw a labelled diiagram· showing the assembled appara,tus used to 
carry ou,t ttl1is experim,ent. 

2 Explajn how you would carry out thrs experjment. State the 
measurements you would take, and expla~n how you would use these 
to determine the flow rate of each alcohol. 

3 In the experiment t1he now rate of ethanol was found to be 2.0 cm3 s-1. 
Calculate a value for the molar now rate of ethanol in mol m,in-1. 

. Ethanol has density of 0.79 g cm-3. 
~ I+ Hydrogen bonding has an effect on now rate. 

: 
: 
~ 
t 
C • 

a) Expla.i n what is meant by the ter,m 1hydrogen bonding. 
bi Show using a dragram1, the hydrogien bondi,ngi between two ethanol 

m,olecules. 
5 The results of this exp,er1m,ent show that propane-1 ,2,3-trijol has a 

greater v ~sc·OS:ity than etha n e-1, 2- d1 iot which 1i n turn 1h as a greater 
vjrs.cosity that ethanol. Exp lain thfs trend. 

6 It was suggested that the How rate depended on the rela.tive 
moilecular mass [Mr! of the m,otecule, rather than on hydrogen 
bonding. Exp:lain how you would ea rry out an exper~ment to determ,i1 ne 
that Mr did not affect now rate. but hydro9en bon:di ng; did. 
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~ ···························································································: : TEST YOURSELF 7 : 
f 1 What causes van der Waa ls' fo,rces of attraction? i 
• • • i 

: 2 What is needed in a m,ol,ecule to, allow iit to form, hydro gen bonds? : 
• • : 3 What is the s trong est type of i nte rmo lee ula r force whi eh ex i'S ts : 
• • 
; between th e molecules in the liqlJid state of the following substances? ; 
i f. i a) C H.6.: bi H20: i 
i c) C2H50H: di H2S; ! 
i e) cct,: fJI NH3 i 
• • 
; , Expla 1in fully why ice flo,ats oni water. : • i i 5 Expta,in why the h.alogens change from ga.ses [flu orine and chlorin,e) i 
i to liquid [bra.m ine) to solid [iodi,ne}r. ! 
• • • ·····················································································itlllllllllllllllllllllllllllllllli 
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Practic question 
I Which of the following substances only shows 

van der Waa ls l forces berw-een its 1nolecules? 

HF 

2 What is the shape of the ammoniun--i ion? 

A bent B pyramidal 

C trigona] planar D tetrahedral 

\Vhat type of bond is formed when ammonia 
reacts with hydrogen chloride? 

A coordinate B covalent 

C ionic D metallic 

4 Vvhich atom has the lowest electron-egativity 
value? 

A F 

N 

B H 

D 0 

(l) 

(1) 

(1) 

(1) 

5 The graph below shows the boiling points of the 
Group 5 hydrides. 

15·0 

100 

50 
u 

~ 0 
f NH 
~ 3 
C -50 = 15 
m 
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Figure 3.97 

a) ui,la~n v. .. hy the boiling point of ammonia 
(NH)) is much higher than that of 
phosphine (PH3). 

b) Explain why there is a general increase in 
boiling point from phosphine (PH:J, to 
stibinc (SbH3) . 

6 The density of water is 1 g cn1. - 3' whereas tl1e 
density o,f ice is O .9 2 g cm-3. Explain why 
the density of ice is less than the density 
of water. 

(3) 

(3) 

(2) 

7 Sodium chloride has a melting point of 797°C 
and MU 1:rot conduct electricity in the solid form. 
but will when molten. 

a) Explain why sodium chlo,ride solution 
conducts electricity but solid sodiutn 
chloride does not. 

b) State the type of structure shown by 
sodium chloride. 

,c) Explam why sodiun1 chloride has a high 

(2) 

(1) 

melting point. (2) 

8 Propanone (CH3COCH3) and butane 
(CH3CH2CH2CH3) both have a relative 
molecular mass of 58. 

The boiling point ofpropanone is 56QC whereas 
the boiling point of butane is 0°C. 

a) Name all the intermolecular forces \\rhich 
exist between molecules ,of butane in the 
liquid state. (1) 

l,) Name all the intermolecular forces which 
exist between molecules of propanone· 
in the liquid srate. (1) 

c) Explain why the boiling point of butane 
is ·much 1,ower than the boiling point of 
propanone. 

9 The diagram below shows the bonding and 
shape of a sulfatc ion. 

?~g.50 
~ s ... ; 

o"'9' \ .. °'o-
o 

Figure 3.98 

a) Vvhat name is given to the shape shown 

(3) 

for the sulla.te ion? (1) 

b) Identify one neutral m,olecule which has 
th.e same shape as the sulfate ion. (1) 

e) Identify one positive ion which has the 
same shape as the sulfate ion. (1) 

d) Explain the shape of the suUate ion based 
on the bonding diagram shown above 
using your understanding of electron pai.r 
repulsi,on theory. (i) 



10 The melting points of n1agnesium and some of 
its compounds are gi,ren below. 

Melting point ("C) 

Magnesium 650 

Magnesium o>dde 2·as2 

Magn,es.ium1 chloride 7114 

Magnesium iodide 637 

a) Explain why magneSlum bas a higher 
n1elting point than sodi1t1m (melting 
point 98 °C). 

b) Staie the type ,of crystal stn1cture shown 

(2) 

by magnesium. (1) 

c) Vlhy is a very large amount of ,energy 
required £0 me1,t magnesium oxide. (3) 

d) Explain why magnesium iodide has a l0Vt1er 

t11e1ling point than magnesium chloride. (3) 

II 11 a) Sullur exists as S8 molecules. It melts at 
11s 0c. 

i) E~ lain why the melting point of 
sulfur is low. (3) 

ii) State the type of bonding and .structure 
present in suln.:n: (2) 

b) Sullur dilluoride) SF2~ reacts W'ith chlorine 
in the presence of sodium ftuoride. The 
re.action forms suUur(lV) fluoride and 
sodium chloride. 

i) Write an equation for drls reaction. (1) 

i.i) Using your understanding of electron 
pair repulsion theory~ describe the 
shape of the SF2 and predict its 
bond angle. (3) 

Hi) Stare the type of strucrure show"TI by 
sulfur dichloride and sodiun1 fluoride. (2) 



-

Energetics 
Chenlical reactions may be described as ·ot r or ,do uu 
depending on the heat ,exchange with their surroundings. 

·······················································~························································ • • 
~ PRIOR KNOWLEDGE ~ 
• • 
"' .. 
• • • • • • • • • • • • • • .. : .. 
t • .. 
• • • • • • • • • • • • • • • • • • 

. 
If a chemica l reactio,n releases hea t t o the surroundings [the reac tion i 
vesseil feels warmerl it is described as exotherm1,ic. If a chem ical : 

• 
reactlo n absorbs heat from th e surroundings, and so fee ls co tder. ft is : 

• 
descr ibed as endotlher'm;ic. : • 
Al l combusti1on reac ti ons are exothermiic. £ 
M,any ox idat ion and n:eutrali.sation rea cti ons are ex,otih ermic . 

• • • • • 
Exot 'her m,ic react ions ar e used ~rl se lf-heati ng food cans and i1ri some : 

• 
hand warmi,ers. : 

• 
If a reaction i1s reversible and i1s endothermic in the forward directi1on, : 

• 
it w i ll be exnther ,m ic in the reverse d1irec t ion. So if a r,evers ible : 

• 
: reacti on is exothermic i1 n on,e direct ion, a wJa be endother m ic ,in t he .. 

• • • • • • • • 
: opposite c:Hrect!ion. 
• 
~ Thermal decomposition reactions are endothernli c. i 
f • Some sports inju ry packs which cool quickly use an en dothe rm ic ! 
• • : r,ea cti on. : • • • • ................................................................................................................ 

~ ··························································································: : TES'T YOURSELF ON PRIOR KNOWLEDGE 1 ! 
• • i 1 W hich of the followrng types of react io ns are exothe rm ic and w hic h i 
: ar e endotherm1ic? : 
• • 
i. al triermal decomnosition i 
- r""' i E bi neutralisat 1ion : 
• • : cl combustio n : 
• • i 2 Classi fy the follo·w in9 reaction s as exothermic or end,ot1hermi c. i 
! al C1H1Jg) + 202fg ) ~ C02[Q i + 2H2D[l) i 
• • i b)I 2NaOHfaq] + H2S0~[aqJ ~ Na2S04[aq] + 2H20 [lJ ! 
! cl 2Mg[s] + 0 2{9] ~ 2MgOlsl ! 
• • 
: d)I MgC0 3(s) ~ MgO[s) + C02[g] ; 
• • : .•...•..........•.........•...•.•.....•..•.........•...•..........•...... ,......... . 
Enthalpy 

1t ,~1µ,- is defined as a thennodynamic property of a system linlred to 
internal energy. It is represented by the capital letter H. The enthalpy relates t,o 
the energy of the bonds broken and made during a chemical reaction. Some of 
the important points about enthalpy are listed below. 

• Reactants -the enthalpy of the reactants in a chemical reaction is giYen as 
H1. This relates to1 the energy ·Of the bonds in the reactants. 

• Products - the enthalpy of the products in a chemical reaction is given 
as H2. This relates to the energy of the bonds in the products. 

• .6:H is the change in enthalpy. 
• .6.H = enthalpy of the products - enthalpy of the reactants. 



Figure .4.1 Sports coaches often use an 
instant co Ld pa ck to reduce the pa in of 
a s po rt i n g i nj u ry . The pa ck co n s i s t s of 
two bdgsi one containing wdter inside 
a bag contc11ning soUd ammonium 
chloride. When the inner bag of water is 
broken by squeezing the package, the 
water dissolves the ammonium ch lorid e 
in an e ndotherm re cha ng ei . This reaction 
absorbs heat from the surroundings 
and the pa ck becomes cold . 

Fn h lp, Tlhe enthalpy change is the heat 
,Qone-rgy change at ,constant pressur,e. 

• For an exo'chennic reaction l\H is negative; fot an endothermic reaction 8 H 
is positive. 

• Enthalpy changes can be m,easured and calcu]ared but enthalpy cannot. 

h.H is measured under stated conditions. For example aH296 is the enthalpy 
change at a temperature of 298K and a pressure· of 100 kPa. 

Some chemical reactions are reversible. For a revel'Sible reaction the AH value 
for the revetse reaction has the same numerical value as the fon:vard reaction 
but the sign is changed. l1rls means that for an exothermic reaction in the· 
fonvard direction .6iH is negative, but in the revetse direction the L\H value 
has the same numerical value but it would be positive. 

For example, me enthalpy changes for the reactions below show that the sign 
changes if the direction of the reac ti.on is reversed. 

2NH3(g) --.. N2 (g) + 3H2'(g.) .6.H = + 92 kJ mol-1 

In many of the examples of calculations seen in the following sections., you 
"\¥ill reverse a reaction theoretically to determine another enthalpy change. 

Reaction profiles 
A rcactio 1 profile is a diagram of the enthalpy levels of the reactants and 
products in a chemical reaction. The vertical (y) axis is enthalpy but not li.H. 

The horizontal ,(;() axis is progress ,of reaction, reaction coordinate o,r extent 
of reaction. Two hori.zontal lines are drawn .and labelled with the names or 
formulae. of reactants and products. These represent the enthalpy of the 

reactants (on the left) and the enthalpy of the products (on the right). 

In an endothennic reaction the product line is at a higher enthalpy value 
than the reactant line as the reaction has absorbed energy. Converselyt in an 
exothermic reaction the product line is at a lower enthalpy value than tlie 
reactant line as the reaction bas r-eleased energy. The dilf erence betw,e,en the 
lines l!S labelled AH (change in enthalpy). In an endothermic reaction this has 
.a positive value. In an exothermic reaction this has a negative value. All values 
are measured in ltj mol- 1. If the actual reactants and products are kno"\¥14 the 
lines should be labelled W1th then- names or formulae. O therwise ·che labels 
're-actants> and 'products~ are sufficient. Figure 4.2 shows enthalpy level 
diagrams for both an endothelimic reaction (Figure 4.2a) and an exothermic 
reaction (Figure 4 .2b) . 
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A :positive va'lue of ..6.H 
(change fn entjialpy) 
indicates an endothermic 
reaction 

~ I-! =·+ver 
!Reactants 

The enthalpy of the products is 
greater than the 9nthal1py of tbe 
,reactants so ,en erg,y has bee 11 

absorbed from the sunound lngs. 

Products 

Progress of reaction 

The v-a:lue of the enthalpy change (~H) in th is endotbermk 
reaction is po:;1tive. This is because there has bee-n an 
increase In entha1py -firom reactants to products. Tih~ is. a 
standard feature of e ndothermic reactions and it must be 
~ membered that AH is positive. 

A negative value of AH 
(change in enthafpy) 
indicates an exothermic 
reaction 

The e nth a l'py of the products is 
less tjh an the e ntha'lpy of 1lh e 
reactants so eriergy his been 
re~eased to the siu rroundrings. 

Reactants ~ H = - ve 

Products 

Pirog ress of rea,ction 

The value of the entlhalpy change (llH) in this exothermic 
react~on is negat:ive. This 1s because t hen~ has been a 
decrease in enthalpy from reactants to products. 'This is a 
standard feature of exothermic readons and rt must be 
rem~mbered tha,t aH is negative. 

Figu re l. .. 2a An enthalpy level diagram for an endother mic 
reaction. 

Figure 4 .. 2b An enthalpy leve l diagram for an exothermic 
reaction . 

Figure 4 .• 3 A sel f-wa rmi n g coffe,e ea n 
uses an inner chamber to hold the 
coffee and an outer c hamber to hold 
ca lcium ox ide and water, separate·d by a 
barrier. When th e r ing can is pulled, the 
chemical s come 1nto contact and, due to 
an exothermi c reaction, re,lease· heat to 
W"eJ rm the coff~e. 

Reaction path·ways 
The reaction path,,~.:iy is shown as a line from reactants to products on an 
enthalpy level diagran1. It represents the route in terms of en thalpy from 
reactants to products. Reaction pathways require an input of energy to break 
bonds in the reactants before nevl bonds can form in the products. This 
an1ount of en ergy is the maximum height of the pathway above the enthalpy 
level of the reactants. This is caUed the actir1tion en r 

I 

For an exothermic reaction , a typical labeUed enthalpy level diagram sho~ng 
the reaction pathway would appear as shown in Figure 4. 4. 

Enthalpy of 
products 

Th is shows that the ac.ti\l'ation energy is the min:imum 
amount of !!nergy which the reactants must have in 
order to reatt Some react ions. ha:ve low activa.tlon 
energy and c:a n obtain enough energy at ro.o rn 
temperature to raise the reactants to the required 
~nthalpy viidue to a11ovv the reaction t o proce.ed. 

Re.action ---pat hway Actiivati on 
t-------l'r---

e n erg y 

Reactants 
~H iwl - ve 

---····························································· ······························- --------
Products 

Prag ress of reaction 

Figure'·" The react1on pathway for an exothe,rmic reactio n. 



A pih rdse ,d escrH1i ng e1: std ndc1 rd 
enthalpy cha nge may not actually 
include the ward "change·. They 
are all ,entha1lpy changes as 
that is what is meant by !1.H but 
you wWl often see the terms 
·standard entha lpy of formation· 
and ·standard enthalpy ,of 
combustion'. These mean the 
same as the ·standard enthalpy 
chang e of formation· arid the 
·standard enthalpy c1hange of 
co mbustion'. 

For an endothermic reaction)· a typical labelled enthalpy level diagram showing 
reaction pathway would appear as shown in Figure 4.5. 

~nthalpy of 
products 

This shO\!VS that the activatio,n energy is the amount of 
energy which the reactants must have in order to react. 
Many endotherm:i·c: rea,ctions have a high activation 
energy crnd ca,nnot obtain enough energy at room 
te mpe ratu re to ra,ise the reactants to the req,u i,red 
entha!lpy value to allow the reaction 'to proceed. 

Reaction --path\vay Activation, 
I-~ 

energy 

---t······················· .. •·················· ..... ................. ·---____..&..---

E nth al py of AH = +ve -----. ------~ ................ . 
reacta.nts Reactants 

Progress of reac-tio n 

Figure ,4.5 Th~ rgaction pathw;y for an snd oth~rmi c r2;ctio n. 

Standard en1thalpy values 
t I danl cnrh, lpy ·,, luc a1·e the .6.H ,;.ralues for enthalpy changes of specific: 

reactions measured under standard conditions. 

• Standard conditions are represented by the symbol e. This symbo] is 
us,ed after l\H co indicat,e that an enilialpy changes occurs under standard 
conditions. 

• Standard conditions are 100 kPa pressure and a stated temperature. 
• There are three basic enthalpy changes £or which the definitions must be 

leamt and you n1ust be able to write equations to represent the reacdons . 
• State symbols should always be included in chemical ·equations to 

represent -enthalpy changes. 

Standard ,enthalpy of reaction C~rH&) 
This is the .enthalpy change when substances react under standard conditions 
in quantities given by the equation for the reaction. 

For e.xarnp le: 

CaO(s) + H200) ~ Ca(OH)2(s) ~H0 = - 63. 71;J mol- l 

This meatLS that when 1 mole. of calciun1 oxide reacts with l mole of water to 
fonn l mole of calcium hydroxide, 63. 7kj ,of heat would b e released. 

Standard enthalpy of formation (ArH6
) 

This is the enthalpy change when 1 tnole of a compound is formed from its 
constitu,ent elements with aU reactants and products in standard states under 
standard conditions. 
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Figure 4.6 The react ion between calcium 
oxide and water is the reaction used in 
self-heating coffee cans (Figure 4.3). It 
is a vfgorous reaction and here. steam 
rs seen r1sing from the hot reaction 
mixture . The standard enthalpy of 
re.act ion for the calcium oxide and water 
is ArH9 = -63.7 kJ mol-1. 

For exam ple: 

Ca(s) + 1C(s) + I,to2(g) ~ CaC03(s) 

Atfi• -112B.8kJm.ol-l. This enthalpy change is per n1ole of calcium 

carbonate fornied. 

or 

2C(s) + 2H 2(g) --+ C2H.f(g) 

a~0
::;;:; + 52.5 kJ mol-1. This enthalpy change is per mole of echene fom1ed. 

The ,enthalpy of formation o·f an element is zero if the element is in its 
standard s tate. The enthalpy o f formation of oxygen,: 0 2(g); is zero. 

tandar,d enthalpy of combustion (AcH") 

KThis is the enthalpy change when 1 mole of a substance is burned completely 
in excess oxygen v.-rith all reactants and products in their standard states under 
standard conditions. 

For example: 

CJ4(g) + 202(g) --)- C02(g) + 2H20(U, 

8c:He for this reaction (per mole of methane burned) = -890 kj mo,l-1 

The en.tha lpy change for the reaction: 

2Cf4(g) + 40z(g) ~ 2C02(g) + 4H200) 

is Ll1H
0 = 2 X 8 cH0 = - 1780kj 

Note that as with all standard combustion reactions and enthalpy values:t the 
combustion must be per mole of s ubstance burned. 

Some important points to note: 

• lt is vital that the standardl enthalpy value.s of formation 

and combustion are kep t to per mole of what they refer. 
• U rnro moles of a fuel are combusted then the standard 

enthalpy of reaction i.s the standard enthalpy of 
combrn;rion multiplied by 2. 

• If four moles of a co1npound are formed from its 
eletn enTS in their standard states> then the standard 
enthalpy of formation va1ue must be multiplied by 4 to 
get the standard enthalpy value for this reaction. 

• The standard enthalpy of combustion of carbon 

Figure 4.7 This image shows the most recent Ls u nch of 

(C(s) + 10 2(g)--# 1COi(g)) has the same value as the 
standard enthalpy of fonnacion of carbon dioxide. It is 
the same reaction. and all the reactan ts and prodlucts .are 
in standard states in both equations. This als,o applies 
to the standard enthalpy of fonnation of water and the 
standard enthalpy of combus cion of hydrogen the space shuttle which took p Lace in July 2011. A variety of 

fuels with Large enthalpies of combustion are used to get 
the rocket off th e pad , 

CH2(g) + to2(g) ~ H200)). 



.......... ~~~~~~~~~ ···························································································: 
! TEST YOURSELF 2 ! 

Wnen a,s ked ta write a r, eq uati,an 
fo:r a standard enthailpy change 
of corn bust~rnn or formation, 
remember that far formation 
it 1is per mole of th e cnmpound1 
fanned and for combustion it 
1s per mole of the su bsta:n ce 
burned. 

The spec~f ic heat ea paci ty of 
water is 4.1' BJ K-1 ,g-1 . For many 
so llJt1i ons i r, neut ra1li satiion 
determi,natrons a,nd oth er 
reactio 1ns the value is assumed 
to be the sam,.e. Do not be 
concerned if the value ~s 
quoted as 4.18J 0 c-1 g-1 as 
the tem1perature cha,ng,e of 
1 :K [kelvjn) 1is the same as a 
temperature change of 1 °c. 

• • • 1 • : State the con di t~ons r,eq L.11i red for entha Lp i es of form at ion to be quoted : 
: as standard values. : 
t • 

t 2 . i Explaijn why the value of the standard enthalpy of formation of water is : 
i the sam e as the standard enthialpy of combustion1 of hydrogen. ! 
~ I 

i 3 Write an equatfon to r,epresent the sta·ndard enthalpy of form1a.tion of i 
• • • • • = ammonia. = 
• • 
~ 4 Write equations. ,nclud:ing state symbols. to represent the standard ~ 
i enthalpies of format~on given belo,w: i 
; a) formation nf ca.lciu m oxide. CaOtsJ i 
• • : bJ formation of sod1ium chlorf de, NaCll(s] : 
• • 
: c) formation of wa.te,, H2o [U : 
• • i di formation of ca rbon monoxide, CO[gl i 
! e) for matioin nf etha n al. C 2H50 H [U : 
• • i f )I formation of lb u tarn e. C 4 H 10 [g.). i 
i 5 Wri1te equations, jn cluding state symbols, to represent the standard i 
• • : enthalpies of combusti,on glven below: ! 
I I 

: a) combu stion o,f carbon monoxid e. CO[g] : 
t • 

i bi combusti,or, of ethene. C2H~dg] i 
i c) combustion of methane. CHdgJ i 
• • I di comb,ustion of pota,ssium, K1(s) f 

i a) corn b1usti,o,n of hydrogen. H2{g] j 
~ f)I com bust1on of .ethanol, C2H50H[L) . i 
t • • • • ··· ·········· ········································· ·········· ·····················~11111111111111111111 .... 

Experimental determination of enthalpy chang1,es 
During a chemical reaction the en thalpy change in the reaction caus es a 
change in t'he temperature of the surroundings. For m any reactions, this 
change in temperature can be measured using a thennometer or a temperature 
probe. The en ergy released or absorbed from the reaction can be used to 
increase or decrease the temperature of a sample of water or the solution in 
which the reaction occurs. 

Temperature change (~D may·be convert,ed to energy change (q) using che . 
exp rcsston: 

q = mcll.T 

where 

q = change in h,eat energy in joules 

tn = mass in grams of the substance to which the temperature change occurs 
(usually water (for combustion) or a s,olurion) 

c = specific heat capacity (energy required to raise the teniperature of 1 g of a 
substance by I °C) 

tiT = temperature change in °C or kelvin (K). 
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Figure 4.8 Substances with high spe·cific heat capaciti es take a Lot of heat energy, 
and th~refore el long time to heat up and also a long time to cool down. One 
[nterestl ng effect is the way in which the land heats up qu icker than the sea . The 
specific heat capacity of sea water is greater than that of the Land and so more heat 
energy is needed to heat up the se,a by the sa me amount as the· Land and so it takes 
Longer. It also takes longer to cool down. 

1Calculating enthalpy change in a solution 
The formula q = tnc&T can be used to calculate the enthallpy charnge per mole of 
a substance which dissolves in \Vater to foim a solution. "'1hen an .acid reacts \.Vith 
an .alkali,. a neutralisation reaction occurs. The enthalpy change of the neutralisation 

reaction can be calculated per mole of water formed in the reaction. These two types 
of calculations vriU be discussed in greater depth 'below. 

Ca1culating enthalpy of solutinn 
Som,e substances dissolve in water exothermically while others dissolve 

endothemrically. The end1alpy of solution of sulfuric acid is very exothermic 
and so d.i]ution should ,always be perfoimed by adding the .acid co the v,.-ater, 
·rather than the \Vat r to· the acid. The fo'llowing example shows how q = nic~ T 
can be used to calculate the enthalpy change when one mole of a substanoe 

dissolves in wareI 

PLE 1 
0.0770 m.oles of solid potassium 1odide were dfssolved in 25.0 cm3 
[25.0 g] ,of deionised wa,ter ~n an open polystyrene cup. The temperature 
of the water was observed to decrease by 13. 7 °C. Assuming that the 
te1mperature drop was due to th,e dissoluti,on of potassiu:m iodide, 
ca lcutate a value for the enthailpy charige to 3 srg,nifica nt figures in 
kJ !mol-1 . [The specific heat ca pacity of water is 4.18 J K-1 g-1.J 

Answer 
AT= 13.7°C 

q = mcll T = 25.0 x 4. l 8 x 13. 7 = 1431. 65 J 

numl)er of moles [n] = 0.0770 

energy change per mol of potassium iodide = 
1
0
~~i76

0
5 

= 18 592.857 J moL-1 

enthalpy change iri kJ mol-1=18592.857/1 OOO=+ 18.6 kJ mo1-1 (to 3 
s.ig ni1fica nt fig.u resJ 

This enthalpy cl'iange is endotnermic so a ·•· ~s placed i.n front of the 
value to i ndi1cate an endothe r,m ic enth.a lpy change. 



Calculating enthalpy of neutralisation 
The enthalpy change that occuIS during a neun-alisad,on reaction when an 
.acid reacts with an alka]i is a specific type of enthalpy change in solution. An 
example of such a reaction is given in the following activity. 

!II.••• .. _,. ••I••• •;o 'll•ll ••.o1•• •11!.IIIU,"- • .,_.'I<•••••••••••• 1,i, ••• .,,. • • ~ •• ••• ... _. ... -. .. I' 'II• S'IP 'Ill' '111,_. •• • •• ti•~ "t• • •• ... ••• llfll!• • • "i•» •• 'l llil' llli!' a'!,,ol!l .!11·- 1,ep.•• kl, I' ... _. •• ,0•11 . , ~: . . 

Calculating enthalpy of neutralisation 
1 Meaisure accurately using a pi,pette 25.0 cm3 of a known c,oncentration 

f usually to Omo l d m- 3] of a,n a c~d . This could be a strong acid or a weak 
ac,·d. The enthalpy of neutralisation of a weak acid with a strong base is 
less than the enthalpy of neutralisation of a strong acid with a strong base 
as some energy is used in dissociating the acid fully: sodium hydroxide 
solution and ethanoic acid ;s -56.1 kJ mol-t while sodium hydroxide and 
hydrochloric acid- a strong base and strong acid - is -57.9kJ mol~1. The 
enthalpy of neutralisati·on of a weak base with a strong acid is similar to 

3 

that of a weak acid with a strong base {ammonia and hydrochloric acid is 
-53.4kJ moi-1J. The enthalpy of neutralisation of a weak acid with a weak 
base is less exothermic/ammonia and ethano;c acid is - 50.4 kJ mor'J. The · 
energy difference depends on how weak the acid or base actually is. 

2 Plac,e the acid in a polystyrene cup. 
3 Calculate the number of moles of acid used: 

_ ·, l , . f '·d = soluti,011 volume 1(25.0 cm3] x con1centrat,ion [1 .00 moldm-3): mo es o ac1 -
1000 

I+ Measure accurately usingi a pipette 25.0 cm3 of a known concentration 
~usua,lly 1.00 mol dm-3] of alkalL 

5 Ca,tcul,ate the number of ,moles of alkali used as for the ac,id in part 3. 
6 Write a balanced symbol equation for the react ion of the acid with the 

alkali to determine the nlJmber of 1moles of wat,er formed . [If the ac:id 
is sulfuric ac~d, t 1h,e motes 0 1f wa·,ter formed wiU be 2H 20 whereas o,ther 
acids usually form 1 m,ole of H2o for ea,ch mote of the acid and alkali 
used.] 

7 From the 'balanced symbol equation calcula te the number of moles of 
water 'formed i(n). 

8 Place tjh1e tliermometer in the acid and record its in,iUa l temp,eratur·e 
[ r, ]. 

9 Add the alkali and record the hi1ghest temperature reached [T2J. 

Figure 4 .. 9 

ill1d to prevent heat ---
1 oss by evaporation 

polystyrene cop i n,s;ul ates; -­
and' prevents heat I ass 

to su:rro un dtngs 

mkxture of 2S.O crm:11 of --­
acid and 25.0c:m3 of alkari 
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In th,is example the value is less 
,exot lierm re than the expected 
value of-57.9 kJ m,ol-1 for a 
strong ac.id and a strong. base. 
Tn1s ls due ta 11eat loss to t11e 
su rrou nd,i ng s or heat toss by 
eva po rat i on. 

S0met1i,mes the amount of water 
in moles [n) may 'be given to you, 
so s1,mply use q = mc6Tand divid.e 
q by n and then div iide th,e answer 
by 1 OOO to calculate t:he enthalpy 
of neutrali·sation for one mote of 
water in kJ mol-1. 

Method of ea lculation 
1 Ca lculate temperature change L6.T] = T2 - T1• (T'his may be g,iven in the 

q ues ti:on .] 
2 Calculate the heat ener,giy change 1in joules usi·ng q = mcAT 1c is the 

specific heat capac~ty, Le. the am,ou,nt of energy requ ired to raise the 
temperature ·Of 1 g of a substance [in this case the so~ution] by 1 K i 
{1 °C}. This will be qu oted in the quest,i,on. m is the mass of the so lut jon · 
heated and as the total volume is 50 cm 3, you w ill be giv,en th.e density 
or told to ass,uim,e the density is 1' g cmi-3. Reim e1m her mass= density x 
volume.l 

3 Convert to J m1ot-1 by dtvf dtin,g q by n. 
I+ Convert to kJ 1moil-1 by dividing, by 11000. The answer is AHn fo r the 

neutra tiis ation. ~All entha lpy values for neutralisatron are exotherm1c 
and sn o,u ld ha,ve a. neg.a:ti ve s,ig n.) 

• •• •• • .,;r; •• a.•• •iii• ••••• r•••• •• .._. -. .-11 .. • • 11, 1,••• ••• r•• •• ••"••,a• a.• ai•• ••• .,,. ••••• ••• •• 1aa1, .. -. •• ••• "" .-11~ •• • • ••• • •• ••• •• • • " • •••• r 11, •• • • • ao1 •••••• "• ••• ••, . t • • • •• • •• .,, • •• • ••• • • • • •• •• ! 

25.0 cm3 of 1.00 moldm-3 hydrochloric ac id were pla,ced in a polystyrene 
cup and the initi,al tem,perature recorded as 22. 7 °C. 25.0 cm,3 of 
1.00 moldm-3 sm:Hum hydroxid,e so lution were added. 

The highest temperature recorded was 29.3 °c. Assume tf-1e specffic neat 
ca1pa1city of the soluti:on ,is 4.18J K- 1 g-1 and the den,sity of t'he so lution is 
1.00 g cm-3. Ca lcu late a va lue for the enthatpy change when one mote of 
water is form,ed', t o 3 signi,fi cant figures. 

Answe,r 
Experimenta1L data given in the question are in bold in the answer below~ 

, 25.0 X 1.00 
Moles of acid= 

1000 
= 0.0250 m ol 

. 2'5,.0 x 1. 00 
Motes o,f a1lkal1 = 

1000 
= 0.0250 mol 

Neither reactant is i:11 excess. 

Balanced symbol equation : 

INaOH[aq) + HCil[aq)I ~ Na Cl(aq] + H20HJ 
1 m,o le of H2o is produced for each mole of Na O HI and H C'L 

so moles of water form,ed = 0.0250 = n 

Volume of so lution= 50.0 crm3 

As densrty is assumed to be 1.00 g cm-3. the ,mass of sotution heated 
= 50.0g = m 

AT ~ T2 - T1 = 29.3 - 2.2.7 = 6.6 °C 

q =mcllT = 50.0 x 4.18 x 6.6 = 1379.4J 

n = 0.0250 

Energy change per mol of water formed= ~~;;5~ =55 l76J moL-1 

e 55176 1 r • . . . . ] 
L\.nH = 

11000 
= - 55.2 kJ ·mol- ito 3 sr,g.n1f1cant ftgu res I 

Srnce a ll val,ues in this ca lculation are 9iven to 3 s1gnifica,nt figu res, the 
answer would 'be ,exp,ected to be to 3 si,gnifi ca nt figures. You can refer to 
Chap ter 17 for more detai ls on mathematj,t a l precrs ion. 



tin a neutral~sati·on reaction between nydroch'loric acid and sodium 
!hydroxide soluUon, 0.0125 moles of water were formed and th,e 
te·mperatu re rose by 5.4 °C. The total ,m.ass of sotuti.on was 30.0 g and 
the spec if,i c heat capacity of the solution ,is assumed to be 4. 18 J K-, g- i. 
Calcutate a value for the enthalpy c.hange in kJ ·mal-1 when one mole 
of water is form,ed in th,is f1 eu tra U,satiio n rea et ion. Give your answer to 
2 deci1mal places. 

Answer 
AT= 5.4°C 

q = met,. T = 3 D. 0 x 4 .1 8 x 5. 4 = 6 7 7. 16 J 

n· = 0.0125 

Energy change per mol of water formed=~~;;!~= 54 172.8 J moL-1 

Enthalpy change 1in kJ moL-1 = 
54172

·
8

:; -54.173 ikJ ·mol-1 
11 000 

Enthalpy chang,e to 2 decjmal places= -54.17 kJ mol- 1 

Calculating enthalpy chang of C·ombu tion 
The foUovting proced11re explains how to determine and calculate a. value 
for the enthalpy of comlbustion of a liquid fuel from experimental data. The 
procedure can be examined in practical-style questions and may include a 
diagram of the apparatus used and any sources of ,errors due to, heat lo,ss. 
Va]ues determined during the experiment are given in bold. 

•• ,, •• •• '"•• ••• •• ••1 •• r•• •• r•• ••.,••re,••,. •• ••"••••"'•• re,•• I"••••.,••••"" ee ••• e!I ""•• ••11 ••••"I•• r•• •• r•• ee, •• ••"' •• r•• •• r•• ••"••re,•• t•• ••'1 •• ••'"' •• r 

thermometer---------
to meas,ure 

T, and T2 

Hd to pr~ent neat 
loss by evaporation 

m g of "'ate r 

screen to 
rnini1mise 
heat l1oss 

x g of Uquid fuel 
iri spirit burner 

Figure 4.10 

l ___ .) __ 

constant 
height 

1 Set up a beaker contain~r,g a known vott.J ·me of deionis,ed water 
= m cm3 = m g1 of water. ~The mass of water 'm1ay be given but as the 
d,ensity of water is 1 g cm-3, the 1mass and votum,e ere the same value. 
i1.e. 100 g of waiter is 1 OO,cm3. Oth·er so lutions or hquids ·being heated 
may have a different density which wilt be g iven.I 
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Figure L..11 Fl;a m being is often 
associated with the tableside 
presentation of certain liqueur­
drenched dishes, such as Bananas 
Foster, w hen the alcohol is ignited and 
results in a flare of blue-tinged flame. 
By rapidly burning off the volatile 
alcoho l, f lambeing ca n infus~ a dish 
with additional aroma and flavour and 
moderates the harshness of raw, hf gh­
proof spir its.. 

Remind yourse lf aibout signi,fi cant 
figures by reading pages 348-350 
in1 Chapter 17. 

2 Measure initial temperature of water usi,ng a1 thermometer 1[T1l. 
3 Burn the f1uel betow the 1bea1ker of water. The mass of th,e burner 

con tain i1ng the fllel ca:n !be measured before and after com1bustion to 
catcu late the m.ass of fuel !burned. The container shoutd, be r.nsulated 
fro ,m1 heat loss and evaporation as shown, ~n th e diagram. The volume 
of th,e liquid f1uet may ,b,e given along with th·e density of the fuel: 
mass [9] = volume [cm3J, x. densjty lg ·cm-3J. 

I+ Measure the highest temperature reached by the water using a 
therm,ormeter [T2t 

Method of calculation 
Calculate tempera ture change [AT]= T2 - T, . [The te·mperature change 
may be g,iven in the questjon, so use this as AT.] 

2 Calculate the neat energ:y change 1n joules, q = m c Ll.T 
., Calculate 1motes of fuel used by divicHng x by Mr of fuel = n rmotes. (The 

moles of fuet burned may be gi1ven i1n the questiion instead of the mass 
so th1s ,is n.] 

4 Convert to J mol-1 l[J per moll b,y divid.~ng q by n. 
5 Convert to kJ 1mol-1 by d ivid'i ng, by 1,000 . [The te,mperature will increa,se 

in this exa,mple so th e final enthalpy change should have a negatJve 
sign .) 

The answer is a: value for the standard enthalpy of combusti,on of the 
substance under,going comibustion. 

When ent halpy values a,re calculated from experimenta.l data, the va.tues 
may be less than expected as some heat ~s lost to the surroundings 
and also by ,evaporation. Also the substance may not have underg:one 
complete combust,ion [due to an 1inadequate s,uppty of oxygen) or the 
produ,cts 1may not 1have been ir, their standard states fwater may have 
been c3 gias rather than a Uqu id). 

200 g of water were ,heated: by burning ethanol in a sprrit burner. The 
follOV11i'ng mass measurements wer,e recorded: 

Mass of spirit burner and ethanol (before burni1ngJ = 58.25 g 

Mass of sp1irit burner .and ethanol [after burning~= 57.62 g 

The injtial temperaturre of the wat,er wars 20. 7 °C and th e h~ghest 
temperature recorded was 4.1.0 °C. The specific heat capacity o.f water 
~s 4.18 J K-1 g-1. Ca lculate a value for the standard enthalpy change of 
combustion of ethanol in kJ mol-1 to 3 signHicant figures. 

Answe,r 
Experimental data given in the question are in bold in the answer below .. 

ll T = T 2 - ·11 = 41. 0 - 20. 7 = 20.3 °C 

m = 200 g of water 

x = mass of ethanol burned = 58.25 - 57.62 = 0.63 g 

. . 
i 

. . . . . 
I 



n = M~:s = ~6~~ = 0.01 370 mot 

q = m cl! T = 20 0 x 4. 18 x 2 0. 3 = 1 6 9 7 0. 8 J 

IH h l f Pili I b d 1 6 9 70. 8 eat energy c 1a,nge p·er m10 o et,1,ano, urne 1 = O.O 
1370 

= 1 238 7 44.526 J mo l-1 

Standa1rd enthalpy of co mbustion of etlhano,il per mole of ethanol= 

1238744.52'6 2 0 . J 1 [ 3 . ·t· r· J 

1000 
= - 1: 4 : 'k I moL- to · SJg n1 .,cant 1gures 

Calculating other quantities from enthalpy changes 
TI1e ~pression q = mci1T can be rearranged to calculate the temperature 
change given the standard enthalpy change of combustion or neutralisation. 

The standard enthalpy of co1mbustiion of propane is - 22 0Q kJ mol-1 . 1Gi,ven 
tha t O .01 '5 mo l of propane a re bu rned completely and the f uet f s used to 
heat 200 g of water [specifi c heat capacity 4.18 J g-1 K-1 ), ca lculate the 
theoreticat temperature change Which w,ou ld b·e m1,easured. Give yo,ur 
answ.er to 3 s jgnif.icant figures. 

Answer 
For 1 mo!L of propane, 2202 OOO J of energy would be release,d on complete 
co m,bu st1i on. 

For 0.015 mol of propane, heat energy re leased 

= 0.0115 x 2 202 OOO 

= 33 030J [= q)1 

q = mcll.T 

ar=..!L 
me 

m = 2DQgi 

C = 4 .. 18 J K-1 g-1 

33030 
AT= 200 x 4.118 = 39··5 K 

When 0.015 mol of propane are burned comp letely i111 oxygen, the 
temperature of 200g of water shou:ld rise by 39.51K or 39.5 °C. 

!Rem ember that thi s j,s the theoretica l t emperature change assuming t hat 
cornptete com,bust,ion of t'h e fu el occurred and that there w .as no heat 

loss to the surroundings. to the container or by evaporati:on. 
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The temperatures at 5 and 
6 minutes are ignored1 w'h,,en 
followi ng1 the trend . The 9eneral 
decrease in tempera tu re from 
7 minutes onwards is extrapolated 
bac,k to 4 1min,utes to determine 
th e highest temperature achi eved 
~n the reaction mixture. 

,I ........................................................ •• ...... . e • ............. I.' ...... 1,jw •• t-• ... ....... 1,e,1 t ......... . . . .. ..... ..... l.e.t ........ I ... ••• .. .... .. Ii 

REQUIRED PR CTIC L 
Measuring and evaluating the enthalpy change for the 
neutralisation of sodium hydroxide and hydrochloric acid 
Sodium hydroxide can be neutra1lised by adding hydr oct'lloric a,cicL This 
reacti.on is exo,thermi1c. A studlent carried out an exper1iment to deter 1mLne 
enthalpy of neutralisation far this reaction . The method f,oUowed was: 

• Transfer 25.0 cm3 of 1,.0 1moldm-3 hydrochtoric. acid t,o a plastic cup. 
Record t'he temperature of the hyd1rocntoric acid to 1 decjmal place. 

• Transfer 25.0 cm3 of sodtum hydroxide to a second ctean. dr y plastic 
cup a1ndl place the plastic cup tnside ai beaker. Stir the sodium 
hydroxi,de with a thermometer and record the temperature to 
1 decimal place. 
Every minute for a further 3 minutes stir the so lut,ion, mea,sure the 
temperature a,nd record. 
At tlhe fourt'h minute add the 25.0 cm3 a,f hydrochlorjc acid from the 
plasti c cup. Sttr the mixture but do not record the temperat.ur,e. 
Cont1n.ue to stir the m,ixtu:re and measure the temperature at tihe 
firfth m'inute, and then every subsequent 1m~nute 1for ai further 5 
,m,inutes. 1Record each temp,erature in a ta ble Uke the one g,iven below. 
Temperature of the hydrochtoric add at the start= 21.1 °C. 

Table 4 .. 1 Experiment results . 

0 21.1 6 

1 21.0 7 
2 21.2 8 

3 21.1 9 

4 10 

5 31. 2 

Plot a grapn of temperature 
{y-axls)I against trme [x-a:x1s) t;1si.ng 
the results irn Table 4.1. Draw a 
line of best f1it for the p,oints bef-ore 
the fourth mi.nute. Draw a second 
line of ~est fit for the po 1nts after 
the four th mi:n ute. Ex trapotate 
the lines to the f.ourth mr,nutei as 
shown in Figure 4.12. 

2 Use your graph to determine 
an accurate value for the 
tern pe ratu r e of tn e sodFt.fm 
hyd'rox ~de at tne fourth minute 
before mh<ing. 

3 Use your answer fro1m Questior1 
2 and the temperature of the 
hydrochloric acid before mixrng 
to ea tcu lc1 te the ave ra1g.e value 

31.8 

32 .0 
31.4 

30.9 

30.6 

AT 

lime/minutes 

Figure 4 .. 12 Estimating the maximum 
tern pera tu re of a neutra Li sati on 
re.action. 

for the temperature of the two solutions before m~xing [T1l. 

; 

' 
' : • 
~ 
C 

i 
t 
c 

I . 
' . 

. 
: 
,; 

, Use your graph to determine an accurate value for th,e te:mperature of ·: 
the react 1ion mixture ait the fourth minute lT2). 



5 Oeter,m ine an accurate value for the temperature rise at the fourth 
minute (T2 - T,L Record your value to the appropriate precisi.on. 

6 Use your answer fro1m Question 5 to ca{culate the hea,t given out 
d,uring tt'lis exp·er~ment. Assume that the react ion rm ixture h,as a 
density of 1.00g eim-3 and a specific h,ea,t capacity o,f 4.1 BJ ,K-1 g-1. 

7 In the experiment 2S.O cm3 of 11.00 mol d'm-3 hydro,chlloric ac~d were 
neutraUsed with 25.0 cm3 of 1.00 mol dm-3 sodium hydroxjde. Galcula,te 
the aim,ount, jr, motes, of HCl present in 25.0 cm,3 arid the amount in 
moles of Na OH pr.esent ~n 25.0 cm3. 

B Use your answers f ram Questions 6 and 7 to cailcutate rh,e enthalpy 
change, in k.J m,ol-1. for the reaction between one mole of HCl and the 
sod1~um hyd ro,x,ide. 

9 The maximu1m total error in us1r1g the thermom,eter ~n th1is experiiment 
fS ±0.1 °c. The error takes lnto accou1nt multipte measurements made 
using the therm,01meter. Use your answer fro-'m Questlon 5 to calculate 
the percentage error in your value for the temperature rise. 

~10 Consider your graph. State whether your lines of best fit are good 
~ enough for you to ·extrapolate with confidence. Explain your answer. 
~11 Exptain wny t,he experiment sno,utdl be rep,eatedl severa:t ti1m,es ~n order . 
~ to deter 1mine an accurate va.lue for the enthalpy change. 

~12 Sugg:est one reason why your va1lue for the enthalpy change using the 
; socfium hydru~jde mi:ght differ from a data book value for the enthalpy 
~ change of neutralisat,ion of sod ium hydroxide. 
f 13 Suggest why the ptastic cup wa,s placed 1insi:de a !beaker i,n the 
~ pra.ctical. 
~ 14 Su 9'9 est how the 25. 0 e,m3 of H Cl was in i ti a lty measured out. 
~ . " . •• 11 • 111 i!ltl 1. • • •111.•• •i •11 l'ill• •I 1tll.9 ii• •i• •Ii .... 1111 llli •11• I• ••et•• 1.IJI 1!111 t. • 11111M l!!lll l!illi 1111 l. • ll 1111 llllll 111 l'il!l illll ll!III 11111111 9111 l!ti lllf• ill Ill" 1111 I.Ill !!! It !Ill 1.l.,11111111 • 11 UI 11 • :i Il l! ._ •• llli 9 11 lllllt IUI •1111 1111 9 111 llli • R'I 11!!1 1111.J !Ill ill 1111.11111 •• 

~ --·························································································: 
: TEST YOURSELF 3 i 
• • i 1 In an experim1ent the temperature of 120 g of water rose by 10.1i °C i 
i when 0.0170 moles ,of methanol were burned in air and the heat was : 
i i 
: used to warm the water. Catcullate ai value for the enthalpy c:hange : 
• • i when one mole of 1methanol ,is bu rned. [The specifi,c heat capacity of i 
: water j·s 4.18 J iK-1 g-1 .) Give your answer to 3 signifi cant figures . : 
• • 
: 2 0.600 ·g of propane [C3H9~ were comptetety burned 1n air. The lh·eat i 
! [ . : evo,lved ra i,s·ed the temperature of 100 g of water by 65.0 °C. The = 

~ specific heat capaci ty of water is 4.1 BJ K-1 gi-1.j I 
i a) Calculate the number of motes ,of propane burned. i 
' . : bi Calculate the heat en,ergy released during the combustio,n, in ! 
f joules [J ]. ! 
~ c) Calcula te a value for the entha'lpy of com bustion of proparie in ~ 
i kJ moL-1. Give your answ1er ta 3 srgnifi,cant figures. i 
i 3 In an experim·enti 1.00 g of propanone (C,H3COCH3J was completely ; 
J • 

: burne,d i·n air. The heat evolved ratsed the temperature of 150 g of wa,ter ! 
• • : from 18. 8 °c to 64. 3 °c. Use this data to calculate a va ~ue for the entfia tpy : 
~ of combustmon of propanone ini kJ mol-1. [The specific heat capacity of i 
~ water i,s 4.18J !K-1 g-1.) Give your answ,er to 3 sign1ificant f,igures. ! 
• I 
I I 
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• • • • 
i 4 In a, neutralisati on rea,ctiion between nitric add a,nd potasSiiu m : 
i 'hydroxide sotution. 0.050 moles of water were formed. The I 
• • 
: temperatur,e rose by 13.0 °C. Tne spedfic neat capaci1ty o·f the solution : 
• • 
: is assumed to be 4.18 J K-1 g-1. Calculate a value for the enthalpy : 
• • 
: change in kJ mol-1 when one 1m·ole of water i·s formed if t he totat mass : 
• • 
: of th e so lution is 50.0 g. : . : f 51 0.0150 motes of so,Ud sodium, hydrox i:de were dissolved in 25.0 cm3 : 
i [25.0 gl of deionised water in an op,en polystyrene cup . The ~ 
i temp·erature of the water increased by 6.10 °C. The specific heat i 
i capacity of th e water is 4.18 J 'K-1 g-1 . Assume t1h1at a'll the heat i 
! r·eleased is used to ra ~se the temperature of the water. Calculate ~ 
i a value ·tor the enthalpy change .in kJ mol-1 . Give your answer to dn i 
i approprrate numoer of siignificant figures. ! 
• • • • ··················••i••·······~·····································•i•••············ ........................ ~ 

Hess's Law 
The p1incipl of ·on..: rva io1 of 'ncrgr states that energy cannot be created 
or destroyed, 01,ly changed from one form mto anothe-t 

After practising medicine for several years in Irkutsk, Russia, Germain He.ss 

became professor of chenristry at the University of St Petersburg in 1830. In 
1840 Hess published 'his law of constant heat summaci.on, which we refer to 

d 'H ' L .· 1 to __ ay as _ ess s .av, . 

H css~s l~1 - states that the enthalpy change for a chemical reaction is 
independent of the route taken and depends only on the initial .and final states. 

Hess's Law can be used t,o· calculate enthalpy changes for chemical re-actions 
from the enthalpy changes of other reactions. This is useful as some reacdons 
cannot be carried out in reality,. but a theoretical enthalpy change can be 
determined for these reactions. 

Cailculate a value for the standard enthalpy of formation of propanone, 
C H3COC H3[ lJ,. g·rven t,h·e foltowin g sta nd·a rd enth a.lpy changies ·of co1m bu stio n: 

11cH1kJ m1ol-1 

-394 

-286 

CH3COCH3 [L]: - 1821 

Answer 
There are two ways to approacn th:is question : using a Hess·s Law 
diagram o·r using the sum of the entha lpy changes. 

Solving by Hess's Law diagram 
Start by writing tne ·ma:in equation for the ,enthalpy change you 
are to calcutate and then write equations for th:e stand1a1rd enthallpy changes 
you have been given to answer the qu estjon. 



IMain equati,on: 

3 C [sJ + 3 H 2[g] + to2[g] -r CH:3COC H3 [l] 

Equations for g1iven enthalpy changes o"f combustion: 

C[s] + 02'[gJ ~ CO~i[g) - 394 kJ imoL-1 

H2
1(g) + !02(9)1 -+ H20(l] -286 kJ mol-1 

CH3COCH3[U + 402[g] -t 3C0 21g}. 3H20[0 -1 821 kJ mot-1 

The substances which do not appear in the ·ma in equat.ion but do appear 
in thes,e equations for the given enthalpy crhang;es are C02[g] and H20[l]:. 
These ar,e these Link substances wh~ch will allow you to draw a Hess·s La,w 
diagram. Betow the main equation put 3C02,g] and 3H 20(ll}I. Draw arrows 
for the enthalpy changes gii,ven to you in the question in the directi,on of 
the cna:ng:e. Write vartues on the arrows and rem,ember ta multiply by t1h1e 
n u1mbe r of m1oles of su bsta nee burned . 

The f'if1al calculat1ion is fro,m the reactants 3C[s), 3H2[,g) and !o2~g] to the products 
in the box a1nd then from, the box to p ropa none CH3COC H3[t]. The oxygen will 
balance as the arrows to the box all represent co m,bustiori reactions. 

A value fo.:r the standan1 enthatpy of forma tion of propt3 none ~main 
equat:ion) can be calculated by goi,rig fro:m the reactants to C02[g)1 and 
HtO[L] and then reversing, ·the combustion of propanone. 

.6fH°C H3CO CH3[1l) 

3C(s) + 3H2(g.) + toi(g) ......,. CHJCOCH,(11) 

\ \ I 
3(-394) 3{-286} -1821 

Figure J...13 Hes;s·s LEIW dieagr am. 

When usi ng standrard enthalpy 
changes of combustion i,t is not 
necessary to balance the 0 2[g) 
as th e sa,m,e number of moles of 
0 2.(g)I will be a,dded on each s.i,de. 
In this examp le, 3 m10 les of 02(,gJ 
together wrth the Jo2[g ~ [tota1l 
3102( g)] rea et on tt-,e left-na nd 
S'id:e go ing to the box a.nd ~02!gl 
react on the r ight-hand si de 
going' to the box so the mates of 
0 2r[gl added cancel out. 

~H 

= +3:(-394] + 3f-286] - 1-1821) 

= -11 82 - 858 + 1821 
Reactants f ._. , Products 

= -2 19 ·kJ mol-1 

Using the sum of the enthailpy cha·nges 

l1fH = [sum AcH reacta nits] ·- t sum AcH products) 

T1ni,s m,et,hO·dl only works for arn exampte Uike tn,is ~n WhiChr the 
enthalpy of formation is ca:lcula1ted fro1m entha,lpy of combustion1 
values. The number of moles of the rea ctants. and products must 
be ta ken into account. 

For t'his example: 

L'.\fHI = LllcH [ react a ntsJ - E6c H [produ cts) 

where 1: is ·the sum, of' wh,ich means addrng all the values together: 

Reactants = 3C,(si + 3H12[g] 

!:L'icH [reactants~= 3 x ~-394] + 3(- 286]' 
= -2040 kJ m oL-1 

Produ cts== CH3COC H3[l) 

l:llic H [pro·d u cts] = - 1821 kJ m ol- 1 

L'.\fH = I'AcH [ react.a nts)i - EilcH (p rod:u ctsJ 

AfH = - 2040 - '[- 1821 I 

= - 20 40 + 1, 8 21 

= -21 9 kJ mol-1 

1\H reactan\ ; .H products 

I Combustion products I 

Figure 1..14 Enths Lpy cycle using e nth a Lpy of 
corn b ustf on . 
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Catcuilate a value for the standard enthalpy change of combustion of ethane 
from the following: standard enthalpy changes of formati1011: 

.df'H1kJ m,,ol-1 

C02{g) -394 

H20 [l) -286 

C2H6[Q1]I -85 

Answer 

Solving by Hess's Law diagram 

Ma,in equatiion: 

C2H6'[g] + 3~2[g! -t 2C02(·g' + 3H20{ll 

Equations for the g,iven enthalpy cihanges: 

C(s) + 02f g~ ~ C02:(g) 

H2[9'] + {021(9] ~ H20lU 

2 C [s~ + 3 H2(g ~ -+ C2 H6{g)' 

~--~ l\.H (reaction) 
Reactants 

Elements 

P.rod:ucts 

Figure J..15 Enthalpy cycle usfng enthalpy of 
formation . 

From the equation for tl"le given entha lpy changes the substances wh1ich do not appear in the main equati,on are 
Cisi a,nd H2{g] . Thris cycl,e can be thou,g,ht of a1s etllane beingi converted ta its elements in their standard states and 
the elements reacting w,ith oxygen to form C02[g)' and H20!l)i. 

~cH0 [C2H16[g]) = -[-85,~ + 2[-394) + 3[-286) 

= +85 - 788 - 858 

= -1561 kJ m,ot-1 

Using the sum of the enthalpy changes 
AcH = (sum AfH products] - (sum 8tH reactarntsJ 

This method onlly works i,n an example rn wh,ich the ,enthalpy of 
cambust,ion or the ,enthalpy of react,ion 1s calcutatedl from enthalpy of 
formatr.on values. Tile num,ber ,of m1oles of the reactants and prod!ucts 
must .be taken i,nto account. 

For this ex.ample: 

~,H = I:LlfH [products] - I:.O.fH lreactants] 

2C(s) 

Figure 4.16 

Oxygen is an element and so 
its enthalpy of formation value 
is zero. 

...:I' Reactants = C2H6[g) + 3!02[g) 

!:AtH ~reactants)= -85 kJ mol-1 

Products= 2C02 [g J + 3H20 1[ll 

:EAfHI [produ ctsl = 2l-394l + 3[-286) 

= -1646 kJ ·mol- 1 

.6.cH = l:LlfH (products]' - It:.fH l reactants) 

AcH = - 1646 - [-85) 

= -1561 kJ mol- 1 

These sum methods work to 
ea lcu late enthalpy of form.at ion 
or reaction from enthalpy ,of 
combustion values (Exaim,pte 6)' 
and to calculate enthalpy of 
combustf,on or reactron valu,es 
from enthalpy of fo rm1at iorn vatu es. 



ES 

Figure 4.17 Iron i; QXtract~d from its orQ in a blast furnace. H9at 
radiated from the metal rs reflected aw ay by the s hfny surface of 
the protective sult, which covers a LL of the body. 

Iron is extractedi from its ore accord:i rig to the fo lLowi rig eq uatrori: 

Fe203[s)I + 3COl[g)1 -+ 2Fe[sJ + 3CD2[g) 

Catculat,e a1 value for the standard enthalpy change of th iis reaction 
from the follow1ng standard enthalpy chan9es of form1e1,tio.n: 

lifH1kJ m,ol-1 

Fe203f s) -826 

CO [g] - 111 

Fe[sJ 0 

C02(gJ -394 

Answer 

Solving by Hess·s Law diagram 
Thi s cycle can be thought of as 
Fe203 aind CO being converted to 
tfle1i r elements in theri r sta nid ard 
states and C reactingi w ith 0 2 to 
form Co2. 

6rH0 = - (- 826~ - 3~- 111') + 3 [-394.) 
,Fig u re I. .18 

= +826 + 333 -11 82 = -23 kJ 'mol-1 

Using the sum of the enthalpy c:hanges 

~ rH = EAfH ,(products] - ~AfH [r,ea,c:tantsl 

Reactants = Fe203[s)! + 3 CO{g) 

LlfH [reactants)= -82'6 + 3(- 111) 

=- 11 59 kJ mot-1 

Products = 2 Fe{s] + 3 C 02[g] 

UfH [products) = 3 (- 394~ 

= -11' 8 2 kJ m. o l- , 

Ac H = ~ H [products) - LAtH [reactants] 

Llc:H = - '11 82 - f- 11 59)' 

= - 23 kJ mol-1 

Questions fil,re often asked 
about why a substa nee would 
have zero as the value of iits 
sta ndard enthalpy chang1e of 
formation. The answer is that 
thi1s substance is an element. 

Fe[s1 is an ·ele-ment in its 
stand1ard state and so i:ts 
enthatpy o,f formation vallue is 
ze ro . 
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FigureL..19 Henry Ford came across a vanadlum alloy 
in 1' 90.5 in a crash at a racing event. Whe·n Ford picked 
up a fragment. which was part of a valve spindle. he was 
~urpris;Qd how strong it was. HQ decid~d hi; new ModGl-T 
car would be made from vanadium steel. Mass production 
began in 1913 and 15 million cars were made, all with 
vanadium ste,el components. 

EXA PLE 9 
Vanadiurm metail can be obtaiined from, ure usingi calcium metal. 
The reaction 1s representedi by tne equatton: 

V20 5(s] + SCa[s) --t 2V[l] + 5Ca10[s) 

a Use the standard en tha l p 1 es of format.ion ,in the tahle he low 
to calculate a value for the standard entnalpy change of this reaction . 

0 -+23 -635 

b Explai,n why the standard enthalpy of formation of Ca[sl is 
zero but the standard enttlalpy of forimation of V[L] is not zero. 

Answer·s 
a] 

Solving by Hess·s Law diagram 
~rH 0 = - f- 1 551] + 2(+23) + 5 (- 635] 

= + 1 5 51 T 46 - 31 75 

= - l 578 kJ moL-1 

Using the sum of the enthalpy changes 
~rH = E~tH [products] - UfH [re.actants] 

'Reactants= V2D5fs] + 5Cafs] 

I:AtH lreacta:ntsJ = -1 '551 kJ moL-1 

Products = 2V(ll + 5Ca0:[sl 

:EAfH [products!= 21+231- 5(-635] 

= -3129 kJ mol-1 

ArH = !h.fH [products] - I'.atH [reactants} 

ArH = -3129 ·- (- 1551] 

= -15 78 kJ 1m o t-1 

b Ca[si is an etemer,t in its standard state w :hereas V(l] js a,n element 
but a is not f n its s tandard state under standard cond itions. V[s] i1s. 
the element in iits stand1ard state. 

V20 5(s} + SCa(s} 2V(I) + SCaO(s} 

\ '\ I t 
-1 SS 1 0 2(+23) 5(-635) 

\ \ I I 
! 2V~s) SCa(s) 

Figure 4.20 

Cei{s] is an element in its 
standard state a rid so its enthalpy 
of "formatf on value is zero. 



~-··························································································: 
! TEST YOURSELF, ! 
~ . 
f 1 Us:ing the following values for the standard enthatpy chan ges, ~ 
: calculate the valu e for the reactions given below. : 
t • • • • • i L\c~H2[g), = -286 kJ mo,l- 1 i 
i llt H°NaCUs) = - 411 kJ mol-1 ; 
I 11t H°C 0 2!g] = - 394 kJ m,ol- 1 f 
• • • • 
~ a) 2H2[g) + 0 2[g] ---t 2H 20fl) i 
t • i bi 2Nai~sl + Cl2{g] ~ 2NaC l(s] i 
i c) C'[s) + 02lg) -+ CO 2Igl ! 
i di 2C[sl + 202[g]1 ~ 2C02!g) i 
~ e)1 3H2[g) + 1 i02 [g )1-+ 3 H 20 [l] ~ 
• • i 2 Use the stand,a rd enthatpy of formaHon data from the tab{e and the j 
! equat,iori for the combusti,orn of 1metnane to calculate a va,lue for the = 
• • 
: standard enthalpy of co mbustiion of metha ne. : 
t • 
t • • • • • • • • • 

CM4[g) 02(9) C02fg) H20lg) • • I i 
i I 
I I 

: t • • • • • • A,..t/kJ moL-1 • • -75 a -394 -286 • • • 
• • • • • 

t • 
t • • • i 3 Use the standa rd enu1atpy of combustion data from the table to i 
I I 

; calculate a va,lue for the sta ndard enthalpy of formation of sucrose, ; 
i C12H22 0 11 :[s) . The equation for U1e formati on of sucrose is given be low. I 
• • • • 
~ 1 2 C [ s] + 11 H 21 gi l + 5J O 2 ~ gi J ~ C 12 H 22 0 11 Is~ ~ 
t i 
! * . ' • • • • • • 
t • 
t • • • • • • • 
~ .6.,1-f/kJ moL-1 -394 -286 -56 40 : 
• i 
I I ! ,__~~~~~--~~~~~~---~~~~~----~~~~~~- ! 
• • 
1•••••••••••;•••••·······················~···········································111111111 .................... .. 

Bond enthalpies 
The 111 nn I ond 111 hal py is a n1easure of the energy required to break one 
mole of a covalent bond measured in the gaseous state in kJmol- 1 (the cpe-r 
mole' is per mole o.f the covalent bond~ averaged across many compounds 
containing the bond. For example, the mean bond enthalpy of a C-H bond is 
412 kJmo1-1. 

'Bo,nd breaking is endothermic and bond making is exothermic. 

Heat energy ln 8ond breakin,g' 

Figure l..21 Breaki ng bonds takes in heat energy and is endothermic. 
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Table l..2 8ond enthalpies and bond 
Lengths for carbon-carbon bonds , 

Table 4.3 8 on d Lengths and bond 
enthalpies for covalent bonds in 
ha Log ~n mo Lecu Lsis. 

H~a,t ~ni2 rgy out Bond making 

Figure 4.22 Making bonds gives out he-at energy and is exothermic . 

• Brea'king one mole 1oif C-H bonds re·quires 412 kJ of energy so the 
value is written as a positive value, +412 kJ mol- 1. It. is positive as it is 
endothermic. 

• Making one nlole of C-H bonds releases 412 ltj of energy so the value is 
written as a ne_gative value, -f 12 kJ mol- 1. It is negative as it is e,rothennic. 

General points for bond enthalpies 
Mean bond enthalpies relat,e to the strength of a covalent bond. A higher 
bond en tha]py value 111eans a stronger covalent bond. 

• Gen,erally the sh.oner the covalent bond, th.e stronger the bond. 
• Triple covalent bonds are generally shorter than double covalent bonds 

which are sho·rter than single covalent bonds. 

• Triple covalent bonds are generally stronger than double co,valent bonds 
which are stronger than single covalent bonds. 

Table 4.2 shows the bond ,enthalpies and bond lengths of carbon- carbon 
conlen t bonds. 

'I ~--:::~-.. ~~ ~ ~ ":-,-..:.JII' ~ ''"..:.:... ~· • 

• 4. ,: -~ - _ -- ', ' ' ( • .' !1,;~~~~~~.9.;!~Q!.h~J~~· ,. ., .. -r- ·~,. _ ~;, '--~~- ~ -

.~P~~~~~~t~;~!l.~J. --t~tlS"B.~J_-______ :i~~~!.l t tt!i,lpZqr:i ___ ~-
c-c 348 0.154 

C==C 611 0.134 

C=C 838 0.120 

The C-C is the 1,ongest of the three carbon-carbon covalent bonds and is also 
the weakest. The 1C C is the shortest of the three. bonds and the strongest. 

The bond length and bond strength (expressed often as the mean bond 
enthalpy) .are important in organic chemistry and the chemistry of the 
halogens. The bond length and bond enthalpies for the cov~lent bonds in 
halogen n1olecules are given in Table 4.3. 

F- F 158 0.142 

Cl-CL 242 0.199 

Br-Br 193 0.228 

I-:II 151 0.267 



Figure 4~23 The trend in bond 
enthalpies for the elements of Group 7. 

The bond lengd1 increases down the group as would be expected as the 
atomic radius ,of the atoms involved in. the covalent bond increases. The 
strength of the cova1en.t bond decreases dov.-n 'the group &om Cl2 to ]2. The 
bond enthalpy of the F- F bond is lower than expected as the bond is very 
shon and there are repulsions between the lone pairs of electrons on the 
fluorine atoms. This lowers the energy requir-ed to break the F- F bond. 

300 ----------- ----------

..... 
I -0 
E 200 
~ 
t 

The bond length and bond. enthalpies for the C- X (carbon-halogen) bonds 
will be considered in halogenoalkanes. ffJ 

..c ..., 
C 
cp 100 .,, Calculations involving mean b1ond enthalpies 
C a 

0 
F- F Cl-C l Br- Br 1- 1 

These involve calculations of enthalpy changes using mean bond enthalpies. 
The enthalpy change for a reaction can be calculated by adding together the 
rnean bo,nd enthalpies for all the bonds br,oken in the reactant moJ.ecu]es 
and subtracting the total of all the mean bond enthalpies of the bonds 
made in the products. The reactions are consideredl in the gas phase so that 

only the covalent bonds are involved in the cakulations. In liquid or solid 
phase, intermolecular forc·es would also be involved. Any deviation of the 
.atlS\Ver to a calculation from the quo,ted value may be due to the mean bond 
enthalpy values used or the reactants not being in their gaseous states in the 
calculation . 

.6.H = sum of mean bond enthalpies of bonds broken - sum of mean 
bond enthalpies of bonds made 

PlE 0 
Tihe react ion below represents the form,ation of 
hyd rag.en chloride. 

H2lg ] + Cl2!gJ ~ 2HClh~] 

Use t h,e f o tlowi n g bond ent;ha lp i1es to calculate a, value 
for the 
enthalpy change of formation of hydrogen chtor,ide. 
Expta in whether· the react,ion is exotherimic or 
endothermic. 

Bo nd 

H-H 

Ct-Ct 

H- C'L 

B o.nd entha tpy/kJ m o.t-1 

436 

242 

432 

Figure 1,,.2, Bonds are broken in hydrogen and chlorine 
and new bonds are formed in hydrogen chloride. 

Answer 
Ca lculate the energy r,equ1ired for motes of bond broken 
in th e reacta,nts: 

1 mole of H-H = 436 

l mole of Cl-Cl = 242 

Totat energy required for bonds broken = 678 kJ ·mot-1 

Ca lculate tile energy released for moles of bonds 
fo rmed i1n th e products: 

2 moles of H~ l -== 2(432) -== 864 

Total energy reteased for bond:s m1ade = 864kJ mol-1 

4 H = sum of bo n-d entha lpi,es of bonds br,oken -
sum of bond enthalpies of bonds mad,e 

AH = 6 78 - 8 64 = - 186 kJ mo l-1 

Thi s vailue is for the form,ation of 2 moles of HCl[g J. 
The enthalpy of formation ·is for 11 mote of HCt so tih,e 
entha lpy of forma,bon is ·- 93 kJ 1mot-,. 

The enthalpy of formation of hyd rogen chloride is 
exothermrc as btH i.s negat~ve. 

The term 'mean bond enthalpy' is not used 1ri th is 
exa mple as tne H- H. Cl-Cl and1 'H'-Cl bonds only 
occur in these molecules and so are not averaged 
across molecules conta i'l"1l'ing t he bond . 



tn 
(..) -~ 
LU 
(!) = UJ 
z 
LIJ 

Catcullate a value for the standard enthalpy of combustion of methane 
from 
the rmean bond enthalpies 9iven. 

Bon:d IM-eari bond entha1lpy/'kJ mol-1 

Answer 

C-H 412 

o~H 

O=O 

C=O 

463 

496 

803 

Jr, the combustion ,of 1methane. 1 mote of methane reacts w ith excess. 
oxygen to for.m ea rbo ri dioxide and water. 

CH4[g] + 202[g) --+ C02[gi] + 2H20,(g.) 

The followi1ng bonds are broken: 

4 moles of C-H 2 moles of O=O 

and the ·following, bonds are made : 

2 moles of C= O 4 mo les of 0- H 

If you are unsure about ttie bonds broken or made from the equation for 
the reaction, draw out the structures of the molecules to make it clearer 
~Figure 4..25j . 

The sum of au the mean bo·nd enthalptes of the bonds broken and the 
sum of all the mean bond enthalpies of the bonds made are calcula ted 
from the given ,mrean bond enthatpies. 

H 
I 

H-C-H 
I 
HI 

Figure 1..25 

O=O 
O=O O=C=O 

0 
/ ' H H 

D 

/ " H H 

Su1m of :mean bond enthalp1ies of bonds broken 
= 4[412) + 2(496} = 2640 kJ rmol-1 

Su1m of mean bond entnailpies of bond s mad·e 
= 2[803] + 4(463] = 3458 kJi 'mol- 1 

h.H = sum1 of mean bond enthalpies of bonds broken - sum of mean 
bond enthalpi·eS of bond s made 

Sta nda1rd entha 1lpy of co,mr busti,o n of m etha1ne 
= + 2640 -3458 =-818 kJ mot- 1 

The rea ction rs exoth erm1i1c as AH 1is neg.ative. The quoted value in data 
books for th:e standard enthalpy change of corn bustton of met1ha1ne 1is 
- 890kJ moL-1. Enthatpy changes ,determiin,ed from mean bond entha1lpies 
often d,iffer from the quoted va lu es as the mean bond ent harlp~es are not 
s pecific to the bonds in the molecu~es in thrs reaction. They ar,e averaged 
across many di1fferent rnolecu les contarin1ing that particular bond . Also, 
for standard enthalpy changes, water would be a liquid, :but when using 
me~r, bond enthatp~es, the substar, c,es are i,r, t he ga seous state. 



Figure 4 ~26 Butanol mc3 y be used as a fuel i n an internal combustion eng ine. Beca use its 
Lon ge r hydrocarbon chain ca use,s it to be fairly non- pola r, it is more similar to petrol t han 
it is to ethano l. Butano l has been demonstrated to work in vehicles designed for use with 
gasoline w ithout m odifi cation . It can be produced f rom biomass as ·b iobutai nol ' and is a 
useful renewable fueL 

EX MPLE 12 

Ca lcutate a, va lue for the standard enthalpy of 
comb us tron of but a n-11-0 l CtH90 H [ gi) usl n gi the 
follow ing mean bond enthalpies. 

Bond Mean bond enthalpy/kJ mot-1 

c- c 348 

C-H 4.12 

0- H 463 

C- 0 360 

o a 496 

C=O 803 

Answer 
Equation for combu sti on of butan- 11-ol 

C4H90H(g) + 602(9] _,.. 4C02[g) + 5H20(g) [per mo le 
of C4 H90 Hj 

Structural equation showing all the moles of covalent bonds: 

H H H H 
I I I I 

H-c - c - c - c - o -H + 6 O= O _____.,. 4 O= C= O + 5 

I I I I 
H H H H 

Figure 1..,27 

Calculat e the energy requ rred for moles of bonds broken il l the reactants: 

3 motes of C-C = 3(348) 

9 moles of C- H = 9(412] = 3708 

1 m ole of C-0 = 360 

1' m ole of 0-H = 463 

6 motes o·f O=O = 6,(4.96] = 2976 

Total energy requ,ired for bonds broken= 855 1' kJ mot-1 

Ca tcutate the energy released for m.oles of bonds for med in the products: 

8 C= O = 8[803] = 6424 

10 0- H = 10{463] = 4630 

Tota l energy released for 1bonds mad,e = 11 054 kJi mot-1 

0 

/ ' H H 

aH = sum of mean bond enthatpies of bonds :broken - sum of m,ea n bond1 enthalpfes of bonds made 

AH = 8551 - 11054 = - 2504 kJ mol-1 
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Practice questions 

~ ··························································································: 
! TEST YOURSELF 5 i 
' . i 1 What 1s meant by the term ~mean bond entha1tpy'? i 
• • • • . 2 .. : The table gives the bond lengths and mean bond enthalpies of some : 
• • cova tent bonds. : • • • I • • • • • • • • • • • • • + + 
t • I 
I 
I 

" • • • • • • • • • • • • + 

' • • • • • • • • • • • • • I 

I • <Ii 
• • • • • • • • • • • • I 
I • • • • • • • • • 3 • • • • • • t 
I 
I 
I 

' • • • • • • • • • 4 • • • • • ~ • ' • • • • • • • • • • • • • s 
j 

i 
• • 

al What is the genera'l relatiionship between b,ond l,ength and meain 
bond enthalpy? 

bi By determf ning the borids broken and bonds made during the 
c,omoustion of ,propane. determin e a value for the sta nd,ard 
enthci lpy of combustion of propane 1in kJ mol- 1. 

C3Hs[g) + 502[gj--+ 3C02(g) + 4H20 [g] 

r~ 1i &h,ngiblr•rij} ~ .'~{~~~~:~~~~~4,~~nif?·!XP.~i~1-'.T-~Ji:1 
-

H- H 0.074 436 

H--0 0,096 463 

c-c 0. 154 348 

C= C 0.1 34 611 

C-H 0.108 412 

C- 0 0.143 360 

C= O 0. 122 803 

o- o 0 .1 21 490 

By determin 1ing the borids broken and: !made durin,gi the cO'mbustion 
of gaseous etha niol, C2H50H1{gl determine a vatue for the standa r d 
entha1lpy of combusti,on of ethanoL 

C2H50H1(g)1 + 302r(g] ~ 2C02[g.) + 3H20~gJ 

• .. 
• • • • • .. 
• • • • • .. • • • • .. • • • • .. • • • .. 
• • • • • : • • • .. 
• • • .. .. • • • .. 
• • • • t 
t • .. 
• • • • .. .. • • • .. 
• .. .. • : • : .. 
• • • • .. .. • • • • • • • • .. 
• • • .. .. 
• • • 

In the following, r,eaction ethane underg·oes co 1mplete co1mbustion: : 
• 

C2H6'(g ] + 3!02[g] ~ · 2C02fg) + 3H20(t] i 
• • .. al Using the ·mean bond erithalp1ies g,iveri in the table. ca lcu late a value i 

for the standard enthalpy of comoustion of ethane in kJ miol-1. i 
bi Tihe standard enthalpy of com,b,ustion of etha,n.e is quot,ed as 

- 1559.8 kJ mol-1. Exp tai1nwhy there is a difference between th,s 

• • 
f 
• .. 
• 

: value and the value you obta ined in (a] above. : . .. • • ............................................. . ............................................................... lllmli 

II 1 Vvhich of the following equations represents 
the standard enthalpy change of formation of 
hydrogen iodide? 

2 The standard enthalpy change fot the fo1mation 
o,f hydrogen fluoride is - 269 kj mol- 1. Vvhat is 
the enthalpy change for the reaction 

A H1 (g) + It(s) ~ 2HI(g) 

B H2 (g) + 12 (g) --+ 2HI(g) 

C iH2(g) + il2(s)---+ HI(g) 

D tH2(g) + tI2(g) ~ Hl(g) ,(1) 

2HF(g) ~ F2(g) + H2 (_g)? 

A - 269 B +269 

C -538 D +538 (1) 



The standard enthalpy of cotnbustion of 
methane, CH4(g), is -690kj mol- 1. Vvh.at 
is the temperarure change wThen 0.02mol of 
methane is burned completely in air and the 
heat released used to heat 250 g of water? The 
specific heat capacity of water is + .18 J K- 1 g- 1. 

A 0.66K 

C 13.2K 

8 1.32K 

D 55.2K (l) 

4 In an experiment, 1.00 g ofhexaine (C5H14) 
was completely bunied in air. The heat evolved 

raised the temperature of 200 g of water from 
293.5 K to 345.l K Use this data to calcula.te 
a value for the enthalpy of c.ombustion of 
hexane to an appropriate number of significant 
figures. {The specific heat capacity of water 
is4.l8JK-lg-l.) (i) 

5 a) i) Give the meaning of the term 's tandam 
enthalpy of combustion'. (1) 

ii) \¥rite an equation ro represent the 
standard enthalpy of combustion of 
b utan-1-ol]' CH3CH2CH2CH20H0). (1) 

b) 0.600 g ofbutan-1-ol were bunied under 
a beaker containing 250 g of \vata The 
temperature of the water rose by 19. 40 °C. 
Using the specific heat capacity of water 

as +.18 J K- 1 g- 1, calculate a value for the 
entha]py of combustion ofbutan-1-ol to 
2 decimal places. ( 4) 

6 ln an experiment, 0 . 750 g of benzene ( C6H6) 

were completely bum·ed in air. The heat raised 
the temperature of 200 g ,of water by -4 3. 7 °C. 
Use this data to calculate the enthalpy of 
combustion of benzene. (The specific heat 
capacity of water is 4.18 J K-l g-l.) Give 

your answer to 1 decimal place. ( i) 

7 Barium carbonate d ecomposes on heating 
according to the ,equation: 

BaC03(s) -+ BaO(s) + C02(g) 

Standard enthalpy of formation data is provided 
in the table belo,w. 

BaC01(s) BaO(s) C02(g) 

~1H•/kjmol-1 - 12116 - S54 - 3914 

a) Write equations to represent 'lthe reactions 

for the folloVring standard enthalpies of 
formation. 

i) fonnation of barium carbonate 

ii) formation of barium oxide 

iii) formation of carbon dioxide 

(1) 

(1) 

(1) 

b) Use the standard enthalpies of formation in 

the table above to calculate a value for the 
enthalpy change of the reaction: 

(3) 

8 a) Using the standard enthalpy of formation 
data in the tab le below, ea lcu late .a value for 
the enthalpy for the following reaction: 

4Fe$i(s) + 11~(.g) ~ 2Fe2~(s) + 8S02(g), (3) 

F'eS2Js) 02(g) Fe203(s) S02(g) 

kJ mol-11 -178 0 -824 -297 

b) Explain why the standard ,enthalpy of 
formation of 0 2(g) is zero. (1) 

9 Calculate a value for the enthalpy change of 
this reaction given the fallowing enthalpies ief 
formation: 

2NaN03(s) ~ 2NaN0 2(s) + Ot(g) 

.af H°NaN03(s) = -468 ltj mol- 1 

.8fH0 NaN~(s) ~ -359ltjmol-l (3) 

10 Propan-2-ol,. C3H70 1H(g\ undergoes con1ple te 
combustion in the following reaction: 

C3HpH(g) ·+ $ 2(g) ~ 3C10 2(g) + 4H.20 (g) 

Calculate a value for the standard enthalpy of 
c,ombustlon of propan-2-,ol using the mean 
bond enthalpies below: 

C----H 412 o---H 463 

C-0 360 c-c 348 

O=,C) 496 C=O 803 

(3) 



Kinetics 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
~ PRIOR KNOWLEDGE ~ 
• • • • : t 
: • The rate o,f a1 cne 1mica,t reaction ,is a measure of how fa,st th e reactants : • • • • 
: are c1hanging into prod,ucts. : 
• • : • Rate can be ·measured as the a:mourit of a re.actant used up overtime : 
• • i or th1e amount of a product for·med over t·ime. j----
i • Chemi1cat reactions occurwhen rea cting particles colUde with enougih ! 
• • 
: energy for a reaction to O·ccur. : 
• • 
: • The minimum energy required for the colliding particles to react is : 
• • 
: cat Led the a·ctivati an eri·ergiy. : 
i • C,onc,entraHon of reactants in solution, pr,essure of reacting gases. i 
• • 
: temp-erature, surface area of solid reactants. a1nd pr·esence of a : 
• • : catalyst aH affect u,e rat,e of a che:m1cal reaction. : 
• • • • 
··················································································~·..._ .................... ...., 

~ ····················~························~························~···················: 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
• • 
: 1 State three factors which would in er-ease the rate of a chemical : 
• • 
: react ia ni. : i : 
i 2 Magnesi,1,.Jm rea:cts W·ith Mydrochtori1c ac id i 
• • al How would the rate of reaction be different when usi,ng powdered : • .. 
• • • • • 

• magnesiu,m corn pared to magnesium ribbon when all other ·factors : 
• • 
: are kept the same. .. 
f b) Explain your answ,er to a) in terms of part·icles. 
: 31 The g,ases nitrogen andl tiyd:rogen react tog.ether to form amm,onia. 

