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calculations are included to 
iUustrate topics and feature full 
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you progress through ai topic. 

Welcorne to the AQA A-level Chemistry 2 Students Book. This book 
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----- Activi ies 
These practical-based acth·ities vriU help consolidate your learning and test 
your practical slcills . 

ln this edition the aud1ors describe many important e.Ji..-perimental procedures 
as "Activitiesn to confom1 to recent changes in the A;level cuniculum. Teachers 
should be a,vare that, although there is e:nough infonuation to inform students 
of techniques and n1any obsetv-ulions for exa1n-question. purposes, there is not 
-enough info11nation for teachers to replicate the experiments tb tnselves or 
Vvith studentts v..ithout recourse to CLEAPSS Iiazcards or Labo-ra.tory worksheets 
-which have undergone a thorough risk assessment proce,dure. 
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Practice questions 
You will find practice questions, including multiple-choice questions , 
at the end of eve:ry chapter. These foUo,v the style of the different types 
of questions ,vith short and longer answ-ers that you might see in your 
exan--iination, and they are colour coded to highlight the level of difficulty. 

Green - Basic questions that v,eryon should be able to ans\\"e.r without 
difficulty. 
,Q,range - Questions that are a regular feature of exams and that all 

competent candidates should be able to handle. 
• Purple. - More dlemanding questions which the. best candidates should be 

able to do. 

A dedicated chapter for dev,eloping your 1v1ath can be found at the back of 
this hook. 
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Thermodynamics: 
Born-Haber cycles 

································-····························~··················································· I I 

i PRIOR KNOWLEDGE • • • + 
• I • • 
: It is expected that you are fc1miliar wrth all of the content of the : 
• • : Energet:ics unrt in1 Year 1 of the A-level Chemi.stry course. Tne fotlow~ng : 
• • 
: a re some key po1i nts of P r1 or Kn owlled g e: : 
• • • • . . .---
= • The enthalLpy change in a chemjcal react1on is represented by AH. = 
• • 
: • AH ~s the heat energy change measured under cond1t~ons of constant : 
: : : pressure. : 
• i 

; • For exotherm,ic reacti1on,s. flH ha s a ne9a1tive vatue. 
i • For endothermic reacti,ons, .a.H has a pos~tive value. 
I 

: • The standard enthalpy change of combustion f s the en,tha lpy change 
• i when 1 mole of a substance i,s burned completely in excess oxygen 
• 
: with aH substances in standard states under standard cond i,tions. 
• 
: • The s.ta ndard enthalpy change of formation is the enthalpy changie 
"' : when 1 1mole of a compound rs formed from its constituent etements 
• 
i in their standard states under standard conditions. . . ' ' 

: • Hess·s Law states that the enthalpy change for a che1micat reaction 
• t is independent of tlh·e route taken and depend:s only on the iinitial and 
: frna l states. II 
I i • Hess·s Law can b·e use di to ca lculate enthatpy changes for chemica l 

• i 

i 
• • I 
I 

' ' • • • • • • • • 
' • • • • • • • • • • • • • • • .. 
• • 
i • I • !I • • • • • • = react ions from the enthalpy changes of other react ions. 

• • 
: • Te.mperature changes 1may be used to ca tculate enthalpy chianges : 
• • : us·ing .q ·= mcAT. : 
• • 
: • The mean bond enthalpy is a measure of the ·energy required to break : 
• • 
: one mole of a covalent bond mieasuredl in kJ mo·t-1 averaged across : 
• • 
: compounds contaiining that bond. : 
• • : • Meari bond1 enthalpy values may be used to ca'Lculate the enthalpy ; 
• • : cJ1a1nge for a ch,emrcal reaction by consideri1ng tne covalent bonds i 
! broken [endothermic) and the cova lent bonds made during! the reaction . I 
• • ..... . ........... f! .................................................................. llt .............. _____ _ 

~ ···························································································: : TEST YOURSELF ON PRIOR KNOWLEDGE 1 ! 
• • 
: 1 Wr1ite eq uat~onsJ including state symbols, to represe nt the standard : 
• t 

! enthalpies of formation 9iven bellow: i 
i al Formation of magnesium oxi1de, MgO Is). ! 
I bi Forma·tion of hydrogen chloride, HCt[gJ,. j 
! 2 Write equait,,ons. including state symbols to represent the standa.rd i 
i e 11the1 tp·i es of co m.bus t110 ni g1ven b elovv: J 
~ aJ Com1bust1on of propane, C3H8[gL ~ 
• • i b) Com1bust,ion of metha n.oL CH30H[ll . i 
"' . ................................................................................ ....................................... 
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··························i•+••••t••························· ···········•i••••···························••••••t• • • i 3 The standard entha :lp1ies of forma tion of ettlane, carbon di:oxide and I 
~ water are -85. -3,94 and - 286 kJ mol-\ respectively. ~ . - . 
: a) State H ess's Law. : 
• • ! b) Write an equation_ tnclluding state sy,mbols . to represent the i 
• • : standard enthalpy of co m'bustJo n of ethane. : 
! c) Catcuilate a vatue for the standard entihalpy of co1mbusti,on of ~ 
• • i eth ane. : 
• • 
i , In ain experiment the te,mp erature of 200 g, of water rose by 22 .4 °c ! 
! w h: en O.015 mole of e th a no l were burned in air and, the heat used ! 
• • i to warm the water. Ca lculate a, va lue for the entha lpy change w hen I 
i one mole of ethanol is bu r ned. The spe cHi c neat ea pa city of water is , 
• ! 4.18 J K-1 g-1)_ 

~ 5 The mean bond energy values fo r certain cova lent bonds a re g,iven 
• : below: .. 
• 
: Bond • 
: C-H • • 
• C- C i • 0- H • • 
t O;;; O 
i . c~o • • 

M1ean boflq enthalpy [kJ mol-1) 

412 
348 
463 
496 
803 

• • • .. Calculate a value for the falllowr1ng1 r eaction us ing these va[ues: 
• • • • 

C3H8[g] + 50 2[g): ___.. 3C0 2[g] + 4H20 r(g]1 

i • • • • • • • • • • • • • 
: .............. .................................................... ........................... tJllllllll .................... llllllllllli 

o~~~~~~~-
E nth alp y changes in ionic compounds 
The ,changes that occur during the fo.rmation of an ionic compound are 
considered in this unit. Th e dissociation or formation of an ionic compound 
1n ay be calculated from other values usin g Hess~ Law in the form of a 
Bom.-Haber cycle. 

Notations 
• l!H represents an entl1alpy change. 
• 8.H is measured under stated conditions, i.e. l\H2~s is th e ,enthalpy 

change at 298 Kand the pressure is lOOkPa. 
• The t: nt h;1lpy c lh ng'-'" is tl,e heat energy change at constant p ressure. 
• Standard Enthalpy V'alues are the nH value for enthalpy changes of 

sp ecific reactions i:-neasured under sta11dard coi-1.ditions. 
• Standard conditions are represented by the symbol e ,v]1ich is used 

after Af-I to in dicate that an enthalpy changes occurs under standard 
conditions. 

• Standard conditions are 298 K> 100 kPa p ressure, all solu tions of 
concentra tion m ol dm- 3 and aU substances are present in their standard. 
state.s. 



This is an enthatpy profi'le fo·r 
ain en d'atherm,f c reacti,o n. The 
en thalpy change is ~as itive. M,ake 
sure you can draw and recog,nise 
the enthalpy profile df agra,m for 
an exothermic react~on as wetl 
from the Energ-etics topic in AS 
Year 1. 

The definitions of the enthalpy changes associat,ed with ionic compounds 
must be understood to be able to link the enthalpy change,5 together, 
particularly in terms ,of what the )1er m ,ol> in kJmol-1 means. 

A ;posi1:fve value of Lj,H 
(change in entha lpy) 
indicates an endothermi·c 
rea.ctiori 

bH = +·:""T 
Reactants 

The e ntha l1py o.f the products ls 
greater than the enthalpy of t'1e 
reactants so energy has been 
absorbed from the surround~ngs, 

Products 

Progress of reaction 

Tne value of the entha.l'py change (~H) fn th is ·endothermic 
reaction is positive. This is beca use there has been a.n inc:irease 
~n entha,I py from reacta,nts to prod LI cts. Th is is a sta n da rd 
feature of endothermic reactions and irt must be remembered 
'diat AM is positive. 

Figure 1.1 Enthalpy pr ofile for an e,ndothermic react i,on. 

Th e word enthalpy is based on the Greek noun enthalpos~ which means 

heating. It comes fron1 the classical Greek p refix fV- , meaning 'to put into', 
and the verb 0dAJtetV , ,thalpdn, rneaning ' to he-af. The word enthalpy first 
appeared in scientific Literature in 1909 . Ma11y diffe:rent .syn1bols were 
used to denote ,enthalpy and it W35 not until 1922 that the syinbol 'H' was 
acc,epted as standard. 

Lattice enthalpy 
Lattice enthalpy can be represented as flL Hs OT ~lattH&. 

Th e cnthal py of I at tic~ dissociatio1 is th.e enihalpy change ,vhen one 
n1ole of an ionic con1pound is separated into its con1ponent gaseous ions. 
The phrase 'at infinite separation' is often used in the definition because all 
bonding between ihe ions must be broken so the ions 1nust be infinitely 
s p-arated. 

The enthalpy of lattice dissociation is also calle.d the lattice dissociation 
enthalpy: lt is an endother1nic pI"ocess and has a positive value m ,easured 
in kj tnol-1. Energy is Tequired to overcome the strong attraction between. 
the positive and negative ions. The 'peT mol' refers to one n1ole of the ionic 

compound. 

The c n lh lpv of 1a tt ic forn ;. tit n is the enthalpy change when one mole 
of an ionic compound is formed from its constituent ions in the gaseous 
state. It is an ·exothermic pr:o-cess and has a negative value measured in 
kJ mol-1. Again> the 'per mo!> refers to one mole of 1he i,o,nic compound. 
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You wiH have written equations 
for enthatpi es of format.ion rin AS. 

Equations fo1r lattice dissociati 1on and formation 
Equations, including state symbols, are ofoen asked for rhe process which 
occurs vihen the lattice of an ionic compound dis:sociates or forms . 

PLE 1 
Write an equationj ii.n clud ing state sy1m1bolst for th·e reac:tiion that has an 
enthalpy change equa l to tne lattice dissociation en1thalpy of sodium 
ch loride. 

Answe,r 
This question is ask1ngi for an equaUon for th e dissociation of one m,ole of 
sodi,um chloride into its constituent gaseous ions as that is the deftni ti orni 
of the enthalpy of lattice d.~ssoc,iati on . 

NaCl(s) 

One mole of 
sodrum chloride 

fCcinstitw~ nt 
Lg~eous ions 

Make sure you h1clude the state symbols. The notes beilow the equat~on 
are used for clarity and are not expected fn the answer. 

Write an equation. including state symbols. for the reaction that lhas an 
erithailrpy change equat to the entha lpy chang·e of latti ce fonmaOo n of 
calcru,m chloride. 

Answer 
Th is question i.s ais!king for an 
eq uati an for the formation of one 
mole of ea lei um eh Lori de from ·its 
constituent gaseous ions as that 
~s t h·e def~ nit i on of the entha Lpy of 
lattice fo rma ti on. 

Entha1lpy of formati 1on 

ca2+(g) + 2C1-(g)_ 

C onstituenit 
9aseo us 10 ns 

One mole of 
calcium chloride 

Enthalpy of formation can be repr,esented as llrH6 . The enthalpy (change) 
of formation is the enthalpy change ,vhen one mole. of a compound is 
fanned fro1:n i ts elements when all reactants and products are in their 
standard states under standard conditions. 

Again equations for the process of fonnation are asked with state symbols. 



Do not confuse the enth:alpy of 
lattice fo,rm:ation wHh enthalpy 
of formation of a corn pound as 
these can also be asked. For 
catciu:m chloride j as shown i11 the 
exam,ples a!bove, these equations 
a re diiffe rent. Do not forget the 
di·atomic elements in enthalpy 
change of formation equa1tion s. 

Write an equatron. includ~ng state sy 1mbols,, for the process tnat has an 
enthatpy change equal to the standard enthalpy of formation of sHver[1] 
fluoride. 

Answer 
This question asks for a1n 
equat~on for th e form,a,tion of one 
mole of si'lver fluo:ride from its 
co 'nstitue1nt eleme,nts when a LL 
reactants and pr,oducts are i:n 

Elements in their 
sta ,n da rd states 

thejr .standa·rd state.sunder standard condi.tions. 

Write an equation, includi1ng state 
symbols. for the process that lhas 
an e11thalpy changie equa [ to the 
standard enthalpy of formation of 
calcium, chloride. 

Answer 

Elemernts in 
their standard 
states 

AgF(s) 

One mole of 
silver fluoride 

One mole of 
ca.lk:ium 
chloride 

This qu-estion, asks for an equation for the fonmaition of one mote of 
calcium chloride from its con,stituent elements when, all rea:cta,n,ts and 
products are in t,heir standard states under standard conditions. 

LE 5 
Wrrte an equation! i,nclud~r,g state 
symbols! for th e process that 'h,a,s 
an enthalpy cha n g,e eq u.a l to the 
standard enthalpy of fo rma tron of 
magn es ium o.xi1de. 

Enthalpy of atomisation 

El!ements in tneir 
sta rnd a rd states 

MgO(s) 

One mole of 
m agn esi um, oxide 

Enthalpy of atotnisat ion can b e r,ep resen ted as naH6 or llatH9 . Th e cnth Lpy 
of ~1101nisa lion of n lc1ne n 1 is the ,enthalpy change for 111.e formation of 
one mole of gaseous aton'ls frotn the eletnent in its standard state. 