• • • .. .. 
i • • • • • • • • • • • • • 

i al How wou~·d ,increa·sin,g th1e pressure affect the rate of this reaction? i 
• • 
: b)I How woutd increds in,9 th:e tern perclture ;3·ffect the rclte of this ; 
• • 
: rea ctron? : • • • • • • • • ......................................................................... , .................................. .... 

Rate.s of re-action vary ,eno,rmously and depend on different facto·rs. 

For example: 

• Cookies bake faster a,t higher temperatures. Bread do,ugh rises more quickJy 
in a 'Warm pllace than in a cool ·one (temperature). 

• The "h11man body cannot adequately digest ·lactose without d1e catalytic 
assistance of the lac tase enzyme (catalyst). 

• TI1ere is a risk of explosion in factolies when handing fine combustible 
pO\-Vders such as custar.d po,wder (custard powder). 

• By adjusting the concentrations of the tw'o chemicals inside, manufacturers 
can produce glow sticks that either glow brightly lor a short an1ount of time 
ot more dimly for an extended length of time (concentration of reactants) . 

Temperamre, catalysts, su rface ,area and concentration all affect the rate of 
these different chemical reactions. 



Figure 5.3 Collision theory states that 
molecules must co llide w1th each 
other j n order to react Th is is s[m ilar 
to judo and wrestling wherein the two 
co mpeting players must contact one 
another to score a point. 

The r f re t ion is the change in 
concentration of a reactant or product ~n a 
g,iven pedod of Hm,e. 
,, ......... ~ ....... "t """ ........ ~ ·~ ................ , ............. , .. ' ........... "' ........ , ......... " ~ .. .. ~""' ...... ""-' ... . 

The I ation en r I is the minimum 
i3imount of energy which the reacting 
p,utkles requ~re for a ~uccess,ful collision. 

Figure 5.1 Cooking is a chemical 
reaction 1n which it is important to 
contro l thG r;it~. 

Collision theory 

Figure 5~2 Dropping a glow stick into 
hot water make,s it glow more intensely, 
s howf ng that th~ rGa et[ on runs fast~ rat 
h ig her te mpercltu re. 

Most collisions are unsuccessful. Only a very small proportion of collisions is 
successful and causes a reaction. Collision theory is used to explain the main 
factors which affect the rate of a cl1enucal reaction. 

l Gonc-entration: 

• If concentration of a reactant itS increased 
• More particles of that reactant are present 
• Which leads to more successful collisions between reactant particles in a 

given period of rime 
• This causes the rate of Teac tion to increase. 

2 Pressure: 

• If pressure on a gaseous rea.crion 
sys tern is increased 

• The particles are forced closer 
together 

• Which leads tom.ore successful 
collisions between reactant 
particles in a given period of tin1e 

• Thls causes the rate of reaction to . 
increase. 

3 Te1nperature: 

• If temperature is incr,eased, the 
particles gain energy and mov:e 
faster 

1e Which leads to more frequent 
and mo,r,e successful coUisi,ons 
(collisions with energy great,er than 
the activation energy) between 
reactant particles in a given period 
of time 

0 

Figure 5.4 Increasing the pressure by 
depressing the· plunger on a syr inge 
decreases the vo Lu me and so the 
molecules have less space to move. 
T hgy a r2 m or~ likely to collide and the 
reaction rate f nc reases. 

• Thls causes the rate of reaction to increase. 
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4 Surface area of solid reactants: 

Increasing the surface ar,ea of solid reactants (by grinding them up) 
increases the exposed surface of the reactants. This increases the number of 

successful collisions in a given period of rime which increases the rate of the 
-reac t:ion. 

Hydrog.en ions can hit the outer layer of atoms .. . 

\ 

... but n.ot these ----,i__,.._..,.......,...,t,,,L 

i n the ce ntire of 
---~~.~~'"!r-,.,~~:'""'"--

the lump 

With the same number of atoms now s;pli,t 
into tots of smaUer bits, there are hardly any 
magnesium atoms w hich are ina.ccessibJe to 
the hydrogen, ions. 

Figure S. 5 Rate of reaction of mag nes1 um with hydrochlor ic ac id for s1 Larger solid 
piece of magnesium on the left and smaller solid pieces of magne,sium on the right. 

S Presence of a catalyst: 

• A catalyst increases the rate of reaction without being used up. 
• A catalyst works by providing an alternative reactio,n pathway of lower 

aictivation energy. ·sy lowering the activation ene1·gy) more collisions 
are successful in a given period of time and so the rate of the reaction 
. 
1-11 creases. 

Catalysts are important in many industrial processes by speeding up the 
process and so reducing costs. 

o~-------Enthalpy profile diagrams 

Figure 5.6 A successfu L jump can be 
compared to a successful reaction 
occurr ing w hen the activation energy 
barrier [bar] is overcome. 

Enthalpy or reaction profile diagrams were examined for an exothermic and an 
endothennic reaction. These diagrams also help to explain the definition of a 
catalyst. 

Entha1lpy of 
reactants ---111!+' 

Reaction pathway for 
u.nc ata [ysed reaction 

Reaction 
p atnway for 
catalysed 
reacHon 

Activation energy for 
uneatalysed reaction 

,., \ catalysed reaction 
~,,,,-....._~\ --- --- --------1 Ac:tivat1on energy for 

/~ \ · (NOTE IT IS LO~VE~ ------------.---------·- -- ·------- ·-----
~.H ;;; -ve '\ 

" \ 
1Enth a lpy of 
products 

fteacta nts \ \ 

--..------------------------ ________ __._._ ___ _ 
Products 

Pr·og ress of reaction 

Figure 5. 7 Exothermic re'3ction e nth~ l py profile. 



The same is true for an endothennic reaction. The catalyst simply provides an 
alternative reacti.on pathway ,of lower activation energy. 

You may have to interpret the differences ben.veen the four levels on this 
diagram. 

Answers 
Using the letters A, 8 1 C and D. i.dentjfy the foUowing 
on the diagram below. 

H is important to be able to recogn ise or label these 
eh a ng es on a ri enthalpy level diagram. 

A B 
,.,..--i:-·-· --- --

" ' ~· \ 

• The d,istance from tne peak of u,e reaction pat:hway 
to the entha lpy teve l of th·e react a nits i1s t h·e 
activatio11 energy of the forward react ion. 

The distance fro1m1 trie peak of trie reactron 
pathway to the enthalpy level of the pro·ducts i·s the 
activaihon energy of the reverse r,eacti,on. 

.//' \ 
-----,,--------~- ----- The peak 1may be for the uncatalysed reactlon 

pathway Hiighed or the cata lysed reaction pathway 
[lower) . 

Figure S~B 

\ 
' • \ , 

\ 

Products 

D 

The djstance between the enthalpy levels of the 
reactants arid products i:f the enthalpy change. 

Activation energy o,f the cata1Lysed, reaction 

Enthalpy cha nge 

A Is the activa,t,ion energy of the uncatalysed react ion 

8 ~s th e a:ctiva t 1io n energy of the reverse u ncatatys,ed 
react ion 

Activa tion energy of the reverse uncaitalysed 
reaction 

Activa tion energy of the uncatalysed reaction 

C is U1e activation energiy of th e catalysed react,ion 

0 is th e enthalpy change 

~ ..........•.••.........••.....•.. .••.....•••...•.....••.....•.•........ .••.........••.••... . 

: TEST YOURSELF 2 ! 
• 

'1 What is meant by the ter1m activation energy? 
2 State the effect of a catalyst on tih e ra.t~ of r·eac ti on. 

t 3 Expla in 1 rn terms of co llisions. how increasing the temperature 
: i:ncreases the rate of r·eaction. : 
• • 

4 Expla in what must happen for a reaction to occu r in a 1mixture of i 
• motecu les of two drifferent gases. 1 
i 

5 Expta 1in . in terms of co tU siions, how increasing the concentration of a ! 
I I 

: reactant increases the rate of r,eacti an. : 
• • • • 
1•••·························································· ·······················~ .................... llllllllli o~-------Distribution of molecular energies 
A lvlaxwell-Boltzmann distribution is a plot of the number of gaseous 
molecules against th.e energy they have at a fixed temperature. lt is also called 
a molecular energy distribution graph 10,r a distribution of molecular energies. 

A single plot ,on the graph shows the distribution of molecular energies at a 
co1 ea 1t tcn1pcn1tu1-e. 
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The tiv tinn n I often repres,ented 
as {Ea), ms th12 minimum am,ount of energy 
which the r,eacting particles requir,e for a 
suc.cessful ,coUision. 

It s·hould appear .as a roughly normal distribution which is asymptotic to the 
'hori2ontal axis (gets closer and clos r but never touches the axis). The main 
points from a. Maxw--eU-Boltzmann distribution at constan t temperarure are 

shown below. 

No rnolecu~es have 
no energy so the 
graph starts at the 
origin 

Figure 5.9 

The a't'ea underthe curve is the total 
number of mol~cul~s present 

lh e actua'I curve g lves. the numb er of 
molecules with a. certain energy vahue. 
Most mol ec U!I es have mode rate energy in 
tn e rr,iddl e of tne gira p h 

Very few molecu:les have very high energy but 
the graph does not to u eh the a\Xi s as there i5 
rno upper Hmi:t to the energy of the pa.rtic,les 

Energ·y 

Th is is the most probable energy 
of the molecules (E"'J 

Activation energy on a Maxwell-Boltzmann 
distribution 
As the Maxwell-Boltzmann Distnbuti.on represents the energy of the reactant 
molecules there \¥ill be an energy value on the x-axis which is the activation 
energy. 

Energy 

Figure 5~10 

The shaded a1rea represents allr the reactant 
moJecules whi·ch have energy above the 
activation energy and so have enough 
energy to undergo a sm:c:essf.u~ c:oiilisi,on 

Thfs is the actJvatio n energiy fo:r the uncatalysed reaction 

A cataly"St increas,es the rate of th.e reaction by providing an alternative reaction 
route or pathway with a lower activaition energy. Adding a catalyst to the above 
reaction loweTs the value of the activation energy as can be seen from the 
posido11 of the acdv"ation o,n bod1 distributions. The area above the activation 
energy on the second distribution is greatec This indicates that there are 
1nore 1nolecules with sufficient energy to undergo a successful collision. This 
increases the rate of th,e reaction. 
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Figure 6.11 

Energy 

The sna d ed a re a rep res~nts a H the 'rnacta nt molecules 
1tvhich have energy above the new activa,tion energy 
for 1:he catalysed reaction and so have enough ene,rgy 
to u nd ergo a. su cc:essfu 1 c:o·I I isi on - this area i:s larger 
than the one above so mote reactan,t molecules have 
enough energy to undergo a successful collis1ion 
l~adi,ng to a hi her rate of r~actjcn 

This is the activa,tion en-ergy for the catal,ysed 
reaction (It is at a lower energy value) 

A catalyst does not affect the shape of the distribution as long as the 
temperature and total number of molecules are not changed. 

0 .. ......___ ______ _ 
Maxwell-Boltzmann distribution at 
different temperatures 

An asym,ptote is a lin e of a g,raptl 
which gets ctoser and closer to 
an axis but does not touch the 
axis. In reaLity 1it would touch the 
ax,is at infinity wh ich is obviously 
not withrn the scale of the grap1h1s. 

\Vhen the temperature of the reactant molecules .is increased, this will increase 
the energy of the gaseous reactant molecules. This will change the shape of 
che MaXW'eU-B,oltzmann clistrtbu tion. 

IA 

.!! 
~ 
u 
a) -0 
E 

Figure 5.12 

Energy 

You will often be asked to skerch .a distribution for the sam,e sample o[ gas at a 

low.er or higher temperatt,r:e. Note the following: 

• Lower temperature distributions are mov:ed to the left and th.e peak is highec 
• High.er temperawre distributions are moved to th .e right and the peak is 

]ov..~e1: The graphs should ,only cross once. 
• The curves should always stan at the origin and should end. up being 

asymptotic to the energy axis at higher energy values. 
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Figure 5.13 

When answeri,ng quest~ons 
about w'hy a s mall increase in 
temperature causes a large 
in crea.se i,r, t he rate of rea,cti on. 
it ~s i,mportant to use the term 
signifi cant to d escri,he the 
tncrease i,n the num,ber of 
molecules w·itn eniougn energy to 
undergo a successful collision. 
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Energy Energy 

If we compare the shaded areas above the activation ,energy under the 
distribu tion cunres, it can be seen that at the higher t,emperarure there are 
many more reactant molecules '\i\ri.th enough energy to undergo a successful 
collision. This ezt..-plains why there is a high er rate of reaction at a higher 
temperature. 

Taking the shaded areas out of the graph it sho\\-Ts that the shaded area is 
significantly larger at 3.20 K than at 3 00 K. 

Shaded area from 
d istrib uti,o n at ~ 00 K 

Figure 5.14 

Shaded a:rea from 
distribut ion at 320 K 

Settrng one shaded area, 
on top of the otn 12r 

A small increase in temperature can cause a large increase in the rate of 
reaction as there is a significant: increase in the number of ·molecules with 
enough energy· to und ergo a successful collision. 

Maxw,ell--Boltzmann distr1ibution at different 
concentrations 

:0 a 
Hrgher concentration of reactant mol1ecules 

If the concentration of the reactant molecules is 
increased, the shape of a Mro.well-Boltzmann 
distnbution v.ill agmn change. 

41 -0 
E 

Lower con,centration of reactant molecu les 

Energy 

The most probable energy of t he r his rs d,e activation energy 
mo!ecu1les stays the same at 
d fffere n t concentrations as the 
temperature has not cha,n ged. 

Figure 5.15 

The curve retains the sam e b asic shape. This 
means that the m ost probable energy of the 
molecules remains the same so the peak should 
be higher but at the same energy value: on the 
horizontal axis. 

As there are more total reactant molecules at the 
same temperature, the ,overall area under the 
curve :increases. This increases the number of 
reactant molecules which have enough energy 
to undergo a successful reaction. This leads to a 
higher rate ·Of re~ction. 



If we con-tpare the shaded areas under the di.stribution curves above the 
actlvadon energy, it can be seen that at the higher concenttad.on there are only 
.a few more reactant moleculc-S with enough energy to undergo a successful 
collision. 

It does exp lain why the rate of reac ti,on increases at higher ·concentrations 
but the effect is much less significant than is achieve.cl when increasing the 
temperature. Small increases in temperature increase the rate of reaction much 
1nore significantly than increasing the concentration of the reactants. 

Shaded a ire a from distri butioin 
at ~ower concentration 

Figure 5.16 

Snaded area from d,istribu,tion 
at higher concent ration 

Setting one s!haded area 
on top of t~e other 

~ ·~································~·······················,········~·,··········,·········· ,········~·,··········,··········,··········,··········,··· ~ .. . 
: TEST YOURSELF 3 ! 
• • 
~ 1 Explai,n how a catalyst increases the rate of ~ 
; reaction. "" i 
~ 2 State which factor must be changed to alter 1 i 
i the most probab le energy of the par ticles in a ~ i 
• • : Maxwell-Boltzmann di1stribu tion. E : 
• If- • i 3 Explain why a small increase in temperature ~ i 
! ca,uses a ta r,g er i n,crease in r·a,te of reaction j : 
• E • 
: compared to an increase in concentration . :::, : 
~ 4 The diagram below shows a Maxwetl-Boltzmann z ! 
• • i di stribution for a sample of gas at 350 K. ! 
! al On the di,a,gram, sketclh the diistri,bution for the Energy : 

i same sampiLe of gias at 330 K. Ea i 
~ bi With ref erer,ce to the M·a xwe ll- Boltz man r, Figure 5.17 ! 
• • 
; c.i'istribution~ explai1n why an increas,e i1 n : 
i temp.era tu re increases th e rate of a chemica l I 
• I : reacti,or,. : • • : .......................................................................................................................................................................... .. 
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lnvestigatrng tihe effect of temperature on 
the rea ction hetween sod',ium thiosuUate and 
hydrochloric acid. 

25 cm3 of sodium tt,,iasu lfate solution weire 
measured into a coni,cal flask. HJ cm,3 of hydrochlor:ic 
aci,d were added from a test tube and the stop clock 
was started . The experrm1enter recorded the time 
taken for the sutfur precipitate, which w as form ing, 
to obsoure a cross an the paper below the Hask. 

Na2S20 3.[aq) + 2H Cl[aq! ~ S{sl + S0 2~gj + 
H20f U + 2NaC'l(a,q) 

Conkal filask 

Re action mixture _ 

Paper marked 
with a cross 

~ txperi~nenter ~ooking 
down through the fl·ask 

Stop-cl oc.k/ti me r 

Figure 5 18 Investigating the effect of temperature on 
th e rate of the reac-tion between sodium th10,sulfate and 
hyd ro chlor1c d cid. 

. 
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Practice questions 
I Which one of the arro\vs on the enthalpy level 

diagram belovv represents the activation 
energy for the· fon:vard reaction? (1) 

,.~-----., ... , ... , 
" ' I ' 

i "' ,I \ , ' I \ 
I \ 

A 8 

C 

.1' \ ---------------,- ----- --- --- ---

Figure 5.19 
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Products 

2 The dragram below sho\vs the distribution ,of 
molecular energies in a gas at two different 
tempera tur.es. 

\V'hich o,ne of A, B, C or D is the most 
probable energy of the molecules in the gas 
at 450 IQ. (1) 
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Figure 5.20 

T - 450< 

Energy 

A B C D 

3 For the following enthalpy level diagram, four 
dilferences in enthalpy are labelled A, B, C and D. 

Reacrants 

B 

Figure 5.21 

a) Which of the labelled differences in 

enthalpy are affected by the presence of a 
ea talyst? (1) 

b) Which one ,o,f the labelled d ifferences in 
enthalpy is the enthalpy change for the 
reaction? (1) 

c) E~lain whether or not the reaction is 
exothermic or endothermic. 

4 In the H-aber process nitrogen reacts with 
b.ydrogen according to the equadon: 

N2(g) + 3~2(g), :::::; 2NH3(g) 
8.H == -92kJmol-l 

(1) 

The reacd.on is carried out at a temperature of 
450 QC and 20MPa pressure. An iron catalyst is 
used. 

a) Tue diagratn below shows the distribution of 
molecuJar energies in the reaction mlJ\.'ttlre 
at 450°C. 

Energy 

Figure 5.22 

i) Sketch, on the diagram1 the distribution 
,of molecular energies at 400°C. (1) 

ii) Witl~ reference to the M.axweU­

Boltzmann distribution, explain why 
the rate of reaction would be lower 
at 400 °C. (2) 

b) With reference to the Maxwell-Boltzmann 
distribution, explain how a catalyst 
increas·es the rate of reaction. (2) 

c) BiqJlain whether the reaction is exothermic 
or endothermic. (1) 

d) ~lain why the curve starts at the 
origin (0 ,0). (1) 



Ill S Hydrogen peroxide decomposes to form water 
and o,grgen gas according to the equation~ 
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2H202(aq) ---+ 2H200) + Oi(g) 

The cata]yst used in the laborat,orry is 
manganeseOV) oxide. 

a) What is meant by the term ca1alyst? (1) 

I,) 50cmJ of O.OSOmoldni..-3 hydrogen 
peroxide were dec,omposed using 
manganese(IV) oxide a-S the catalyst .at 20°C. 

The volume of oxygen gas was measured. 
The cur1.1e below shO\Vs how the total 
volume of oxygen collected changed. with 
rime under these conditions. Four points on 
the graph are labelled A BJ C) and D. 

I• 0 
0 10 20 30 ~o 0 0 'jQ 80 90 1 00 

Figure 5.23 

i) At which point (A, B, C or D) is the rate 
o,f reaction fas test? (1) 

ii) At v.rhich point (A
1 
B

I 
C or D) is the rate 

of r-eaction zer.o,? (1) 

iii) Draw a CUI"V'e on the 6gure above t,o 

show how the total volume 
of o~gen will change ?iitl1 time if the 
reaction is repeated at 20 °C using 
50cm3 of 0.040 moldm-3 hydrogen 
peroxide solution. 
Label this curve X. (1) 

iv) Draw a cut.Ve on the figur-e above to, 
show ho,w the total volume of ,oxygen 

vvill change with time if the reaction 
is repeated ar 10°C using SO cml of 
0.040 moldm-3 hydrogen peroxide 
solution. 
Label this curve Y (1) 

6 For th,e following Max\,Vell-Boltzmann 
distribution three values on the axes are 
labelled: n I E and Ea- This is the distribution 
at 150°C. 

Energy 

Figure 5.24 

a) i) What label should be placed on the 
vertical axis? 

ii) What is Ea? 

(1) 

(1) 

b) i) Which of the values (n, E or Ea), if any) 
would deer-ease if the temperature vras 
increased without changing the total 
number of molecules? (1) 

ii) V.fhich of the values (nt E o,r EJ·, 
if any, would change if a catalyst 
was added? (1) 

iii) State how) if at all, the values of E, Ea 
and n would change \\-1th .an increase 
in the number o,f molecules at 
constant temperature. (2) 

c) Explain how a. catalyst increases the rate 
of a chemical reaction. (1) 

d) Exp lain, in tem'l5 of particles how 
increasing the temperature increases the 
rate of .a chemical reaction. (2) 



Chemical equilibria 
and Le Chatelier's 
principle 
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i PRIOR KNOWLEDGE 
• ... ... 
• 
: • At GCSE level imost chemical reacti,ons are not considered to be 
! reversi ·ble. 

• • .. • • .. .. .. 
• • ·~---i 

• • 
l!t • • • • ... 

• .. 
Most reactions are co nsidered to go to complet1ion and this fS indicated : .. 
using an arrow showing th·e di1rec:ti.on of the reaction, for exa1mp:Le: : 

... 
• 
: CaC0 3[sJ-+ Ca CO [sJ + C0 2tg] 

f • However some chemical reactions are reversible and these are 
• 
: indicated using1 d reversibLe reaction arrow. 
• ... ... 
• • • N H4Cll(s] ~ N H3(g] + HCL(g] 

I N2(gl + 3 H2(g] ~ 2NH3[gi] 
• • i • When the reactants start to react. the product[sJ start to form and the 
; product can also break down i,nto the reactants again. 

.. .. 
• • • 

I .. 
• • • .. • • .. .. .. 
• .. 
i • • • • .. • • • .. .. 
• • • • • .......................... ,.,t ........... ~ ............... , •• t ........................... ~~· .. •••••• ........................ ~ 

~ ··························································································: : TEST YOURSELF ON PRIOR KNOWLEDGE 1 i . .. 
I 1 W 1hat is m·eant by a reversrble reaction? i 
i 2 For the reacti.on: 2S02 [gil + 02[g)1 =::; 2S03,g] i 
; al Name the reactants and products ! 
• • 
: b) What shows that the reaciti'ofl is revers,bte? : 
• • • • • • ••••i•i••••••i•••••••••••••••i••··············••i•••••i•i••••··········••i•••······· ... - ........................ .. 

Eq u i Lib ri um 
[rreveTSible reactions are reactions where the reactants convert. to products and 
where· the products cannot convert back to the reactants. For example,, you 
cannot tum a baked cake back into its raw ingredients

1 
or change the .ashes 

from a piece of burnt newspaper] back into a newspape1: 

Figure 6J Baking a ea ke r s not revers ib Le. 



Figure 6.2 Statue of Claude Louis 
8 erth ollet in An necy, Fra nee. The world 
believed that a LL chem ica L rea ctf ons 
we re irreversible until 18 03 when 
French chem ist Claude Lou is Be rtho llet 
introd u cgd thg co nc~pt of revgrsible 
reactions . 

Figure 6~3 These batteries ea n be 
recharged as the reaction that releases 
the electrica l energy is reve rs ib Le. 
Plugging th e batteries fnto the mains via 
the charger converts electri ea Lene rgy 
back into chemical energy, stored in the 
batteries. 

• •• 
• 
• 

• • 
• • 8 

lin1itial1ty only rQactants 
A and 1B 

For the reaction: CaC03(s) ---+ CaO{s) + C02(g) 

This ,equation means that 1 mole of calcium carbonate is brolken do""n on 
hearing to form l mole of calcium oxide and 1 mole of carbon dioxide. There 
is ] mole of a substance on the left-hand side of the equation and 2 n1oles of 
substances on the right-hand side. Equations should be understood in moles. 

Many chemical reactions are reve:i-sible. The reversible arrow is used to show 
that a reaction is reversible and it looks like this: ~ 

A reversible reaction is one in which the reactants are converted into products 
but the products .are then converted back into, the reactants. 

For example: N2(g) + 3H2(g), ~ -2NH3(g) 

]f nitrogen and hydrogen are mixed they react to fonn son1e amtn011cia but 
some of the ammonia also starts to break down to reform nitrogen and 
hydrogen. 

For example: 2502 (g) + 0 2 (g) =; 2503(g) 

U sulfur dioxide and oxygen are mixed they r act to foi·m some sulfur trioxide 
but som.e. of the sulfur trioxide a]so starts to break dmvn to re-form suHur 
dioxide and oxygen. 

For a general reaction: A(.g) + B(g) =:; AB(g) 

In general, a. particle of A reacts with. a p article of Band forms a particle of AB 
and a particle of AB ·breaks down to form a particle of A and a particle of B. 
Imagine particles of A and B moving around randomly. When they collide they 
may pair up if they coUide with sufficient energy to form a pair AB. Ho~1ever a 
pair AB can also break up to release one particle oJ A and one particle of B. 

The reaction stan.s with A and B only present and as the reaction starts some 
pairs of AB appeat The reaction is described as having reached equilibrium 
when the number of particle-S of A, Band AB remains constant. Hmve\~er the 
A] B and AB particles p1esent are not always the same ones -even though the 
nun1ber of each ren1ains the same. They are constantly being formed and 
broken up. This is called a dyna1ni quilibriu1n in which you have a ~tf'aclr 
.. t "'1L( because the rates of the fonvard reaction and the revetse reaction are the 
same (Figure 6. 4-, right). 

(:) • • C) 

e fl) • 
• C) • 
Fon•vardl r,eaction proceQds 

maik~ng product AB 

• • • • e • C) • 
Q) • 

Figure 6.4 Reversible reaction reaching dynamic equilibrium. 

So mQ AB break down to form 
A and B so steady state reached 

(3AB i 4A and 4B) 
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Two- features of a reaction ,in 
equilibriu:m are: concentrations 
of the reactants and products 
r,emain co,nstant and t 1he rates 
of the forward and reverse 
reactions are eq ua L. 

• • • • • • • • 0) 

• • • • • 
E qui ll~b ri1Um 10 ~h,e I eft total~ as 

· only reactants 

Figure 6.5 Pos1tio n of eq u ili bri um. 

The definition of a dynamic equilibrium is a systen1. where: 

• the concenn~tions of the reactants and products remain constant. and 
• v,rhere the forward and reverse reactions are proceeding at equal rates. 

Homogeneous and heterogeneous rea,ctions 
A h.o,mogeneous re.action is one in which all the reactants and products are in 
the same physical state. 

For example: N2(g) + 3H2(g) ==;: 2NH3(g) 

All re-actants and products a[e in the same state. i.e. in this example they are 
all gases. 

When explaining why a reaction is considered to be homogeneous, it is 
important to explain that homogeneous means that all rea,ctants and pr,oducts 
are in. the same state but also make it specific to the reaction by explaining fo,r 
example that they are all gases. 

Position of equilibrium 
The position of equilibrium is a notional measure ,o.f how far the reaction is 
to the left-hand side or to the right-hand side. In the l1omogeneous A and B 
exan1ple: 

A(g) + B(g) =; AB(g) 

• • • • 
• • • 

• • • 
Equ U1i briu m more to die right hand 

s1 de as there are more A!B than 
A and B 

EqiuUibrnium to 1he ng1ht totaHy ais 
only products p resent 

If the conditions of the reaction, such as temperaru·re, p·tessute and 
concentration] are changed.t this is likely to affect the position of equilibrium 
and therefore result in more reactants or more products formed. 

• • • • • • • • • • • • • • • • • • • • • • • • 

1 State two featu res of a react ion at equiUbrirum. i 
2 Explain why the followi11ng equiUb rium is described as a homogeneous i 

equilibrium: 2S02(gl + 02 1(g] ==r 2503[9). I 
3 State two factors wh ich cou td af feet tne p,osiit ion of equ i Ub ri.u m of a i 

• rea et io ni . : .. 
• • ............................................................................................................. ~ 



0------------Le Chatelie r's principle 

At this sta,ge it ,s only an idea 
of whether the p,osihor, of 
equilibrium does not change, or 
moves fro m1 ,l,eft to right or f romj 
right to left that is req;u rred. 

State U1e number of motes of gas. 

L~ l ~ relief ·.:- prin ip l states that if a factor is changed which affects a 

sysIDem in equilibrium, the position of equilibrium will move in a direction so 
as to oppose the change. 

The principle can also, be stated as: ,¥hen a system in equilibrium is 
disnirbed, the position of equilibrium will move in a rurection to reduce the 
,effect of the disturbance. 

·Factors which may affect the position of equilibrium are changes in 
temperature, pre-Ssur:e or concentration. of a. par-ticular reactant or product. 

Chang 1es in pressure 
For the A and B homogeneous equilibrium: A(g) + B(g) ::::; AB{g) 

There are 2 moles of gas on the lefr-hand side (1 mole o,f A(g) and I mole of 
B(g)) whereas there is only 1 mole of gas on the right-hand side (I mole of 
AB(g)). 

An increase in pressure at constant temperature shifts the position o,f 
equilibrium to the side-with a smaller gas volume. Increasing the pressure 
on this equilibrium will move the position of equilibrium from left to right 
which 1·esu]ts in an increase in the concentration of AB. A stnaUer number of 
mole-S of gas has a smaUer gas volume. 

The reverse iis true if pressure is decreased. A decrease in. pressure) at constant 
temperature, shifts the position of ·equilibrium to the side with a larger gas 
v,olume. The position of equilibrium will move from right to left as there are 
2 moles of g3JS on the left-hand side and 1 mole of gas on the right-hand side. 
A larger number of m oles of gas has a greater volume. 

~n the Haber process, ammonia is manufactured and the following 
equHibriu m is estab lished. 

1N2[gl +3H,2fgl :::; 2N H3(g), 

Use Le ChateUer's pri ncipte to explain how the equi1li br1ium1 yield of 
ammonia is affected by increasi ng the pFessure on th is equilibrium 
system, at constant temperature. 
Stat,e why industry uses a pressure of 20 M Pa despH·e a higher yield 
being obta iried at high.er pressures. Do not include references to safety. 

Answers 
There a re 4 motes of gas on the left-hand side and 2 moles of gas on 
the right-hand side 
A n increase in pressure sh1fts the pos.it ion o f eq ui libr,ium1 to the side 
w ith a s·m1aller gas voilume. 
So increasing pressure 1moves the position of equ:il1briu:m from1 left to 
r ig1ht to oppose the increase in pressure. 
Therefore the yi,eld of ammonia ,increases. 
Pressure is ,expensive due to Hie cost of e lectrical pumps to apply the 
pressure and req ui res expensive strong-walled vessels an d expensive 
va,lves aind other ,equipm,ent to wlthstand the pressure. 
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The questiion coutd be rephrased to ·Explain why a h'igiher pn~ssure 
is not used in this industrial process?' or a d~agram or graph like the 
oine shown below couLd1 beg iven for the Haber process a:t different 
temperatures and pressures. At any tern peratu re an jn,crease in 
pressure, increases the percentage of ammonia form:ed. 
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Figure 6 .. 6 The equilibr ium yield of ammonia varies with changes in temperi3ture 
and pressure. 

A pressure of 20 Mi Pa, will gi1ve a rea sonabte yield of am moni,a as the 
positi·on of equi1Ubrium w~ll move from left to right at nigh pressure 
as there are 4 moiles of gas on the ileft-na nd side and only 2 rmoles 
of g,as on the ri,g1ht-hanci side. A high pressure s.h,fts the posi ti10,n 
of equ.iti1brium to the side wit'h a smaller gas vo'lume so iincreasi,ngi 
pressur,e w ill move the posi,ti,,on of equiliibrium from left to right and 
increase the yield of ammonra. 
lf safety had been considered, it is im portant to note that hig,her 
pressures require safety controls due to the risk of exp lo,s~on . 

If there is the same amount of moles of gas on each side of the equilibrium 
reaction then a change in pressure VliU have no, effect on the positi,on of that 
equilibrium. For example'. 



Figure 6.7 Factory manufactu ring 
ammonia by Haber-Bosch process. 

S0 1me rma·rik schemes in sist 
on the e:ndotherm ic reactions 
absorbing heat and' agia,in f.or a 
full answer i nclud,e: 
• a statement about the forward 

and reverse reaction 
• whi1crh directiion the pos1tion of 

equ:ili1brium m,oves in terms of 
e ndoth erm i.c or exothermic 

• whi,cih d:irection the position of 
equiUbr·ium, moves [Left to right 
or le1ft to ri g·ht) 

• and if requfred a statem,ent 
about the yield. 

A change in pressure would have no effect on the position of this equilibrium 
as there are 2 m,o]es of gas on ·each side of the equation. 

The industrial production of ammonia is often caUed the Haber-Bosch 
process, illustrating the collaborative nature of science. Fritz Haber discovered 

the oonditions for the production of ammonia, and ·Bosch, working ~~th the 
German co,mpany BASF, up-scaled his m,ethod to factory size and developed 
the high pressure chemical plant needed (Figure 6.1). Both were awarded the 
Nobel Prize in 1913. 

Chang 1es in temperature 
The position of equilibrium can be altered by changing the temperature but 
this depends on wheth,er the reaction is exothermic or endotl1ennic. 

For the equilibrium: N2(g) + 3H2(g) =; 2NHi(g); .6.H = -92 ltjmol-·l 

The ~H (change in enthalpy) given is fo,r the fol'W'.ard reaction and it is 
negative; so the forward. react.ion is exo them1ic. Remen1 ber that this means 
that the reverse reaction. is ,endothermic. 

• For a reacti,o,n in .e.quilibrium where the 6orward reaction is exothermic, 
an increase in temperature would shift the position of equilibrh1m in the 
direction of the reverse ,endothermic reaction so the position of equilibrium 
would move from right to left. 

• For a reaction in ·equilibrium where the 6onvard reaction is ,exothermic, 
a decrease i:n temperature would shift the position of equilibrium in 
the direction of the forward exothermic reaction and the position of 

equilibrium wou 1d move foom left to -right. 
• For a reacdon in .equilibrium where the forward reaction is ·endothermic, 

an increase in tempernture ,vould shift the position of e,quilibriutn in 
the direction of the f onva:rdl endothem1ic reaction .and the position of 
equilibrium wou ]d move from left to right. 

• For a reac tio,n in equilibrium where the fon.vard reaction. is ,endothermic, 
a decrease in temperature would shift the position of equilibrium in the 
direction of the reverse exo thenn.ic reaction and the position of equihbri.um 
would ·move from right to left. 

PLE 2 
.Expla in how the yietd o,f am,monia would1 cha n1g·e if the temperature i,s 
increased. 

IN2(gl + 3H2[gj ==r 2NH3(g] ; AH= -92 kJ mol-1 

Answer 
Th,e forward reaction is exoth,ermic and the reverse react ion is 
endotherm1ic. 

An increase in tem,perature shifts the posttion of equHiori,um i,n the 
direct,ion of the endothermic reaction as i1t aibsorbs heat. 

An increase in tem.perature would 1move the p-os:itfon of equiUbrh.Jm frai'm 
right to teft to oppose the increase in tem,perature 

So, an increase in t,emperatu re wou!ld result i,n a d1ecrease in the yield1 of 
ammonia. 
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:Make sure you understand 
corn praimise tern pe ra tu re. In 
particular that even thougih a low 
tern peraiture would g,ive a ,better 
y:ieild. the reaction would b,e too 
s low. Often the questi on is simply 
·Exptain why 450 °c is d.escnibed 
as a compro·mise teimperature· 
wh,icll can be answered in th·e 
same way as Example 3. 

• 
• I;) • 

• • • 
Eqiui lib riium 

Figure 6.8 Change in concentration. 

Usfng the graph on page 1' 58, explain fully why a temperature of 4.50 °C ls 
used in the Haber process even thou,g'h a higtler yi1,el dl could be achieved 
at a lower ternperatu re. 

Answer 
The forward react,ion is exothermic and th e reverse react i: or, rs 
endothermic. 

A low tempera:ture would! increase the yi,eld of am,monia because the 
fo.r\!Vard reaction is exothermic and a low temperature sn ifts the position 
of equilibrium i1n the directi,on of an exothermi1c reaction. 

However H the te:mperature is too low the rate of reactiion 'iS very low. 

450 °C is a, compromise temperature between rate ;nd yield. 

Changes in concentration 
If mo,re of a reactant or a product is added to or removed from the equilibrium 
system at constant temperature and oonstant pressure1 this alters the position 
of ·equilibrium. The equilibrium -will adjust to replace any substance that has 
been r:emoved o,r remo,ve any substance that has been added. 

In the usual example: N2(g) + 3H2(g) ~ 2NH3(g) 

Adding tnore nitrogen will pus}1 the position of equilibriutn from left to right 
as there ar,e more nitrogen molecules to react which Mll increase the yield o,f 

• ammon1a. 

Removing the am monia (by cooling i t to condense i t) will result in the 
position of equilibrium moving to the right-hand side to form more atnmonia) 
which will increase the yield of amm,onia and lower the conc,entradon of 
nitrogen and hydrogen that are present a t equilibrium. 

In Figure 6.8) consider the AB example. In thls example if all the AB were to 

be removed, the onl~, reaction which could occur is the forward reaction) so 
more AB wo,uld be formed. 

• 
Al I AIB rem ov~d 

• 
Fo rwa1rd rea cU on only o cr:urs again 
and equmbnum established ta form 

AIB so less A and B than previo usty at 
equmbrium 



F-ig u re 6.9 Mountain e~r with O)(yge n 
tank. 

·------.... -- . 

Figure 6~10 Coba lt chlorlde equilibrium. 
Experiment demonstrating the chang es 
in equilibrium in coba lt chloride 
solutions that a re heated (Left] or coo led 
[rlght) . 

For the homogeneous equilibriu,m: 

H2[g] + I z,(g] =; 2 HI, [g] 

Mountain climbers may carry oxygen tanks with them ) if clintbing high 
mountains .such as Everest (Figure 6.9). Haemogl,obin, a protein containing 
iron. transports oxygen a.round the body. The ·equilibrium reaction for the 
transport of oxygen by haemoglobin (Hb) can b e represented as: 

Hb(aq) + 02(aq):::; Hb02(aq) 

At high altitude there is a decrease in air pressure and there is less oxygen 
available. In accordance with Le Charelier's principle the equilibrium shifts to 
the left, thus removing oxygen from haem oglobin. Without adequate o:xygen 
fed to the body's cells a person tends to feel light-headed. Breathing oxygen 
from a tank shifts the ,equilibrium to ihe right. 

Another example to consider is the two different coloured Co(U) complexes , 
~Co(H20)6]2+ and [Co·C4J2-, which exist together in equiliJbrium in solution 
in the presence of chloride ions: 

[

1Co(Ht 0)6]2+(aq) + 4Cl-(aq) ~ [C0Cl4]2- (aq) + 6H200) 

pi'nk blue 

This equilib1;u111 can be disturbed by changing the chloride ion 
concentration or by changing the temperature. The colour changes 
accompanying the shifts in equilibrium position ar-e as predicted by 

h ~tt c I i · r \,. f ri nc i p I c . 

At room temperatur:e the cobalt and chloride ions are in equilibrium and the 
solution is a light pink colour Heating the solu tion shifts the equilibrium 
and the solution turns blue. Cooling the solution shifts the solution in 
t'he oppasire direction, intensifying the pink colour (Figure 6.10). This 
equilibrium is sensitive to the conc,entradon of solutes~ as well as temperature. 

Answer 

Use Le Chaitelier's pr1inc,iple to expta in how the 
concentrati on of hydro9e11 wou ld change 11f the 
hyd rogen fodide were removed by reactin9 with alkaU 
at consta nt temperature and press ure. 

IRemov1ing HI would move the posrtion o,f equilibriu1m 
to th,e right-hand si de to repta,ce the HI. 

lhe conce11tration of hydrogen wou ld decrease. 

p E 

For t 1he following equilibrium: 

C 0 2'[g] + 3 H2,(g] ~ C H3D H [ g) + H20 [g] 

Use Le Chatelier"s principle to explain how the 
equilibrium yie:to of CH30H WO'Ul·d change if t hie 
co ncentratinn of carbon dioxide is increased at 
co nstant t emperature and constant pressure. 

Answer 
The position of equi librium moves from the leift to 
the right to remove the carbon diox,ide that has been 
added. 

Th·e eq uilibr~um yi 1 eld of CH30 H increases. 
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When chlo r ine reacts w ith water the foUowing equi ~ibrium is established: 

Cil2(c3q] + H20[ li !=:::; H+,aq] + Cl-[aq] + H OC,l[aq]I 

Use Le ChateUer·s principle to explain why the position of equtUbrium 
moves to, the rig 1ht when sod,iu m lhydrox1ide solut~oin ~s ad1dedi. 

Answer 
Sodium hydroxide so lution reacts wah H+[aq] ions. 

The H+[aq] ions etre r,emnved from the equiUbrf um. 

The posii tion of equilibrium shifts from the left to the ri1giht to replace the 
H+~aq] ions whi1ch nave been removed . 

Catalyst 
A catalyst has no effect on the position of equilibrium but sitnply allo-ws the 
reaction to get to equilibrium faste1: A catalyst increas·es the rate of the fonvard 
and reverse reactions equally so equilibrium is attained much more quickly in 
the presence of a catalyst but it docs not affect the position of equilibrium. 

~ ···························································································: t TEST YOURSELF 3 i .. 
: 1 State Le Chatelier's principle. 
• i 2 Expta.~n why a cata tyst has no effect an the posHion of equ1ili tJriu m. 
• : 3 In the follow,ing equHibr.iu m: 
• • • f CHdg~ + 2H20[gJ ~ C02{g] + 4H2[g) .. 
• 
: Use Le Chatelier's prrncrple ta state arid explain how the yield of 
f hydrogen cnan,ges when the t,ota t pressure is 1increased at constant 

• • • • .. 
• • • • • • • • .. .. • • • .. .. 
• • • • ; 

I 
"' .. • : press ure. 

• • i 4 D,nitrogen tetro.x i1de decomposes to nitrog.en'[IV) ox rde accordi ng to the i 
i equiUbrium: i 
• • .. . 
I N20A(g] ~ 2:N 02(g]; 8H • +58 kJ m,ot-1 I 
: i 
~ al Use Le Cnatelier·s pr inctple to state and exp lain how t he : 
• • 
: concentrat~on of N0 2 changes when th·e temperature is increased : 
• • : at constan t pressure. : 
i b) Use Le Chatelier's prlnciple to state and exp lain how the i 
: co,ncentr@ti,on of N02 ch.EJng,es wh.en the pressure is increased at : . .. 
: constant te1mperatu re. : 
• • 
: .S In i,ndustry 450 °C is described as a co rn pr omise temperature in 
!'I 

• .. • • ! the productl,on of sulfur tr,ioxide from su lfur dioxi,d·e as part of the : • • .. : manufa c.tu re of sulfur1c acid,. • • .. • • • • • .. .. 
• • + 
~ 

: 
i .. 
• • • • • • • • • .. 

• • • .. .. 
• • • 

al Explain why 450 °c is described as a co mpromi se temp·erature. j 
b) Us,e Le ChateUer 's. pr inci,ple to state and expla in how the yield of ! 

S0 3 would cha nge whe n the to tait pressure [s increased! at co,nstant ~ .. 
tern perature. : .. 

• •••••i iiii•••••••••i••••••••••iiii••··················•••1t+•••••••ii i i+•••••• ••lii+ .. ~- ........................ .. 



Figure 6.11 Eth;ano l can be produced 
by fermentation of sugars using the 
enzy me zyma se from y·east . Thi£. is 
ca rri ed o u t u n d er a na e rob i c con d ft Ions 
and w ill be df ~cuss;;d in more d1:1ta il in 
the a Leo ho Ls section . 

Fig u re 6 .12 The p La tr n u m c a ta Lys t used 
to make hydrogen from the· electrolysis 
of wate r is a large part of the cost. A 
new cate1 Lyst made from molybd@num 
and ground soybeans has just been 
developed and it is around 1500 time-s 
cheaper than platinum. This could make 
hydrogen the cheaper. clean fuel of the 
future. 

Industrial examples 
M-ethan.,ol .and ethanol arc important chemicals and fuels. The impoTt.ance rof 
both of them is grov.ring with the rise in the use of biofuels. Methanol can be 
used to synthesize o ther cl1emicals. 

Ethanol can be produced by sugar fermentation and also by the hydration 
of ethene with steam. An e-quilibrium is established. and the conditions used 
,ensure the highest yield of ethanol is produced. 

The equation fo,r the hydration of ethene is: 

A h ·drati, 1 reaction is one in which water is added to a compo,und. 

The conditions below are used to increase the rate of the reaction and also to 
maximise the yield of ethanol: 

1 Concentrated pho,sphoric acid is used as the ,catalyst (concentrated sulfuric 
acid can a]so be used). 

• The presence of a catalyst aUows equilibrium to be attained more rapidly. 
The catalyst increases the rate of reaction . 

• A catalyst has no ·effect on the position of equihbrium so does not affect 
the yield of the product but it will ensure that equilibrium is attained more 
quickly so making the product more rapidly. 

Some catalysts ea n increase the ra te su bsta ntiaUy so ca,tailyst researc1h 
·is big business in the chemical rnd ustry. Developm-ent of more eff.ective 
catalysts ea n i ncirea se t he pr0ifi1t of ar1 iir,d u str i1a1l pro c.ess. The tJest 
catalysts wiU give the Lo,west activation energy b-ut there must be a 
balance between th1e effecti:veness of trhe cata-lyst and rits cast 

2 A high pressufe between 5 MPa and l O MPa is used. 

Using Le Chatelier's principle it is understandable that a high pressure will 
increase the equilibriun1 yield of ed-1anol as there are 2 moles of gas on the left 

and I tnole of gas on the right so a high pressure will move the position of 
equilibrium to the right. 

• A higher yield of ethanol wo11 kl be obtam.ed at higher pressures but as 
discussed previously high pressure is expensive to apply due to increased 
eleccrical pumping c,osts and this requires expensive strong~walled vessels 
and expensive valve·s and other equipment to ~ithstand the pressure. 

3 The: temperarure used is between 300 °C and 600°C. 

• The forward reaction is exothermic so an increase in ren1perature will shift 
the position o,f e,quilibrium in the direction of Ehe revet'Se reaction, which is 
endothermic. 

• A temperature betw,een 300°C and 600°C is a compromise temperature 
betwe-en rate and yield. 

• It increases the rate of reaction at the expense of a loss in some yield at 
equilibrium. 
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LE 9 

4 Excess ethene or excess s team can be used. 

• Excess ethene (or steam) will mo,ve the position of equilibrium to the right 
to remove the excess reactant so increasing the yield of ethanol. 

• Any unreacted eiliene is recycled back into the reaction mixture. 

- The ethanol can also be condensed o,u t of the reaction mixture. 

• If a product is removed from an equilibrium r:eacti,onJ the position of 
,equilibrium "Will shift to rep lace it. 

• In this example the position of equilibrium -will move to, the right co replace 
the ·ethanol wmch has been removed.. 

Met 1hanol can :be produced by the react1i,on of carbon1 
monoxi,de with hydrogen . 

Answers 
1 There are 3 ,moles of .gas on the left-hand side and 

1 mole of gas on the r 1ig,ht-hand side. CO[g~ + 2H2[9l ~ CH30H[g}; AH= -90 kJ mol-1 

The conditions used ag.ain max,im·ise the rate of 
reaction and the equiUbrium yield of methanoll. Tlh1e 
c,or,dJtions cffe c1 Cdtc31lyst which ~s d mixture of copper, 
zinc ox,ide and alu mi nilrm oxrde, a temp erature of 
250 °C and a pressure b,etween 5 anci 10 M1 Pa. 

Explain why a high pressure 1increases the 
equi ii brrtJm yreld of mietha riot 
Ex plain the effect, if any, ,of a catalyst on the 
equrnibriu 1m yi,eld' of m ethanol. 
Explain why 250 °c is described a·s a c,omprom1ise 
temperature. 

An increase in pressure shi fts the position of 
equili.bri 1u m to the side with the fewer moles of gas 
to oppose tne incr,ease in pressure. 
The refore th e pos,tion of equilibriu 1m moves from 
th e left to the r:ight and th·e y1ietd of metnano l 
i1ncreases. 
A catalyst has no effect on1 the yield of methanot. 
As th e forward reaction is e.xotherm,ic so a 
temperature is chosen to g~ve a comprom 1se 
between y1ietd an d rate of reaction . 

~ --·························································································: 
: TEST YOURSELF 4 i 
• • i 1 Ethene can be hydrated to form ethanol. i 
i al Write ari equati on for t hi,s homogeneous equrli brium. i 
i b) Wihat ,is the cat a ty st used in thi,s rea ction? ; 
• • j cl State thie condit ions used to obta in a hi,g'h yi,eld of ethanol. i 
! d) Nam e the type of reaction. ! 
~ 2 lln the equi librium: ~ 
• • : : i CO!g l + 2H2!g l ==r CH30H (gi ] i 
• • .. . 
: aJ Nam,e the product. : 
• • ! b) LJs.e Le ChateUer·s pr,incrp le to state and expla in how t 1h,e yretd j 
• • 
: of CH30 H would change if the press1ure is increased ait constant : 
: temperature. i 
! cl The temperatu re used i1s descrrbed as a comprom,i·s,e tempera.ture. : 
• • 
: Explain what is meant by corn promrse temperat ure. i 
• • 
; 3 In the f·ollow ing equilrbriu·m: i 
• • • • i 2HiB r[g) =;: H2[g) + Br2[9j I 
• • • • .. .. 

Explatn why a change in pressure has no effect on th e positi on ,of • • • • .. • • • 
equiUbriu m. 

• • • • .. .. • • : ...................................................................................... ~iilllllllllllllllliiiiiiiiili 



Practice questions 
I For the folloMng equilibrium: 

CH4(g) + 2H20(g) ~ C01(g) + 4H2(g) 

\Vhich one of the foUowing will decrease the 
yield of hyd°l}ogen? 

A adding a catalyst 

B increasing the pressure 

C adding more steam 

D decreasing the pressure (1) 

l For the 10Uowing four :reactions in equilibrium: 

A N2(g) + 3H2(g) ===;: 2NH3(g); 
tiH = -92lgmot-1 

B C2H4(g) + H20(g) ~ CH3CH20H{g); 
Afl == - 42 kj mol-1 

C 2Hl(g) ::::;: H2(g) + 12 (g) ~ 
aH = +lOkjmol- 1 

D N2(g) +· Oi(g) :_,, 2NO(g} 
Afl = + l80.SkJ1not-1 

a) ln which of the reacdons ,. if any; will the 
position of equilibrium move fron1 the left 
to the right when the temperature is 
increased? (l) 

b) ln which of th.e reactions, if any1 "Will the 
position of equihbrium not be affected 
when the pressure is increased? (1) 

c) ln which of the reactions, if any, will the 
posidon of equilibrium move from the 
right to the left when the pressure is 
increased? ( 1) 

II 3 N20 4 decomposes into N 0 2. The reaction. is in 
equilibrium. II 

N2D4(g) ~ 2N02(g) 

a) State two fearure·s of a. reaction in 
equilibrium. (2) 

b) An increase in temperature moves the 
position of equilibrium to the right. 

i) Explain whether the forward reaction 
is endothermic or exothermic. (2) 

ii) Exp]ain in terms ,of particles how the 
rate o,£ reaction changes with an 
increase in ten1perature. (2) 

,c) Use Le 1Chatelier,s principle to explain hovl 

the position of equilibrium changes if the 
to,tal pressure is reduced. (3) 

4 ln the following equilibrium! ·No and 0 2 are 
colourless gases and N02 is a brown gas. 

a) 

2NO(g) + 0 2(g) ~ 2N 10t(g),; 
.6.H = - 1161~ mo}-1 

Use Le Cha re lier's principle 10 explain 
why the amount of N 02 increases when 
the pr,essure is increased at constant 
temperan1re. (3) 

b) Use Le Chatelier,s principle to explain 
why the mixture of gases beco,mes darker 
in colour when the temperature is 
decreased. (3) 

5 Methanol (CH30 H) n1ay be 1nanufactured from 
carbon mono,xide by reacting it \Vith hydrogen 
as sho\Vll in reaction 2 below. The hydrogen 
required may be produced fron1 the reaction of 
methane v.rith st,e.am as shovm. in r-eacrion 1. 

(1) CH4(g) + H20(g) ::::; CO(g) + 3Ht(g); 
8H = + 206 kJmo}-1 

(2) CO(g) + 2H2(g) ==;; CH30H{g) ; 
~H = -90ltjmol-1 

a) Use Le Chatelier,s principle t,o explain how 

an increase: in pressure would affect the 
yield of hydrogen in reaction l at constant 
te·mperature. (3) 

b) Use Le Chatelier,s principle to explain why 
an exc,ess of hydrogen in reaction 2 would 
increase the yi-eld of methanol at constant 
temperature and constant pressure. (2). 

6 The foUo'Wing equilibrium is established in the 
production of nitric acid from amtnonia. 

4NH3{g) + 502 (g) :::; 4NO{g) + 6H2 O(,g); 
AH = - 905ltjmoI-l 

a) Use Le 1Chatelier1 s principle to explain 
how the position ,of equilibrium is affected 
by an increase in pressure at. constant 
temperature:. 

b) Use Le 1Charelier1 s principle r.o e>..l)lain 
how the position. of equilibrium is 
affected by an increase in temperarnre at 

(3) 

constant pressure. (3) 
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c) A platinunl/rhodium mixtut1? is used as the 
catalyst in this reaction. 

Explain how a catalyst affects the position of 
equilibriu1n. (1) 

d) The catalyst is heated initially; explain why the 
catalyst remains hot during the reaction. (1) 

II 7 In the p roduction of sulfuric acid_, SOi is 
converted to S03 in a reaction involving an 
equiHbrium. 

S02 (g) + i()2(g) ::::; S03 (g); 
AH= -98kjmol-l 

a) N.ame rhe catalyst used in this process. (1) 

b) Explain why a catalyst is used in this 
industrial process if it has no 
effect on the yie]d of S03.. (1) 

,c) This reaction is earned out at 450 °C even 
though a higher yield of 503 could be 
obtained at a loweT remperarure. 

i) Use Le d1atelier 's principle to explain 
why a higher yieJd of S03. would be 
obtained at a lower te1mperature. (3) 

ii) Explain why in industry a relatively high 
temperature is used despite a higher 
yield of 503 being achieved ait a lower 
temperarure. (2) 

d) The reaction. is carried out at 200 kPa 
pressure. 

i) Use Le Chatelier's principle to explain 
why a high pressure. would increase 
the· yield of 503. (3) 

ii) Explain 'w'"hy a higher pressure is not 
used despite a higher yield of 503 
being achieved at a higher pressure. (2) 



Equilibrium constant, 
Kc, for homogeneous 
systems 
............................................................................................................... , 
• • i PRJOR KNOWLEDGE i 
• • • • i llt is expected that you a re fa m i'liiar wit:h au of the content of the Chem;ical i 
; equUibri,a and Le Chatel'ie:r's pri ,nciple un,it in Chapter 6. The followingi : 
• • 
: are some key po~nts of prior knowledge: : 
• • • • • • • : • A Dy11a m 1ic Equilibrium· ,s ar, equilirbr,um w1here both the forward and : 
• • 
i reverse reactions are occurring Sfmu ltaneo,usly at t;he sam.e rate and i 
• I 

: the concentrations of the reactants and product rema in co nstant. i 
• • 
: • A homogeneous equ ili,briu m is one in wh~ch all the reactants and : 
• • 
: products a r,e ,in the sa m:e state. : 
• • i • Le ChateUer·s p,,incriple states that if a factor i,s changed which affects i 
: a system in equilibrium. the position of equiilibrrum will move in a : 
A ~ 

: di,rectron so. a; to oppose th,e changie. : 
• • 
: • The position of equ1iUbr,ium ·is of ten affected by changes in : 
• • 
: te m pe ratu re, eh a ng es In concentrati ans of reactants or products, : 
~ . i changes in pressure. i 
: • For a:n equi.U,bri.um reaction, where the enthcailpy change is posit·ive ! 
• • 
: [endothermic], an increase in temperature 1moves the pos,t riori of : 
• • : equilibrirum from left to r,ight : 
• t 

: • For a,r, equ i1libriu,m rea,ction, where the entnalpy change is negative : 
i (exothermic), an increase in temperat 1ure moves th e positi on of ! 
• • 
: equililbri1um from righ,t to left. : 
• • 
: • For a11 equrUibrium react ion, an increase in the total press ure 1moves : 
• • 
; t,h,e pos~tion of equi libr,iwm to the side with the few,er moles of gas. ; 
i • For an equi,Uibrium react:ion, a decrease ini the totart pressure moves ! 
• • 
: the pnsition of equi ti briu 1m t,o, th e side with the greater m otes ,of ga.s. : 
• • 
: • For a11 eqtji{ibriu.m reactior1, an increase ini the coricentrati:on of a : 
• t 

: reactarit will move the posi,tian of equi libriu,m from left ta r i,ght. : 
• • i • For ain equ i.tibrium reaction, a·n increase in1 the c,oncentrati,on of a. ! 
! product will move the posirtion of equ ilibrium from ri1 giht to left. ! 
• • 
: • A catalyst allows equilibri,um to be achjeved more rapidly but it has 'no : 
• • 
: effect on the position of equi·li br,um . A catailyst in creases the r ates of : 
• • 
: both the forward and. r,everse reactrion equaUy. : 
+ I • • 
• I ••••t+•••·················••tt+•••·················••t+••••••••••••••ttt•••ttff+•••• 'ltllll .................... llllllllli 
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~ ...................... _. ............... _ .................................................... : 
i TEST YOURSELF ON PRIOR KNOWLEDGE 1 : • • f 1 What is meant by dynamic equilibrium? f 
~ 2 State Le Chatetier 's principle. ~ 
• • i 3 For th,e equHibrium: i 
: : • • 
~ A[g) + 2B [g}: ~ C[g): L\H - 52 kJ mo t-1 i 
• • • • ! aJ Explai.n how the yietd of C woutd change if the temper ature were J 
: ,increased . : 
• • ! b) Exptain now the yield of C wauild change it tn·e total pressu re were : 
! i • increased. • • • • • : cl Exp'lafn why a catalyst does not affect the pos'ition of equiliibr iu1m. : 
• • i d) Expilain why this equilibrium is described as a ham·ogeineous i 
i equ iUb r ium . i 
• • • • 
···· ·········~······· ········ ················· ·······~················· ·······~·····~- ........................ .. 

o~~~~~~~~ 
The equilibrium law 
In 1863, Norwegian chemists Cato Maxirrrilian Guldberg and Peter 'Muge 
formulated what they called the law of mass action. 

Today, this is called the law of chemical -equilibrium1 which state.s that the 
direcd.on taken by a reaction is dependent not only" on the mass of the various 
components nf the reaction] but also upon the concentration. 

\¥hen analysing the resuhs of their experiments 1 Guldberg and Waage noticed 
that when they arranged the ,equilibrium concentrations into a specific form of 
ratio, the resulting value was the same n,o matter\.\·hat combinations of initial 
concentrations were mixed at a fixed temperature. This value they caUed th.e 
equilibrium constant . 

• Kc represents the equiUbtium constant. The subscript letter after ·Kshows 
what type o.f equilibrium is being expressed. 

• Kc is an equilibrium constant calculated from concentrations of reactants 
and products (in moldm-3). 

• I<c can be calculated for reactions in solution or ho,mogeneous gaseous 
reactio,ns, as th~ concentration of a. so lu rion or a gas can be calculated as 
the number of mo]es in a certain volume (in dm3). 

• All equilibriutn constants are only constant at constant t.emperature. If the 
temperature remains constant, the equilibrium constant ~;il] not change. 
If any other factor is v'"B.1ied, such. as pressure or concentration of reactants, 
the value of the .equilibrium constant remains constant. 

The temperature should be quoted when the value of any equiili1bnium 
co11stant is 9iven but often it i1s stated that 1t 1s at a ·given temperature. 



C)--T-h_e_e_q_u-il-ib-r-iu_m_·_c_o_n_s_ta_n_t_,_K_c--------~ 

Figure 7.1 The units of conce,ntrat1on 
~n~ moldm-3. A maria conc9ntrat9d 
solution has a greater number of moles 
perdm3. 

• For the reaction: 

aA + bB =; cC + dD 

[C] C[D]d 
Kc = [A] a[B]h 

where [ C] represents the concentration of C in mol dm - 3 in the 
equilibrium mh .. 1.ure and c is the balancing number for C in the equation 
for th,e reaction. The .sa.m,e applies to A, Band D. 

• The concenrrati.ons of all products at equilibrium are on the top line of 
the ,expression raised to the power of their balancing numbers and the 
concentrations of all re-aciants at equilibrium are on the bottom line of the 
expression~ aggin. raised to the power ,of their balancing numbers. 

• Concenaration is often calculat-ed as the number of moles of a reactant or 
products divided by the volume (n1ost often in. dm3). 

. , (moldm-3)Cc+c0 
Un1ts of Kc = (mol dm-3)Ca+b) 

• The units are in terms of concentration in mol dm3 but the overall power 
depends on me balancing numbers in the equation for the reaction. 

o~ -------writing Kc expressions and calculation of 

The posttion, of equil.ib rium may 
vary when externat factors are 
changed 1but only changes Jn 
temperature win affect the value 
of t!he .equilibrium constant 

units of Kc 
A con1moi1 question is to ,m.te an expression for the equilibrium constant> Ke, 
and to calculate the units of Kc-

Write an expression for Kc for the react ion : 

IPC l5 ~ PCl3 + Ct2 

and ea lcu late its units. 
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Figure 7.2 Ethyl etha no ate 
(CH3COOCH2CH3 ] is a colourless Liquid 
with a characteristic swe·et smell and is 
used ,n g Lues and nail poli sh re movers 
and rn dec:affein;ating tea and coffee. It 1s 
used rn pear drops as a flavouring . 

Remember that when the same 
term1 is mult~plied, their pow-ers 
are added aind ff the sa me term 
is di,vided then the pnwers are 
s u b t ra et e d1

• 

In the first example, 

Wri.te an expressjorn for Kc for the rea,cti.on: 

CH3COOH + CH3CH20H ~ CH3COOCH2CH3 + H20 

and ca lcutate its units. 

Answer 
K- = [CH3COOCH2CH3] [H20] 
. c· [CH3COOH] [CH3C H20 H] 

. . [mol dm-3)2 . . 
Units of Kc= (mat dm·-3)2 = 11 0 units. 

concen tration2 d1rvided by concentrat ion co ncentratio n,[2-11 a concentrati·on so the units are moldm-3. 

In the second exa·mple. 
concentratf on2 di1vided by concentraHon2 = concentration(2-2l = concentrationo = 11 ,(no u nitsL 

When fractio,ns 1(or decimals] are 
used to balance the equation. 
the powers of the co ncentra tions 
in the 1Kc express[ on are these 
ba,lancrng numbers from the 
equati·on. 

lE 3 
Wri1te ar, expression for K, for the re.action : 

S02tg) + ~02:[g ]' =; S03[g] 

and calculate its uni1ts. 

Answer 
K = {S03] 

C 1 

[S02] [0212 

. [ m o L d m-3) 1 . -1 . 1 J 
Units of Kc ~ . i ~ . . .l ~ [moldm-3] 2 ~ 1mol-2 d1m1. 

[moil d m-3] [ mol d m - 3~2 

No units of IKc 
For the [ollawing reaction: 

2HI ~ H2 + I2 

The equilibrium constant., I<c, has 110 units. 

Kc == [H2] [I2J 
[HJ] 2 

. (moldni-3) 2 . 
U ruts of~ = ( ·ld _3) 2 - no u1nts mo m 

If Kc has no units then it is because there are an equal number of moles on 
both sides of the equation and they can.eel each other out in tl1.e ~ expression 
(see also Example 2). 



initial 
moles 

reacting 
moles 

equiHbr,iu rn 
moles 

Figure 7~3 

A + 

\ 

\ 
\ 

~ ···························································································: 
! TEST YOURSELF 2 i 
f 1 For the equilibr ium : f • • 
: 2F + G ~ 2H : 
• • • • • • 
; a) Write an expr ession for th e equilibr rum constant. 1K, . ; 
; bJ Ded1uce the units of Kc. i 
• • i 2 For the equilibr ium : i 
• • • • 
: C H4 + 2 H 20 ~ C02 + 4H 2 : 
i i 
j a) Wr ite an expression for th e equ ilibrrum constant. Kc, i 
• • : bi Deduce the units of Kc. : 
• • i 3 For the equHibr ium: i 
• • • • i H2+Br2 =:;:2HBr ! 
• • • • i a) Wr jte an expression for the eq uilibr ium consta nt, 'Ke. i 
! bi Exp laln w hy Kc for thii s equilib rium has in o u n'its. ! 
• • • • ............................................................................................................. ...-i 

Calculating Kc 
Calculating a value for Kc may involve calculating and using e,qu ilibrium 
amounts, in moles or equilibrium concentrations. Kc is ,only constant at 
constant temperature wh ich may be quoted in QC or Kor simplly stated as a 
constant te1n perature or given temperarure or particular te1nperarnre. 

Calculating equilibrium moles 
The general format below is followed to calculate the amount, in moles, of 
each sub stance present at equilibrium (equilib rium m oles). 

B ~ C + D ~ 

I \ I 

... 

--

Put init ial amount. in moles. in, 
t~ i$ row under the substance 

These must be in rat,io of the 
balancing humher.s ,j,n the 
eq uatiori for the reac~ion 

I \ I -- Put equ i llrb ri1urri va I ues in he re 

I \ I 
These wil I be negative as -they These willl be positive as they 
are lost from the in iti,a I rn oles are ga,ined to the i,nitial mo'les 

If the equ1iU1briu m moves from irigtit to left then the reacting 1motes wiH be 
Lost from1 the products [and be negative on the r igh t} and ga~r1ed by the 
reactants [and be posi tive on the left !. Tlhis wou ld be unusual. 
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A mixture was prepared using 2.0 ,moil of A andl 1.5 mol 
of B. At a gi,ven temperature, the mixture was left to 
reach equilibr1iu:m a-ccorcHng to th e equation. 

2A + B =; 3C + D 

The equilibrrum mixtur,e contained 0.74 mol of B. 

Calculate the amount_ in moles, of A. C and D in the 
equilibrium mixture. 

Answer 
S P 1 
,In th,is fi rst step. create a ta,ble below the equati,on 
with three row head:irngs as shown,, Put the initial 
amounts, in motes, into the first row. There was 110 C 
or D present ~nitiaay so, they are put as O {z,ero] . 

,iA .+ B ""-c 3C + . 0 -
in1t1;:3L moles 2.0 1~5 0 0 

reactfng 
males -
Qqu1librium 
moles 

t ? 

,In th~s step you need to put in so,me ~nforma,tion y,o,u 
have been given apart from initial amounts, 1n moles. 
In the example you are told that the equilibrium 
mtxture co nit@ined 0. 74 mol of B. Thi,s js pl@ced below 
B i,n th,e eq uH,ibrium moLes rov,,. 

2A + B -- 3C + D ---,.. 

. 

initial moles 2.0 1.5 0 0 

reacting 
moles 

equilibrium 
0.74 

moles 

From this i,nformation you ca n now work out how 
much of B reacted to create this equilibrium. Tlhis i·s a 
si1mple su b,traction. 1.5 - 0. 74 !:!!I 0. 76 mol of 8 reacted. 
Th is is fiUed into the react ing molles line below B. a is 
negative because this is how much has reacted. 

2A + B .._ 3C + D -
initial moles 2.0 1.5 0 D 

rea ctrn g 
-0.76 

m oles 
-

equilibrium 
0.74 

moles 

St p,. 
All the other reacting m,01Les are calculated fro :m D. 76. 
The reacting moles must all be in the sam,e ratio 
as the batanci ng n.u mbers in the equation. u, th is 
example, 11 . .52 mol ,of A reacts [2A + B on, H,e lefti and 
2.28 mol of C plus D. 76 mot of D are formed (3C + 0). 
Th,e m1oles of A reacting is a ne,g:ative number and the 
m10Les of C and D formed are pos~t1ive numbers. 

2A + B - 3C + D --p 

initial 
2.0 1 ~5 0 0 moles 

r~acting - 1.52 -0.76 +2.28 +0 .. 76 moles 
equ i Lib riu m 0.7 
moles 

" The equilibr~um moles for A. C and D are calculated 
by adding the rnitia l 1moles and the reactrng moles 
l[taki ng into account th,e - a,ndl +]. 

For A, tlhis is (2.0 - 1.52:; 0.48): mol. For C, this is 
1(0 + 2.28J m,ol and for D, this is IO + 0.76J mol. 

2A ... B - 3C ,f. _. 

1 niti~ L 
2.D 1.5 0 moles 

reacting - 1.52 -0.76 +2.28 moles 
aqu i Lib riu m o.,e 0.74 2.28 
moles 

D 

0 

+0~76 

0.76 

T1he a1mount. in moles, of A, C and D in th e equilibrium 
1m ixtu re at this temperature is: 

A= 0.48 mol 

C = 2.28 mol 

D • 0.76mol 

This process see ms long, 1but once you get used to 
it, it b,ecomes mu.en faster: In these ,exa,mples, the 
steps are cotour-coded ~R. , G, B, VJ in the table. 
[YeHow and 1ind igo are o:mitted from, the colours of 
tlhe spectru,m as they are harder to see in print !] 



LE 5 

Hydrogien and nitrogen react to form aimmonia . 
A mixture of 10.0 mat of nitrogen and 25.0 moil 
o,f hydrogen were allowed to react and: co me ta 
equ ilibrium at tern perature, T. 

N2[g) + 3H2[g] ~ 2N H3(9i] 

At temperature T, there were 2.8 mol of nitrogen in the 
equi librium mixture. Calculate the amoL1nt, ,n m,otesi 
of hydrogen and ammo n,ia in the equHib rium, mixture. 

N2 + 3H2 
...___ 2NH3 --r 

i n i ti a l m oles 10.0 25~0 0 

reacting m o Les -7.2 -21 .6 +14.4 

equilibrium 
2. 3~' moles 

Answer 
Initial amounts in moles [g iven in t he example) 

10.0 :mol of nitrogen are mixed wrth 25.0 m,ol of 
hydrogen 

14.t. 

The foltowing1 equ ilibrium was established in a closed 
co ntainer 

2P ~ R + 25 

7.5 mo'l of P and 2.0 mol ,of S were ptaced in a closed, 
co ntainer and allowed to co me to equilibrium at a 
ce rtain temperature. 

5.04 1m,ol of 5 were present in the equiUbrium mixture. 
Gatcutate the amount, in motes, of IP and R in the 
equili br,ium ,mixture. 

2P ._. If +' 2S -
1nitial moles 7.5 0 2 

reacting moles - 3 .. 04 +1 .52 +3.0t.. 

equillb r1um molss 4.46 1.52 5.04 

Answer 
Initial amounts in moles [g iven in the example) 

7. 5 mo l of P and 2 .0 m,ol of S a re mixedl. 

moun in mole of on sub tanc t quilibrium 
[given in th x mpl I 

5.04 im,ol of 5 are present i,n the equilibrium m~xture 

Amount in mol s of on ub tanc at qu1libr um 
(giv n in th xamp e] 

2.8 mol of nnrogen a re present 1i11 the equilibr,iu ,m, 
mixture 

Reacting moles of this substance (calculated from 
given information 1 

7.2 mot of nitrag:en has reacted (-7.2~ 

Reacting moles of other substances [calculated from 
balancing numbers in the equation] 

7.2 mot of nitrogen reacts wfth 21 .6 mol of ,hydrogen 
( 1 :3 ra,ti o J and fa rrned 14.4 mo l ,of N H3 I 11: 2 rat~ol 

Equi Libriu m moles of other substances (adding the 
initial moles and the reacting moles) 

2'5.0 - 21.6 = 3.4 mol of H2 remai nirig; a + 14.4 = 
11..4 mo l of N: H3 form·edl. 

The a,mourit, in moles, of H2 and N!H3 i,ri t he 
equi librium 1mixture a·t this te1m,peratu re are: 

H2 - 3.4 mol 

N H3 ;;; 14.4 mat 

Reacting moles of this substance (calculated from 
given information) 

3.04 mol of Sare form,ed [ +3.04) 

Reacting moles of other substances (calculated from 
balancing numbers in the equation) 

3. 04moL of S formed from 3.04 mol of P l2:2 ratio) and 

also 1, .52 mol of R formed (~ ), due to 2: 1 rati!o of S:R 
i r, equ aiti,011. 

Equi librium moles of other substances (adding the 
initial moles and the reacting moles] 

7.5 - 3.04 - 4.46 mol of P remain ing; 0 + 1.52 -
1.5 2 mo l of ,R form ed. 

Ttle amount, in moles. of P and 1R in the equilibrium 
m i,xtu re at this te1m1 pe ra,tu re a re: 

P = 4.46 mol 

R = 1.52 m,ol. 

This example is slightly dd fferen t as triere was 
some of one of the products in,itialty present but 
the same rules still apply to each step i1n the 
process. 
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Calculating equilibrium concentrations 
The previous questions can be taken ,one stage furthei: If a volume is given in 
the example, the equilibrium moles are divided by the the volume in dm3 to 
give the equilibrium concentration in mol dm-3. 

PLE 7 
Sulfu r dJoxi de reacts w ith oxygen at a high 
temperature to farm su!lfu r tri ox~de. 

2S02f g) + 02(g] == 2503(9) 

1.5 m,ol of sutfur d,iox,de is mixed with O. 75 mo l of 
oxygen at a hf.gh ternpera tu re in a container of vo'lume 
5.0dim.3. 0.25 mol of oxygen are present at equi,Ubri um. 

Su lfur -----• 

J 
Dry air - ...... _ __, 

F"urnace 

Ca tcuta te th e a1mou11t, in moles, of sulfur diox ide 
and suUur tri oxide in the equilibri,um m,ixture . 

. Ca lculate the conc,entration of the reacta nts and 
prod.ucts in 1m1ot dm-3 in t 1he equilibrium mixtu re. 

450GC S03 

Converter 
Water ... 

Concen,tra,te d 
su If uric add' 

_______. l ._ 

Ol9uim. 
H2S201 

- .... Sulfuirk 
acid, H2S04 

J Figure 7.4 The equilibrum between sulfur dioxide and oxygen is an important pa rt of the manufa ct ure of sulfuric acid . 
.. 

1-
z Answers 
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r . - -·-· .. _ :: .. ,- -,c.:!.-,,-
L Jl scf tL -~~ • -4~0'i°r I 

•. , '.····.::."-',.:.:..i ~-1 ... ~ • •J • 'J:,~_; - ... 

i nit,a l moles 1. 5 0~75 

rea ct[·n g moles -1 -0.50 

equilibrium moles 0~5 0.25 

Amoun ts, in motes, of S02 and 503 in the 
equilibrium mi1xture: 
S02 = 0.5 mol 

503 .. LO mol. 

2503 ...._ 
--,. 

0 

+LO 

LO 

The c,oncer1t rati ons. in m al d m-3• of the rea ctan ts 
and products tn t he equibi br ium mixtu re are g,iven 
i,n the table by divi·din g the a,mount, i·n mo les, a,t 
equilibriu1m by the volum e in dm-3. 

I 2S02 + o, ..__ 
.-;-,r 

initial moles 1.5 o.,s 
r~eicti ng 

- 1 -0.50 
moles 

equilibrium 
0.5 0.25 moles -

co nc&ntratio n 
0.5 = OJ 0.25 

at equ ilib r ium = 0.05 
[mo ldm- 3) 

5 5 

The concentraHon of S02 in mo l dm-3 1in the 
equLli brium mi·xture is O. l molam-3 
The concentraUon of 02 in mo t dm,-3 in the 
equili brium mixture is 0.05 ,moldm-3 
The con centratron of 503 in ma l d m,-:3 1i n the 
equi li br ium mixture is 0.2 mol dm-3 

2·so3-. 

0 

+1.0 

1.0 

LO: 0.2 
5 

Often one of these equ ilibr,ium concentrations is asked or all may be 
calculated and used to determ~ne a va lue for the equi librium constant, Kc. 



1000 ,c m3::;; 1 dm3. It is ;tways im,portdnt to h,ave a cle;r understand1ing of 
un its 1in all qu anttties. lf th e volum e were given as 600 cm3, this is equal 
to 0.6 d m3 so the equi1lrbrium, moles shou ld be d·ivided by 0.6 to determine 

I 

concentrati·ons in m,ot dm,-3. 

~ -··························································································: : TEST YOURSELF 3 ; 
• t 

! '1 1.0 m,ol of A and 1.0 mol of 8 were m 1ixed and allowed to reach i • • 
~ equtl·ibrium at a certai1n temperature. ~ 
• • • • 
: 2A + 2 B ~ C + D : 
• • • 
: 0.2 mot of C were prese nt rn the equ iltbrium mfxtu. re. 
! 
: a) Write an expres sion for t'he equiUbrium con.sta·nt, Ke, f,or th is 
• : equilibriLim and deduce its uniits. 
i bi Ca lculate the amount, ,in moles. of A, Band D present in the 
• ! equilibri1um mix ture. 
: 2 : llJ.0 m,ol of PCt5 w ere allowed to reach equi libr ium in a conta:iner of 
• • • • • • • • • • • • 

volume 2.5 dm3 according .to the equi,'lib r ium . 

I i a) Write an exp r,ession for the equiilibrium constant. 1Kc, for this 
i equilibri1um. 
~ b) Deduce the unit s for Kc:.. 
i ,c) 4.0 mol of PCt5 a re pres,ent in the equili br1iu m m ixtu re. 
' : i) Calculate the amount. in moles. of PC l3 .an d C l2 in the ,. 
: equiUbriu 1m 1mixture. 
• 
~ ii) Calculate the concentration of P·Cl5, PCt3 and Cl2 i1n the 
• i equillibriu 1m 1mixtuire. 
i 3 For the equiUbriu m: 
I! • • 
: 4NH3 + 502 ~ 4NO + 6H20 • 

• • • • : • • i • • • • • • • • • .. 
• i 
I 
I 

t • • • • • • • • • • • • • • • I • • • • • • • • • • • • • : 
I 
I • I • • • • • • • • • • • : • I 
I 
I 
I • • • • • • • • • • i a) Write an expression for th·e equrlibri1um constant, Kc, for this i 

i eq_uiUbri1um. i 
r I 

i bi Deduce the unit s of K.... : . ~ . • • 
: c) 2.00 mol of NH3 and 2.50 mol of 0 2 w ere mi:X ed and allowed to : 
• • 
: rea ch equilibrJum. D.80mol of iNO were present in the eq uil ibrium : 
• • 
f mrxtu re. ~ 
: n Ca lculate the amount. in m oiles, of N H3• 0 2 and H20 present in : 
: the equi,li:brium m iixture. : 
• • 
~ ii) The total vo,lume is 20.0 dm3. Calculate th e equi.Ubrium ~ 
! concentrations ot all reacta,nts and products. I 
t • 
=··········· ·····································••t•············· ··················· illllll .................... ... 

The equilibrium concentrations may be determined by di"iding the 
equilibrium moles by the volume (use V if volume is not given). The 
equilibrium concentration may then be substituted into the K.: °''Pression to 
calculate a value for Kc. 

For a Kc expression which h as no units, the volumes will cancel out as there 
are equal number of moles ,on each side of the· equilibrium equation. 
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It is importa1nt to note that (r, this 
quest,ion, no votume ~s given so 
V dm3 ,is used as the volume and 
the equ iUbrium moles are divided 
by V to ca lculate the eq,u ilibrium 
co11cen tra tio ns in mol d m-3. 

As rKc rias no units V cancels out 
in the equilibri,um expression. It 
is acceptabte to use equHibrium 
moles to calculate the vatue of 
a Kc which has no units but the 
use of Vis better practice and 
appears .in ·many mark sc'hemes. 

The answer has been 9iven to 2 
significant figures as aH the rinrt~al 
data were given to 2 significant 
figures. This irs good practice 
eHld you wiH rn oti ce th:is i ni mark 
schemes. 

N.itrogen monoxide decomposes into nitrogen and oxygen according to 
the equHiarium. 

2NO(g] =; N2[g) + 02~9] 

Write an expression for the equi lLbriu.mr constant. 1Kc, far this 
equilibrium. 
Exp ta in why Kc for this reaction has no units. 
5.0 mol of nitrogen monoxide Wrere allowed to come to equi,libr1um in a 
sea,led co.r,ta1ner at a particular tem,pera,ture. 1.5 mol of nitrogen were 
i r, the equ i Ub ri um mixture. 
a Catculate the a,mount, in motes, of n-itrrogen monoxide and oxygen in 

the equ,i'li1brium m,ixtu re. 
Calcutate a varl1ue f,or Kc: for this equi'librium at this te,mperature. 

Answers 
K ~ [rN2U02J 

C [NOP 
Equal numhers of moles on ea1ch s:ide of the reaction so the 
co ncentrat,iorns ea nee L each other out in terms of units. 

2NO - N2 + 02 _. 

f nit i a L m o Les 5.0 0 0 

reacting moles ... 3 .. 0 +1 .5 ... ,.s 

equil'ibrium moles 2.0 1.5 1.5 

eq u ili bri um 2 .. 0 1.,5 1.,5 - - -
concentration V V V 

A reacts with B to formr C and D according to the equilibriu.m below: 

A+ 2B "---:"C + D 

0.25 mol of A were mixed with 0.80 mol of B in a container of votume 
10 dm3 and th e mixture alllowed to come to ,equilibrium at 500 K. 