Again ,equations for the p rocess oJ formation may be asked vnth state 
symbols b ut it is m ore Hkely you have to, understand the process in a. 
Born-Haber cycle. For diatomic elements) th e ,equation must p roduce one 

1nole of gaseous atoms so ~ X2 is used where ! X2 represents half a mole of 
the diatomic ,elem ent. 
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A common mistake here is to 
tist Br2 as a gas but the element 
1must be in its standard state. The 
atomisation of iod~ne would be 

~1 2 (sJ ~ I [g) . 
2 

The defin.iti:oT, of band d'rssociation 
enthalpy is usually askedl for with 
reference to a specH~c b o rid or 
d·iatom i1c mo~ecule . It rs u,sed in 
Born-Haber cycles with diatomic 
etemenits. 

Write an equation, ,i1nciludin9 state symbols, fo:r the process that has an 
entna lpy change equa l to the enthatpy of atom1fsation of .sodium1. 

Na[s) ~ Narg] 

Write an equa ti on, in clud'ing state symbols, for the process that has an 
entiha-lpy change equal to the enthalpy of atom,isat1,on of bromi nie. 

1 
2Br2 Hl ~ Br(g! 

LE 8 
Write an equation, i,nclud'ing state symbols, for the process that has an 
entha,lpy chan,ge equal to the entha-lpy of atomisa tion of oxygen . 

l 02f g] --4 O[g) 
2 

Bond diss,ociation enthalpy (bond enthalpy) 
Bond diss,ociatio,n enthalpy can be represented as ~BDEH 6 or 8.d~ & or 
8d1ss H6 . Th·e bond dissociation ,enthalpy is a value fo·r the nthalpy change 
when one mole of a covalent. bond is broken under standard conditions in 
the gaseous slate. lt takes a positive value as one mole of the covalent bond 
is broken. (endothermic). 

For example, the bond dissociation enthalpy for chlorine is + 2 42 kJ rnol-1. This 
rneans th.at 2 4 2 k J of energy is required to convert 1 mol of chlorine molecules 
(containing l mol of the covalent bond) into 2 mol of gase,ous chlorine atotns. 

The equation for this process is: C12(g)-. 2Cl(g) 

• It is impt)Ttant to note that mean bond enthalpy values were met in AS 
and are a measure of the energy ·required to break one n1ole of a covalent 
bond n1easured in in ol-1 (the 'per m ole' is per mole of the covalent 
bond) averaged across many compounds containing the bond. 

• For diatomic molecules) the bond entlialpy is not averaged aa~oss many 
compounds containing the bond as the bond only occurs in the diatomic 
molecules. 

• Also for mean bond enthalpy calculations the enthalpy of b,ond breaking 
is en..dothe·rmic and the enthalpy ,of bond makn1g is exothennic as will 
be considered a.gain later in this unit~ but bond dissociation enthalpy is 
always endothermic as it is for the dissociation of d1e bon.d. 



The valu e for the bond 
d1issociati,on enthalpy for th e 
d1iatomic molecules is twice 
the va:lue for the enthalpy of 
atom isatiori of these elements. 
Thi s is rmportant in dedd,iir, g w ha:t 
v a lu e to use in a Born-Haber 
cycle later in th,is un1it. 

Write an equati on, jncludingi stdte symbols, for t he process that has an 
enthalpy cihange equal to the bond d issooiati on enthalpy of fluor ]ne. 

F2[ g~ ~ · 2F{g] 

Th,is equat ion shows the di ssoc,a t,ion of ori e m,ole of diatomic fl uorine. F21 

.in to two moles of gaseous fluori1ne atoms. 

Sometimes the definition of bond dissociation enthalpy is asked as applied 
to a panicular diato1nic element a11d the ans~7el" tuust be in terms of this 

element. The initial element should be in the gaseous state even if it is 
bromine or iodine. 

Define bond dissociation enthalpy as a pp li ed to fl uorine. 

Answer 
The enthalpy change to break the bond in one mole of fluor ine to form 
two moles of gaseous flu orine atoms. 

Ionisation enth1alpies 
Ionisation e.nthalpies can be represented as 8rEH9. A number ,after IE can 
be used 'tto indicate if it is a first or second1 etc.; ionisation enthalp)~ for 
exa.1nple AIE1H 0 represents d1e firs t ionisation enthalpy: At AS) ionisation 
enthalpies (or they we:re called ionisation energies in Atomic Structure) 

were examined as evidence for the existence of energy levels. 

The fir -t ionisatit n enthalpy is the enthalpy change \\rhen one mole of 
·electrons is r moved frotn one mole of gaseous atoms to form one mole of 
gaseous ions with a single positive charge. 

The sc n d ionis, tion 11 Lhnl1 y is the enthalpy change when ·One mole of 
,electrons is removed from one mole of gaseous ions with a single positive 
charge to form one mole of gaseous ions i.vith a 2+ charge. 

The th ird ionisation cnthalpv is th e ,enthalpy change when one mole of 
electrons is removed fron1 one n1ole of gaseous ions v.ii.th a 2-t- charge to 
fo,rm one mole of gaseous ions VJith a 3+ charge. 

For the purposes of Born-Haber cycles~ you would be expected to be able 
to, cl~fine and carry out calcula.tions using first, second and sometimes third 
ionisa'tion enthalpies. 
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TIP 
To go ,from Ca(9I to Ca2,j,[gl 
requ ires a tota l of t t,e f i1 rst a r,d 
second ion isation eritha tp ies. 
Th e first ro nisatlon enth.alpy of 
ca lc ium 1is +590 lkJ m ol- 1. 

The second ionf sation ent hailpy of 
calcium is + 1: 1150 kJ m,ot-1• 

The change in, enithatpy required 
for Ca (9)1 ~ C a2+1(gl + 2e- i1s + 590 
+ 11 50 - + 1740 kj . 

Wne n th e def in itio:n of electron 
affjnity 1is asked g1ive th e def~n it ion 
of first electro r, affinity. 

Write an equat ion, ,i1nctudin9 state symbols, fo:r the process that has an 
entna lpy change equa l t o the first ]onisatf on entha lpy of m1agnesrum. 

Answer 
Mg(g)i ~ · Mg+(g] + e-

Rem ember that both t 1h,e ato,ms and ions have to be g:aseous. T;he va lue 
for the above first ionisation enthalpy is +736 kJ mol-1. Remem1ber atso 
that first ionisation entha lpies decrease down a grou p. The first ionisation 
entha1lpy of cc:1loi u m Ls +590 kJ mol-1• 

Write an equation. including state symbols! for the process that has an 
enthalpy change equal to th,e s,econd ionisation entha tpy of ca lcium. 

ca+[gi -lo Ca 2·[g] + e-

Electron affinity 
Electron affinity can be rep1~sented as /1'EAH 9

. Again a nun1ber after EA can 
be used to represent the first or second electron aff:i11ities. 

The first -electron affinity is the enthalpy change when one mo] of gas,eous 
atoms forms one mole of negative ions ,vith. a. single negative charge. An 
equation

1 
including state symbol-5, r,epresenring the first electron affinity of 

fluorine would he: 

The second electron affinity is the enthalpy change when one mole of 
gaseous ions wi'th a single negative ch arge fonns one n1ole of gaseous ions 
'With a. double negati.ve charge. 

Write an equat ion. 1nclu ding state symbols, for the process that has an 
entha lpy change equal to th e s econd elect ron affin ity of oxygen. 

o-(g~ + e-~ 0 2-[g) 

Values for second electron affinities are positive as the process is 
endothermic. Thi5 is due to the repul.5ion of the nega·rive ion for the 
negative electron being added. 
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• i 1 Wr:ite equa,tions. including state symbols, for t he process that has ein 
f enth atpy change equa L to the foHow in g processes: 
j al Enthalpy of latti'ce formation of -ca~c ium chloride. 

i b) Bond d1ssociation enthalpy of fluor ine. 
'II 

; c1 Fi rst electro ri affi ni ty of oxygen. 
i d) Entha'lpy of formation of sHver fluoride. 
i el Frrst ton isat ion entha Lpy of pota,ss iu.m. 
i 2 Na.me the enthalpy changes represented by the fotlowing, equatrons~ 
i al cd+[gi ] ~ ca.2+~g] + e-
i b) Na 1(s)' ~ Na{g) 
• : cl Ct[g J+ e- ---i- Cl- [gl 
• 
~ d) Na [sl + J F2[ g) ~ N!aF[s) 
~ e) Mg2+ [gi) + 2C l-[gJ ~ M giC l2. [s) 
• i 3 Define the following : 
i al Sta ndard enthalpy of formatron . 
! b) Enthalpy of ,latt ice format ion. 
! cl Latt ice d1issociation entha lpy. 
i d) Entha lpy of ato.misation of chlor ine. 
• • • • • 

el Fi rs t ~o ni·s at ion enthatpy of lith 1iu 1m . 
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The Born-Haber cycle is a technique for applying Hess~ La,v to the standard 
-enthalpy changes that occur v,.rhen an ionic compo,und is form,edl. 

The Born-Haber cycle for Na,Cl can be. drav.,n simply as shown. in tbe 
diagram b elow. It should be n oted that this cycle is shnply being used to 
explain the p rocesses but would n ot b e accepted as a Born-Haber cycle in 
a:n examination question . 

1 A-,,H 
Na(s) + 2Cl2(g) Na+(g) + c 1-(g) 

Enthatpy of /rEnthalpy of lattice 
'formation, / I d issodati on 

NaC l(s) 

f1x:H is the s11m of all the chan ges requ ired to conver t Na(s) to Na+(g) an d 
I 
2 
C12 (g) to c t-(g) . 

These can be summarised in th e table belo,\v. 

Na[s) ..... Na(g)i Enthatpy of atomisa tion of so dium +109 -------t---.a...a..----------t-------1 
N;(g, j--,. Na+(g] + e- First ion is;tion enthalpy of sodium +494 

1 Cl
2
[g,J ~ Gl[gi l Enthatpy of atO'mtsa ti on of + 121 

chlor ine 

CL[g] + e.- --+ CL-tg i Fkrst etectron affinity of chLori ne. - 364 

A H e A · & A H& A H e A -Ha .u.x = t.J.aH T u 1El + LJ.a - .,.. L.\E.A1 

lixH& = 1- 109 + 494 + 121 - 364 = +360kJ 
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Hess>s la"'r states that the enthalpy change £or a ,chemical reaction is 
independent of the route taken and depends only on the initial and final 
states. 

This means dun A,J:i. = Entlialpy of formation + Enthalpy of lattice 
dissociation. 

This can be 'WTitten as: flxH = ilfH + L\LH 

The standard sytnbols are often left out ,vhen '\\Thing these expressions. 

The value for the enthalpy of forn'lation of sodium chloride is -411 kj moI-1. 

The enthalpy of lattice dissociation (~LH) can be c~lcula.ted. 

8tH= + 360+411 =+77]kJmol-1 

The enthalpy of lattice dissociation for sodium chloride is +771 kJmol-1. 

The enthalpy of lattice formation is -771 kj mol-1. 

Drawing a 801rn-Haber cycle 
The diagram bdo\\l sh ows a Born-Haber cycle for a Group l halide, in this 
case for sodium chJ01ide~ NaCl. 

For aU Born-Haber cycles, the an·o,ws for the enthalpy changes are not to scale. 

met.ail sing'le 
positive ions Na+(g) + Cl(g) + e-

and non~metal ...... -----------,------

gaseous atoms ~AJJ-19" 
q Na+(g) + Ct(g1) 

----------..-- gaseous ions 
I~ 

metail s,ingle Na+(g) + f c i!2(g) + e-

posi t ive ·ion • 

4 1Ell-19' 

metal 
giaseous 

1 
atoms 

elements in 

Na(g) + fc l2(g) 

stand .a r d states ------ ---

• Na.Cl(s) -----------------

Featu.res of the cycle 

so1lid 
compound 

• The arrows that a1~e going up represent e11.dothennic processes. 
• The arro\vs that are going do\vn represent exothern1ic pI·ocesses. 
• Ill H& is the enthalpy of lattice dissociation in this Born-Haber cycle. 
• The labels at the left and right of the different enthalpy levels show the 

species which should be present on these le,rels. These labels are there 



l 1 

only to help you understand the cycle but are not ss,enlial if you are 
asked to drav1t one. 

• You may be expected to c.omplete some of the levels i11. a cycle \vith the 
species present or even to complete part of the: cycle as sho,vn in the 
examples which follow. 

Comptete the Born-Haber cycle shown on the rrg:ht for 
potassium fluoride by drawi1n9 the miss ing energy levels~ 
symbols and arrows. 

The correct direction of the arrows representing 
the changes should be given. 

The completed cycle w1ith annotations is shown betow. 
Answer K+{g} + i F2(g) + e-
In t his type of question you wou ld be expected to complete 
the leve ls in the drag ram as s1hown rn the previous 
example~ w ith endotherm ic chariges hav~ng levels above 
the previous one and exotherm ic changes h,aving levels 
below. 

+420 K(g) + i IFi (g) 

+90 
K(s) + tfi(g} 

The symbo ls for the species [atoms. ,ions and electronsl 
on each enthalpy level with appropriate state symbols 
would also be expected . 