The equi Ubrium mixture at :500 K contained 0.20 mol of A. 

Calculate the concentration. in moldm-3, of A. B. Ca nd D in the 
eq u i li'b ri u :m 1m ixtu re. 
Write an expression for the equi1librrium1 constant, Kc, for this 
equilibrium,. 
Ca'Lcu~ate a value for 1Kc for this equilibrium at 500 1K and sta te its units, 
if any. 



tf the calculation 1in part 3 of 
Example 9 for 1Kc were ent,ered 
1 nto a ea lcu Lato r as : 

0.005 x 0.005 + 0 .02 >< f O .07)2 

the answer would be 6.1· x 1 o~6 
I 

whi1ch is incorrect. Th ~s calcu La tes 

K . 0.QQ'.5 X 0.005 . jQ Qi 7112 c as O. D2 )( i • 

which is a comp1letely different 
calculatjon . Try these 
ea lcu lat ions on your catcu la tor 
to 1m,a ke sure you get the correct 
answer. The use ,of bra.ckets is 
very important. 

The ca lculation of equi,li.brium 
motes is the same usi1ng 
fra·ct io na l ba lancing nu m oers. 
J of D.240 fs 0.360 ((0 .240/3! x 2 
= 0.36)1. Half of 0.240 1s O. 1 2 0. 
Equ:1i Uhri um con centrat ions 
in moldm-3 a:re worked out 
by divid1ing by the volume 
[0.500 d m,3) . 

TIP 
Th,e power of 1 ,,s b,est accessed 
on your calculator by raisi.ngi 
the numb er to the power af 0.5. 
S1imi,larily a p,ower of i is a power 

. 1 
of 1.5. The power of 2 is the sa me 
as the square root of the number. 

Answers 
1 

in itia L moles 

reacting moles 

eq ui Lib riu m moles 

g.q u i Ub ri um 
concentration 
[moldm-3] 

A + 28 

0 .25 0 .80 

- 0.05 - OJO 

0.20 0.70 

0 .. 02 0 .. 07 

- C + D ~ 

0 0 

+0 .. 05 +0.05 

0.05 0.05 

0 .. 005 0 .. 005 

The equilibrium concentrat,ior,s are det,erm,ined by di1vidirng the 
equilibrillm moles by the volume w,hich is given. in tihi·s example. as 
1, 0 dm3. 

~ . [C][D] 
Kc = l[A] [8]2 

~. Q_1QQ5 X 0.005 2. 5 X 1 Q- 5 _ . . .. , -1 3 
Kc= 0.02 X [0 .07P = 9.8 X ,. Q-5 - 0.26 mot dm 

For the equ1libriu :m : 

1N2 IQJ + JH2 .[g) ~ NH3(g] 

1.00 mot of n~tragen and 3.00 mot of hydrogen were mixed i1n a ·contai,ner 
of volume 0.500,dm3. 0.240 mo'l of ammonia were present at equiliibrium. 
Ca lcu 'late a value for K, and state its units, if any. 

~ ~ --• 

rnitia L moles 1.00 

raacting moles - 0.120 

equilibrium moles 

equ ilibrium concentrat ion 
(moldm.,.:a] 

Answer 

[ 1N 2] ;;; O · 88 O ... 1 . 7 6 m1 o l d mi-3 
- · 0.500 

[H2] = 
2
·
64 

= 5.28 1moildm-3 
0.500 

0~880 

'1*760 

0. 2Ld) 
[N H3] = O. 

500 
= 0.480 m ot d m - 3 

~ ~ - ~~ ~~: ~ ;·· -· ,,, 
,., '• . :.'-"i 

3 .. 00 

- 0~360 

2.640 

5.280 

Kc_ [N H3]1 [0.480j 

[ N 2Jr [ H 2]~ [ 1 . 7 6 Jt I 5,. 2 8 },t 
0.4B0 . . . 
-- ~ O.D298mol-1 dmJ 
16.096 

. -
I ,1~,r~ 

~"' ~111 

0 

•0 .240 

0.240 

0.480 
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The reci~rocal of a value, for 
example the rec 1iprocal of x, ~s 
equal to~ wh1ich is the same as 
x-1. The un~ts of the reciprocal 
value are atso the reciproca l of 
the units of the original value, for 
example, Kc with units mot-2 d m6, 
the un1its of t,he rrecrp,rocal are 
(mol-2 d1m6J-1 mol2 dm-6. 

This is a more simple type o,f 
question but th e compli cation 
comes from the fact that 'it 
almost seems too easy and 
often m,istakes are made 
i,n overcom,pUc:ati ng it. Do 
not assume these are ,jnjtial 
ca11cen tra ti ons or i nititial moles 
and start to try to determine 
equ i li bri um co ncentrations or 
i n~tial moles from these values. 

Calculating Kc from concentrations 
Equilibrium c,oncentrations of reactants and products may be given arnd the 
equilibrium constant, Kc, is calculated horn these values. You \vill often be 
asked to deduce the units as well in thls type of question. 

The equilibrium constant for the revers-e reaction is the reciprocal of the 
valtle for the fo·rward re-action. Simply use i' to calculate the value of the 
equilibriunlJ constant for the reverse reaction. The units of th e equihbrium 
constant for tl~e reverse reaction are again the reciprocal of the units of the 
equilibrium constant tor the forward reacti,on. For example if th units of the 
equilibrium constant for the forward reaction are mol-1 dm1, the units of the 
value of d.11.e equilibriun1 constant of the reverse reaction are (moI- 1dm3) - l = 
mol dn1. - 3. 

Methane reacts with water as sh,own in the equH1ibrium below. 

C Hi(g j + 'H20 [ g] =; C O!(g) + 3 H21[g] 

The equi'li brium concentrations, i.n moldm-3• of each gas at a particular 
temperature a re gi,ven rn the table below. 

Gas Equilibrium concentration ( mol d m .. 3) 

CH4 0.14 

H20 0.55 

co 0.17 

H2 D.51 

1 Write an expression for the equi lirbriium constant, Kc, for t his 
equilibnium . 
Calculate a vatue for 1Kc at this te,mpera,ture andl ,ded1uce its un its. Grive 
your answer to 2 si9nifi1cant f~giures. 

" Calculate a vatue for the equi lilbrium co nstant for the reverse r,eaction 
andr d·educe its units. Give your answer to 2 s,gn,if~ca nt hgu res. 

Answers 
K ·= [CO]I [H2J3 

c [CHJI [H20] 

L Kc ~ 
0
· 1

7 
>< 

0
·
513 00~'~;;5 

0.2929moL2dm-6 
0.14x0.55 

To 2 signHicant f1igures, Kc = 0.29 mol2dm-6 

. . (moldm-3)4 
The units a,re deduced by [mol dm-3!2 ... mot2 d m1-6. 

The va lue of the equilibrrum constant for the reverse reacti1on 

o.19 - 3.4 [to 2 signifi ca nt fi gures] 

Tile units of the reverse equillbr i,um coristarit are 
{mol2dm-6)-1 = mol-2 dm6. 



~-··························································································; 
! TEST YOURSELF, ! 
i • 

i 1 Sulfur dioxide a.nd oxy,gen a,re in a homog,eneous g:aseous equi,Ubrium j 
: with su lfur trioxide. : 
• • 
: 2S02~g) + 0 2[g] ~ 2S03[gl : 
• • i • 
• I 

! At 450 °C the equi,Ubr ium concentra,tions are: : 
t ~ : : 502 ~ 0.240 1motdm-.J : 
• • • • • • : 0 2 = 1.47 moild m-3 : 
• • • • 
• <'.m • 

: 503 • 0.82 motdm-w : 
l i : . 
: a) Write an expression for the equi~ibrium con.sta.nt, Kc. : 
• • 
: b) Calcu late a vatue of th,e equil~br,,um constant, Kc, at 450 °C and : 
• • 
: deduce its units. : 
• i 

! 2 2.0 :mot of PCt5 vap,,our are h,eated to 500 Kin a vessel of vo lum,e ! 
f 10 d m3. The equ ilibr jum mixture contdilns 1.2 mol of chlor in e. i 
• • • • • • • • • • • i 
I 
I!! 

! • • • • • • • • : .. 
• I • It 

: 

• • • • • • 
a) Write an expression for the equitibri1um co nstant. iK,. i 

• bi Calculate the amount. in moles. of PC l5 an d PCl3 ir, the equi Ubrium : 
• 

mixture. : 
• 

c) Calculate the equilibr~um concentrations of PCl5• PCl3 and Cl2• i 
di Calculaite a vatue of the equili1brium co n,stant, Kc, a-t 5,00 1K and i 

I 

de d u c e i ts u n i ts. : • • • : 3 A reacts with 8 accorci1ing to the equiti brium: 
• 

• • • • • • • • • : 
• • • • • • ' i 

ii 
I 
I 
I!, 

i 1.00 mol of A is mri1xed w'ith 1.00 1mo l of B. The mi,xture is left to co,me to ; 
• • • • • • • • : • • • I • .. • • • • • • • • • • • : 
ii 
I 
I 
I • 

equitibri'LJm. The equili bri'LJm mi·xture contains 0.20 mol of A. 
a) Calculate the amount, in :moles, of B and C in the equilibri1um 

mixture. 
bJ T1h e vo l,u me of t 1h e co,nta ine r is 5. 00 d m3. Ca lculate the eq u ~ U bri um 

concentrat ions of A. Band C . 
c) Write an expression for the equi,Ubri1um co nstant, !Kc, for th is 

equ rlrbfiiu m . 
di Ca lcula:te a vailue for K, at 500 Kand deduce its un its. 

• • • • • • • • • • • • • • I • • ' ' • • • • • • • • • • • I 

' I I 
I • 

··································~·················································~ ........................ ~ 

0--------Using K, 
Som,e calculations require you to use a given value o(Kc at a cenain 
temperature. There is a variety of these type of calculations. 

In some examples, the Kc value may be given ro yo,u ~ and you are asked t,o 
,calculate one of the equilibrium concentrations O'r amount , in molesi present 
at equilibrium from using the Kc value. 
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The followi.119 equilibriu 1m1 was establi1shed in a closed container. 

2A!g] + Bi[g)I ~ 2C[g] 

1 Wri.te an expression for the equ~Ubr·ium constant. Kc, for this 
eq uilibriu ·m. 
At 350 IK, Kc= 45.2 moL-1 d,m.3 and the equilibrium conceritrat 1ion of A 
and Bare 1.27moldm-3 andl 0.240 mo [dm-3 respectively. Calculate the 
equilibrium concentratron of Cat 350 K 

Answer 
[CJ2 

K=--
c [A]12 [B] 

2 Rearra ng~ng the equilibrium expressi,,an gi1ves: [C]2 .. Kc x [A]2 >< [BL 
The values given above are equil,bn um concentrations so n1ay be used 
directly ,n the expression. 

rc12 - 4S. 2 x rt .2112 x a .240 

[C]2 = 17.4 97 

[C] = /17.497 = 4.18 moldm,-3 

ff you want to ch,eck your answer is correct, put it into tihe expression for 
Kc a.no you should· get the K, vatue you were given in th,e question. 

= (4.18] 2 = 1 7.4 724 =45 14 . l-1 ' ' I ,3 
Kc: (1.27)2 x 0.24 0.3871 · mo dim 

This 1is the value g iven1. Often, as in thris example~ it may be close to the 
valiue g,iven in the question due to round in1g1 of answers. 

Rearranging an expression like the express ion for 
the equ il,brium constant. Kc, rs a common skill ln 
maths and in the appl:ied maths used ,in che'm1 istry. 
Ma,ke S·ure you can do this. If a quantity is divided on 
one side of the expression, it wiU be ,miultipUed on the 
other side when m,oved, for example: 

expressron and check the va:lues you have allow ingi 
you to obtain the value fo r the subject, for example, 
using this Kc expression: 

[C]2 
[B] - [A]2K 

c. 

[CJ2 
Kc= fA]2[B] 

SO [CP = Kc X [AJ2 X [B]; 

as the equatiion was divided by [AJ2 and l[B] so when 
moved ta the otner skJe, it is multtpl~edl by them. 
When you naive values, practise rearranging a Kc· 

. [ B JI - [ 
4. 1 83 l 2 - 0 24 , 1l d' 1 -3 so , - [1.27]2 x 45.2 - . mot mi 

wtiicn irs the value you we:re given ~n the example. 
The most complex rearrangement comes when 
the quantity you want to make the subject of the 
exp ressi,o n f s part of the de no,m i naito r in a fra cti·on. 



tf you fi rid you are prone to 
calculator errors in these types of 
ca lcutat1ons~ i,t ts best to cailculate 
the numerator and denominator 
s,epa rately and then carry out the 
divlsion. 

Many of these calculations 
are carried througf"lout the 
ca lculation on a ca lculator. Make 
sure you g i·ve the answer to a 
specific number of s.ignificant 
figures asked for· in the 
ca lcutat,ion or to the lowest level 
of precision {lowest number of 
signffi,cant figures) for t ihe g,ven 
data ,in the question. 

lE 13 
The foltow~ng equH~br,ium was esta bUshed in a closed container. 

3D(g] + 2E[g] ~ Ffg] 

At 550 K. Kc - 96 .2 mol-4dim12. The eq u,iUb:riu m mixture contained 28.0 mol 
of D a,nd 113.4 mol of !Fin a 140d 1m 13 container. 

WrHe an ,expression for the equilibriu,m constar,t, Kc, for this 
equ,i Li bri u,m. 

"') Calcutlate t'h,e concentration. f n mol dm-3, of E iri the equilibrium 
mixture. 

J Calculate the amount, in moles, of E present 1n the 140 dm3 con tain,er. 

Answers 
l[F} 

Kc = [D]3 [E]2 

2 The equilibriu!m concentrations are ca lculated by divid1ng the aimount. 
in moles, at equ i Ubri um by the volume of the cont ad ner in d m3. 

[ 0] - 2 8. (J - " 2 ' ' l .-.1 ' -3 - 140 - u. mo u 1m 

r] 1134 . 
t F 1:1 

14 0, !:! o. 81 m o l d m-3 

Rearrangin·g the equilibrium express:ion ,for Kc to make [E] the subject. 

tE]2 _ [F] ~ 0.81 _ 0.81 _ 11 n 5
.
25 

t - fD]3Kc ,(0.2]3 x 96.2 - 0. 7696 - .u 

[E] = /1 JJ5,25 = 1.03 motdm~3 

~ If [E] = 1.03 motdm-3, this means that 11.03 m,ot of E are present i1n 
l dm3 so to ca,tcutate the amount, in moles, present in 140 dm3, the 
c,oncentration is m,ultipU.ed by 1,40. 
A1mour,t in moles i:n 140 dm3 = 1.03 x 14() = 144 mol. 

' ' 
The ansi:1er is given to 3 significant figures as this 1s the lm-vest nurnber of 
significant figures in the data given. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
: TEST YOURSELF 5 
! ·1 For the equiUbr1ium,: 
I!' 

: A +28 ==; C + D 
• • • • • • • • • • • ; 
t 

' • • • • • • • • • • • • • 
l 
' • • • • • • • • • 

~ = 12.4 moL- 1 d,m3 at a certain temperature . 

A and Bare mixed and allowed to come to equ1'librium at this 
te1m,perature and t'he equili lbr~um concentrat,ions are: 

A: 1.20 imoldm-3 

B: 0.5:5 moldm-3 

0; 2. 10 moldm-3 

Ca tculate the equflib,rium concentration of Cat this te1mperatur e. 

• • • • : • : 
I 
I 
I • • • • • • • • • • • • : • 
I • • • • • • • • • • • • • • • 
' I 
I 
• • • • • • • • • 
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. . 
• • i 2 For th,e same equiti briu m in question 1,: I 
• • • • ~ . 
: A+ 28:::::; C + D at a different temperature : 
• • • • 
: Kc:= 10.5 moL-1 dm3. : • • • • • • i The eq,uilrbdum concentrati:ons of A, C and D are: : • • • • • • 
: A! 0.440 ,motdm-3 ! • • • • • • 
: C: 0. 940 1m1ol dmi-3 : 
• • • • • • 
: D: 2.52 mat d,m1~3 : 
• • • • f Ca lcutate the equ i li,b r,i um concen tration of '8 at thi,s te m, pe rat ure. i 
• • • • • • 
i 3 For th·e equili1brium: : 
• • • • • • 
: 2 H I [ g I =; H 2 :[ g] + I, 2I g ]1 i 

I al Write an expression for the equilibrium constant, K0 • ! 
• • 
f b) Expta,n why Kc has no units. i 
. I . : c At a par t1 cu la r te m p er a tu re, a ri eq u i t i b r i u m m i,x tu re con ta j n s ; 
• • i 0.0800 mol of H2 and 0.0800 m,ol of 12. Kc at tn,is t,emperature is i 
t 7.4.5. The total volum,e is 4.0 dm3_ : • • • • 
: Calcutate the concentration of HI, in 1mot dm-3, in the equi libr,ium : 
• • 
: mixture at U1,is temperature. : 
• • • • 
···············································································~····· ....................... ~ 

,. .......... ·~ ...... _. ........................... .,, •• • ""' .............. ._ ......... ._ .. _ ......... ~ ........ a.-4• ........... "1,, .. .... ............ ... . .. ... . ... . .._ ........... ._ •• ,. ....... "'4 ................. .. ...... .. ·: 

ITV = 

Determination of the value of Kc when ethanol reacts with 
ethanoic acid 
The procedure involves setting up a known mix tu re of ethanoic acid, 
ethanol, water and di lute hydrocrhloric acid [catalyst)1 and leaving it for 
one week to reach equilibriLfm. 

CH 3COOH + CH3CH 20H ~ CH 3COOCH2C H3 + H2o 
A control i,s also prepared 
contain1ing ,only dilute hydrochlor:ic 
aci·d. As soon as equrUbrium has 
been estE11bUshed. the mixture is 
poured into excess water [thi,s 
· fre,ez es ' the equ i1ti'brru1m for a 
short peri,od of ti:me] and then 
rapi1dly titrated wiith1 standaird 
sodium hydroxide solution, using 
phen,olphthalejn as an indicator. 
The results of this titrat1ion give a 
measure of the total concentration 
of acjd present in the eq;uitibri1u,m 
m,ixture. 

Titration of the control alllows 
the concentration of dilute 
hydrochl,oric acid! ta be deterrm'ined 
and from the two titratro n resuUs, 
the equ1illibriu m concentration of 
ethanolc ac id can be determ1 iT1ed,. 
P rov id ed the rn itia l concentrations 
of ethanoic aci,ct, ethanoil, water 

Figure 7.5 Titration of thQ acid with 
standard sodi um hydroxide using 
phenolphthalein indicator. 

• ~ 
C . . . . . . . . . 

. 
~ . . . 



and d,ilute hydrochloric acid are known. the equitibr1um1 cor1centrations 
of each of these compounds can be calculated and h,ence a value of K, 
can be found for th,e reaction u nd,er the condi1tioins of the experiment. 

Table 7.1 ln1tic1L volumes for each reagent to mi3ke e,qu ilibrium m1xture and 
control. 

·--------------rrc·onfr.oY;tfasi<.• ·-,-.·i-ititr.r'il~ i<--
1. ... . d _ • _ ............. . - ..... J--......... ... .... .. .-.- .... ,. ....... t ~. ··-~~ 
I t I • 

·~~:fi. ..----:,.. ,t ._;:_..,~I .-.1 • ...:.. -~ r- 111";1',...:..:.-:_~ ...,_ ~"-'; .... "": .. ,• • ••_• ~"':',\-.:• , "'' ''-lj..."' : ~"t:, 
Reagf! nt Densi~y. /gj~i:Q:r~ U~~lu.m~Z~Ql; 1~ ~ r-__ ,¥fll@~t:i:i:~1.c_l]i,!i'•I 
Ethanoic acid 1.05 0.0 
Ethanol 0.79 0.0 
Water 1.00 18.0 

Hydroch Lo r1c acid LOO 2.0 

Total volume 20.0 

The titrati,on was carried, out using 0.10 m,ol dm,-J NaOH. 

Table 7.2 Titration resutts for the exper1ment. 
... 'if'~.,1 ___ ._. __ . __ .. mli, •• ·.,•,1•.1••1n,.·.·. · ••.• · 

: li;i ~~_i!:~i~~_:f~i_{~ t· r:F}~!l-~:~~,~.f:~\(~ · 
reading/ c; ".ii' . rea ~.Ii n g{~ m 3: 

Control flask 0.00 16.50 

Titri3tf on of a sample, from 
0.00 34.70 

the mix tu re fl;:ask 

Titration of a sample, from 
0.00 3,4.60 

the mixture flask 
Average trtre of m 1x tu re 

6.0 
6.0 
6.0 
2.0 

20.0 

,r, '- • .;_ .... I 1,, •' "'\°'(1 •',l."J': . . e/ . 3· m1 tr, cm.,,1 • 
.. . .. _ .. :-- '-' 

16.50 

34.70 

34.60 

34.65 

1 Using the densities a,nd volum,es gi1ven for ,eacn rea19en:t. calcu'Late the 
initial amount. in moles. for each of ethanofc aci1d1, ethanol and water 
in the ,equi1Ubrium mixture. Assume th.at 2.0 cm3 of tihe 1.0 m,oldm-3 

: hyd rochlori1c aci·d catalyst adds an extra 2. 0 cm3 of water to the m1xtu re. 
~ 2 Catcutate the amount of hyd'roc t\loric acid, in ma-Les, in the control 
i flask usrng the titration resua for t:he control. 
~ 3 Catcutate the total aimount of ac~d, in m1oles, in the equfltbrium mrxture 
~ using the average titre for btration of t1he equ~UbriilJ,m m1fxture. 

4 Subtra ct th,e am,ount of 1hydroch loric acid from the total amount of 
ac~d' 1n the equrilibrrum mixture to ea lcu late the a mount ,of etnanoi c 
acid. i,n motes, remai,ning in the eq uflibrrum mixture. 

5 Ca lcullate the amount of ethanoic acid, in moles. that has reacted as 
the equHibr,ium is estabUshed. This amount of moles is the same as 
the amount of eth¥il ethanoate, in moles, and the amo·unt of water, in 
moles. which h,ave been form1ed a,t equiUbriu,m. l,t is also the a,mouint of 
atcohol, in moles. that has reacted as the equi:Ubr,ium is established. 

6 Calcutate the amount of ethanol, in moles. that reimains at equil1ibr1:um 
fro1m tne originat am,ount, in moites, thait was put irrto the flask. 

7 Ca lcu tate the amount of water, in moles. a;t equiU'br~um. Do not 
forget to rinclude th,e fact that the equivdlent of 8.0 cm3 of water were 
add,ed iniitialty. 

8 Ca lc:ulaite the concentration i,n motdrn-3 of ethano;c a,c~d at equilibr,ium. 

: Catcutate the concentra,tion in mol d1m-3 of ethanot at eq,u ilibr,iu 1m. 
[ 1 Cd 'lcu ilate the co,ncentraition i,r, moldm-3 of ethy l eth;noate at : 

equit~brium. 1 
1 Catcu,late the concentration i,n rnol d m -3 of water at ,equHibriu m. l 

= 12 Use these data to ca lculate the value of Kc for the equHi1brium 1mixture. 
13 Given that the accepted value for this equiUlb r 1ium constant is usuaay 

quoted as 4.0 at 298 K, com m1ent on the result ca tculated. 
. 

[ .. l,•.t I..J ....... 1.,,1J lill,1;,1 ir.•J Ii.JI••• II.I ..... 1,ll ••iii b 1.• "11 .. lli...ol 1.•iil 11a.1;•.11,.11.•,11,.11..11,1,.11,.1 ••• _. .. ••J .._. ••• 1iJ _,. 1,iil &.1 ~ 1, Jli 11•• - ir.•• • ._ ... ._ 1,.111a_111,.1 L.I 1,11.1 1,.a lle.1 .. .1 IIIIJ ....... i.lo,i lo.JI .... II.I.__ ... 119• lli...ol 1,,i4 •li_flLill ..... 1..ilL: 
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o~-------Effects of changes on concentrations, 

Figure 7.6 The wate r gas sh 1ft reaction 
is the reaction of carbon monoJ<ide and 
water vapour to form carbon diox ide 
and hydroge n (the mixture of c;arbo n 
monoxide and hydrogen is known as 
water gas) : CO+ H20 ~ C02 + H2. It 
rs used in du str1a lly to manufacture 
hydrogen . The equilibrium constant 
is high at Low temperature and the 
formatio n of products is favoured 
but drops quick Ly with ·i ncre,as in g 
temperature, as shown in the graph 
abov~. Think about what temperature-is 
used in industry for a high yfeld . 

For the eq u iUb:riu m: 

position of equilibrium and Kc 
Many factors affect the position of equilibrium and concentrations or yields of 

certain substances in the e,quilibriun-.t but only temperarur-e affects the value of 
the equilibrium co11s tan t, Kc. 

All ,equilibrium constants are constant at constant temperature and will vary 
when temperature is varied. 

Effects of changes in temperature 
Tempera.ru.re is the only factor that affects the value of Kc for au equilibrium 
re.action. When temperature affects the position of ·equilibrium and the 
concentrations of reactants and ·products, Kc willl change. \Vhen temperature 
changes, .an increase in the concentration of ihe products (and. decrease 
in the concentration of the reactants) vriU increase the value of Kc. When 
temperature changest a decrease in the concentration of the products (and 
increase in the concentration ,of the reactants) will decrease the 'la1ue of Kc. 
This is only when temperature changes. 

When the forward reaction is c_ otl crn1ic} .an increase in temperature shifts 
the equilibrium to the left as it absorbs heat. This lowers the concentrations 
of the products and increas,es the concentrations of the reactants and so I<c 
decreases . 

140 

120 

1:100 
B 
"" G 

8 80 
e 
.2 
~ 60 
:::, 

.B" 40 
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500- 550- 600 650 700 7 50 800 850 900 950 t OOO 

Ternperat1.1re/K 

N2fg~ + 3H2fgJ ~ 2N H3[gJ; .6.H = - 92 kJ mol-1 

A decrease in temperature m,oves tih-e position 
of equitibri um i,n the direction of the foTWard 
exothermi c reacti,on to oppose the decrease ir, 
temperature. State the effect, if any, on the va lue of Kc of 

decreasrng the temperature. AH other factors are 
unchanged. 

Answer 
Tne forward reaction is exothermic (.6H is negative) . 

The posit~on o-f equ iUbrium shi'fts to ttie right 
increasingi the conce,ntrat,ion of the products and 
decreasing th e co ncentrati'ons of the reactants. 

Kc increaises. 



LE 15 

H2[g] + I 2'(g} ~ 2 H 11 [g] 

Answer 
The va lue of Kc decreases with an increase in 
te,m peratu re. 

Kc vatues are giiven for this equ ilibrium at different 
tem~:,.erature in the table below. 

An increase i1n temperature ,moves the pos,ition of 
,equH1ibri1um to the lleft. 

Temperature Joe 
200 
500 
1000 

Kc 
74.5 
50 .D 
13.0 

The reverse reaction is endot herimic to absorb the 
heat Ion increasingi temp·erature~. 

5,o,, the forvitard reaction is exothermic. 

Expla1n w hether the forward reaction i1s exothermic or 
endothermi c. 

o~-------Effects of changes in pressure and 
volume 
Changes in volu11.1e or total pressure in a gaseous homogeneous reaction n1ay 
have an ,effect on the position of equilibrium and the concentrations of the 
reactants and products present in the equilibrium mixture. However, changes 
in volume or t,otal pressure have 110 effect on rhe value ,of the equilibrium 

constant, Kc. 

Although the equilibrium concentrations of the reactants and products may 
change1 they will give the same value for Kc when put in.to the expression I as 
·Kc is constant at constant temperature. 

Remember that a decrease in vo,lume ,o,r an increase in. total pressure on the 
reactio·n v..ill. m,ove the position of equilibrium to the side wi th the fewer moles 
of gas to oppose c he increase in pressure. 

For the eq u i U b ri.u m,: 

2 Pi(g) + Q[g] =; Rf g) ; AH = +57 kJ mo l-1 

Kc • 15 .0 at 500 K 

Stat,e the effect. if any, on the equ iilibrium amo,unt of R of us1ing a 
contarrier of !Larger volu m·e. All other factors are unchanged. 
Stat,e the effect, if any, on the value of Kc of using a co nta i,ne r of larger 
volume. AU other factors ar,e unch,anged 

Answers 
The use of a container of larger vo lume decreases the pressure on 
the reaction . Ustng Le Chatelier"s principle. ttle position of equi,tibriurm 
wiU move to the si1de with the larger moles of gas. So the position of 
equi li briurm will move to the Left in this exam1ple and t hrs will decrease 
th.e equi li brium amount of H. 
The equHibri1u,m amount of R decreases. 
As there is no change in tern perature. 'Kc does not change. 
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Th is point is pa1rt,icu larly 
important in some reactions as 
remov,in9 a product can 1move 
t,h e posi t~o n of equ Hi b ri,u mi to 
the right so increasing the yi.eld 
of a product. For exa 1mple in 
th e Haber process, the react1io n 
mixture is coo led and ammo n~a i.s 
condensed ,out of the mixture, the 
position of equirlibr1ium1 moves to 
repl'ace the ammoni,a. 

Effects of changes in concentration 
If the concentration of a reactant or pr,oduct in the equilibrium mixture is 
changedJ the position of eq'llililirium will change. The position of equilibrium 
~rill move to oppose any change in concentration. 

If more of a reactant is added, the position of equilibrium ,~U move to the 
right to oppose this change and decrease the c,oncentration of the added 
reactant. 

If a product is ren-lloved from the reaction rnLxr.ute, the position of equilibrium 
will move 1:0 the right t,o replace the product which has been rem,oved. 

A change in concentration has no effect on the value of the equilibrium 
constant. 

lE 17 
The follow i1ng equitibriu,mr ,is estab:Ushed in the produ:cUon of the ester 
ethyl propanoatei CH3C H2COOC H2CH3. 

CH3CH20H + CH3CH2COOH ~ CH3CH2COOCH2CH3 + H20 

State the effect, 1if any, on the equi, librium a mount of the ester of 
increasingi the concentrat1on of propa no iic add [CH3CH12COOH,). AU 
other f act0rrs a re u ncha,n g ed. 
Sta te the effect, 1if any, on the va lu e of Kc of i1ncreasi1ng th e 
conce11trat1ion of propanoi1c acid [CH3CH 2COOH)'. AU other factors are 
u nc:ha n ged. 

Answers 
Based on Le Chateli1er's prin ciple, the pos it ion of equi li1brium1 w i ll move 
to oppose the change so thie position of equilibrium witl move to the 
r~ght to re m ove tne added pr,opanoic acid . The amount of the ester w ill 
increase. 

~ As there is no change in t emperatur,e, Kc does not change. 

~ ~ --····················································································································································i 
~ i TEST YOURSELF 6 i 
0::: 
CD 
:J -::> 
c:, 
w 

• i 1 5 tate Le C hateti e r·s pri111ci p le. 

i 2 For the eq u'ilibriu1mr: 
• • • • .. 
i • • • • • .. .. 
• • • • • • ... 
! 
i 
• • • • .. .. 
• • • • .. 
4, .. 
! : 
• • • • • .. .. • • • • • .. .. 
= • • 

A[g) + 2Br[g) ~ 2C [gJ ; ttH ~ +25 kJ mol-1 

a) Stat,e th,e effect, if a:ny, of increasing the 
tern peratu re on the vatu e of Kc for this 
eq:u i lib riu m. All other factors a re u n change d . 

bi State thie effect, if any. on the equ ilibriu1 m 
amount of c on using a conta,in eli of l arger 
volume. All other factors a re u noh ang ed . 

c) Th e concentratio n of A is increase d . 

i) Sta·te the effecti if any. on tli e value of Kc 
for th js eq u rljb ri um. All other fa,cto rs a re 
u n cha riged. 

ii) State the effect, if any, on the equilibr ium 
a mo,:u nt of c. All atne r factors a re 
unchanged. 

3 For th,e equ iHbri,um: 
.. 
• • • .. • • • • .. 
• • 

al State the effect, if any, of i1ncreasi ng the tota l I 
pressure on th e equiUbr ium amount of S03 . All : 

• 
other fa ctors are unchanged. : 

bJ State tne effect, if any, of increasing the t,otal ! 
• 

pressure on the va,Lu e of 1K, . Al l other factors i 
a re u ncl1anged. ! 

cl Sta te the eHect, if an~, of increasing the 

te,mperature on th e va lue of Kc. All other 
factors arre unchanged . 

• • • • .. • • • • • • • .. 
I .. 
• • • .. • • • • • • • .. • • • • • ~·································· ············ ··········· ····································,················································ ........................ ... 



Practice questions 
I l.OOmolof propanoic acid and l.OOmol of 

ethanol were nmred and allo~red to reach 
equilibrium. At equilibrium 0. 4-00 mol of the 
ester ethyl propanoate (CH3CH2COOCH2CH3) 
were formed. 

CH3CH2COOH + CH3CH20H ~ 
CH3CH2COOCH2CH3 + H20 

The value of Kc to 2 decimal places at this 
. 

temperature 1s: 

0.27 

C 0.67 

B 0.4-4 

D 2.25 

II 2 For the foUo,v.ring reaction in equilibrium: 

N2(g) + 3H2(g) =;: 2NH3(g) 

(1) 

lrritially 1.0 mol of nitrogen was mixed ~th 
2.5 mol of hydrogen. At equilibrium. 1.0 mol of 
ammonia is founed. 

Vlhat is the total number of moles of gas 
present in the equilibriun1 mixture? 

A 2.0 

C 3.0 

B 2.5 

D 3.5 

3 For the ,equilibrium: 

PC15(g) ~ Pd3(g) + Cl2 (g); 
Kc = 0.185moldtn-3 at 250 °C 

(1) 

a) One equilibrium n1.ixture at this temperature 
contains PC15 at a concentration of 
0.220moldm-3 and PC13 at a concentration 
of0.0120moldm-3. Calculate the 
c oncent:ra tion of Cl1 in this equilibriun1 
nnxrure. (3) 

b) Another equilibrium mixture in a 2.00 dm3 

vessel at the same temperature contains 
O.lSOmo,l of PC13 and 0.0900 mol of 10 2. 

Calculate the number of Lnoles of PCl, 
present at equilibrium. ( 4) 

4 Sulfur dioxide reacts with oxygen according to 
the ,equilibrium: 

S02(g) + to2(g) ~ S03(g); ~H = - 98kjmol- 1 

Kc for this reaction at 1000 K is 
2.8 x l02mo,14dmf. 

a) Write a.n expression. for the equihbrium 
consiant, Kc, for this equilibrium. (1) 

b) State the effect, if any} on the equilibrium 
amount of S0:3 of increasing the 
temperature. All other fact,oits ar-e 
un,cbanged. (1) 

c) At 1000 K, equilibrium is established and 
the concentrations of S0.3 and Di are given 
below. 

S03 : 2.4moldm-3 

0 2: 0.54 moldm-3 

1Cak:ulate the equilibrium co,ncentration 
of S02 at 1000 K (3) 

d) Ca]cu1ate the equilibrium constant, Kc~ 
for the reaction: 

S03(g) !:=::; S02(g) + !o2(g) at 1000 K (2) 

II 5 For the equilibrium: 

2A(g) + B(g) ::::; C(g) 

a) Write an expression for the equilibrium 
constant, Kc .. for thi:s equilibrium. (1) 

b) Deduce the units of Kc for this 
equilibrium. (1) 

c) One equilibrium mixture at 400°C contains 
the following concentrations of A> Band C. 

A: 0.35moldm-3 

B: 0.77moldm-3 

C: l .04moldm-3 

i) Calculate a value for Kc at 400°C. 

ii) The table below gives two other values 
of Kc for this reaction at different 
tempera cures. 

Temperature/QC Kc 

15,0 2S.20 

800 4.27 

E:,qJlain whether the equilibrium reaction 

2A(g) + B(g) =; C(g) 

is exothermic or endothermic. 

(2) 

(2) 
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6 A inixture ,of 1.80 n1ol o[ hydrogen and 1 .80 mo] 
of iodine were allow,ed to come to, equilibrium 
.at 7·10K in a 2.00 dm3 container. 

H2 (g) + I2(g) ~ 2Hl(g) 

The equilibrium. mixture was found to, contain 
3.00mol of hydrogen iodide. 

Calculate the value of the equilibrium 
constant Kc and deduce its units. (i} 

7 0 .0420 mol of SCJiCl2 were placed in a 
2.00dm3' vessel,. the vessel was sealed and its 
ten1pe1:ature raised to 3 75 °C. At equilibriun1, 
the Yessel contained 0.0345mol of Cl2• 

S02Cl2(g) ~ S02(g) + Clt(g) 

a) Calculate the atnount 1 in moles, of 
s0ia2 and 502 in the equilibrium 
mixmre. (2) 

b) Write an expression for the equiliJbriu1n 
c,o,nstant, Kc, for this reaction. (1) 

,c) Calculate a v~ue for~ for this 

equilibrium at 3 75 °C. 

d) Deduce the units of Kc for thls 
equilibrium. 

Ill 8, Hydrogen and carbon dioxide form an 
equilibrium mixrure at l OOO °C. 

H2 + 1C02 ~ H20 1 + 1CO 

(3) 

(1) 

If 1.0 mole of H2 andl 1.0 mole of COi are 
placed in a flask .at 1ono 0 c and allowed to 
come to equilibrium. 0.2 mol of H2 are present 

in the equilibrium mixture. 

a) Write an expression for th-e equilibrium 
constant; Kc] for this equilibrium. (1) 

b) Ca]culate the amount in moles of en... ~ . , -:.t> 

H20 and CO in the equilibrium mixture. (2) 

,c) Calculate a value for~ for this 
equilibrium. (2) 



Oxidation. reduction 
and red ox equations 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • i IPRI01R KNOWLEDGE ~ 
• • 6 I 

: • The d,efinaio,ns of oxi d,ation and red,uction are b,ased on three factors: ; 
• • • • • • • • • • • • • • • L • : Gain of oxy en ass of ™Y en : 
• • • • i Loss of hydrogen Gain of hydrogen i 
l 
: Loss of el9ctrons Gain of electrons i 
• • • • • • • • • • • 
i • • 

• Sometimes the toss and ga,in of electrons can o,e difficult to see and 
a spectator ion mray have to be removed from the balanced sy,mbot 
equation to fiind th,e changes ,h1ap pen,in:gi to aitoms and ions. 

• • • • • • • : : • • • ., ............................................................................................................. ~ 

Redox reactions are· reactions in which oxidation and rcdliction occur 
simultaneously and they are very important in everyday life. 

In Figure 8.1 there ar.e many redox reactions occurring. The electric currents 
&om th,e batteries that pow-er the computer and the games consoles are 
generated by redox reactions. The combustion of the natural gas in the 
fireplace is a redox reaction; even the respiration that all the family members 
are undergoing to keep alive is a redox reaction. 

At this level, t,o explain redox in detail1 you need to add one more factor to the 
three factors in the prior content. This factor is oxidation state. 

Figure 8.1 What re,dox 
reactions ea n you ldentify 
in this photograph? 
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()~0-x-id_a_t-io_n_s_t_a-te ____________________ _ 

The o i atinn t i111 a compound is 
defined as the hypothetrcal cha,rg,e on 
an atom aissumin,g that th,e bonding, is. 
complete~ ~onk. 

It is important to wrrite the 
oxidation state of an atom/ 
element in a compound or an ion 
as a srign (either+ or - l followed 
by d number. Ele,mer,ts have an 
ox idatio,n state of O [zero]. Both 
chlor~ne atoms in Cl2 h,ave an 
oxi,dation1 state of o. 

Figure 8.2 Ana Lysi ng the oxf d atf on 
state of iron i n a bra in tu m o u r may be a 
future medica l method of dete·rm inin g 
the grade of the tu mour. 

Oxidation sta.te is a numerical value rof the degre,e of oxidation or reduction 
of an atom/element. Non-zero oxidation states ar.e always given as a sign with 
a number,. e.g. +2 or -3. The oxidation state in a compound is defined as 
the 'hypothetical charge on an atom assuming that the bonding is completely . . 
lO,OlC. 

Oxidation state 1of ions 
The 1oxida tion state of a. simple ion is the charge on the ion. 

Fo,r example: 

• oxidation state of iron in Fe3+-= + 3 
• oxidation state of oocygen in 0 2- = - 2 
• oxidatio,n state of sod ium in Na+ = + l 
• oxidation state of ch lorine in Cl- = - l 
• oxidation state of tinOn, Sn2+ = + 2 

General points on oxidation state 
• The tota] sum of the oxidation states of all the elements in a compound 

1nust add up to zero. 
• TI1e ·total sum of the oxidation states of all the ele m.ents in a n1olecular ion 

must add up to the cha.rge on the ion. 
• The maxim.uni oxidation stare of an element is ~+ group number·, e.g. 

nitrogen is in Group 5 so its m aximum oxidation state is + 5. 
• The minimu1n oxidation state of an element is 'its group nuinber - 8', e.g. 

nitrogen is in Group 5 so, its minimum. oxidation. state is 5 - 8 = - 3 . 

Rules for determining oxidation state 
There are some stmple rules for det,ermining the oxidation s tate of an element 
in a compound. 

• Oxygen has an oxidation state of - 2 in all cornpounds except in peroxides 
where it has an oxidation state of - 1 and in OF2 wh,ere it has an oxidation 
s tate of +2 . 

• Hydrogen bas an oxidation .state of + 1 in all compounds except in 
hyd1ides where it has an oxidation state of - 1. 

• Group 1 elements have an oxidation state of + 1 in all conipounds . 
• Group 2 elements have an oxidation state of +2 in aU compounds. 
• The oxidation states of transition .elements and p block elements vary. 
• In a simple binary compound (two elements) ,. the more electronegative 

element has the negative oxidation s tate. 
• d block elem,ents where the charge on the ion is given, e.g. copperOO, 

Cu2+, copper has an oxidation state of + 2: iron(III), Ol(ida.tion. state of iron 
is + 3; iron CTn1

; oxidation state of iron is + 2. 

Iron in the oxida.tion stares + 2 and + 3 is involved in a reaction ·causing ceU 
datnage and cancer in the brain. Recent resear-ch by Aleksandra Wandz:ilak 
from the AG'H University of Science and Technology in Poland (2013) has 
shown that the higher the malignancy grade of a brain tumour; the higher the 
iron(IU, 'to ironOII) ratio. It is thought that measuring the oxidation state of the 
iron in the rumour may be a way of determining the se,~ rity of the cancer. 



LE 1 
Give the nxi.dation state of sulfur i1n sodium1 sulfate, 
Na2S04. 

Answer 
Na: oxidation sta.te; + 1i; 2 Na1 present so total for 2 
Na= +2 

S: oxrdabon state== x; 11 S present so total for 1 S = x 

G1ive the oxidation state of nitrogen in the ammonium 
ion, NH4 
Answer 

N: oxidabon state - x; 1 N present so total for 
1 N = X 

H: oxidatfon state=+ 1; 4 H present so total for 
4, H - +4 

The total of the oxidation stat,es 1s + 1 as i1t i1s an ion 
with a charge of+. 

Therefore: x + 4 ~ + 1 

So lv i1 n g f o r x ; x = + 1 - 4 =; -3 

Oxidation stat,e of N in N H4 ·is -3. 

TIP 

0: oxidation state - - 2: 4 0 present so total for 
4 0 = - 8 

The total of t'he oxidation states is zero as rt is a 
compound. 

Therefore:+ 2 + x- 8 - 0 

Solving for x: x = + 8 - 2 ·= + 6 

So the ox rda tioain state o,f s in N a2so 4 ts +6. 

Give the oxi daHon state nf 1ma ng,a nese in K'M n04 

Answer 
K: ox:id at ion state ~ + 1 ; 1 K present so total f,o r 
1 K- +1 

Mn: oxidation state= x; 1 Mn present so totat fo r 
1 Mn= X 

0: ox fda tion sta.te ;;i - 2; A O present so, total for 
4 0 =-8 

The total of the oxi,dat1on states is zero as it is a 
compound1

• 

Therefore: + 1 + x - 8 ::;; 0 

S0Lv1ing for x: x = +8- 1 = + 7 

Ox1d1ation sta.te of Mn in KMn0,4 rs +7. 

K:Mn04 is ca lled potassium manganate{V,11] where the (VIII] represents 
the +7 oxrdation state of manganese in the compou,nd. The Mn04 1ion 1is 
called the m.anganate[Vn) ion. IPotassru.m mang.anate[Vl'I) ,is also caHed 
potassium perm1anganate. S0d~um1 su!lfate 1iri Example 1 is sometimes 
called sod ium1 su lfate{VI). 

The Ct04 ·ion is also caHedl the 
chlorate!Vl,,I) ion. 

PLE 
Give t:he oxidation· state of ch lorine in the perchlorate :ion, ClO~. 

Answer 
Cl: oxidation state = x; 1 Cl present so total for 1 Cil = x 

0; oxidation state .;; - 2; 4 O present so total fo,r 4 0 - - 8 

The total of the oxidation states is -11 as it i1s an io:n wHh a charge of-. 

Therefore: x - 8 ~ - 1' 

So lvi n g for x; x - - l + 8 ;;;; + 7 

Oxidation state of CL in Cl04 is +7. 
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When you get a,n oxidat ion state 
which is not a whote number, it 
i,s b·ecause it 1is an average of the 
oxidation states of all the atoms 
of that elerment in tne compound 
or 1ion. 

Thi s would g·ive you the sa:me 
answer if you took the n,i tra te 
ion No:; out o,f the fo r,m ula and 

I ~ I 

worked out the oxi1datior, state 
of the n,itrogen in the nitrate ran. 
If nit roger, ,is x a, n d each oxygen 
- 2: x - 6 ;;; - 1 ; so x ;;; +5. Tne full 
chemical name of co pper110 
nitrate is copper[l1I] nitrate[Vl 
where fV] rep resents th e +5 
oxidation state of the nitr,ogen. 

Determine the oxfdat1ior1 state of sulfu r in sodium disulfate, Na2S20 7 

Answer 
Na: oxidation state - +1: 2 Na present so total for 2 Na - +2 

S: oxidati1on state= x; 2 S present so total for 2 S = 2x 

0 : oxidation state == -2; 7 0 present so tota L for 7 0 = -14 

The total of th·e oxidat,ion states is zero ais it rs a compound. 

Therefore: +2 + 2x - ·14 = 0 

So lving for x: 2x = + 14 - 2 = + 1 2; x ~ +6 

Oxidation state of Sin rNa2S207 is +6. 

This is the first ~-irample ~rhere there are rnro atoms of the unkno'Ml oxidation 
state. Both sulfur atoms have an o:xidation state of +6. 

Give the oxidation state of iron in magnetite, Fe304. 

Answer 
Fe: ox1idat1ion state ·= x; 3 Fe present so total for 3 Fe= 3x 

0: ox idation state!::! -2; 4 0 presen t so total for 4 0 ~ -8 

The total of th.e ox1idat1ion sta tes is zero as it i1s a com!pound. 

Therefore: 3x - 8 = D 

So lving for x: 3x ~ +8 ; x - ~ 

Ox.id'at ian state of Fe ,in Fe304 ris +2~. 

The ox idation state of irori rn Fe304 rs +2~ [this is due to one Fe atom 
havin·g an oxidat,ion state of +2 and two Fe atoms tlavi,rig ox·idation states 
of +3 which gives an avera,ge oxidation state for the atoms of iron in this 
compo,und of +2f)1. 

Give the oxi.dation state .of n.ftrogen ir, magriesium nitrate, Mg'[N03b 
Answer 

Mig: Ox idation state g +2; 1 Mg present so total fo r 1 M·g +2 

N : Oxidati·on state= x; 2 N present so total fo r 2 N = 2x 

0: Oxidation state= -2; 6 0 present so total for 6 0 = - 12 

The total of the ox1idat ion states is zero a.s it i,s a compound. 

Therefore: + 2. + 2x - 12 = 0 

S0 lvin9 for x: 2·x = +12 - 2 = +10 ; x = +5 

Oxidat;on state of IN iT, Mg~N03h i,s +5. 



The ammonium ion, NH4, can be 
counted as a unit which leaves 
the va naid ate i,ons as V03. l 1h,e 
remova1l of t'he NH4 leaves th e 
va nadate with a charge of - 1 so 
the oxrdatrori state of vanad,u m 
can be worked out from V03, 
whi1ch will give the saime answ,er 
of +5 for the ox 1idat ion state of V. 

lE8 
Gi,ve the ox,idat~on, state of vanadium in a1m1monium metavanadate, NH4V03 

Answe,r 
N: ox'idation state - -3; see ammoni·um i1on in Example 2 

H: oxidat1ion state=+ 1; 4 H present so total for 4 H = +4 

V: ox1d.a tion state= x 

0: ox idation state - - 2; 3 O present so tota l for 3 O - - 6 

Th,e total ,of the oxidation states is zero as it is a co m pou rut 

Therefore: -3 + 4 + x - 6 = 0 

Solving for x: x - + 6 + 3 - 4 - + 5 

Oxi dation state of V in INH4bV03 ts +5. 

~ ·····················································································································································= : TEST YOURSELF 2 i 
• ! 1 Give the oxi,datfon states of n1trog,en in the fottowirig compourids. 
! al HN03 b) !N02 cl N20 d) NH3 e]I ,Mg3N2 
• ; 2 Give the ox~datton states of su lfur in the following compo.unds 
• : and i·ons. • 
i al so~- b) S20~- cl H2S04 d) H2S e)I SF6 
• i 3 In whi-ch of the followi ngi d btock compounds does the d bllock 
i element ha,ve an oxidation state of +6? 
: KMn04 Na2Cr20 7 BaFe04 :K2M·nQ4 Ba Ni03 
i 4 Give the oxidatron state of phosphorus in the followi ng: 

; al P4 b) H3P03 c) P 4010 di HPO, e) Na3P 
i 5 Ptu to ni um di sptaiys co lou rf ut oxj d at1io n states in aq u,eous solu tro n, 
j as shown in Figure 8.3. 
: G1ive the ox. i,datton state of plutonium i1n each of the five aqueous 
• 
: solutions . 
• : • ' • !! 
t!! • + • • 

11U l lVJ 
F\.IJU Ill HC:rora Pu( \I) 

' 

Pu4+ Pu 0,t Pu0/1-

Figure 8.3 The ox idat1on states of 
plu ton iu m l n dlfferent aqueous solut ions . 
Th e s e ox i d ;3 t i o n states a re not s ta b Le,, so 
plutonium solutions may spontaneously 
chang e oxidation states and colours! 

• • • • • • • • i 
• I • • • • • • • • • • • • • • • • 
i • • • • • • • • • • • : 
; 
• I 
II • • • • • • • • • • • • • I 
I 
!! • • • • • ......................................................................................................................................................................... ~ 

0--------Proper names and formulae of ions and 
compounds 
The correct cl1emical name of an ion (or part of a compound) depends on its 
oxidation state. For compounds containing d block and p b]ock elements the 
oxidation state of the p ,or d block element is often written after the name as a 
roman nun1eral in brackets. 

Fo1rmulae 0 1f mole,cul.ar ions 
All molecular ions which end in ~te con.rain d or p block element .atoms and 
some oxygen atoms. For example: 

• the caroonate ion contains ,one carbon atom and some o,xygen atoms 
• the tnanganate ion contains one manganese .atom and some oxygen atoms 
• the dichroma te ion contains two chromium atoms and some oxygen atoms 
• the nitrite ion contains one nitrogen atom and son1e oxygen atoms. 
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The endingi -ATE witn an 
oxidation state may be used for 
negati,vely charged molecular 
~ons, for exa m,p le s u tfate~ IV] 
and nitrateiVJ. There are a few 
exceptions such as hydrox~de, 
OH- and cyarride, C N-. The ending 
-ATE without an oxidation state 
usually ind,icates the lhigh,est 
oxidat,ion state of the p or d block 
etemer,t in the molecular ion, 
far example s,u tfa te is su lfa te [Viii. 
n it rate is n i tra te [VJ . 

Some ions contain hydrogen as well 1 for exatnple: 

• the hydrogen carbo,nate ion contains ,one hydrogen at,om, one carbon atom 
and some oxygen atoms 

• the. dibydrogen phosphate ion contains two hydrogen atoms, one 
phosphorus ato,m and some oxygen atoms 

• the hydrogen ph,osphate ion contains one hydrogen atom~ one phosphorus 
a.tom and some oxygen atoms. 

Determining the number of oxygen atoms in an ion or compound 

lE 9 
Cailculate tne value of x i·n potassium stannate [IV] KASnox. 

Answer 
ln potassium stannate[ IV) , K4Sn0x, the tin nas the +4 ox idation state. 

The nu,m1ber of oxygen atom1s in th,e com1pound 1 may be determined if the 
formula ts ·gi,ven a,s K~SnOx wnere x represents tne number of oxygen 
atoms . . Ea ch potassium ~s + 1, the tin is +4 and each oxygen is ·-2. so 
the total for oxygen is -2x. As it is a co mpound the overall total for the 
oxi dati,on states is zero. 

Therefore: +4 + 4 - 2x - 0 

So lving for x: -2x= -4-4=-8; X= 4 

Fo,rmu la, of potassium stannate[IV) js ~Sn 04. 

.................................................................. ......................... , • 
: TEST YOURSELF 3 ~ 
! 1 G,ive the ox idlation state of rron in FeO,Z. ! 
I 2 The chlo:rate{VI IJ ion is Ct~. What is the formula of sod,ium, ,chtorate{Vl'I] ? ~ 
~ 3 What ~s the futl chem~cal name of 1Mg 2Sn04? ~ 
• • 
: 4 D·educe the value of x in the following. m olecu lar ions. : • • i a) c h lo rate~V) ~on, cto; i 
i bi bramate,1~ ion, Bro; ; 
~ c) su lf ate [,IV] ion, so;- i 
• • i di d'i hyro·genphosphate[V] ·ion, H2Po; ; 
i e) manganate'[VII] i1on. Mno; i 
• I 
••• , ...................................... ~·······~·······~··························~- ......................... 11111111 
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Figure 8~4 

Many ·p and d block elements show great variati.on in the oxidati.o,n states 
of the compounds and ions which they form. It is important to be able to 
work out the oxidation state io determine if an element is being oxidised or 
reduced. 

• An increase in oxidation state is ,oxidation. 
• A decrease in oxidation state is reduction. 

Figure 8 .4 shows the different oxidation states of nitrogen. Nitrogen is used as 
an example but the slciUs apply to any eleme11t in any redox reaction . 



In Example 10 oxyg,en is reduced 
as it shows a decrease in 
oxi1datior1 number from -1 ,(in 
H202 - a peroxrlde] to - 2 in H20. 

Agajn note that the maximum oxida,tion state of nitrogen is +5 [which is+ 
the group rium,ber] arid the minimu·m oxidation state is the group number 
- 8 = 5 - 8 = -3. 

L 10 
lln the foUowing reaction: 

N 2H.4 + 2 H202 ~ N2 + 4H20 

explain whether nitrogen 1s oxidised or redluced. 

Answer 
In N2H4, rrdtrogen has the ox~dati on state ·-2. 

In N2, nitrogen has the ox 1idation stat,e 0. 

Nitrogen ris ax id'ised as i1t shO·WS an increase iri ox,idation state. 

PLE 11 
The followi,ng react1ion is a redox reaction of nitrog,en monoxide. whrch 
occurs in a ea.ta lytic converter: 

2ND + 2CO ~ N2 + 2C02 

Explain tihe red ox reaction in terms of c'hange in oxida1tion state. 

Answer 
Nitrogen is reduced [shows a decrease in ox·idation state] from +2 [in 
NO] to O [in N2]. 

Carb,or, i,s o:xFdised1 (shows ar, increase in oxid1ation staite] from1 +2 [in 
CO) to +4 lri r, C 02). 

A redox reaction is one ,in Whrich botll ,o,x,idati,on and reduction o,ccur 
simultaneously. 

Answer 
Consider the following reactions of su tfu ric add: Rea1ction C is ei redox react~on. 

NaCl+ H2SD4 ---+ N.aHS04 + HCl 
2KOH + IH2S04 -t K2S04 + 2H20 
2HBr + H2S04 ~ Br2 + S02 + 2H20 

W 1hi,ch one of the reactions rs a red ox reaction? 
Exp'la i,n your answer. 

Su lfur is redluced [shows a decrease iri oxidation 
state) from +6 {in H2S04J ·to +4 lin S02J 

l8romi1ne is oxidised [shows an in,crease in oxidation 
state! from -1 [in HBrJ to O lirn Br2l 

A r·edox reacHon is one in Whrch both oxidation and 
reduction occur simultan,eouslly. 

There is no ch;ange in oxidati·on state for any of tihe 
ele:ments in the oth er reactions. 
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~ --·························································································: 
. ! TEST YOURSELF 4 i 
• • f 1 Expla i,n i-n terms of oxida,t1ior, sta:tes why the fo llnw ing reacHons are i 
: desc,r,ibed as redax reacti o11s. : 
• • . I . : a 4N H3 + 50 2 ~ 4NO + 6H2D : 
! b) 6H I + H2S04 ...... 312 + S + 4H20 ! 
• • i cJ Ct2 + 2Na Br--;, 2N'aC1 + Br2 ! 
i 2 State w hich elem,ent is ox id·ised fn th e follow ing react ions . Expla~n i 
+ + 

: your answer in terms of oxrdati on state. : 
i a) CuO + H2 --+ Cu + H20 i .. . 
: b) Al203 + 6N.a ~ 2Al + 3Na20 : 
• • i 3 Exptai.11 why t:he following reaction is not a redox reactron. i 
• • • • • • 
: CaC03-----+ Cao+ C02 : 
: 
••••• ,,,,,~········,,,, ••••••••••••••••••• ,,.,, •••••• ~, •••••••••• ~ •••• , ••••••••••• ,~ ... - lllllllllllllllllllllllllli 

0·,1o----------­
Redox 
A redox reaction is one in which an oxidation and reduction reaction occur. 

In th e reaction 6Hl + H2S0 4 -4 312 + S + 4H20 

• I is oxidised as it shows an increase in oxidation state from -1 (m. HI) to 0 
(in I 2). 

• S 15 reduced as i t show~ a decrease in oxidation s tate from + 6 (in H2Si01

4) 

to O (in S). 
• This is a redox reaction as b oth oxidation and reduction are occurring 

together in the same reaction. 

ln the reaction C}i + H20 ~HO + H OCl 

• dis oxidised as it shows an increase in nXldation state from O (in Cl2) to 
+1 (in HOd). 

• Cl is also reduced as i t shows a decrease in oxidadon state from O (in Cl2) 

to -1 {in HCl). 
• This is a redox reaction as chlorine (Cl) is oxidised and reduced in the same 

reaction . 

If you are asked to e~lain a redox reaction, you s·hould calculate the oxidation 
states and then state th,e definition of a redox reaction . 

Oxidis,ing agents and reducing agents 
• An oxidising agent is a chemical which causes oxidation. in another species. 
• Oxidising agents accept. electrons (they cause ano ther substance to lose 

electrons thus ,oxidising it). 
• A reducing agent is a chemical that causes a reduction in ano,ther species. 
• Reducing agen ts lose electrons (they cause an other substance 10 gain 

electrons thus reducing it). 

In the body strong oxidising agents such as hydrogen peroxide ar-e fo,rmed, 
and. cause darmaging chemical changes to cell DNA. Healthy cells can con¥ert 
the altered DNA back to its nnrmal form,. however ageing, cancer and heart 
disease slow down this repair inechanism. An tioxidants such .as vitam ins 
C and E remove oxidising agen ts from our body and as a result slow down 
the ab.e:ration of DNA. 



Figure 8. 5 Five po rt ions of fruit and 
vegetables per day· are thought to slow 
down damage ca used by oxidising 
agents in the body. Do you eat yo ur five 
a day? 

Explain the reacHon of c ihlorine with sodium bromi,de 
according to the foltow1ing equat~o n: 

Answer 
In this rea,cti'o,n: 

Ct2 + 2Na Sr--+ 2NaiC il + Br2 Br i,s oxid ised from - 1 fin N~Brl to O f~n Br2] . 

Cl ·is red uced from O [in Ct2] to - 1 fi r, NaCl] . 

Chlor~ne ca,uses the oxidation of 1bromide ions to 
brom~ne. 

Chtorine is th e oxidfs,ing agent !or ox·idant)1. 

Explain the reacti,on of hydrogen peroxid,e w ith ,iod·ide 
,ons. The equation is: 

Answer 
lln th1i1S rearction : 

H202 + 21- + 2H+-+ 2H20 + 12 • I is ox~dised fro1m -1 [in 1-J to O [in 121. 

0 ,is reduced from -1 [in H202] to -2 [1n H20]. 

Hydrog:en peroxid'e causes the oxidation of iodii,de 
ions to iod ine. 

Hyd rogen peroxide is an ox~di,sing agent (or ro::1dantl. 

IExpla,i n the reaction of zinc with a,m1moniu.m vanadate [V]1 in acid 
conditions as follows: 

3Zn + 2NH4V03 + 6H2S04 ---+ 3ZnS04 + 2VS04 + (NH4bS04 + 6H20 

Answe,r 
In th,is rea ctii o,n: 

Zn js oxi:d ised fro·m a h,n Z.n] to +2 [in ZnS04]. 

V is reduced fro·m +5 [rNH4V03] to +2 (in VS04]. 

Zin c causes the reduction of vanadi u1m from the +5 oxidat,on state to +2. 

Z inc is a redu cin,g agent ~o r red uctantJ. 
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: TEST YOURSELF 5 i 
• ,iii 

i 1 Ammonia can act as a reducing agent. When 3 Chlor~ne reacts with water according to the f 
: p.as.sedl over heated copper[III ox ide, the foltowing following equati,on: : .. .. 
: react,ion occurs. i 
: Ct2 + H20 -+ HC l + HOCl : 
! 2NH3 + 3Cu0 ~ 3Cu + N2 + 3H20 i .. Give t1he axidatron states ot chlo:ri,ne in t he foUowing • .. . 
i Give the oxidation states of flitrogen and copper molecules. : .. .. 
: in the reactants arid prod,ucts and use them to HCl HOCl : 
i explain thi s re,d·ox change. Cl2 j 
J 2 The equ atiion for the reaction of silver with nitric 4 In the fo,lllow.ing reacti on: i 
• • : acid is: 2 : 
: 5S0 2 + 2Min04 + 2H20 ~ 5S0,~ + 2Mn2+ + 4H+ : .. . 
~ 3Ag + 4H N 03 ~ 3AgN03 + 2H20 + NO aJ Give the oxidat,ion state of tih e underli ned ele- ~ 
• • i Give the oxidation states of the underlined m·ents in the specr,es below. I 
i elements in the followin.g1 sped,es from the 502 Mn04 Soi- Mn2,t, i .. . 
: equation and use them to explain the redox ) : i re.action tak,ing place. b Name the oxidising· agent in thf s rea ction. i 
• • • • • • : 8.9. HN03 A9.N03 .b!:0 : 
• 'II .. .. .. . ...................................................................................................................................................................... 111111111 

o~-------Half equations 

H two or m,ore atom s are 
reduced, th1,e to,ta t ox1idation state 
change is ca lculated fro m [the 
oxidat~o n state cha rig e x the 
num1ber of atom,s undergoing 
·Ox ida!i1on or reduction]. 

Half equations include electrons and help to show the oxidation. aind 
reduction processes n1. a chemical reaction . 

B,asics of half equa1tions 
Reduction is gaining electrons. In a reduction half equation the electrons 
shouJld be placed on the left. For examp le: 

Sn2+ + 2e- --+ Sn 

In this example tin(IU ions are gaining electrons as shovm by + 2e- on the 
left-hand side of the equation . Tinan, ions are reduced to ti.n. 

Oxid aci on is lo,sing electrons. In an oxidation half equ a don the electro,ns 
shou 1d be placed on the righ t. For example: 

Mg ---+ Mg2+ + 2e-

In this ,example magn~sit,m atoms are ]osing -electrons as shcmrn by the + 2,e­
on the right-hand side of the equation. Magnesium atoms are oxidised to 

. . 
magnesium ions. 

The total change in the oxidation. state is the same as the number of electfons 
required in the equation. I f nitrogen in nitrate(\1)

1 
N03 (oxidation state of N 

is + 5),, iis reduced to nicrogenOI) oxide, N O (o,xidation stare of N is + 2),, the 
total change in oxidation state is 3 so + 3e- are required on the left-hand side 
with N03 > as it is a reduction. 

If oxygen atoms are added or removed from a compo,und or ion, H2o and 
hydrogen ions, tt+ are used to balance thls change in oxygen content . For 
example in the reduction of N03 to NO, two oxygen atonlS are removed so 2 
H2o are required on the right-hand side Vlith 4 H+ on the left-hand side. 



The reduction of N03 to NO is vVritten: 

No; + 4H+ + 3e----+ NO+ 2H20 

Finally for aU half equations the total of the cIL1arges on the left-hand side and 
the right-hand side should be the same. In this example N03 + 4W + 3e- ,on 
the left-hand side giv·e a total of -1 and + 4 and - 3 = 0 and there are n o 
charges on the right-hand side so the total charge is zero as w.ell. 

The totall of the charges on both sides of the equatiion 1is useful as a final 
check to make sure any half equation, or even an ioni·c equation, rs corr,ect. 

Writing half equations 

MP E 1 
Wri1te a half equation for the reduction of chlorine. 
[T:his would be sim ilar for eH'lY ha tog.en being red:uced.)1 

Answer 
The following points expta1·in1 the process of wr iti,ng a1 
half equation for the reduction of ch Lorine: 

Chlorine as an e[ement is diato:m1ic so must be 
written Cl2. Ttl'is ls the reactant in the half eq uat~o n 
and should appear on tne left-hand side of the arrow. 

Cl2 ~ 

Two chloride ions are formed and each of these has 
a charge of - 1 and shou ld a·ppea1r on tne r,ight- hand 
side of the arrow. 

Dl2 ~ 2C~-

Write a half equa,tion for tne oxidatron of magnesium. 
[This would b,e s!i1milar for any metal bein9 oxid,ised to 
a 2+ ion.] 

Answer 
The followingi points expta,,in the process of writiingi a1 
haH equation for the ox idation of magnesium: 

Magnesium is the reactant 1in the ha Lf equat1on and 
should appea,r on the ,Left- hand side of the arrow. 

Mg -+ 

Mg2+ ions are formed and s!hou ld appear of! t'h e 
r1ght- hand srde of the arrow. 

M,g ~ Mgi2+ 

Th e ox i,da:tion state of magnesium is 0. 

The oxrdati on state of each en lori ne atom ,in C l2 is 0. 

The oxidation state of each ctl lori de 10 n ~s -1 . 

The reaction ls a reduction {decrease ir, oxidati,on state] 
so the electrons are placed on the left- hand sid,e. 

Cl2 + e-~ 2Cl-

Two electrons are requFred f:or the total change in 
oxidation state; 
2e- are placed on the left as electrons are gained as 
it is a reduction ha:lf eq ua·tion . 

c l2 + 2e- ---t 2 et-
The overall charge on each side of the equation 
shoutd b,e th1e same [Z-] ~ 12-J. 
The process is a reduct ,ion because : 
• Chlorine gains electrons. 
• The oxidati:on .state of the chlorine d,ecreases. 

• The ox,dat~on state of the Mg2+ ion is +2 . 

Th,e reaction is an oxidation Oncrease ,in oxidatio,n state] 
so the electron s are pta,ced1 on the rJght- hand sid e. 

M,g -j, Mg2+ + e-

Two electrons are requ~red for the total ·change in 
ox idati,on state; 
2e- are placed on the right as electrons are lost as it 
is an oxi,d ati on half equation . 

Mg ~ Mg2+ + 2e-

The overaU c.ha:rge 011 each side of tihe equatiion 
should b,e the saime: 

[OJ ""'* ~2+ and 2- = 0) 

The process ,is a1n oxiciati on because: 
• Magnesium, loses electrons. 
• The oxi,dation state of the magnes~urm increases. 
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Su lf1ite 1is often ea lled su lfartei[ 'IVl 
a rid su [fate js often called 

SU lfate~VI] . 

Check that yo u ca n calculate the 
ox,idation states of s,ulfur in both 
th,e sulf1ite and s.ulfate 1io:ns. Go 
back to the secti1011 on calcu la t,in g 
ox idat:ion states if you have 
pro1blem1s. 

lodate[v, is often srm ply ea lled 
i'Oda,te. 

This is the Hrst oxygen co ntain ing 
half equat ron wnere the atom:s 
being OX,id ised or reduced! ha,ve 
to b,e ba,lanced. l't is important to 
watch for this in a half eqtJati on. 

S1ulfite, so~-. may be ax.idrsed to sulfate, sot-. Wr,ite a half equat ion for 
this reac ti«ort 

Answer 
sot is on the left and sot i:s oin the r ight 

so~-~ so]-
The sutfur ato 'ms ba la:nce so no iballanci ng numbers are needed for 
su lfite a,nd su lfa,te ions. 

Calculate the ox~datior, state of the elemen t bei1 ng ox:,idised or red uced. 
• So~- ; ox:idation state of su tfu r is +4 

• soj-; ox idat lo,n state o,f su lf u r is +6 
• The reactinn is an oxid.athJn [increase in ox idatio n state] so the 

ellectroris a re placed on the r1giht- hand side. 

so~-~ soz- + e-

Two electrons a,re required for t 1he total change in oxidation state; 2e­
are placed on the rig,ht as electrons are lost because it 1s an oxidation 
half equat,ion. 

so~---)> soi-+ 2e-

or1e oxygen is gained fro,m left to ri,ght [sulfite has three and sulfa te 
has fourL H2o is pta ced on the left- hand si de and 2H+ 011 the rig.t-1t- hand 
side. 

so~- +H2o--+ soj- + 2H+ + 2e-

• The overall charge on each sidle of the equation should be the same: 

(2-] -4 [2- and 2+ and 2- = 2-] 

The process is an oxi,datrion because: 
• lhe su ilf,ite ions are losi 1ng electrons. 
• lhe oxidation state of the sullfur 1ncreases [+4 to +6)1. 

Write a half equati on for the reduction of 1adate,vi. 1103, to iodine. 12 

Answer 
1103 is on the tef t a na 112 is on the reg ht. 

1:03-+ 12 

The iod ine atoms do rio t balance ais tnere are 2 I atoms on tne rjght and 
only one on the left. A ·2· i1s needed in f ro nt of the 1103 
2103 -4 12 

Calcutate the oxidation state of the eitement being oxidised or reduced. 
• 103: ox idat~o,n state of 1iodine is +5. 
• 12: oxidation s tate of ,iod1i1ne is 0. 
• The reaction is a redu ction [decrease in oxidation sta te), so the 

electrons are pla,ced on the left -hand side. 

21 o; + er """"7 12 



PLE 20 

l O electro·ns are required for the total change in ox1idation state [two 
iod ine cha1ng~ng fro·m +5 to Ol; 1: oe- are placed o,n the left as .electrons 
are gained as it is a, reduction half eq.uatron. 

21103 + 1 ne-~ 12 

Six oxygen are lost fro·m left to r1g,ht (each. of the two ro,date i;or,s has 3 
and iodin1e has OJ . 6H20 are p'laced on tne right- hand side and 12H+ are 
on the left-hand side. 

21 Da + 12H+ -t 1 oe- ~ I 2 + 6 H2o 

The overall charge on each side of the equation should be the same 
~2- an:d 12+ and 10- = O} ~ lO] 

The process is a reduction because : 
• T'he rodate[V)1 ions are gaining etectroriis. 
• The ox.idation state of t 1h,e i,odine decrea:ses [+5 to OJ. 

Write a ha,lf equation for the reduction of 
manganate:(v1:1) i,ons, Mn 04, to ma nganese[ I IJ' . M~2+. 

F1ive elect r,o ns a re required for the total change in 
oxidaHon state; Se- a re placed on the left as electrons 
are gained as tt is a reduct,ion hatf ,equatrori. 

Answer 
Mn O~ i,s 011 the teft and ·tv1 n2+ is on th,e rig1h t Four oxygen a re lost from :left to rjght. 4,H20 are 

placed, on the r ight- hand side and 8H ... on the left­
hand s1ide. The manganese atoms balance. 

Catculate th,e ox idation state of the eile1menit being 
oxid,ised or redu ced. 

Mno, +SM++ 5e-......,, Mn2+ + 4H20 

The overa,U charge on each side of the equat ion 
should b.e thie same: 

• MnOA:oxidati,on state of manga,nese i1s + 7 
• M!n2+: oxida tion state of 1man9ariese is -t2 
• The react~on is a reduction [decrease in oxidation 

state)! so the electrons are placed on the Left­
hand S'ide. 

P E 21 

(- and 8+ and 5- = 2+i ~ (2+) 

The process is ai reduction because : 
• The mangariate[VIIII ions are garning electrons. 
• The oxi,dati,on state of the manganese decreases 

[+7 to +2]. 

Write a h1alf equat~on for the red uctio,n of dichrom,atei(VIL Cr2o~-, to 
chromiium(l 11]. Cr3+_ 

Answer 
Cr2o~- is on tne Left and C r3+ js on the right. 

The ch,romium a,toms d:o not balance so a ·2· is placed .. befor,e the C ~+ 

on the right-hand S'ide 

Calculate the ox~dation state of t:he ·elem,ent being oxrdised or reduced . 
• Cr2o~-: oxi1dation state of chromium is +6. 
• Cr3"' : oxfdation state of chr,om i1um is +3. 
• The react ion i,s a red uction [d ecrease in oxidat ion sta te] so the 

electrons are placed on the Left-hand srde. 

Six electrons are requi red for the total change in oxidation state 
[two chromium changing from +6 to +3; 6~ are pla,ced o:n the left as 
electrons are gained as it is a redu cttrnn haU equatror,)r. 
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Seven oxygien are lost fro1m left to right. 7H 20 are placed on t :he ri1ght­
ha1t1d side and 14H+ on the ileft- hand side. 

Cr20~--+ 14H+ + 6e-~ 2Cr3+ + 7H2D 

The overaU ciharge on each side o"f the ,equation should be the same: 

{2- and 14+ and 6- - 6+)--, [6+) 

The process is a reduction because: 
• The dichromate[VO ions are ga1n1ng etectr·ons. 
• The oxidatton state of the chromium decreases ,(+6 to +3]. 

So meti ,mes you may be asked to wri,te a.n oxidab,on or reduction half 
equation from, a balanced symbol equa,t~oni for a red ox rea·cti,on. Simply 
work out wh~chi element is .being oxidised1 or reduced and wri:te the half 
-equati,an as shown from the species in the equat~on. 

LE 22 
Concentrated nitr~c acid reacts with copper according to th:e equation: 

Cu+ 4HN03 -y Cu[N03b + 2N 02 + 02 

Wrrte a half equatior, for thie reduction occurring in t:his reactron. 

Answer 
Nitrogen i,n H N 03 is reduced from +5 to +4111 N02• 

HN03 --->- N 02 

e- i,s a,d,ded to ttie left- na,nd sid,e ais it rs a reduction. 

H N03 + e--+ N02 

One oxygen is remioved from HN03 but also a hydrogen so H20 is added 
to tne r,ig:ht- handi side and H"" to the left. 

HN03 + H+ + e- ~ N02 + H20 

The overaH charge on each s~de of the equation should be the same 
[ ... and - = O] -; [O] 

···································································~························ 
: . TEST YOURSELF 6 .. 
: 1 Wr·ite haH equations for the followi1 ng. processes~ 
i al re ,ducti:an of brom11n e to br,amide i,ons. .. 
• 
: b) oxidat ion of z1inc to zjnc[II ) ions. 
• : cl oxidation of i-ron to irori [II I~ rans . .. 
i 2 Write h,atf equations for the followi1ng pr,ocesses: 
i al reducti:on of dioxovanadium(V].V02, to oxovanadiu m [IVLV02

"' 

~ b) redluctton of oxovanad:ium [IV)i.V02
\ to vanad1 um [I liL V3

+ 

j c I re duct~ on of s u lf ate [ V I L SO i-, to s u l f u r di ox i die, S a 2 

£ d) oxldat ion of cnrom.(u·mrn IL Cr3
\ to chrom:ate, croz-

! el reducti,on of nitra.te[V]. NO'i. to nitrogen monoxide, NO 
j f J oxida ti on of ch lori·ne, Cl2, to hypoclhlorite, OC l-. 

.. • • • • • • .. 
! • • • • .. 
• • • • • • • • : 
: 
• • • • .. 
• • • • • • • 

I 
• • • .. .. 
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Cta ssi ficati on of a lea ho ls and 
thek ox:idation is covered in, tne 
a.lea ho Ls to pie. 

Ald ehydes, keto nes -and 
ca rboxylic acids wilt also be 
covered i1n, the alcohols topic. 

Organic chemicals such as primary and secondary alcohols are ,oxidised by 
reagents such as acidified potassium dich~omate solution. 

• Primary alcohols (such as ethanol and propan ..-1-o]) are oxidised ~o 
aldehydes which may be further oxidised to carboxylic acids. Ethanol 
CH3CH2o ·H ~ ·may be oxidised to ethanal, CH3CHO, which may be further 
oxidised to ethanoic acid> CH3COOH. Under the correct conditions 
ethanol can be oxidised directly to ethanoic acid. 

• Secondary alcohols (such as pr,o,pan-2-ol) may be oxidised to ketones. 
Propan-2-ol~ CH3CH(OH)CH3 , can be oxidised to, propanoneJ 
CH3COCH3. 

Aldehydes~ ketones and carboxylic acid can be· reduced using litbal (UA.lr4). 

• Butanoic acid, CH3CH2CH2.COOHJ can be reduced to butanal, 
CH3CH2CH2CHO,. VvThich can be further reduced to buta~l-ol, 
CH1CH1CH1CH20H. 

• Pentan.-2-one, CH2COCH2CH2CH3 can be reduced to pentan-2-ol, 
CH3CH{OH)CH1CH2CH3. 

Simple oxidation reactions 
Equations for the oxida.tion of 01~anic chemicals may be written simply using 
~O] to represent the oxidising agent. 

• Oxidation in organic chenrisny may be the addition of oxygen atoms .and/ 
or the teinoval of hydrogen BtJtoms. 

• [ O] is placed as a reactant in the equation to represent the oxidising agent. 
• I f hydrogen atoms are removed] H20 is placed on the right-hand side as a 

product. 
• The [OJ is balanced to reflect the number of oo...-ygen atoms added or the 

nun1ber of hydrogen atoms removed as H20. 

PLE 23 
Write an equation for the ox idat ion of ethanol_ GH3CH20H, to ethanal. 
CH3CHO. using [OJ to represent the ox id1isirig agent. 

Answe·r 
Write the reactant an.d product with [O] ,on the reactant sid·e. 

CIH3C H20 HI + i[O] ~ CH3C H 0 

Examrne the reactants and products for addi,t.ioni of oxygen atoms aind 
re,m,oval of hydrogen atom,s. 

In thi s example, no O ato:ms are add,ed but 2 H ato·ms are removed. 

To remove 2 H atoims, H2o rs placed ori tlhe right-hand side. 

CH3CH20 HI + i[O] -+ CH3CHO + H20 

Th,e equation is now ba'la:n ced as th,ere are 2 0 atom s on the left and 
th e right fllcluding [O] on the teft-hiand side. Th ere a re 6 H atoms on 
both si1dies of the equation . 
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W rite ,an equati,an for the axidat:ion of propa n-1-ol , 
CH3CH2CH20 H, t o propanoic aci d, CH3CH2CODH , 
using [O] to, represent the ,oxidiSf ngi age nit. 

Answer 
• W r:ite the reac tant and product w ith [O] on the 

reactant side. 

CH3C H2CH20H + [O] ~ CH3CH2COOH 

Exam Frie t he reactants and prod,ucts for addition of 
oxygen -a toms and remova l of hydrogen a to ms. 

ln1 th is exa.mple. 1 o atom is a,dded1 an1d 2 H atoms 
are also removed. 

To remove 2 H a toms, H 20 i:s placed on the r ight­
ha nci side. 

2[0)1 a re needed o,n the left to ba la nee the oxygen 
atoms (providJn,g the oxygen atom for the carboxyUc 
aci d an di the oxygen a to,m ta remove the 2 H a toms 
as w ater) . 

CHaCH2CH20H + 2[0] --+ CH3CH2COOH + H2o 

The equation ~snow balanced as there are 3 0 
atoms an the left an d the r ight i nctudin 91 2[0] on th e 
left- hand sid e. Th ere are 9 H atoms on both sides of 
the equation. 

S,imple reduction reactions 

PLE 25 

Equations fo·r the reduction of organic chemicals may be writte.n simply using 
[Hl to represent the reducing agent. 

• Reduction in organic chemistry may be the remo¥a1 of oxygen atotns and/ 
or the addition of hydrogen a.toms. 

• [HJ is placed as a reactant in the equation to represent the reducing a.gent. 
• 'If oxygen atoms are removed, H 2 0 is placed on the right-hand side as a 

product. 
• The [HJ is balanced to r:eUect the number of hydrogen atoms added or the 

number of oxygen atoms removed as H20. 

Wr,ite an equa1ti1on for the red uction of ethano~c 
acid, CH3COOH, to ethanol . CH3CH20 H, using; IH] to 
represent the reducing agent. 

To remove 1 0 atom. H20 i:s placed 01n the r ight­
hand side. 

4[1H] are requ ired o,n the left-hand srde to provide 
the 2 H atoms to be a,d;ded and also 2 H atoms to 
form the H20 . 

Answer 
W ri te th e redc ta,nt an d product w ith [HJ on the 
reactant side. 