-569 
Ki:-(s) 

F(g) formed from~ F2(g}; 
the arrow represents the ----- K+(g) + F(g) + e-
entha~py of atomisation o,r 1i ______ Fig) fo rmed from F(g1); 
barf the bond di.ssoc:iation K+( . ) F-( ) the arrow represents the 
enth a l1py of fl' uo ri:ne ~--------1 '' 9 + 9 ,- first electron affin·ity of 

The K+ ion is formed with 
e-; the arrow rep res~nts 
the r i rst ionisation 
enthal1py of potassium 

• f luorine 

- +420. 
K(g) + ~ f'i{g) 

Th is a rrc\!V represents 
the enthalpy of lattice 

·--d issooiati on of potassium 
fluoride 

I 

+90 

K(s) + !~(g) 

-569 
I KF(s) 

Calculations fr,om a 801rn-Haber cycle 
In calculations, the enthalpy of atomisation of chlorine n1ay be given or, 
alternatively> the bond dissociation entl1alpy. It is Yital that you understand 
that for gaseous diatomic elem, nts lik the first two halogens, th bond 
diss,ociati,o,n enthalpy is twice the enthalpy of atomisation. For Group 1 
halides and other halides where the oxidation number of the metal is +1; 
like the one sho,l.rn in the cycle belo,v> the change required is 

!Cl2(g) ~ Cl(g). This is the value of t11-e enthalpy of ato1nisation of chlorine 

or half the value for the bond dissociation enthalpy of chlorine. 

Calculations n1ay be of other values in the Born-Haber cycle) if the lattice 
,enthalpy is kao,vn. 
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LE 15 
Usi1ng the Born-Haber cycle shown on the ri1g'ht. calcula te the 
enth~, Lpy of for ma tton of s i lve r[t] flu or~d e using the en tha lpy 
changes g1iven. Th e d1 iag ra1m is not to sca le. 

Name of ent_halpy change AHtfikJ _mol~1 

Enthalpy of lattke d,issociation of silver 
+967 flu,ori,de 

Bond dissodation enthalpy of fluorine +1 58 
Etectron aff i 1111ity of fluorine -348 

Fi1rs t ionisation entha l py ov silver +732 

Enthalpy of atomisation of silver +289 

Answer 

,, 

I 

Ag(g) + tFi(g} 
I 

" 

The m,ost i1mportan,t point in this Born-Haber cycile is 
thie type of value given for the conversion of fluorine to 
fluorine atoms. 

If yoUi go tih roug:h an arrow in the wroin gi direct ion 
change the sign of th e enthalpy va lue. 

Fo r example1 the enthatpy of latt ice dissoeiiation of AgF 
The va lu e given rs the bond1 di1ssocic3 ti on entha lpy 
which is + 158 kJ m,ot- 1 and this is the entha lpy value 
for th e change F2[g),---* 2F(g)1. 

However fn th is cycle the change req ui red is: 

Ag+(g) +. F(g) + e-
First electron ~ F2!9J -, F(gl 

The entha1lpy value forth is cha,nge is natf of 
the value for the bond dissociation enthatpy; 

Half of the bond 
dissociation enthaipy 

' - 348 affi nify of f luorine 
~ ' Ag+-(g,} + 1F-(gi) -

It 1is good practiic.e to add the va tues for the 
entha Lpy -changes to the Born- Haber cycle 
as th,is makes tih e ca lcu lations s1mpter. The 
dragram :below shown the Born-H aber cycle 
for silver fluo ride w,it 'h the known enthatpy 
changes added . 

From the cycle, tne enthatpy of forimati,on of 
s.i,lver fluoride is catculated 'by going round th e 
eye le ,, n tt, e other di recti an. 

Sta r t a t the start of the arrow fo r the enthalpy 
change you want to find and go around the 
cycle in th-e other d 1irection. 

of f,luorine 

Enthalpy of 
formation of 
sillver fluoride 

alculating &rH 6 

- +79 

Ag+(g) + f r:2 (9} + e-

Fkst r onisation 
... 732- -

enthalpy of s1ilver 
Ag{g) + ~ F2(g) 

I 

E nth a.~py of 

+289----- atomisation 
of silver 

Ag(s) + tF2(gi) 

• AgF(s) 

lirf-16 = + 289 + 732 + 79 - 348 - 967 

!1-rHe = - 2 l SkJ mol-1 

1, 

Entha lpy of I attice 
d isso d ation of 
silver f luoride 

/ 
+967 

The calculations are sometimes carried out withou t a cycle. Th e values 1nay 

·be given and you \vould be expected to remen1ber the sequence of enthalpy 
ch anges as sho,,ln in the n ext examp le. 



The table below glives some values fo r standard 
enthalpy changes. Use these values to ea lcu late the 
standard enthalpy of Lattijce d'issociat1on of potassiu1m 
rbromfde. 

Answer 
The entna lpy of lattice d issoc,1atio n [LlL H 6 l ea n be 
calculated from1 the other values: 

Enthatpy of formation of potass~umr -392 

~LH6 = - llfH& [KBr] + 6aH 6 (K)i + L:i.1E1H
9 [K] 

+ .8aH6 [Br] + AEA1H
6 ~Br) 

bromide [6 H&i 
E:nthatpy of atomtsation of bromine 1-1112 

AL H - + 3 9 2 + 90 + 4 2 0 + 11 2 + [-34 2] 

[Ll N6 [Br)J 

Electron affiini : of bro:mine [~ H6 ] - 342 

First 1onisation enthatpy of potassi,um +420 

[f,. 1 J-1 6 ] 

:Enthatpy of atomisation of p,otassium +90 
[~ H6 [KH 

Born-Haber cycles for metals with1 oxidation state +2 
Born-Haber cycles for compounds of metals where the metal has an 
oxidatiou s tate of +2 are slightly more complex. The cycle below represents 
the Born-Haber cycle for magnesium chloride.. 

1meta I double 
pos~tive ions Mg2+ (g) + 2CI (g) + ze-

and non-meta I --;,-----------.-2~-EA-I_H_e __ _ 
gaseous atoms 2 dal-flil Or 48 oeHe 

· • M 92+ (g) + 2C II'" {g) gaseous 
met.ai dou'bJe Mg2• (g,) + C ~ (g) + ie- ,! ions 

positi~ ion · 

meta I si n g~e 
positive ion 

metat gaseous 

AiE21-f9 
Mg+ {g) + c1:2 (g) + e-

,, 
AIEl#-F Mg (g) + C 12 (g) 

--------a r to iTl s i _ 

e1em~nts in Mg (s) + Cl2 (gr) 
standard states 

•i solid 
-------------------- compound 

For aU tl1es,e diagrams the ,enthalpy changes are not to scale. The labels at 
the left and right of the different enthalpy levels shov.i'" the species which 
should be present on these levels. These labels are there only to help you 
nnderstand the cycle bu t are n.ot essential if you ar,e asked to draw one. 

Metals such as Group 2 metals and nlany tJ.(!nsition tnetals will have the 
metal in the oxidation state of +2. T11is me.ans that an additional en thalpy 
change is requir,ed the second ionisation enthalpy of the n1etal (~1mH6

) . 

A.s the. compounds require two moles of halide ions per mole of the metal 
ion the. enthalpy of atomisation for the halogen is multiplied by 2 (2LlatH9 ) 
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or the bond dissociation enthalpy is us,ed (880 EH6 ) and the first electr,o,n 
affinity is mukiplied by 2 (2L\EA1H"') as seen on the cycle.. 

1Calculations using this type of cycle 
The calculations using this Bon1-Haber cycle are sitni.lar to tl1.e calculations 
~vith the previous one. 

Enthalpy of formation of m,agnesium chloride (6flf9 ] - 642 

Bond dissociat lon enthalpy of chilori ne [.&9 0E~ I +242 

Elect ron affinity of chtor jne [~EAl He] - 364 

First ionisati on enthalpy of magne.si 1um !~1E1H&] +736 

Second ionisatii on enthalpy of ma9nesium l~1i::2H9 ] +1450 

8.tH&= - L\rH&+ LlaHG+ LlnnHe+ 8rn2He+ L\BoEHG+ 2DiiEA18"6 

(MgCli) (1,tg) (Mg) (Mg) (Cl1) (en 

= +642 + 150 + 736 + 1450 + 242 - 2 (364) = +24"92kj mol-1 

Enthalpy of lattice formation 
The Born-Haber cycle for n1agnesiu1n chloride wher,e enthalpy of lattice 
formation is used is exactly the same, except the arrow for lattice ,enthalpy 
goes do"wn as it is an exothermic p rocess. 

Mg2+ (g) + 2C I (g) +, 2~ -

211aHG- 0 r AeDEHG-
2-t\AJHG 

,. Mlg2+ (g} + 2( 1-(g) 
M g2+ (g} + Cl:2 {9) + le-

• 

L'i1E2He 

Mg•(g) + Cl2 (g) + e-

' 



Th e use of enthalpy of lattice 
form at iion ,mea nrs that the 
enthalpy of format,ion is simply 
a total of au the other cnanges 
i 1n the cycle. Th is can be done 
for prevrous examples as weH 
but beware if e ntha Lpy of latti ce 
d issoc1ati on 1s to be ca tcu lated. 

The calculation of the lattice enthalpy can b ca,·ried out as before and the 
sign changed to - at the end to show the exothennic enthalpy ,of lattice 
for1nation. 

A]ternarively the follo'\\ri.ng e.xpression may be used : 

(MgCl~ (Mg) (Mg) (Mg) (Cl) (MgCli} 

-642 = +150 + 736 + 1450 + 242 + 2(-364) + llil-it 

ill H9 '= -642 - 150 - 736 - l 450 - 242 + 7?8 

AtH8:- -2492kJmol-1 

This is using the cycle in a slightly different way. The expression may use 
28a_H9 in p]ac,e o f LlBD£H6 for chlorine but L\80EH& = 2LlaH9 for diaton1.ic 
molecules. 

Any un1..'11oi.vn in the expression may be calculation from given data. 

Born~Haber cycle ror magnesium oxid.e 
When drawing a Born-Haber cycle for the oxide of a me.ta] with oxidation 
state +2, there is an addition.al enthalpy change. The second electron affinity 
of oxygen is required. 

• The first electr,011 affinlty (~l:.A1H
6

) of OAygen is represented by d1e 
equation: 

O(g) + ,e.- -, o-(g) 

• This is an exothermic process due to the net attraction between the 
nucleus of the oxygen atom and the incoming electron. 

• The second electron affinity (dEA2H6 ) of oxygen is reprcse11ted by the 
equation: 

rQ-(g) + e-~ o2-(g) 

• The second electron affinity of oxygen is endothermic because of the 
repulsion between the negatively charged o -(g) ion and the incoming 
negative .electron. 

The values required to calculate the enthalpy of lattice dissociation for 
magnesium oxide are given below. 

Name of entha Lpy eh~ nge . .t\):f6/~~ moL-'1 

Entha lpy of formation of ma1,gnesium oxide (.1fH6 ] -602 
Enthalpy of atomisatf,on of oxygen [~3 H9) -t248 

First et9ctron affi n,ity of oxygen [6E:Al H6), - 142 

Second electron affinity of oxygen {AEA2H9 ~ +844 

First i oni sa tro n entha Lpy of m aignesi um l81E1H
8 ] +736 

Second i1onisaHon enthalpy of m:agnes,u m [81E2H&] +1450 

En.thailpy of a tom isaUon of m,agnesi u mi 1(.6.aH 6 [K}J -+1S0 
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When drawing th Botn-Haber cycle for 1nagnesium oxide, it is important 
to realise that the second electr,on affinity of OXy-.gen is endothermic. 

The Born-H aber cycle below is for magnesium oxide. The values for the 
e11thalpy changes have been added to the cycle. 

Mg2+ (g} + 02- (g} 
, I d 

Mg.2 ... (g) + 0 (g) + 2 e-
ii ~ EA.IH - t 48 aEA2 H +S44 
AaHe. +248 • Mg2• (g) + o- (g) + e-

Mg2+ (91) + fo2 (g) + 2'i-

I 

A 1E2H + 14'50 

Mg+ (g) + ~02 (g) + e-
I /JJ.kH 

t,.IE l H +736 

Mg, (g} + to2 (g) 
h 

Figure 1.2 A refractory material ,is O·ne 
that is physicaHy and chemica lly stable 
e1,t high tempe,rat,ures d'nd is used to 
Un1e fur nc1ces. Ma.g,nes i um OX'id e is a Aa U +150 Mg (s} + ~ 02 (g) 

commonly used re f ractory materia l due 
to iit.s high lattice enthalpy. 

1Reme1mber that the enthalpy of 
latt ice format ion is s,imply the 
negiaitive vatu e of the enthalpy of 
la tt1ce d!i,sso c iatlon. The enthalpy 
of lattice format io n1 of 1mag nes,i um 
ox~de is -3888 kJ mol-1. 

~H9 - 602 

I MgO (s) 

The cycle is different from previous ones as it includes the endlothennic second 
electron affinity of oxygen so there is a level above Mgl+(g) + o-(g) + e-. Also 
as the second electron affinity is +84'4 .and the first electron affinity is - 14 2, the 
level with 1v1g2+(g) + o:2-(g) tnusl be above the level for Mg2+(g) + O(g) + 2e-. 

The calculation of 1J1e enthalpy of lattice dissociation of 1nagnesium OAide is: 

~lHe = - ~fH& + ll.aHe- + 8rElHe + 8IE2H9 
;- ilaH& ;- 8EA1H

9 + 8~H9 

(MgO) (Mg) (Mg) (Mg) (0) (0) (O) 

= + 602 + 150 + 736 -t- 1450-t- 248 - l-42 -t- 844 

= +3888 kJ mol- 1 

Und,erstanding enthalp,y changes in a Born-Haber cyclle 

Enthalpy of lat tiic.e d1issoci atio n 

~n,th;;tpy ,of formatio,n ./ [ m o.stty ]i 

Entha lpy of atomisatton 

Bond dissoc iation entha lpy 

Firs t ion tsa. ti'on energy 

Second ionisa:ti:on energy 

First electron affinity 

Second electron affinity 
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Figure 1.3 The bar chart shows the 
effect of ion sJze on Lattiice enthalpy of 
sodium ha Li des as Group 7 js descended. 
The neg:ative ~ons get blgger d nd so 
the distance between the centres of 
the opposite ly charg,ed i,ons is gi reater 
and the attraction Less. resu ltjngi in a 
decrease in Lat tree enthalpy. 
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Figure 1 .. 4 The Larger the charge on the 
~on, the stro nger the electrostatic force 
of attraction between the 'ions which 
resu Lts in high lattice enthalpy. 