CH3COO H + [H]-+ CH3CH20 H 

Ex aim ~ne t he rea et; nts and p rodiu cts for rem oval o,f 
oxygen atoms and addition of hydrogen ato m1s. 

I n1 tn is exa m pte. 1 o atom is removed and 2 H atom,s 
a,re removed . 

CH3 COO H + 4iHJ ---+ CH3CH20 H + H20 

The equat ion is now ba tan ced as there a r,e 2 0 
atoms on the teft and the rig,ht There are 8 H atoms 
or, both sides of t he equa ti on, including t he 4[H] on 
the Left-han d side. 

Organic half equatio1ns 
Organic oxidation and reduction reactioL1S may also be ~rritten as half 
equations involving electrions~ but this is less common. The same procedure 
is followed as for the half equations for sip and d block elements except the 
oxidation state of the elements is not detennined. 



Write a half equation for the ox1idation ·of ethanol. 
CH3CH20H, to ethanorc acid, CH3COOH . 

Another 2H ... are also needed on the right-hand s~de 
to balance the H 20 on the left g ivtr1g a total of 4H+ 
on the right. 

Answer 
CH3CH20H 1s on tMe left and CH3COOH JS or, the 
r:ig ht. 

4e- are placed on the rig lht-harid s,ide to balance the 
charg1e. 

There is one oxygen extra on th,e right, th,erefore 
H 20 is pta cedl on the left of tih e reaction . 

C H3C H20H + H2o --* CH3CO OH + 4H:+ + 4e­

The process 1is ai ri ox idati on re.actton because 
,electrons are lost. Two hydrogens are removed so 2H+ are needed on 

the r,ight. 

~ ···························································································: : TEST YOURSELF 7 i 
• • i 1 Wriite oxidation equations for the follow ing org anic react ions usi1 ng: Io] i 
: to represent the ox,idisrng ag,ent. i 
i • 

i a) propan-2- ol. CH3C H(OH)ICH3, to propanone, CH3COCH3. i 
• • ; bi m,ethanol, CH30H, to methano,c ac)d!, HCOOH. : 
t • 

: c) butan-1-ol, CH3CH 2CH2CH20H. to buta nal, CH3CH 2CH2CHO. : 
• • i 2 Write reduction equa:t1ons for th·e following, organ:ic reactions using [HJ i 
i to represent the reducing ag,ent. i 
i a) butanone, CH3COCH2CH3, to butan-2-ol, CH3CH!OH)CH 2CH3 . i 
~ ~I ethanal, C H3CHO, to ethanol, CH3CH20H. ~ 
i c) propanoic acid. CH3CHtCOOH, to propana l, CH3CH 2CHO . i 
: 3 Write a half equat ion including etectrons to show t he oxi1dati1on ! 
i of pentan-2- ol, CH 3CH [O H)CH2CH2CH3, to pentan-2-one, i 
• • : C H3COCH 2CH 2C H3. : 
t • 

=··· ················································· ·······~·· ······················ . 

• .. . . .. r• 1 . . ............ r•'I • • .- ., ................ 1 111 • ... , ..... , 1 ............. ••.t . . . .... ., ..... ...... !I ..... . . 1 •• ~- ..... .. .. . ... 1 . .... , .. .. . , ....... . . 1 ......... .. , .......... .. r; 

~ ACTIVITY = 

• 
i Redox reactions in photochromic glass 

Sungla1sses ea n be made from 
photochromic glass. When brig,ht Ug,ht 
strikes photochromjc glass it darkens. 
Photochromic glass conta1ins sma,tl 
amounts of sitverOl cih loride, and 
copper[ I'] chtori·d e, even ty d:istrib uted 
throughout the glass. 

j . 

; As sunlig 'h·t paisses throug:h the glass. 
I the s i lver:[11} ch'lori,de is separated Figure 8.6 Photochromic 

sung Lasse·s darken in sun U g ht 
due ta redox reactions . 

f into ions. The chloride ions are then . , 

3 
; 
: 
i 

= 

oxidrsed to chlor~ne atoms, and silver 
ions are reduced. to stlver atoms, wn1ch clu ster together and btock the 
trans,mittance of light. resulting in the darkeni1n9 of the lenses. 

~ What is the for1muta for a~ sHver [I] chlori1de, b] coppe r l lJ ch'Loride? . . 
Write a·n equatjon for the se~aration of si:lver(I] chloride ·into ,it s ,ions. 

2 Calcuilate tfie maxi,mum mass of si!lver ions that can be formed when 
0.287 g af s iLver:[il] chloride decomposes. 
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3 Writ,e a, half equation for the oxidation of chlor1id,e ,ions to ch'lori,ne 
atoms. and' explain. using ox,idation states, why this is an oxidation 
rea Ct 1io1n. 

I+ Wrrite a half equation for the r,eduction of si lver ions irito silver atoms, 
and explain in terms of ,electr,ons, why this is a reductjo·n. 

The darkenr,ng reaction is reversi 'bte. which all,ows the lenses to 
beco.me transpare int again. The presence 0 1f copper[!} ch loride reverses 
the darkening process . W!hen the lenses are removed from the Light, 
copper,(!) ions rearct w ith chlorine ato,ms~ reimoving them and form~ng 
copper[! I) ions and c1hlorfde ions. The copper[II] ions are then reduced 
back to copped!! ions by tile si,lver. The s ilver and chlorine atoms ar,e 
converted to their orig r na t ox i d:ised and rediu ced states and the glass 
become·s transparent. 

5 Suggest what mig,ht happen to t'ne chtorine atoms. if they were not 
removed by the copper[!! ions. 

6 Write an equation for the reaction oif copped I] ions w ·ith chlorine 
atoms. E.xplain t:he redox in this reaction, in terms of oxidation sta tes. 

7 Wrrite a nr ,equa,tion for the reactio:n of copped I I) ions with si lver. Explain 
the redox ,in th~s reaction. in ter 1ms of ox1idatj,on sta,tes. 

C,opper[ I) eh loride, sim,ilar to that used in photochr1omic glass. can be 
prepared in tne llaboratory by react,ing copper metat with coppedrll) 1ions 
as shown in Figure 8. 7. Thts preparation must be carri1ed out in a fume 
cupboard. 

test tu be ,.-,;;~ 

friclter paper 

~ ~ - - copper metal + cone HCI 

-heat 

Step 1 

water 

Figure 8.7 Prep@ration of copper[!) chloride. 

Step 2 

Step J 

200c:,rn3 wat~r 

' ' 
[ . 
I . 
C • 

' . 
' . 
: 
i 



Step 1 Wa rrn 0.5 g of cappedli!] oxid.e w1itlh 5cm3 of concentrat,ed 
hydrochlori1c acid in a test tube, for 1 m,i,nute. Add 1.0 g of copper 
tu rn ings and boil gently for five 1minutes. 

Step 2 Filter the solution into 200 cm3 of deionised water. AHow th.e 
preci,piitate of copper(H chlorid·e to settle. 

Step 3 Decant the copper1[I} Chl,oride. 
8 Sta,te and exp tarn the safety precautions whrch should be observed ,in 

th·is preparatiio nr. 
9 The overaU equation for Step 1 ts: 

CuO + Cu + 2HCl -to 2CuC l + H2o 
Expla:in, usi,ngi ox·idat,ion states w'hy this ·is a redox reaction. 
Suggest why copperll) chlar,ide forms as a predpi.tate .in Step 3. 
Exp La1 n what 1is meant by the term · d,eca nr. in Step 3. 

0--------Combining half equations 

Half equations involve electrons 
and only one species is either 
oxi1dised or reduced. 

loni c eq uations do not involve 
electrons: two species are 
frwotved where one ~s oxrd1ised 
and the other i.s red uced. 

Half equations include electrons. A half equation is half a redox reaction and 
involves the oxidation or reduction of one particular species. 

Examples of half equations are: 

Cr20~~ + l 4H+ + 6e- ~ 2Cr3+ + 7H20 

Ionic equations do not include electrons. An ionic equation is the reaction 
hem.Teen two ionic species transferring electrons. 

Examples of ionic equations are: 

Mg + 2H+ --+ Mg2+ + H2 

0 2 + 21- ---+ 2CJ- + 12 

Often two half equadons are given ~o you and yo,u are ask.ed to write the 
ionic equation. This is simply a matter of multiplying th.e half equations by 
a number which gives the same number of electrons in the oxidation half 
equation and in the reduction half equation. 

'Nb.en the equations are added together to make an ionic e-qua.tio,n, there will 
·be the same number of electrons on both sides of the ionic equation so they 
can be cancelled out. If H20 or H+ appear on boc·h sides of the equations 
thes,e can be cancelled down. So,me 'H2 0 and H+ 'WiU remain as they vtill not 

cancel out completely. 

There are two ways in which half equations are presented at this level 

1 You may be given one half equation which is a reduction .and the other will 
be written as an oxidation. 

2 You may be given two half equations which are both written as reductions. 
In this case~ one equation needs to be revetsed to make it an oxidation 
before you can add the equations together. 
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Ailways check any ioni c equatiun 
far c!h a rges on the teft- hand side 
and rig ,ht-,ha.nd sjde - the tota l 
ch,arges should be the same on 
both si:des. 0 on the left - hand 
sid e and 16+ and 6- = O] on th e 
rig iht- hand siide. 

Adding half equations 
Make sure you have one oxidation half equation (electrons on the 1i.ght) and 
one reduction half equation (electrons on the left). 'f'Or example: 

Al ~ AI3+ + 3e- OXIDAT10N 

Make sure tbe number of electrons are the same in both the oxidation and 
reduction half equadons. To do this the ,oxidation equation needs to be 
multiplied by 2. The reduction equation needs to be multiplied by 3. This \:Vill 
give both equations six electrons. 

2Al ->- 2Al3+ + 6e-

3F2 + 6.e-~ 6r 

To add them, simple write down aU the species fro·m the left-hand side of both 
haH -equations, then p·ut an .a1Tow and finally wti.te do\vU .aU the species from 
the righ~hand side of both half equations. 

Al + 3F2 + 6e-~ 2AP+ + 6e- + 6P-

The next step is to cancel out the electrons on. both sides of the equation. 

Al + 3F2 ---+ 2Al3+ + 6F-

This is the ionic equation for the reaction betw'een aluminium and fluorine. 

LE 27 
Write an 1ionic equation for the reaction in which iton(ll ) ions are oxidJsed 
'by acid i f1ied potassmu m ma na ga,nate!V 11 l. 

Answer 
The two half equations a,re: 

Fe2+ ~ Fe3+ + e- OXIDATIO N 

REDUCTION 

Note there a re five etectr,ons on the left- 'hand sJa,e of tne second equati,on 
and only 1 electron on th e right- hand side of the first eq uation. 

In order to write a comp lete ion ic equation. ttle first equatron must 'be 
multipU,ed by 5 and th·en the two- equatf ons are srmply added together. 

5 Fe2+ --+ 5Fe3+ + 5e-

M n04 + BH+ + se- --4 Mn2+ + 4rh0 

Mn 04""" BH+ -t se- -t 5Fe2+ -; M n2+ + 4H20 + 5Fe3+-.. 5e-

The Se- on each srde ca n be ca ncelled so th·at the overalt equation reads: 

Mn04 + SH+ + 5Fe2+ ~ 'M,n2+ + 4H20 + 5Fe3+ 

So,metimes the hall equations are given as nvo reductions (as is the n·end in 
chemistry), so one equation must be reversed t,o enable the electrons to be 
eliminated. The reaction will indicate which rn-To species are reacting. 



In this exa m1ple. the same .ionic equat,ion is requ1ired 
as ~n Example 27 but wi th both hatf equati1ons be1n,g 
g ivan as reductions. 

REDUCT~ON 

M nOA + BH+ + 5e-~ Mn2+ -t 4H20; :REDUCTION 

You are asked to write a,n ionic equanon for 
the reacti:on b·etween iron~I I) ions. Fe2·. and 

mang,a nate,VI I] :ions, Mn 04. The reaction req uires the 
nrst half equation to be reversed to: 

Fe2+-+ Fe3"" + e-

and then mult ipli ed by 5 a.s before. 

Ttne final equation is t t1e same when the electrons 
ha,ve been eli m:inated. 

MriO~ + 8H• + 5Fe2• -t- M n2· + 4H20 + SFe3 ... 

Write ari ronic equation for the reactron between nitrc3te[ ll ll ions. N02 and 
dichromate,vl') ions, C r20~-

Answer 
OX!DATION 

. ~ 3 Cr20 7 + 14H+ -t 6e- ---t 2 C r + + 7H20: REDUCTION 

The eq uations given are an oxidatl,on lfirst equati,on)i an,d a reduction 
[second equat~on) so they ea n be combined drrectty once the electrons 
have beer, ba ta niced. 

3NI02 + 3.H20--,. 3NOi + 6H+ + 6e­

Cr20~ + 14H+ + 6e- ~ 2Cr3+ + 7H20 

Cr20~- + 14H+ -t 3N02 + 3H20 + 6e--+ 2Cr3+ -t 7H 20 + 3NI03 + 6H+ + 6e­

Th,e electrons, wa,te r and H + need to be ea nceUed down to rernove the·m. 
from both si·des o·f the equation. 

Cr20~- + SH+ + 3N02 ~ 2Cr3+ + 4H20 + 3N03 

0 

Wri te an r,on i c equat ion for the rea ctr,on between su Uru r d rox id e and 
acid if i1ed pota.ssiu m, diichroma.te:(VIJ . 

Answer 
REDUCTION 

Cr2o~- ~ 14H+ + 6e- ......+ 2Cr3'1" + 7H 20; REDUCTI ON 

Th,e 502 reacts with the Cr2o~- so the first equation needs to, be reversed 
to create an oxidati.on ·eq uati,on. 

S02 + 2 H 20 --t' soi- + 4H+ + 2 e-; OX1I DATro N 

REDUCTION 

The ox idation equation needs to be mu lt ip 1Ued by 3. 

3S02 + 6H20-+ 350~- + 1i 2H+ + 6e-

C.r20,- + 14H"" + 6e---+ 2Cr3+ + 7H 20 
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Cancel out the ·et,ectrorrs and cancel down the H+ and H2o. 
3502 + Cr20~- + 2H+ ~ 3SO~- + 2Cr3+ + H20 

To check any half equation or ioni1c equa tion is correct, check the charges 
on each side. The above equation has a tota l eh a rge of O on tih·e teft a nid 0 
on the rlgiht. 

~ -···················································································································································: 
: TEST YOURSELF 8 i .. . 
: 1 Using the foUowing hatf equations. write the 3 Given the following half equations. : 
• • i equation for th·e reacti1on between hyd,rogen ClO- + H

2
o + 29- ~Cl- + 2oH- i 

: peroxide and hydrazine [N2H.4]. : 
: 2HBrO + 2H+ + 2e-~ Br2 + 2H20 : 
: N2H.4-+ N2 + 4H+ + 4e- : .. .. i Write an ·overall eg u atiion for tlh e reaction between i. 
; H202 + 2H· + '2·e- ~ 2H20 chlorid1e ions and hyarobro,mous acid. H Bro. : 
• • i 2 Hydrogen peroxide oxi·d·ises ,iodide ions in sotutian I+ Us 1ing the half equations beilow, write a balanc,ed i 
: to iod1 ine. Use the half equations below to write an ionic equation for· the react i·on between : 
• • 
: overa~l equat1ion for this reaction. man9a niate(Vll] ions and ethanedioate ,ions? : 

i H202 + 2H• + 2e--> 2H20 Mn04 + 8H+ + 5e--+ Mn2+ + 4H20 ! 
• • 
i 12 + 2e--+ 21- C20t- ~ 2C02 + 2e- i .. . • • .. .. .. .. 
4••··········································································································································· ........................ ~ 

Practice questions 
l What is the oxidation st.ate of nirrogen in 

HN02? 

A +2 

+4 

B +3 
D +5 

2 Which of the following reactions does ·not 
involve a change in ,o,x:i:da.tion state? 

A Mg + fo2 ~ MgO 

(1) 

B CuS04 + 2NaOH ~ Cu(OH)2. + Na2S04 

C H2 + 12 -), 2Hl 

D 2HBr + H2504 .....+ Br2 + 502 + 2H20 (1) 

3 What is the formula of potassium bromate(V)? 

B KBrO 

4 Phosphorus forms compounds in a variety of 
oxidation states. 

a) Give the oxidation state of phosphorus in 
the following: 

(1) 

(4) 

b) P4 reacts with oxygen to fonn P 40 10. 

Write an equation for this reaction. 

c) P401o reacts with water to form H 3P04. 

Write an equation for this reaction. and 
explain why this reaction is not a redox 

(1) 

reaction. (2) 

1d) Wrl te a half equation for the conversion 
of H3P04 to H3P03. (1) 

5 a) Balance the following half eq11ations by 
in.se·ning the correct balancing numbec,. 

i) s0i + _ H2o ~ so!- + _ 
H+ + e-

ii) Mno2- + tt+ + e- ~ · 
4 - -

Mn2+ + _H20 

(1) 

(1) 

b) Wrire an ionic equation for the reaction 
bet\~leen sulfur dioxide and manganate(\11) 
ions. (1) 



6 Dioxovanadium(V) chloride, V01

2C1 reacts with 
sodium iodide in the presence of sulfuric acid 
according to the equation: 

2V02C] + 2H2S04 + 2Nal -t VOCl2 + 
VOS04 + Na2S04 + 12 + 2H20 

a) Vanadium is reduced from the + 5 to the 
+ 4 oxidation state. Give evidence from the 
equation for this state1nent. 

b) State which element is ,oxidised in dus 
reaction and give the change in oxidation 

(2) 

s ta t-es. (2) 

7 State which elements in the following reactions 
are reduced and which are oxidised. 

a) Mg + l'HO ---+ Mg02 + H2 

b) Cl2 + H20 ~ HOd + HCl 

(2) 

(2) 

c) 3502 + K2Cr20 7 + H2S04 ~ K2S04 + 
Cr2(Sr04)3 + H20 (2) 

8 Xenon compounds a,re rare but the 
equation belo\v shows a reaction betv1een 
hydrogenxenate and hydroxide ions: 

20H- + 2HXe0,+" ~ Xe + 2H20 + 
Xeo:- + 02 

a) Gi~te the oxidation states of xenon in each of 
the following: 

HXeo.; Xe Xeo:- (3) 

b) Explaiu why this is considered to be a redox 
reaction. (1) 

II 9 The foUo~ng reactions ,occur when 
concen tta ted su lfuric acid is added to a sample 
of solid sodium iodide. 

A Nal + H2S04 -4- NaHS04 + HI 

B 2Hl + H2S04-+ I2 + SOi + 2H20 

C 6Hl + H2S04 ~ 312 + S + 4H20 

D 8HI + H2S04 -i- iI2 + H2S + 4H20 

a) Explain why reaction A is not a redox 
reaction. (1) 

b) Combine reactions A and B to, write an 
overaU equation for the reaction of 
sodium iodide v,rith suliuric acid to form 
iodine. (1) 

c) Give the change in oxidation state for 
re.action B for the element being oxidised 
and the element being reduced. (2) 

d) Suggest ~rhy both a grey-black solid and 
a yellow solid ar,e observed during the 
reaction. (2) 

e) Using reaction D, write a half eqruation 
for the co,nversion ofH2S04 to H2S. (1) 

f) Name the reducing agent in reaction B. (1) 



Periodicity and 
Group 2 

................................................................................................................ • • 
; PRIOR KN OWLEDGE E 
• • • • • • ~ . 
: Elements are d,ividled into metats and non-1meta.ls and metallo1ds. : • • 
~ . 
: Sili con and germanium are metaltoids, w hich s h:ow properties of both i 
• • : ,metals an d non- m,eta ls . : • • • • 
i Elements w ith s:im ilar propert ies are grouped together in a vertical : 
= : : column calle,d a Group. : 
• • : A row of e lements in the Period i1c Tab te is ea lled a Period. : • • • • : Meta ls a re on the left of the d iagona l li rie in the Per~od I c Table and : 
i nio n-metals are on the r ight [Hydroge n has no f ixed posit1on in the ~ 
i Period'ic Table as it shows properties consrstent wi,th a few groups.) j 
• 
: All 1m,eta ts, except mercury. a re solid at room, temperature and 
• : pr,essure. Most m,etals have hi,g!h me lti.ng poin ts, high tJ01Ung po,inits .. 
: and h~g h densitries. 
i Most non-meta ts are gases, some a re sol~ds and one [bromine] is a .. 
: liquid at roo,m temperature and pressure. Most non-metals have low 
• : melting1 points, low bo1ili.ng poin,ts and lnw densit ies. 
• • 

. .. .. 
• • • • • • • • .. • • • ,. 
• • • .. • • • • • • ............................................................................................................ ~ 

~ ··························································································: 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 ! 
• i 1 In w hat or der ar e th e e lem ents ar r an,ged in the moden1 Peri,odic 
: Table? 
• i 2 Give the name of the etement found i,n: 
J al Per,iod 3 and Group 2 
• : bJ Period 4 and Group 5 
• f cl Period 2 an,d Group O 
• j 3 Descri,be the connection betwe,en rhe positi1on of an elem,ent 1in the 
: Period ic Table and the et.ectron c,or,fi,guratior, ,of an a,tom of the 
• • • • • 

element. 

• • • • .. • • • • • • • • • • • • • • .. .. • • • 'I' 

• • i 
: • • • .. • • • : ........................................................................................................... ..... 

In this chapter, 'We will look at periodicity - how properties change across 
a period. The11, by contrast, we willl look at how properties change down a 
group - Group 2. 

The Group 2 meta1s are known as the 'alkalin arth metals , as their oxides 
and hydroxides are alkaHne. ~Earth' is a. term used by the first chemists to 
describe non~n1etallic substances which were insoluble in ~Tater. The white 
suspension forn1ed when calciun1 reacts with water ~s described as an 
1 earthy1 residue. 



Group 1. A·lso c~ t led the 
Al,kall Meta Is. Soft; hi g hily 
reactive g,rOUIP of meta~s 

Group 2. A:lso call,ed tne 
Aika line Ea,rth 'Metals. 
Fairly reactive metals 

Group 7. Also ca llled the Hallogen-s 
Very reactive group of non-metals 

Group 0. Also -c:al:fed the N'obl,e 
Gases because they do not 
react. Form few compo'u,nds 

GROUP 1 2 3 4 5 7 0 

Period 1 ! ! D l ! l J l 
'Per1od 2 .., 

I 
~ 

Period 3 

Period 4 

Period 5 .... I 

Period 6 .... 

METALS NON-METALS 
(to left of zig-zag line) (to right o·f zig-:zag line) 

Figure 9.1 The Periodic Table. C)~Bl~ ck_s_o_f_t_he~ P-er-io_d_i_c _Ta_b_le~~~~--

An element is citassified as s,p,d,f 
bloc'k when the h ig nest energy 
electrons a re in an s,p,d, f sub-shell. 

The Periodic Tab]e can b e divided into blocks depending on which sub -shell 
the outer (highest energy level) electrons ar.e located. 

I 
2s 
I 
I 

3s 
I 
I 

4s 
.~ ._ 

I 
I -5s --, 

I 
I 

6s --
\\ I 

I --7s 
~ _L, I 

' _... -
' __... -., 

D s-block elements 

D d-block element!! 

I 
3d 
I 
I 

4d 
I 
I 

Sd 
I 
I 

6d' 
I 

----... 

---
- ~ - -
- ---- -

- --- -

--~ 
I 

4f 
I 
I 

Sf 
I 

I Ip-block elemen1s 

D f-block rnetals 

Figure 9.2 The Periodic Table divided into differe nt blocks. 

I 
2p --..... 
I 

_ I -3p --
I 
1-

4p 
.... 
~ 

I 

I .... Sp ~ 

I 

I 
6p ... 

...... 
I 

... -
-,_. 



u -C 
0 

~ p block 
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..0 
VI d block 

Figure 9.3 s, p, d f blocks of the Periodic 
Ta ble,. 

Figure 9~4 A pellet of pluto nium- 238 , 
illuminated by th e glow of its own 
ra di o ac t iv i ty. I n n at u re, p Lu to n i um on ly 
occur s in minute qua nUtf es t hat a ri se 
from the decay of ura nrum-238, th e 
heaviest naturally occurri ng e lement. 

• The electron configuration of a lithium atom is ls2 2s1 so the highest 
energy level electrons are in an s sub-shell; the ·I ctron on hgu rc.1t it n 1of a 
magnesium ato,m is l s2 2s2 2p0 3s2 so the h ighest energy level electrons are 
also in an s sub-shell. Groups l and 2 form the s blol.k. 

• The electron configuration of a boron a tom is ls2 2s2 2p1 so t.he highest 
energy level electr,ons ar-e in a p sub-shell; the electron c,onfiguradon of a 
chlo,rine ,ujom. is ls2 2s" 2ps Js2 3p5 the highest energy ]evel electrons are 
in a p sub-shell - Groups 3 to O form the p block. 

• The elements in the middle of the Periodic Table (Sc to Zn in Period 4) have 
their highest energy electrons in the 3d sub-shell the d ll l ck. 

• Figure 9. 2 shows the highest energy levels for the different blocks of the 
Periodic Table including the f block elements. This block fits bet~leen s 
block and d block at Period 6 and 7. It consists of metal elen1ents whose 
high.est energy eleclrons are in an f sub-shell. 

The £block elements are also, referred t,o as the lanthanide. series and the 
actinide series. The elements of the lanthanide series can be found naturally 
on Earth.. Only one element in the series is radioactive. The actinide series are 
all radioactive and some are not found in nature. Some of the elements Vlith 
higher atomic numbers 'have only been made by bombarding atoms with fast 
·neu tron s. Plutonium was the first actinide to be identified (Figure 9.3). 

U- Major trends across Period 3 
Figure 9.5 Successive· elements across 
Period 3. The,re are immense changes 
in th e! chg mi ea l and physica l pro p~rti~s. 
Sodium, magnesium and alu mintu m are 
metals and have m etal lic propert ies 
w hereas phosphorus , sulfur, chlorine 
and argo n are non-metals and have 
n on- m ~ta Uic pro pert, ~s. 

Figure 9.6 Atomic radius ( nml of the 
atoms of Peri od 3. 

Atomic radius 
The atomic radius decreases across Period 3. 

Figure 9.6 show~s the atomic radius of the Period 3 ato·ms. The atoinic radius 
is given in nanometres (nm). 

0.18 0. 16 0. 11 0. 11: 0 .. 10 0.09 0.09 



Figure 9.7 Melt1ng pofnts (°CJ of the 
eleme·nts of Period 3. 

Figure 9.8 A mac rop hotog rap h of 
a 486 mkroprocessor silicon chip 
used in some p'1!rso nal computers. 
Microscopic electronic co m pone nts 
have been imprinted onto the surface 
of the sili co n by various deposition and 
etching processes. Silicon is used as it 
1s a semicond uctor with high thermal 
cond uctivlty and hfgh melting point 

The decreasing atomic radius is due to the increasing nuclear charge across 
the period, which draws outer electrons (which are in the same level) closer to 
the nucleus. 

Melting point 
The graph in Figtrre 9. 7 shows the melting points of the Period 3 elements 
(Na to Ar) 'With atomic nu.mbers 11 to 18. 
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1 T1-1e 1nelting points of metallic elements increase. 

From Na to Al, the number of outer level electrons incr,eases so, more 
electrons can be delocalised Jeading to a greater attraction between. positive 
ions and delocalised electrons. The sire of the ions also increases and 
this again leads to· a greater attraction between the smaller ions and the 
de]ocalisedl electrons. 

2 The melting point of silicon is very high. 

Silicon has a giant covalent strUcwre and a lot of energy is required to break 
the many stro,ng c,ovalent bonds. 

3 The ·melting points of phosphorus (P4), sulftu· (Sa,)
1 

chlorine (Cl2) and a1gon 
(Ar) are low. 

• Phosphorus, sulfur and chlorine are simple co,lalent molecule-Sand little 
energy is req uiredl to overoo,me the weak van dcr ~ls, forces b e-t\.V,een 
the molecules. 

• Argon exists as atoms and very little energy is required to overcome the 
very weak van der 'MJa1s fo,rces between the ato111S. 

4 The melting points of the elements after siUcon increases from phosphorus 
to sulfur then decreases again. 

• Phosphorus (4i°C) sulfur (115°0 and chlorine (-101 °C) 
• Phosphorus exists as P4 molecule.s, sullur as 58 molecules and chlorine as 

Cl2 (Figure 9.9 on page 216.) 
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Figure 9.10 When burned, sulfu r melts 
to a re,d Liquid and e·mi ts a b Lue flame· 
that is best observed in th e dark . It has 
a Low melting point and can be easily 
melted in a Bunsen f lame. 

Figure 9.11 The fi rst ion isation energ ies 
of the· eleme·nts of Period 3. 

P.11 
molecule 

SB 
molecU'le 

Ar atom 

Figure 9~9 

• P 4 (60 electrons per molecule~ each P atom has 15 elecrrons) 
• S8 (128 ,electrons per mo]ecule; each S at,om has 16 electrons) 

• 

1Ch (34 electrons per molecule; each Cl at,om has 17 electrons) 
The attractions between the moleCllles are van der 'Mia ls, forces as the. 
molecules are non ... polar. If a tnolecule has tnorc electrons) the extent of 
the induced dipole attractions will be greater thus causing greater van 
der \.Vaals' forces of auraction beween the molecules which. increases the 
energy required to melt the substance. 

• Argon has a very lovv melting point ( - 189°0. This is due to the very 
weak van der Vlaals' forces betw',een the atoms. 

The trends and explanat iions used are similar w hen corn paring boiling 
poiir1ts of the eilements in Period 3. 

First ionjsation energy 
The first ionisation energy is the energy required to remove one mole of 
electt,ons fr·om ·one mole of gase~us atoms to form one mole of gase,ous l + ions. 
For ex.ample for sodiumJ it is the energy required to cause the following chang~: 

Na(g) ~ Na+(g) + e-

The first ionisation energy increases across Period 3. The graph in. Figure 9.11 
shows the values of the fii-st ionisation energy of the elements in Period 3. 
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First ionisation energy increases across a period 

s C1 Ar 

The general increase in. first ionisation energy a.cross a period is caused b)· the 
increase in nuclear charge 'With no increased shielding. The atomic radius is 
decreasing. The ou ter electron is closer to the n1Jcleus with a greater nuclear 
charge holding it so more energy is required to remove it. 



M~ny of the trends seen ·in 
Per iod 3 are also seen in P·erind 2'. 
Questions involving Peri od 2 
[usually Li to CJ are often seen. 
The patterns are not seen in the 
molecutes of elem ents 1n Groups 
5. 6 a nd 7 as they are a ll dlatoimic 
in Per~od 2. 

First ionisation energies in Gro up 3 and Group 6 

The atoms o.f 1Group 3 elements, such as aluminium, show a lower than 
expected firsr. ionisation energy. This is due to the division of the energy level 
into sub-shells. Aluminium has the electron. configuration ls2 2s2 2p6 3s2 Jpl. 
The 3pl electron is further from the nucleus and has additional shielding from 
the 3s2 inner electrons so it r---equires less energy to ionise it. 

The atoms of Group 6 elements
1 
such as suHur't also show a lower than 

,expected first ionisation energy. This is due to the pairing of electrons in 
the p sub-shell. The 3p4 electron configuration of sulfur (l sl 2s2 2p6 3s2 

3p4) m,eans that two electr,ons are paired in a p orbital in this sub-shell. The 
additional repulsion. between these two electrons lowers the energy required 
to remove one of the electrons and this decreases the first ionisation energy. 

Fir-t ion· ation nergi · in roup 1 and Group 0 
Atoms of Group 1 elements have the lowes t first ionisation energy in every 
period as they have the greatest atom ic radius and the lowest nuclear charge 
ma particular period. 

Atoms of Group O elements have the highest first ionisation energy in every 
period for the opposite n~.asons; they have the smallest atomic radius and the 
highest nuclear charge in a period. 

~ ····················································································································································: 
: TEST YOURSELF 2 i 
• • 
: 1 State th e trend in atomic radius fro m sodium to 
• • i ar9o n. 
j 2 Fir~t ~onisation energiy ~e n,era lly i.ncreases from 
: sod1um1 to argon. Expta:1n w hy. 
i 3 Explain why sulfur has a 'hi gher melting point than 
• : phosphoru s. 

, State the ele,ment in Peri od 3 which has: 
a)l th e highest meHiing p·oint 
bi the lowest fi rst ion i,sat io,n1 energy 
1c) the largest dto mic ra;dius. 

5 State the block of the Peri od 1ic Tab'le to wh ich the 
foUowing elem ents be long: 
a) nitrog,en bi mo.lybdenurn ·c·I barium. 

• • • • • t 
• • i 

: 
: • • • • • • • • • • • • : • I 
I • 

ill ............... 1, ............. .._ .. _ .................................... .............................. """ ....................... , ......................... ., _ .............................................................................. . 

Trends in first ionisation energy across a period 
Use the da ta f rom dynamic learn~ ng to plot a ,graph of first io nisation 
energy (y-axis} aga inst ato1m ic nu mber (x-a.x,isj. Draw Un,es from one 
point to the next to show a pattern of peaks and tro,ughs. La:be l each 
po,int wi th the symbo l of its corrresp,onding et.ement tF=or later parts of 
this ac.tiv i1ty, ·ensure that your y-ax i,s sea l,e goes up to 460 0 kJ m ot-1. I 

2 What do you notice abou t the posH1on of the fi rst ion~sati:on energy of 
Grouip 1 elements on U'1e graph,? Expla in your answer. 

3 What do you notice about the posit i:on of the f 1irst ion isait~on energy of 
Group O elements on the graph? Ex plain yo ur answer·. 

4 Expla·in the 91eneral trend in ftirst ion isation ener,gy across Per 1iod 2. 
5 Is the ,general tr,end in first ionisation en,ergy across P,eriod1 3 the 

same or different? Exptai1n your answer. 
6 Us1ing you r giraph, co mpare the vatu:es of f~rst ~o n~sation energy for 

elements in the same group. State and explai1n any tr,ends observed in 
the ion~sation energy within a group. 

. . 
I 
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7 Th e second 1onisati1on energy 1is the eriergy requi1red to re move one 
mo le of etectro,ns from one mole of gaseous ions w itn one positive 
charge to form one mole of gaseous 2+ ions . For exampl,e for sod t'U1m. 
it i1s the en ergy requ~red to cause the following1 chang e: 

Na+[g ] ~ Na2+1(g] + e-

a On the sa,me graph pa1per. ptot t 1he values for second ionisation 
energy fo r each elem ent from sodium to argon. Use the data in 
Tab te 9.1. Jo in each po int wi t'1 a red p.eri. 

Ta ble 9.1 Second ionisation e,nergy values for the ele,ments of Pe riod 3. 

Second 
ionisation energy ,4562 1450 1816 1577 1907 2252 2298 266 5 
/kJ mol-1 

b Compar e the t r end in second ro nisat:ion energy across the per ,iod 
wi1th the trend rn Hrst 'ionisatlon energy. 

c S,uggest why the second ion~sat ion ener9y of each eliemerit rs 
greater than tfie corresponding first io,r,isati,on energy. 

d] Write ar, eqruat~o n for th·e second 10,n,isation energy of alu1min ium. 

0 Group 2 

Figure 9.13 The Group 2 element 
magnesium has been used for over 
1 DO years to provide a bright flash of white 
Light to aid the ta king of phatogra phs. 

Figure 9 .. 12 Mag nesl um bu r ns wi th a 
b ri g ht w h i te L1 g h t. 

Burning a strip of magnesium. in a Bunsen flame may have been one of the 
fi~t eJ\.l)eriments you tried when you started your study of Chemis try. The 
thin strips ,of the shiny silver metal bum 'With an extrem,elybright white light 
as shown in Figure 9.12. 

Group 2) c·he alkaline earth metals" are a group of reactive metals. In this 
secti,on you will study the teactivity of the metals wtth water, but first it is 
importan.t to understand ho,v properties such as a to1nic radius, ionisation 
energy and melting point change down the group. 
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Atomic radius 
Atomic radius is measured as the distance bernre,en the 
centre of the nucleus to the outer electron. The outer 

electr,on is pulled in closer to the nucleus wben the 
attraction between the outer electron and the nucle:·us 

increases, therefore th.e atomic radius becomes · smaller. 
Account ·must also be taken of the effect of increasing 

number of electfons which tepel each other. 
0, 11-~-~------....----~-------------

As Group 2 is descended, the outer electron is less 
tightly held as it ·is shielded from the attractive force of 
the in creasing nu clear charge due to the electt·ons filling 
in U'!',V energy levels. These electrons also provide exna 
repulsion and the outer electron becomes further away 
from the nucleus) therefore the aton1ic radius increases 
(Figure 9 .14). 

iBe Ca 
Element 

Sr Ba 

Figure 9.14 Th e trend in atomic radius down Group 2. 
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Figure 9.15 The trend in first ionlsation energy down Group 2. 

First ionisation energy decreases down the group. The 
energy re,quu:ed. to remav-e the outer ,electr-on fro,m an 
atom depends on the attraction berween the out,er 
electron and tl1e nucleus. The less strongly th.e electron is 
held the less energy is required to remove it. As Group l 
is descended, the atomic size incr:eases~ the ,outer ·electron 
is less tightl~ held as it is shielded from the attractiv:e 
force of the increasing nuclear charge due to the electrons 
filling in new energy levels i therefore it is easier to remove 
andl the ionisa lion energy decreases (Figure 9 .15) . 
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M1elting point 
In general, the n1elting points of the Group 2 metals 
decrease as the gr-oup is descended (Figure 9 .16). 

Group 2 elem,en.ts ·exist as gian.t metallic structures; a 
regular arrangement of positive iqns surrounded by a 

800-+-~..-~~----.~~~--,-~~~--r-~~~-.--~ 

sea of delocalised electrons. The metallic bond is the 
attraction betv,,--een the layers of regularly arranged positive 
ions and the delocaHsed electrons. Vlhen a metal is 
·melted] energy is supplied to break the metallic bond; the 
greater the strength of the metallic bond> the higher the 

melting point. 

Be Mg Ca 
Element 

Sr Ba 

Figure CJ.16 The melting points of the Group 2 e·Leme,nts . 

The melting point of magnesium 
,is lower than expected. At this 
level however, you are not 
expected to ex ptai n this. The 
focus shou1Ld be on the genera l 
trend1 whi,ch 1is a decrea,se in 
mellting point down the group. 

T1he strength of the metaUic bond is propo,rtional to the number of delocalised 
electrons per atom, the charge of the metal ion and the size. of the ion. The 
ions produced from the m·e'tallic atoms ,of Group 2 elements all harve a + 2 
charge and the same number of de]ocalisedl electrons per ato·m. HO\Veve~ 
.as the group is descended the size/at,o,mic radius of the atom increases. The 
attraction between the ion and the delocalised electrons decreases. The 
strength of the metallic bo,nd decreases and the melting point d,ecreases. 
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~ -····················································································································································: 
! TEST YOURSELF 3 i .. .. 
i 1 Write t he electron conf rg u rations of th e atoms of I+ a) Draw a La bel ted diagram of the structure of a i .. . 
: th e Group 2 elements M,g to Ba. metal such as calcium. : 
E 2 a) Explatn th e meaning of the term ton.~sat1on b) Describe the bond ing fn ca lci u,m. E 
• • i energy. cl State aind explain the general trend in melting i 
j b' Explain why the io,ni1sa,t ion energy of poi nts of the Group 2 meta ls. i 
J stronHum is less than the ionisation en,erg;y o·f 5 Trans:itlon meta ls generally have high.er melt~ng i 
j magr,esium. points than Gro up 2 metals. ; 
i .J Expla,in wny t,h,e atomic rad ius of calcium is smaller a) Com pa re the strength of tne m,eta Llic b,ond ~n ! .. . 
; th an that ,of strontium. the Group 2 meta.Ls and the tr ansitf.on metals. : 
"' . i b) Explain your· a nsw,er to pa rt 5a . i 
• • • ................................................................................................................................................... ~ .................... .... 

M'g, 

damp dellivery tube 

React io1ns of Group 2 metals with water 
Beryllium does not re.act with water. Magnesiun1 reacts very, very slowly with 
water but reacts readily" with steam .. Magnesiun1 hydroxide is formed when 
magnesium reacts \Vith water but the oxide of magnesium is fo rmed when 
magnesium reacts with steam. 

Mg + H 20 1(g) -+ MgO + H20 

Magnesiu1n 02\.ide is fonned rather than magnesium hydroxide when 
magnesium reacts \.Vith steam as the hydroxide is no t stable at higher 
tempera.rures. It therm.any decomp oses to give magnesium oxide and w a.tet: 

Calciu1n stronriuttn and barium all react with oold water to prod1]ce the metal 
hydroxide .and hydiogen. The reactivity of the reaction increases as the 
group is desc nd d. 

Ca + 2H20 ~ Ca(0 1H)2 + H 2 

Ba + 2H20 ~ Ba(10H)2 + H2 

--hydrogen gas 

water 

Calcium reacts M th cold water thus releasing bubbles of 
hydrogen in an exothermic reaction. A white p recipitate of 
cak ium hydroxide is forn1.ed and the r,emairung solution 
is slightly alkaline. This is because calciutn hydroxide 
is slightly soluble in water. The r.eactions of strontiun1 
and barium are similar; sirontium is more reactive than 
calcium and barium is even m ore reactive but the amount 
of precipitate b ecomes less because ithe hydroxides of 

the Group 2 metals become more soluble as the group is 
descended. 

Figure 9 .. 17 A Ma.gnesium can be heated in steam using th@ 
apparatu s shown. 



0 The solubility of the Group 2 hydroxides 
ater • 1n 

Table 9.2 The solubility of the Group 2 hydroxldes ln water. 

thkk white predpitate of magnesium 
hydrox ide 

white precipitate of calcium hyd'roxide 

thin white precipitate of s tro nti um 
hydroxide 

very thin white precipitate of bar f um 
hydroxide 

The relative solubility of the Group 2 hydroxides can be found by adding a 
solution of sodium hydroxide to solutions of the Group 2 ions and observing 
the precipitate (fable 9.2). The Group 2 hydroxides become more soluble 
as the group i d scended. Magnesium hydr,oxide is said to be sparil1.gly 
soluble as th-e solution is slightly a]kaline indicating that so,me hydroxide ions 
are disso lrved in the water. 

• •• •tl• ... •••II•~- t.f• •• ••J •II••• !11,i t.•• •• II• 1.11• •• •tit ii • •I• •if 111111 f111 •• •I• 1111111111• • ii till••• ••J •II•• ••J •I!••• IIJ t.@••• •lt1l lll• •• ••• il 4 •II••• llllli 11• •I•• II 11111• 11• l'it ••• •• t.li 

Group 2 hydroxides 
Th e hydroxides of the Group 2 rmetals, magines,iurn to cari1u1m, are 
sparin9 ly solubte ,in water; the sotubiUty ris,es wit'h ato,mic nu mi'ber. Ta,ble 
9.3 stiaws th e solubi,liity of some Group 2 Mydro.xides. 

Table 9 .. 3 Solubility data for the Group 2 hydroxides. 

Meagnesium hydroxid e 

Calcium. hydroxide 

Strontium hydroxide 

Barium hydroxide 

1 Sug,gest how you could 
determrne th e solu'bH,ty of 
barium hydrox~de i,n gi/100cm3 
water at 20 °C . G1ive full prract,icat 
details. 

2 Use the data ,giiven rn the table to 
ea lcu late the concentration, ~n 
moild,m·3 of a saturated s,otutron 

' of ,barium 'hydrox~de a.t 20 °C. 

0.014 

0.173 

1.770 

3.890 

In an experim,ent a solut~on of Figure 9.18 Barium hydroxide is a 
barrum hydroxide was titrated with white ionic solid. 
ethanoi,c actd usrng thym,ol btue 
indi cator. Thy1m,ol blue ms yeliLow in acid a1nd1 blue in a1kali. The et!hanoic 
acid was added f ro1m e1 bureHe to the coni ca l Hask conta1n1 ng 25.Dcm 3 of 
a :barium hydroxide sotutron and a few drops o,f thymol blue. 

' 1 
; 
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The so lu b i1Uty of the Group 2 
sulfates becomes Less as the 
gm up ,is descended. 

3 Descri,be th,e cotour chang,e at the 
en d-po1int of thi,s tttra tio n. 

4 Thymol blue is an aci;d, Sugge.st how 
th,e average tttre wo utd change i1f a 
few cm3, rather than a few drops. of 
the i nd'icator were used by mistake ·in 
this titration. 

= 5 State and expla1n two safety 
r 
= precautions that you wou ld foltow 
= during this pra·ct icaL 

6 Suggest one reason why repeating a 
titrat,,on can improve i,ts reli-abiHty. 

Bari'um hydroxk1e reacts with dilute ni,thc 
acld ,to giv,e a solution of barium nitr·a,te. 

7 Wr 1ite a1 ba1la,nced sy·mbo·l equatfon for 

Figure 9.19 Ba ri um nitrate is 
mixed with therm ite to form 
Thermate-TH3J an explosive used 
in military thermite grenades. 

. . . . . the reactio r, of batiu:m hydroxide and njtri,c acid . 

. . 
I 

. ' 
~ . . . 
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water 
The Group 2 sulfates, unlike the hydroxides, become less soluble in water 
as dle group is descended (fable 9.4). The relative solubility of the 1Group 2 
sullates can be found by adding a solution of sodium sulf.ate to solutions of 
the Group 2 ions and observing the precipitate. Calcium sulfa.te is said to be 
sparingly soluble and barium sulfa.te is ins,oluble·. 

Table 9.4 Solubility data for the Group 2 sulfates. 

no preci pitate 

thin w h i'te precipitate 

white pn;cipitat9 

th lck w hite precipitate 

The use of barium salts as a test for a sulf ate 
The thick white precipi rate which forms when barium ions are added to 
suliate ions can be used as a test Ior sulfate ion.5 (FiguJie 9.20) . 

Method 
To 1 cm3 ,of the unknown s,olution 

• add l cm3 of dilute hy-drochloric acid 
• add l cm3 of aqueous barium chloride solution 
• if a thick white precipitate is formed then su]fate ions are present. 

The hydrochloric acid removes any other ions such as carbonate ions whic·h 
may affect the test. 

Figure 9.20 A white precipitate forms The simplest ionic equation for the reaction is: 
w hen acidified ba rium chloride solution 
is ad ded to a so lutfon of sod ium sulfate. Ba2+(aq) + so!-(aq) -+ BaS04(s) 
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TEST YOURSELF, 
: 1 
• • • • 

Catciu m reacts with water to form comp·ound A and w ith stea:m to 
form co mpound B. 

• • 
i • • • • • • • • • • • 

' t a) Name com pounds. A and 'B . j 
i • I 

bi Write a bata need symbo l rea,cti,on for the reaction of calctum with i 
I 

I • • • • • • 

wa~~ i 
• 

c) Write a half eq uati on to show w nat happens t o the catci.um when It : 
• • 
: reacts wi th steam. i 
: . . : d, State th e pattern ,in reac t~vity Gr,oup 2 meta ls w,th wa,ter as ttle ; 
! group is descended. ! 
i 2 State the pattern in sotubiUty of the hydrox ides and su lfa tes of Group 2 i 
• • : elements as tti e group ·is d-escerid ed. : 
i 3 a) Describe t1he test for sulfa te i·ons. lncl1ude a simpl·e ionic equat ion 
f in your answer. 
• i bJ Ex:p lai n w hy the reagent in thi s test is acidiifred . 
i c) Why is su Hur ic acid not used to acidify the rea,gent? 
• i, 

• • i 
I 
tl 

: 
t 
• • • • • • • • • • • 
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Figure 9.21 A suspens ion of mag nes1um 
hydroxide· in water. 

f:'ig ure 9. 22 Commercially avai lab Le 
ca lci um hydroxf de ls used to alter the 
pH of sof l. 

and their compounds 
Magnesium 
Magnesiuln is used in the extraction of titanium. Titaniun1 is an extremely 
useful me[al. lt has applications in the aer-ospace, marine a-nd motor vehicle 
industries due to its extremely high corr,o,sion resistance. It is v:ery difficult 
to extract titanium from its ores e.g. TI02. ln theory carbon can be used to 

extract titanium from its oxide but the titanium fom1S a brittle carbide. The 
production process requires sevetall seeps, one o,f which involves the Group 2 
1netal ·magnesium. 

Titanium oxide is initially converted to the chloride which is subsequently 
reduced tO· titanium by reaction -Y.rith magnesium, as described by this 

balanced symbol equation. 

TiC4 + 2Mg --4 TI + 2MgCli 

Magnesium hydroxide 
Magnesium hydroxide is sparingly soluble and is sold as a suspension 
in water. In this form it is known as 'milk of magnesia· (Figure 9. 21). h: is 
taken to alleviate constipation and> as an antacid) to neutralise excess acid 
in the gut. lt is used as the sotutions are only slightly alkaline, due to its low 
solubility, and do not irritate the oesophagus. 

Calcium hydroxide 
Calcium hydroxide in solid form is known as slaked lime) and is used to 
neutralise acidic soil {Figure 9.22). The pH of soil affe.cts its physical, chemical 
and biological properties, which in tum affects crop yield. As me pH of soil 
decreases, soluble aluminium and manganese ion levels increase to toJd.c 
proportions thus restricting root growth, and causing curling and b]ack spot 
on plant leaves. Low pH levels in soil restrict the growth o,fbacteria, ~ .. hich 
function in conjunction with leguminous plants to fix nitrogen from the air. 
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Reducing the acidity of the soil prevents all of these effects and increases the 
availability of O·ther important nutii.ents, such as phosphorus. In addition 
the soil ta"ture impro,ves. It becom·es finer thus allowing plants with smaller 
seedlings an improved opportunity to break through the soil surface. 

Cal,ci um oxide 
Calcium o,xide is used t ,o, neutralise sulfur dioxide, which may be prodluced as 
a by-product of the combustion fossil fuels in order to prevent the formation 
of acid rain. Calcium carbonate can also be usedl (see p.2 74). 

Barium sullf ate 
Barium sulfate can be eaten as part of a ·'barium meal'. Barium is good at 
absorbing X-rays and so when the barium sulfa.te gets to th,e gut the outline of 
the gut can be located ·using X-rays (Figure 9.23). Although barium. ions are 
v,ery toxic, this technique is hannless because barium sulfate is ins,oluble and 
is not absorbed into the blood. 

Figure 9.23 The gut shows up on this 
X-ray as the patient has ingested a 
barium meal. 

Pr ctic qu tion 
I \Vh.ich one of the follovnng has the highest 

second ionisa.ti.on energy? 

A aluminium B chlorine 

C n1.agnesium D sodium 

2 Vlhich of the elements is a d block element? 

A bromine B calcium 

C hydrogen D silver 

(1) 

(1) 

The- elect!'ion configuration ,of an element is: 

ls1 252 2p6 3s2 3p0 3dl0 4s2 4p6 4d 10 Ss2 Sp5 

a) In which block of the Periodic Table is 
the element located? (l) 

h) State the a1tomic number .and identity of 

the elemen.t. (2) 

4 The elements in Period 2 show similar trends to, 
the elements in Period 3 of the Periodic Table. 

a) State the na1ne of the elen1ent in Period 2 
which has the highest first ionisation 
energj: (1) 

b) State which eleinent in Period 2 has the 
highest melting point. (1) 

c) Wri're an equation for the first ionisation 
of beryllium. (1) 

d) Explain why the first ionisation energy 
of boron is lower than expected. (3) 

5 •) State the trend in reactivity of the 
Group 2 ,elements witb wateI 

b) Under what oonditions will magnesiu1n 

(1) 

react rapidly 'With H20? (1) 

c) Write a balanced symbo] equarion for the 
reacdon of bariun1 with water. (1) 

6 a) State how the solubilides of the hydroxides 
of the elements Mg to 
Ba change as G·roup 2 is descended. (1) 

b) State how the solu.bilities of the sullates of 
the elements Mg to, Ba change as Group 2 is 
descended. (1) 

c) Describe a test to indicate the presence of 
sulfate io,ns in aqueous solution. (2) 

d) Explain why barium su]fate is used as .a 
'barium meal', when barium salts are 
knoVlll to be toxic. (1) 

e) Vfhat property of barium sulfate makes 
it useful when taking X-rays of the 
human gut] (1) 



7 The melting points and ionisation energies of 
the Group 2 m,etals generally decreas·e as the 
group is descended. 

a) Explain fully the trend in melting point. (3) 

b) W'by is the first ionisation energy of 
magnesium larger than the first ionisation 
energy of calcium.? (2) 

c) Write an equation sho'W'ing 

i) the first ionisation energy of calcium (1) 

ii) the second iorrisation energy of 
barium. (1) 

8 Group 2 meta15 and their compounds are u sed 
conunercially in a variety of processes and 
applications. 

a) State and explain the use of magnesium 
hydroxide in medicine. (2) 

b) Calciutn cai,bonate is an insoluble 

compound that can be added to water in 
lakes to reduce the acidity. Write an 
equation for the reaction which occurs in 
the lake. (1) 

c) Magnesium is used in excess to produce 
titanium from titanitnn(IV) chloride. The 
excess magnesium is removed by reacting it 
with su]furic acid. 

i) Write a balanced equation for the 
reaction of: 

• magnesium with titaniumOV) 
chloride (1) 

·• magnesium with sulfuric acid. (1) 

ii) Us,e your knowledge of Group 2 
sulfates to explain why th.e magnesium 
su]fa te is easy to remove foon1 the 
titanium n1etal. (1) 



Halogens 
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y 

: Group 7 of the Periodi c Table are !known as the ha·togens. : 
• • : The halogens ar e diatomic elements, they are w r itten as F2, Cl2, Br2, 12• : 
• • 
·: • The elements of Group 7 react with metats to form i,oni1c com,pournds, : 
• • : for exampte sodium1 reacts with chlor·ine to form sodium ch lor ide. : 
• • : • The Huor id e, chlori·de, bromide and 1iodide ions are generally called : 
• • : haUde fOns and they have a s 1ingte negati,ve charge. : 
• • : The reactivity of the halogens decreases down the group . : 
• • : The meltingi points and boiUng· po~nts of the halogens increase down : 
! the group. I 
: t ............................................................................................................ ~ 
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TEST YOURSELF ON PRIOR KNOWLEDGE 1 
1 State the n,am es of th e elements in Group 7. 

: 2 Write the formula of the followfng compounds. 
i al sodium iodide bi calcium chtaride 
• : cl aluminium flu or~de di ir on[II I] chlorid e 
I eJ Uth ium bro1m ide f)1 zinc chloride 
• 
~ 3, Chlorine r,eacts with1 a solution of potassium rodide formfng 
• : potassium chloride and ~odine. Write an ,equaUon for this r·eact:ion. 
• 

.. 
: • • • .. .. • • • • • • • .. • • • • • • • • • • • • • • .. • • • • • • • ..................... . ....... . ........ . . ...... ... .................... . . .......... ...... - 1111!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!111 .. 

The physical properties of the halo _ ens 
The elemettts in Group 7 a.re fluorine , chlorine, bromine, iodine and astatine. 
1GFoup 1 rentains the most common number 'Used fo,r tbe halogens but 
Group 17 is also used as the halogens are the 17th group a.cross including the 
d block elements. 

• Fluorine is a pmsonous yello,vl gas. 
• Chlorine is a poisonous, denset yellow-green gas (from the Greek 'chloros' 

meaning green). 
• Bromine is a caustic and toxic red-bro,'Wil. volatile liquid (from the Greek 

'biomos' meaning stench) . It forms a red-brown vapour. 
• Iodine is a shiny, grey-bla.cksolid 1 Vlhich sub]im.cs to form a. violet vnpour 

on gentle ·heating. (Sublimation is the change of state fron1 a solid directly 
to a gas on heating.) Iodine is nained from the Greek work 1iodos' meaning 
puiple or viole t . 

• kstatin.e i5 the rarest narurally occurring element, it has no, stable isotopes; 
the longest lived isotope has a half-life of just 8.1 hours, hence no one 
has ever obtained enough of it to be visible, to the naked eye. A mass large 
,enough to be seen ,vould be immediately vapo,rised by the heat generated 
by its own rad1oacrivity: Follomng the trend vndrln the group, astatine may 
be dark, and it is likely to have a much high.er melting point than iodine. 



F'igure 10.1 Astati ne is one of the most 
mysterious chemica l elements; no one 
knows whdt it Looks Like. 

Figure 10.2 Fluorine· is incredibly 
reactive, and is normally fo und as 
flu o r i de i o n s i n o re s, such as th e p u r p Le 
fluo rf te, Ca F2. 
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Diatomicity and bond enthalpy 
The halogens exist as diatomic molecules, F2, Cl2, Br2 and 12, due to the 
formation of a single covalent bond bernreen tl1e atoms. The bonding becw-een 
the atoms is important~ as the bond enthalpy must be overcome in order to 
allow the halogen atoms t,o react. 

The bond bet\V~n the halogen atoms is due to the attraction of the electrons 
by the n.vo nuclei. As die atomic nu1nber increases, atomic radius increases 
and so the d istance between the electrons and the nucleus also increases. 
This would ]ead us t-o, suspect that the mean bond enthalpy should decrease 
as the atomic number increases. This is true for cl1lorine, bromine and iodine. 
However fluorine rather than having the highest bond enthalpy, has a value 
close to that of iodine. The reason for this is that in a molecule of fluorine the 
ato,II1S a1e so cl,ose together that the lone pairs of electrous aro·und. each ato:m 
repel each other and so the bond is weakened. 

Trends in Group 7 
lt is important that we know the colour and physical state of these elements at 
room tempe1ature and the general trends in Group 7. 

T1he following trends all occur .as the atotnic number increases in Group 7 
(i .·e. going do,'WTI the group). 

l The colour of rhc elem,ents becomes darket 

2 The atomic radius increases. 

• On n1oving down the group there are more energy levels of elect!ions. 
• The outer energy levels of electrons are further from th·e, nucleus. 
• This increases the size of the atoms down the group. 

3 The Teactivity decreas,es. 

• The outer electrons are furcli.er fro,m the nucleus as the group is 
descended as an extra energy level is added each rime. 

• There is m1. increase in shielding. 
• The atoms gain electrons more easily as there is a weaker attraction 

betwe~n the nucleus and the incoming electron. Smaller ha]o,gen atoms 
are more reacuv-e. 

4 The boiling points of the ele1n'.ents increase. 

J :X :b 
boiling 
points 

• The size of diatomic molecules increases down the 
group. 

roorn 
tern pe ratu re 

50 60 

• The larger molecules have more ,electrons . 
• More electrons lead to greater induced dipole-dipole 

forces. 
• Greater induced dipole-dipole attractions mean greater 

van der Vvaa]s' foroes bet\¥e.en the molecules. 

Figure 10.3 Boi ling points of the halogens. 

• More energy is needed to overc,on1e the greater van der 
Vvaa]s~ forces bet\Veen the molecules to change them 
from a liquid into a gas. 

• Figure 10.3 shows the boiling points of the halogens. 

• The increase in boiling points (and melting points) of the 
halogens gomg dovm. the group explains why fluorine and 
chlorine are gases, bromine is a liquid and iodine is a. solid. 
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5 The electronegativi.ty decreases. The values are given in the following table: 

Element 

ELe_ctronegallV:itv · 

F 
4 .0 

Cl 

3.0 

Br I At 
2.8 2.5 2.2 

• For the smaller atoTI1S, the bonding electrons in a covalent bond are 
closer to the positive nucleus. 

• There is less shielding. 
• So the positive nucleus attracts the bonding pair' of e leccrons more 

strongly and so the element has a greater electronegativity value. 

~ ···························································································: : TEST YOURSELF 2 i 
• • 
~ 1 Copy and co:mplete the ta1ble below. i 
• • • • 
£ ! 
• • • • • • ~ . • • • • • • • • • • • • . ; 

I 1 
~ .. • • • • • • • • • • . .. . .. • • i 2 liodi1ne suoUmes on heating . i 
• • i al Exp1lain what is meant by subtii 1mation . i 
i b) What would be observed when iodine subli1mes? i 
• • ; 3 Fluorifle has a hfgher electronegaHvity value than chlorrne. : 
• • 
~ a I IJef in e what is m ea nit by the term electronegat~vi ty. ~ 
i b) Explain why the ete-ctron,,egia1tlvi1ty of fluorine is hi,gner than i 
I chlo rine. ! • • 
! f+, Explai,n why t'he hatogens should be used in a fume cupboard. ! . .. 
i 5 Explai:n why rod 1ine has a higher boili ng po~nt than bromine. : 
• • : : 
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Extraction of iodine from se,aweed 
rod~ne 1s an elem.ent essential in the body for the pro,duct~on of thyro id 
hormones that reguilat,e growth and metabolism. 01iets deficient in 1iodine 
increase the r~sk of retairdea brain devetopment in chi,ldren, mental 
stownessi hi,gh chotester,ol. lethar,gy, fatig,ue, depressi,on. we1ght gain, 
and g,oitre - a sw,elllng of the t:hy r,oid gland ,n tl'ie neck. Of all foods, 
seaweed like lkelp and nori are the best sources of n.atura!l iod 1ine. 

Iodine in seawe,ed ca n be extracted by heatrng rt in ak to an ash, rn whfch 
ttie iod1ine is present as iod.ide. Th·e iod 1ide 1is dissolved out of the res1idue 
with boiUng We1iter. the soluti1on is flltered and t:h e 1iod ide is oxidtsed to 
iodine us ing addified hydro,gen peroxide. 

. 

. 
: 
[ . 

I 



l,od i,ne has a very law solub ility in 
water but is solub 1Le in a solut~on 
containing 1od·ide i·ans. todine 
reacts with iod1ide ions to form 
the brown tr,iodide ion 12 + 1- .:::; 13. 

The iodine colours the solutiion a.t this stage. The m,rxtur·,e 'is tra ns.ferred 
into a separating fun,nel and shaken with cyclohexaine. Two layers form. 
the top layer is purple. The layers are separated1 and the purple so lutiion 
is left ~n a fume cupboard to allow the liqu ,id [solvend to evaporate. Th e 
crystails forrmed are wei,ghed. 

1 The heated seaweed conta ·ined 0.01°/o, rodine by 1mass. ~n a 1 kg 
sampte, calculate t 1he m,ass of jo,dine present and use this to fi:nd the 
motes of iodine present 

2 Write tihe two half-equatrons for the redox equat~on b,etween iod i1de 
and hydrogen peroxide. 

3 Using oxidat1on states, explain why the iodtde is o,xidLsed. 
4 What co lour ~s the so'Lution formed after oxi1dati1on? 
5 Expla,in why the top Layer in the separating fun nel is purple. 
6 Iden t t f y t'h e cry s ta t s form e d a n d state the 1i r co lo u r. 
7 The crystarls in the evapo,rating basrn are warmed sllighUy after 

weighing. Oescriibe and expla.1n wihat i's observed. 
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o~~~~~~~-
e do reactions of halogens 

Chlorine reacting with cold, dilute, aqueous sodium 
hydrox ide 
Chlorine reacts Vlith coldJ dilute, aqueous sodium. hydroxide solution fanning 
sodium. chlorate(l) and sodium chloride. 

This r acdon may be applied to other halogens. The chlorate(I) ion , o o- , is 
a. halate(I) ion. and there is a. pattern in their formulae. 

AU hala te(I) ions have similar formulae: 

• chlorate(!) is c 10-
• bromateO) is BrO-
• iodate(l) is 10- . 

Th e oxldation riumoer of th,e halogen otoms rn halatei(IJ salts ,is+ 1 
hence ha late( I] . 

The f or-mulae of sodium halateO) salts are : 

• sodium cl1lorate(O is NaClO 
• sodium b:romateO) is NaBrO 
• sodium iodate(I) is NaIO. 

Chlorine reacts with cold3 dilute, aqu,eous sodium hydroxide to p roduce 
chlora te(l) ions I CIO- . 

Ionic equation : 

20H- + Cl2 -. o- + c10- + H 20 

Symbol equation : 

2NaOH + Cl2 -+- NaCl + NaClO + H20 
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Figure 10.4 The react1on between cold 
dilute aqueous sodium hydroxide is 
used to produce ble·ach. Bleach is a 
solution of sodium cha rate [I). 

Figure 10.5 Placing a capful of bleac h 
into the water conta ining freshly cut 
flowers, helps to preserve the flowers . 
The bleac h kills any fungf and bacteria 
and keeps the water clear. It may 
however slightly discolour the stems of 
the flowers . 

Observations: 

• yellow-gre·en gas forms a colourless solution 

This is a nrlox reaction as chlorine is oxidised from the oxidation state of O in 
Cl2 to+ 1 in NaClO and chlorine is also reduced from O {zero) in 1Cl2 to -1 
in NaCL 

The solution containing sodium chlorate(]) is used as bleach. The chlorate(l) 
ions are responsible for the bleaching action of the solution. The sodium 
chlorate(!) kills bacteria and other micro-organisms. 

Chlorine reacting with water 
1011.orine is slightly so]uble in wat,er and results in a pale green solution. Some 
chlorine reacts "With the water to fmm a mixture of hydrochloric acid. (HCl) 
and chloric(O acid (HOCl) . HOQ is responsible for the strong germicidal and 
bleaching pov.)"er of wet chlorine. HClO is also called hypochlorous acid. The 
reaction is reversible. 

This equation explains the use of chlorine to sterilise drinking water and 
water in swin1ming pools. HClO kiUs micro-organisms. It is safe to use 
becaus-e a very lo,w con.centraci,on of chlorine is used. Also as HOO kills 
micro-organisms, the position of equilibrium moves from ]eft to right so, very 
little c·hlorine remains once HClO has done its job. In addition; the benefits 
of using chlorine in drinking wat,er and in water in swimntlng pools far 
outweigh the potential health risks to humans if it were not present. In higher 
concentrations] chlorine lS toxic. 

However in bright sunlight] chlorine reacts with water to produce a solution 
containing chloride ions and oxygen gas. 

]bis equation may be v;ntten: 

The ultraviolet radiadon from the sun breaks down the HClO into HG and Oi-

2HdO(aq) __. 2HC](aq) + 02(g) 

Society assesses the advantages and disadvantages of adding chemicals like 
chlorine and sodium fluoride to V/ater supplies. Sodium fluoride and other 
fluorine containing compounds may be added to drlnki:ng watec This is 

Figure 10.6 Researchers have warned that urinating in swimming pools could le,ad to 
respiratory probl~ms fn swimmers. Ch lorin s, ussd to disinf;ct pool; , rgactswith uric 
acid found in human sweat and urine thu s produc ing cyanogen chloride, which ca n 
affect multiple organs, including the lungs, heart, and centra l nervous system via 
inhalation. The efficiency of a chlorine-based disinf9"cting system in swimming pools 
and hot tubs is Limited in bright sunlight as the eh Lorine reacts with the water to form 
HCl and 0 2. The HClO that would kill the mf cro-orgc1nfsms fn the water is broken 
down. Bright sunlight ca n reduce the HClO content in a pool by half 1n 17 minutes. 



Figure 10 .. 7 Halogens in solution . Left, 
chlorine ln water: mfddle, bromine 
in water; rf ght, iodine in a solution of 
potassiu·m iodide. 

Bromine water is used rn organic 
chemi stry to test fo,r tihe presence 
of c:;:c i1n a molecule. 

Figure 10.8 Garlic is widely used to 
fleivou r food but varies in ~tren gth from 
species to sped es and era p to crop. 
A se nsor to determine the s trength 
of garlic far the food i nd us try ha s 
been d eve Loped by UK scientists. An 
e lQctrocham ic;L !:i~·nsor suspends g e11 rlic 
pu ree parti cles in a solution of bromide 
ions, The· bromine produ ce d reacts 
with the su lfur-su lfur bonds in garUc to 
regenerate bromide - this results in an 
increase, in current, which is shown on 
the trace produ ced. 

because fluoride ions can help to prevent tooth decay as they strengthen 
ena1nel. Some people object 10, this as there may be other health risks 
.associau~d with fluoride and also because it can be viewed as mass medication. 

Reaction with other halides in solution 
Some halogens react \Vi.th other halide ions in solution. The reactions can be 
·explained by examining the oxidising ability of the halogen-S and the reducing 
ability of the halide ions. 

'For many of these reactious it is importanc to, undet-stand the colours of the 
halogens in aqueous solution. 

Chlorine and bromine react with ,vat.er so they appear to be partially soluble 
in water. 

A soludon ,of chlorine in water is ca1led chlorine watei: It is a pale green 
solution depending on. the concentration

1 
though can appear colourless at low 

concentrations of chlorine. 

A solution of bromine in water is called bromine watec It is an orange 
solution. 

Iodine is o~ very slightly soluble in Vlater but forms a pale yellow .solution. 
Iodine dissolves in a solution containing iodide ions to fonn a brown solution. 

Oxidising ability of the halogens 
The oxidising power of the h logcus reduces as atomic number increases. 

Oxidising agents (also, caUed oxidants) cause an oxidatio,n to occur so 'they 
cause another atom) molecule or ion to lose electrons. This means that an 
oxidising agent gains electrons and becomes reduced. 

Oxidising ag nts readily accept electrons. The ease ~th which an mci.dising 
agent gains electtions determines how effective it is as an o,xidising agent. 

• A substance which gains electrons easilywiU be a good oxidising agent. 

• The halogen atoms are gaining electrons into their outer energy level to 
complete the energy level 

• The electron which is gained by a fluorine atom completes an energy level 
closer to tl'ie nucleus than the electron v.rhich completes the outer energy 
level in chlorine. 

• The electron which fluorine gains has a stronget attracdon to the nucleus as 
it is closer t,o the nucleus than for a chlorine atom. 

• Also the electron being gained by a fluorine atom is not subjected to as 
much shielding by inner electrons as there are fewer electrons between t'he 
electron gained and the nucleus. 

The oxidising ability of the halogens decreases from fluorine to chlorine to 
bromine to iodine. 

DisplaC'ement reactions 
From our knowledge of oxidising po,wer:s of the halogens we would expect 
fluorine to displace all other halides from a solution of a halide compound. 
We would also expect chlorine to displace bromide and iodide from solutions 
of iodide compounds and bromine to displace iodide in solution. 



The reactions of fluorine a.re 
not examined experi mentally 
as fluorine is too dangerous to 
be used iir-1 the laboratory. The 
reactions of fluorine would 
fo How the pattern for the other 
halogens. 

You may be asked to write 
i, n oiv1dua l h.aH ,equati oris far the 
conversion of m,olecutes 1into 
ions or from ionis or molecules. 
You may a tso have to identify 
these reactions as oxidatton or 
reduction processes. 

PLE 2 

Wri.te the simplest i,on~c equation fo r the reacti:on of ch lorine with sodium 
bromide solution. 

Write half-eq u,ations for t rh·e ox idation and reduction react~ons occurring . 

Answer 
The equat1ot1 for this reaction is: 

C:L2 + 2Na8r -->- 2NaCl + Br2 

The Na+ ion is a spectator ion so i,s not inrcluded in the ion~c ,equaHon. 

Cll2 + 2Br ~ 2Cl- + Br2 

The half equatiion for the convers.ion of eh Lorine molecules into chloride 
ions is: 

012 + 2,e-~ 2Ct-

Tnis is a reduct ion half equation as chlori ne is ga:ining electrons. 

The half equatiion ·for the convers ion of bromide ions into brom~ne 
·molecules rs : 

2Br-~ Br2 + 2e-

Tnis is an ox,idation haU equa.tion as the bromi1de ions are losing 
electrons. 

lr~ th~s reaction the colourless solution changes to orange because bromi,ne 
is prod1uced in the sotL.1t1ion and bromine water is an, orange colour.+ 

The ,equati on below shows the simplest ionic equation for th e react ion of 
chrlor·ine with sod'jum 1iodide sotut.ion. 

V, 
z Write ai half equation for the conversion of chtorine 1ir,to chloride ions. w 
8 Write a half .equati,on far trie conversron of ~odide ions into i·odlin,e . 
..J 

~ Answer 
Tne half equat,ion for the conversion of chlorine into chtoride ions is : 

C l2 + Ze- ~ 2Cl-

Th is is a reduction half equat~on as chlorine is gainirig electrons. 

The ha Lf equation for the conversion of iodide ions into i·odine is : 

2Br -t Br2 + 2e-

Tnis is an ox idation half equation a1s the iodiide ions are losing electrons. 

In th1s reaction the co lourless so lut iion changes to brown 1(a.s rodi·ne is 
pmduced in a so lution caritaining iodi1de ionsl. 

r-u·f' , ~ . It~ 
1111• • or. 

Figure 10.9 Chlorine, gas bubbling 
through an aqueous solution of 
potassium iod1de in a test tube. The 
re;ctio n is turning brown dus to 
disp Lacem ent of iodine·. A co Lou rless 
solution of potassium iod ide is seen 
on the Left in a glass bottle . 



Th e sod i,um and potassium are 
i11terc1hangeable througnout t his 
and quest~ons wlU vary in wh ich 
solid sa Lt is given. Ma riy of the 
r,eactions µrod uc,e misty wn ite 
fumes of t'he hydrogen halide gias. 
The hyd1rogen halide gases fume 
in mo:ist air react~ng W1ith th e 
moisture in the air so appeari ng 
as misty fumes. 

Bromine reacting with aqueous iodide ions 
This reaction is not used as extensively as the other two above as the colour 
change in the s,ohuion is not as clear becaus,e it simply darkens from orange to 
brown . 

Half equations: 

Br2 + 2e- ~ 2Br= REDUCTION 

21- ~ 12 + .2e- 01XID .. A.TION 

Reducing ability of the halides 
The reducing power ,of the halid ions increases as the atomic number 
mcreases. 

Reducing agents (also called reductants) cause a reduction. to occur so they 
cause another a tom, molecule or ion to gain electrons. This n1eans that a 
reducing agent loses electrons and beco·mes o,xidised. 

Reduci1 ·1gc-n~ readily donate electrons. The ease 'With which a reducing 
agent loses electrons determines how effective it is as a reducing agent. 

• A substance which loses electrons easily ,:viU be. a. good reducing agent. 
• Halide ions are losing electrons from their outer energy level 
• The electron which is lost by an iodide ion comes fro1n an energy level 

furth er from the nucleus than the electron that would be lost by .a br,omide . 
10n. 

• The electron which an iodide ion loses has a w,eaker attraction to the 
nucleus as it is further from the nucleus compared to the other halide ions. 

• Also the elec tron being l,os t by an iodide ion is subjected to greater 
shielding by inner electto,ns than orher halide ions as there are more 
electrons b etween the electron being lost and the nucleus. 

The reducing ability of the halide ions increases from fluoride to chloride to 
'bromide to iodide. 

Fluoride and chloride ions have little reducing ability as they are not as able to 
donate electrons as bromide and iodide ions. 

Reaction of solid hali 1des with concentrated sulfuric 
acid 
Solid h alide salts, usuaUy sodium or potassium halides, react with 
,co,ncentrated suUuric acid, depending on the r:educing abi1ity of the halide 
ions and the hydrogen halides. Group 1 halides have been used to represent 
the standard reactions. 

I Reaction of concentrated H 2S04 ¥1ith NaF(s) 

Products names: sodium hydrogen sulfate and hydrogen fiuoride 

Observations: misty white fumes (HF) 
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Fluoride ·ions a,re not strong 
enoug.h reducing; agents to 
reduce the su lfur 1n sulfu ri c acid . 

Chilori d'e ions are a1 Lso riot strong 
en o u 9 h re,d u c i n.g a g e .n t s to, 
red uce the suHur in sutfuric acid . 

Figure 10.10 Bromi ne gas forming 
as the· product of a reaction between 
concentrated su Lfu ric acid (in bottle] 
and sod ium bromide [in te st tube), 

The simplest ionic equation for this reaction is: 

F- + H2S04 -t, HS04 + HF 

Hydrogen fluoride is released as a gas. 

2 Reaction ,of conc,entrated H2504 'Vith N aQ(s) 

Na.0 + H2S04 --) NaHS04 + HCl (NOT REDOX) 

Products names: sodium. hydrogen sulfate and hydrogen chloride 

Observations: nus ty white fumes (HCl) 

Il1e simplest ionic equation for tlris re.action is: 

et- + H2S04 ->- HS04 + HCl 

Hydrogen chloride is released .as a gas. 

3 Reaction of c011.c,entrated H2S04 wi th KBr(s) 

K13r + H,504--+ KHS04 + HBr~ NOT REDOX 
"" 

2HBr + H2S01

4 ~ Br2 + 502 + 2H20; REDOX 

Products names: potassium hydrogen sulfateJ 'hydrogen bromide·! bromine, 
water~ su ]fur dio,cide 

Observations: misty white fumes (HBr)" red-brown vapour (B1r2) 

Redox: ln the second equation the Br is m...idised from -1 (in HBr) to O (in Br2) 
and the S is re.duced from + 6 (in H2S01J to + 4 (m SOi). 

Note that the bromine is the oxidation product in this reaction and the sulfur 
dioocide is the reduction product. 

Ionic equations 
The shnples t ionic reaction for the first reaction is: 

The simplest ionic equation for the second reaction. is: 

2Br- + S01!- + 4H+-). B1r2 + 502 + 2H20 

The. bromide ion is able to reduce the sulfur in sulfuric acid fr.am the 
oxidation sta.te of + 6 in so!- to + 4 in S02. 

Overall equation 
The ,equation may be \Vritten as an overaU equation: 

2KBr + 3H2S04 ---+ 2KHS04 + Br2 + S02 + 2H20 

For this reactio11 the observations would be red-brown gas released. 

You m.ary be asked to determine the ionic equarion from. this overall rea.cdon: 

2Br + 3S0~- + 6H+ -4 2HS04 + Br2 + 502 + 2H20 

·Or 2Br- + 3H2S04--)! 2HS0i + Br2 + 502 + 2H20 



As there are severat react~ons in 
wh~ch hydrog;en iodide is used 
up, it 1s som et·i mes not tisted as a 
product in the overall reaction as 
most of it is oxi·dised: further. 

4 Reaction of concentrated. H1S04 \Vi.th KI(s) 

8Hl + H2S04 ~ 412 + H 2S + 4H20~ REDOX 

Products names: sodium hydrogen sulfate, hydrogen iodide, iodine, water, 
sulfur dioxide, S1Jlfur1 hydrogen sulfide. 

Observations: misty white fumes (HD\ purple vapour 02),c yellow solid formed 
(S)> rotten egg smell (H2S), black solid. for-med Oi) . 

Redox: in. the second equation the I is oxidised from - 1 (in HQ to O (in Ii) 
and the Sis reduced from. + 6 (in H2S04) to + 4 (in 502). 

In the third equation, the I is oxidis,ed from -1 (in HI) to O (in 12) and the S 
is reduced fro,m +6 (in H2S0J to O (in S) 

In the founh equation,. the I is oxidised from - 1 (in HI) to O (m 12) and the S 
is reduced from + 6 (in H2S04) to -2 (in H2S) 

The io din is the oxidation product and the su Hur dioxide! sulfur and 
hydingen sulfide are the reduction products. 

Ionic equations 
The simplest ionic equation for the first reaction is: 

1- + H2S04 ~ HS04 + Hl 

The simplest ionic equation for the second reaction is: 

, _ .. 

21- + S04 + 4H+ ~ I2 + 502 + 2H20 

The iodide ion is able to reduce the sulfur in sulfuric acid from the oxidation 
state of +6 to +4 in 502• 

The simplest ionic equation for the third reacdon is: 

The simplest ionic equation for the fourth reaction is: 

a1- + lOH+ + so!- ~ . 412 + H2S + 4H20 

The red.ox reactions occur because of the relative reducing powers of the 
halides in the hydrogen halides. 

Chloride ions are not as powerful a ·reducing agent as bromide ions, which in 

tum are not as powerful a reducing agent as iodide ions. Hence. HC1 cannot 
reduce sulfuric acid; the chloride ions a.re simply displaced by the acid. 

Bromide ions in hydrogen br-omide are better reducing agents than chloride 
ions so some of the sulfuric acid is reduc,ed to S02 and H20. The products are 
a mixture ofbro·mine and hydr,ogen bromide. 
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Figure 10.11 A halogen bulb, conta ins 
a ha Log en su eh as iod in@ orb ro mine. 
As tungsten evaporates from the 
filament, it usually condenses on the, 
inner surface of the bulb. The halogen 
combines with this tungsten deposit on 
the g Ldss to produce tungsten ha L1 des, 
w hi eh evaporate easily.When the 
tungsten ha Ude reaches the filament, 
the i n ten se heat of th e f i la m en t c a uses 
the halide to b re·a k down. re leasing 
tu ng ste n back to the filament. Th is 
process, known as the halogen cycle, 
extends the life of the filament and 
keeps the inner surface of the bulb 
cl9an, which lets halogen bulbs stay 
close to full brightness as they age. 

Iodine ions in hydrogen iodide are the best of the three as a reducing agent 
and reduce the sulfur in sulfuric acid to S02, even reducing it further to Sand 
H2S. The product is mainlo/ iodine. 

The equation may be written as an overa ll react ion: 

BKII + 9H2S04----+ 412 + BKHS04 + H2S + 4H20 

For t,h.,s reaction, the observations WO'Uld be purple vap,o,u r released, 
black so lid form,ed arn 1d a rotten egg smell. 

You may be asked to determ~rie the ioriic equation from th,is overall 
reaction: 

01- + soi- + 1 OH+~ 412 + H2S + 4H20 

or 81- + H2S04 + BH+ -4 412 + H2S + 4H20 

!Using concentrated sulfuric acid to test for halide ions 
• Vilhen concentrated sulfuric acid is added to a solid bromide compound 

1 

1nisty white fumes {of hydrogen bromide) are released along vrith some 
brown gas (bromine). 