The nthalpy of lattice dissociation is endothermic ,,thereas the n'thalpy of 
lattice formation would be exothermic and hav,e the same nu1nerical value 
but be a negative enthalpy change. 

Comparison of lat tice enthalpy values 
Th e value of the lattice enthalpy gives a 111easure of the sttength of the ionic 
bond and this depends on the charge on the ions and the size of the ions . 
The greater the value of the lattice enthalpy, the stron ger the ionic bond. 
Smaller ions and higher charge ions give stronger ionic bonding. 

• Smaller i,ons are more closely packed in the lattice and so are m ore 
attracted to each other. 

• Ions with a high cha1~ge are more attract,ed to each o ther as \ve.ll. 
• For ex.ample; the lattice enthalpy for NaCl is +771 kJ ·mol-1 bu[ that for 

N aF is -t-915 kj 1nol-1. 

• The ions have the same + and - charges ·but th e F- ion is smaller than th e 
c l- ion so the ions in NaF can pack closer toge'ther in the lattice and so 
lattice enthalpy is greater as the attraction bet\Veen the ions is gr,eater in 
N aF ,compared to N a1C]. 

• The lattice enthalpy for MgC]2 is +2492 kJ moJ-1 bnt that for MgO is 
+3888 kJ mo}-1. 

• The lattice enthalpy for 1v1gC12 is greater than that for MgO due to the 
2- charge on the 0 2- ion compared to the - charge on th.e cl- ion . The 

0 2- ion is also .smaller than the c 1- ion so there is a stronger attractio·n 
b etween Mg2+ and 0 2- ions than betv;leen the Mg2+ and cl- ions. 

• Note the lattice enthalpy for MgO is very high (and henc,e it is very stable 
and has a very high m·elting point) due to the 2+ and 2- charge on the 
small ions. 

Th e balance of end1.alpy values in a Born-Haber cycle may ·be exa1nin ed. 
You may be ask ed to co1n ment on the difference in lattice enthalpy values 
based on other enthalpy values in the cycle. For the difference bet\veen 
NaCl and N'aF, i t is the halogen b ond enthalpy valu es tha t are d ifferent as 

,veU as tllie enthalpy of fonnation. The entl1alpy ·OJ aton1isation of sodiu1n 
and first ion isation energy ,of sodium are the same in both cycles. 

·················i················································································i······························•••••• t•••·········! ! TEST YOURSELF 3 i 
• • i 1 The entha lpy cha,nges below can 1be used to, al Explain the differ ence !between the enthatpy i 
• • • • • • • • • • • • • • • • • • • i 
• i 

i 
i 
I 
!I 
II 
I 
t : 
: 
• • • • • • • • • • • • • • • • • • • • • : • : 
I 
II 
I 
I • • • • 
' 

ca lculate th e enthatpy of latti:ce di ssoc iation of of l attice d1issocia ti on of r ubrd,ium chloride i 
r ubi,djum chtoride . compared to the enthalpy of latti ce c:hssociatiori ! 

Step Process llli6/kJ moL-1 

1 Rb{s] + 1cl2(gJ, -+ RbCL!s] - 43'5 

2 Rb [s) _. 1R b(g) +81 

3 Rb,(g] - Rb+[gJ1 + e·- +403 

,4 ~Cl2~gJ1 ~ CUg') +121 

5 Cl{g }, + e- ~ · Cl-!g I - 364 

a) Nam,e th e erithatpy chari gie represented by 
step 1 . 

bl Calculate tli e enthalpy of lattice djssociat ion of 
ru1bi'd,ium chloride . 

2 The entnalpy of latti ce d,ssociation of potass ium 
c h tor id e r s + 715 k J m o l-1 • 

of potassium chtori de. i 
bi The entha lpy of formation of potass ium chloride i 

is -437 kJ mol-1 an1d the enthalpy of atomi1 sat ior1 i 
of potassium i,s +90 kJ mol-1. Calculate th e first i .. 
ionisati on enthatpy of pota,ss 1ium from this data ! 

!I 

and the data g,iven ,in the table in question 1. ! 
• 

3 The bond drssoc~ati on enthatpy of fluorine ~s : 
• 

+ 1 5 8 kJ m o l-1 . : .. 
al Wri1te ar1 equat jon. includ,Lng sta te sy 1mbots. I 

• r e presenting the bo n.d di s soci a ti on of flu or~ n e. : 
bi What is mea nt by the enth alpy of atomisatron uf i 

• fluo rine. : 
i 

c) The first electron aff'i'n i ty of f lu o r,iin e ~ s i 
: 

- 348kJ mol-1• Calcu'late tne entiha!l:py change for ! 
the :process i F2[g ~ + e- ~ F-[g· ]. i 

• ' .......................... ~ ...... ....... ,., ............. , ..... ......... ~····· ········~······ ······················ ······· ··~············ ·~··············~·············~·· ... 
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O· · .~~~~~~~-
Perfect ionic model 

100 %, covatent 
{non-polar} 

Poia r covaJe nt 
(cova'le nt w i1t:h i,on re 
character) 

lion ic wirth cova le·nt c h a,r a cte:r 
(ions are not spherka,I) 

1 00 o/o ionic 
(perfectly sp her1i ea I 
iions} 

1M1ake sure that you fu Uy 
und1erste111d the perfect ion~c m,od'el. 
II t irs the La,s t t\No ea teg,o ries wh ich 
a re o·f interest rn this sect ion as 
100°/o ionic com pounds will have 
an exper i:menta l latt ice enthalpy 
[ea tcu lated from a Born-Haber 
cyc le] rou,ghty equa l to the lattice 
enthalpy ca lcutated from t'he 
perfect ion ic model. 

EXA PL 7 

The distinction between ionic and covalent compounds is not black and ,vhite. 

• Some covalent compounds or molecules are 100% covalent as they are 
non-polar. 

• Covalent compounds can have so1ne ionic character for exan1ple polar 
covalent con1pounds 11.ave son1e 'ionic cha1-acter, i.e. the n1olecules are polar. 

• Ionic compounds can be perfectly ionic Vlith no covalent character. 
• A small, large charge cation can distort a large anion so that there is cov"alent 

character to the 'ionic compound'. This means that ions are distorted and 
not spherical as would be assumed in the perfect ionic model 

lt is a sliding scale from covalent to ionic. The d iagram on the left shows the 
scale between 100% covalent and 100°k ionic. 

The value of lattice enthalpy calculated using a Bo11.1-Haber cycle is the real 
value (i.e. that found by experiment) . 