• VJhen concentrated sulfuric acid is added to a solid iodide compound, 
misty whi~e fumes (of hydrogen iodide) are released, a black solid is formed 
(solid 12)) putple ·fumes are observed (l2 gas) and. there is a rotten egg snudl 
CH2S gas). 

ThilS is not normally used as a test for halide ions as concentrated sulfuric acid 
is corrosive and toxic gases are fonned. 

~ ···························································································i 
! TEST YOURSELF 3 ! 
• • 
: 1 Chtor,irie is used to treat drinking water. : 
• • ! Wr:ite an equation for the reaction of chllorine with cold water. i 
i 2 aJ Write ain equation for the reaction of chlor ine with cold. dilute. i 
i aq ueous socHu m hydr,oxide solution. i 
• • 
: b) State the r,ame of the product fn which the chlori ne rias an : 
• • 
: oxidation state of+ 1. : 
• • 
! cl State a use for the so lution formed in this reaction. : • • 
J 3 Potass,ium iod ide reacts with, c.or,centrated sulfu.r ic acid . The overall i 
! e quat~o n for the rea ct 1io r, is given b·elow: ! 
• • • • • • 
: 8'KI + 9H2S04 ~ 41 2 + 8KHS04 + H2S + 4H20 : . .. .. : 
i al Give t.he chang,es in ox i1dation state of rodine and su lfur i:n this ~ . ! 
: re a c tr a n . : 
• • 
~ b) W1hrch product would tead to a rotten egg smell? ~ 
i cl Exptain why iodide ions can reduce sulfur in thfs way but chloride i 
i ions ca nn ot. ! 
• • : 4 CMlor1ine redcts w,th sod,ium lodide soilut inn. : 
• • ! aJ Write th e simplest ioni c eq uatron for this r eact ,ion. ! 
; b) Write a half equation for the conversion of iodide ions to iod ine. ! 
• • : cJ Ex pta in why the co lour of the soiluti on changes to brow n1 . i 
: . • • ...................... ............................................................................................ 



o....---1 d_e_n_i_f i-ca_t_i o_n_o_f_h_a_l_i d_e_i_o n_s _____ _ 

saver normally has an oxidati on 
state of+ 1 in sitver comip,ounds, 
sl tver nftrate rs th,e saime as 
sHved I] njtrate aind silver[ I) 
chloride is the same as srtver 
ch loride. 

Figure 1Do:12 Fro·m lento right. these 
prs,cip itates are silv~r chloride [AgCll. 
silver bro mf de [Ag B r) and si Lve r iodide 
[Agl]. 

Figure 10.13 Test tubes [from Left]. 
1, 3 and 5 show the wh ite Ag CL ppt, the 
cream Ag B r ppt and the y·ellow Ag I p pt. 
Te,st tubes 2, 4 and 6 show the result of 
~dding excess concentrated ammonia 
so lut fon. Ag CL and AgBr d1ssolve but 
it has no effect on Ag I. The ye Llow ppt 
remains. 

Halide ions {Cl-, Br, I-) can be identified and distinguished from one 
another by the use of silver(]) ions in solution. Silver(]) nitrate (AgN03) 

solution is most often used. 

The solution of the halide ions is fir-s·c acidified using dilute nitric acid (HN03) 
and then silver nitrate solution is added. 

The dilute nitric acid removes other ions which would react with the silver 
ions in the silrver nitrate solution, for ,exan1ple carbonate ions (CO~-), sulfite 
ions (S05-) or hydroxide ions (OH-). These ions would form precipitates 
with the silverO) ions and interl'ere with the test. 

Silver nitrate solution does not form a precipitate with fluoride ions in solution 
as silver Iluoride is soluble in ~latet Silfv·er nitta1e solution cannot be used ~o 
test fm fluoride ions. 

The other three silver halides are insoluble in water and the precipitates differ 
in colour. A precipitate is a solid appearing in a solution and precipl.tate is 
usually abbreviated to 'pp t,. 

Ag+(aq) + cl-(aq) ~ AgCl(s) whire precipitate 

Ag+(aq) + Br(aq) ~ AgBr(s) cream precipitate 

Ag+(aq) + 1-(aq) ____. Agl(s) yeUow precipitate 

The equations given above are tl1e simplest ionic equations but full equations 
may be written, fo,r example 

AgN03 (aq) + NaCl (aq) ~ AgCl(s) + NaN03(aq) 

llt is i,mportar,t to be able to identify the pr ecipitates formed 1in these 
tests. When the word '1identify" is used 1in a questrori, ei1ther the name or 
chemical formula is accepted. 

A further test can be carried out with an1monia solution to confinn the 
id en.tity of the halide ion. 

• Silver chloride ~ill redissolve in dilute and concentrated ammonia solution 
forming a colourless solution. 

• Silver bromide does not redissolv,e in dilute ammonia solution but does 
redissolve in concentrated ammonia so,lution forming a co]ourless solution. 

• Silve.r iodide does not redissolve in dilute or oonce-ntrated ammonia solution .. 

The redissolution of AgCl in dilute ammonia occurs because of the formation 
of a complex. Ammonia molecules have a lone pair of electrons, which can 
form a coordinate bond 'With an unoccupied orbital of the si]kterO) ion. The 
complex ion is soluble and so the silver chloride redissolves. Silver iodide 
does not redissolve in either dilute ammonia solution or concentrated 
ammonia solution. The explanation of this is beyond the specification at 
this level though silver iodide is m,osdy a covalent compound bas,ed on the 
electronegativity values of silver and iodine so the more covalent .a compound 
the less likely it is to form a complex ion "With ammonia. 
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The d issolution of silver chloride is ,~ lained by d1.e equation : 

whlte ppt colourless solution 

Silver halides darken when exposed mo sunligb t for1ning a black deposit of silvet 

2AgCl(s) ~ 2Ag(s) + C12(aq) 

] ms plays an important pan in phoitography as photographic plates darken 
when ,exposed to light. 

A solutiion conta ini ng a mrxtu re of sod~um chloride and sodium rodide would 
form a crea m precip1tate with si1lver nitrate solution [resulting from a mixt 1ure 
of the yellow precip itate and the white precipita te]. Addi.ng dilute ammonia 
solution leaves a yeUow precrpitate as the white precip!itate of silver chtor1ide 
w1i U di .s solve. 

C)~ld_e_n_t-if-ic-a-ti_o_n_t_e_s-ts----------------~ 
This section deals with identification of the common anions and cations 
found. in io,nic compounds. 

Many of the tests rely on the formation of a precipitate (abbreviated as ppt). 
A ppt is a solid which forms when two s,olutions are mixed. It results because 
a combination of ions from the solutio,ns gives an insoluble c,o,mpound which 
appears as a ppt. The formation of the ppt and its colour are viral clues to the 
identity o f the ions present in a comp ound. 

• It is vita] that you know how to carry out tb e test practically and use the 
correct term., e.g. if you are expecting tn see a ppt then a solution must 
be added to a solution; this is me most frequent mistake when describing 

tests for ions~ e.g. to a solution of tl1e solid, sodium hydroxide solution was 

added dropwise and then. until it is in excess. 
• You must also recognise the test so that you know what you are testing 

for, e.g. if you add silver nitrate solution to a solution of an unknown ionic 
cotnpot1nd, you should be a"vare that you are testing for die presence of a 
halide (chloride, bromide or iodide) ion and what the results you get mean 
in tenns of the ion present. 

• Vvhen writing equations for ithe reactions remember 1[hat the precipitate is 
the only product of the ionic equation: 

When sitver[I] nitra te solut~on 1s added to sodfum c:hlohde so lut ion. a 
white precipitate of si lverll] cn lor,ide is formed. 

Answer 
Equation: Ag N0 3 +NaCl -+ AgiCl + NaN03 

Ionic equa,tion :Ag++ Cl-~ Ag Cl 

l1f state symbols are req uired, the precip itate has [s] after it and the rest 
are [aq L 



Acidified silver( IJ nit rate 
solution 

[often just referred to as 
acidi fied silver nitrate solu tion] 

T~sting for ha lide ion s 

Test and te~ting·ror 

Acidified barium c hloride 
solution 

Testing for sulf~tQ ions 

[This test may also be used 
to 1d entify the prese nee of 
barium ions - adding a so lut ion 
co ntaining s u lfate ions t o a 
solution containing barium ions 
gives the same re·su Lt) 

When sodium hyd roxide sotutiori is added to a solution of magnesium 
chloride, a white precipitate of magnesi:um hyd roxide fs formed. 

Answer 
IEquat'ia.n1: M:9Ct2 + 2NaOH ~ MgiiOHJii+ 2NaCl 

~On1iC equation : Mg2++ 20H- ~ Mg[OHh 

The tables below give details oJ aU the anion and cation tests you are 
required to know for AS. 

Som.e ions require u1ore than one test to be carried out. A white ppt is 

observed when magnesium chloride solution is added to a solution of a 
compound. This could indicate carbonate ions or hydroxide ions being 
present. The addition nf acid to the substance would differentiate between 
then1 as only the carbonate would produce a gas. 

Dissolve a spatula m easu re 
of the sample in dilute nitric 
ac1d and add a few cm3 of 
silver n itr@te solution 

Add dilute/concentrated 
ammoni£1 so luti on 

~ow -to car ry' .out the'·test 

Dissolv(;! a spatu La m Qa sure 
of the sa mple in dilute nitrk 
ac·id [hyd roe hlo rk a cld also 
works here ) and add a fe,w 
ems of barium chloride 
so lution 

white ppt which redissolves 
in dilute ammonia solu tion to chlor ide· ion/Cl- present. 

White ppt is AgCL 
form a colourless so Lution 

cream ppt which does not 
red issolve l n d1lu team mo nia 
so lution but redissolves 
1n co ncentrate,d ammonia 
so Lution to form a colo u rle-ss 
so Lut1on 

yellow ppt which does 
not rGdi ssolvG in e1th~r 
di Lute a mm on 1a so Lution 
or co ncentrated ammonia 
so lution 

no ppt formed 

Typical observations 

white ppt 

no ppt formed 

bromide ion/Br- present. 
Cre~ m ppt is Ag 8r 

iodide ions/I- pres ent . Yellow 
ppt is Ag l 

no chloridG,bromide or iodidG! 
ions present 

IDeductions:f~om 
ob'ser.vations ( Det~'il of 
reac_ti~ns) · 

s u lfate ions [soi-1 present. 
White ppt is BaS04 

no sulfate ions [SOf J present 



V, 
z 
w 
(.!) 
0 
..J 
<t 
:c: 

Test and testing for How . .to carry out the test Typical obs ervations Deductions from 
observations lDetail of' 
reactions) 

D i lute n 1 t ri c a c id 
Tes.ting for ce1 rbo natQ i on!i 
[hyd rag en ea rbonate lo ns 
also reac t with acid produdng 
ea rbon d iox id eJ 

Magnes ium nitrate so lution [or 
magn~sium chloridQ solution) . 
Testfng for carbonate rans 
[rules out hydrogen ca rbonate 
ions) 

Sodium hydroxide solution 

Testing for some metal cations 

(Thi s test may also be used 
to test for the p re.sen ce of the 
hy droxide ion - add a so Lution of 
magnesium nitrate to a solutlo n 
suspected to conta in hydroxide 
ions and a white twill forml 

Place a few cm~ of di lute 

ef fervescen cei solid 
disappears gas evolved ca n 
be passed through limewater 
in another tes t tube -

n ftric a c,d in a test tu be and li m ewc1ter changes from 
add a .spatula measure of the colourless to milky 
sample 

Dissolve a spa tula measure 
of the sample in de·ionised 
w@ter and add a few cm3 of 
magnesfum ni trate solutlon 
[or magnesium chloride 
solution) 

Dissolve a spatula measure 
of the sample in deion1sed 
water and add a few drops of 
sodium hydroxf de so lution: 
then add about 5cm3 of 
sod·i um hydroxide so lution 
[adding until in excess) 

no effervescence/no gas 
produced 

white ppt 

no ppt forme·d 

wh ite ppt wh 1ch does not 
di ssolve in excess sod ium 
hyd rox id e so Lu tio n 

carbonate f ons/Co~- present 
(o r hydrogen carbonate ions/ 
HC03 present). Carbon 
dioxide re LQased from 
reactio n of a ea rbonate· lo n 
or hydrogen carbonate ion 
w ith acid 

no carbonate ions/Co5- [or 
hyd roge,n ea rbo nate ions/ 
HC03] present 

ca r bonate ions/COi- ion s 
present. White ppt is 
magnesi um cd rbonate/ 
M C03 

no ea rbonate ions/Co~­
present 

magnesium io ns/Mg2~ or 
ca lcium ions/Ca2• present. 
White ppt is magnesium 
hydroxide/Mg(OHl 2 or 
ea Lei um hydroxide/Ca (O H Ji. 

°Test and .. testing fo r How to carr y.out .. ihe.test' ·Typical obse rv·atio~s D~ductions from· 
· · ' · · ·· · · · · observ.atfon·s ·· lD.etai l of 

Sod ium hyd rox id~ s;o lut,o n 

Te sting for the ammonium lon 
(NH4] 

[This test 1s also use·d to test 
for hyd roxlde ions. Add an 
ammonlum compound to a 
suspected hydroxide and w arm . 
Ammonia gas should be given off 
if hydroxide ions are pre.sent.) 

Plac~ a f~ cm3 of so dium 
hydroxlde salutfon in a test 
tube and add a spa tu La 
measure of the· sample; warm 
gently. Test a~ gas evolved 
using damp ra·d litmus pd per 
or damp universal indicator 
paper or test any gas evolved 
using a glass r od dipped in 
concentrated hydrochloric acid 

pungent gas evolve,d damp 
ind icator paper changes t o 
blue 
white s m.oke w1th glass 
rod dipped in co ncentrate.d 
hyd roe hlork acid 

rea,c:tio'n.s] . . 

ammonium ion/NH4 
present. Ammonia released 
f ro m act ion of alka li [Na OH] 
on an ammonium compou nd. 
Ammonia gas is alka line. 
White smoke is ammonium 
chloride from reaction of 
N H3 !g) with H CL [g) from the 
co ncentrated H Cl 

The reactions of the solid halides with c,oncent ra:ted sulfu ric a.cid as d.eta iled· on pag,es 233-236 and the 
di ispla cem,en t rea cti.ons of ha li·de ro ns I pagie 23 2) cou lld atso be used for rd,enti,fi cat inn pu rposes. 
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Tests for ions 
~ A s tudent carri ,ect: out a serres of tests o:n a 1m,ixtu re of tw o f onic 

compounds labetted A . The compounds have a comm,on cation. 

1 Co m plete the tabte by wri·tingi an appropr,iate deducti on for ea,ch observation. 

I 

Test Observation Deduction 

Make a soluti on of A by dissolving a spatu La of A in a test tu be ha Lf 
full of wa t~·r. Warm ge ntly. 

Co Lou rle s.s. solution formed 

Add a few drops of 0.4 mol dm-3 sodium hydroxide to the test tube, White ppt. W hite ppt is 
then add a ·further 3 cmJ of the sodium hydrmdde so lut ion to the t es t i nsoluble in excess sodi um 
tu be. hydroxide 

Make a solu tion of A by dissolving half a spatula of A in a test tu be 
hdlf full of nitric acid solution. Wa rm gently. Trdnsfer 1 cm3 of th e 
solution into edch of two separate test tubes. 

No effervesce nee 

Add a few drops of 0.05 mol dm-3 silver nitrate to the test tube. then White ppt. Ppt dissolves in 
;dd about 2 cm3 of dilute ammon ia to the same test tube. di lu te ammonia to produce 

a co Lou r less solu tio n 

Add a few drops of D.1 mol dm-3 barf um chloride solution to the 
second tErls t tu be. ---

White ppt 

2 Na,me the two compou nds present in A .. 

Figure 10.14 A usefu L test for the 
presence of some Group 2 c~tions is 
to ca rry out a flam e test, by dipping 
a ni chrom~ wirg in conc~ntrate·d 
hyd roch Lo ric ac 1d then into the 
co mpound to be te·sted and th en into a 
blue Bunse·n flame. A ca lcium ion fla me 
test is brick red. stro ntium ion is re·d. 
and beirium ion, as show n in this figure 
1s g reen. 

~ ............. .•....•..•..................•..•..•....•..........•.....................•..•.. , 
! TEST YOURSELF 4 ! 
• • 
: '1 A white solid X is cfrssoilved in water and acidif ied silver nitr ate solution : 
• • 
: was added. A wh ite precipitate was observed whi·ch was solubte ,in : 
• • i aqu eous ammon,a. : 
! al ld.entlfy th e wn.ite precipitate. i 
• • : bi Write the simplest ,ion:ic equation for the form,ati,on of the whi,te : 
• • 
: p re c i pit ate. : 
• • j c) Identify th,e hal ide ion present 1in solld X. i 
! 2 Concentrated sulfuri c ac id is added to a solid sodi1um halid e. Th·e i • • i white solid changed to black. a yet.low solid was formed a.nd, a1 gas wa s ! 
• • 
: reteased, wh1ich sm etl.ed of rotten eg,gs. : 
i al ldentrfy the yellow solid formed . £ 
i • 
; bi Identify the gas wh1ch smeUed of rotten eg gs. ! 
! c) Identify the solid ha lid e. i 
• • : 3 Explain why si1lver nitrate is acidified when test ing for chloride ions 1in : 
• • i soluti,on. : 

i 4 ldent,ify a rea,gent which could be us,ed to distingu,ish between, i 
; solutions of .saver chlori:die and1 sllver bro1mid,e. : 
• • 
f 5 Sodium bromide reacts with concentrated sulfur rc .ae:id according to ! 
• • : the equati ons: : ; s 
! Equation 1: NaB r + H2S04 ~ NaHS04 + HBr I 
I • • • • • 
: Equation 2: 2H Br + H2S0 4 -? Br2 + 5 0 2 + 2H20 : 
• • • • 
~ Equation 2 r·epresents a redox reaction. ~ 

I al Descr ibe wna·t would be observed as HBr was f.ormed? j 
i bi Ex pla.in, usi ng: oxidati on number s . why Equation 2 r epresents a. : 
• • 
: r ed ox rea ction . : 
• • • • 
·· ··························································· ···················································~ 
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Practice qu stions 
I Which atom has the highest electronegarivity? 

A F B Cl 

Br D I (1) 

2. Which of the following is the compound in 
which chlorine has the highest oxidation state? 

A d201 

C MgCl2 

B KCl0.3, 

D NaClO (1) 

3 \Vhtch ,one of the follo·wing s,obds would react 
with concentrated snliuric acid to form sulfur? 

A potassium fluoride 

B potassium chloride 

C poitassium bromide 

D potassium iodide 

4 a) Explain why the melting points of the 
halogens increase do-wn the group. 

b) i) 'What is meant by the term 

(1) 

(3) 

electro negativity? (1) 

ii) State the trend in e]e.c tron,egarivity of 
the halogens down the group. (1) 

iii) Explain the trend in ,electronegarivity 
of the halogens. (2) 

5 Chlorine reacts revel'Sibly with cold v.rater. 

a) Write an. ·equation for the reversib]e 
reaction which occurs when. chlorine 
reacts with wa.ter. (1) 

b) Name the products of this reaction. (2) 

) Chlorine is used to treat warer used in 
.5\Vlmmin.g pools. Explain why chlorine is 
used despite it being very toxic. (1) 

d) In strong sunlight eh lo,rlne reactS with water 
to form. oxygen gas. 
Wri.te an equation for this reaction. (1) 

61 Chlorine ·reacts with coldi dilu te , aqueous 
sodium hydroxide according 
to the equation given below. 

2NaOH + Cl2 ~ NaCl + NaClO + H20 

a) Give the oxidation state of chlorine in 
N.aClO. (1) 

II 

b) Give the IUPAC name of NaOO. (1) 

c) Explain, using oxidation s tates, why this 
reaction is described as redox. (3) 

d) Name the products fo,mi.ed when bromine 
reacts with cold, dilute, aqueous 
potassium hydroxide solution. (2) 

7 When chlorine is bubbled through an aqueous 
solu rion ,of potassiun1 iodide, a redox reaction 
occurs. 

2KI(aq) + Cl2 (g) ~ 2KC1(aq) + I2(aq) 

a) Staie what would be observed during 
this reaction? 

b) Write the simplest ionic e,quaci.on for this 

(1) 

reaction. (1) 

,c) Exiplain w"hy this reacti,on is described as 
a redox reaction. (3) 

8 The presenc,e of halide ions can be· detected 
using silver nitrate so]u con and ammonia 
solution. 

a) Write the simplest ionic equation for the 
reaction b etw,een silver 
ions and iodide ions. (1) 

b) Copy and complete the table below. 

Halide Colour Effect of adding di lute 
of silver ammonia solution to 
halide the silve,r halide 

chloride 

bromOC,e 

iodjde 

(3) 

9 The hydrogen halides can be formed by the 
reaction ,of concentrated sulfuric acid vrith the 
corresponding solid sodium. halide. 

a) Write an equation for the r-eaction of 
concentrated sulfuric acid v.-i.th sodium 
chloride at room temperature. 

b) Misty white fu1nes are released when 
sodium chloride reacts \vith concentrated 
su] furic .acid. Identify the produ,ct 

(1) 

responsible for the misty white fumes. (1) 

,c) Identify w;o products, other than hydrogen 
iodide, w·hich are formed when sodium 
iodide reacts with concentrated sulfuric 
acid. (2) 



10 Potassium bronude reacts with concentrated 
sulfuric acid. 

2KBr + 3H2S04 ~ 2KHS04 + Br2 + S0i + .2H20 

a) Writ,e the ~o half equations for the redox 
reaction. (2) 

b) Identify the product which is seen as 
brown fumes. (1) 

c) Su Jfuric acid is described as an oxidising 
agent in this reaction. In fen:ns of electrons] 

state the meaning of the tenn oxidising 
agent. (1) 

d) Suggest why bromide ions are stronger 
reducing agents than. chloride ions. (2) 

II 11 a) The formulae below are for halogen 
containing compounds. 

NaCl01 Nlal NaCl 

NaB,r Nlaf NaCl03 

HBr Ag~ AgCil 

i) Identify the compounds whlch are 
frormed when chlorine reacts with cold, 
dilute, aqueous .sodium hydroxide 
solution. (2) 

ii) Identify the compound which 
is yellow. (1) 

iii) Identify the compound which would 
appear as misty white fumes. (1) 

iv) Identify· the compound in solution 
which ,vould react vvich silver nitrate 
solution to fonn a white precipitate. (1) 

v) Identify the compound in which the 
ha]o,gen a tom has an oxidation sta.te 

of + 17 (1) 

vi) Identify the co,mpound which reacts 
with concentrated sulfuri-c acid to, 
give ,a rotten e.gg smell. (1) 

b) Sodium fluoride reacts witl1 concentrated 
su]furic acid. 

(i) Write an equation for the reaction of 
sodium fluoride with concentrated 
sulfurlc acid. (1) 

(ii) Expla~.n why misty f-umes .are observed 
during this reaction. (1) 



Introduction to organic 
chem is try 
·······················································~························································ • • 
~ PRIOR KNOWLEDGE E . ~ • • . ~ 

I Carbon is a, non- 1m1etallic ele1m eint in Group 4 of the Period ic Ta ble. ! 
• • 
: • Carbon forms covalent bonds with other elements such as hydrogen, : 
• • 
: oxygen, nitrogen and the halogens. : 
• • 9 • 

Atom 1Mi;iximum .r:-.umber of covalent 
• • • • • • bonds·per atom . .. • • • • • • 

Carbon 4 • • • • • • • • • • • • • • 
Hydrogen 1 • • : : 

• • ~ . 
• • • • • • 

Oxygen 2 • • • • • • • • • • • • • • 
Nitrogen 3 • • • • • • 

i i 
Fluori'ne 1 • • • • • • • • • • • • • • • • : Carbon atoms are tetrahedral 1n shape when cova lently bonded to fou r : 

• • : other atoms. : • • • • • • 
•••••t•f·~··· ··········· ·····•t•f•••••··························· ·········~·······'·91!!!!!!!!!1 .................... llllilli 

TEST YOURSELF ON PRIOR KNOWLEDGE 1 • • • .. 
: 1 What is a cava Lent bond? i 
f 2 ID raw a1 dot and cross dia:gram to show the coval,ent bon:ding in the 
• : compound m,ethane. 
• : 3 What shape is ,methane? Explain why methane is thls shape. 
• i 4 A compound contaiins two carbon ato1m,s bond,ed by a single cova1tent 
! bond a,nd a number of hydrogen atoms. How md1ny hydrogen ~toms 
: are in it? 
• 

.. • • • : 
• .. • • • • • • • • • • • • • • • • • • • • • • 

i 5 A compound contains two carbon ato,ms bonded by a doubte covalent i 
• • : bond and a num,ber of 'hydrogen a,toms. How many hydrogen atoms : 
: a re in it? i • • • • • • ............................................................................................................ ~ 

10rga.nic chen1i.stry was fi:rst defined in the early 1800s as a branch of modern 
science. Previously chemical compounds were classified into two main 
groups: organic and inorganic. According to prevailing scien tific thought, 
organic comp ounds could only b e synth esised from living organisms or 
their remains while inorganic compounds were syi.-nhesised from n on-living 
matter. It was thought that a 'vital fo,rce ' \¥as needed for the formation o,f 
organic compounds. Ho~rever, i.n 1828 , a German ch,emist Friedrich Wohler 
challenged this philosophy when he synthesised urea, H2NCONH2; from 
am·monium cyanate, NH40 CN. He had succeeded in producing an organic 
compound, urea, from an inorganic one ammonium cyanate. Todary, chemists 
consider or anic cu111 pou nJs to be those which con tain cambon . 



o~-------carbon - a unique element 

Figure 11.1 The origin of the name 
carbon come~ from the Le1t,n word 
·carbo' for charcoal . This photo s hows 
Lump charcoal, a form of charcoal 
produce,d by s low burning lumps of 
hardwood. It is primarily used as a fuel. 
sim ilar to coal. 

Figure 11.3 Most medicinal drugs 
are organic compoun ds .. Discovering, 
making and testing new medrci nes is 
the business of the pharmaceutf cal 
industry. This is '3 very important 
indu stry in the UK. Pharmaceutical 
g.x po rt; a rSi worth an estr mated £ 16 
bflli on per year. 

Figure 11.2 Examples of ring and 
branched hydrocarbons: eye Lo hexane 
and 2 ,3-d imethylpenta ne . 

Carbon is truly an extraordinary elemen.t. There are approximately ten million 
compounds containing canbon and hydrogen whose formulae arc known to 
chemists. This is far in excess of the total number of compounds of any of 
the ,other ·elements. Carbon can fonn this array· of compounds because it has 
the unique ability to catenate, which. means to form long c'11ains. The carbon 
atoms covalently bond together to form a wide variety of chains and rings. 
Carbon fonns four covalent bonds in aU its compounds. 1Compounds that 
contain carbon and hydrogen. only are called hydrocarbons. 

Bonding in carbon co1mpounds 
Carbon can form four covalent bonds. The four bonds can be single bonds 
as in the compound methane. Alternatively., carbon can form or a mixrure of 
single bonds and double bonds, as in the compound ethene. Carbon.~rbon 
bonds and caJ.bon-hydrogen bonds are relatively strong and non-po1lar. Chains 
and rings of carbon and hydrogen atoms form the skeleton of tnost organic 
compounds. 

Suiprisingly, considering the number of cnmpounds classified as organic, the 
study of organic chemistry is very manageable. Organic compounds can be 
placed into groups where the physical properties follow a simple pattern and 
the chemical properties are similar. The first step in becoming a proficient 
organic ch emist is to become familiar with the language of this branch of 

chemistry. 

CH 3 

H H H H 
I I I I 

H-c-c-c-c-c-H 
I I I I I 
H H H CH H 

3 

Function1al groups and homologous series 
Consider the organic compounds ethane, ·ethanol and propanol. 

Ethane and ethanol compounds h.a\i"'e two camon atoms and single bonds. 
In ethane the carbon .atoms ar-e c,ova]en tly bonded to each other and t,o 
three hydrogen atoms. In ethanol, one of the hydrogen atoms is replaced by 
a hydroxyl (~H) group. Table 11.1 cO'mpares the physical and chemical 
properties of ethane, ethanol and propanol. 
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Figure 11.'6 

Table 11 .. 1 A compariso n of the physical and chemica l properties of ethane , e,thanol 
and prop a no L. 

-- -,~11: - ,·~ - .... ~ 5.r.---. ~-.~ - ' .... ----

ftiY.SiEB1Jctie m fc~li1'1!10P.'eii'tV: f'eytia"~ . rtEtS-not 1,\~ ia:-iol I I 
~~ ~ ~ --,.~4, 

MeHing point/°C -183 -114 -126 

Bai Ling point/° C - 89 7B 98 

State at room tern perature gas Liquid Liquid 

So lubflity in water insoluble solu ble so Lu b Le 

Reactlo n wi th sodium No reaction H2[gl evolved H2[gl evolved 

The -OH group in ethanol has a p·ronounced effect on its chemistry. Ethanol 
has a boiling point that is almost 170 °C higher than. the boiling point of 
ethane. Ethanol is completely soluble in water while ethane is insolluble. 
\¥hen a pieoe of sodium is placed in ethanol it wiU react producing bubbles of 
hydrogen gas but sodium does not reac·r 'With ethane. 

The chemical and physical propeni,es of ethanol and propanol are similar a.s 

they both have an -OH group. The --OH group is an example of a functional 
group. A func tion I group is a group of atoms which m-e responsible fo,r 
the characteristic re.actions of a compound. M,o]ecules that conrain che same 
functional group aU belong to the same chemical family, a. homologous series. 
A hon1olo ous series is a group of compounds whlcl1 .have the same general 
formula. Successive members in a series differ from each o ther by a ----CH2 
group. They have similar chemical reactions and show a gradation in phylf$ical 
properties. As th.e length of the carbon chain increases, the influence of the 
functional group on the compounds' properties decreases. Ethanol and 
propanol belong to the homologous series of alcohols. Ethane belongs t·O the 
homologous series of a]kanes. 

All members of a homologous series: 

• have the same general formu 1a 
• show a. gradation in physical properties 
• have similar chemical properties 
• have the same functional group 
• differ from successive members by a ~CH2 group. 

Viewing organic compounds as members of a homologous series and lookjng 
for patterns in their reactivity greatly simplifies their study. During this AS 
course you -will study the properties of four l1omologous series of organic 
compounds: .alkanes, halogenoalkanes} all<enes; and alcohols. You vnll also 
meets, vl!ral more including aldehydes, ketones and carbo~lic acids. 

Formulae of organic compounds 
Organic chemists use different ways of writing formulae to emphasise different 
aspects of a compound or to describe a chemical reaction. There are six types 
of formulae: molecular~ empiri.cal1 displayect structural, skeletal and general 



Molecular formulae 
The molecular formula shows the actual number ,of ato,ms o,f each element in 
a compound as shown in the table below. 

Table 11..2 Combination of atoms in ethane, propene, bromobutane and pentanoL 

·' ~ '.'A"'-. < .i. • ,t : t ~ i •,.L,_ • , - JL. i·r.-• ~ •; • i :- -: ~ ~ · r 
C 

·•f .••• - ~ 

~~~.~ ~~,j~f!~· f Mole CU la r:fo 1-;m U lfp'J;-.ii~·m·e d ·:f:rio m't~ 
' t!l ....... "j' r;i,r.~" ", ............. 1,f_ .. J '1..r,...,.,~,.'t(r,1"'", -::-:· I ,,.,.· • .._,,.A",._.,, ~.i, .j,' ,, 
!.."a_ I"-"':..:~:..~·=~•- •• ~- ~ T l~ !.. ~ • • ' - ~ • ' ' '• 

Propene, C3H6 three C atoms and six. H atoms 

Bromobutane C4H9Br four C atoms, nine H atoms and one Br atom 
- - -
Pentanol CsH,,oO ffve C atoms. ten H atoms and one O atom 

Displayed formulae 
All atoms and all covalent bonds for a compound are sh.o,~ in its displayed 
formula. Ionic pans of a molecule are shown using charges as shmvn in the 
displayed formula of sodium ethanoate ·below. 

H H 

I I 
H-C-C-0-H 

H 0 
I I/ 

H- C- C 

H 0 
I I/ 

H-C- C 

I I 
H H ~ 'o-H I \ -Na• H 

etharndl etha nok. acid sodium ethainoate 

Figure 11.5 

Structural formula 
The structural formula of a compound shows the arrangement of aton1S, 

carbon by carbon with the attached hydrogens and functional groups, withou t 
showing the bonds. Each carbon is written separately follow,ed by the atoms 
which are attached to it. Vlhen a group of a.toms are attached to a c-.arboni 
brackets are used in the structural formula to indicate that the group is not 
pan of the nwn carbon chain. 

Table 11.3 The stru ctura l and displayed formulae for propan-1- ol. propan-2-ol and 
2, 3- d i m9thylp~ nta ne. 

Name Structural formula Displayed formula 

P ropa n-1-o l 

P ropa n- 2- o L CH3C(OH)HCH3 

2 13-dim et hy Lp en tan e CH 3C H 2 CH ( C H3) CH [CH 3) 2 

H H H 
I I I H-c-c-c-O-H 
I I I 
H H H 

H H H 
I I I ~- c- c- c- ~ 
I I I 
H O H 

I 
HI 

H 
I 

H- C-H 
H H I H ~ 

H-~-t-C-t-t-H 
~ ~ ~ I I~ 

H- C- ~ 
I 
H 
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Establishing the emp,irical 
formulae of a compoun d often 
requires a ca lculat1ion. The 
empirica rl formula is worked out 
fro1m the rat io of th,e nu:m1ber of 
moles of each atom present irn 81 

compound , wh ich ts calculated 
usiir1g th e mass of each atom 
in the compou nd. Check out 
examp les of thi1s i1n Chapter 2. 

ln som,e cases s tructural formula can be condensed as sho-wn below. This is 
useful when there are long hydroc-a.1bon chains. 

Vvh.cn the focus is on the reactions of the functional gr,oups m a compound, 
the length and structure of the carbon chain is less important. In the case of 
decanoic acid, for example, the formula can then be written as C9H 19COOH. 
Please note that this is neither a true molecular formu]a no,r a uue condensed 
structural formula but it can be more u.sefu.L 

For co-mpounds which contain double or triple bonds it is also useful to 
include information about the position of these bonds in the sttucrure 
formulae, for example, CH3CHCHCH3 is the true structural formula of 
but-2-ene but in the format CH3CH=CHCH3 the position of the double 
bond is shown clearly. 

mpirical formula 
An empirical formula is the simplest whole number ratio of the atoms of 
each element in a compound. 

Table 11.4A comparison of the molecular and emp1rkal formulae for buta ne; 
butene, butanol and buta noic acid. 

Nam·e. of corn pound Molecular ·for m.uta· Empiric-al formula 

Butane C,H10 C2Hs 

Buten e C4H e CH2 

Butanol C,H, oO C4 H100 
·-
Butanoic acid C4Hs02 C2HAO 

~ .......•.........................................•....... .......•........•......•........... 

i TEST YOURSELF 2 ~ 
• • i 1 A 10.0 g sampte of hydrocarbon B [M r;;;;; 58.0] contai,ns 8.27 g of carbo n. i . ) . : a Catlcllllate the empi r ic:a l formula of th e compound. : 
! b) Deduce t he mo[ecular form1ula of hydrocarbon B. ! 
• • i 2 A 20.0 g sam,ple of an org,anic compound conta,ins hydrog.en. 7.98 g of j 
i ea rbon and 10.68 9 of oxygen. : 
! al Why is this comipound not ctassif~ed as a hydrocarbon? ~ 
• • 
: b) Ca'lcu late the empirica l form,u'la of th e corn pound. : 
• • i cl Tne mass of one mole 10f the comipound is 60.00 g. Wha t ~sits i 
i molecular to rmu la? : • • • • ...................... ........................................................................................ ~ 

Skeletal formulae 
k l tal formula are an abbreviated diagrammatic description of a 

compound. They are bare stick-Hke, drawings. They do not sho,w cairlJon 

or hydrogen atoms attached to the camon chain but they do show other 



Table 1 t.5 The di splayed and skeletal 
formul;ae for eth~ne, prop;ne @nd 
butane . 

H 
I 0 

H-C-C~ 
I ' O- H 
H 

Figure 11.7 The displayed e1 nd !i keletal 
formulae for methanoic acid and for 
etha no ic acid . 

Figure 11.8 The ske leta l formulae for 
hex-3- en e which has th e structu ra L 
formula CH3CH 2CHCHCH2CH3 . 

atoms~. -for example) oxygen, nitrogen and hydrogen atoms attached to atoms 
,other than carbon. Each line represents a carbon--carbon bond as shown in 
Table 11.S. 

I 

Name Displayed formula Skeletal formula 

H H 
I I 

/ Ethane H-C-C-H 
I I 
H H 

H H H 
I I I 

~ Propane, H-C-C-C-H 
I I I 
H H H 

H H H H 
I I I I 

~ Butane H-C-C-C-C-H 
I I I I 
H H H H 

Note the zig-zag shape of the· carbon. chains. This makes it clear how many 
C--C bonds are in the chain. When you make a ball and stick model of an 
alkane (Figure ll.6)1 you will notice that the carbon chain in the ·molecule 
adopts this zig-zag shape due t ,o, the tetrahedral arrangement of the bonds 
around each carbon atom. 

Figure 11.6 Model of pentane illus trating the z1g-zag shape of the ca rbon chain. 
The blue spheres represent ea rbon atoms. 

Compare the displayed and skeletal formulae £or methanoic acid 
(Figure 11.1). You will ·note that it has bee11 necessary to include the hydrogen 
atom attached to die Ch""{Jgen atom as part of the formula. 

The hydrogen aton1 must b e placed at the end to show that there is only' 
one carbon in the molecule. Note also that alll of the bo,nds are sho,vvn in the 
skeletal formula. The OH group is represented as -0-H and not just as -
OH. To illustrate this point, compare the skeletal formula of methanoic acid. 
with that of ethanoic acid. 

Carbon-carbon do,uble bonds are also represented in skeletal fo:rmula as 
shown in Figure 11.8. 
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Draw the follawingi formulae for the compound which 
has the structural formula CH2CH CH[OH)ICH2CHCH2. 

displayed: formula 
:... sikeletarl form,u la 

molecular formula 
empi:rical formula 

Answers 
Disptayed formula 

Remember the lbon d betw.een the oxygen atom and 
tih e lhydl mg en atom. 

H H H" I I _,/H 
C==C-C-C- C==C 

H/ I I I I '--H 

0 

H O H H 
I H 

H 
Molecular formula 

Skeleta l for1muta 
Draw tr,e longest unbranched1 chajn in ~tia lly us 1ing 
singite bonds only. There a re six carbon atom:s irn the 
chai111 therefore there are five bonds. 

The mo1lecular forimuta is C6H100. It i.s not C6H90H. 
Th is is a. condensed· structura'l formula showing the 
functiona l group i·s a -OH group. 

Empi 1rirca l formula 

Tnen add i,n the double bond positions. 

Then add in any side g:roups. 

In this case th,e motecu lar and empiriicat tormu la are 
th,e same. 

Table 11 .,6 Examples of general 
formulae for different homologous 
series. 

Alkane; 

Alkenes 

Alcohols 

Ha loge noa Lka nes. 

-::• ... 1111111• "l.l '-"• - .,. -"' 1-lif, 

·Genera 1 ·fcmm.~la 
- ·, 

Cn H 2n+2 

CnH2n 

Cn H 2n+1X, where X 
is a halogen 

General fom1ulae 
A general for1nuL'l is a type of empirical formula that represents the 
con--iposirioI1 of any n1ember of a homologous series. The general formula 
for the homologous sedes of alkenes is CnHln· So for an alkene which has 
10 carbon atoms then n = C = 10 and H = 2n = 20) . TI1e molecular 
formula of this a]kene is therefore C10H20. 

The general formula of the homologous series of alkanes is <=nH2n+ i· For an 
alkane whicl-1 has 6 carbon atoms 1 the number of hydrogen a.t,oms can be 
calculated (2 X 6 = 12) + 2 = 14. 

Therefore the n1olecular formula of this alkane is C5H14. 

The general formula of the homologous se ries of alcohols is CnH 2n+rDH. 

What ~s the motecula:r formiuta of an alcohol wh,ich has seven ea rbon 
atoms? 

Answer 
n=7 

2n + 1 - 14 + 1 - 15 

Therefore the formula = C7H150H 



~-··························································································: 
: TEST YOURSELF 3 i 
t • 

: 1 The structu ral formu lae of three m,olecu les X. Y and Z are g'iven bellow i • • 
: X = CH3CH!OH):CH2CH3 : 
• • i Y = CH3CH2CH [CH3] CH3 ~ 
i Z • CH2CtCH3),CHCH3 ; 
! For each of the, molecules provide the, folllowjngi f,orm ulla e. ~ 
• • 
: a) d i·splayed formula : 
• • 
: bi skeletal formula : 
t • i c) m·Ol,eciuta r fo rmula I 
i di empirica l formula : 
• • i 2 Use the g,en.erail fo rmula,e provi ded in Table 11.6 to calculate the i 
t • 

: motecu lar for·mulae for the follow ing compounds. : 

• • 

a)I an alcohol with two carbon atoms j 
I 

bi an alkene witih 11 6 ca,rban at,om s : 
• 

c) ari al ka ne w ith ei ght carbon atoms i 
• 

: •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 4111111 .................... lllllliii 

C)~N_o_m_e_n_c_la-tu_r_e~~~.~~~-. ~~~­
- nam 1ng organic 

INTERNATIONAL UNION Of 
PURE AND1 APPUED CHEMIS1iRY 

Figure 1t.9 

Table 11.7 Root names used to indi ca te 
the number af c;;arbon ;;a toms in the 
Longest eh.a in. 

Root name 
Number of carbon 
atoms 

meth 1 

eth 2 

prop 3 

but 4 

pent 5 

hex 6 

compounds 
Chemis'ts use a standard system for the na1ning of organic chemicals. The 
system has been developed by The International Union r0( Pure and Applied 
ChemistryJ IUPAC. 

The fo1lowing step s are involved i-n the naming of an organic compound 

Step 1 Co,un t the number of carbons in the longest con tinuous chain and 
name it (Table 11. 7). 

This is foll.o~led 'by a syllable which describes the bonding in the chain > -ane 
r0r -ene. - ane means there are only single bonds between the carbon atoms, 
--ene means there is a carbon-carbon double bond present. 

H H 
I I 

H- C- C.- H 
I I 
H H 

ethane 

/ ~ 
tvvo carbon atoms in O d OU!b re bonds present 

H H 
\ I 

C- C ; - \ 
H H 

ethene 

/ 
UNO carbon atoms contains a double bond 

Figure 11 • 1 0 

Organic comp ounds do not always have s traight chains of carbon atoms; they 
can b e in a. ring. ·These cotnpounds are known as eye lie com pounds. They 
have the prefoc 'cyclo, in the name. 
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Table 11 .. B Prefixes U!i~ d to ne1me side 
groups. or subst ftuents attached to a 
carbon cha in . 

methyl -CH3 

ethyl -C H2CH3 

pro pyl -CH2C H2C H3 

fluoro -F 

chlo ro -CL 

bromo -Br 

iodo - I 

H H 
H \ I H 

\ C . I 
H-C/ °"'C-H 

I [ 
H-C C-H 

I "-c / \ 
H / -\ H 

H H 

H H 
H \ / 
\ ,...... c 

H- C \ - H 
\ I/ 

H--C----c 
I \ 

H H 
Figure 1L11 

cyclohexane 

/ ! 
atoms arranged in a six ca11bon atoms no double bond 

drcu I ar ·fasn ion 

cyclopentene 

/ + 
atoms arranged in a five carbon aitoms contafns a 

drc u lar fashion dou bfe bond 

Step 2 Identify each side chain (or substituent) attached to the main carbon 

chain and name the1n. 

The lWme ,of the side chain (or substituent) is added as a prefix. A list of 
common side chains and substituents "With their applied prefix are provided 
in Table 11.8 . The structural formulae for ·bromoethane and niethylpropane 
illustrate this step. 

H H H H H 

H- C- C- H H- C C C- H 

H Br 
brorno~thane meth ylp ropa n e 

Fjgure 11.12 

Step 3 Identify where each sidle chain ,or substituent group is attached and 
indicate its position along the chain by adding a number to the name. 

locant is the term used for the number \~lhich indicates the position of a side 
chain or subscituent group within a molecule as illustrated in 2-br,omobutane. 

H H H H 

H- C- C- C- C- H 

H H Br H 
2-bromobutane 

Figure 11.13 



Variations to be a.ware of: 

I If there are tw"o, or more side chains or substituent groups, the follo,Vting 
rules apply. 

a) Names are placed in alphabetical order. 

b) A S·eparate number is ne,eded for each side chain or group. 

c) Hyph,ens (-) are p]aced between numbers and lettel?i separating them. 

H Cl H 

H-C-C-C-H 

H H F 
Figure 11.14 

hypheAng words and numM 

2-chforo- 1-fluoropropane 

V 
order is decid~d alphabeticaJJy numbers 
are added after the order is decided 

In the example in Figure 1] .14, the ~ l' (the locant) within the name 
indicates that the fluorine atom is covalently bonded to the 1 st carbon i.e. 
at dre end of the chain. The '2' indicates that the chlorine is attached to the 
2nd carbon i1:1 a chain of three. 

The name 2-chl,o,ro-3-"fluo~opropane would be incorrect for this compound 
because the JUPAC standard is to use the lo""est number sequence 
possible. Note that to nani.e it 1-fluora-2--chloro Wo·Uld also be incorrect as 
the na1nes of the groups must be placed in alphabetical order. 

2 If there are two or more of the same side chains or substi.tuent groups 
present these compounds require an additional prefix. The prefix and 
number of chain or groups that each relaiies to are shown in Table 11.9. 

·Prefix Number of the same side chains or groups present 

di two 

tri thre·~ 

tetra fo ur 

pen ta five 

hex a six 

Table 11.9 Prefixes and the number of groups or side chains they rep resent. 

To correctly name a mo]ecule 'With two or m ore of the same sidle chains or 
substinlent groups. 

The following rules apply. 

1 Apply the prefixes. 

2 Give each group a numbe1: 

· Separate the numbers \\Tith commas. 

4 Prefixes do nor affect the alphabetical ordei: 
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Review the structural formulae. for 2,3-diutethylpentane and 1,1,2-trichloro-
2, 5-difluoro-3, 4-dim,ethylhexane sho'Wtl in Figure 11.1 S. 

H H CH
3 

H H 
I I I I I H- c- c- c- c- c- H 
I I I I I 
H H H CH

3 
H 

eadh methyi. group rrequires a number 

~ 
2, 3-di m ethy1I pen ta ne 

" prefix in di1GJ,tes two methyl groups present 

Figure 11 .. 15 

H 
I 

H- C- H 
I 

F-- C- H 
H H 
I I H- c- c- c- c- H 
I I I 

H H H 
CI - C- F 

I 
CI-C-CI 

I 
H 

1, 1, ,2.-trichloro-2,5-cHfl.uoro-3,4-di1methylhe>:ane 

The longest chai,n 'h~s six carbons (marked in red). 

The groups a.tta ched to the Ion g est ea rb on dha in 
are written. i1n alphabetlcai order; chlo,ro, fl'uoro 
and methy,I; 

The numbers used are the fowest combfnatfon 
possible. 
lihe prefixes indka,ting the qu·antity of side groups 
eg di and tri . do not affect ·the alphabetical order. 

Finally, the positions of do,uble bonds are also indicated with numbers., as 
shown in Figure 11.16. 

H H 

H 
H C C C c~ 

~ H 

H H H 
but-1-ene 

double bond is bet\~een carbon 1 and carbon 2 

H H H 

H-c-c-c-c- H 

H H H H 

but-2-ene 
double bond is between {arbon 2. and carbon 3 

Figure 11.16 



Naming compounds with functional groups 
There are a number of functional groups to be aware ol A selection are shown 
in Table 11. 10. 

Table 11.10 Common functional groups, 

Homologous .Functional 5 ff" E l . u 1x xamp e 
series group 

0 

// 
ea rboxy l1c acid --c -oic acid propanoic acid 

\ 
OH 

0 

// 
ester - c - oate ethy Letha no ate· 

\ 
0 

0 

// 
Cl acy l eh lori de -c -oyl chloride buta n oyl eh lo ride 
c:: \ 1 E 
ro 
C 
C: 
QJ 

nitri Le C N - nitri Le pro pa nen itri Le 

l 0 

// ~ 
"i:: aldehyde C -al ethanal 
0 \ ·c 
0. iH 
Cl 0 C: 

// ·v=; 
n, ketone -one pro pa none 
Q) - C 
lo- \ u 
C -

alcohol - OH -ol butanol 

amine --NH 
2 -amine ethylamine 

\ I 
alkene C C -ene propene 

I \ 
--( X named as a 

1- bromo butane, 
haloge,noa Lka ne substi tuted X c ha:loge n, chlo roetha ne hydrocarbon 

The functional group is usuaUy nan1ed as part of the longest unbranched 
carbot1 chain by adding a suffix, a group of letters ac. the end of the name. 
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Figure 11.18 Butan oi c acid is 
responsible for the· smell of rancid 
butter c1nd also gives vomit its 
unpleasa nt smell. Perhaps not 
s urprisingly, t his ac id is used in stink 
bombs . 

H 0 H 

H--c--c--c-- hi 

H H 

.3 ca.rbons in t he cha ,in 

/ 
refers to the f u n.ctio na I 

------ group C cO placed 
propanone ailong the ca,rbon 

\ chain: a ketone 

contains C-C single bonds only 

Figure 11J7 

H 

H~-c~-c~-C===:= N 

H H 

3 ca,rbons in the cha in 

/ 
prop.: nen it ri I 

\ 
refers to the 

..--,--function a I group 
CN pl·aced along the 
carbon chain: a n·ltriile 

com:ains C-C single bonds only 

Note propanone is not named propaneone. The letter 'e' is removed from the 
na1:ne of the chain when there are 1:\-VO· vow,els together 

Propanenitrile, is not propannitrile. The {e, in ~ane' is not removed as it is not 
~"1{! to a vowTel. 

H H H 0 

// 
H-C-C-C-C 

\ 
H H H OH 

Figure 11 .. 19 

4 carbons in the chain 

/ 
refers to the functf o,nal 

. . _.....--- group COOH placed at 
but a no1 c acid end of cha in: 

\ ea rboxylic acid 

c:o·nta ins C-C sin g·le bonds only. 
N'ote absence of letter 'e'. 

When a compound. contains two different functional gr,oups, ,one is named as 
part of the unbranched chain and the o ther as a substiment. The group with 
the highest nomenclature priority is named as part of the chain as sll.0V111 in 
in Ftgure 11.20 . 

OH 

Figure 11.20 

2-h yd roxya2 ~methy Ip ropa nen itn le 

I \ 
refers to the 
functional g:,mup OH 

refers to the 
fu11ctiona,l1 group CN· 

You Mll not be expected to remen1ber priority at this leve] of study: It is 
included in Tab le 11. l O for information only. 

You do not have to learn aU the names of the different functional groups 
included in the course at this stage. You vtill become familiar -with them as 
you study the chemical reactions and the physical properties of different 
homol,ogous series. 



In summary; the sequence for naming organic compounds is as follows: 

I Name the longest unJbranched carbon chain. 

2 C- 'C or C==C in chain? 

3 Add suffix for functional groups if they are present. Decide if the Jetter '·e J 

should be removed o·r not. 

4 Add prefix for substituertt or side groups. It can be useful to draw the 
disptayed formula to frnd the 
longest unbranch,ed ch,ain. 5 Add numbers to indicate the position of functional groups and side gr,oups 

• as appropnate. 

E3 

Name the organic compound wh1ich has the structura t for;mu!la 
CH3CH2CH[CH3)C H2Br. 

H H CH H 3 

Answer H-C- C- C- C-Br 
Step 1 Na.me the Longest unbrainc1hed carbon ctiatn [in red]. 

The re a re four c a rb on a to ,ms in the longest cha i n and ,only 
single bonds, therefore t1h.e ·ane· suffix is req:u ired: butane. 

Step 2 Ad.d a pref1ix for any side giroups [ci,rcled]. 
There are two side g,ro,ups. They h1a:ve to be placed ~n 
atphabetical order, therefore bromo comes before methyl. The 
name so far is brom,omiethytbuta ne. 

H 

Figure 1 l.21 

H 

H H H 

H 
S e p 3 Add loca nits to i1nd i cate the pos itro11 of the side groups. 

The Lowest numbering system begins on the rig 'ht of th,e 
stn.Jctu re 1-bromo-2-methyl, rath,er tha1n 4-bro·mio-3- methyl. 
This compound i,s 1-bromo-2- m,ethylbuta ne. 

~ H 

H C-C-C c-@ 

H H H H 
Fi g u re 11. 2 2 

CH3 H O 

What is the IUPAC name for the following compound? The formula used is not a / 
true cHspla1yed form ula, but it w Hl ,make the id enti ti cat ton of the long est u n branched ,F--c c--c 
chain a little easier. \ 

Answer 
H 

I 
F C--C--C 

\ 
CH

3 

Figure 11.2, 

Fig u re 11. 2 3 

The longest unbranched cihairi has .5 carbon atoms: "pent' 

There are only sirigte C-C bonds in the chain : pentane 

CH a CH. 
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CH~ 

Figure 11.25 

Cl-,! - 3 

Fjgure 11.,26 

CH :a CH i 

Th is molecule has one fun ctionat group; th~s is a ketone. A suffix i, s added to 
name the fu nctrona l group: wn~ch is ·one· [pronounced own). The letter ·e· fra,m 
·ane· ris dropped . The nam,e so fdi 1s pentanone. 

There are three si·d·e groups: two methyl groups and one fluoro group. These aire 
nam,ed i1 r1 8lphabetica.l order. Le. ftuoro dim ethyl. 

So, the ria me a t this point ris fluoro dimethyl penta none. 

Ffna lly add tih,e num,t,ers to indicate the posi·t,ion of tihe side group. In this case 
a functional group is a,tso present. It is numbered as part of the cha1in. This 
functiona t group wi ll be numbered as the lowe,; t possible number: 

The compound is 4-fluoro-3,4-dimethylpentan-2-one 

Note trh,e num·bers are separated1 from ea.eh oth·er by a1 co,m ma a,nd from words lby 
a hyphen. There are no spaces ·in the r,am·e. 

Name the co mpound which vs represented by th~s skeletal formuta . 

Answer 
Cycloalkanes a nd1 cyc loalkenes can be treated as th·e longest un,bra nched chain 
and the grnups connected to it are named as smde groups. 

This co rn pound is, therefore, ethylcyctoh·exane. 

In part g]I ther,e are two vowels 
placed tog·ether· i· n this ria me. 
Note that tih e onily vowel wh icr, 
ea n be removed from compou n,dl 

' h ; I f . ; P names 1,s t e e rorn aine or 
·ene·. In part el, a di ene has 2 
doubte bonds. 

~ -··························································································: 
: TEST YOURSELF 4 i 
t • 

i 1 al What is the IU PAC name for each of the organ ic compounds listed? i 
: U CH1CH2CH2Br : + • • J • : ii CH3CHClCH3 : 
• • 
: iii I CH2C HCH2 I i • • i iv) CH3CHCHCH3 i 
f vJ CH(CH3bCH2CH20H ! 
• • 
: vi) CH(C H3bC H[OH]CH2C H2CH3 : 
• • I bi Expla1in why com pound [iv)!, i1s the onty hydrocarbon in the list. i 
; 2 Draw th e displayed formula for the following cam pounds . i . : 
: aJ propene : 
• • 
: b I .b u ta n-2- o l : 
• • I c I 2- c h lo ro-1 , 11- d i flu or o :pro pen e f 
• • 
: d) pentan-2-ol i 
: : eJ nexa-2,4- diene f 
! f) but-2-·en-1-ol J 
i gl 11i2,2-tri iodocyclohexane f 
• • • • • • ··~·••,•·i··········· ·•••t••t•••••t•~••t••·•~•••••t••··~•••t••••~·~················,· ........................ 111 



Figure 11.29 Limonene takes its name 
from the word Lemon, as Le·mon rind, 
and the rind of other citrus fruits, 
contain co nsid erab Le @mounts of this 
compound, which contrlbutes to their 
characteristic odour. 

H H H H 
I I I I 

H-C-C-C-C-H 
I I I I 
H H H H 

butane 

H CH H 
I I J I 

H- C- C- C- H 
I I I 
H H H 
2 Krn ethylp rop a ne 

~igure 11.31 There are two structural 
isomers of C4H10 • 

~ . . 
: • : 
: . 

: 
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Preparation of limonene 
Lij m,onene i·s an unsaturated hydrocarbon w~th, th,e 
structure shown b,etow. 

L i,m1a,n,ene i.s present ,in orange peel and can be 
extracted usjng the foUowing pr-0cedure. 

Bilen di tog,ethe r tti e peet of three o ra rig es a rid 
70 cm3 of wa·ter. D1stil the resultant solution untit 
30 cm3 of drstillate are obtained. 
Trans fer the d1strUate into a separat~ng funnel 
and shake w,i th: 1, 1, 1-tri,ctn lo roethane. 
1,1.1-tri,ch loroethane has a density ·Of t3 g cm-3. l1t Figure 11.28 
~s r·u n 1of f i1 nto a, beaike r conta,iin in g solid anhydrous 
s a d r, u m s u l fat e. 
The anhydrous sodium suHate i.s then removed and the 
1,1', 1- trichlorethane fS dli1stilled off to :leave l imon,ene. 

1 What .is the 1motecula:r formuta of Umonene? 
2 What is the e1mpiricat formula of Limor,ene? 

3 Draw the displayed formula of 1,1,11-trichtorethane. 
4 Explain why lim,onene di ssolves i,n 1.1,1:-trichloroethan,e but ~s 

i riso Lub Le in water. 
5 In the separating funnel, two layers form. State. and expla1n. in whjch 

lay,er the 1,1,1-trichiloroethane 1s present. 
6 The peel of three oranges 'ha1d a mass of 120.0 9. Calcutate the 

percenta,g;e by mass of limonene in the orang,e peel if 1.2 cm3 of 
limonene- !density = 0.8 g cm-3) was obtained ~ 

7 Suggest why au of the lim,onene pr,es.ent in the orange peel was riot 
obtained. 
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Isomerism 
Compounds that have the same molecular formula butt a different structural 
formula are kno·'\vn as structural i om rs. 

H H HI H H 

I I I I I 
H CH H H 
I I 

3 

I I 
H CH3 H 

I I I 
H-C-C-C-C-C-IH H-C-C-C-C-H H-C-C-C H 

I I I I I I I I I I I I 
H H H H H H H 1H H H CH3 H 

pentarie 2-methylbutane 2,2-d,jmethy.lpropane 

Figure 11.30 

C,H12 can. have three possible structural fo.rmulas; it has three isomers
1 
.as 

shown in Figure 11.30. 

There are three types of structural isomers : chaint positional and functional 
• group isomers. 

Chain isomerism 
Chain isomerism occurs when there is more than one way of arranging carbon 
at,oms in the longest chain. C5H12 exists as three chain isomers as illustrated 
in Figure 11.30. 
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Chain isomers have sin1ilar chemical properties but sligluly different physical 
·pl'iopercies. The mo,re branched the isomer, the W'eaker the van der Waa[s' 
force.s bet\ve-en molecules and the lower the boiling point. 

PLE 6 
lsooutane is a chai,n 1isom,er of butane. Draw the 
d1sptayed formuta of isobutan,e and state the I UPAC 
name for t his ,isomier. 

Answer 
Butane nas 4 carbon aitoms a,nd 1 O hydrogen atoms in 
a singLe chain held tng:ether by sing le bonds between 
the ca ribon a.toms. 

lsobutane ~s a ch,a,,n isom,er of this 1molecule. 1·t will 
therefore have the samie number of carbon atoms 
a r, d hydrogen atoms but o, n e of the carbon ata ms wi LL 
form a branch frnm the main chain. 

Figure 11.32 lso butane. ~nd butan~ ~re examples of ch~in 
1somersL Butane is used as a fuel in gas hafr stra f ghteners 
@nd curlers. 

The compound shown rn Fiigiure 111 .33 has the same 
number of carbon atom.sand hydrog1en atoms H CH H 

I I 
3 

I as butane but onty three carbon atoms are in the 
chain. The fourth carbon atom forms a branch in 
t1he cha~11. Th e IUPAC na:me for thi s cria in isomer is 
2-m et hylpro pan e. 

H-C-C-C-H 
I I I 

Figure 1L33 H H H 

2-m.ethylpropane may be ca lled 
m ethylp rnpane as there is only 
one carbon [2] where the methyl 
group can be positioned. 

Positional isomerism 
Positional isomers have the same carbon chain and the same functional group 
but it is a ttached at different points along the carbon chain. 

C3H80 exists as two isomers: the akoholsi butan-l~ol and buran-2 ... ol These 
compounds differ only" in the position of the -OH group (Figure 11.34). 

H H H H H H 

I I I I I I 
H-C-C-C-OH H-c-c-c H 

I I I I 
H H H H OH H 

b,utan-1' -ol butan-2-oJ 

Figure 11.34 

Functional group isomerism 
Functional group isomers are compounds with the same molecular formula 
that have different fun.ctional groups. A compound with the mole.cular 
formula C3H50 could either 'belong to the homologous series of aldehyde; or 
ketones as illustrated by propanal and propanone in Figure 11.35. 

H H o 
I I # 

H H 

I I 
H-C-C-C H- C- C- C- H 

I I \ 
H H H 

I II I 
H O H 

propan.one 

Figure 11.,35 



It rs useful ta re·member that 
cycloalikanes are functronal 
group iso1mers of a1lkenes. It ca,n 
ailso he lp to draw t'h e di.sp layed 
form uta. or the skeleta'L formu la, 
of a compound before you begjn 
to took for th e isomer. 

Cyclohexane\ a cycloalkane, is a functional group isomer of h exe:ne), an allcen e. 
Both compounds have the molecular formula C6H 12 but only hexene has a 
carbon--carbon doub]e bond. 

H H 
H \ I H 

\ C I 
H-C/ ' c-H 

I I 
H- C C- H 

I ' c/ \ 
H I\ H 

H H 
eye loh ex.an e 

Figure 11 .36 

H H H H H"' I I I I 
C=== C- C- C- C- C- H 

H/ I I I I I 
H H H H H 

hex-1--ene 

Esters and .alka.noic acids can be functional group isomers. For examp le] 

p rop anoic acid and methyl ethanoate are isomers of C3H60i. 

··············~····················································~························ 
: TEST YOURSELF 5 
• 
: 1 C0H14 has f1ive isomer s. 
t 

i a) Wn at is m1,eant by the term iso,mer? 
~ bi Draw and na.me alt isomers of C6H14 . 
t i c) What type of structu ra l isom·erism is shown by the five iso,mers? 

: 2 What type of structural isom·erism is shown in t he following: pa irs of 
t 
! co mpounds. 
~ a) Pe nte n e a rid cyclopenta ne 
t 

: bi CH3CHiOH]CH2CH3 and CH2:[0 H)CH2CH2CH3 • • • • • t 

c) CH3CHIOH]CH2CH3 and CH:rCtCH3l(O H):CH3 

• • • • • • • • • : 
! 
I • • • • • • • • • • • • • ! 
"' • • • • • • • • • • • • • ~ • ••••••••••• •• , , ••••• •• • ,,,, ••• • ••• ,, ,, • •••••••••• • •• •••••• ~ • • •• • •••••••••• • •••••••• ,.- !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!I 

Stereo isomerism 
Stereoisomers are m olecules which have the same molecuhrr and s tructural 

formula b ut a different arr1:1ngement of atoms in 3 D space. 

There are tw'Ci types of stereoisomerism .. E-Z isomerism which you will 
s tudy in Chapter 14 and optical isom erism which you will study in Year 2. 
Figure 11.37 summarises the key types of b oth s truc tural isomerisation and . . ster-e,o,isom.ens·m. 

Isomerism 

.... .. 
I 

I 

-, , 
structural 
isomerism stereoisomerism 

... "' .. 
I I 

I I 
.., -, 

chain positional functiona~ 
group 

E-Z optical 

... _J ... .. ... 

Figure 11. 37 Types of [somers. 

~ 

~ 
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Other 1gen 1eral terms used in o,rganic chemistry 
. li1 ha t i on11 und~ are hydrocarbon molecules which have single, 
double or triple bonds. The carbon chain can be straight, branched or cyclic. 
Chemists use the-letter Ras short-hand to indicate the .aliphatic group, e.g. an 
alcohol tnolecule (ROH) or a ,carrboxylic acid molecule (RCOOH). 

Aron1~ttit: co111pou11d~ are organic molecules which contain a delocalised ring 
of electrons. The simp]est aromatic compound is benzene. The chemistry of 
benzene is covered in Year 2. 

Practice questions 
I ~ich one of the fo,llo\:4.-ing is the IUPAC name 

for the hydrocarbon shown in Figure 11.38 
below? (1) 

A 2~thyl-3-methylbutane 

B 2 ,3-dimeth~lpentane 

C 2-methyl-3-ethylbutane 

D 2 ,3-dim,ethyiheptane 

H 

I 
H-C-H 

H H H 
I I I 

H-c-c-c-c-H 
I I I 
H H C 

I 
H- C- H 

I 
H- C- H 

I 
H 

Figure 11.38 

2 \Vhich ,of the following is 'the [UPAC name 
£or the moleculle shown in Figure 11. 39 
below? (1) 

4-methylpent-3""ene-2-o1 

B 2-methyl-4-hydroxy-pent-2-ene 

C 4-hydroxy.--2 -:methylpent-2--ene 

D 4-methylpen:tan-2-ol 

0-H 

Figure 11 .. 39 

Ethanoic acid belongs to the homologous series 
of carboxvlic acids as it has a COOH functional 

J 

group. 

a) E,q,lain the meaning of: 

i) homologous series 

ii) functional group. 

iii) s true tural formula. 

b) Wri re the empirical formula and the 

(1) 

(1) 

(1 ) 

displayed. formula for ethanoic acid. (2) 

4 Refer to Table 11.6 ,o,n page 250: 

a) Decide in which homologous series each of 
the foUowing compounds belong: 

j) CH3CH(OH)CH3, (1) 

ii) CH3CH2CHO (1) 

iii) CH3CH2COCH3 (1) 

iv) Cli3CH=CHCH2CH3 (1) 

v) C:H(CH3)2CH2COOH (1) 

vi) CH3.CH2NH2 (1) 

vii)CH3CH2CN. (1) 

b) Nan1e each of the compounds (i--vii) in 
part {a) . (!) 



S The nine molecules (A_;O are displayed belo,w using three different types of molecular fonnulae. 

H H H H 
I I I I 

H- C- C- C- C- H 
I I I I 
H H OH H 

A B 

C H3C(C H3)(0H)C H3 

E 

H H H CH H H H H 

I I I I 3 I I I I 
H-C-C-C-C-H H-C-c-c-C-OH 

I I I I I I 
H H H H H H 

G H 

a) Using the letters A- I, identify: 

i) three compounds that are isomers (1) 

ii) ~o co,mpounds that are identical (1) 

iii) tvvo compounds that are chain 
. 
1Somer.s 

iv) tw'o compounds that a:re positional . 
lSOm·ets. 

b) N amc each substance (A-1) 

(1) 

(1) 

(3) 

I I 
H H 

H H CH:1 H 
I I I I 

H- C- C- C- C-H 
I I I I 
H H H H 

C 

C H3CH2CHCH2 

F 

H H CH 
I I I 

3 

H-C-C-C-H 
I I I 

CH H 
3 

H 



Alkanes 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
~ PRIOR KNOWLEDGE ~ 
• • • • ... • • • • • • • • • .. 
• • 

• l,UPAC naming syste,m for hydrocarbons 
• s tru ctu ra L, m otecu Lar, di spl.ayed, g e n,era L, em pirical and skel,etat 

for:mula 

• .. 
• • • • • • • • • • • 

,,~-----+-i • na ture of the cova lenit bond, :----
• • 
i • nature o,f i1nterm1olecu!Lar forces especi,a lly van der Waats· forces E 
• • : • po lar and non.-polar m,olecules : 
• • 
: • s tn..J ctu ra L iso m1e r ism : 
• • • • .................................................................................................................. 

~ -··························································································· 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
• • f 1 Na m,e and explai1n the or ig,in of th e i1nter 'm,olecular forces between : • • 
i methane molecules. • i 2 The skeleta l for mula and the displayed for mula for ai stra1ght clhaiin 
• : isomer ·Of a 1molecute w ith four car bon atoms 1s shown be low. • • : al Nam e the mo lecule. .. i b) Draw the displayed form ula and skeleta l formula for all of the 
: isomers of this molecule. 
• • • 

i H H H H 
• • • .. 
+ • • • .. : • • • • • • • • • : 
i H H H H • • • • : Figure 12.1 
• 

.. .. • • .. 
• • • • • • • • • • .. .. • • • • .. .. .. 
• • • .. • • • • • • • • • • • • 

H : • • • • • • • • .. .. • i • ., .. .. .. 
• .. .. • • ...................... ............................................................................................... 

Alkanes are a homologous series of saturated hydrocarbons. The .alkanes are 
c}atSsed. as hydrocarbons as they contain atoms of hydrogen and carbon on~. 
Each successive memb er differs from t·he next by a - CH2 group. This is true 
of any homologous series of compounds. Each carbon atom in an aUcarne has 
four single bonds. The m.o,1ecu1e is said to be satutat d as ,eac'h c-arbon ato,m 
has the maximum number of single bonds. A saturated hydrocaribo,n. is one 
which contains only single bonds between the carb-on atoms. 

r• r•., •• ,. r•, •• r•1 •• • • r•'I r , •e, .,,.. ~•., ., r •"" •., •• ,. .... ., ,.,.. ,. .. ., ,.,. • ., ,..., • ., .. ., ,... , ... ,. . .. . , • 

A r is a1 ,cormpound whjch 
contajns hydrogen and carbon atoms only. 

A I r t hy d r is one whtch 
con ta iflLS onty s ingb~ bonds bQtW~QO thQ 
carbon atoms. 



Figure 12.2 One cow ca n release 
500 dm3 of methane a day! Cows and 
sheep are thought to be responsible for 
one flfth of global me.thane productron. 

The name) n1olecular fonnula and displayed fonnula for the first four 
members ,of the atkane ho,mologous sertes are given in Table 12. l. 

The general formula of the alkanes is: 

CnH2n+2 

where n is the number of carbon atoms. 

Methane is the shortest chau1 alkane vrith just one carbon a.to1n. It is 
produced naturally as a product ,of some fonns of anaerobic respiration which 
occur in the gut of ruminant mammals, such as CO'WS and sheep, and in 
compost heaps] rice fields and landfiU \\-Taste tips. 

200 decane 
150 

u 100 
0 

~ 50 C ·-Q 
A. 0 

"' C: -50 -
0 - 1,00 m 

-1r 50 

-200 
a 1 2 3 4 S 6 7 8 9 1'0 

Number of carbon atoms in t he chain 

Figure 12.3 The boi Ling points of str@i g ht chain a lka nes in crease w ith incr easing 
relative molecu lar mass. Shorter chain alkanes are gases at room te·mpe,rature. 
C5- C17 are Liquids and the longer chain alkanes are waxy soli ds. 

Table 12~1 Succe,ssive members of the homolog ous seri es of the alkanes. 

IN a me ~·~~~cular.J~rnt1:1 ta;· ~;spl~y~d .. fo~·.,nu la {~~~.P_le.~t:st,ra~g~t·: Struct ura[.form 11la 
-- . - . . . chain-sLr.,uc"lureJ . ,.. .. . , - .,,I . - - ,- . I • 'i t I . - ' 

- . - I . .. I ~ 

H 

I 
Methane CH4 H-C-H CH, 

I 
H 

H H 

I I 
Ethane C2H6 ~- c- c- ~ 

I I -
CHaCH3 

1H H 

H 

I 
H H 

I 
Propane C3 He H--C-C-C--H CH3CH2CH3 

I I I 
IHI 'i-:1 H 

HI 'H I H 

I I I 
Butane C4H10 H--c- c- c--c-H CH 3 CH 2 CH2CH3 

! ! ! ! 



Q i----Th_e_p h_y_s_i c-a-l -p-ro_p_e-rt-i e_s_o_f_t _he-a l_k_a_n e-s--

Figure 12.4 Paraffin wa.x. such as 
Vaseline, is a mixture of solid alkanes, 
carbon chain Length > C25 . It can be 
a p p Lied to cuts and g raze s as a p hys ic a L 
barrier against entry of bacteria or to 
lips and hands to prevent chap p1 ng . 

Figure 12.5 This channel .swimmer 
is covered in a mixture of lanolin and 
paraffin wax. which is a mixture of long 
chain alkanes. The waxy solid prevents 
friction and chaffing . 

Figure 12.7 Mixtures of alkanes and 
water ca n be separated in a separating 
funnel as they are imm[scible. 

Alkanc molecules are non-polar. The difference in electronegativity ben.v,een 
the carbon atom and the hydrogen atom is extremely small. This means 
there is only one type of intermolecular force ben.veen allcane molecules) van 
der Waals] forces. The strength of van der Waals] fo1'Ces between molecules 
increases as the relative ·molecular mass of the molecule increases and as a 
resub: the melting point and boiling point increase. 

The graph in Figure 12.3 is drawn using the boiling points of the straight 
chain isomers only. The branched chain isomers hav.e lower melting and 
boiling points than. the straight chain mo]ecules v.rith the same number ,of 
'Mia.ls carbon atoms. Mollecules with branched chains have a smaller surface 
area in contact with each other. This decreases the s trength of th,e van der 
¥hails forces between the molecules. Branched mo]ecules do not fit together 
as closely as straight chain molecules and this too decn~ases the s itrength o.f 
van der Waals forces. In Figure 12.6; the b oiling points of a straight chain andl 
a branched chain isomer :are cotnpared. 

rnolecu:lar formu~a ( 4.H10 

H H H H 

I I_ l I 
H-c-c- c- c- H 

I I I I 
H H H H 

bu1:ane - a straight chain isomer of C
4
H

10 

boiling point 0°( 

H Ci-:1
3 

~ 

I I I 
H-C- C- C-H 

I I I 
H H H 

2-m ethylprop an e - a branched 
isomer of C.i110 
boiling point - 12°( 

Fig ure 12.6 Chain branc hing affects physi cal properties of a molecule such as 
boiling point. 

Alkanes are insoluble in water but will dissolve in other non-polar liquids sucl1. 
as hexane and cyclopentane. Mixtuies 1of alkanes are separated by fractional 
clistiUation while liquid alkane and water mixtures can be S·eparatedl in the 
laboratory using a separating funnel (Figure 12. 7). 

~ ···························································································: : TEST YOURSELF 2 i 
• • 
: 1 An a lkane molecu le is known ta conta in 14 carbon atoms. : 
• • 
i aJ What ~s the molecular formula of the alkan,e? : .. .. 
i b) Wrhy is thi s compound described as a hydrocarbon? i . "' ! 2 al Draw the displayed formula for the following molecules. ! 
i ii pentane i 
.. . 
: iiJ 2, 2-dr m·ethylp ro pane : 
• • 
: iii) 1butane : i b) Explain why pentane has a hig her boiling point than ! 
: ii butane : 
• • 
~ ii) 2.2-dimethytpropane i 
: 3 Alikanes are a; homologous se ri es of hydrocarbons. Explain. using i 
i i : exa1mples. what is meai11t by a iho,m,otogous series. : . ~ • • . . . ...... .................. ...................................................... .... ......................... 11111119 



o~-------source of organic chemicals 
Crude oil (Figure 12 .B) is a dark yellow to black, sticky, viscous liquid which 
is found deposited in rock formations below the surf.ace of the earth. It is 
a rich and varied mixtun: of over 150 carbon-based con1pounds and is the 
worlds n1ain source of organic chemicals. It is formed fro,m. the remains 
of plants and animals, which ,ove'r many millions of years became covered 
in mud, silt and sand. High pressures and temperatures change the mud, 
sand and silt to rock and the animal and plant remains con1tplete their slow 
transformation to, 10H. The compounds in crude oH are separated by fractiona] 
distilla.rion. 

Crude oil (petroleum) is a mixture containing mainly alkane hydrocarbons 
that can be separated by fractional clisriUation 

Figure 12.8 Crude o1L 0 -F-ra_c_t_i o_n_a_L_d_i s-t-i l-La_t_i o-n-of_c_r_u_d_e_o_i_l __ _ 
•••• •••••••••••••••••••••••••••• •••••••••••••••••••••••••••••••a••••••••• •••••••• 

r tl n t i t"l · n 1s the continual 
,evaiporatmon and c,ondensatcon of a mixtur,e 
,causing the components to sepairat,e because 
of a diUerence in their boiling points. 

A • i<' n is a group of compounds that 
h aiv,e si mi ~arr b oUin,g po ~nts and .ar,e re mov,ed 
at the same level of a fractionat iing column. 

Fral"' tiont1I distillation is the c,ontinual evaporation and condensati.on of a 
mixture causing the components to separate because of a differe11ce in boiling 
point. Fractional distiBation does not separate the cnlde oil mixture into 
individual oompounds; instead several less complex mixtures are formed. 
These distillates are lmoID1 as fractions. A f rn ·tiou is a group of compounds 
which have simUar boiling points and are removed at the same level of a 
fractionating column. Crude oil is heated in a furnace until a portion changes 
state into a vapoui: The liquid-vapour mixture is ·passed up a fractionating 
itow'"er (Figure 12.9)i whicl1. is cooler at the top than the botto1n. When a 

substance reaches a layer which is cool enough, it condenses and is piped off. 
The shoner chain m.okcu]es are collected at the top of the tower1 ,vherc it is 
cooler, as they have lower ·boiling points. 

~ 
~ 

oJ'I 
~ 

15 
l(IJ s 0 

E ... 
i 

C 
~ 1ij 11.1 

IE s .$ V -Q. -a -e ~ 
m 13 .? ~ 

0 
,i., 

C; 8. t:: Crude 
§ :,;; _g' s oil' ..a ·v. 
] E 

] j OI ~ 
c;: .~ Oi. 8' I ., ~ -~ I C 

~ ~ 
.6i i.. 

~ 
(2 
~ 

Heater 

Figure 12.,9 Fractional d1stHLat1on of crude oil. 
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o~-------1 ndustrial cracking of hydrocarbons 
refinery gas - 1 

petrol- 6% 

kerosene - 19o/o 

residue - 43% 

Figure 12 .. 10 A pp rox imate pe rce,ntag e 
composftion of a sa mple of North Sea 
crude oil 
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r c i t is a proc,ess where long chain 
hydrocarbon mol,ecu fes are broken in to 
shorter chain molecules whi1c:h are in high 
demand. 

Figure 12.9 sho,ws some of the fractions which are separated from. cn1de 

oil. Some of the fractions are much more useful than others. Generally it 
is th.e fractions with the ]owe·r boiling point that are more useful. However, 
these fractions are the least abundant ones in a crude oil sample, as sho\:Vll 
in Figure 12. l O. The refinery gas, petrol and naphtha fnctions are in huge 
demand for fuels and by the chen1ical indus try but these fractions comprise 
only 19% of the sample illustrated. To meet the demand~ the long chain 
mo,lecules in 'the less usefu] fractions are broken down into shorter chai'n 
m,olec"tdes, in . .a proce-Ss known as cracldng. Cracking is a procecSs where long 
chain hydrocarbon molecules are broken into shorter chain molecules which 
are in high demand because they are more useful 

Thermal cracking 
During therma] cracking, the long chain aJkanes are heated to a very high 
temperature, typically between l OOO and 1200 K,. at extremely high pressures 
up to 70atm, fo,r a very short space of time~ 1 s. These conditions produce 
cracking products which contain shorter chain alkanes and are rich in alkenes. 
The high temperature and pressures employed in thermal cracking could 
decompose the molecule completely and produce carbon and hydrogen. To 
prevent this, th.e time during which these c,onditions are applied is very short . 
This balanced symbol equation describes the thermal cracking of a molecule 
of pentadecane - an a1kane ,vith 15 carbon atoms. 

C1sH32 ......., C1H16 + 4C2H4 

The heptane, C1H 16, produced is a major component of paints and is used in 
the manufacture of pharmaceuticals. The e thene is used in the manufacture of 
polythene. 

Catalytic cracking 
During catalytic cracking, the long chain allrane is heated 
under pressure in the presence of a zeolite catalyst. 
The 'tempet-arure used is apprmri'ma.tely 800-lOOOK 
and the pressure used b etween 1-2 .atm. A zeolite is an 
acidic mineral whlch has a honeycomb structure (figure 
12.11) made from aluminium oxide aitd silicon d ioxide. 
The honeycomb s tructure gives it a large surface area 
which increases the rate of reaction. Modem catalytic 
cracking units are operated continuously for up to 
three years at a titne producing a product that consists 
mainly of branched alkanes, cycloalkanes and aromatic 
compounds. This method of cracking is used to produce 
fuels for road ve hicks. 

Figure 12.11 The honeycomb structure of a zeo li te, which rs 
used as a catalyst for hydrocarbon cracking . 

Vlhile the temperatures eaiployed in the catalytic 
cracking pr,ocess are lo,wer than those used in the process 
of thermal cracki.ng1 they are still high. High temperatures 
are needed as the: carbon-carbon bonds in the alkane 
molecules, which are cracked, ar:e exa,etnely strong and 
therefore difficult t ,o, bre-ak 



Table 12.2 A corn pa rison of the conditions and products of different cracking processes . 

.. -.- --~ 
~~""'--9"-S - '.w;:::::;J " 

.•. 
~ •• , ._J 

Di rr. rat :, I I D •Iii ,. J • -- " ., 

,u -- --~ ~~--,-.;,. ~ r1JlJI .~, i..:· 
rt f3I '11 :nu u : 1!. I ~ If= lF-1 l'll Ira 

~ y ~ y, .. 

Temperature 1000-1200 K (high] 800-1 000K [high) 

Pn~ssurG'.l 7De1tm [highl 1-2 atm [low) 

Tfme 1 s 2-4s 

Cata lyst none a lu mf n osi Li ea te ze-olite 

Products 
hi g h p ere tt n ta g e of a L ke· n e s main ly· aromatic hydrocarbons 
some short cha in a Lka nes and motor fuels 

~ ···························································································= 
: TEST YOURSELF 3 ! 
• i 1 a) Expla in what rs meant by the foHowing chemical terms: 
i i) f racti o na l dist~ lla,ti on 
• l ii) cracking 
: : bi W1hy rs t he era cki rig a,f hy d roca1r1bons r,-ecessa ry? 
~ cl i) State the cond'it~o ns necessary fo r ther,mal cracking. 
• 
; ii) Why are th e conditions applied for a1 short period of tim1e? 
• i iiU Name the types of co,mpounds present in th e product mixture. 
i dl C-omplete the equation to show the thermal cracking of deca-ne, 
• 
: C10H22-
• i C10H:n---+- C6

1Hx + _ CyHz 

• • • • • • • • i 
i • • • : • • • • • • • • ... • : 
i • • • • • • • • • • • • Iii 
• : ..................................................... ....................................................... ~ 

()--T-h_e_c_o_m_b_u_s_t_io_n_o_f_t_h_e_a_l_k_an_e_s~~~~-
Alkanes are used as fuels as they co,mbust readily releasing vast amounts of 
heat energy. 

Complete combustion 
Alkanes burn in a plendfu] supply of oxygen to produce carbon dioxide and 
water only. Methane· is a major component of natural ga..s, the gas found with 
oil and coal deposits. 

methane + OAJgen ~ carbon dioxide + ,-wter 

Butane is a 1najor component of liquid petroleum gas produced by the 
fractional distillation of crude ,oil 

butane + oxygen ~ carbon dioxide + water 

1C4H1o(g) + 6t02(g) ~ i C02 (g) + 5H20(g) 



Figure 12.12 Carbon monox id e detector 

Table 12.3 The, symptoms of carbon 
monoxfde pofsoning. 

mild sLight headache, nausea, 
vomiting , un us ua L 

~xpos;ure 
tfredness 

severe throb bf ng 
med1um h ea da che I d rows in ess, 
e,xposure disorientation, confusion . 

fast h 9; rt rei t~ 

extre·m e-
u nco n.sclo usn ess, 
convu Lsi ons, ea rdio-

ex.posure 
respiratory failure. death 

If you are asked to wri,te an 
equatcon for rea1ction of propa,r,e 
in a limited supply of air to 
produce a solid and water only, 
then the equation to use rs 

C3Ha + 202 --+ 3C + 4H20 

Incomplete combustion 
ln a limited supply of air, alkanes will bu1n to form water and carbon monoxide. 

methane + Oimited) oxygen ---+ camon monoxide + w.ater 

CH4,(g) + 1!02(g) --+ CO(g) + 2H20(g) 

butane + (]imited) oxygen ---+ carbon monoxide + water 

C4H1o(g) + $2(g) ----,. fCO(g) + 5H20(g) 

Carbon monoxide is a to,xic, colourless and odourless gas which is often 
referred to as the 1silent killer'. Catbon monoxide reacts with the haen1oglobin 

in red blood cells preventing thetn from carrying the m.7gen to all of the cells 
in your body. It is absorbed 200 times faster than oxygen and is so diffi.cuLt 10 

eliminate it is classified as a cumulative poison (Table 12.3). 

All gas fuelled appliances must be regularly maintained to prevent 
the formation of carbon monoxide due to a lack of o:1\.ygen present for 
combustion. Carbon monoxide detectors can warn of dangerous levels of the 
gas (Figure 12.12). 

If the supply of mygen is further limited solid carbon particles (soot) are fomi.ed. 

methane + (very limited) oxygen ---.+ carbon + water 

CH4(g) + 02(g) ---t C(s) + 2H20(.g) 

butane + (very limited) oxygen -), carbon + water 

C4H1o(g) + 2to2(g) ~ 4C(s) + 5H20(g) 

Combustion in an internal combustion en 1gine 
The.re are more than 27 million cars on the roads in the UK; the vast majority 
have an alkane-fueUed internal combustion engine (Figure 12 .13). A small 
amount of fuel mixed with a large excess of air is drawn into a combustion 
chambet Th mixture is compressed and ignited v.ith .an extreme temperature 
spark. The mixture ·bums explosively forcing movement of the engine parts. 
The products of comb'Ustion exit via the exhaust. This process of intake, 

compressioni combustion. and exhaust takes place hundreds of times per 

fuel and aiir mixture in 
alkane + 02 + N2 - --.. 

combustion d1a mber 
2800K 

spark plug prroduc,ing 
~ high temperature spark 

. comb u,sti on 
~~ products out 

NO~ 
C0

2 co 
so 2 

Figure 12.13 The internal com bustion engine. 



nlinute. The priu1ary reaction facilitating the change fmn1 chemical energy 
to kinetic energy is the combustion of th,e aJkane fuel in OAygen. However> 
the pressure and extreme temperature of the combustion chamber ea.use 
unwanted side reactions. The normally unreactive nitrogen 1 approximately 
78% of the air intake> combines "'1th oxygen producing a series of nitrogen 
oxides, mainly NO and N02t (NOJ. 

ni trogen + oxygen ~ ni trogen(II) oxide 

Nz(g) + 0 2(g1 ~ 2NO(g) 

nitrogen + oxygen ~ nitrogen(lV) oxide 

N2(g) + 20t(g) _.. 2N02(g) 

Sulfur dioxide can also be present in the exha.ust mixture. The sulfur 
originates from impurities in crude oil which end up in the fuel. 

su]fur + o>..ygen --, su lfur dioxide 

s 

For example, when 1, 1-thiobisethane, a sulfur containing compound in crude 
o,il bun'lS, the equation is: 

1,1-thiobisethane + oxygen ~ carbon + water + sulfur 
dioxide dioxide 

Consequently, a chemical cocktail of combustion products are rel,eased into 
the envir,onment by our use of alkane.-based fuels in the internal combustion 
engine. This mixture contains a number of pollutants including NOx, CO, 
caibon particles 1 S02 and unbumt hydrocarbons (fable 12.4). 

Table 12.4 Identity and source of combustion products from .burning alkane-based fuels, 

Compounds present in Origin Conditions Pollution caused 
the combustion mjxture 

CD2 [g) C in fue l compound in excess 0 2 Global warming 

CO(g] C in fuel compound in Limited 02 Toxi c gas:. 

C[s] C ln fuel com pound f n very L1 mf ted 0 2 Particles exacerbate asthma 

NOx(gl N2 ,n the air 
at extremely high 

Acid rs in and photochemical smog tern peratu re s 

S02(g] S from fuel impuritie5; Add rai n 

hydrocarbons 
fuel compounds w hich React wfth NDx to form gro und level ozone 
remain unburned which ea uses respiratory problems 

H20 H in fuel compound 



~ --·························································································: i TEST YOURSELF 4 i 
! 1 al Write a bala,riced symbo l equati·on to il lustrate what happens when f 
: octane, an alkane w ith 8 carbo·n atoms, is burned i·n oxygen wh i,ch : .. . .. 
• • • 

~s in: 
i ii a pl,ent 1iful supply 
E iiJ a lim ited sup ply ., 
: iii ) a very Um f ted suppty. .. 

• • • • 
i • .. 
• • • • • • • 

: b) Wri te a bala.nced sym:bo l equat ion for the rea ction w'hrch occurs s 
i when octane i·s burned in1 air to prodluce equrmo lar amounts o·t two I 
: different ox ides of carbon . : ., . 
i 2 a) Why is car bon monox1ide desc ri·bed as t he 'silen t k i, Her' ? i 
~ b) Suggest how ca r bo n m onox ide levets f ro,m gias-f ired burners are ! 
• ' I .. 

: kept to a m1 n1mu m. i 
• • 
! 3 Give one essent ial cond1i1tion for the product 1ion of nitro,,g,en ox ides from : 
• • • • : air. : .. . 
i 4 Com plete tne balanced symb ol equation fo r the combustion of this : : i su lfur- conta ining product fou nd i'n c r ude oil. : 
• • • • • • 
: C6H12S2 + 02 ~ : .. . .. . 
• : 5 W hy do vehi cle exhaust emissions contai,n traces of a lkanes? 
• 

• • • • • 
: .......................................................................................... 411111111 .................... ~ 

01--------Environmental consequences of burning 

Note that alka ne fuels, e.g. 
butane. contr~ b ute to tne 
g'reenhouse effect because wrie.n 
th ey co·m bu st, they produce 
carbon d1ox~de and water which 
are both greenhouse gases. 

'• •r• "" """ "" "" rr• " " """ r • ,. , rr• "• ,.., ,., "" , ., • • •• ,.,.., r• • • • " " '"' r • • , , " "" • • r, re,•• ,,,,., •• 

GI l 1armi is the term given t o the 
increasing average temperature of the 
atmosp h er-e at the surface of the Earth. 

alkane-based fuels 
Gl1obal warming 
The Earth is surrounded by an atmosph ere of several layers of gas. In frared 
radiation from the sun passes through these layers to reach the Earth an d 
wanns it up. It,frared radiation fr.om the Earth n-avels back through the 
atmosphere where S·ome o.f it is p revented fm,m escaping in.lo .space by 
atmospheric gases, sucl1 as carbon dioxide, water and methane. The effect 
of trapping the energy from th e sun is knovrn as The Greenhouse Effect and 

the gases which cause the phenomenon are knawn as greenhouse gases. This 
is an important na.tura1. process as vnth.o,11t it the average temperature ,of the 
atmosphere at the surface of the Earth would be 6 0 °Clower and the Earth 
Vlould not be able to sustain life. 

Table 12.5 The gree nhouse gases. 

The green house gases 

water vapour occurs naturally in the atmosphere 

ea rbo n di oxide prod uced during respiration and as a product of combust ion 

methane 
prod uced as a product of d igestton by cows and sheep, and by 
other natural processes 

Glob~tl ~ rarn\it1t.• is th e term given to the increasing average temperature 
of the annosphere at the surface of the Earth. lt is caused by changing the 
b alance of the concentration of greenhous,e gases. Recent human activity has 
rapidly increased the concentration. of carbon dioxide in the atmosphere, due 
to increased burning o f fossil fuels. As a result, m ore heat fron1 the sun is 
trapped and so the Earth' s ten1perarure in creases. 



Figure 12.14 Forest destruction by acid 
rain. 

:Figure 12.15 Photochemical smog 
Lying over the Hollywood Hills in Los 
Angeles, USA. The brown colouration 
of the c Lou ds is due to the presence of 
nitrogen oxides in the air. 

Acid rain 
Rain "v·ater is a weak acid, pH ,...,.5.5, due. to the naturally occurring cmbon 
dioxide present in the atmosphere. Acid rain is rain water which is more acidic 
than this, with a pH lower than 5.5. The nitrogen oxides produced by higl1 
temperature c,ombustion of ·Eo·ssil fuels contribute to acid tain ·but the main 
contributor lS the sulfur dioxide gas produced when the impurities in fossil 
fuels are burned. The sulfur dioxide reacts with water in the air t,o produce 
sulfurous acid (sulfuric(IV) acid), H2S OJ, which is oxidised in the air to form 
sulfuric acid (suliuric(VI) acid), H1S04. ·t he overall equation can be \¥rltten as: 

Acid rain destroys trees and vegetation) corrodes buildings and l<llls fish in 
lakes. Acid min may fall far from the s,ource of the polluting gases and as a 
consequence, spreads the effects of acid rain to n1any other areas. This makes 
acid rain a global environm.ental issue. 

Photochemical smog 
Photochemical smo,g is caused. by pungent, toxic gases and minute solid 
particles suspended in the arr close to the surface of the Earth. Smog is formed 
when nitrogen oxides (NOx)) sulfur dioxide and unbumt 11ydrocarbon fuels 
react vlith sunlight (Figure 12.15 ). It also, includes carbon atoms produced 
~·hen hydrocarbon fuels are burned in. a very limited supply of ai"t Smog 
can form in almos t any climate in industrialised cities aud causes a variety of 
health problems from relative]y minor red irritated eyes and nasal congestion 
to severe lung diseas-es sucl1 as einphysema. 



NO~~g) 
tHyd roe a rbo n s 
CO(g} 

Figure 12~16 Cata Lytle co nverter. 

Remo1val of air pollutants 
Chemists continue t,o, improve and devise methods to either remove 
polhnants or prevent them from entering the atmosphere. 

A honeycomb of 
ceramic coated in a 
thin meta Ii ic I ayer 

Ca ta.lyric convertors 
A catalytic con,rertor reduces the amount of carbon monoxide, 
nitrogen oxides and unbumt hydrocarbons released into the air 
from an internal combustion engine~ by converting them into less 
toxic gases. It is fitted to the exhaust system of the engine. 
AI its centre is a honeycomb of cerainic material covered i11 a thin 
layer of platinum. and 1hodium. The platinum and rhodium are 
the catalysts. The thin layer coating the honeycomb structure 
provides a large surface area tor the reaction, increasing the rate 
of ooni.,-ersion and also ensuring that as litde as possible of the 
expensive catalyric metals are required (Fig1.1re 12.16). 

As the gases pass over the catalyst, they react ,¥ith each o ther producing less 
polluting products: 

nitrogen(IO, oxide + carbon monoxide -+ carbon dioxide + nitrogen 

2NO(g) + 2CO(g) 

octane + nitrogen(ll) -4' carbon 

dioxide (unbumt oxide 
hydrocarbon) 

Removing sulfur 

+ 

+ nitrogen + water 

N (nr1 2 51 

To decrease the amount of sulfur dioxide released into the a tn1.osphere, most 
of the .sulfur containing compounds are removed from petrol and diesel 
before use. Howevet; removal of sulfur before con1bustion is not economically 
viable for fuels used in power stations. The sulfur dioxide is removed from the 
combustion emissions instead in a process kno~n as flue gas desulfutisadon. 
The gases are passed through a wet semi-so,lid ·mixture~ a slurry, containLng 
calcium oxide or calcium carbonate. Calcium oxide and calcium carbonate 
are bases. They neutralise the acidic sulfur dioxide to form. calcium sulphite 
(calcium sulfate(IV)). This product has little commercial value but rather than 
dump it in waste pits, it is oxidised to calcium sulfate (calcium sulfate(Vl)) 
which is commercially useful as a construction material 

calcium oxid,e + sulft,r dioxide ---+ calcium sulfite 

CaO(s) + 

calcium carbonate + sulfur dioxide -1' calcium su lfite + carb.on dioxide 

CaC03(s) + --+ CaS03(s) + 

calcium sulfite + oxygen ~ calcium sulfl8.te 

(from att oxidising agent) (gypsum) 

CaS03(s) + [O] --+ CaS04(s) 



,PlE 1 

Exhaust emi·ssions froim a petrol engine were found 
to con tarn traces of a mole cute 'T' with tih e m1olecular 
farmu la C1H16. 

C7Hi,.4 is unbunnt hydrocarbon which i1s us,ed as frue[ 
for the petrol engine. 

,. Ox~des of nitrogen can be present lNO, N02] due to 
the combust1ion of n1ftrog·en by the high temperature 
spark 1in tne com bustion engine. SuUur ox 1ides Expla in how thi1s compo,und came to be present in 

the exhaust fumes. 
are present as the fuel may co ntain some sulfur­
containtng compounds. 

Suggest other cairn pounds which may be preserit in 
the fumes. You need to recall that tne unbu rnt hydrocarbons 

are removed by reactiing wi,t'h in itrog,en[I.I] oxide to 
produce nitrogen. carbon dioxide and water. WrHe 
the formulae in an equati,on form. 

Write ai .balanced equat'ion to s 1h·ow how ir· is 
removed fro ,m, the exhaust emi:ssions, after passi1ng 
th rougih a catalyti1 c converter. 

Answers 
T1he f,ormulla of ·r· conveys a tot of information. It is C1H16 + NO~ N2 + C02 + H20 

an alkeine with seven carbon atoms. It belongs to the 
petrol fraction fro·m the fractional distillation of crude 
oil. It 1is therefore used as a fuel ifl petrol engi·nes. 
Some of this fuel willl pass through th·e eng1ine 
unburnt 

To balance tne equation. balance th,e C atnms and 
the H atoirns followed by the D atoms before finally 
balancing the N atoms. 

C1H10 + 22NO ~ 11 Nz + 7C02 + 8H20 

Figure 12 .. 18 A car engfne - an internal 
combustion engine ·-which is powered 
by petrol, a m rx ture of hydrocarbons. 

~ -··························································································: ; TEST YOURSELF 5 i 
• • 
: '1 a) Wihat is the function of a cata 1lytic converter? : 
• • i b) Write balanced symbol equations to show hnw the f0How 1ing gases i 
• • 
: are re·moved from vetiicle exhaust fum es . : • • I I 

i i) co i 
• • ! ii) N02 ! 
~ iiil NO ! 
• • 
; ivJ C5H12 f 

i c) Why is th,e catalyst constructed in a honeyco,m b shape? i 
~ di State two ways i1n whic1h tne cost o,f the catalytic converter is kept ! 
• • 
: to a m inimum when the metals use d are very expensive. : 
• • • 
•• t•t••········ ··············· ·················••t••·········· · ·· · ········••+••••••••41111111 .................... .... 
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! ACTIVITY . . 

: 
i 

Burning petrol in car engines 
In a ca,r engiine, petrot vapour and a:ir are compressed a,nd ignited. The 
comp:ressi1on can cause pre-i,ginition wh,ich results rn an undesirable 
.knocking sound from the eng ine. Branched chain alkanes, such as that 
shown in Figure 12.117, are Less likely t,o cause pre-igniti,on. 

~ H CH~ H H CH3 H 

~ I I I I I I i H~c~c~c~c~c~c~H 
I I I I I I 
H H H H H H 

Figure 12.17 

1 Name th,e alka,ne in Figure 12.17. 
2 State the molecular formula of this alkane. 
3 Draw and nam,e a. straight chain alkane isomer of this molecule. 



The chlorination of a lka nes 
is dl i1scussed in Chapte r 131 

Ha Logen,oaillka nes u na.er 
Synthesis a1nd reactions of the 
ha Lagenoa Lka,nes. 

Practice questions 

'4. Wri1te a ba Lanced sy1mb·ol equati on f.o r the complete com,bustion of 
this alkane. 

5 Expla·in why incnmpLete combustion of thi1s a!.kane may produce smo1kie. 
6 State one oth er env iron 1menta'l problem cause di 1by the burning of 

pet rol in a, ca r eng ine. 
7 The boiti ng· point of this bra:nched, alkane is 109 °C. Suggest tne 

boi li ng point of the stra~ght chain isomer named ,in questi,or, 3. 
Ex pta 1in your c3nswer. 

Carbon monox1ide and ox iides of n1t roger1 NDx are formed when 
t:n.11rning nydrocarbon1 fuels :in car engiines. :Errvironm,ental damag,e 
due to these gases ea n be redu ced tf cars are fitted with catalytic 
conve rters. 

a What are carbon monoxid·e and nitr ogen oxides changed ·into in a 
catalytic converter? 

9 Expla,in in term,s of en·ergiy, how a catatyst enab les a react iion, such 
as .th~s~ to, prnceed m{)re quf ckly. 
Remova l of oxides of nitrogen f ro·m diesel er1g ine exhaust gases is 
problemat ic. One sollutiori to aiid the re.movat of nitrogen ox,1d,es rs to 
i njiect ammo,nia into, the ex 1haust gases before they enter the catalyt1c 
converter. 

4NH3 + 4NO + 02 ~ 4N2 + 6H20 

10 Wh.a:t vo lume of oxygen gas i,s needed to react co1mpletely wjtlh 
1,.6 dm3 .af ni1tr.ogen[II ] ox ide at 20°C and 1 atmosphere pressure. 

Enviroumental chemistry is a lively and complicated area of research. Chemists 

must consider a myriad of factors when evaluating the impact of an action on 
our world. It is in teresting to note that the town of Norilsk in Russia produces 
part of th.e world's supply of the catalytic m·etals for use in catalytic conveners 
but is one of the ten most polluted towns on earth. The pollution has arisen 
from the many metallic production processes canied out in this Russian town. 

1 How many branched chain isomers are there 3 Cracking is a process used in the petrochemical 
industry. vnth the molecular formula C6H14? (1) 

A 4 
C 7 

2 Hexane is an alkane . 

B 5 
D 8 

a) State the general fonnula of the alkanes. (1) 

b) Give the molecular formula for hexane. (1) 

1c) Alkane A can be cracke·d to form one 
molecule of hexane and two molecules 
of propene1 

1C3~. ¥/hat is the molecular 
formula of A? (l) 

a) Explain what is meant by the term 
cracking. 

b) One type of cracking produces a high 
percentage of alkenes. 

(1) 

i) Name this type of cracking. (1) 

ii) State the conditions used in this type of 
cracking. (2) 

c) Give one economic reason why cracking is 
necessary. (1) 



4 Crude oil is a complex mixture mainly II 
consisting of hydrocarbons. lt is fractionally 
distilled to produce less complex mixtures] 
known as fractions. 

a) E:,..,'P]ain why the shorter chain 
hydrocarbons are c-0Uected at the top of 
the fractionating column. (2) 

I,) The compounds fron1 the heavier fractions 

can be decomposed into shorter chain 
m.olei:ules using a zeoli tc catalyst. 

i) Give tw'o additional conditions 
necessary fo,r this process. (2) 

ii) Describe the structure of a zeoli.te and 
sugg,est why this is a11 important feature 
of this type of cracking process. (2) 

5 Octane is used as a. fuel for internal combustion 
. 

engines. 

a) Write an equation for the incomplete 
combustion of ,octane to produce ca.r-bon 
monoxide and carbon in a. ra rio of 1: 1. (1) 

b) Why does the presence of carbon 
monoxide in Yehicle emissions cause 
concern? (1) 

c) Catalytic converters are used to remove 
carbon n1onoxide from vehicle emissions. 

i) 'Nrite an equation for the reaction 
between carbon monoxide and 

nitrogenOU oxide, NO> that occurs 
in a catalytic converter. (1) 

ii) Name a ·metal whic·h can be used as 
a catalyst in a catalytic convenec (1) 

iii) Suggest a ·reason, other than that of 
COS t, why the catalytic metal is thin]y 
coated onto a ceramic honeycomb. (1) 

6 Butane, pentane and hexane are members of the 
homologous series of alkanes. 

a) State two characteristics of a homologous 
• senes. (2) 

b) The boiling points of the straight chain 
isomers of butane pentan.e and hexane are 
given in the table below. 

A lkane butane pentane hexane 

Boiling point /°C -0 .5 36 69 

i) Bop]ain the trend in the boiling 
points. 

ii) Name a process which can be used 

(2) 

to separate these alkanes. (1) 

c) Alkane fuels derived from crude ,oil may 
contain trace impurities which bum to give 
toxic gases. A toxic gas 'I, is removed by 
passing it through calcium oxide s]uny. 

i) Name the toxic gas. (1) 

ii) Name the type o,f reaction which 
happens between the toxic gas> 
T, ,and the calcium ,oxide. (1) 

d) Butane is fomied when hydrocaribon X 

is subjected to a cracking process. One 
molecule of X produces a molecule of 
·pent-1-ene, t\Va molecules of ethen.e and 
one molecule of butane. 

i) Identify ·hydrocarbon X (1) 

ii) Deduce the type of cracking used. (1) 



Halogenoalkanes 

...................................... ~ ........................ ~.·~························~················· .. . • • i PRIOR KNOWLEDGE ! 
• • • • • • i • l1UPAC naming syste,m for organi'C compounds i 
• • 
: • differ,ent types of formulae : 
! • na ture of ~r,termo lecu lar farces. especraUy va n der Waa ls' forces ! 
• • : • po lar and non- po lar molecules : . ! 
: • structura t isomerism t 
• • 
: • defi nition of base ! • • • • 
: • borid enthalpy : 
• • f • knowledge of the che mistry a.f th e alkanes. i 
=····· ····•••t••t••···············••••t••·····················•t•••••••t•••••••••••+tii· lllllllllllllllllllllllllli 

~ ··························································································: 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 ~ 
• • i 1 Alkanes are a hom,ologous series ·Of saturated hydrocarbons. I 
~ al Exp lain what 1is meaint by t he following che1m1ica l terms: i 
• • : il saturated : 
• • 
: ii) hyd roe a rbon : 
i iii) homolog,ous series. i 
i 2 aJ Wr ite the molecu lar formuila of an alkane w ,ith 7 carbon atoms. i 
• • 
: b) Give th e st ru ctu ra l formula and s.keleta l f o rm,u la of two cha i ri : 
• • 
: isomer s of t his m olecule. : 
• • J 3 Write a ba lanced1 symbol equati on for t he combustion of !hexane. i 
• • • • ·········~~·,···~···~· ············~~~····~···~············~~~····~····~····~········,,w- ........................ .. 

The halogenoalkanes are a homologous series of saturated carbon compounds 
containing one or more halogen atoms (Figure 13.1). Halogeno.alkanes have 
a ,~de vari,ety of cotnmercial uses . They are used as refrigerants, propellants, 
s ol\"'en.ts, flame retardants, anaesthetics .and pharmaceuticals. ln recent 
decades n1any halogeno.alkanes have been proven to cause pollution, which 
has led to the depletion of the ozone layer (Page 283). 

H H Br H H Cl Cl 
I I I I I I I 

F-C-C-C-C- H H-c~c-C-H 
I I I I 
H H H H ~ ~ ~ 

3-bro rn o-1..:fl u o robutan e 1, .2-dichloropropane 

Figure 13.1 

Halogeno,alkanes are named as a substituted alkane with the position of the 
halogen atom indicated by numbers v.-Thcre necessary (Figure 13.1). 



Fjgure 13.2 The ha log enoalka ne 
chloroethane acts as. a mild Loca l 
analgesk [pafn killer) when s prayed 
onto the s urface of the skin. It 
evaporates very qui'ckly and coo ls the 
sk in. It can be used to temporarily 
relieve, mi nor s ports i nj u ri es. 

H 

H 
Figure 13.J 

The ca rbon-hato9e11 bond i·n 
a halogenoalkane molecule 
is po la, r, thu s dipole- dipole 
~nteract ions are present between 
.moilecules. 

Figure 13.4 The bar cha rt 
shows the boi Ling points of so me 
halogenoalkanes. Three of these have 
boiling points b~low room temperature 
and a re gases at roo m tem.peratu re . 

Physical properties of the 
halogenoalkanes 
Halogenoalkanes contain the functional group C- X, where X is a halogen atoin, 

F, a, Br or I. The general formula of the homologous series is CnH2n+1X 

The nature of the C X bon1d in the halo 1gen1oalkanes 
The C- X bond in halogenoalkanes is polar because the halogen a.ton1 is more 
electronegative than the C atom. The electronegativity of the halogen atom 
decreases as Gr:ou.p 7 is descended and thus the C-X bond becomes less polar 
(5ee Table 13.1). 

Table 13.1 Electronegativ ity va lues far ea rbo n and halogens . 

Element Electr onegativity Polarfty of the C-X bond 
-

fluorine 4.0 Extremely polar but not ionic 

chlorine 3.0 p E 
bromine 2.8 u 

rJJ 
-a 

iodine 2.5 Almost non-pola r 

Boiling1 point 
There are two separate types of inrermolecular forces between halogenoalkane 
n1olecules; van der Waals' forces and pem1anent dipole-dipole interactions. 

Consider first the pattern in boiling points of the chloroalkanes as the carbon 
chain length increases. The in rerrno1lecular force of attraction due to van der 
v.Jaals' forces increases as the relative molecular mass increases; the ref ore the 
boiling ·point of ilie chloroalkanes increases as the chain length increases. This 
pattern is repeated for the bromoalkanes and the iodoalkanes. 

Now consider the trend in b oiling point when th.e carbon chain length is kept 
the same and. the halogen atom is changed . Although permanent dipole­
dipole interactions are greater the m,ore polar the carbon-halogen bond, the 
changing van der ~als, forces have a greater .effect on the boiling point. of the 
molecule. As the relative molecular mass of the halogen increases the boiling 
point increases, th llS th.e boiling point of an iodoalkane is greater than the 
boiling point of a bron1oalkane, which is greater than the boiling point of a 
chlo,Fo,aDcane, fOJ" compounds with identical carbon chains (Figure 13.4). 
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Solubility in water 
The halogenoalkanes. despite the po]ar nature of the carbon-halogen bond, 
are insoluble or only very slightly soluble in ,vatec They are soluble in organic 
solvents and due to their ability to in.ix \Vith other hydrocarnons a.re used 
extensively as dry cleaning fluids and degreasing agents. 

~ .. ............ .......................... ..................................................... ........................................................ . 
: TEST YOURSELF 2 i 
• • ! 1 Draw the d1 isp layed formula for t 1h,e foUowi ng I+ Name the fo llowi ng ti.a loge noalkan es. ! 
j halogenoalkanes: i) CH2BrC1H2CH2Br i 
i i) 1,1.1-trichloro,ethane ii) CH3CH l1CHClC H2CH3 ! 
~ ii, 2 ,3- di brom abu ta ne iii) C3H 7c C l2 F ! 
• • ! iii I 2-chloro-1-fluoropropane. ivJ CH3CBr·(CH3]CH2CH2Br. ! 
! 2 Draw the diisplayed for ·mutai for bromoethane 5 Which of each pai r has th e greater bo iling point? i 
• • ! illustrating the polarity of the ea rbon-bromine iJ1 C2H5Br and C2H5F i 
: bond1

• ii) C2H51Br an d CH3Br ! 
i 3 Explain w ny the caribon-bro1m:ine 'bond i,s polar and iiil c H3cH2c H2cH2Br and cH3CH[C H3)cH2Br ! 
j co 1m pa re H to the cair lbo n-c'h lor in e bond. j 
:;+•••••••••t•··· ·································· t···················•••t•••••················,······························;•••t••••••••••t ......................... .. 

C)~S-y-nt_h_e_s-is-· -an- d-.. -re_a_c_t-io_n_s_o_f_t_h_e~~~~­

halogenoalkanes 
Synthesis of the chloroalkanes via the photochemical 
chlorination of the alkanes 
Ch1,orine wiU react ~th methane in the presence of sunlight forming a 
mixture of chloroahkanes and fumes of hydrogen chl:0ride gas. 

or 

or 

or 

CH4 + Cl2 
UV 

CH3Cl + HCl ~ 

methane + chlorine ~ cbloromethane + hydrogen chloride 

~ + 2Cl2 
UV 
~ CH2Cl2 + 2HCl 

methane + chlorine ~ dichloromethane + hydrogen chloride 

+ UV 
..::....+ CHC13 + 3HCl 

m ethane + chlorine ~ trichloromethane + hydrogen chloride 

+ + 4HCl 

methane + chlorine ~ tetrachlorometh ane + hydrogen c·hloride 

In p rac tice a inL'tture ofhalogenoalkan.es are produced with some longer 
chain alkanes. The components of the liquid mixture can be separated using 
fractional distillation . 

The presence of the longer chain alkanes in the mixture helped chemists to 
formulate a mechanism for the reaction . A mechanis m is a detailed step-by­
step sequence illus trating how an overall chemical reaction occurs. 



.......................................... 11; .................. ,, ....................... ~ .............. . 

A s. 1 s I r i n reaction i1s ,one in which 
an atom ,or group of atoms is replaced by 
another atom or group of atoms. 

A ,r r ic· l is an atorm or group wijth an 
u n pa ~red e iectron. 

A dot• is used to represent the 
unpaired electron j,n a radi ca l. 
The dot ca n be on either side 
of the spectes, e.g. Cl• or •Cl. 
Homolytic fission i1s the breaking 
of a covalent bond to produce two 
free rad'fcats. Each ato,m in the 
bond leaves with one electron 
from, the shared pa rir. 

e.g. CH,3Br~ • C.H3 + 'Sr• . 

Consider the reaction between methane and chlorine to forn.1 chloromethane. 

+ HCl 

methane + chlorine ~ chloromethane + hydrogen chloride 

One of the H atoms in the methane molecule has be,e11 remev~d and replaced 
·by a chlorine atom. This type of reaction is called a sub6titution ·reaction. A 
substitution r:eaction is one in which an atom or group of atoms is replaced by 
another arom ,or group of atoms. This p articular substiruti.on is a frc.{ -r~1dic,ll 
s uh.., tit u I i n r,eaction. 

Step 1 Initiation 

The molecules of chlorine absorb ,en ergy supplied by the UV light and the 
chlo,rine-chlorine covalent bo,nd breaks symmetrically. Eac·h atom from the 
bond leaves with one electron from the shared p air of electrons. Two chlorine 
atoms are fonned. Each atom has an unpaired electron in the outer shell. 
They are called fr n. r;.1d i ~a 1 - and are· extremely reactive. 

Clb ~ Cl• + Cl• 

Step 2 Propagation 

The highly reactive chlorine free radicals, Cl•, react with the m,ethane 
molecules forming hydrogen chloride gas and leaving a methyl free Iadical, 
•CH3. ln rum the methyl free radical reacts with a second chlorine molecule 
forming chlotoniethanei CH30, and another chlorine free radical This 

continuing process of producing free radicals is known as a t·h:lin r ·~1 ctiun. 

Cl• + CH4 ~ HCl + • CH3 

Step 3 Termination 

1n order for the reaction to s top two free radicals ·must collide and react to 
form a molecule. th;ere are sev: ral possible combinations of free radicals. 

G• + Cl• ---t Cl2 

Two chlorine radicalls fo·rm a chlorine molecule. However the UV light would 
break the c'hlorine m,olecule down again, so this combination would not 
tenninate (or end) the reaction. 

O• + • CH3 --... CH3C1 

One cblnrine radica] and one methyl radical react to fonn. a molecule of 
chloromethane. 

Ethane is forimed by the reaction beween two methyl radicals. This combination 
explains the e.xis tence of longer chain a1kanes in the reaction. tnixture. 

In summary, halogenoalkanes are the ,organic product of the photochemical 
reaction of the halogens \\-ith alkanes in UV light. They are produced via a free 
radical substitution ·mechamsm in a chain reaction. 



11 ,2-djchloroethane reacts with chlorine in UV 1'ight to produce a mixture of 
fu rtfle r su bstrituted ha tog en oa lka r,es. 

Wr1ite two equat ions showing the propa,ga ti,on of this ch,a~ n reacti,on to 
produce 1, 1 ,2-trictilo,roethane. 

2 Traces of 1' ,2,3,4-tetrach lo robuta ne a re found in the reactior, mixture. 
wr;t,e an equatiion to show 'how tn.is product is form,ed. 
Wr,ite a batanc,ed symbol equation to i~lustrate the overall react:ion 
between 1, 1,2- tricihloro,etnane with c,hlori1ne in UV lig 1ht to for,m 
he.xa,c h loro ethane. 

Answers 
The stem of the questton gives a reactiion condition a n,dl two reactants 
one of which is 1,2-d ichtoroethane. It .is useful to write the structu ra l 
formula, CH2CLCH2CL. 

You sihould recog,nise this as a free radical substitut~on reacHon, whrch has 
three drstinct steps in th,e 1meclhanism of wt-rich propagati1on ~s the second. 
You shou ld recaH that th,e propagation steps for the cihain reaction of 
methane and chlorine are: 

CH4 +Cl•~ HCl + • CH3 

•CH3 + Cl2 ~ CH3Ct +Cl• 

1,2-dich lo roe tha ne wil l reaict by a simitar mechanism. 

CH2ClCH2Cl + Cl• ----t CH2ClCHCt• + HCl 

CH2ClC HCl• + Ct2--+ CH2C lCH Ct2 + Cl• 

It is useful to understand w1hat is happening. In a first propa,gat1io1n step 
the Cl• r,eacts with the organic m,otecule thus ,extracting a H atom to form 
HCl and leaving the organic molecu le w,ith an unpaired electron where the 
hydrogen atom was rem,oved. 

In the second propagat1ion step this free radical which is extr,emety reactive 
rea cts wi1th a molecule of chlorine break:ing the Cl-Cl covalent bond, to 
replace ttle lost hydro g,en and forming, a notlh er Cl· . 

2 The th ird step 1 n t1hi s free rad ical mechanism i's a terminiationi ste!J. Tnis 
rnvolves two free radicals joining together to form one molecule. The 
two, free rad,icals are Cl• and CH2ClCHCl•. The structural formula of 
1 ,2,3,4-t etra1Gh1lorabutane 1is CH2 CLC HClCHClCH1

2Cl and so 1it is formed 
wnen two CH2ClCHCt,• radi,ca ls react. The equation is: 

CH2CtC HC'l• + CH2ClCHCl• ~ CH2ClCHC:lC HCU'.:: H2Ct 

or ~t can be represented using displayed formu la as in Frgure 13.5. 

Cl Cl Cl Cl Cl 

Check your equati,ans. 
Propagation steps atways have 
a molecule and a free ra,d.i'cal 
as reactants and a different 
'molecule and free r-ad icat as 
products. The equa tion does 
not represent a propaga,tio,n 
step if th ere are two m,o lecu les 
on one Sfde. 

Cl Cl Cl 

H-c-c• + H- C-C- C- C- H 

H H H H H H H H 
Figure 13.5 



~ -··························································································: 
! TEST YOURSELF 3 ! • • 
f C h lo dne re,a et s with etha1ne in the presence o.f s u nUg ht. ~ 
~ 1 a) Name th e mecha n:i,s,m1 by which this reactFo n happens. ~ 
. l . i b Wri te an equation to show: i 
• • : • an in itiatiion ste1p : 
I I 
"' • I! 

: • two, propagation steps : 
• • • ! • a term1i n ait ion step to show produ et flo·n of CH 2CtC H3 ! 
• • 
: • a term~natlon step to s h ow productiion of butane. : 
i ; ! c) Name and draw thie displayed f,ormula, of two d:ffferent tri- ! 
: substitu ted hca logenoa lkanes which may be found in the product : 
i mixtu re. [A tri-substituted ha log,enoatkane is one in which three i 
i hydrogen atoms have been reptaced by three halogie ns.] ! 
• • • • .. ........................................................... ................................................... 

Free radical substitution reactions in the ozone layer 
Ozone; 0 3, is an allotrope of oxygen. The highest levels of ozone are m 
the stratosph-ere, a region becv;een approxitnately 10km and 50km above 
the surface of the eanh, known as the ozone layer. In this region, while the. 

concentrations of ozone are only 2- lOppm, the ozone performs an essential 
function. It enhances the absorption of ham1ful u l traviolet light by nitrogen 
and o2lygen> preven ting a proportion of these harmful :rays from reaching th~ 
surface of the Earth. Ultravio,let light that reaches the surface ,of the earth 
am cause- sunburn bur is also necessary for the- production of vitamin D in 
humans. In the absence of ozone,, ultraviolet light of wavelengths 200 run 
to 300run can also reach the Eanh. These wavelengths caus,e skin cancer, 
cataracts in eye-S, damage to plant tisS11e and reduce the plankton. population 
in the ooeans. 

Over the past th ree to four decades> scientists have observed a steady decrease 
in the ,ozone present in the stratosphere and have concluded that this 
decrease is caused by photochemical chain reactions by halogen free radicals. 
The source of these halogen free radicals are the halogenorukanes, which are 
extensively used as solvents, propellants> flame retardants and anaesthetics. 

Chlorine free radicalls cause the greatest destruction due to the widespread use 
of chloroflluoroalkanes (CFCs) which were valued both for rheir lack of toxicity 
and non-flammability. Unfortunat,ely, because CFCs are stable in the lower 

ann osphere they" do not degrade. They diffuse into the sn1uosphere where UV 
light causes homolysis of the carbon- chlorine bond and produces a chlorine 
free radical, Cl• . 

F F 

R- C·- CI 
UV 

F F 
CFC 

Figure 13~6 



Figure 13.7 Satellite image of the ozone 
hole [purple) over Anta retie a (centrel 
on 2 5th September 2 010. Ozone layer 
th1cknesses are colour coded from 
purple [Lowest] through blue . cyan and 
green to yellow [highest]. The ozone 
hole- was at its annual m;;ix i mum, 
cover1ng an area of over 22 million 
square ki'lometres. 

A nu c hi is an electron pair do·n or. 
1Phile' or~ginates from th,e andent Gre,ek 
word ph~Ua mQaning love. Nud~ophih?, 
[oo,sel~ tr.anslatedj means lov,es nudeus or 
positwe centre. 

Mak,e sure, for negati,ve 
ri ucteo pn iles that you show both 
the lone pa rr of etectrons, :, 
a:nd the posi,tion of th e negati,ve 
charge on the i an. 

Note the position of the lone pair 
of electrons, :, in the molecule 
or i o n. I t i s a t t ,h i,s po i n t t h ai t 
t:he bond witl be made w ith the 
S+ carbon atom1 of the organic 
molecule. 

The chlorine free radical reacts -with ozone, 0 3 , decon1.posing it to form 
oxygen 0 2. 

Cl•' + 0 3 ~ ClO•+ 0 2 

·The chlorine free -radical is reforn1ed by reacting 'With more ozone m olecules. 

In this sense the chlorine free radical is a catalyst for the decomposition of 
ozone and so contribut-es to a hole in the o,zone layet It is estimated ·that one 
molecule of chlorine can decompose 100000 molecules of 10,zone. 

Overall: 

There was a realisation by governments and chemists that solutions to the 
problem of ozone depletion had to be found. Almost 200 countries have 
pledged to phase out the production of ozone depleting agents (The Montreal 
Protocol) and chemists ha:~,..e de:Veloped and synthesised alternative chlorine­
free co1.npounds vlith lo,v toxicity1 which do not deplete the ozone ]ayeI; sucl1 
as hydroftuorocarbons (HFCs) 1 for exa1nple) trifluoromethane> CHF3,. 

The reactions of the halogenoalkanes 

Nucleophilic substitution reactions 

The carbon-halogen bond is polar due to the difference in ,electronegativity 
benveen the carbon atom and the halogen atom. The o+ carbon at,om in 
the carbon~halogen bond in a halogenoalkane is susceptible to nucleophilic 
attack A nuclcophil is an electron pair donor. 

Hal,o,genoalkanes react Vlith nucleophiles such .as: 

hydroxide ions
1 
OH~, 

:oH 

cyanide ions] CN­

:cN 

and atnmonia, NH3 

The first tw'o nucleopbiles are negatively charged while the ammonia is 
neutral. 

In general th.e n egatively charged n.ucleophiles react via the following 
mechanism, where Nu represents the nucleophile. 

H H 

R--C--Nu +:x-

H 

Figure 13.8 

Chemists use the' urly arrow (actual technical tennO in diagrams 
representing organic reacti,o,n mechanisms to illustrate the movement of a pair 
of electrons (Figure 13.8). The pair of electrons can be a lone pair or a bonded 



efl is the continuous bomng, and 
condensing of a reaction mitxtur,e. 

HEAT 

Figure 13a 9 A reflux apparatus. A 
condenser is placed in a ve rtical 
position on the reaction vessel. Any 
vapo urised rea ctants will co ndense and 
return to the react ion tla sk. 

pail: A curly arrow must begin at a lone pair or in the centre of a bond and 
must end at an atom ,o,r in the centre of a bond. 

In this case the lone pair of electrons on the nucleophlle is attracted to the 8+ 
charge on the carbon atom .attached to the halogen atom (X). The nucleophile 

makes a bond with the carribon atom. This is followed by both electrons in the 
C-X ·bond inoving to the X. at,om. The curly arrow showing the move1nent of 
thls pair ,of electrons begins on the C- X bond and ends an the halogen atom. 
It leaves the molecule as a halide ion. The leaving group is shown with a lone 
pair of electrons. 

Nucleophilic substitution. by a hydroxide ion 
The reaction b etween aqueous sodium hydroxide (or potassju n1 hydroxide) 
and a halogenoallmne can take place at room tempeiature but it is slow and 
is often r , flux d gendy to improve the rate and the yield (Figure 13 .9). The 
halogenoaUcane is dissolved in a little ethane] as it is insoluble in vvater. The 
aqueous solution of the hydroxide ions and the ethauolic solution of the 
halogenoalkane are miscible. ]ne organic product is an alcohol. 

For example, in the reaction ofbromoethane with an aqueous solution of 

hydroxide ions. 

• dissolve bromoethane in a. small volume of ethanol 
• add an aqueous solution of .sodium hydroxide 

• reflux gently 

NaOH NaBr 

bromoethan.e + sodium hvdroxide ---+ edianol + sodium bromide 
.J 

The m · chanism is: 

H H 

l I o+ ,,-... _ a~ 
H- C- C::...L Br - -

1 I 

H H 

Figure 13.10 

H H 

I I 
H-C-C-0-H + :sr-

1 I 

H H 

This reaction. ca11 also be classified as a hydro,Iysis reaction. 1droly~i is the 
breaking of chemical bonds '\\-ith \Vater. The term also refers to the process of 
breaking bonds with hydToxide ions. 

Rate of hydrolysis of the ha1ogenoa1hanes 
The rate of tbe nucle,ophllic subsrirution/hydrolysis of the halogenoalkanes 
depends on the ease of breaking the carbon- halogen bond. The stronger the 
camon-halogen bond tl1e :more difficub it will be·to break a.nd the slower the 
reaction. 



Table 13.2 The average standard bond 
enthalpy of the carbon-halogen bonds. 

Fig u re 13 .11 The ha Loge n oa L ka n e s 
1-chlo robuta ne, 1-bro m obuta ne and 
1-iod obuta ne have been hydro Lysed with 
etha nollc silver nitrate [AgN03] givlng 
a precipitate· of a silver halide. In terms 
of rate of reaction, 1- iodo butane r9acts 
fastest, then 1-b ro m o b u ta n e and fi n a L Ly 
1-chlorobutane. Can you explain w hy? 

C-F 484 

C-CL 338 

C-Br 276 

C-1 238 

Table 13.2 gives the average standard bond enthal1,y o,r bond strength for 
the carbon- halogen bonds. The sttnngest bond is trbe C-F bond. Bond 
strength decrease.s as Group 7 is descended. Therefore, the C-I bond. is the 
most reactive. The C- F bond is so strong that fluoroalkanes are extremely 
unreactive. (This is one reason why hydroUuorocar-bons have been developed 
as aiterna.tives to CF Cs - see pag,~ 28 4). 

However, the most stable ion is the fluoride ion,. F-. The least stable is the 
iodide·, 1-, ion. Combining these t~¥o factors, the order of reactivity of the 
halo genoalkanes is: 

RI > RBr > RO 

Nucleophilic ub titution by a cyanid i.on 
The cyanide ion contains a carbon atom bonded ,..-;.a a triple cova1lent bond to 

a nitrogen atom. (C N). 

An aqueous solution ,of potassium cyanide, KCN, is mixed \Vith an ethanolic 
solution of the halogenoalkane and refluxed gently. The organic product is a 
nitrile. 

For example, in the reaction of brom.oethane v;rith an aqueous solution of 
cvanide ions : 

.J 

• dissolve bromoethane in a srnall v,olume of ,ethanol 
• add an aqueous solution of potassium cyanide 
• reflux gent]y 

CH3CH2Br + KCN ---+ CH3CH2CN + KBr 

bromoethane + potassium ......... propanenitriJle + potassium br,o,mide 
cyanide 

Mechanism 

H H H H 

H-J_J~sr6--------.. H-J_J_c_N + :sr-
1 I 
H H H H 

-Ne: 
Figure 13.12 



CH3CH 2CH2CN ts butanien~trjle. 
The carbon in the -CN group 
is cou nted as part of the 
car!bon chaiin. Remember the 
presence of the letter e. It is not 
b u tan nit ri te. 

HI H 

I I 5+r ~+ 
H-C-C- Br --· 

I I 
H H 

F jg u re 13~ 13 

The initial organic molecule has tvto carbons, the organic product has three. 
This reaction increases the length of the carbon chain by one. This can be 
useful in organic synthe-Sis w·hen the available starting material contains one 
less c~ubon atom than is required in the product. 

Take note of the name of the pfoduct. The CN group vthen present in 
inorganic -compounds is named cyanide; KCN is porassium cyanide. When 
present in org;anic cnmpound.s s the CN group is named nitrile~ 1CH 3CH2CN is 
propanenitrik. 

Nucl . ophilic sub titution by an ammonia mol cule 
Ammonia is a nucleophile because it can donate a pair of electrons. It 
is a neutral nucleophile. The 'tnechanisn1 is a little tnore con1p]ex tharL 

the mechanism by which the negawte nucleophiles react. A mixture of a. 
co,ncenirated solution of ammonia and the halogeno.alkane dissolved in a 
little ethan.ol is placerl in a sealed container under pressure. The .subsequent 
reaction produces a pritn.ary amine as the organic product. 

fur example., in the reaction ofbromoethane with a concentrated soru.rion of 
.mnm.oma: 

• dissolve bromoethane in a small volume of ethanol 
• add a concentrated solution of ammonia in excess 
• in a sealed container under pressure 

bromoethane + ethylamine + ammonium bromide 
. 

ammonia ~ 

llf you need to outUne a mechanism, then sim1ply draw Figure 13.13 

The lone pair of electrons on the nitrogen atom of the nucleophlle is attracted 
towards the slightly positive carbon atom of the halogenoalkane. The electrons 
in tl1e carbon-halogen bond move to th-e halogen atom and it leaves as a 
halide ion. The organic species now contains a nitrogen atoms which has four 
bonds. This nitrogen is posirivel~ charged. A second ammonia molecule is 
attracted to the positive organic intermediate and removes a hydrogen ion. 
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Figure 13. 14 Primary, secondary and 
t er ti a ry c1 m 1 n e s ~ 

H H 

H 

The balanced symbot equation for the overall react ion betw,eein a:m monh; 
and a nalogenoa lkane contains two a:m 1moni,a 'molecules. The frrst acts as 
a nucleophile and substitutes the halogen. The second acts as a base and 
accepts a proton, a hydrogen ion. from the reactive interm,edia te. 

Ethylamine is classified as a prin1ary i n1in as it has one Rgroup attached 
to the N atom. In practice the product mixrure contains diethylamine 1 .a 
sc ondu a 111i n t and triethylamine 1 a t 1 ial) a 1ni11c. 

H H CH
3 

H3C N/ HC N/ HC N/ 
~H 

3 

~ 
3 

~ 
CH

3 
CH

3 
ethyl amine d iethyJarn iine ttiethy,lam i,n e 

H R R 

R N/ R 
/ 

R N/ N 
~ ~ ~ 

H H R 
pdmary amine secondary am 1n e te,rtiary arnine 

The yield of primary amine is ,encouraged by the use of a concentrated 
solution of am_rnonia. This prevents further substitution of the N .atom. 
Further substinnion is possible as the product, the primary amine; is also a 
nucleophile. The mechanism below illustrates how the funher substituted 
amines are formed. 

H H H 

H H H 

H H H H H 

H--C--C--N--C--C--H + NH
4
Br 

H H H H 
seconda1ry arnine 

Figure 13.15 



~ -----·······-----·······------·······------·······----·-······------·······-----···········: 
! TEST YOURSELF 4 i • • 
! 1 Chem1 i1sts use curly arrows to, show mechanisms of chem,icail reactions : 
• • 
: such as those of nucleophiles or bases with hatagenoalkanes . : 
• • i Explain what is meant by the foHowing terms: : 
• • ! al mechanism ! 
• I 

! b) curly arrows : 
• • : cl nu cleop· hile : • • 
: d) base. : • • . : ! 2 Buta n-2- o·l can be formed by the reaction of 2-bromobutane with ! 
! hydrox i d,e ions. : 
! al Expilain using a reac tion m,echanisrm how butan-2-ot can be i 
: form.ed from 2-brom,obutane. : • • i b) Na·me the reagent and state tile react ion condiUo,ns. ; 
• I 

! cl Name the type ,of r,eact[on. : 
• • f d) Wrne a balanced symbol equation for the overaU reaction. j 
E 3 2-lbromobutane is a liiqui1d which is insoluble in water. Adding it to ~ 
i aqu eous potassium cyanide produces two i1mmiscii1J te layers. I 
! al How can the halogenoa lkane b·e enco uragied to m·ix with the : 
• • 
: aqueous layer so that a react ,ion car, take place? : 
• • i b) Outline the reaction mechanism fo r aqueous potassium, cyanide i 
• • : reacting with 2- bromobutane. : 

! cl Name the orgarti c product. i 
• • i d) Wri'te a balanced symbol equation far the overall reacHon. : 
• • ! I+ A 1mmonia reacts wH:h 2-c'1loropropane to form an amine. ~ 

i al Wri,te an overall equation for the reaction to show the for1mation of { 
i a prlmary am1 ine. ! . ~ 

: lb) Name the organic product. : 
• • i cl Expla,in the furlc tron of the second molecule of ammonia. i 
i d) Staite the rea·cti on con di ti oris. i 
~ . 
! al Why a re d'i- and tri·-substi1tuted am,ines are found in the product ! 
i mixture? = 
• • • • • • .................................................................................................................. 
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REQUIRED P ACTICAL ; 
Preparation of 1-bromobutane 
The following method, ca,n be used to prepare 1i-bromobutane. 

Place 30 cm3 of water, 40 g of powdered sodium bromi·de and 21.8 g of 
bu ta n-1-ol ~ ni a 250 cm3 ro u ndi boHom,ed flask. 
Allow 25 cm3 of canceritrated sulfuric ac r,d to drop into ttlis flask from 
a tap funnet. cooUngi the ftask in an i1ce ba·th. 

• Refilux t:he reaction, mixture for .45 minutes . 
• Oist iit off the crude 1-bromobutane. 

Wash the d1ist1llate with water before wash~ng with concentrated' 
s utf u r1c acrd:. 

• FJnalty wa,sh with sodiu1m carbonat,e sol,ution. 
• Remove the 1-bromobuta·ne layer and add a spatula of anhydrous 

sodh.Jm su l fate, swirl and Hlter. 
Oi.stil and collect the 1-bromoibutane at 99-102 °c. 



thermometer- bulb of 
thermometer m us.t be at 
junction in the sti ll head 

pea,r sha pedl 
flask · 

measuring 
l,.lfAT cyli nde rr to ---1..A,. 

collect dirtililate 

Figure 13.16 DistiLLatio nap paratus. 

Potassium hydroxide is more 
so lub·le in etnanol than sod ium 
hydrox ide 1is and ft is used in 
preference to sodiu1m1 h1ydroxide 
as a source of llya roxide ions. 

HO:~ 

H H 

- · e 

R-cl c-Br 

H Bb 
Figure 13.17 

1 Writ,e the equati on for the formation of 1-bromobuta ne from 
butan-1-ol. 

2 a) Writ,e ain .equation for th·e 
form at~ on of hydrogen 
bromide from sodium 
brom~de and suUur~c ac~·d. Refer to the reactions of so!L id 

halides and concentrated 
su lfu ric acid in Chapter 12. 

b] Explain how bro.mine and 
sutfu:r dli·oxide are for·med 
du ring the pr,eparation. 

' • 
..._ __________ ,.. ____________ .: 

Sugg.est why the concentrated sulfuric aciid is added slowly and not aill 
at once. 

4 What ts added to the d,istHtati,o.n flask to ensure even boiUng? 

5 State three changes ·made to the apparatus set-up to change from 
reflux to d i·st1Uat~on. 

/J al Exptain how the process of washin,g· with sodium1 ca,rbonate 
sotutiion is c@·rrred out 

bi Sugg,est what .is removed by the sodium carbonate sotution. 

7 suggest what is r-e,moved by a,dding anhydrous so,dium sutfate. 
B l1f 3.55 g of 1:-ibromobutane W·ere obtained, ca lculate the percentag.e f 

yield. . 
9 Referring to pract~cal and theoretticat considerations, sugigest why the ~ 

percentag,e yreld is not 100°/o. i 
~ 
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Elimination reactions of the halogenoalkanes 
An a·q~eous solution of potassium hydroxide contains hydroode ions. The 
aqueous hydroxide i,ons will react as nucleophiles Vlith halogenoalkanes, 
forming an alcohol in a. nucleophilic substinuion reaction. Ho-wever, when 
dissolved in ethanol the hydroxide ions a.et as a. base and accept a proton 
(a hydrogen ion) to form water: The consequence is that the halogenoa.lkane 
molecu]e loses a hydrogen atom and a halogen atom. The organic product is 
an alkene. 

R~H2CH2X + KOH -t R-CH~CH2 + H20 + KX 

Note that the hydrogen and bromine ato·ms which are rem.oved from the 
halogenoalkane do not form hydrogen bromide. Study of the mechanism 
illustrates why water is formed by the hydrogen lec.'lVing. 

R H 

""c-c/ 

/ "" 
+ :sr- + H 0 

2 

H H 

The bydrogen atom is re1noved by the hydroxide ions to fom1. water. A 
carbon-carbon double bond is fonn·ed and the bromine leaves as .a br,omide 
ion. The hydrogen removed by the hydroxide ion is attached to a carbon 
adjacent to the carb 01.1 attached to the bron1ine. 



The co nditions ,of an organ ic 
reaction are extre·metly important. 
2-chloropropane reacts writh an 
ethanolic so,lutio·n of potassiu·m 
hyd r,o.x ide to form p ropene 
but i.n an aqueous solution of 
pota ssi um hyd roxide, propan-2-ol 
is the ma.in orga nic product. 

Figure 13.18 

This type of reaction is called an elimination reaction. An li1ninatjon 
r · ~1 rion is one in whlch a smaU molecule is rem,oved from the organic 
compound. For example1 in the reaction ofbromoeth.ane. with an ethanoHc 
solution of hydroxide ions: 

• dissolrve bromoethane in .a small volume ,of ethanol 
• add an ethanolic solutio·n of potassium hydroxide 

potassium hydroxide + bromoethane -> e thene +water+ potassium bromide 

The. Jonnation of isomers in the elimination product mixture 
V,/hen 2-chlo1~opentane is refluxed in hot ethanolic potassium hydroxide two 

isomeric alkenes, pent-1-ene and pent-2-ene~ are fonned. In Figure 13.18~ 
the • indicates the hydrogen atoms which may bond to the OH- ion. 
These hydrogens are attached to carbon atoms adjacent to the C~Br bond. 
Depending on which H bonds to the OH-! n.vo different structures may form. 

H H H* H H* 

I I I I I 
H~ c- c- c- c- c~ H* 

I I I I I 
H H H* Br H* 

-
HO: ~ 

' H H H H H 
I I I) I I 

H-C-C- c- c~ c-H 
I I I f) I 
H H H Br H 

H H H H H H H H H 
I I I I I I I I I 

H-C-C-C====C~C-H H-C-C- C-C====C- H 
I I I I I I I 
H H H H H H H 

pent-2-ene pent-1-ene 

Pent-2-ene ex:ist.s as tw'o stereoisomers. The nature of stereoisomers is 
discussed in Chaptrer 14. 
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Preparation of methylpropene gas 
Methy lp ropene gias can b"e prepared by heat1ng1 2- chloro-2-
m ethy Lp ropa n e in the ap pa iratus snow n 1 n Figu re 13 .19. l he m,i,n era,t 
wool is soake,d in 2- chloro-2-imethy lpropane and etha notic potassium 
hydrox ide. 

Mineral wool soaked in ethanolic 
potass~ufli 'hydroxide and: 

2-ctilo ro-2-mettiylpro pane 

I 

HEAT 

Figure 13.19 Laboratory preparation of methy lpropene. 

water 

Draw the d:i,spta,y,ed form,uta of 2-chtoro-2-methylpropa ne. 
2 Explain w hy 2-chlo ro-2-m ethy lpropar,e is insoluble fn wate r. 
3 a Wri te ari ,equation for t he reaction of 2- ch:loro-2- methylpropane 

wi,th ethanoUc potass ium 'hydr,oxide. 
b] Sta te the name of th 1is type of reacti,on. 

I+ A potential danger in heath1g reag,e11its and collect ing. the gaseous 
prod uct ove r wa ter is that after heating, wa ter rises back up into the 
delr1very tube. Expl,ai n why this happens and sugg·,est how this potent,ia t 
dang er co,uld b,e removed. 

5 Ca lculat e the vo lum e of gaseo,us m ethy l propene for med at a 
temperature of 298 Kand a pressure of 100 kPa. from 2 cm·J of liquid 
2-ch lo r o-2- m et1hy lpro pane. 
(Density of 2-chtoro-2-methylpropane~ 0.8 gcm-3) 

6 2- chloro-2- metihy lpropane w iH reac t wi tth aqueous sod ium1 h1y,droxrde 
to form an alcohoL 
al Wri te a balanced symbo l equatton for this reaction. 
bi State t'he name for th is type of reacti,on . 

•• -1 .... ........... I . . .. ....... ·~· ••••• •• •111• •••••••••••••• , ..... ............ ,._., •• ,. .................... .. •1111• ......................................... ,. ••••••••• • •••••••••••••••• 

Concurrent elimination and nucleophilic substitu tion reactions 
In practice, both elimination and subscirudon reactions occur simultaneously. 
By manipulating the conditions the chemist can ensure a high yield of the 
nucleophilic substirurion product or a high yield of the elimination product. 
Howeve~ the conditions imposed on the reaction mixture are not the only 
factors Vlhich dle tennine th e main product. The position of the functional 
group can also have an. effect on th e· nature of th e product . Elimination is 
more likely for a tertiary halogenoalkane and substitution is m ore likely for a 

primary ha logenoalkane (Figure 13 . 2 O) . 



Figure 13.20 Cld ssifi cation of 
ha loge no a L ka n e s. 

H 

R--C--X 

H 
primary 

one R gro,up attached 
to C bonded to halogen 

R 

R--C--X 

H 
secondary 

two R g:iroups attached 
to C bonded to 'halogen 

R 

R--C--X 

R 
tertia'ry 

three R groups attached 
to C bon,ded to halogen 

Oi-' -------
Reaction summary 

: ~h~iifs~m·-:, 
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aqueous reagent ; dissolve 
potassium hydroxide halogenoalkane in a little 

ethanol: re-flux 

aqueous reagent ; dissolve 
potassium cya nr de ha Log en oa Lka ne in a Uttle 

eth@nol; reflux 

concentrated excess; m mon ia: 1 n e1 sea Lgd 
c1mmonfa tube: under pressure 

dissolve reagent in ethanol; 
potassium hyd rox-i de dissolve reactant£ in Gthan ol: 

no water present 

Practice questions 
I Methane r:eacts with chlorine to produce 

chlorome thane and .a gas~ G. 

a) State the conditions necessary for the 

nucteo phili c 
su bstrtuti on 

nuc Leo ph ili c 
substitution 

n UC LQO ph ilic 
su bstftutf on 

e Lim in a ti on 

reaction. (1) 

b) Natne gas~ G, produced in the reaction. (1) 

c) Using a series of equations descnbe the 
mechanism for this reaction. (4) 

d) Na.me the type of tnechanism. (1) 

2 Brom.oethane is susceptible to nucleophile.s 
such as hydroxide ions and cyanide ions. 

a) What is a nucleophi1e7 (1) 

b) Write a balanced symbol equation for the 
reaction of bromoethane with an aqueous 
solution ,of: 

i) potassium hydroxide (1) 

lml .. ) • •d potass1um cyam ie. (1) 

H~r.acf~ cl, 
, .. .. 

alcohol 

carbon chain length is 1ncreased 
n itri Le 

by 1 

excess ammonia encourage,s 
a high yield of primary ;mine: amine 
d1scou rages prod uct1o n of further 
substituted amines 

product may be a mix tu re of 
alkGne 

position;;) L isomers 

c) Draw the displayed fonn u]a for the organic 
product produced by the reaction in 
2 b) ii) above. (1) 

d) Explain why the reaction in 2 b) ii) is 
especially useful in organic synthesis. (1) 

3 The following five compounds can be~ 
synthesised from compounds belonging to the 
homologous series of halogenoalkanes. ln each 
case give the reagents and conditions n,ecessary 
for their pro due tio,n and the name of the 
starting halogenoalkane. 

a) pent-2--ene 

b) propanenitrile 

c) propan"'2 -o1 

d) methylamine 

e) diethylamine. 

(2) 

(2) 

(2) 

(2) 

(2) 
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4 The reacti,on ofbron1ine ,¥ith ethane in uv light 
is similar to that of chlorine 'W'ith me'[hane. 

a) Write equations for the steps in the 
1nechanism for the brominarion of 
,ethane 10 form a bromoethane. ( i) 

b) Name t\Vo other haJlogenoalkanes which 
may be present in the product mixture. (2) 

Butane may also be present in the product 
mixture. 

c) Write an equation for the temlina.tion 
reaction showing how butane may be 
formed. (1) 

cl) Chemists have developed compounds 
such as 1 ~ 1, 1,2-tettafluoroethane that 
can be employed as alternatives to 
retrachlorome thane. 

i) Draw the displayed formula for 
1, 1,.1,2-tetrafluoroethane, 

ii) Give a reason why the use of 
l 3 l 1, 2 ... tetra:fl.uoroeth.ane is ·more 
environmet1tally acceptable than 
termcblorom.ethane. 

(1) 

(1) 

8 Nucleophiles react with bromoeth.ane in 
substitution reactions as shown in the sche1ne 
below. 

5 Write a ba]anced syn1bol equation to show I I 
the overall reaction of chlorine with pmparu: (H

2 
CH

2
CN 

to fonn 1,1,2,3,3-pentachloropropene. (1) . . I CH2CH20H I 

6 When hydroxide ions react with 

1-chloropropane, two competing reactions take 
place. 

a) Name and give the displayed formula o.f the 
two products that form. when potassium 
hydroxide reacts with 1-chloropropane. (1) 

b) Give the conditions necessary for favouring 
each product. (2) 

II 7 Tetrachloromethane can be formed from 
trichlo,romethane in .a free radical substitution 

• reacnon. 

a) Write equations for: 

i) initiation 

ii) propagation 

iii) tennination steps (3) 

b) Write an ·equation for the overall reaction 
to form tett.achloromethane. from 
dichloromethane. (1) 

c) Tetrachlorome thane is a c,o lourless liquid 
\Vith a sv,eet smell It was used extensively as 
a dry cleaning fluid. 

i) Explain, with the aid of equations 
showing intermediates that form 
in the ozone ]aye~ why the use ,of 
tetrachloromethane is severely 
restricted in over 2.00 countries. 

ii) Give t\Vo, other uses of 
tetrachlo mm.ethane. 

(3) 

(2) 

Reaction C -

Figure 13.22 

,2 

Re acti o 11 8 
With oH~ ions 

a) What is meant by the term nucleophile? (1) 

b) Name· the organic compounds labelled 
1, 2 and 3 in the scheme above. (3) 

c) Name the nucleophile which reacts 'With the 
bromoethane in 

i) Reaction A and 

ii) Reaction C. 

d) Outline a mechanism for 

i) Reaction B 

ii) Reaction C. 

e) Give reagents and reaction conditions for 

(2) 

(1) 

reaction B. (1) 

0 Exp1l.ain why an excess of ammonia is 
n.eeded for reaction C to produce a high 
yield 1of compound 3. (1) 



g) When hydroxide ions react ,vith 
bromoethane) ethene may be fonn.ed rather 
than compound 2. 

i) Giv:e the reagents and conditions 
required for the formation 
of ethene from bromoethane. (2) 

ii) N an1e the type of reaction. (1) 

9 The reaction shown below 

C2H5Br + KOH---j, KBr + H20 + C2H4 

is an example of: 

A dehydration 

B elimination 

C free radical substitution 

D nuc1eophilic substitution (1) 

10 Which one of the following is a ·propagation 
step in th,e chlorination of methane? 

A Cl2 ---+- 2 Cl• 

B CH4 + Cl• -+CH3Cl + H • 

C CH4 ~ CH3• + H• 

D CH4 + 1Cl•-----+- CH3• + HCl (1) 



Alkenes 
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• • 1 • • • • • • • • • .. 
• .. • • • • • • • • • • .. .. .. 

But-1-ene can be form ed from the ,eUmi1r,c1ti:on reacti on o,f a1 

ha logenoalkane, H, with hydroxi1de ions . 

al Draw the displayed formula for the ha Logenoa'Lkane, H . 
b) Sta te the co,nd it ions for the form,ati'on of but-1-ene from H . 
cl Outtiine a mechanism for thi s reacti1on . 
d) Name one other org,ank: product which may be produced . 

: • • • • • • • • • • • • • • • • .. .,. 
• • • • • • • .. . 

~···················································································· ........................ .... 

Figure 14.1 This apparatus gene rates 
a steady reg u Lated supply of ethene 
to e ncou rage a contra Lled ripening 
of exotic fruits grown in hot sunny 
e nv1 ran ments and destined for our 
supermarket s helves. 

Figure 14 .. 2 Home grown tom a toes 
can be picked when mature but green 
and placed in d box for 24 hours w ith 
a ripe banana . The ethe,ne released by 
the banana will speed up the ripening 
precess of the tomato to produ ce firm 
red fruit ready to eat. 

Ethenc (CiHJ, a gas at roon1. temperature and pressure] is the first member 
of the homologous seri.es of alkene.s. This simple molecule containing just two 
carbon a.tonis and four hydrogen .atoms is one of the most ve·rsatile organic 
compounds in use ·today. World-wide production of ethene is in excess of 
100 million [onnes., much more than any other organic compound. It is used 
in the production of plastics such as polythene, PVC and polystyrene. It is 
used to manufacture raw materials fo,r other industrial processes e. g. ethanal 
and ethanol. 



............................................. ~-·· ................. ...... .. ......................... ................. . 
St i t a:re motecules which have 
the S-ame mol.ecular formula and structural 
formula but a different thiree-dimens.tonal 
arrangement of their .atoms in space. 

Alkenes are unsaturated hydrocaibons. An unsaturated con1Pound contains 
at least o·ne carbon-carbon double bond, C=C. They have a genera) formula 
c..i.H2n· 

The presence of a double bond is indicated by the use of the letters 'enei in 
the name of the chain. (Chapter 11). A. number to show the position of the 
doub]e bond may be necessary. 

H H H H H 
I I I I I 

H C-C=C-C-C-H 

indicates presence of one double bond I . 
ne 

! ! ~ 
Figure 1.4.3 

Alkenes have a carbon carbon doub]e bond. lt is a centre of high tron 
density and as a resuk the alkenes are more reactive rhan arlkanes. 

E-Z isomerism 
Isom,ers are m,o]ecules which have the same molecular formula but a different 
structural formula (Chapter 11). But-1-sene and but-2-ene (Figure 14.4) are 

.examples of structural isomers. The double bond is in a different position in 
each molecule. They .are positional ison1ers. 

H CHiCH~ 

\ I c--c: 

I \ 
H H 

but-1-ene but-2-ene 

Figure 11..4 

H0V1eVer; there are two possible structures, A and B,. for but-2-ene. 

To form molecule B from molecule A (Figure 14-.5)? part of the C = C ·must 
be broken. Bond breaking requires energy. TI1is energy is not available at 
room temperature and pressure. We say there is restrict d rotation around 
the planar double bond. Clearily molecules A and 'B ar:e different· this is ,one 
example of a type of isomerism kno"Wn as stereoisomerism. - t~rt::oiso1ne 
are molecules v;1hich have the saim,e molecular formt1la and strucu11.ral formula 
but a different three-dimensional arrangement of their atoms in spac,e. VVhen 
the difference is due to the positions around the carbon-carbon double bond 
the isomers are said to be E- Z isomers. They are named either E or Z isomel'S 
according to the orientation of the groups attached to the carbon atoms of the 
d,ouble bond. The prefix Z indicates the groups are on the san1,e side of the 
double bo·nd on different carbons. The prefix E indicares the groups are on 
opposite sides of the; double bond on different carbons. 

H31C CH; 

\ I 
C:===C 

I \ 
H H 

Structure A 

Figure 14.5 

H CH 
\ I l 

C= C 

I \ 
HlC H 

Str 1Jcture B 



If your German translation is not 
quite up to scratch ... Z isomers 
have h1igher priority ,groups on ·ze 
Zame Zide' of tne dou!ble bond~ 

LHS 

18 romi.n e has a B\ hi.g her atomic 
numberthan 

CH 
3 

I \ 
H 

Zabut-2-ene 

Z from the German ,-vord zusammen 
mea niny altogether or along with 

Figure 14.6 

H CH 

\ 

E-b~2-ene 

E from the German \VO rd entg egen 
rnea,n i ng to be opposite 

3 

More complicated n1olecules are designated as E or Z isotners by ranking the 
groups bonded on either side of the ca1bon--carbon double bond. The groups 
are ranked using as-et of rules knovrn as Cahn-Ingold..-Prelog (CIP) priority 
rules. The higher the atomic nun1ber of the element bonded to the carbons 
in the C=C the higher the ranking. W"llen the higher priority substituents are 
on the same side of the plane of the C == C the isomer is a Z isotne:c When the 
higher priority substituents are on opposite sides of the plane of the C=C, the 
is,o,mer is an E isomer. 

lb determine the rank order of the groups attached to the C == C, first consider 
the atomic number of the atoms attached to the carbons in d1e bond. If these 
ato,ms are ihe san1e consider the atomic number of the nu't atom. 

1Consider l-bromo-.2-chloro-l-lluoroethene. There are fou r different groups 
attached to the carbon a.toms of the C=C. Consider each carbon of the C=C 
in rum and rank the groups (Figure 14. 7). 

RHS LHS RHS 

/ Cl C rh lorine has a Bromine has a B\ H C hl:or1 ne has a 
higher a,to mic hi·gner atornk I 

h i'gh er a tom ic 
n urn be.r than ft,1.J,rri be r than numb~ r tna,n 
lhyd rog en. fluorrine. Bromine- f luorine. Bromine hydrogen. 

1h as a high er priority. C C ChJorine has a has a hrg her C C Chlorine has a 
higher priority. 

F/ \H 
priority. 

F/ \ 
higher prior,ity. 

Cl 

The hi:gher priority groups are on the same side of 
the pla1r,e of the doub,le bond. 

1he high er p ri'o rirty groups a re on the opposite 
s,ide of the plane of the double bond. 

Figure 1.4.7 

Z-1 .. bromo--2-chloro-1-fluoroethe ne E~ 1-b rom o-2achl oro-1-fluoroet:hene 

Now consider the E-Z isomers of 2-hydrrncy-3-methylpent-2-en-l-ol 
(Figure l f .8). To c1assify isom,ers as E or Zi decide which side of the plane of 
the double bond the higher priority groups are attached. Priority is decided by 
the atomic number of the atom attached directly to the C of the C =C. 

Figure 14.8 



The top group nas a C atom bonded directly 
to the C-C, atomrc number 6. Tne bottom 
giroup also has a carbon directly bonded to 
the C ::;;:( , Th is 1is the sa me priority. Novv I.oak 
at all the atoms bonded di redly to these 
carbons. The top ca·rbon has .3 H atoms. This 
is a tota,I atomic 1nurnber of 3. The bottom 
ca.rbon has 2 H atoms imd a C atom. The 
total atomic number is 8. Tnerefore the 
bottom g.ro up has the higher priority. 

The top gfou p has a C atom 
banded directly to the C =C. atom:ic 
nu rn be r 6. The bottom group has 
an oxygen atom bended difectiy to 
the cgc, atomic number 8. The OH 
giroup has the higher priori;ty. 

The higner priority groups are on the sa.me side of 
the plane of the double bond. 

As before, the atoms directl'y attached 
to the C ato rn of the C ~c are the saime 
and the priority is dedded by the atoms 
next alo.ng trie chain. 

Z-2-hyd rox y-3-m ethyl pent-2-e n-1-o I 

As before the OH group has. the 
higher p r,iority as it has tne a tom 
with the higher atornic numer 
bonded to the C atom in,the C-C. 

The higher priority groups a re on the opposite 
side of the plane of the doubl:e bond. 

E-2-h yd rox y-3-methyl pent-2-en-1-o I 

Figure 11..9 

PLE 1 
An· isomer of C7H1202 is shown in Figu re 14.10. Cla,ssify the isomer ars 
eith.er a,n E or a Z ,somer. 

Answer 
Using the Cl P ru les prior1itise the groups attached to the carbon on the left­
hand side then th,e 6ght- 1han d si1de of the double bond1. The atom attached 
wrth the higher atomjc number j.s the hrgh,er pri.ority atom. For 1identical 
atoms rank the next group of atoms directly attached. For atoms which are 
attached by a double bond the atomic number of the atom is counted twiice. 

The top group has a C atom bonded directly 
t o the c~c 1 atomic: number 6. The bottom 
g rouip allso has a C directly bonded to the 
C-C. This is the same pl'liorii"ty. Now look at 
all the atoms bonded diirectly to tnese 
carbons. The top carbon has 3 H atoms. Th1s 
is a 1:otal atomic number of 3. The bottom 
carbon has 2 H atoms and a C aito m. The 

LHS RHS 
H C CH20H 

3 \ I 
C~-C 

I \ total atomic number is 8. Therefore the 
bottom group has the h ig her 1pric rl,-ty; C==O H3C- H,_C j 

Figure 11. .. 11 

H 
The high err priority groups a re o.n the same 
side of t he plane of the double bond. 

This isomer is the Z isomer 

Figure 14. 1 a 

The top group and the bottom group both have C 
atoms bonded directly to the C=C, atomic nu rnbe r 
6. Now consider ~he atoms bonded directly to this 
ca1rbon. Th12 top group has tNo 1..11 atoms a·nd 1 0 
atorn directly bonded giving a total atomic 
number of 10. The bottom group has one O atom 
and one H ato rn directly attached but the O is 
am.eh ed by a dou bi e :bond. Thti O m u,st be added 
twice . This gives a total atomi:c number 17. The 
CHO has a hi·gher priority than ~ht! C f-1

2
0H g1rou,p. 



·······················································~···································· • 
: TEST YOURSELF 2 i 
- ~ i 1 0 raw di1spla,yed form uta forth e fa llowi,r,g molecules. ! 
i a) propene ! 
i bJ 2-ch,lorobut-1-ene i 
• • i c) 2 .4.- d i methyl hex-3-e ne : . ~ 

i di cyclohexene. ! 
• • : 2 Molecule W has the mol,ecular formula C4H8• lt has three structural : 
t • 

: iso,m,ers, two are positi,onal 1isomers and one is classHied as a chain : : : 
: isomer. it also has a set of stereoiso,mers. : • • 
! a) Draw th e structura l formutae and na,me and classJfy each isomer. i 
• • i bi Expla1in why E-Z ~so,meri,sm i,s a feature of the alkenes but not of the i 
i halogenoalkanes. i 
• • : 3 Student A cla:ssifi:ed the ,molecule drawr, in Fig.ure 11 4.12 as an E : 
• • : i1samer. Student B classif1ied the m,olecule as a Z isom,er. : + • • • 
: a) Expla~r, wrry Student B classrff ed the isam.er correctly. : 
• • 
i bJ N!a me the rsom.er. i 
• • II • 
i H3CH2CH2C CH CH ! \ I 2 3 

I C---C 

• • • .. 
• • • • • • • • • • • • • • • • • • • : • I I \ • • 

~ H3CH2C CH3 i 
+ • • • • • • • ; Figure 1,~12 : 
• • 
! : 
·············· ···· ······· ·· · · ·· ········· ························· ···· ······· ······•••tllllllllllllllllllllllllllllllllli 
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Making ethene 
ln jndustry 

crude oil can be separa,ted i1 nto 
different m1ixtures. of which 
napht1ha. 1is one. H naphtha i·s 
thermaUy cracked, ethene can 
be form ed. 

Figure t4.13 This petrochemical plant 
How is crude oH separated? fs situated in South- East Asia and is 

2 What is th erm a:l crack ingi? used in the production of ethane. 

3 Na;p-tha contains th e hydrocarbon C10H20• 

Wrae an equa,tion for the cracking, of C10H20 to produce ethene. 

In. the la·boratory 

Etha not vapour i1s dehydrated by passing over a hea ted catalyst to 
produce ethene gais. This is coll,ected over water and test ed for typical 
properti,es of an unsa,turated nydrocairbon. 

Tihe porcelain crtips wer-e heated strongly and the mineral wool was 
also heated for a few seconds to vaporize the ethanol, before returning 
tihe Harne to the catalyst. The ethene is co llected over water, lbefore 
collecting th,e gas: some gas was allowed: to escape from th e delivery 
tube for a few m ~nu tes. 

. 
' f 
~ 
~ 
t . . 

f . 
~ . 

. . . . 
' 

. ~ 



. 

4 Wri,te a ba lanced sym bol equa·tron 
for the ,d1ehydrat1ion of ethanol 
[C2HsOH]. 

5 Why was th e gias a Hawed to 
escape for a few minutes b,efore 
c·oUecti ng the prod u et? 
At the end of the exper1iment the 
deUve ry tube is disco nnected 
before turn ing off t lhe heat. Why? 

.Porcel:ain 
chips 

Ethanol 
s,oa1Ked 
Into 
mine rat 
wool 

Figure 14.14 

ethell'le 

.... . ...... ii ... .. . .. ........... .... . ...... . .. ........... .. ,. ............... ........................ ...... . .... .. . .. .............. ........... ..................... . .... . .... .. . .. .. ...... . . . 

0.......----------A d di t ion polymers 

The equati,on may b·e si,mp Li fied to: 

n CH2 - CH2 i(H2- CH2+n 

Alke·nes react with oth.er aJken.e molecules to form polymers which are 
commonly used as plastics. The reaction is called addition polymerisation and 
the polymers referred to as addition polymers. 

The pol~"mers are named based on the alke.ne from which they ar:e fonn,ed. 
Ethene forms poly(ethene); propene forms poly(propene). The brackets 
indicate that the structure does not con tain the actual alkene but is the 
polymer formed from the a ll<ene. Some po lyn,ers also have common names 
Vlithout brackets! for example poly(e'thene) is co,mmonly called polythene. 

Poly(ethene) 

Polythene is form,ed when ethene molecules add on to, each other to Iorm a 
chain of carbon ato,ms. The umt which breaks its double bond is called the 
monomer .and the long chain Iormed is caUed the polymer. 

A polymer is a long cha.in of repeating monomer units joined together. 

This may be represented by the equation: 

H H 

n C--C __ ,.. 

H H 

ethene 
(mon.orner) 

Figure t4.15 

1 
repeating unit 

H H 

H H 

poly(eth e n,e} 
polymer 

n 

The monomer in this addition polymer is ethene and the n ,on both sides of 
the ,quarlon represent a large number ,of ethene molecules vlhich have to add 
to each other. 

The polymer which is poly(ethene) shows that the double bond has been 
broken and the unit is repeated in both directions fo,r a large number of 
units (hence the n in the polymer smicture· as well). The strocture inside the 
brackets is referred to as the repeating unit. 



Poly(prope·ne) 

H 

n C== C - -

H H 

propene 

Figure 14 .. 16 

Poly(chloroethene) 

H Cl 

n c-- c 

H H 

chi o roethe nia 

Figure 14.17 

po lj'{p ro pene) 

H Cl 

.... --- c-c-

H H _ n 
pol~chloroethene) 

Poly{chloroethene) is commonly caUed PVC or polyvinylchloride as the 
monomer chloroethene was commonly called vinyl chloride. 

Poly(phen ylethene) 

H 

n C== C - -..... 

H H 

propene 

Figure 1,,. 18 

p O lji{ph enyletne n.e} 
(,pol:ym~r) 

Phenyleth·ene is commonly ca11ed styrene so the polymer is oft.en called 
polys tyrene. 



-You may b e asked to draw a section of the polymer chain comprising two or 
three repeating units. For example a section of po,Jy(propene) sho'Wing two, 
repeating units would look like this: 

H H H H 

~- c~- c~- c~-c~-

H CH 
3 H CH . 3 

Figure 14.19 

Or a secrion of pol~ut-1-ene) sho\ving three repeating units would look like this: 

H 

~-c~-c c~-c c~-c~-

H H H H H H 
Figure 14.20 

Production and uses of polymers 
Addition polymers are unreactive. This is because, despite the name ending 
-ene, they are unreactiv:e alkane molecules) witho,ut a reactive carbon-carbon 
double bond. This results in their widespread use as inert materials. They are 
very useful as insulators, as packaging ,and in making cont~iners. 

Two forms of poly(ethene) exist, lrigh density (often abbreviated to H DPE) artd 
low density (LOPE; . HD poly(ethene) is less 'ilexible and is used for kitchen'WB.re 
whereas LD poly(ethene) is more flexible and is used for plastic bags and some 
plastic ·bottles. A catalyst is used to pr,oduce HDPE from etl-1ene. 

Poly(chloroethene) or PVC is a rigid plastic used for window and door fram,es 
and drainpipes. H,oweve·r it may also be used for clothing and electrical 
·wire insulation. The difference is in the presence of a p las ticisec u PVC is 
unplasricised PVC and is rigid and inflexible and used forvnndow and door 
fran1es and drainpipes. If a plasticiser molecule is added (usually different 
phthalates)~ PV'C beco1nes much more flexib]e and can be used for clothing 
like wellington hoots or raincoats. 

Po ly[ethen eJ ( P El 

Poly[propeneJ !PPJ 

poly [ c h lo ro et hen e) [PVC J 

Po Ly( pheny Leth ene] [ PS] 

plastic bags, bottles, film wrapping , kitchenware 

ropes, thinsulate clothing, carpets, cr ates, furnftu re 

weHington boots, ra incoats, drainpipes1 window 
frames, door frames, electrical wire insulation 
expanded polystyrene is used fo r insu Lation in ho uses 
and packing, unexpanded polystyrene fs use-d fo r toys 
and containe rs 



When asked to draw a repeat ing, 
unit, you should not put brackets 
a ro u n d i t a n d do not put a n n 
after i,t to indica te the repeat. 
For example for polyi[ethene), th,e 
repeating unrt is; 

H H 

--(--(--

H H 
Fig u.re 1 t..24 

Strong covalent bonds join atoms tto each other n1. individual polyiner 
molecules. Weak van der 'Wa.als; intermolecular forces occur bemreen polymer 
mo,]ecu]es. A polymer v.-iU melt when the intermolecL1lar forces are overcome. 
The stronger the forces, the m ore energy is needed to break th em.) and the 
higher the n1aterial 's melting point. Sinoe the hydrocarbon chains are often 
very long, the van der Vvaals' forces b t\¥,een the chains ar,e often very strong 
and the polymers have relatively hlgh melting and boiling points. The chain 
length is variable; most polymers contain chains of a variety of different 
lengths. Thus the van der Waals' forces are of variable strength and these 
polymers tend to melt gradually over a range ,of tempetarutes rather than 
sharply at a fixed temperature. 

Polym-ers which have very few branches are very compact and the ch ains can 
pack to,gether very efficiently. Since the chains are closely packed, the "-an der 
VVaals; forc,es between the chains are strong and these polymers tend to be 
stronger and harder as well 1 for example high density poly(ethene). 

Polyme~ which are highly branched cannot pack together as weUi for ex.ample 
low density poly(ethene). Since the chains are not closely packed, the van der 
Waals' forc,es betv1een the chains are weaker and these polymers tend to be 
weaker and softer: 

Repeating units 
You may often be asked to circle or draw the repeating unit in a polymer or to 
draw the monomer from which the polymer is fo,rmed. 

The structure below shows part of a polyu1er chain. 

H Cl H Cl H Cl H Cl 

~c~c c~c c~c c~c~ 

H CH H 
3 

CH H 
3 

Figure 11..21 

It is important to be able to identify the repeating unit from the polymer. 
There are cw-o possibilities circled on the srructure below. 

H Cl H Cl 

- c--c- c- c~ - ( - ( -

H CH - 3 H 

Figure 14.22 



~ -································: 
i TEST YOURSELF 3 i 
• • i 1 Na·me the fo llowi,n g po ly'm e rs: i 
i la) -fCHCI-CH t i 
: 2 11, : 

; Figure 14.25 : : : • • • • ! I bi { C F - C F } i 
• 2. 2.· n • 
• • : Figure 1.4.26 : 
• • • • • • : 2 State two uses of : 
• • ! poty[cn lo ro et h ene}. i 
f 3 Show the repeat~ ng u nft fo r the ~ 
: following potymers: : 
• • 
: la) poly [ethene] : : : 
! lbl p,oly [propene, ! 
• • i le.I poly!1 ,1 - di chloroethene] i 
• • 
: •••••••••••••••••••••••••• .,... .................... lllllli 

Both of tl1ese: repeating units would come from the same monomer: 

Cl H H Cl 

C--C or (--( 

CH 
3 

H H 

Figure 14.23 

TI1ese monomers are both the same·. The lUPAC name of the monomer is 
2-chloropropene. 

Drawing the repeating unit is also a common question. 

All bonds need to be sho~tn in a repeating unit inclruding the bonds to show 
where the structure would conne,ct ~o repeating units ·On either side. 

O·~-------
Reactions of the alkenes 

................ , .............. , •• Iii 11,, ........ , ................. 11o ................... , •••• 

An c rnphP - is a substance whtch can 
accept a pair of electrons. 

A polar molecule rs one w hi ch 
has a permanent separati on of 
cna,rge d:ue to a difference 1in 
etectranegati,vity between atom,s 
1n a covalent bondl. 

H~Br& 

Figure 1 £.27 

Figure 14.28 

The carbon-carbon double bond in alkenes is .an area o.f high electron density 
and makes members of this homologous series susceptible to attack from 

a class of substances knO'wn .as electrophiles. El .. ctrophil ~s are substances 
which can accept a pair of ,electrons. Polar molecules such as hydro,gen 
bromide, HBr, are electrophiles. The 6+ side of the polar molecu ·e is attracted 
tow.ards the area of hlgh electron density ben.ve.en the carbon atoms of 
the double bond. Contrast this with the class of substances known as 
nucleophiles (Chapter 13). Neutral molecules such as bromine, Br2~ can also, 
react \Vith the C=C in .alkenes. The high electron density concentrated at the 
C=C polarises the n,eutral bromine molecule and h becomes an electrophile. 

ElectrophiUc addition reactions of the alkenes 

With HBr CH - ·Cl--! 2 2 + ~Br CH3Ct-,i]Br 

H H H H 

\ I 
C C + HsBr ~ H C. C H 

I \ 
H H H Br 

et hene + hydrogen bromide ~ bromoethane 

With Br .z C H2CH2 + 'Br2 C Hl:8 rC H2B r 

H H H H 

\ I 
C C + Br-Br ~ H C C H 

I \ 
H H Br Br 

ethene + .bromine 1 ,2-dibromoethane 



An d i i n r c io is a reactiorn in which 
two molecu~es join together to make one 
largQr mo,rQcule. 

A spedes which contains a posit~ve ,cha'ie on 
a carb-on atom is known as a1 , rboc t1 . 

A curty arrow shows the m,ovement 
of electrons and must begin at an 
area of hi,gn electron density such 
as a !lone pai,r of electrons or from 
the centre of a bond. 

H ·t i" f 1 occurs when a coval,ent 
bond breaks aind both electrons in the bond 
move to one of the atoms. Two oppos1ite'Y 
charged ions are form,~d. 

The reactions described by the balanced chenucal equations above are 
known as d. ld iti -..1 reactions as tvro molecules react together t,o form o,ne 
mo,]ecu]e onlr, ln the reaction betwe.en cthene ,and bromine the· isomer 
1,1..dibromoethane is not forn1ed. The absence of thitS isomer is explained by 
conside'fing the mechanism of dre reaction between electrophiles and alkenes. 

Electraphilic addition mechanisms 
The mechanism of the reaction of alkenes with polar electrophiles 
A6+_5·6-

Electrons move from an 2u·ea of high. ,electron density betv1een the cw-o, carbon 
atoms to the 5 + side of the elecrrophile. Electrons in the A-B bond mmre to 
the B0- . 

\ I 
C~-C 

I \ 

Figure 14.29 

~.~ 
B 

H H 

H-C-C+-H + :B-

A 

10ne calibon is bonded to A, the other has a positive charge. A species 
which contains a positive charge on a carbon atom is known as a carbocation. 
B now has a negative charge and is sho,wn "Wtth a lone pair of electrons. 

The lone pair o.f electrons on the anion is attracted to the positive charge on 
the carbon atom and one molecule is formed. The double bond has been 
broken and A-B ha5 been added across this double bond. A and B are now 
bo,nded to, different carlbons. 

H H H H 

H-!_J_H -:B H-C-C-H 

A A B 

Figure 14.30 

The bond in the electrophile has broken unevenly. Both of the electrons in 
the shared pair hav,e gone to one of the atoms. This is known as h t r lyn 
n ic 11 . Contrast this vrith the homolytic fission of the chlorine bond in UV 
light in the free radical substitudon of the alkanes to produce balogenoa.lkanes 
(Chapter 13). The carbon atoms in the double bond of the reactant .ar-e now 
bonded t,o ,one more atom each . The A-B bond has undergone heterolytic 
fission and each ato,m has bonded to different caroons. The product. unlike 
the organic reactant, is samrated. 



HC CH3 3\ I 
C C · H 

I \ 
H 

3+ _TI 3-
H Br 

Figure 14.33 

The electrophilic addition of hydrogen b ·romide to an alkene 
Hydrogen bromide is a polar electrophile. The addition product is a 
baloge.noalkane. This reac6on vnH take place a.tan .appreciable rate even at 
temperatures belqw room temperature. fur examplej the reaction of ethene 
and hydrogen bromide: 

H H H H 

\ I 
HBr C C + _......, ... H-C-C-H 

I \ 
H H H Br 

Figure 11. .. 31 

Another example is the reaction of but-2-ene- with hydrogen. bromide at room 
temperature. 

but-2 ... ene + 

Figure 14.32 

hydrogen 
bromide 

2 ... bromobutane, 

--~ H- C C H 

H Br 

The m hani m for the reaction is: 

!HJ iH~ CH
3 

CH 
3 

-H :Br -H C C H 

H H Br 

The electrophilic addition of co1"1centrated sulfuric acid to a11 alkene 
Concentrated suUuric acid, H2S04 is a polar electrophile. The addition 
product is an alkyl hydrogensuliate. The reaction will happen even at 
temperatures below room temperature. 



H C CH 3\ I 3 
C- --- C ... 

I \ 
H S+H ~ &- 0 

\I s 
/\ 

H O 0 

Figure 14.36 

H H H 0 0 H H 

\ I \/ 
C C + s ~ H C C H 

I \ I\ 
H H H 0 0 H 0 0 . 

ethene H
2
S0

4 \I s 
I\ 

H 0 0 
e1hyl hyd rog:ens u If ate 

Figure 14.34 

The reaction of but-2-ene Vvith sulfuric acid is shown below. 

H
3
C CH \ I 3 

C- -C + H
2
S0

4 

I \ 
H H 

CH;C H~CHCHa 

Figure 11. .35 

The mechanisn1 for the reaction is: 

CH 3 

H -
-: 0 0 

\I s 
/ \ 

H- 0 0 

2-b utyl,hyd roge n,s u I faite 

CH 
3 

'7' H-C-C H 

H 0 0 

\I s 
/\ 

H- 0 0 

CH l 3 

H-C-C H 

CH 
3 

H 0 0 

\/ s 
/\ 

H- 0 0 



The mechanism of the reactio11. of alkenes with neutral 

electrophil , A-A 
This meehanism is similar to that of the electrophilic addition of polar 
nucleophiles. Hovreve~ there is one extra initial step, polarisation of the A-A 
molecule. 

The A-A molecule is not polat \Vhen the A-A molecule moves close to the 
double bond vvhlch is an area of high electron density

1 
it becomes polarised., 

the electrons in the C=C repel the ,electrons m the neutral inolecule. 

H H 

\ I 
C C 

I \ 
H H 

6+ 6--
A A 

Figure 14 .. 37 

Electrons move from an area of high electron density between the two catbon 
ato,ms t,o, the o+ side of th.e· electrophile. Electrons in che A-A bond move to· 

theAa+ 

One carnon is bonded to A and the other has a posi&.le charge. A species 
v\l~hich contains a positive charge on a carbon atom is kno,wn as a carbocation. 
The other A n.ow has a negatir\ie charge and is shovm with a lone pair of 
electrons. 

H H H H 

\ I 
C-- C H-C--C+- H 

I \ 
H 6+ TI&--

A A 
A 

Figure 14.38 

The lone pair of electrons on the anion is attracted to tbe posi rive charge on 
the carbon atom and one molecule is formed. The molecule; A-A, has broken 
and added across the double bond. A and A are now bo·nded to different 
carbons. 

A 

Figure 14.39 

+ - "7 :A 

H H 

H- C- C- H 

A A 



H C CH 

The electrophilic addition of bromine to an alkene 
Bromine is a neutral ·elecrrophile. The additio·n product is a halogenoalkane. 
Bromine gas can be mixed "With or bubbled through an alkene. The 
reaction 'Will happen in the absence of light and at temperatures belQw 
room temperature. The reactant mia.'tUre is coloured due to the presence 
of bromine: the product mixture is colourless. Bromine will react with any 
molecule which has one or more do,uble bonds. 

The ,equation below shows the reaction of bu t-2-ene with bronrine at room 
temperature. 

but-2-ene + bromJne ~ 2, 3-d i b romobuta n e 

H
3
C CH H

3
C CH 

\ /3 3 

C C + Br-Br -:) H C C 

I \ 
H H Br Br 

CH3CH=CHCH3 + Br2 7 CH3C HBrCHBrCH3 

Figure 14.40 

The mechanism for the reaction is: 

HC 3 

H 

3\ I 3 

C-:c-- C - --·H c-c+ H 
-

:Br - --•H C- C H 

I \ 
H H 

a~ 
Br 

' s-Br 

Figure 1"·' 1 

Figure 1A'"A2 Orange bromine water is 
deco lou r ised by an a lken e but rem a in s 
u ncha ng ~d in thg pre,se,nce of an 
alkane. 

Br Br Br 

A variation of this reaction is used as a test for unsaturation or a test for the 
presence of a camon-canbon double bond1 C ==C. Bromine is added to water 
to produce bromine water which is orange in colour. It will react with an 
alkene to· form a colourless product. 

Br2(as brouune water) + alkene ~ bromoalkane 

orange solution co lo·urless solution 

To carry out the test, bromine water is mixed ,vith a sample of the o:rganic 
substance. Vlhen the colour changes from orange to colourless without th.e 
re1eas·e of a gas~ the presence of a caribon-carbon double bond is confirmed 
(Figure 14.42). 



Z-but-2-ene E-but-2-ene 

Figure 14.43 

H CH2CH~ 

\ I 
C-C 

I \ 
Figure 11..l.l. 

········~~·······················~···········~···········~~··········~~··········~~····· ···· . . . . . 
: TEST YOURSELF, i 
• • ! '1 a) Expla tn what is miea,nt by the foHow,ing c:hem F·Cat ter,ms. ! 
~ n e le et ro p h i ile ~ 
i ii) nu c lea phi Le ! 
i Hi I hete ro lyt ic fi ssi,on i 
! iv) h a:m10 Ly tic fi ssion. i 
~ bi Write balanced sym'bol equations showing: ~ 
• • 
: i) the heteroly t,ic frss ion of a brorni,ne mol·ecule : 
• • i ii) t he homolytic fi ss ion of a brorm·ine molecule. i 
! 2 a) OutLine the m·echair,i sm1 fo r th e react fo .n of ethe,ne with hydrogen i 
• t 

: bromide. : • • • • : bi Write a balanced symbo l equation for ttie overaU r eact ion. : 

i c) Name th,e organiic product. i 
i dJ State th e na,me of the type of m ec hanism. i 
• • : e) Wha t is the name giiven to the type of organi1c inter ·m,ediate : 
• • 
: produced 1n this reacti on? : 
• • i 3 a) Compare and contrast tne reaction of bromine witn ethane to the i 
! rea,ction of bro1mine wi1th etnen,e. In clude ,in your answer. i 
~ i) the ncrme of the mechdnisms , ~ 
• • 
: ii) typ,e of fi1SS1ion of Br-Br bond, : 
• • i iH I na 'm1es of the by-pro d1ucts, and i 
i iv) th,e conditions requi red for each react,ion to take place. i 
~ bi Write balanced sy,mbo:L equati ons for: ~ 
• • : n the reac t;on of bromine with m•ethane, and : 
• • i ii) the reaction of bromine with pent-2-ene. j 
i c) Descr ibe a chemical test for the presence o,f a C-C in an orga ni c i 
• • 
: co·mpound. : 
• • 
=····~~~··········~~··········~~··········~~··········~~~·········~~~··········~~···· ........................ 11111· 

Electrophilic addition reactions to ,an unsymmetrical 
alkene 
But:...1 ... ene and bu t-2..en e are isomers. But-2-en e: exists as two stereoisomel'S, 

Z--buta2-ene and E-but-2--ene (Figure 14.43). Thes,e stereoisomers are 
described as symmetrical alkenes as the groups on each carbon in the double 
bond are che same. Each carbon of the double bond has a hydrogen atom and a 
n1ethyl; -CH3, ~oup attached. 

But-1-ene, ho\~ever, is an unsymmetrical alkene· (Figure 14.44). Each carbon 10£ 
the double bond is bonded to a different set of groups. 10ne carbon atom is 
bonded to two hydrogen a toms while the other is bonded to an ethyl group, 
-CH2CH3, and a hydrogen atom . This diffcrence does not affect the stages of 
the mechanism of electrophilic adcliti,on but it does 1.ead to the possibi]ity of 
t'Wo different products. 

IEilectroph iti c add it ion of polar electrnphi tes to an u nisym1m1etrica t atkene 
produces two different products, one of w hich :may be present in a greater 
proport ion [th e ,m1aj or product} than ttie other [t he m inor product] . 



Consider tl1e reaction between but-1--ene and hydrogen bromide. 

H 

- -
:Br H-- -C-H :Br 

secondary carboca fior, i prl ma ry c; rboc.atio n. 

H H 

H-C- C- H H- C- C- H 

H Br Br H 
2-brom obutane major product 1-bromobutane minor product 

Figure 14.45 Two product s form w hen hydroge·n bromld e react s w ith but-1-ene. 

Figure 14.46 Carbocat1ons. 

There is the possibility of t\vo different catbocations fanning depending on 
which carbon the hydrogen from the HBr adds to. ln Route 1(Figure14.45), 
H from HBr adds to the right-handl carbon producing a positive charge on 
the carbon on the right, which leads to the formation of 2-br:omobu'Eane. In 
Route 2 {Figure 14. 45), H fro,m. HBr adds io the· left-hand carbon. producing 
a positive charge on the left-hand. carbon thus forming 1-bromoethane as the 
addition product. 

In practice both compounds are formed but approximately 90% of the mixture 
is 2-bromobutane·

1 
it is said to be the major product. This is due to the relative 

s1tability of the different camocations which may forim as the reaction progresses. 

Carbocations are classified as~ primary> secondary and tertiary depending on 
the number of alkyl groups t - R, auached (Figure 14. 46). 

pri1r:nary (1 °) 
1 R gimup 

H 

C ... at end of chain 

R 

R 
+ 

C 

H 
SE!co·n dary (2°) 
2. R groups 

c+ along, the chain 

R 

+ 
R- C 

tert~a.,y (3~) 
.3 R 9rou,ps 

R 

c ... at a1 branch in the cha1ri 



R 

t 
R > C+ 

H 
Figure 14.47 

Alkyl groups [R groups] such as 
-CH3 lhave an electron donatin9 
effect: the op posiit,e effect to that 
of an electroriegati1ve atom1 such 
as chlor,ine. 

Alkyl groups, such as methyl (-CH:J or ethyl (--CH2CH~ groups, have 
an electron donating effect relative to a hydrogen atom. They 'push' 
electrons away from the group, towards the ,opposite end of the bond. 
This is s,on1etimes referred to as a positive inductive effect. The electron 
donating effect is usually shown by an arrow on the R-C bond as shown in 
Figure 14.47. 

'Electron donating groups decrease the size nf the positive charge on the car1bon 
and the carbocation becomes ·more stable. The greater the number of R groups 
the more stable che ion is. Tertiary carbocations are more stable than secondary 
carbocations, which are more stable than primary carbocati,ons. 

R R H 

t 
R >= C+ > 

t 
t 

> R ~ C+ R > C+ 

R H H 
Tertfa.ry SE!conda,ry PrLrnary 

Figure 14.l.8 

The relative stability ,of the carbocacion intermediate effects the product 
form·ed. More stable carb-ocarions remain fo·r a longer time in the reaction 
mbrture and have a greater chance of reacting with an anion to form a product. 

Consider again the tw'o possible carbocations formed in the reactio,n between 
but-1-ene and hydrogen bromide. 

H--c-c+--H 

Th rs ea rb ocati,o n has t\vo R groups 
attai:hed to the positive 11y-cha rged 
carbon, a, -C H2CHa g,roup and a -CH3 
g rrou p. It is a sec on da ry ca1~bocation. 

Figure 14.49 

H 

+ 
H- C--

Th is ea rbocation has one R g mu p 
attad ,ed to the pos,itirvely-charged 
ca:rbo.nt a -C~CH.,CHi group. It is 
a primary carbocat1on. 

There is a greater probability of the secondary carbocation reacting 'With the 
bromide ion to fonn the product. Therefore, 2-bromobu tane is the major product 

The Russian ch.emist 1 Markovnikov1 summarised the reaction by stating) 
'VJ'hen a compound H}( is added to an asymmetrical alkene the hydrogen 
becom·es attached to the carbon ,atom of the double bond which has the most 
hydrogens direc t1y attached~. 



....•....•. , ........••....•.•...•.••. , .••......• , .....•••..•. , .....•.... , •....•....••....•. : 
! TEST YOURSELF 4 i 
• • i 1 al Explain wh,at is meant by the chem1Fcal terms: i 
: ii carbocaHon : • • 
! iiJ secondary carbocation. : . i ! b) Ex pilain tih,e relative stab~lity of pr imary. secondary and tertiary ! 
: carlbocr:Hrons. : 
• • i 2 a) Draw d1isplayed formulae for: i 
i il he~-2-ene E 

j iU E-Z stereoisomers of hex-3-,ene. j 
! b) Cta;sify the three isomers i1n part al @1s symmetrfca.l or ! 
i unsymmetrical alkenes. ! 
i cl Us~ng a r eaction mechanism show that the electrophrlic addition of ! .. .. 
! H Br to Z- hex-3-ene produces onty one addlt1ion product. : : ! Name the prod uct. : 
• • 
: d) Us~ng react,ion m,echanisms show that the ,electr opitlil'ic add rt[on : 
• • 
: of HBr to hex-2-ene can produce two different orga ni1c addition : 
• • i products. State the name of th,e n1ajor product. i 
: . ............................................................................................................... 

0--------The industrial production of ethanol 

Hydraition an1d h1ydro lysi,s are 
different 
Hydration is the a dd,ition of water 
to a substance. 
Hyd,rolysis is the deco,mposltron 
of a chemica l compound: by 
rea et ion wrth water. 

from ethene 
Ethanol is an alcohol Alcohols are a homologous series with the general 
formula C11H2+10H and the functional group-OH (Chapter 15). Ethanol can 
be produced by the reacdon of ethene 'With ste-am using a concentrated strong 
acid as a catalys t. 

H H 

\ I 
C--C + 

I \ 
H H 

etherie 

CH2=C H2 

Fig u te 14 .50 

H.2o(g) , ' 

+ steam ' 

' +H O '-
' z(g) '-

H H 

H-C-C-0-H 

H H 
ethanol 

C~aCH'20H 

The addition of a. water m olecule to a compound is known as hy lration. 
This reaction is used industrially t,o tnanufacture ,ethanol fro1n ethene using 
concentrated phospho,ric acid as a catalyst. Ethene and steam are passed over 
a concentrated phosphoric acid catalyst absorbed on a solid silica surface. 
The reaction mixture is kept at 60atm and 600K These conditions ensure an 
almost 100% yield but side reac tions such as che formation of methanol and 
poly(ethene) can reduce the yield a htde. 



Practice questions 
I a) The follovring structure shows a section of a 

polyiner. 

Figure 14.51 

i) Draw the strucru1:e of the monom.er and 
give its IUPAC name. (2) 

ii) Name the type of po lyn1erisation used to 
fonn this po]ymet (1) 

b) Dra~'" the repeating unit of the polymer 
poly(2. 3-dich]oropropene). (1) 

2 dassify this molecule as an E 1or Z isomer. (1) 

Figure 14.52 

Alkenes are susceptible to, attack by 
electrophi le_s . 

a) What is an electrophile? (1) 

b) Give an example of an electrophile \Vhich is: 

i) a polar molecule 

ii) a non;"'polar molecule. 

(1) 

(1) 

c) i) Outline a mechanistn illustrating the 
reaction ben.veen an alkene and a polar 
electrophile represented as H6+- Br6-. (3) 

ii) Name this type of mechanism. (1) 

4 a) Describe how you would carry out a 
chemical test used to confirm. the presence 
of an alkene. (2) 

b) Outline a mechanism for the reaction 
described in part a). (3) 

Ill 

5 a) This balanced chemical equation describes 
the reaction bernreen bromine and propeue: 

CH3CHCH, + Bt2 -+ C3H5Bt2 

i) Is A or B the product of this reaction? (1) 

H-J_J_J_Br H- J_J_r_Br 
I I I I I I 
H H IBr H Br H 

A B 

Figure 14.53 

ii) Explain your answer to 6 a) i). (1) 

b) Name the n1echanism. (1) 

6 Propan-2-ol is manufacrurert by the reaction. of 
impure propene with watel" using concentrated 
sulfuric acid as a catalyst to fonn 2-p1upyl 
hyd~ogen sulfate. The 2-propy] hydrogen sulfate 
is added to water and hydrolyses to form 
propan-2-ol. The product contains almost no 
propan-1-ol. 

a) Outline a mechanism illustrating the 
formation of 2-propyl hydrogen sulfare as 
described above. (3) 

b) Name the type of reactive intermediate 
and the mechanism. (2) 

c) What is hydrolysis? (1) 

d) E:,oplain in terms of die relative stabihty of 
the reactive interm,ediate, why the product 
mixrure contains vir1Ulally no propan-1-o]. (2) 

7 a) Compare and contrast the reaction of 
bro,mine with ethene with the reaction of 
bromine with ethane. ( 4) 

b) Explain why l;.l ~dibrom.oethane is not 

formed in d1e reaction bet,.;veen ·bromine and 
ethene. 

8 Which one of the following alkenes I A1 B, C 
or D ~ ~U exhibit E-Z isomerism? (1) 

C C2H 5(CH:i)C~C(CH3) 2 D H2C == CHF 

9 How many structural isomera have the 
molecular formula C5H 1o? 

A 4 B 5 C 6 D 7 



Alcohols 

·························~······················································································ ~ . 
~ PRIOR KNOW LEDGE i 
§ • 

• • : : 
t • l1UPAC naming syste,m for organi'C compounds : 
• • 
: • differ,ent types of formula : 
• • 
.: • nature of ~r,termo lecular farces jnc.tuding hydrogen borid il'lg : 
• • 
= • stru ctural isomerism :----
! • knowledge of reacbon o,f halogerioaLkanes with aqueous hydlroxide i 
: ions : • • • • 
: • knowledge of the elimination reactions of halogenoatkanes : 
• • 
i • knowledge of acidl ca talysed hyd raition of atkenes : 
f • wr1it1ing half equattons. I 
• • • • 
·············~····················~······~·······················-··············~···4111111 .................... ~ 

~ ··························································································: : TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
: i : 1 State and exp la in the pattern in boi lirtgi poi.nts of the Group 6 hydr id es : t 
: H 20, H2S, H2Se arid H2 Te. : • • 

! 2 H3C H CH I 
i.- / ·. . 

3 
i.-

R~actlon 1. "' R9action 2 I H3C c cH, / c c"' c j 
• • 
:. - H CH~ :. : Br :I : 

: t • • • • • • : A B : 
• • • • • • : Figure 15.1 : 
• • • • • • : C is an orga nrc com,pound that is not a hydrocarbon. 1lt can b·e formed ! 
• • : in a series of reactions frc 1m1 c,omnound A. : . ,..... . 
• I • : a, What is the IU PAC nam·e ·for compound A? : 
• • 
: b) Staite th·e react,ion condH~oris and name and outlirne the mecha ni1s·m : 
• • 
: foir ReactJo n 1. : I ; • F<eaction 2 mixes B w1ith steaim and passes th e mixture over a • 
• • i concentrated phosphoric acid catalyst absorbed on a soUd siUca E 

: surface. : 
• • 
i cl Na·me the ho,mologous series to which the org,a nic product of : i : 
: Reac tion 2 belongs. ! 
• • 
: d) e;ve two other condHions necessa ry for H11s r eaction to take place. : 
• • f 3 Write hatf equations for the fol'lowi ng reactrons. J 
i al Fe2+-+ Fe3~ : 
• • ! b) MnO~- .._, Mn2· ! 
• • : c I C r 2 0 72- --4 C r 3+ : 
• • • • • • ..................... ........................................................................................... 



Figure 15.2 The com plex m[xtures 
produced by the fermentatron process~ 

Fermentation of carbohydrates to produce "Wine and beer was one of the 

earliest chemica1 reactions ~loited b°y humans. Archaeologists and historians 
have- uncovered evidence of the p1-;oduction of wine and beer in societies 
which existed 9000 years ago. For the ancient Egyptians ( 4000 BC), beer 

was part of their everyday diet. It became and remained popular in Europe 
as it \:Vas often safer to, drink than water, as 1nany water supplies were often 
,contaminated. 

Ethanol is a member of the homologous series of alcohols. It is present in 
the oomp]ex mixtures produced by the fermentation process. It is commonly 
referred to as ~alcohol1 (Figure 15.2). Alcohols haYe the functional group -OH 
and the general formula. 1~H2n+10H. 

o~-------T he physical properties of the alcohols 
H H 

I I 
H-C-C~O-H 

I I 
H H 

ethane 

two carbons in the chai1n 

~ndi.ca.tes the pn~sence 
of an 0-H g,ro up 

~ only single bonds in 
the cha1n 

H H H H 
I I I I 

H-C-C-C-C-H 
I 

H H OH H 

butan-

t\1110 ea ~borns in the eh a in 

indicates the 
/ presence of an 

-01 0-H group 

~ -0-H group is 
bonded to th~ 
second ea rb on 

Figure 15.3 Nami ng alcohols 

Alcohols hrole a greater boiling point than alkanes with a similar relative 
molecular mass . This is due to the presence of hydrogen boi1.d1ng between 
alcohol molecules. When a molecular covalent liquid is vapotised, energy 
is supplied to break me intermolecular forces of art ttaction between the 
molecules. Alkane n1olecules are held together by van der 'Wa.a1s, forces. Both 
van der Waa]s 1 fo1ces and hydrogen bondmg are ·present bew,een alcohol 
molecule·s (Figure 15.4). Hydrogen bonding is a stronger intermolecular force 
than van der Vvaals, forces . 

H H 

~ 
(;)015-~~ -C-C-H 

Ha... H H 
H H ... 

c:, ,/~ 
H--c-- c--03-(]) H Bond 

\ 
H H H&+ 

Figure 15.4 Hydrogen bonding betwe.en ethanol molecules 

For example, propane and ethanol have si1nila:r relative molecular masses. 
The strength of the van derWaals' Eorces between molecules in a pure sample 
of propane and beaveen molecules in a pure sample of ethanol should be 
very similar,. leading to similar boiling points. The boiling point of ethanol 
however,. is l 2 0 °C higher. 

in short chain alcohols such as methanol and ethanol, the -0- H group has 
.a considerable effect on the solubility of the molecu]e. Both are soluble in aU 
proportions in -water while alkanes, which do not possess the -0-H group 
are insoluble in water. 
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Table 15.1 Class1ffcat f on of alco hols. 

pr,imary alcohol 
1 R g,roup 

secondary a,I coho I 
2 R. groups 

terti ary alcohol 
3 R groups 

H 

l 
R C H 

OH 

H 

R- C- R 

R 

R- C--R 

OH 

Alcohols are classified as primary (I o:), secondary (2°) or tertiary (3 °) 
depending on the position of the -OH group in the car1bon chain .. The 
classification can also be derived by considering the number 1of alkyl groups) R 
groups, attached to the carbon bonded co the -OH group (Table 15.1). 

H H H H 

H C C 
l 
C ,c H 

H H H 
butan-1-oJ 

H H H H 

H- C- C- C- C- H 

H H OH 

butan-2-ol 

H 
I 

H H-C-H H 

H 

H- C-· - C--C- H 

H OH H 

2-methyl propa n-2-ol 

t he -OH group is 
p os i ~ioned at the 
end of the cnain 

the -OH group is 
positioned along tne 
leng,th of th~ chain 

t he -OH group is 
positioned at a 

bran ,h in the 'na if1 

Metbanolt CH30H, is classified as a primary alcohol as the .....OH group is at 
the end of a chain. 

B····~···ill•8••++••111111····················11ia••+++•+llllj·······•llll···~·~••lli•t•~··· 
: T'EST YOURSELF 2 J .. . 
f 1 Na,m,e and class ify the followi·ng alcohols as prim.ary, secondary or 
: tertiary. .. 
i al C2H50H 
f b) [C2H5bC~OH] CH 3 .. 
: c) CH3CH,(CH3)CH 20H 
• ! d) CH3C H (0 H] CH2C H2CH3. 
! 2 Namie and1 draw the d~sptayed form,ulae of one primary, one-.. 
i sec,ondary and one ter ti ary alcohol tha,t are isomers of pentan-2- oL .. 
• • 

• • • • • • .. 
• .. 
• • 
i .. 
• • • • • • • .. 
• • • .. 
% 

! 
• • • 



• • ; 3 Hepta n-1·- ol [11 6JJMr1' has a bo ili ng po,int of 1·80°C. Oct ane [114.0 Mrl 
! has a boiling point of 126 °C. 
i a) Draw the struct ural formutae for he pta n-1 -ol and octane. 
• 
: b) Exp la rn w hy the boili ng po 1i nt of hepta n-11 - ol is h rgher than t he .. 
! boi Un g pof nt of octane when the Mr of .each compound fs similar. 

i 4 E~lha net is co.m pletely 1m1 isci·ble ·in water wh i'le on ly 0. 59 QI of nexa n-1-ot 
i w~ll satu ra,te 100 g of water at room tem pera tu re. 

i a) Explain why ethanol is so soluble in water. 
• i b) Suggest whry hexan-1-o l has an ex trem ety low so lubrliity in water. 
• 

• • • • • • : 
I 
I • • • • • • • • • • • • i • : • • • • • • • • • • • • • • I • .............. ..................................................................................................... 

0--------Reactions of the alcohols 

Th e sym bol [OJ is used in 
equat~orns to represent oxygen 
from an oxid is ing age nt 

Figure 15.5 Oxtdat1on of primary 
alcohols . 

Figure 15 .. 6 

The carbony l group, C=O. fs a 
funct,iona l group which is present 
in aldehyd.es and ketories. 

0 1xidation 
Primary alcohols are easily oxidised in the presence of oxidising age11ts ( [O]) 
to produce aldehydes; which can be furthe r oxidised to carboxylic acids. 

H H 0 

I [O] \ [O] II 
R C 0 - H C 0 .... R C 

I I \ H R Q1 

pr,imary a1cdho1 aldehyde carboxylic add 

H 

In the first oxidation shown ab ove, the primary alcohol loses two hydrogen 
at,oms~ one from the -0-H group and one from the saturated carbon. 1n the 
second oxidation an oxygen atom is added to the remaining hyckogen. 

Secondary alcohols can be oxidised to ketones) which do not undergo further 
oxidation. 

R R 

I 
R-C-0 - H 

\ c--o 
[O] 

No further Okidation 

I I 
H R 

seconda11Y ale.oho I •ketone 

Tertiary alcohols are not easily oxidised as they do not have two hydrogen 
atoms directly attached to the carbon that is bonded to the -0---H group. 
They can be oxidised using h ot concentrated nitric acid. The stringent 
·con diti,ons ar,e required because oxidation of a tertiary a.lcoh.ol requires the 
breaking of the st~ong C-C bonds. 

Aldehydes, ketone.s and carboxylic acids are further examples of organic 
homologous series. Aldehydes and ketones contain the C= O grou p which is 
known as a · 1rl 11}· I group. 

In an aldehyde
1 

the carbonyl group is at th e end of tbe carbon chain
1 
whereas 

in a ketone) this group is positioned along the chain . Aldehydes are named 
using the suffix -al. Heptanal is an aldehyde Vlith seven carbons. There is no 
need to number the position of the C=O in an aldehyde as it ·is alwary"'S at the 
end of the chain . 

~ 
~ 
""fi> -· g 
Vw 
C) 
~ s. 
C'b 

9L a 
::r-
Cl 
t; 
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Whet1 naming a ca rboxy lic acid, 
re,member to count the carbon in 
t:he -COOH gr,oup. C5H11 COOH is 
hexanoic add not peritanoic aci.d. 

Figure 15.B Oxidation of Qthanol to 
etha noic acid. 

Figure 15.9 Apparatus for oxidation of a 
primary a lcohol to produce an a ldehyde. 

Ketones are rum1.ed "Wi.th the suf:fix -one. Butanone is a ketone with four 
carbons. l't has no isomers that are ketones as moving the C=O to the end of 
the chain. produces the a1dehydet butanal. 

CaTboxylic acids contain a -COOH group) positioned at the end of the carbon 
chain (Figure 15. 7) . The suffix -oic acid denotes a carboxylic acid. Propanoic 
acid, CH3CH2COOH, bas three carbons in to,tal. 

0 
1 1 

R- C- H 
An aldehyde 'RCHO 

0 
II 

R- C- R1 

A ketone RCO'R, 

~o 
R- C 

'o-H 
A carboxylk: add RCOOH 

Figure 15 .. 7 The ea rbonyl group in dlfferent structures. 

\\7hen oxidising a primary alcohol to produce a carboxylic acid, the ,oxidising 
agent is added in excess 1 to encourage the comple te oxidation of the alcohol! 
and the reaction mixture is refluxed gently: The equation for oxidation of 
ethanol is: 

H H 
I I 

H-C-C-0-H + 2[0] -. 
I I 
H H 

CH CH OH 3 2 

ethanol 
(primary alcohol) 

+ 2[0] ---

H 0 
I // 

H-C-C 
I \ 
H 0 - H 

CH 3COOH 

ethanoic acid 
(carboxylic acid) 

The camboxylic acid can be remo,led from th e mixture in the r:eacti,on vessel by 
distillation. 

When a co,ndenser is pta:ced on the reaction vessel the volatile reactants 
are condiensed' back into tne reaction mixture. Th is practica l technique 
rs known as refluxing 1(page 285t It prevents th e volatHe r,eactants 
evaporatilng before they have a chance to r·eact. 

To produce the aldehyde,. the primary alcohol must be in excess and the 
·product distilled off immediately (Figure 15.9). This is to ensure the 
oxidation is onlypa1itia] and the carbrn,..~ic acid is not formed. 

H H 
I I 

H- C- C- 0-H 
I I 
H H 

CH
3
CH

2
0H 

ethanol 
(primary alcohol) 

+ [O] 

+ [O] 

H
3
C 
\ 

___..,. C == 0 
I 

H 

CH
3
CHO 

ethanal 
(aldehyde) 

+ 

+ 



Secondary alcohols must be refluxed. ge:ndy-with an excess of the oxidising 
agent to pr,oduce the ketone. ~ 

H H H 
I I I 

H-C C C-H 

I I I 
H OH H 

CH3C H(OH)C H3 

propan-2-ol 
(secondary alcohol) 

+ 

+ [O] ......... 

[O] 

HC 
3 \ 

C= O 
I 

HC 
3 

propanone 
(ketone) 

+ HO 
2 

Acidified potassium or sodium dichromate(Vl) solution is a suitab]e 
oxidising agent for the oxidation of primary and secondary alcohols. The 
dichromate(VI) ion 1C12 o.,i- , is orange in aqueous solution and is reduced to 
the green chromiumOU) ion> Crl +. SJS the alcohol is oxidised. 

orange green 

Redox e q11.arions similar to the one ab o~le are studied in Chapter 8 . 

••••••••••••• ••• •••• •••••••••••••••••••• • • • ••••••••••••••••••••• •• •••••••••••••••••••••••• 1 

• 
: TEST YOURSELF 3 

t 
t 
I 
i 
I I 

I 
I, 

• • • • • • • • • • • • • t 
t 
• • • • • .. 
• • • • t 

1 The follow ing alcohols are ox icl ised using acid'ified pntassium i 
d ich ro matetV I] so lution. Th e condi1tions of th e ox i1dati or, are also given. i 
A penta n-3- o l refluxed! gen Uy ~ 

• B butan-1, -o l warme,d g entty. f mm ed iately distilled ! 
C hexa n- 1- ol ref luxed gently i 
a) Name and give the structu ra l formu la o f the organic product i,n ~ 

• each of the oxidation react joris, A, 1B and C. : 
• b I W rite a ha l f e q u at i1 o n to i l tu s t rate w h,a t ha, pp en s to the ox id is i n gi ! 
I 

ag,ent 1in the oxidation reactions . i 
2 ·Refluxlng i,s a laborato ry procedure w h,ere the r eactant s are ! 

con tii n ua lly evapo r ated and co ndensed and retu rned to the rea:ct, on ! 
f'las:k. !Exp lain w hy it is ess,ential to re flux an alcohol/ox i1di'isingi agent : 

I mixture when carrying out th,e p:reparatiion of a ca1rboxylic acid. i 
= . • • .............................................................................................................. ~ 

• •••••Iii•• •• •••••••••• •••••••••••••••••••••••••••• ••• ••• •• •••••••• Ii•••••• ••••••••••• •••••••••• •it••••• I••••••••••••••••• ••••• ........ ••••• •••: 

REQUIRED PRACTICAL 
Ethanal occurs naturally ~11 coffee .. brea,d and r ipe fruit, a,nd is pr,oduced 
by ptar1ts. It is atso produced by the partja:l oxidation of ethano l arid may 
be a contributi'rig facto r to hangovers from atcohol consumpt i,on. 

Preparation of ethanal (bpt 21 °CJ 
Etha rial can be prep.aired rn the laboratory using the follow ing method. 

Ptace 7.5 g of sodium d,ichromate into a pear- shaped flask. 
Add 15, cm3 of water. 

~ 
""fi, -· g 
Vw 
C) 
~ s. 
C'b 
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Cl 
t; 



u, _, 
0 
::c 
0 
u 
....J 
et 

Figure 15 .. 10 The rea ctf on of Tollen s· 
reagent with an aldehyde - the silver 
mirror test. 

Figure 15.11 Oxidation of ethanal wlth 
Tollen·s reagent. 

• Set up the apparatus for d1istiHat1ion and slowty add, ai ,m ixture of 
3 cm3 of concentraited suilfuric aci,d and 6 cm3 o,f ethanol [densfty -
0.79 g, cm-3i f ro,m a tap fun net into the pearr-s h,a1ped f Lask. 

~ • Heat gently unttl aprproxi:mateily 6 cm3 of distrHate is coUected . 

~ Th e dist~Uate will conta '.ln a mixture of ethanal. water arid ethanoL 
: 

~ 1 Ca Leu late th,e m,aiss of ethanol used. 
2 When the :reaction is over, the remain 1ing cotour in th,e nask is orange. 

Explain which reactant i:s in ,excess. 
3 Ethanal is easHy oxi,dised to compound A. 

a Na:me com,pound A. 
bt Suggest how this experlmental procedure prevents t he oxtda t~on of 

ethanaL 

~ 4 Why is the dlstillate co llected in a flask surround,ed by ice? 
I 5 Suggest how you could' obta,f,n ethanal from the m1i1xture ca lle·cted at 
~ the end of the experrment 
~ 6 Wrfte the haU equatiori for the red~ctrofl of (lichr,omate[Vll ions to 

c:hrom,iumil1II] ions. 
7 Us ing the m1·ethod above and subsequent separation and purificat ion, 

1.32 g of etnanat were obtalned. Calculate the percentage y ield of 
ethanaL 

8 What wou td be obs,erved when 2 cml of the distiUate c1onta,i111 irig 
,etha,noil, ethana,l and water is added to a beaker of boiling water. 

•• ••• •• • ._. ••• •• ••• ,., r•, •• ••• •• ••• ••• •• ••• •• """ .-. ••• •• ••• •• ,...,., ••• •• •-.• •• ••• r.i.r•• r•• •• ••• •• ••• ,., ••• •• ••• ••• •• ••• •• ••• ... , ••• •• ••• ••• •• ••• •• ••• •• ••• •• r11-.; ••• •• ••• •• ••• •• ••• ,. • ., 

Test for al 1dehydes and ketones 
The fact that aldehydes can be further oxidised and ketones cannot ,easily be 
oxidised is used as the basis for a chemical test to distinguish between them. 

Tollens' reagent - the silver mirror test 

Tollens reagent, a colo,urless solution of silver nitrate and dilute ammonia, 
is also known as ammoniacal silver nitrate. It contains the complex ion 
[Ag(NH3)2J +. It is a mild oxidising agent. When Tollens' reagent is warmed 
gently in the presence of an aldehyde) the aldehyde is oxidised to a catboxylic 
acid and the silver ions, Ag+, in the Tollens~ reagent are reduced to silve·r 
atoms,. Ag(s)_ 

RCHO + [OJ, --t RCOOH 

Ag+(aq) + e- Ag(s) 

The silver atoms are deposited on the sides of the reaction vessel 
(figure 15.10) . 

The equation for the oxidation of ethanal by warming with Tollens' reagent is: 

H 0 

+ [O] 
// 

H- C- C 
\ 
0- H 

+ [O] 

ethana,11 etha n o~c. acid 



Figure 15.12 The reaction of Fehling·s 
so lution w ith an aldehyde. 

An m,na ion reaction 1s ,one where a 
smaU mol,ecul,e is removed (eUtminate.d) from 
a r,eac tant m o lecu ~e. 

Ketone.swill not react with Tollens' reagent an.cl the mixture remains co]ourless 
and the silver mirror does no,t form. 

F,ehling's solution 

Fehling's solution contains copper(IO ions, Cu2+. It is also a mild oxidising 
agent. Vvnen W"armed gently Vlirh an aldehyde, the blue colour gradually 
disappears and an orange-red precipitate of coppe:r(l) oxide 2 Cu20J forms 
(Figure 15.12). 

Cul+ + ,e-~ Cu+ 

For example, ethanal is oxidised to ethanoic acid by vtanning Vlith Fehling,s 
solution. This can be represented by the same reaction as in Figure 15.12. The 
solution remains blue when warmed ~rith a ketone (Table 15.2). 

Fehling,s so]ution is freshly prepared in the laboratory. lt is cmade initiaUy as 
two separate solutions) Fehling's 1 and Fehling,s 2> which are added together 
immediately before use. Fehling's 1 contains the copper(IU, ions as aqueous 
copper sulfate; Fehling1s 2 contains sodium hydroxide solution. 

Table 15,.2 Te·sts for aldehydes and ketones. 

warm gently with To Llens· 
reagent 
warm gently w1th 
Fehli ng·s so lut1on 

si lver mirror form s on 
sides of the test-tube 

ora nge-red precipitate 
forms 

solution re ma ins 
co lourless 

soluti on rema ins blue 

Elimination reactio1ns of the alcohols 
An clin1in, rion reaction is one where a small molecule is removed 
(eliminated) from a reactant molecule. A molecule of water can be eliminated 
from an alcohol to produce an alkene. 
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Figure 15.13 

i ............. ;II 1,.111,,t ....... "" .. , ...... .,, ........... ., ., ......... ., .... , ... ., .... , •• ., ..... l,t ............ , ............. .. 

A _ It , r i reaction is a chemical 
rea,cUon wheiie a molecul~ of water is 
eUminated. 

Figure 15. ,, Dehydration of an alcoho l 
to form an a lke nt.? using a heat9d 
aluminium oxide catalyst. 

Figure 15 .. 15 

H H H H H H 
I I I I I I 

H-C-C-C-H H-C-C===C-H + H 0 
I 2 I I I 

H H OH H 
propan-1-ol. pro p~ne 

ThitS elimination re.action can also be described as a dchydr tion reaction . 
A dehydration reaction is a chet11ical reaction where a molecule of water is 
eliminated. A]co,hols ca.n be dehydrated using concentrated sulfuric acid as 
a catalyst a t .a temperature of 170°C or by passing the aloohol vapour over a 
·heated aluminium oxide catalyst) Al20 3, at 600 °C (Figure 15.14). 

mineral woo'I soaked 
in ethanol 

al um In I um oxide 

HEAT HIEAT 

ethen·e 
col lects here 

The n1echanis a1 for the e lin1.u1atio1n of water from alcohols is shown below. 
This m-echanism uses sulfuric acid as a catalyst. 

H H H 
I I I 

H-C-C-C-H 
I I I 
H O H .. " ) H 

(.. H~+ H 

C6~- J "'/ s 
o/'-o 

H H H 
I I I 

H- C-C-C-H 
Id· I 
H o+ H 

H 

I "H H 

H H 
I I I 

H- C- C- C- H 
- - ~ + I H H · 

H"'- I I . . H H +H2o 
c~c- c-H ----~ H 

H/ I -o I 
H "'/0 

s 
o/'o 



Fig u re 15,.17 The c a rb o ny L gr o u p In 
different structure,s. 

Initially one of the lone pairs of electrons on oxygen picks up a hydrogen 
ion from the sulfuric acid and is prot,onated. A negative hydrogen sulfate ion 
is produced (H504). A water molecule is lost from the protonat,ed alcohol 
forming a carbocarion. Finally a hydrogen sulfate ion re1noves an H + ion from 
the carbocarion and a double bond fom1s between two carbon atoms. 

This m chani m ca.n be implifi d for any acid catalyst by using H+ i11S'tead 
,of the full structure of sulfuric acid. 

HHH HHH HHH 

H- t- t- t-H-H- t-. t- t- H-H- ?Tb- t- H + H 0 

~ 6H ~ l '1-H r + ~ 
2 

H I 
(H+ H H ! H 

I I I 
H-C= C-C-H 

~ 
Figure 15.16 

Elimination reactions in symmetrical an d unsymm.etri.cal alcohols 
When propan-2-,ol (a symmetrical alcohol) is dehydrated in an elimination 
reaction tl1e o,xygen. and hydrogen atoms of the _,OH group are eliminat,e-d 
from tl-1,e molecule with either the hydrogen atom from the carbon on the 
right, shown in blue in Figure 15.17, or the hydrogen fron1 the carbon on the 
left, shown in red. 

H H 
\ I 

C==C 
I \ 

H CH
3 

H H H 

I I I 
H- C- C- C-

[ I I 
H OH H 

symmetrical 
alcohol 

H 

- H O 2 

H H 
\ I 

C== C 
I \ 

HC H 3 

It does not matter which hydrogen atom is eliminated as the product. is 
always propene. Hov;rever; when a molecule of v,later is eliminat,ed from 

an unsymn1etrical alcohol, a mixture o[ isomeric products is formed 
(Figure 15.18). 
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H H H H 

H-C-C-C-C-H 

H OH H H 
butan-2-ol 
An unsyrnmetrical1 alcohol 

H H H H H H H H 

H-c-C-C-C-H H-C-C-C-C-H 

H H 
but-1-ene 

Figure 15.18 Poss ible ways to elimin~te 
a molecule of water from butan-2- oL. 

H H 
but-2-ene 

H CH H
3
C CH3 /3 \ \ I 

C C C C 

I \ I \ 
H

3
C H H H 

E-burt:-2-ene Z-b urt-2-ene 

There are ilir:ee ·possible products. But-1-ene is formed when the -01H group 
and a hydrogen to the left is eliminated (shown in red). But-2-ene is formed 
when the -0-H group and a hydrogen to the right is eliminated (shown 
in blue) . But-2-ene exists as a pair of geometric isom rs or E-Z isomeG. The 
product mixture will contain all three elimination products. 

Outline the med1an1s m for the eliim~nat~on of water from butan-2-ol to 
produce but-1-ene. 

Answer 
The f irst stiage of the 1mechElni sm, ,is: 

H H H H HHHH HHHH 
I I I I I I I I I I I I 

H- C- ( - ( - C- H H- C- C- C- C- H~H- C- C- C- C- H 
I I I I 
H 10H H H 

ZH. 
~~ ~ ~ ~ + ~ ~ 

l'-H 
H +H2o 

Figure 15.19 



Butan- 2-ol is an u nsyn1metncal atcohcl so th,ere are different produ cts. 
depending on which hydrog,en i.s removed. 

H H H H 
I I I I 

H- C--:-C- C- C- H 
I + ~ I 
H H H 

/ 
H H H H H H H H 
I I I I I I I I 

H-C====C-C-C-H H-c-c~c-c-H 
I I I I 
H H H H 

but-1 -ene but-2-ene 

,/ X 
Figure 15.20 

1B ut-1-en e is the prod u et required in t :h e quest ion , so the last step of the 
mechan1ism which must be shown is tile red arrow and red structure 
shown a:bove . 
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; TEST YOURSELF 4 ! 
• • 
: 1 a) Complete the table below to record cl FehUng·s solu·Oorn rs a mHd ox1d~sing agent. ; 
f observatii-ons made wh1en Feh·Un9·s solutron is Wnite a half equation to descr,ibe what happens ~ 
: added to sa mptes of: to the copper[I I) ions 1in the solution during the ~ 
i i) propanal reaction. i 
! ii) hiex.an-2-one. d )l Describe another chem icall test wh~ch can be i 
• i 

; used to d'fstingui sh between an ald'ehyde and a ; 
• • : ketone. : • • • • : 2 Name and draw d1isplayed form uta for the Isom er,c : 
• • 
i alken,es formed when pentan-2-ol i,s dehydrated in : 
• • i F eh Lin g·s solu ti On an e l 1imi na1 ti on reac tion. i 
i 3 aJ Nam,e a ca talyst which can be use d to eUmi nate ; 
! b) How is Fehlirig's solution usuatly prepared in water from ethanol. I 
i the laboratory? b )l What is the o pti mu 1m, tern per a tu r e for t h ~s i 
• • ! reaction? : 

i ..... t··················· ····················································································································· : 

o--~~~~~~-
1 n dust r · i al production of ethanol 
Ethanol is manufactured on an industrial scale by fermentation of 
caibohydrates and by the reaction of steau1 Vtiith ethene. 

Ethano l production by fermentation 
Fermentation occurs when yeast and bacteria convert sugars to aloohol!s,. acids 
and various gases such as carbon. dioxide and methane. 



u, _, 
0 
J: 
0 
u 
....J 
et 

Figure 15.21 

By fermentation, yeasit converts sugars such as glucose to ethanol and carbon 
dioxide. 

C6H120 6 ~ 2Ci,H50H + 2C02 (g) 
Caq) (aq) 

glucose ---+ ·ethan.ol + carbon dioxide 

The reaction is carried out: 

• in the presei-ice of yeast. Yeast produces enzymes which convert sugars into 
methanol. 

• in the .absence of air (anaerobic conditions). This is to prevent the oxidation 
of ethanol to ethanoic acid (vinegar). 

• at a temperature of 33°C. The r,eaction is too slow below 25°C, vlhile at 
temperatures above 4-0°C the enzymes in yeast are dena tur,ed t hence a 
compromise temperature is used. 

• h1 a neutral aqueous solution. 

The yeast is killed by concentrations of ethanol above approximately 14%. The 
ethanol is removed from the reacdon mixture by fractional distillation. lt can 
be used to make biofuel. 

Etha not can be written C2Hs0 H oir CH3CH 20H in an ,equation, but 11ot as 
C2H60 or C2H5HO. 

Ethanol productio1 n by hydration of ethene 

ethene + stean1 ::::;: ethanol 

Conditions 
• catalyst of concentrated phosphoric acid absorbed on a solid silica surfaoe 
• 60 atm pressure 
• 600 K tempe'Iature 
• excess e thane to give a high yield. 

The inechanism for the formation of ethanol by the ·reaction of steam in the 
presence of a phosphoric acid (H3P04) catalyst is: 

H H H H 
H~ ~ H I I I I 

C- C ~H-C-C-H~H-C-C-H 
H_./ ( ~ H I ""J. I I+ 

H H :1-H H~-H 

H H 

H H 
I I 

H-C-C-H + H+ 
I I 
H 0-H 



The m echanism for the iorntation of ethanol by the reaction of steam in the 
presence of a phosphoric acid (H3P04) catalyst is electtophllic addition. In 
the mechanism the pho-sphoric acid is often represented. as H + . A carbocarion 
forms and then water adds on to form a protonated akohol. A proton (H+) is 
then removed, regenerating the catalyst and fomung the alcohol. Remember 
that for an unsymmetrical alkene the stability of the carbocation determines 
the major pr,oduct. 

~ ···························································································: 
: TEST YOURSELF 5 ! 
! 1 Concentrated phosp 1hor~c a,ci·d; is a ca,talyst in the hydration of pro,pene ! 
: to form CH 3C H'[O HJ CH3. The industr~al name for this a Leo hot js : • • i ~sopropyl alcohol. i 
! a) State the meaning of the term cat a Lyst. ! 
i bi Stat,e the meaning of the term hydra1tion. f 
i c) Write an equatiion for the hydration of propene to form isopropy l ! 
• • : alcohol. : • • 
i di Give the IU PAC name for isopropyl a.LcohoL i 
I i .. 
, ,, •••••• ~ •• ,,, • ••••••• • ,., • •• •••• •••••••••••• , •• t •• • •••••••• •• •••••• • • • •• • , ..................................... .. 

Figure 15~22 During the, months of June 
and July you are unlfkely to get stung by a 
wasp as they are busy catching insects to 
feed the wasp Larva. However. in autumn 
the wasps ca n become more aggressiw 
as they can becom@ intoxicatsd gorging 
on a diet of fermented fruit thus ma k1n g 
stings more Likely! 
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Type of proce-ss 

Rate of reaction 

Qua Lity of pro du et 

Reaction conditions 

Use of resources 

The environmental and economic advantages and disadvantages o,f both of the 
indusitrial processes used to produce ethanol are summarised in Table 15.3. 

Table 15.3 

A batch process. Everythfng is put into a 
co ntainer and then Left until fermentation is 
comp lete. That batch is then cleared out and a 
new reaction set up. This is ineffic ient. 

Very s low. 

Produces very impure ethanol whi eh needs 
further rocG~si n , 

Uses gentle temperatures c1 nd atmospheric 
pressure. 

Uses renew;b l9 re sou rcQs based on plant 
materr al. 

A continuous flow proce·ss. A stre-a m of 
reactants is passed continuously over a 
catalyst. Continuous flow is a more effic ient 
way of carrying out a chemical r9actio n on an 
i nd ustri al sea Le than a batch rocess. 
Very fast 

Produces much purer ethanol. 

Uses h1gh temperatures and pressures, 

needing lots of energy input. 

Uses finite resources basGd on crude oi l. 
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BlofuPl i5 any fuel made from living 
organ h;m s or the~r waisite. 

A r n-neutral a ivit is one in whkh 
th,ere ~s no, net annual emissions of carbon 
dioxide into the a1tmosphe1re. 

Fem1entation of catbohydrates produces dilute solutions of ethanol which we 
know as \.Vine or beer and also, bioethanol , a biofuel. 

The word 1 iofu J can refer \Jo any fuel nta.de from. living orga11iSJ.ns o,r their 
"\i\7.astc but the term is used in a scientific sense to m ean fuels made from crops 
or waste. B:ioethanol is ethanol made from th,e fermentation of sugar beet 
fallowed by fractional disriUatio,n. 

Theoretic.ally bioethanol is a. carbon-neutral f114.:J. A carbon-neutral activity 
is one in which there is no n et annual en1issions of carbo11 dioxide into the 
atmosphere. A carbon-neutra] fuel is one which uses the same amount of 
carbon dioxide from the atmosphere in its production as is released into the 
atmosphere upon its use. 

C02{emissio115) - COi(uptabJ .;;;.. 0 

In theory, the mass of catbon din,cide released int,o the atmosphere by the 
production and combustion of ethanol (Equations 15.2 and 15.3) is equal to 
the mass of carbon dioxide used during photosynthesis (Equation 15 .1) . 

Producci.on of glucose via photosynthesis: 

6C02 + 6H20 ~ C6H 120 6 + 602 (15.1) 

glucose 

Fermenta.cion. of glucose to, produce ethanol: 

olucose c ethano] 

Combustion of .ethanol to produce energy: 

(15.2) 

C2H50 H + 302 ---+ 2C0i + 3H20 (15.3) 

ethanol 

~+ Adding Equation 15. l to Equation lS.2 and (2 X Equation 
15.3) to use all of the ethanol produced via the fermentation 
process gives us the equation in Rgur-e 15.23. This sho'WS 
that bioethanol can be considered a carbon neutral fuel 

2~+ _. 

absorbed 

Figure 15 .. 23 

2~ + [2co:;J 

[ 4(02) + ~ 
6(0 

2 

However, the reality is not so neat. Energy is r:equired at each 
of the stages of p roduction described by Equations 15.1-
15.3. This energy· at present is almost certainly produced by 
burning fossil fuels, which of course releases carbon dioxide 
into the atmosphere. 

re leased 

The plants which are grown to provide the glucose, have to be planted and 
cared for; fertiliser and pesticid s are used. The production of fertilis-ers and 
pesticides requires energy. The plant must be harvested and transponed to the 
fermentation facility. The ethanol is extracted :from the fermentation n1ixture 
by fractioiial distillation and after this energy ·intensive separation process~ 
must be transported to the fuel pumps. Hence, in reality bioethanol is not 
truly a carbon neutral fuel. 

The fossil energy balance can , of course 1 be improved . One way to achieve this 
w,ould ·be to use the waste from the plants1 for example the stalks, to provide 
heat to be used during the· process. 



Fjgure 15.2& The British Sugar biofuel 
facility in Norfolk England. 

Figure 15.25 Sugar beet processed at 
British Sugar biofue·l plant in Norfolk is 
su pp LiQd by Loe~ lg rowers, ensuring thQ 
minlmum amount of energy 1s used 1n 
t ra n s po rt in g the beet to the fa c i Li ty. 

Figure 15.26 Just some of 
the uses of polyeth en ea nd 
polybutene. In the future ca n 
these be produced from cro ps 
such as s ugar c~ ne? 

Biofuels account for approximately 3% of global fuel use. The first biofuel 
plant in England has been built by British Sugar, with support from BP and 
Dupont at W15sing~on in Norfolk (Figure 15.24). It produces a biofuel which is 
predominately bioetbanol with. up to 10%-biobutanol. Biobutanol, butan-1-ol, 
is a more efficient fue] than ethanol. It has a longer hydrocarbon chain and 
can be used in ,engines designed to run on petrol \.vithout engine modification. 
Locally gro"Wn sugar beet (Figure 15 .25) previ,ously used to produce sugar for 
the world market, is now fermented. in me presence of yeast to forim ethanol. 

Apart from carbon neutrality a majo·r advantage of the use of glucose fro,m 
crops as the raw material for the production of etha11ol is that it is sustainable; 
the crops are a renewable resource. There are however also disad/\rantages to 
the use of crops for the production of ethanol. These include: 

• Our food supply may be depleted, as increasingly land is being used to 
grow crops for fuel. This is an ethical issue. In som·e countries. crops cha.t 
could be used to feed people are used to provide the raw materials Ior 

biofuels instead. 
• Production of crops is subject to the ,:veather and clin1ace. 
• It takes a long tim,e to grow~ rhe crops. 
• This route leads to the production of a mixn1re of water and! ethanol that 

requires separation and further processing. 

There are more exciting research avenues involving ethanol and butan-1-ol to be 
puisued. Alcohols \Vill undergo elimination reaction s to p1uduce alkenes whlch 
are used to make polymers. Polymers have provet1 to be ahnost limitless in their 
use. Most pol~ers cuuently produced are derived from crude oil. Imagine if 
we could further decrease our reliance on crude oil by producing ed1ene and 
but-1-ene from the dehydration of ethanol and bu tan-1-ol produced by 
fermentation of crops such as sugar beet? Imagine still if we could use bacteria 
to ferment other crops or waste organic nraterial to produce alcr0h0Js vtith longer 
carbon chains and subject these to dehydration processes to produce a greater 
range of alkenes and extend. rhe- range of polymers formed from non-crnde oil 
souJCcs. Perhaps you are the generation of chemists who will achieve this. 
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Practice questions 
I Butan-1-ol reacts with acidified potassium 

dichromate(VI) to produce two oxidaition 
products, A and B. Product A is formed when 
the butan-1-ol is in excess and is distiUed 
irnn1ecliately from the reaction mixn1re . 

a) State the class of alcohols lo which 
bumn-1-o,1 belongs. 

b) Draw the displayed formula for both 

(1) 

oxidation products} A and B. (2) 

c) Butan-1-ol can be converted to an alkene in 
an elimination reaction. 

i) Write an equation for the elimination 
of waret &um butan-l-o1 shoV?ing che 
structures ,of the organic c,o,mpound. (2) 

ii) Identify a catalyst for this process. (1) II 
2 The strucrures of three isoit11ers -with the 

m,olecular formula ,C5H 100 are shown belmv. 

Isomer 1 
E-p e nt-.3-en-2-ol 

Figure 15.29 

Isomer 2 
pentanal 

a) Name isomer 3. (1) 

b) Name the type of structural isomerism 
shown by the thFee isomers. (1) 

c) Draw the snucwre of Z-pent-3-en-2-ol 
the s tereo,isomer of isomer 1. (l) 

cl) Explain why isomer 1 ·exists as a. pair of 
stereoisomers. (1) 

e) Describe a chen1ica.l test which can be used 
to distinguish be ~ ~en separate samples of 
isomer 2 and isomer 3. Include the name 
of the reagent and observations made with 
both isomers. (3) 

3 Compound W is formed from ethene by the 
following series of reactions. 

Reactlon 2 Reaction 1 
HiC=CH 

· 2 (one ~ SO 
C~CH20S020H · CH3CH~OH 

:!' ,4 

Figure 15 .. 30 

a) Name and outline a mechanism for 
reaction l. 

w 

(3) 

b) Name compound. W (l) 

'· ) State the role of the concentrated sulfurlc 
acid in this process. (1) 

d) Outline another two step process 'YP7hich will 
produce compound W from ethene. lnclude 
the conditio,ns for each step. (6) 

4 The reaction of acidified potassium 
dichromate(VI) with ethane-1,2-diol produc,es 
ethanedioic acid. 

a) Balance the following equation for this 
reaction. 

c
1 

H20H 
+[O] 

CH
2
0H 

Figure 15 31 

COOH 
I +H2o 
COOH 

b) An intermediate formed in this reaction is 

(1) 

a oompound with only aldehyde functional 
groups and an empirical formula of CHO. 
Draw the structure ,of this intermediate. (1) 

,c) Ethane-1,2-diol can be made from ethene by 
the follov.,mg route. 

Reactbn2 

N.aOH~> 

Figure 15.32 

State the type of mechanisms in reaction 1 
and reaction 2. (2) 



S Nero] is a m,ono-terpene fo,und in many II 7 The forces of atnaction between ethanol 
molecules are: e-ssenrial oils such as lemongrass and hops. This 

colourless liquid is used in perfumery with a 
s tereoisomer lmown as geraniol. 

neroli OH 

Figure 15.33 

a) Us the· skeletal formula above to write 
the molecular formula and stn1ctural 
formula of nerol. 

b) Write a ba1anced symbol equation for the 

(2) 

combustion of nerol. (2) 

c) \\'hat is meant by the term stereoisomer? (1) 

d) State the cbss of alcohols to which nerol 
belongs. (1) 

e) Name the reagent and state the conditions 
necessary to convert nerol into an 
aldehyde. (3) 

6 'Which of the following is a tertiary alcohol? (1) 

A 2-methylbutan~2-ol 

B 2-methylbutan-3-ol 

C pentan-2-ol 

D pentan-3-ol 

A permanent dipole-dipole attraction only 

B covalent bonds and hydrogen bonds 

C hydro,gen bonds ,only 

D hydrogen bonds and van der Waals, forces (1) 

II 8 The catalytic hydration ,of ethene is described by 
the equation below. 

CH2 ~ CH2(g) + H20(g) ===; CH3CH20H(g) 
6.H'9 = - 45 lg n101-1 

Ethene: and ste.a.m are mixed in a ·molar ratio of 
10:6 and continually passed over the catalyst. 
The gases remain in the cata~t chamber for a. 
relatively short time. Only 5% of the ethene is 
converted to ethano] each time the gases a.re 
passed across and in contact with the- catalyst. 

a) Explain why a low tetnperature favours 
a higher percentage ,of ethanol in the 
equihbrium mixture. (2) 

b) Explain why the ten1perature actuaUy 
used is a high tempemrure. (1) 

According to the equation the ethene and steam 
react in equimolar proportions. To encourage 
the position of equilibrium to shift to the right, 

an excess of one of the reactants can be used. 

c) Suggest why ethene is the reactant in e...""(ce-ss 

despite being more eJq?ensiv,e and less 
abunda1tt than st,eam. ( Consider the 
nature of the catalyst.) (1) 



Organic analysis 
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Be able to reca Ll the nam es and structure of th.e functi,onal groups 
pr,esent in the homologous seri:es of compounds Listed in chapters 
12- 15 . 
Understand the meanrngs of the chem 1ica l terms isomer and isotope . 
Be a Ible to recall and use chemica t tests to id,entify alkenesl 
aldehydes, ketnnes and alcohols. 
Use mass spectrum to identify ,elements and determrrie re lat~ve 
molecular mass . 
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Figure 16.2 Even the gladlators of 
Anclent Rome used performance 
enhancing drugs . 

Fig u re 16. 3 U n po Li shed ro u g h 
diamonds. Mass spectrometry can 

C)...-0-r __ a_n_ic_a_n_a_l_s_i_s __________________ ~ 

The financial .and social benefits of major sporting successes are vast. 
Unfortunately even before the gladiator.3 of Ancient Rome (Figure 16 .2) added 

herbal extracts to their diets) a minority of athletes had attempted to gain 
co,mpetitiv,e advantage over their ·rivals ·by artificially· increasing their physical 
performance. Acoompanying the groVlth in pharmaceutical knowledge in the 
19th and 20th centu ries was the creation of ever ·more sophisticated artificial 
perlonnance enhancing drugs. It v.1as necessary; in the interests of a fair 
competition to counteract the misuse of drugs by detection and subsequent 
sanctions. M,odem instrumental methods such as mass spectrometry .m.d 
infrared spectroscopy have ·made the identification of organic substances 
much simplec 

Mass specn·omet!'}'" can identify the chemical corn.position of a sample based 
on mass to charge ratio. In addition to its use in detecting banned drugs in 
sport it can be used to: 

• monito,r and track poUutants in the air ,or in wacer supplies 
• detect toxins in food 
• lacat-e oil deposits by testing rock samples 
• detemnne the extent of dam.age to human genes due to the environment 
• identify the country of origin of diw11vonds. 

be used to ident1fythe count~ of o~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
origin of a diamond and help M t t f · d 
protectagafnstdfamondsmugglrng. ass spec r m ry O or an1c compoun 5, 

g'o 
I I 

92 94 96 98 
m/z 

'Nhen a sample ,of an element passes thr,ough a mass spectrometer> the 
spectrum. produced consists of several lines. These lines are dlue to the 
different itSotopes o[ the element (Figure 16.4) (see also Chapter 1) . 

\¥hen an organic compound passes through a ·mass spectrometer the spectrum 
produced also conslJSts of several lines. In this case the lines are due to the 
,original molecule and fragments of the molecule. The line ,vith the largest 
m/z ratio is known as the n10Jec11lar 1011. This line has been produced by 
a n1olecule which has lost one electron. A simplified version of the mass 
spectrum of propan-2-one is sho\.\on in Figure 16.5. The lines on the spectrun1 
are due toi the molecular ion and ions produc.ed by fragments of the molecule. 
The molecuJlar ion is at 86. 

86 
71 

I ' 
I I 

102 100 80 10 20 30 

Figure 16 .. 4 The mass s pec trum of th e meta llic e leme,nt Figure 16.5 The mass spectrum of pentan-2-one. 
m oly bden um. The lines indicate the relative a b u nd a nee of 
the different isotopes of the eleme nt prese nt in the sample. 
The Mr ca n be ca lculated from thls fnformation . 
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The mass spectra 1of compounds containing chlorine 
or bro1mine 
There are t\Vo ·molecular ion peaks in the mass: spectra of compounds 
containing a single chlorine atom. This is because chlorine exists as 

two is,otopes, 35 C1 and 37d. The mass spectrum of 2-chl,oropropane, 
1CH3CHClCH3, is shown in Figure 16.6. 

The peak at nl/z ·ratio 7B is due to tl1.e molecular ion [CH3CH35ClCH3] + 
containing an atom of 35C1. The peak at m/z ratio 80 is due to the molecular 
ion [1CH3CH37dCH=,]+ containing an atom of 371Ct The tatio of the peaks is 3:1. 
This ratio reflects the abundance of the chlorine. isotopes; 35Cl:37Cl 3:1. 

There are three ·molecular ion peaks in the mass spectrun1 of 
2 ,2--dichloropropane (Figure 16. 7)'. 

motecular 
'ii! 11ons 

molecular e 
Jons ta 

/ 
.,, 

C 
::, 

.D 
IIO 

I 
"ii -ClJ 
a:: 

70 10 20- 30 4·0 -0 0 70 80 90 1 0 
mlz 

Figure 16.6 The mass spectrum of 2-chlorop ropa ne. Figure 16.7The mass spectru m of 2,2-dichloropropsine. 

They correspond to [CH3C35Cl3SCICHJJ +, [CH3C35Q 37d 1CH3] +and 
[CH3C37CP1ClCH3] +. The three peaks are in a ratio 9:6: 1. This ratio can be 
understood by working out the probability of a 35Cl or a 37Cl being present 
in the molecule. Remember there are three out of four (3/4) chances of a 
chlotine aton1. being -'5C] and one out of four (1/4) chances of a chlorine 
atom being 37C). In a mole.cule containing tv,o chlorine atoms the possible 
combinations are: 

35C Land 35CL JS Cl and 27C Lor J7CL and 35CL 37CL and J7CL 

probability :3/4 X 3h [3/4 )( 1/4) + (1/o. X 3/4] 1/4 X 1/.4 

9/16 3/16 + 3/16 1/16 

ratio 9 6 1 

This gives a distinctive pattern in a mass spectru·m . A pattern of three 

molecular ions, M, M + 2 and M + 4, in a ratio of 9: 6: 1 is an indication that 

the molecule contains two chlorine atoms. 

Bromine: exists as two isotopes, 19Br and S1Br, in an almost 1:1 ratio 
(50.5 :49. S). The n-1ass spectrum of 2-bromopropane will show two 
molecular ions - one at 122 due to [CH3CH79BrCH3] + and at 124 due 
to [CH3CHB1BrCH3]+ . Th,ese molecular ion peaks will be in the ratio 1: l 
reflecting the relative abundance of the bromine isotopes. 



A 

High resolution m,ass spectrometry 
Consider the three mass spectra, A, Band C in Figure 16.8, which are of three 
different organic co.mpo,nnds pen.tane and sm:tcn1ral isomers, butanone and 
butanal. Each spectrum has a molecular ion peak at a n1ass/charge ratio of 72. 

B C 

Figure 16.8 The mass spectra of pentane. and isomers butainone aind butanal. 

1H= 1.0078 

160= 15.9949 

14N= 14.0071 

l2C = 12.0000 

Fig u re 16 .1 0 

High resolution mass spectro·m.etry can be used to distiugtdsh betwe-en these 
three compounds. It can measure relative: atomic masses to 4 decimal places. 
A more accurate value of relative molecular m.ass of the molecular ion can 
establish which cotnpound is pentarne. The precis·e r-elatbre· at,onuc mass of 
s,ome elements is listed in Figure 16 .10. The Ar of 12c is exactly 12. 0000 
by definition. The relative atontlc masses of all other atoms are measured 
relative t.o the 12C isotope. Using these values the relative molecular mass of 
pentane is 72.0939 and rhe relative molecular mass of butanone and butanal 
is 72 .0575. Spectrum A (Figure 16.8) is pentane as the m/z ratio, of the 
molecular ion on the high reso,lution mass spectra is 72.0939. 

PlE 1 
A sa.mple of gas was a natysed usi1ng a m,ass spectrometer. The 1molecular 
ran was detected at a mass to cha rg,e ratio ,of 28.0. 

1 Which two of the following gas,es co-u Ld be present in th·e sa 1mple? 
a etna n,e 
b ethene 
c caribon dioxide 

caribon monoxid·e. 
Explain how hi·g,h resotution ma ss spectrometry can, be used to 1identi1fy 
the gas i1n the sa1mple. 

Answers 
Frorm, the rnform,ation given about the molecular ion you ca n deduce that 
th·e gas has a Mr of 28.0. Several compounds wiH have a Mr of 28.0, 81S the 
value is not 1mea1sured to a fine degree of ace u racy. 

Usfng the Ar values giveri on your Peri1odic Table, the Mr of both ·ethene 
and1 carbon monoxide i1s 28.0. 

You shou ld include i1n your answer to Q2 the accurate Mr values for 
ethene and! carbon monoxide. Exom~natron questions wiH include Ar 
va'lues to 4 decimal places. Hjgh resoluti-otl mass spectrometry can 
mea1sure rellative molecular masses to 4 decirna:t place·s. This introduces 
a hi·gh degree of accuracy andl no two compounds will have exactly the 
same re lative motecu la r mass when measured this accu rc'.3te ly. 
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2 M1 r et ha n e. C 2 H.4 =! [ 2 x 1 2. U OOO I + I 4. x 1 . 00 7 8] ~ 2 8. 031 2 
Mir carbon monoxide. CO - [1 2.0000 + 15.9949) - 27.9949 
Using high resolution mass spectrometry, the molecular ion of carbon 
monoxide will be detected at a mass to charge ratio of 27. 9949 whjle the 
molecular ;on of ethene will be detected at a mass to charge ratio of 28. 0312 . 
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: TES.T YOURSELF 6 
• i 1 Use the ma:ss spectrum of ethanol [Figure 16.10) to answer the 
: qu estions whtch fo Uow. 
+ 

~ a) What label shou Ld be placed on the y-ax is? 
~ bJ What is the 1m,ass/charge raHo of the 1molecula r ion? 
"' ! c) Wha t is the re lative rnotecular mass of the compound tested? 
! dl Expla1in hnw you ca n in1fer the answer gi1ven ,jn part c~ from tih,e 
i a nswer g i,veri rn pa rt b]. 
• • • • • • Ii 
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: 2 Caraway seeds ar.e widely used! ir, centra t and eastern Europe to 
"' i flavour food. The oils from the caraway s,eed contain the organi c 

4·6 

i comp ound ea rvone. The spectrum of carvone O'btajned using mia.ss 
• i spectrometry has a 1molecular ion peak at a mass to charge ratio of 
: 150.1041. 
• • • • • 
"' "' + 
+ : • • • • • 
"' "' + • • • • • 

Wh~ch of the foUow~ng could he the ,m,olecular fo r im ula of ca rvone? 
A C9H100 2 
B C11 H1e 
C C10H1,0 
D C10H16N . 
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o~~~~~~~~ 
lnfrared spectroscop 
Pairs of atoms joined by a covalent bond continuaUyvibrate. The frequency 
of vibration is unique to, the atom combination of the bond and differs if 
the bond is .single1 double or triple. A carbon-carbon single bond VJ.brates 
at a different frequency to a camon-carbon double bond or an oxygen­
hydr1ogen bondl. These vibrations have a frequency in the infrared region of the 
e]ectro,magnetic spectrum. Th.is is called the natural frequency 1of vibration of 
the bond. 



Vi/hen a beam of infrared radiation is shone onto an organic compound some­
,of the energy is absorbed and the amplitude of vibration of the ,covalent bond 
in.crease5. The bond only absorbs radiation. that has ihe sam.e frequency as 
the natural frequency of the bond. Each type of bond has a. natural vibration 

frequency and the same bond surrounded by different groups of atoms has 
a different na rural frequency of vibration. This knowledge enables chemists 
to identify groups of atoms in a molecule and the environment sun"Ounding 
ithis group. For example, analysis of an i.nfrared spectrum of a compound may 
indicate that a C=O group is present and wi1ll also indicate if it is parrt of a 
-CHO group in an aldehyde, or part of a -C1001H group in a carboxylic acid. 

All organic compounds absorb infra.red radiation. Bonds in molecules absorb 
infrared radiation at characteristic wavenum.bers. 

lnfrared spectra 
100 

·O-i-......-......-.-,.-.....-,-,-.....,....,...._.-.-.......... ......-.-.-_,_.....-+......-.-.-..-.-.-.-~..-.-......-.-.-,.....,......-.-,-,-,.....,_-

4000 2000 500 

wavenumber cm-11 

pe;ks 

Figure 16.11 An infrared s pectrum. 

The spectrum. begins at the top of the graph and co,nsists of a series o,f dips, 
which represent the infrared frequency absorbed by particular bonds. These 
dips are given ithe name 'peaks'. This term is a little unusual as normally a 
dip is known as a trough ! Another unusual aspect ,of an infrared spectrun1 is 
the scale. Look carefully at the scale of the x-axis of the intrarea spectrum in 
Rgure 16 .11 and all of the spectra in this chapter. The scale is different to the 
righ t and le& of 2000 cm- 1. It begins ait 4000 cm -l and ·ends at 500 crn-1. 

An infrared spectrometer does not contain any glass or quartz because these 
absorb infrared radiation. AU intern.al reftecting and refracting surfaces ~re 
made from polished sodium chloride crystals. The samples can easily be 
prepared . The mass of the sample required is very small; approximately 1 n1g 

is all that is needed. 

Analysis of infrared spectra 
The functiona] group or groups of a molecule can b e found by analysing 
infrared spectra in the region betvJeen 4000cm-1 and 1500 cm-1. Figure 
16.12 shows the infrared spectra ,of ethanol, ethan,oic acid and propanone. 
AU these compounds have C-H bonds, two have OH groups and two have 
C= 0 groups pres,ent in the molecule. 
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Table 16.2 shows the 
characterist·ic i nf rared 
absorpt~ons in org1an·ic mo'lecu l,es. 
A si m,ilar table will be given to 
you to use in your exam. ,It can be 
useful to obtain ~t now to use it 
to answer the questions g.iven rn 
this cha,pter: 

Table 16.2 Characteristic infrare,d 
absorption in organic molecules . 

Bond Wavenumber (cm-l] 

N-H (amines] 3300-3500 

0- H [alcohols] 3230-3550 

C- H 2850-3300 

0-H [adds) 2500-3000 

C• N 2220- 2260 

C=O 1680-1750 

C=C 1620-1680 -
C-0 1000- 1300 

C-C 750-1100 

Figure 16.12 The infra red spectra of 
ethanol, ethanoic acid and propanone. 

'#. 
8 

iQQ-,-~~~-in_fr_ar_ed_·_sp_e_ct_ru_m~of_e_~_a_n_o_l, _C_H_3C_H_,20_H~~~---. 

0-H bond 

4000 30()0 2000 1500 1000 500 
wavenumber/cm--1 

infrared spectrum of etha,noic a,cid, CH;COOH 
100--~~~~~~~~~~~~~----~~~~--

very broad 
tro·ugh 

C 
to 
~ .SO -
E 
"' C 

b 
0 -H bond"in 
a carboxylic 

acid C=O bond~ 

1500 
wa'Venum,ber/cm-11 

100--.--~~i_nf_ra_1~_d_s_p_ec_tr_u_m_o_f_p_,ro_p_an_1o_n_e_.c_~~3-C_O_O_H~~~------. 

C=O bond - --.... 
Q-1-,--.-.-,.--,-...-.,..............,....,....,--,-,-~--.-.-.......-.--.-.-,"""'""""'"""~.........-......-.--.--.-,"""'""""'"""~.........-......-.--.--.-.-1 

4000 3000 2000 1500 10(,0. 500 
wavenumber/cm·t 

The C-H bond is present in almost all organic compounds. A peak just 
under 3000cm-l is probably due to C-H bonds. 

The. absorption of the oxygen-hydrogen bond varies slightly depending 
on ~vhat sort of compound it is in. In carnoxylic acids the -o·tt absorbs IR 
in the range 2500-3000ctn- 1. The -OH b ond in an alcohol absorbs at a 
higher wavenumber than it does in an acid - somewhere benveen. 3230 and 
3550 cm-1. It is easily recognised because it produces a broad peak in an 
alcohol and a very broad peak in an acid. 

·The C=O produces a peak betw,een 1680 cm- 1 and 175.0cm- 1• This is 
present in both the spectra for ethanoic acid and propanone. Notice the 
absence of the broad OH peak in the specrn.1m of propa.none. The stnall 
absorlJance a t approximate~:r 2900cm-l is probably d ue to C-H bonds. 



The fingerprint region 
The area of the specnum be}ov;, the 1500cm-l is known as the fingeip,rint 
region of d~e spectn1m. The absoiptions are complex and a.re caused by 
the varied and complicatedl vibrations of the entire molecule. Thls pan of 
the specnun1 is unique to the molecule. IR spectra of many known organic 
molecules have been recorded and are available in a database. To, identify a 
moleoule, the IR spectra is produced and compared to this database. 

The infrared spectra of ethanoic acid and butanoic acid are shown in Figure 
16.13. There is a broad peak in the range 2500-3000 cm-1 present in both 
specna indicating the presence of the -OH group. The peak present in the 
range 1680- l 750cm-1 indicates the presence of a C=O group. These peaks 
indicate that both the compounds are carboxylic acids. 

infrared sp~ctrum of etiha1noic add', C ~3COO!,-,i 
1100------------------------. 1 OO .....-----i n_fr_a_ra_d_s_p ~_ct_r_um __ of_· ·_b_ut_a_no_i_c _ac_id_,_c_,14_~ 7_C_O_O_H_. -------. 

~ very broad 
~ uough 
u ,c. ~ ... 
C 

!'50 .E 
VI 

i 
-= 

0-H bond in 
a carboxylic C=O bond-"' 

2000 tSOO 
wavenumber cm-11 

I, 
OH CH 

0 -- - ~ 

4000 3000 2000 1500 
wavenumber cm-1 

Figure 16.13The [nfrared spectra of two different carboxyl1c ac[ds. 

Figure 16.14 The IR si pectrum of 
ethanolc a c1d superimposed on the I R 
spectr um of buta noic acid . 

In Figure 16.14 the infrared spectra of e thanoic acid and butanoic acid are 
superimposed. The region benveen 1500 cm- and 4000 cm-1 are very 
similar but th e region below 1500cm-l is unique to e.ach compound. 

infrared spectrum of ethanoic acid, CH.3COOH 
100..,......-------------~--~----~ 

OH 

/' 
0.H bond In a 
c.arboxylh:: :id d 

O--+--r-~~~m~m~~~~~~~~m~m~m~....--1 

4000 3000 2000 1500 1 OOO 500 
wavenumber cm-11 

Check'ing purity 
lnfrared spectra can b e used to check the purity of a compound. When the 
infrared spectrum of a knowt1L compound is produced extra peaks can indicate 
that the comp,ound is no,t pur-e. 
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~ .........................•.........•........................................................ ~ .. 
! TEST YOURSELF 3 i 
• • • 1 • : · I nf rared spectroscopy is a usefu ll instn..J1mental technrque. : 
i a)I What happens to the motecute du rir1g the absorption of ir1frared i 
• • : radiatiion? : 
• • i b)I Exp lain now i nfraredr spectroscopy can be used to ider,ti,fy a i 
: compound. : 
• • 
~ c) To run an infrared spectrum in older spectro 1m,eters, the soUdl ~ 
: sampile was ground up wrth sod·ium chlorrdre and pressed i,nto a : 
• • i small d,isc W'hich was placed 1into t'h,e beam of i nfrar·e,d: radiation. i 
i Sugg,,es t why sodium chtorirde wa1s us,ed to contai:n t'he sample. i 
i 2 a) Use the information in F,igure 16.1i2 and Table 16.2 to l ist the J 
• • : expected absorpti'on reg~o ns for: : 

i U propa noic acld i 
i ii) .butanol. i • • i b)I W:h at ta be ls are pl.a ced on the i 
• • : ii x-axls : 
• • 
; ii)I y-axis of an infrar·ed spectrum? i I cl What i·s unusual about the scale on the x-axis? j 
~ 3 The infrared1 spectra of ethanoic aci,d, propan-2-ol and propanone ! 
! were analysed. The major peaks observed! in the three spectra are i 
• • 
: listed below. : • • • • ! X sha1rp peak at 1700 cmi-1. narrow. shaltow peak at 3000 cm-1 i 
I Y shdrp peak at 1700 cm-1, deep lb road peak f n the ra nge 2400- : 
• • 
: 3300 cm-1 : 
• • : Z broad peak in the rang,e 3200-3400 cm-1. narrow shallow peak at : 
• • : 3000 cm-1 : 
! a) M1atch the spec tra, X, Y and Z, to the cam1pour1ds. i 
• • i b) Spectra X and Z have narrow peaks at 3000 cm-1. ~ 
i ii Suggest which ,group gives ri.se to th,s peak.. i 
• • I ii) W'hY is thi s peak not notic,eatlle in the sp,ect rum Y? i 
i 4 C,om,pou:nd A has the motecuLar formulla C3H602. The infra red i 
• • : spectrum of A js showr, below. : 
• • • • • • 
... 1 00 ... ; ~ i 
~ . 
: i • • • • • • • • • • • • • • • • • • • • • • 
: ~ : 2 ...... • 
• ~ ! i u : . ~ . 
~ -~ 50 ! 
: c : : ~ : 
• C • 

i ! i 
i i 
: : 
• • • • • • ... ... 

• • • • • • • X • : ' y : 
• 0 • • • • • 
: 4000 3000 2000 1 500 1 OOO 500 : • • • b • • wavenum er/cm1-1 • • • • • • • ... . 
: Figure 16.15 : 
: : • • • • • • i a) ldent1ify the groups which pro,du ce U1e absorptions X and Y. ~ 
! b) Draw a po ssible stru cture for A . ! 
• • • • . , .... ~+ .... +I I It>++• +++,1 •••iii •• ••• i II i • • • • • •111111"'111 • • • • • • • 111• • • •• • • • • • • 9,1191191 111111• • • • • • • • • ••• , t • t •it._ _____ _ 



Figure 16 .. 16 Small changes in the balance of greenhouse gases can cause 
slgnificant temperature changes because they are extremely efficient at absorbing 
infra red radiation . This Leads to the Greenhouse gas effect. 

You have already studied the greenhouse effect on p. 272 and Figure 16.16 
shows how the greenhouse gases~ carbon dioxide, water and m.etha.ne absorb 
infraredl radiation, leading to the greenhouse effect and global wanning. The 
bonds in these gases are very efficient at absorbing infrared radiation. lnfrared 
spectra of carbon dioxide; methane and water have deep bands indicating 
their high efficiency in the absorption of infrared radiation. \¥hen mfraJ\ed 
radiation hits a molecule of these gases it is absorbed and causes the bonds 

to vibrate·. 10xygen and nitrogen, the other n1ajor gases in the atmosphere do 
not have this property. It is the .absorpdon of infrared radiation by greenh,ouse 
gases that contributes to global W'Bnning. 
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C)~ld-e-nt-1·t-1·c-a-t1·--------------------­n of functional groups by 
test- tub reaction 
Table 16 . 4 sumn-iarises some of the simple chemical tests which can be used 
to identify the presence of th e functional groups you have met during the 
study of this course. 

Table 16.4 Id entlficatio n tests. 

I!'_~-, .-,., ~-'=i/-c. : r .. _ . • "'.:, -----, i, ...... ~ l • n l ll l k l;\;1::, 111 r:. i;.."'{, 
11t: 11&):::J l.l. "'l ~~4:-' • -.. -. • rfi 

,&,lo- ''" "-I 

alkenes 

primary and secondary 
a lco ho ls 

te rtla r-y a Lcoho Ls 

aldghydg s 

ea rboxyli c acids 

'c W' J 
-'" .. 

'9"! - "" - -'_~ ..... '"11_;:-\..,c·' .. 1 , . .;1- I ll'r. u •J I ,. ' I:1. rf :.ra• t~11,1~i 
~•) ,,.,,:': :l4: '~· .. ": '""' ~., .;:I~ -[IJ _ n_l , __ I, -• 

;_~,,, ~ .. l!.JiJI'.' ,r• 
(J~ ':::) ;; f! • l~I [;.J.:l • ~ ;::i .:.laBil i~ r::I~-":~ -__ , __ 

Jil T II!~ 11'1.'-' 

bromine water orange solution co Lou rless solution 

acidified potassium 
era ng e solution green solution 

di chromate(V I) 
orange solution remains orange 

Tollens· reagent colour less solution 
s1lve r pre,ci pitate on si de,s of tes t- tu be 
known as silver mir ror 

Feh Li ng·s so Luti on blue solution orange-red precipitate formed 

solid disappe,ars. bubbles of gas evolved 
so lid sodium ea rbonate whiter 50 lid [e-ffervescencel. Gas turns lime water from 

colourless; to cloudy [C0 2] 

Most organic compounds do not mix with water h owever, short chain 
alcohols and ca11bm.ytic acids do. 

. . 
: 
• 

• .......... . . .. ....................... •11 ....... 1.11• ...... .... 11• ........................ . . . ......... .... 11 • ........ •11 ....... •11• ...... ...... ................... ,. .... . .......... . 

R QUIRED PRACTICAL 
ldentifi cation of functional groups 
A se ri,es of tests were car r ied out on an org1c:H1ic substanoe Ywh ic:h has 
one functional group. and the observations were recorded in the tabl-e 
below. 

1 P Lace 1 c m 3 of Y i n a t e s. t- tu be 
T wa Laye rs a re 

and add 1 cmJ of water. Stopper formed 
and shake the m,x.ture. 

2 In a fume cupboard add 1 cm3 of 
Y to a test-tube one quarter full 
of bromine water and mbc we LL. 

3 Add 6 drops of Y to 1 cm3 of 
potassium di eh romate!V I) 
so Lution in a test-tu bean d 
acidify by adding 1 cm3 of 
dilute s. u lfuri c acid . Warm the 
m ,x tu re e ntly. 

Orange colour 
dfsappears 

No change in colour 

al Co 1mplete th e table by in sert1ng appropri ate deductions. 
b What colo-ur is observed in the test- tube in experim ent 3. 
C Based on t ihre experiments a,bove, su-g:gest a functional -group w f1 ,iC1h 

may be present in Y. 
di 'Based on the experiments aibove. suggest a functional group w h~ch 

may be absent from Y . 
, • ••••• ,. . " •••• ., ..... ., •• f'l!I! ....... P l!1 •• , . . .... . . , ........ • •• ' ""•• .... ······· " .. .... .. ....... f' l!ll "'••s• 1'1! 1 •• , ....... ~ .. . .. .. ... • •• , ...... . .......... ., .. . ..... , • ., •• f' l!ll '"S'ISS r et •• , .... .. . ....... , . 



Figure 16.17 Even the smallest 
observations ca n provide vital 
informat1o n. 

~ ........................................................................................... . ~ . 
: TEST YOURSELF, ! 
• • : 1 Ca,mpounds X and Y both conta,in f ive carbon atoms and are insoluble : 
• • 
: i:11 water. They do not react w ith ei ther sol~d sod,iu m carbonate nor : 
• • f w ith Tollens' r ea gent. When tested wnh br,omi,ne water. Y ca uses i 
i the orange soiluti on to become colourless. X reacts with addified ! 
: potass iu m dichromate[V I] turning the orange solutio n to gr,een . f 
• • i a) Ident ify the ·fun ctional group present in Y. ~ 
! bi W hich of the follow ing, A . B, c. ID or E, cou ld be t he structural ! 
• • • formula for X? : l • 
~ A CH[CHabCH(O HlCH3 ~ 
• • i B CH3 CH2CfOH] [CH3h i 
~ C CH3 CH2CH2CH2CHO ~ 
• • j D [CH3CH2~2CO j 
z E CH3CH2CHCHC H20H. : 
i 2 Give the r eag ents and obse rvat,ions for test- tu. be react ions whi,ch ! 
• • : co uld be used to c:Hstingui sh 'b-etween the fo llow ing pairs of org,anic : 
t • 

i compounds. : 
• i 
i a) propene and' pr,opan,e ! : . : bi etha no, c acid an d ethan ot : 
• • 
~ c ) 2-methylpr opan-2-ot and propan-2-ol ~ 
i dl propanone and propa1nal. i 
• I 

:.1, 1•••••+• 111,••••••·~- l ~l •-•••···~··~·~·•••••• ~~l •-A••••••lll1 4·······1111~······· ttliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiilii 

This chapter has introduced you to some of the insm1mental tech.niques 
and chemical tests that can be used either separat-ely or in conjunction lo 

obtain infortnation abo,ut snucrure, identity, presence or absence or even 
concenu-adon ,o,f a molecule. You have read how modem instrumental 
techniques can obstruct diamond smuggling~ identify a thletes who wish to 
gain unfair advantage over their rivals by the use of performance enhancing 
drugs and how these instrumental techniques are providing information to, 
scientists who msh to ,explain the causes of climate change. It is important 
to note however tha.t information does not come solely from the: use of 
expensive a~lytical instruments. It can be gleaned from the most unusual 
of observations. 

]n 2 Q, 13 a fas,cinating p·iece of climate change research v,as initiate·d using 
the millions of butterflies in a collection held in The British Museum. For 
200 yearsi peaking in the 1800s~ the population of the British Isles was 
fascinated by bu tterlly collecting. The collected butterllies w,ere carefully 
pinned to, boards, v.rbe,re, they are pr·e,served to this day in perfecr con dition 
(Figure 16.17). Among the anatomical and general biological data which 
were d iligently recorded by the butterfly ,enthusiasts are data on place and 
time of c,ollection. Due tei the ao,mpetitiveness ,orf th.e collectors, the collectio,n 
c,ontains the 6rst b11tterfiies to, emerge each year. Butterflies ar:e cold-blooded 
and as such do not emerge from the chrysalis until the weather is warm 
enough for them to fly. Digitisation of the amassed data wiU take 10 years 
but it \¥ill allow statisticians and climatologists to see a pattern of chrysalis 
·Cm·ergence of buuerfiies in specific regions of the British Isles over the past 
200 years and thus a pattern of climate change vviU emerge. 
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I Consider the skeletal formula of the five cyclic 
compounds A~ B, C, D and E. 

OH 0 Br 

Infrared spectra for four of these cyclic 
compounds are given below. Match the 
spectra iJ: i~ iii or iv with the compounds 
A) B> C, D or E. 

0 0 
(4) A B C D E 

"ii. "#. .... -8 Gi g 

= ~ 

-~ 50 11 so 
E E 
U'I Vl ,:; £; 

I! ftJ ., • 
0-.... .......................... ~ ......................... ~~.........-.~~~~ ............. ~~~~ 0--.... ............. ~~~ ............. ~~~~~~.-.-.-......-.-~ ............ ~~ 
4000 3000 2000 1:'SOO 1000 SOO 4000 3000 2000 1500 500 

wavenumber/cm""" wavenumber/cm&11 

Spectrum 1 Spectrum 2 

iv 1100 

Q_..,...,.......,.......,.......,...,......T""T""T""T""T"T"T""T""T-,-,-,-r-r-r-r-r-,--,-,-,.-,-,-,-,-,-r-r-r-,....,...,....,...,.......,...,......"T""T"T"""t Q.....,..._.,...,..,...,..,...,..,..........,..._...,."'r"r"i'__.,.......,....-r-r-i..._..,........,..,...,...,.....,_.,.._......_..,...............,_.. 

4000 3000 2000 1500 11000 500 4000 3000 2000 1500 1000 500 
wavenumber/cm-1 

Spectru m 3 

2 Which one of the foUo,wing describes how 
infrared radiation interacts with a Greenhouse 
gas? (1) 

A absorption 

B emission 

C reflection 

D transmission 

3 The infrared spectrum of a compound with the 
molecular formula C4H 100 is shown opposite. 

a) Identify one feature of the infra.red spectrum 
that supports the fact that this is an alcohol 

(1) 

wavenum ber/cm-1 

Spectrum 4 

O-+-o-. ............................. ._...... ................................................ _,...,.._.......,....... ................. ~~ 
4000 3000 2.000 1500 1 00 

wavenumberlcm-1 

b) E~lain how the spectrum can be used to 
identify the alcohol. (2) 



4 Chlorine reacts with trichloromethane in UV 
light to, form an organic compound X. 

a) Write an equation for the overall reaction of 
chlorine with trichlorometh.ane in UV light 
to formX (1) 

b) The foilovving infrared spectn1.m was produced 
in this reaction. Use this spectrum to explain 
why it is possible to deduce that this san1ple of II 
X contains no trichloromethane. (2) 

0--1-r-r~~~~~~~~~~~~--~ 

4 00 3 0 2000 15 0 
w,aven um berJcm-' 

5 The infrared spectra of water vapour and 
carbon dioxide. are given below. 

5 0 

100-,-------::;:;:--;;;:----------, 

Q_J_~~=--~~-~~--~~~~__J 
40 0 3000 .2000 1 OOO 

water vepourwavenumber/c:m-, 

100 ~ .. r --T 

I 
' 

~ 

' ... 
I 0 

_I .I 
4000 3000 2000 1 OOO 

carbon dioxide wavenumber/cm-' 

' f'/ 

a) Use the information from the in&ared 
spectra to deduce one reason why water 
vapour is a more effective greenhouse gas 
than carbon dioxide. (2) 

b) Use your knowledge ,of the bonding in carbon 
dioxide to state why the infrared specmim of 
carbon dioxide is not as expected. (2) 

6 ili7gen has three isotopes 160, l 7Q and 1ao. 

A sample of oxygen ""Was analysed in a mass 
.spectrometer and three groups of peaks were 

obtained: 

Group P oo,rresponded t,o the ion 02 + 
Group Q corresponded. to the ion 02+ 
Group R corresponded to the ion o+ 

Wnich one of the following is the ,order on the 
x-axis ·from left to right of the groups? (1) 

APQR 

BPRQ 

CQPR 

DQRP 

7 Bu tan-2-ol can be oxidised by acidified 
potassium. dichro mate(VI) s,olu don. 

a) Write a balanced symbol equation for this 
oxidation. (1) 

h) State the class o,f alcohol t,o, which butan-2-ol 
belongs. (1) 

c) The infrared spectrUm shown below is 
either of butan-2-ol o,r the organic oxidation 
product. 

i) Identify the compound to which this 
infrared spectrum refers. (1) 

ii) Explain your answer to c) i). (2) 



Mathematics for 
chem is try 

Expressing numbers 
S,ignificant figures 
ln calculations you ·may o ftien get 
long decimal ans\¥ers on your 
calculator display. It is important 
to round these correctly using 
significant figures. 

The first significant figure o.f a 
number is the first digit that is not a 
zero. 

The rules for significant figures are 

l Always count non-zero digits. 
For example, 21 has 2 significant 
figures and 8.923 has 4. 

2 Never count zeros at die start 
of a number (leading zeros) . For 
example, 021, 0021 and 0.0021 au 
have 2 significant figures. 

Figure 17"1 Avery Long decima l answer 
on a ca lculator can be ro unded to 
significant figures. What is this:. number 
to 3 significant fig ures? 

3 Always count zeros which fall between two non-zero digirs. For example, 
20.8 has 3 significant figures and 0.00103004 has 6 significant figures. 

4 Count zeros at the end of a number (trailing zeros) only if the number 
contains a decin1al point. For exan1ple 210 and 21000 both have 2 
significant figures while 210 .0 has four and 210.00 has five . 

Rounding 
In calculations you should. round the answer to a cenain number of significant 
figures. 

The rules for rounding are: 

• if the next number is 5 or more, round up. 
• if the llf!A't number is 4 or less. do, not round up. 



A chain is as strong as i1ts 
wea, kest link. A calculated 
an s\iver is as accurate as the 
least accurate measurement in 
the ea lcu la ti-o n. 

For ~ample if you are subtracting: 

7.799g - 6.250g 

your calculation would yield 1.:549 g. If the answer ils given to 3 significant 
figures this would be 1. 5 5 g, because the digit '9, lS greater than < 5 '. 

\Vhen combining measurements "With different degrees of acct1racy and 
precision, the accuracy of the final ans\-ver can be no greater than the least 
accurate 1neasurement. This means that when n1.easurements are mu1.tiplied 
or divided, the aOSW'er can contain no more significant figures than the least 
accurat·e me.asurement. 

PLE 1 
C l l h l f 1. 7 4 x 4.3 G. h . 

c3 cu ate t. e va ue o 
3

_
42 

. ,ve you r answer tot ,e a·ppropr,ate 
precision. 

Answer 

Us in gi a ea lcu lator the value is 2. 187719. 

Measurement Num her· of sig n·trfoant .figure:s 

1.74 3 

4,3 2 

3.42 3 

From the table ya.u can see thdt the least cliccurcate measure,ment is 4.3, 
wh~ch has 2 sign~ficant fiigures. Hence your a:nswer should be rounded to 
2 .significant figures. 

2.187719 rounds to 2.2 [to 2 significaint figu resL 

~n a titratiion 10.5· c.m3 of 0.55 mol dm-3 sod·ium hydroxide soluUon reacts 
with 1.5 moldm-3 'hydrochloric add. Catculate the volume of hydrochloric 
add required to neutraUse the sod 1ium hydrc».'.:ide solution. Give your 
answer to th,e appropriate prec.ision. 

Answer 

Measurement Number of significant figures 

10 .5cm3 3 

0.55 moldm-3 2 

1.5 moldm-3 2 

Th·e least a,ccurate rmeasurement is to 2 significant figures and only 2 
s~gniflcant figu r,es should be g1iver1 in your flna l answer. The answer 1in 
full is 3.85 cm3 so the correctly round1ed1 answer is 3.9 om3 to 2 significant 
figures. 

You should check page 56 1if Y·OU are unsure how to comptete th.is titrat ion 
ea lcu lati on. 



The re a re many ea lcu la ti ons 
which require you to use an 
appropriate number of sig,nificant 
figures . Check the calcutatiio,ns fn 
Cnapt,er 2 and enthailpy questions 
in Chapter 4.. 

Figure 17.3 The mass of the earth is 
59736 00 OOO 00 00 OOO 00 00 OOO O kg. Th is 
r s. more co nven fe ntly written In standard 
form as 5.9736x1 Q24 kg. 

A mixture o,f 4.80g of ethanoic acid and 0.11 20 ma l of ethanol were allowed 
to reach equlUbrrrum at 20 °c. A 25.D cm3 sample of this mi1xture was 
titrated w:ith so,d1ium hydroxide add,ed from a buret te. The ethanoic acid 
rem a 1,11 i n,g ,j n t'1e sa:m p le reacted exactly w~th 4.00 cm3 of 0.400 m o l dm-3 
sod.ium hydroxid1 e so lutio·n. Calculate the va.lue for Kc for the reaction of 
ethanoic add and ethanol at 20 °c. Grve your answer to the appropriate 
precisi,on. 

Answer 

Measur,ement Number of signifjca_nt figures 

4.80g 3 

0.120moL 3 

25 .0 cm 3 3 

0.400 moldm-3 3 

4 .. oo cm 3 3 

The preciSi·On of the answer [4.57] should be to 3 sign ificant figures. 

Ynu should ct,eck page 178 if you are unsure how to do this Kc calcula.hor,. 

Standard form 
Standard form is used tio e.xpress very large or very smaU numbers so that they 
are mor:e easily understood and managed. It is easier to say that a speck of 
dust weighs 1.2 X 1 o-·6 gra:ms than to say it weigl1s O.0000012 grams. 

Standard fonn must always look like this: 

'A' must always be 
b etwee 11 1 and 1 0 

~ 
Figure 17.2 

Ax 1 o~ 

',n ' is the number of places 
the ded rna l point moves 

~ 

Write 4600 OOO ,it1 standardi form. 

Answer 
Wrrte t 1h1e no,n-zero drigits with a decimal place a·fter t1he hrst nu1mber 
a nid then wr,ite x 1' a after it 

4.6 X 1 Q 

Then cou nt f"low many places the decimal po,int has moved to t1he left 
and write th:is vatu e ais the n va l1u e. 

4600 OOO= 4.6 x 106 



Make sure that you c~ffe familiar 
with how s tandard form is 
presented on your calcu lator. 
Also ensure that you can ,enter 
standard for,m, correctly on your 
ca lcuJatoc 

C 'h e ck out t h e c '31 tc u Ila, t ~ a ri s us i n g, 
the Avogadro constant on page 35 
w h~ch requ .ire use of standard 
form. 

1 st decimal pi.ace 

• 

Write OJJ00345 in standard form: 

Answe,r 
wr,ite the non-zero diigits with a decimal place after the f~rst number 
and then write x 1 O aner iit. 

3.45 X 11 0 

Then count how many plaices t 1he dedmat po,int has m,oved to tne right 
and write t'his va,lu e as the n vailue - th,e n is nega,tirve because the 
decimal poi1nt has moved to the r,ight inste21d of the Left. 

o.000345 = 3.45 x 1 o-4 

Significant figures an,d standard. form 
For numbers in standard form, to find the number of significant figures ignore 
the exponent (n nun1ber~ and apply the, usual rules. 

For example 4.2010 X 1028 has five significant 6gure-S. 

The same nu1nbcr of significant figures must be kept when converting 
"bet\veen ordinary and standard fonn . 

20.03 g = 2.003 X 101 g ( 4 significant figures) 

20.0g = 2.00 X 101 g (3 significant figures) 

0.02030 kg = 2 .030 X 10-2 kg ( 4 significant figures) 

The number 3.50.99 rounded to: 

• 4 significant fig. is 351.0 
• 3 significant fig. is 3 51 
• 2 significant fig. is 350 
• 1 significant fig. is 40 0 

Using standard form makes it ,easier to identify significant figures . 

]n the example above; 351 has been rounded to the 2 significant figure value 
of 350. Howevei:; il seen in isolation, it would be impossible to know whether 
the final zero in 350 was significant (and the value to 3 significant figures) or 
insignificant (and the value to 2 significant figures) . 

Standard forn1 however is unan1biguous: 

• 3. 5 X l 02 is to 2 significant figures 
• 3.50 X 102 is to· 3 significint figures. 

3rd decima~ .p.lace Deer mal places 
Sometimes in calculatioitis you are asked to present your 
answer to one or tw'o decimal places. 

Rounding a number to one decimal place means there is 
only one digit after the deci1nal point . 

Rounding a. number to tw'o decimal plac,es means there are 
tvvo digits after the decimal point. 

Figure 17., Deci ma L p LElces. 
2nd decima~ place 

The same rules for rounding apply as for rounding 
significant figur:es. 



Round 164.38 ta 1 decimal place. 

Answer 

Round 4.995 to 2 decimal places. 

Answer 
First u nd1erline all the numbers up to 1 number after 
the decimal pornt. 

F'irst underline alt the nu 1m1b,ers up to 2 num,bers after 
the d,ecim,a l po,i nt. 

164.38 4.995 

Now look at the nu,mber after tne last underlined 
number. Si,nce the number is 8 ~above 5i you need to 
round up. 

Now look. at the numb,er after the last und'erliir1ed 
number. Since the number is 5 y,ou need to round up 
- to round up 9 jt becomes 10. 

So the answer is 164.4 !ta 1 d,echmal :place). So the answer ~s 5. DO tto 2 deci m.a l p la cesJ. 

Vvhen adding measurem,ents with different degrees of ac£urag, and precision,. 

the accuracy of the final ans"7er can be no greater than the: least accurate 
measurement. This ·means that when measurements are added or subtracted 
the anS'W',er should have the same number of decimal places as the smallest 
number of decimal places in .any ·nl1mber involve:d in the cakularion. 

Add the following masses of sodium chtorJde: 40.55g. 3. lg and 10.222,g,. 
Give your answer to t ihe appropriate precision. 

Answer 

2 

3.1 , 
10.22 2 

The number wi:th the least declma1l places involved1 is 3.1 [1 decimal place]. 

The calculation giv,es 53.872 g and this sihou ld be rnunded to one decima:l 
place: 53.9 g,. 

Units, 
Many of the calculations used in chemistry will require different units. It is 

important that you can convert between u.nits. 

Volume 
Volume is usually measured in cm3 or dml (decimetre cubed) or m 3. 

]000cm3 = ldm3 

You need to be able ro conrvert beween these vo]um.e umts~ particularly for 
volumetric cakulations like those on page 4-3 and ideal gas equation questions 
like those on page 6 3. 



Figure 17.5 Converting between volume 
units. 

Figure 17.7 William Thom son [Lord 
Kelvin) was ea British sdentist and 
mathematician who was born in Belfast 
in 1824. Kn1ghted by Queen Victoria. for 
hf s work an th g transatlantic te·leg ra ph 
project, Lord Kelvin is most wf dely 
known for determinfng the correct 
va LuG of absolute z era as approximate Ly 
-273 .15°C. Abso Lute tern peratu res a re, 
stated in units of kelvin 1 n his honour. 

Think logicarHy when converting 
between units. A kilogram ,s 
b·igger than a gram so when 
co niverting from kilog:ra·ms to 
gra,ms you would expect to get a, 
sm aUer riumber. 

m3 

x1000 

-

+1000 

PLE 9 

dm3 

What ls 25.0 cm3 in d m3? 

Answer 

x1000 

-

+1000 

cm3 

Ta convert frO'm, cm3 to d1m3 you need to d ividre by 1 OOO. 

25.0 cm3 - 0.02fi0 dim3 (reme,mber to ma,intain the sa.me num,ber of 
.s ig njf i ea nt f jg u resl ~ 

Temperature 
Te·mperature is measured in kelvin 00 and degrees Celsius (°C). 273K is 0°,c. 

Figure 17.6 Conversfon between °Ca nd K. -273 

K oc 
+273 

PLE 10 
Convert 29 ° C into kelvin. 

Answer 
To convert from °C to ketv1n, add 273. 

29 + 273 = 302K 

Convert 285K to 0 c. 

Answer 
Ta convert from, K to °C , take away 273. 

285 - 2 73 = 1, 2 ° C 

Mass 
Mass can be measured in milligrams (mg), grams (g') , kilograms (kg) and in tonnes. 

1 ton ne = 1000 kg l kilogram ::;;;;: lOOOg 1 gram :;;;;: 1000mg 

tonne 

x1000 

-
~I 
+1000 

x1000 
I 

kilogram gram 

4 
+1000 

Figure 17.B Converting betwee n m ass units. 

x1000 
I 

+1000 

mill igram 



Figure 17~9 A top pan balance is used in 
the Laboratory to measure mc3ss . 

Figure 17. 11 The oxygen in a cy linder 
for use in hospit~L5 for pat1erits w1th 
breathing difficulties is st ored at a 
pressure of l 3 700 kPc.1. 

12 

Convert 320 ,mg into kg . 

Answer 
F1irst you need to covert mg tog by d ivi1di ngi by 11 OOO. 

3 20 ~ 1 00 0 = 0. 3 2 g 

Then convert 0.32 g to kg by dtvid:ing by 1 OOO. 

0.32 + 1 OOO • 3.2 x 1 Q-4 kg 

.Pressure 
Pressure can be measured in pascals (Pa) and lcilopascals (kPa). 

kPa 

x1000 

-

+1000 

Pa 

Figure 17.,10 Converting between pressure units. 

Convert 1200 Pa into kPa. 

Answer 
To convert Pa to kPa, divide by 11 OOO. 

1200 + 1 OOO • 1 .2 kPa 

Estimates and means 
Arithmetic means 
The arithmetic mean is found by adding together all the values and dividing 
by the total number of values. It may be referred to as the 'awrage, or simply 
as the mean. 

LE 1 
The temperature of a solution was m,easu redr every 30 seconds for 3 
minutes and the res,u lts recorded below. 

Time/s 0 30 

l"em perature/ °C 21 22 

Calcu late tne mean te,mperature. 

Answer 

60 

23 

90 120 150 180 

24 24 23 22 

21 + 2 2 + 23 + 2 4 + 24 + 23 + 2 2 . . . . . . 
Mean = · 

7 
= 22. 7 = 23 [to 2 s1gn 1fl.cant figures), 



c·atculating mean titres 
To calculate the mean titre, do not include the rough titration value. 

A concordant titre is obtained when the titres are ""ithin +0.10crn3 of each. 
o ther. 

Titres 10£ 23.60 and 23. 70 ar,e concordant; titres of 23.60 and 23.85 a['e not 
concordant. 

To calculate the mean of a set of results only use concordant values. 

Rou.g h Tifratron 1 Tltr.at1on 2 f itr ation ·3 

Titre/cm3 26.1 0 25. 10 

Mean= 25.10 + 25.15 = 25.13 
2 

25.45 25.15 

Titre 2 is not concordant and is not used to calculate the mean titre. The value 
25. 45 can be referr-ed to as an 'o·utlier 1

• 

0 Algebra 
Symbols 
You need to be familiar 'With different symbols which can be used 'in 
mathematical equations1 or in chemical equations. 

Symbol Meaning 

= is ~qu al to 

<>< is mu ch Less than 

>'.>· is much greater than 

;) is grea ter than 

C is less than 

- is s i m i La r t o 

QC is proportional to 

- a reversible reaction --,. 

Changing the subject of an equation 
An equation shows that two things are ,equal. It vtiU have an equa1s sign '= 1• 

An example ofan equation is: 

moles = mass (g) 
Mr 

This means thatr what is on the left of the equals sign is equal t,o what is on 
the right. 

The subject ,of an ·equation is the single variable (usually on the left of the~= 1) 

that everything else is equal to. In the example above> che subject is 'moles'. 



One of the very powerful thu.llgs that ca.n be done "With algebra is the 
:rearrangement of an equation so· that anoiliervariable is the subject and on 
its ovvn. 

LE 15 
Make x the subj ect of th·e equati.on : 

y=x+3 

Answer 
Switch sides to get the new subject on the lleft: 

.X+3 =y 

You require x by ,itself ,on the left-hand side so you need to subtract 3 from 
the left side and. to keep t ihe equation true. we need to subtract 3 from 
the right-hand side as well. 

x+3-3=y-3 

Si·m,pUfy 

x ·=y-3 

Make mass the subject of the equatron: 

motes - mass [gl 
Mr 

You require mass by ftseH on the :left-hand sid.e so 
you 11eedl ta re·move Mr by mult:iplyin,g both sides by 'Mr 
and ca nce lling the Mr on the Left. 

Answer 
Switch sides to get the new subject on the left 

ma,~s [gJ x Mr= moles x M, 
r 

ma,~s [gl - moles 
r 

Sim,pUfy: 

mass (g] - m·oles x Mr 

Solving algebraic equations 
VJhen solving algebrnic equations it is important tha·r you change the subject, 
if necessary and then substitute the values. 

lE 17 
Calculate the amount, in motes, of ca lcium hyd1 mxide present rn 2.5.0 cm3 

of a solutio n of canc:entrat,,o,n 0.15 moldm-3. 

Answer 
The subject i1s the amount ~n moles, so does not ne·ed to be cha ng·ed. 
Sim ply su bsti·tute the nu m erii ea l values and ea lculate the answer. 

V x C 25. Q x Q .15 Q Q 038 t · . 2 . 'f ' t f' n -
1000 

-
1000 

- .' . o s1gn1 1ca.n ,1g,u res 

rt the volume of ea lc~um hydrox~de was gjven in dm3 then you use the 
equation n == v x c. and dio not divide by 1 OOO . 



You must use the correct 
units for measurement, when 
substituting numerical values 
1nto an equati on . Check ba1cik to 
examples 011 pa.g e 71 on ti ndi,ng 
gas votumes and on enthalpy 
changes on page 139 and make 
sure you car, change the units 
correctly. 

Calculate the concentration of ea ldum hydrox~de solution obtained when 
0.003.8 moles of caldum tiy,droxide are dissolve,d in 25.0 cm3 water. 

Answer 
VX C 

n = 1 OOO 

The subJect is the amount in motes, n, so it needs to be changed to 
co nee n tra tion. 

Switch t:he sid.es: 

V>< C --::: n 
1000 

You require 
1

c· on its own on the te ft. To reimove th1e 1000, mult1iply both 
s~des .by 1 OOO and: s~mplify. 

V :x C 1 l"l~ OOO · . x """"1'uu • n >< 1 , 1 

1000 

v x c = n x 1 OOO 

You need to remove ·v· by di,vid~ng both si1des 'by ·v· and simplifying tihe 
equatiorns. 

Simp.ly substitute the nu meric-at values and: cdtcutate the answer . 

.t' x c n x 1 OOO ----
~ V 

n x 11 OOO 
C=---

V 

Substituting values jn to the equatton above g,ves: 

c ~ O.OD3
2
8
5
~
0 

iOOO ~ 0.15 mol dm-3 to 2 sign ifi cant figures 

lf the volume of calci.u:m hydrox,idewas given fn dm3 then you use the equaHon: 

n • v >< c i and do not ctiviide by 11000. 

0--------Percentages and ratios 
Percentag,es 
Per cent means "out of 100'. If 10 per cent of the population owns a sports car:t 
this mea11S 10 out of every 100 people have one. The symbol% n1eans per cent 

To express values as a percentage, multiply by 100. In AS chemistry, there are 
several values which are always e..~ressed as percentages. 

Percentage yield: 
. _ acrua1 yield . 

Percentage yteld - th . l . ]d X l O 0 
~ eorenca yte , 

You will find examples of this calculation on page 42. 

Atom cono1ny: 
molecular mass of desired product x 10,0 % atom economy = 

sum of molecular masses of all reactants 

You wHl find examples of this calculation on page 69. 



liSO 648 

15 
:t:0.03 

ml 

Figure 17~12 A 15 ml pipette. The error 
is marked at ±0.03 mL 

Percentage uncertainty: 

Uncertainty is an ,estimate attached to a measurement which characterises the 
-range of values within which the true value is thought to lie. This is normally 

expressed as a range of values such as 44. 0 + 0. 4. 

Fo·r example, if the mass of an aluminium block is measufed with a balance 
that reads to 0.1 g, 'the unc-ertainty is reported as 15.3 ± O.lg. This means 
the 'actual' mass is known to lie betw'een 15.2 .and 15.4 g. If d1e same block 
is measuTed on a balance that reads to O.Olg, the mass might be reported 
as 15.28 ± 0.01 g. So in this case, the 'actual~ mass is kno·wn to be ben.veen 
15.27 and 15.29 g. Thus, in the second mass reading, there is less uncertaincy. 

Vlhen glassware is manufactured there will alfways be a maximum error. This is 
usually niarked on the glassw1ne. Error is the difference betw"e,en an individual 

measurement and the true value of the quantity being measured. 

The significance of error in a measurement depends upon how large a quantity 
is being measured. 1 t is useful to quantify this error as a percentage error. 

error 
Percentage error = . d X 100 

quannty measure 

What 1is the percentag;e error when a voitume of 25.0 cm3 is measured w.ith 
a burette which has an error of ±0. 1 cm3. 

Answer 
P t 20/0 v 1 0 0 - o_· ,4· OL ercen age error ~ - ro 

Multiple measurements 
For multiple measurements, using a balance with error of 0.005 there will be a 
maximum error of + 0 .00.5 g for each measurementr:. 

For t\Vo n1:ass measurements that give a resultant mass b);r dilference
1 

there are 
two errors. 

LE 20 

mass of cruci 'ble + crysta ls before heat 23.45 g !error 0.005 g~ 

mass of crucible + crystals after hea t = 23.21: g !error = OJJ05 g~ 

What 1is the percenta,ge error Jn mass Lost? 

Answer 
overall error = 2 x 0.005 g 

mass lost= 0.24 g 

Percentage error in mass toss g 

2 ;~2~05 x 100 g 4% 

You must be able to deternrine the u11certainty when tw'o burett-e readings are 
used to calculate a ritre value. 



Perce1nt.e1,ge u ncerte1inty i1s often 
ref erred to ~n ttt ra t1i on q u estfons. 
Check the questi ons ,in Chapter 2. 
8,e carefu l - sometimes the 
question will give t1he overall 
error of a bu rette, and then state 
that 'thrs error takes rnto account 
rnult ip le 1m easu rem ents: If tih i,s is 
tne case. you do not need' to work 
out the overa'll ·error. 

A burette has an error± 0.05 cm3. 1ln a titration the initial ibu re tt,e reading 
was O.D5 cm3 and the final burette reading was 24.55 cm3. What is the 
percentage ur1c,ertaiTlty in tih e tiit revalue? 

Answer 
Initial bu rette ireadi ng = 0. 05 cm3 

Finat 'b 1u rette readrng1 = 24.55 cm,3 

The overa 'll error ,in any v0Lu1m-e measured, in, a iburette always comes from 
the two mieasurements, so the overaU error= .2 x 0.05 cm3 = 0.01 c:m3 

Titre vatue = 24.50 cm,3 

Percentage uncertainty • 
2 ;/5~5 

>< 100 - 0.4% 

When to roun.d off in multi-step calculations 
• Rounding off should be lefr until the very ,end of the calculation. 
• Rounding off after ea.eh. step, and using this rounded figure· as the· starting 

figure for the next srep ,. is likely to make a difference to the final ans~rer as 
it introduces a rounding error. 

PLE 22 
When 6. 0 7 4 g of a ea rboriate of Mir 84.3, i·s reacted! wiith 50.0 cm3 of 
2.0 mol d!m-3 HCUaq] [whk h is an excess]. a temperature rise [aT) of 5.5 °C 
is obtained. The specific heat capaci'ty [c)I of th e solut,ion is 4.18 J IK- , g-1. 
Calculate the value for the enthatpy change in kJI mo l-1• 

Answer 
q ;ii mcdT 

AT= 5.5°C 

q = m c.a T = 5 0. 0 x 4. 18 x 5. 5 = 11 4 9 .5 J = + 1 .14 9 5 kJ 

Since the least accura,te measurement [the tempera,ture rise] 1is only to 
2 si1gr ,ifica nt f1 9ures the answer should allso be quoted to 2 significa nt 
figures. 

Therefore. the enthalpy eh a:nge !!!I + 1.1 kJ 

However this f igure is to be used subsequently to calculate t he entha,lpy 
change per mole so the rou nding off should not be applied unti l the final 
answer has bee n obtained. 

Nu mber of moles ,of carbonate• mass . 6·074 • 0.07205 
Mr 84 .. 3 

The enthalpy change i,s + 1. 1495 kJ for 0.07205 :mol 

The enthalpy change per m ole i,s: 

t. i 4 9 5/0. O 7 2 0.5 + 1 5. 9 5-4. 1 ;;;i + 1 6 kJ to 2 s i g n ~ f i cant fii.g u re s. 

Us1ing the rounded va lue of 1.1 kJ for the heat produced : 

enthalpy per mole= + 15.26671057 kJ mol-1 

Round ing th is answer to 2 sign 1ifica nt f1ig:ures gives+ 15 kJ :mo,l-1. Henc.e 
there is a rou riding error. To avoid this do not rnu rid off unttl the final 
answer has bee n obtained . 



Figure 17 ~ 1 J If pas try is. 2 pa r ts fL o u r to 
1 pa rt fat, then there a re 3 parts [2 + 1] 
altogether. Two thirds of the pastry is 
f lo u r: o n e t hi rd fat. 

Ratios are used Jn batancing 
equations and in finding 
empiricat fot,mulae - check tne 
examples on page 68. 

Ratios 
A ratio is a way to compare amounts of something. Recipes,. for example, are 
sometimes given. as ratios. To make pastry you may need io mix 2 parts flour 
to l part fat. ·n1itS m,eans the ratio of flour to fat is 2:1. Ratios are written with 
a colon (:) between the numbers. 

In a balanced chemica] equation ·the substances are in a ratio. For example, 
2 m oles of magnesium react 'With l mole· of oxygen to produce 2 moles of 
n1agnesium oxide. 

2Mg + 02 -+ 2Mg0 

Il1e ratio is 2 moles Mg: 1 mole 0 2 :2 n1oles MgO. 

23 

l'n the equation: 

2Al + 6HCl ~ 2AtCl3 + 3H2 

The ra tro between a lu1m in iu m and hydrogen .is 2Al:3 H2 

The ratio between ailuminium and hydrochloric aci.d is '2Al:6HCl which 
s i mpUfies to 1'Al:3HCl 

Ratios are similar to fractions; they can ·both be simplified by finding common 
factors. Al~ra.ys try to divide by the highest common factor. 

Fo,r example in the ratio 12: 15 the highest ao,mLnon fact,ot (remember a factor 
is a number that divides in to it exactly) is 3 so the ratio simplifies to 4: 5. 

01<-----------G rap h s 
Plotting graphs 
Experi1nents of ten :involve variables: 

• The independent variable, is the factor which is changed during the 
experiment. 

• The dependent variable is the factor that is being measured during the 
e>....'}Jerin1ent. 

• The independent vatiable causes a change in the dependent variable. 

~A. grraph is an illustradon of how two variables ·relate to one another. In 
chemistry a type of graph that you may often be askedl to draw is a scatter 

graph with a best fit cutve or line. A scatter graph is used in the situation 
where both variables are quantitative (numerical) and continuous (any 
numerical value is possible, not just whole numbers). 

General construction 
• The graph should have a titl ~ which summarises the r-elacionship that is 

being illustrated- d1is should include the independent variable and the 
dependent variable) as well as the reaction being s tudied. For example J\ 
graph of concentration against dme for the reaction bet\Veen magnesium 
md hydrochloric acid. ) 

• The independent variable is placed on the x-axis ~. while the dependent 
variable is placed on the y-axis. 



• 
- -Hneof 

bestnt 

'M r 

Fjgure 17.14 Graph of melting point 
agafnst Mr for some alcohols. Note 
that this particular graph should not be 
extrapolated through to zero. 

• Appropriate scales should be devised for the axis) making the most 
effective use of the graph papet You must ,ensure that the plotted poiints 
use at least half of the graph paper provided. The data should be criticaUy 
examined to establish \Vhether it is necessary to start the sca.le(s) at zero . 
For exan1ple1 if the data for the y-axis is 1002) 102 0, 10.50, 1060, etc. 1 

it may be best to stare at 1000 rather than 0. Make sure you show a 
discontinuity symbol on the axis, if yoll do this. 

• Axes should be labelled wi.th the name of the variable followed by a 
solidus(/) and the unit of measuren1ent. Rn-example the label may be 
tempemrure/°C. 

• A line of best fit shou]d be dra.vvn. Vlben judging the position of the line 
there should be approximatel)r the same number of data points on each 
side ,o,f the line, resis t the temptation to shnply connect the firs t and. ]ast 
points. [gnore any anomalous results. 

• I t. may be important to calculate what is happening beyond the points 
plotted-extending the best fir line or curve is a process lmown as 
extrapolation. 

0--------Geometry and trigonometry 

A Une of best f1it is added by eye. 
YotJ sh·ould us,e a transparent 
plastic ruler or .a flexible curve to 
aid you. 

Check back to Chapter 3 and 
make sure that you can draw 
the 30 rep resentat,o,n of these 
shapes usi:ng dla·s h a, n d wedge 
diagrams. 

2D and 3D shapes 
The table sho\VS the difference betwe,en 20 and 30 shap-es. 

•3D's fiap1 s~ '.g.!1' lia11es ~ 
Have height. depth and width. Have Length and w idth . 

These ff g u res ea n bg. drawn on a sheeit of Thesg. figur~s can be drawn on a 
paper using wedged and das hed Lines. sheet of paper. 

30 figu res deal w1th three coord inates! 20 figures deal w ith two 
x& coordinate, y-coo rdinate and coordinates~ x-coord inate and 
z-coord i nate . y-coord i nate. 

The table below shows the 3D shapes that some molecules can h.ave. 

Table 17.1 The 30 shapes of some molecules. 

Linea r bent 

tri go na l planar trigonal b1pyramid 

tetrahedra L octahedra l 
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Index 
A 
acid ra in 273 
acids 56 
activation energy 120, 145 

effect of catalysts 146-7, 148-9 
on a Maxwell- Boltzmann distribution 

148-9 
e1 ctu al y1s Ld 39-40 
a cyl eh lo rides 255 
addition reactions 306 

see also electrop hili c addition 
reactions 

a fr pollution 273, 274 
a Leo hols 255 

b iofuels 330-1 
classificat ion of 318 
elimination reactions 323- 7 
oxidation reactions 203J 319-21 
physical properties 317 
production of ethanol 314, 327-9 
testing for 344 

a ldehyd QS 203, 25.S, 319- 20 
preparation of ethanal 321-2 
testing for 322-3, 344 

algebra 355-7 
a lip ha tic co mpounds 262 
a L ka Line earth me ta Ls see Group 2 

elements 
a Lka ne- based fue Ls 

combustion prod ucts 27 1 
environmental consequences 272- S 
i nte rna L combustion engine 270- 1, 

275-6 
a Lka nes 264-5 

combustion of 269- 71 
p hotochem ica l chlorination 280- 2 
p hysi ea L properties 266 

a Lkenes 255, 296-7 
addition polymers 301- 4 
electroph ilic addition reactions 

305- 13 
E-Z isomerism 29 7- 9 
p reparation of ethene 300-1 
test1 ng for 310, 344 

a l kyl g ro u p s 31 3 
a Llotro pes of carbon 94-5 
amines 255, 288 
ammonia 287-8 

cova Lent bonds 85- 6 
Haber- Bosch process 157- 9 
mol.ec u Lar shape 1 a 1 

ammonium ion 82 
coordl nate bond formation 88-9 
shape· of 102 
test ing for 240 

~nions 77 
a ntiaxid ants 196 

aromatic compounds 262 
astatine 226-7 
atom economy 68-70, 357 
atomic number 1, 3 
atomte radius 

relG3tionship to ionisation energy 21 
tre,nds in the Periodic Table 214-15, 

219, 227 
Avogad ro constant 33, 35-6 

B 
back titration 58-9 
bei La need equations 29-30, 36-9 
barium sutfate 224 
bent-shaped m olecu Les 101 , 104, 361 
benza Ld ehyde 100 
beryllium chloride 

covalent bonds 85 
mo Lecu La r shape 98 

biofu els 330~ 1 
bleach 230 
boiling 97 
bofli ng points 

of alka nes 265, 266 
of ethanol 113 
of haloge,noalkanes 279 
of halogens 11 O 
of hydrides 111-12 
of ionfc compounds 80 
of Noble gases 110 
trends down Group 7 227-8 
of wa tQr 111- 12 

bond a ng Les 98- 104 
bond e nth a Lp ies 137-9 

ea Leu lations 139-41 
ea rbon- ha loge,n bond s 286 

bonding 75 
fn carbon compounds 245 
covalent 83-90 
ionic 77-82 
metallic 90- 1 
and physica L properties 9 2-5 

bonding pairs of electron 86 
bond Le ngths 138-9 
bond polarity 106- 7 

h; Log enoa Lka nes 2 79 
boron tritluorid e 

cova lent bonds 84 
molecul.ar shape 99 

bromine· 226 
electrop h1L1 c add itio n to an alke ne 

310 
bromine triflu ori de 

bond po La rity 10 7 
ma lecu la r shape 103 

1-bromobutane, preparation of 288- 9 
bu rettes 50-1 , 53 

but3ne 265 
combustion of 269- 70 

butanol 141 

C 
calcium; reaction with water 220 
ca lcium hydroxide 22S-4, 
ca lcium ions, testing fo r 240 
calcium oxide 224 
carbocatfons 306, 31 2 

relative stability of 313 
carbon 245 

a Llotropes of 94-5 
ea rbo n- 12 standard 4 
ea rbo nate io n.s 82 

testing for 240 
ca rbon-carbon bonds 139 
carbon di oxide 

bond pola rity 107 
covalent bonds 88 
as a greenhouse gas 272 
molecular sha pe 100 

Ccirbon-halogen bonds 286 
cc1 rbo n monoxide 270 
cc1 rbo n-neutra La ctivities 330 
ea rb o ny l g ro up 3 1 9 
carboxyli c acids 203 , 255, 319-20 

testing for 344 
catalysts 146-7, 148-9 

for elimination reacti ons 324-5 
and eq uilibrium 162, 167 
in ethanol production 163, 32g....9 

ea.ta Lyti c converters 27 4 
ca ta lytf c era cki ng 268-9 
cat10 ns 77 
chain isomerism 259-60 
cha in reacti on5, 281 
eh Lorine 2 26 

ma ss spectr um of 9-1 0 
reaction with co ld, dilute, aq ue·o us 

sodium hydroxide 229- 30 
reaction with water 230 

chloroalkane,s, synthesis of 280-2 
eh Lo roflu oroa Lkanes (CFCs) 283-4 
C IP [Cah n-1 ngold-Pre log) priority ru Les 

298- 9 
colllsio n theory 145-6 
combustion 

of al ka nes 269-71 
enthalpy change calculation 127-9 
standard entha lpy of 122 

compound ions 82, 33 5 
formulae and charges 2 7 
formulae and pro per names 193-4 

compromise te·mperature 160 
concentration 

calculation of 43-6 



effect on Maxwell-Boltzmann 
d istr1bution 1 SD- 1 

effe,ct on position of equilibrium 
160-2 I 16 7, 186 

effect on reaction rates 145 
con de nsi ng 97 
con d u et i o n of e Le,ct ri city 9 6 

a llotropes of ea rbo n 94, 95 
lo nr c compounds 82 
metals 91 
and m,olecu l8 r covalent crystals 94 

conservat ion of energy 132 
coordinat~ bonds [dativ; covale nt bonds] 

88-90 
and ,m olecu la r shapes 102-3 

copper [II) su Lfate s0Lut10 n. reaction with 
sodium hydroxide so lution 31 

covalent bonds 83, 137-41 
coordinate bonds (dative cova Lent 

bonds] 88-90 
how they form 84-7 
multiple bonds 87- 8 

covalent compounds 75 
bond polarity 106-7 
properties of 96 
shapes of 98- 104 
types of 92 

cracking of hydrocarbons 268-9 
crude oil 26 7 
crystalline substances 95-6 

ionic 79 
m@cro m olecu La r [giant co\fd Lent) 

compou nds 94-5 
metallic 95 
molecular cova Lent cam pounds 93-4 

curly arrows 284- 5 
cyanide [ons, nucleop hill c subs trtut1on 

286-7 

D 
dative cova Lent bonds see coordinate 

bonds 
d- b Lock elements 213-14 
decimal places 5, 351-2 
dehydration reactions. alcoho ls 32.!i.- 7 
de Lo ea Used electrons 90 
density 

of ice 113 
of me-ta Ls 91 

diamond 94- 5 
d1Lut1on fa ctors 52 
dl protic acids 56 
displacement react, ons, ha lo9e,ns 

231- 3 
displayed formulae 24,7, 250 
d1st ,LLat1on 320 
d orbita Ls 13 
dot and cross diagrams 75, 83 
double covalent bonds 83, 87- 8 
d ucti Lity, meta ls 91 
dynamic equilibrium 155-6, 167 

E 
effective nuclear charge 19 
e le et ro n con fig u ration 1 2- 1 6 

and blocks of the Periodic Table 214 
lsoelectronk particles 17 
of simple ions 16- 17 

electro negativity 105 
e1 nd polarity of bonds 106-7 
trends 1n the Periodic Tab le 106, 228 

electrons 1, 2 
delocalised 90 

electron shel ls 1 
electron shielding 22 
electro philic ad dftio n reactions 305-6 

mechanisms of 306- 10 
with neutra l electrop hiles 309-10 
with polar electroph il~s 306-8 
to an unsym me,trical a Lkene 311-13 

elimina tion rea et ions 
alcohols 323-7 
haloge,noalkanes 290-2, 293 

Qm pi rica L formulae 28-9 
determination of 64-5 
organic compounds 248 

endothermic reactions 118. 119 
react,o n routes 121 

energy, co nsg rvati on of 132 
energy leve Ls 12-14 

evidence for 19 
enthalpy 118-19 

bond enthalpies 137- 41 
reaction routes 120- 1 
stand a rd e, nth a Lpy va l u es 1 21- 2 

enthalpy change 
e,xperimental determination of 123-,4 
Hess·s Law 132- 6 

enthalpy change of corn bustio n, 
calculatlo n of 127-9 

enthalpy Level diagrams 119-20 
catalysed reactions 146-7 

enthalpy of neutra lisation 125- 7, 130- 1 
enthalpy of so Lution 124 
environmental chemistry 272-6 
equation£ 

ba la need 29-30 
half equ.;atio ns 198 
ionic 31-2 
mole ea Leu Lcitio ns 36- 9 

equilibrium 154- 6. 167 
and ca talysts 162 
effe,ct of concentratton changes 

160-2 
effect of pressure changes 157- 9 
effect of te,mperature changes 

159- 60 
Le Chatelie,r's principle 157- 62 

eq u 1Libri um concentrations, ea Leu Latlon 
of 174-5 

e q u i Lib ri u m constant [ Kcl 1 6 8-70 
calculation of 171 - 5 
and changes in pressure or volume 

185 

and concentration changes 186 
effect of temperature changes 184-5 
experimental determination of 182-3 
use tn ea Leu lati ons 1 79-81 

equil1brfum Law 168 
equilibrium moles, calculation of 175-8 
esters 255 
ethana L, preparation of 32 1-2 
ethane 265 
ethan ore a cld 28-9 
ethanol 317 

hydrogen bonding 113 
mass spectrum of 10 
prod u ctlon of 163- 4, 314, 327-9 
reaction with ethanok acid 182-3 

ethene 296 
molecular shape 100 
prep a ration of 300-1 

exothermic react[ ons 118 
reaction routes 120 

E-Z isome,rism 261. 297-9 

F 
f-block elements 213-14 
Fehling ·s solutio n 323, 344 
fermentation 327-8, 329 
fi ng erp r i nt reg ion, i nfrared spectroscopy 

341 
fi rs;t 1on isati on energy 18 

patterns 21-3 
fluoride, addition to dirking water 230-1 
fluorine 226 
formation, standard enthalpy of 121-2 
form u La e 27-9 

determinatf on of 64- 7 
em pi rica l and mo lecu La r 28- 9 
of organic: compounds 246-50 

fractional d is tillation of crude oil 267 
free rad i ea ls 2 81 
freezing 97 
fu nctiona Lg roup isom@rism 260-1 
functional groups 246 

identification of 344 
naming of organic compounds 255-6 

G 
gas constant 62 
gase,s 

calculations involving 60 
id ea l gds equation 61 - 3 

genera l formulae 250 
giant cova Lent [ ma era molecu La r] 

compounds 92 
c~~aWn estructura 9~5 
properties of 96 

global warming 272, 343, 345 
graphite 94- 5 
grap hs 360- 1 
green house gases 272. 343 
Gro up D elements, ion isat ion energies 

23 
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Group 1 elements, ionisation energies 
23 

Grau p 2 elements 212. 218 
ionisation energies 21 
reactions with water 220 
trend s 219 
uses of 223-4 

Grau p 2 hydroxides, solubility in wate,r 
221-2 

Group 2 su Lfates, solu bi Uty 1 n wate,r 222 
Group 3 elements, ionisation energies 

22-3 
Group 6 t;?lQments, ionisation enQrg ie:; 

22-3 

H 
Haber-Bosch process 157- 9 
ha Lf eq u;;;tr ons; 198-202 

combination of 207-10 
organic 204-5 

halide ions. identification of 236, 237-8 
halid~s 

react lo n with concentrated su lfu ric 
acld 233-6 

redu cing ability 233-6 
ha Log enoa lka ne·s 255 , 278 

bond 9ntha Lpie.s 286 
classification of 293 
ell mi natf on reactions 290-2 
mass spectrometry 336 
n ucleoph i Uc substitution reactions 

284-8, 292 
p hysi ea L propertles 279-80 
prepa~tion of 1-bromobutane 288-9 
preparation of methylpropene gas 

292 
synthesis of' chloroa Lka nes 280-2 

halogens 
bond entha Lpies and bond Lengths 

138-9 
diatom icity and bond entha lpy 22 7 
displacement reactions 231-3 
oxr di slng a bi tity 23 1 
p hysi ea L properties 226 
redox reactions 229-40 
tn~nds 227-8 
van der Waa Ls· forces 110 

heat conduction, metals 91 
Hess.'s Law 132-6 
heterogeneous reactions 156 
~eterolytic fis.si on 306 
homogeneous reactf ons 156 
homologous series 246 
ho molytic fission 281 
hybridisation 84 
hyd rated compounds, det~ rmination of 

degree of hyd rcltion 6 7-8 
hydration reactfons 163, 314 
hydrocarbons 264 

see also a lka nes: a lkenes 
hydrochloric acld, reactlon wlth sodi um 

hyd roxlde 31 

hydrogen, isotopes of 3 
hydrogen bonds 111 - 14 
hydrogen bromide, electrophili c addition 

to an alkene 307 
hydrogen ea rbonate ion 82 
hydrogen cyanide, mo Lecu La r shape 100 
hydrogen ions 16 
hyd rolysfs 314 

ha Log enoalkanes 285 
hydronlum ion 

coordinate bond formation 89 
shape of 102 

hydroxids ions 82 
nu cleoph ilk s ubstitutlo n 285-6 
testing for 2.40 

ice, crystalline structure 93, 113 
idea L gas equation 61-4 

use in ca lculations 62-4, 72 
identifica tion tests 238-41 

for functional groups 322-3, 344 
for halide ions 237-8 

incomplete combustion 270 
i ndi cato rs 55-6 
induced dip o le-d i po le· fore e s 1 D 9-1 0 
inffdred spectroscopy 338-41 
i ntermolecu Lar forces 108 

hydrogen bonds 111-14 
permanent di pole- di po Le forces 

110- 1 1 
van der Wae3 Ls' fu rces 109-10 

intern a L combustion en g in e 2 70-1 , 
275-6 

iodine 226 
crysta Llin e. stru ctu ra 93 
extr.3 ction from seaweed 228-9 

lonfc: bond ing 77-9 
ionic co mpounds 75 

electron egativity 106, 107 
properties of 80-2, 96 

io nfc crystals 79 
ionfc equations 31-2 
ionic rad ii 80 
ianfsation energies 18 

as evidence for energy Levels 19 
trends rn the Periodic Table 21-4

1 

216-17. 219 
using successive ionisation energ ies 

20 
va lues of 19 

ions 
compound 82 
electron configuration 16- 17 
fa rmati on of 77 
formulae and charges 27-8 
nam ing of 75 
oxidation state 190 
shapes of 98- 104 

irreversib le reactions 154 
isoelect.ro n1c particles 17 

isomerism 2 59-61 
in elimination product mixtures 291 
E-Z isomers 297-9 

isotopes 1, 3-5 
IUPAC naming system, organic 

compounds 251-8 

K 
ketones 203, 255, 319-21 

testing for 3 22-3 

L 
Lattice st ru c tu res 

ionfc compounds 79 
macro m olecu L;a r [giant c~ Lent] 

compounds 94-5 
metals 90-1 
molecular cova Lent crys.ta Ls 93-4 

Le Chatelier's principle 157-62, 167 
li nea r ... s ha ped mole,c u Les 98; 100, 104, 

361 
Liquids 

testing fo r polarity 108 
viscosity of 115 

Lone pairs of electrons 85-6 
and molecular shapes 101 -2 

M 
macromolecular (gia nt covalent) 

compounds 92 
crysta LUng structure 94r 5 
properties of 96 

magnesfum 218, 223-4 
mass spectrum of 7-8 
reaction with water 220 

magnesium hydroxide 223 
magnesi um ions, testing for 240 
ma Lleab ility 91 
mass number 1, 3 
mass spectrometry 6- 7 

ofacompound 10- 11 
of an element 7-8 
high resolution 33 7 
identification of elements and 

compounds 11 
of a mo Lecu Lar element 9-10 
of organic co mpounds 33 5·-8 

mate. ria Ls. 7 6 
Maxwe,LL-Boltzmann distribution 147-9 

g,ffect of te mperatu rn changes 
149-50 

effect of concentration changes 
150- 1 

means 354- 5 
melting points 96 

of diamond 94 
of g ra phi te 9 5 
of ha loge n s 11 0 
of ion ic compounds 80- 1 
of metals 91- 2 
of molecu Lar cova Lent crystals 94 



trends in the Periodic Table 215-16, 
219 

m eta LL i c bonding 9 0- 1 , 2 1 9 
meta Llo ids 76 
metals 212 

properties of 91-2, 96 
methane 265 

combustion of 269-70 
cova Lent bonds. 85, 86 
molecular shape 99 

methanol production 164 
methyl orange 55-6 
methylprapene gas, pr~paration of 292 
molar mass 34 
molar volume (Vml 60 
molecular covalent compounds 92 

propertf es of 96 
s~~ also cova Lent bends; cova L~nt 

compounds 
m olecu la r covalent crystals 93-4 
molecular elements and compounds 92 

mass spectrometry 9- 1 a 
molecular g.nergy distribut1on se~ 

Maxwe LL-Boltzma n n di strl buti on 
molecular formulae 29 

determination of 64-5 
organic compound s 247 

m olecu Les, shapes of 98-104, 361 
moles 33-4 

cdlculation from mass 34 
calculations using balanced equations 

36-9 
comb l n e d c;a Leu La ti ons 71-2 
of solutes 42-3 

mono protic Glcf ds 56 

N 
neutra L electrop hfle,s , rea et ion with 

alkenes 309-10 
neutralisation, enthalpy of 125-7, 130-1 
neutrons 1, 2 
nitrate ion 82 
nftriles 255 
nitrogen 

cova Lent bonds 88 
electron config uration 14 

nftrogen oxides, air pollution 273, 274 
Noble gases, van der Waals" forces 110 
non-meta Ls 212 
nuclear charge, relationship to ionisation 

energy 21 
nucLeop hi Uc substitution reactlo ns 

0 

284-51292. 293 
substitution by a cya nide ion 286- 7 
substitution by a hydroxide ion 285-6 
su b;titutio n by e1 n am mania moLQcu Le 

287-8 

octahedral-s haped molecules 101, 104, 
361 

optical fsomerfsm 261 

orbitals 12-14 
organic analysis 335 

identification of functional groups 344 
infra red spectroscopy 338-41 
mass spectrome,try 335-8 

organic chemistry 244 
formulae· of compounds 246-50 
fu nct1o na l groups and homologous 

series 246 
lsomerlsm 2·59-61 
naming compounds 251-8, 317 
red ox reactions 203-5 
source of chem ica Ls 26 7 
see also a Leo hols ; alka nes ; alkenes; 

ha Log enoa Lka nes 
oxidation 

of alcohols 319-21 
Sf!f1 also red ox reactions;; 

oxidation state 190-3 
naming c:ind formulae of ions and 

compounds 193- 4 
oxidation and reduction 194- 5 

ox1d[s1ng e1g~nts 196-7 
halogens 231 

oxygen 
cova Lent bonds 87 
electron configuration 15 

ozone Layer, free ra di ea L substitution 
283-4 

p 
p-block ele m9nts 213- 14 
percentage error 55, 358--9 
percentage yie Ld 39-42, 69-70, 357 

combined calcu lations 72 
Periodic Table, 

blocks of 213-14 
Group 2 218-24 
halogens 226-37 
trends 21-4, 106. 214- 17 

p e rma n en t di po Le- d i po le fore e s 11 0- 11 
p heno Lphthalei n 55-6 
phosphorus pentaflu ori de 

cow lent bonds 86-7 
m olecu la r shape 1 OD 

p hotochem ica l smog 273 
p hys1cal properties 

and bonding 92-5 
and hydrogen bonds 111-14 
of ionic compounds 80-2 
of m@talE 91- 2 

plpettes 51 
po La r electrop hi les, reaction wlth 

a Lkenes 306- 8 
po La rity of bonds 106- 7 
polarity of Liquids 108 
po Ly(chlo roe the neJ [polyvi nylchlo ride, 

PVC] 302, 303 
po ly(ethene) [polythene] 301, 303 
polymers 30 1- 3, 331 

production and uses at 303 
repeatlng u nfts 304 

poly[phe nylethen eJ ( polystyrene] 302, 
303 

poly(propene) 302, 303 
p orbitals 13 
positional fsomerfsm 260 
position of equilibrium 156 
potassium, e Lectron configuration 

13-14 
potassium hal ides, reactr on with 

concentrated sulfu r f c acid 234, 235 
precipitation reactions 31 

identification tests 23 7-8 
prassurn 

effect on positlon of equflibrlum 
157-9, 167, 185 

effect on reaction rates 145 
unitsof 61 

propane 265 
protons 1, 2 
pyrcJmidal-sh@ped io ns and molecules 

1 o 1 , 1 a 2 . 1 04 

R 
rates of re,a ctf on 

collision theory l 45-6 
influencing factors 144 

ratios 360 
reaction mechanisms 280-1 

electro phi Lie addition reactf ons 
306-10 

n ucleoph ilic su bstitut f on reactions 
284-B 

reaction routes 120-1 
reaction p refiles 119-20 
reaction rates see rates of rea et ion 
reactivity, trends down Grau p 7 227 
red ox rn~ctio ns 189, 196 

ha Lf eq uatlons 198-202, 207- 10 
hslogens 229-40 
organic chemicals 203-5 
oxidation of a le oho ls 319-21 
oxidation state cha ng~s 194-5 
1n photochromic glass 205-7 

re,d ucing agents 196-7 
halides 233-6 

reflux a ppa rat us 285, 320 
relative atom le mass [Ai,) 4-5 
relative formula mas5 (RFM) 33, 34 
relative isotop ic mass 4 
relative molecular mass (Mrl 1 O, 33, 34 
reversible reactions 154 

equllibrium 155-6 
rounding 348-9, 359 

S, 
satu rat~d hydrocarbons 264 

see also a Lkanes 
s-block elements 213-1 4 
second ionisation en erg ie·s, patterns 

23- 4 
shapes of molecu Les and fon.s 98--104, 

361 
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side chains. naming of 252-4 
significa nt figures 8, 34. 348-9; 351 

and standard form 39 
silicon 7 6, 215 
skeletal formulae 248-50 
smog 273 
sod ium chloride 

lattice structure 79 
reaction with concentrated su Lfu ric 

acid 234 
sod ium fluoride, reGJction with 

co nee ntrated su lfur1c acid 233-4, 
sodium hydroxide, r~a ctio n with 

hyd roe hlorr c acid 31 
sodium hydroxide solution, reaction with 

copper [1 IJ sulfate solution 31 
solutes, ca lculat ion of amount in moles 

42- 3 
solution, enthalpy of 124 
solutions 42 

ea le u Lat1ng the mass or identity of a 
so lid reacting with 47- 9 

ea le u lati ng volumes and 
concentratlo ns 43-6 

ea Leu La ting volumes and 
concentrations required to react 
46- 7 

preparation of from; solid 52 
reaction together 50 
standard 53 

s orbitals 13 
specific heat ea pa city 123- -4 
spectator ions 31 
square bipyramidal-shaped molecules 

101 
square p La nar-shaped molecules 104 
s;ta ndard enthalpy values 121-2 
standard form 39, 350- 1 
standard solutions 53 
states of matter 96-7 
state symbols 27 
steady st;tg 155 
.stereoi so m err sm 261, 291 

E-Z isomer5 297-9 
structure l formulae 24 7-8 
structura L isome·rism 259- 61 
subliming 97 
sub-shells 12-14 

su bstltutio n reactions 281 
successive ionisation energies 20 
sufu ri c acid, concentrated, electroph i lie 

addition to an alke ne 307-8 
su lfate. ions 82 

testing for 222, 239 
sulfur 216 

electron configuration 22 
su lfu r d ioxf de, air pollution 273, 27 4 
su Lfu r hexafluo rfd e 

covalent bonds 87 
molecular shape 101 

; u rfac~· a raa, ~ffi;ict on rea et ion rat,a.s 
146 

swimming pools, chlorine-based 
disinfection 230 

T 
temperature 

effect on equilibrium constant 184-5 
effect on Maxwell-Boltzmann 

distribution 149- 60 
effect on position of eq ui Libriu m 

159-60, 167 
effect on re@cti on rates 145 

temperature change, conversion to 
snQrgy changQ 123 

temperature scales 61 
tetrahedral-shaped mo Lecu Les and ions 

99. 102 , 104. 361 
theoretical yield 39- 40 
therma L era ck,ng 268, 269 
time-of-flight [TOFJ mass spectrometer 

6-7 
see also mass spectrometry 

titanium, extraction from ore 223 
titanium oxide, determfn;tion of formula 

70-1 
titration 50-3 

back titration 58 
ea lcu lations 54- 7 
finding the con CQntratio n of vi neg£1r 

57-8 
indicators 55-6 
percentage error 55 
recording results 54 
types of 56 

Tollens· reagent 322-3, 344 

tra nsitf on meta Ls, melting points 92 
trigonaL bipyramidal-shaped molecules 

100,104,361 
trigonaL planar-shaped molecule·£ 99, 

100, 104,361 
trip le covalent bonds 83 
T-shaped molecules 103; 104 

u 
units 61, 352-4 
unsaturated hydro ea rbons 297 

test for 310 

V 
vanadium 

electron configuration 15 
van derWaals' forces [induced dipole-­

dipole forces) 109-10 
vinegar, finding the concentration of 

57-8 
viscosity of Liquids 115 
volume, units of I:, 1 
volume of a solu t f on, ea lcu latf on of 

43-4 
volumetric a naLy·srsi titration 50- 3 
volumetric flasks 51 - 2 

w 
water 

X 

covalent bonds 86 
crystalline structure of ice 93 
hydrogen bond i n g 111-1 3 
molecular shape 101 
physica L properties 111- 13 
polarity 107 
reactions with Group 2 meta ls 220 
reaction wfth chlorine 230 
solubility in 81, 96, 113, 114 
specific heat ea pc3city of 123 

xenon difluorfd e, molecular shape 104 

z 
z9olite catalysts 26B 
zirconium, mass. spectrum of 8-9 
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4 5 6 7 0 

(18) 
1 .0 4.0 
H He 

hydrogen lhiet~um 
1 (13) (14) (15) (16) (17) 2 . 

10.S 12.0 14. 0 16.0 19.0 20.2 
B C N 0 F Ne 

ibOt"Oll"'II C 111"bo,;, 1n ,itro9 n oxyg n f~UOFiln 1n . Or\J 
!; Iii 7 s 9 10 

27.0 28.1 31.0 32. 1 35.5 3g,_g 
Al Si p s Cl Ar 

alumin,um .smcon ph,osphorus sullfur chJoriine argo,n 
(B) (.9) (10) (11) (122 13 14 15 1 16 17 1a 

55.S SS.9 58.7 63.5 65.4 69.7 72 .6 74. 9 1 79.0 79.9 83.8 
Fe Co N i Cu Zn G Ge As Se Br Kr 

h··olF! cobalt ll'"!!Lclo!: ~ copper z•ni:: !;J,!i)U~um germ at"l1i1um a.,rse1n i1c se~e1"1! I um1 brom~n,e lii::f"Y!l::!llO~ 
2 ·6 2.,. 28. 29 ~o 31 ~::2 ~.3 ~4 35 ::is 

101.1 102 . 9 106.4 107.9 11.2 .4 114.B 111 8. 7 121.8 127 ..f5 126.9 131.3 
Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

ruthenium irhodiurn paUadijum s~lver c::adm1ium indiu m tin a ,ntimony 1:ei 11 u 1ri1um 1ic,dine xenon 
44 4'S 46, 47 48 49 50 51 S2 S3 $4 

1go.2 19'2 .2 19$. 1 1 g7,o 200.6 204 . .4 207.2 209.0 (209] (210] 1222] 
Os lr Pt Au Hg TI Pb Bi Po At Rn 

osmi1um •rldium pjatinum golld nn e ·n:::uty t h a Uium lead b jsmuU"I pol,on1iu 1n,1 .as:tatine irado,n 
76 77 78 79 BO 81 82 B3 84 85 86 

[270] [276] [281] [280) 
H s M1: Ds Rg E~ernents w~th atomijc numbers 112-1 16 ha,v ·e been 1reported but 

hassi"-llrn me itn eiri1u rn tla rm ~.gtl urn iroent9cn,i u r'n in ot f u 11:Y a utihent~cated 
108 109 110 111 

[145] 150.4 15~. 0 157. 3 1 S8. 9 162 . 5 1164.9 167. ~ 168. 9 17'.:!L 1 175. 0 
Pm S m Eu Gd Tb Dy Ho E r T m Vb Lu 

pro rn et.hi u rn samar ium e urop~um g,adohnium terbium dysp ros1i um h ,o k Ti11ium e·irb;um 'th t .d~um ytt.eirbiu m ll u t etiium 
61 62 63 '64 65 66 '67 68 69! 70 71 

[237) 
Np 

(244] 
Pu 

[~43] 
Am 

[.l47) 
Cm 

[247J 
Bk 

(251) 
Cf 

[2.52] 
Es 

[257] 
Fm ~;.1 [[25,Q,) 

No 
(2,62] 
Lr 

11'11 ptunium pf uto,n ~um, 1m r~,olum curium b rk l~u1m C •ti1orf"l.lum ~inn ln,iu1m 1 1rm~U1m l'T'I l"I cl I 'V!U!"l"I n ,ob Jl,um 11 wr, nclum 
93 9d. 95 96 g ,'7 9·8 ,99 100 101 1,02 1•03 
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