Th perfec ionic model of ionic compounds allo'\vs the calculation of t 1e 

lattice enthalpy based on t\vo assumptions: 

l the bonding in the compound is 100% ionic. 

2 the ions are regarded as point charges or perfect spl1eres and are 11ot distoned. 

If the values of die experi1nental lattice enthalpy and the lattice enth3lpy 
calculated fron1 the perfect ionic model are diHerent then. the con1pound 
has some covalent character. The forces o.f attraction in the compound are 
found to be greater than predicted. by the p erfect ionic model so there is 
co,ralenl character to the io·ni.c compound. The greater the difference in the 
values, the great.er the covalent character in the compound. 

The followi,ng !La ttice d1ssociatror1 erithatpy vatues were 
determ ined. 

·from ca lculat io ns using th e pe rfect ion ic mode l] are 
a l1most the saim e~ the bonding- in the corn pound is 

6i H9 (experi,mental]/.kJ mol-1 +732 +891 
+760 

State w hat you wou ld deduce about the bonding 1n 
Na'Br usi,ng. the data 1in th e table. 
State w hat you wou ld deduce about the bo nding in 
Ag1 B r usf ng that data in the table . 

If t he va lues for the experim1enta l ~determrned from, 
a Born-Haber cyclel and the theoretical [d'eter,mined 

The experi1mental latti ce enthalpy of 
m agnesium i,od ide ris - 2327 kJ mo l- 1• The 
th eoreti cal va lue ca lculated using th e perfect io nic 
model is -1944 kJ mol- 1. 

Explain the dlifference in, the va-lue·s. 

11 000/o ioni,c. 

If the experimental value is greater than the 
experim·entarl value, there is ad:d ittonal cova·lent 
bondjng in the Latti·ce wh,ich m,eans th@1t the ~onic 
compound. has some cova lent character. 

Answers 
1 NaBr is ion1ic as the va lues are almost identica l . 

AgBr is ionic w1t h some covalent character due to 
the add itionall strength of tne cova,lent bonding . 

Answer 
The expe ri 1me nta l va lue 1s greater than the theoret ica l 
va tu.e. 

Magnesiu 1m lod,ide has cova,lent character. 
There is add itiona l covalent bonding in ma,g:nesium 
iodide. 



C)--En_t_h-al_p_y_o-fs-o-Lu-t-io_n ______________ _ 

Ionic compounds dissolve in water when the ionic lattice breaks up 
(enthalpy of lattice dissociation) and the polar water m olecules form bonds 
with the ions (enthalpy of hydration). 

Enthalpy of solution= Enthalpy of lattice dissociation -t Enthalpy of 
hydratio,n 

For sodium chloride: 

Lj_so]H& = iitH9 + AhydH9 + A11YdH9 

(Nad) (NaCl) (Na/) {cl-) 

The bala11ce of the break-up of the ionic lattice and the bonds fom1ing \\1.th 
water detennhies the enthalpy of solution. 

The nth lpy of s lutio1 is defined as the enthalpy change when one rnole 
of a solute dissolves in water. h can be determine.cl from oth r enthalpy 
values. For example: 

NaCl(s) ~ Nat(aq) + cl-(aq) 

The enthalpy of lattice dissociation for sodium chloride is represented by 
the equation. 

NaCl(s) ---4 N a+(g) + ,cl-(g) l'iLHe- = + 77 6 kj n1ol-1 

The enthalpy of hydration is defined as the enthalpy change wh none mole 
of gaseous ions is converted into one mole of aqueous ions. 

Na+(g) ~ Na+ (aq) 8hydH9 .:;: -407 kJ mol- 1 

Cl-(g) ~ 1Cl- (aq) BhydHe- = ~364kjmo1-1 

Som e texts may use '+[aq)' wlnen wriiting the equation for solution of a 
substance to represe nt the add ition of water on the left-hand side of the 
equati1on. This :is a.cceptabte but do not wrHe '+ H20'. This also applies to 
equations for hyd ration of 1ions. rt is best to keep tlhe equations as shown 
in the exa mp te for N:a CL 

These enthalpy changes fit together in the following cycle. 

' 

NaCt(s) 

l.ls
0
1H6 '= (+776) + (-407) +r (-364) = +SkJinol-1 
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Remember to show the polarrty 
of the water molecules and 
the charge on the ions j·f you 
a re asked far this type of 
dtagra ·m. The diagram shows the 
interactiion of 4 water molecules 
with the ions. There would 
nor,ma lly be 6 for ea1ch ion. The 
ones a,l:H)Ve and ,below th e plane 
of the paper are not shown so 
that we can see the ions. 

5 kJ of energy are released when l mole of NaC] dissolv-es in ,~.,.ater to form 
a solution. The enthalpy of solution may be exothermic depending on the 
"balance between the lattic,e enthalpy and the enthalpies of hydration. 

It is not suggeste-d that when Na1Cl dissolves in Vlater) the ionic lattice 
breaks up into scattered gaseous ions which then dissolve. Ho,vever. it 
allo\vs an alternative route for calculation -enthalpy of solution values w11ich 
according to Hesss Lavi/ s11ould. give the sam,e overall ,enthalpy change as the 
process the ions re.ally undergo. 

A si.mpler diagram for calculation ,of solution tnay be like the diagram below. 

N.aCl(s) 
f\o1He 

'Na+(a q~ + C 1-(a q) 

Na+(g) + Cr(g) 

Be car-eful with entha1py of solution for Group 2 halides, as 2x enthalpy of 
hydration for the halide ion is required as there are two moles of ha]ide i,on 
in one mole of the ionic compou n.d. 

When ionic compounds dissolve in '\\'Tater the polar water molecules are­
attracted to the charged ions. The O·- 0 1 atou1s in H 20 molecules are attracted 
to die positive ions and the 3+ H atoins in H20 n1olecules are attracted to the 

negative ions . 

H......._/~ 
H O H 
\ o- I 

0 o- Na+ o- 0 

I 5- \ 
H O H 

H/ ' H 

0 
14_....., ' H H 

o+ \ 
o+ 
H 

I 
c il- I 

H 
~+ 

0 
\ 

6+ 
H H H ......._ / 

0 

VaJu for nthalpy of hydra ticJn 

0 

Enthalpy of hydration values are exothermic as energy is released when the 
ions are attracted to the polar \Valer m olecules. 

The enthalpy of hydration for fluoride ions is -506 kj 1nol-1 ,vhi.ch is more 
negative. than the enthalpy of hydration for chloride ions (-364 ltjmol-1). 

This is because a si·naller ion mth the same charge has a higl1er charge 
density so the negative charge on the ion attracts the 6+ H of the water 
more strongly. 

The same applies to cations: The enthalpy of hydration o.f the Mg2+ 
ion is - 1920kJmol-1 whereas the enthalpy of hydration of Ca4- ions is 
- 1650 k J mol-1. The Mg2+ ion is filnaUer and has a higher cl1arge density 
than the Ca2+ ion so the ions attracts the B~ 10 of the water more strongly. 



The cHsso lut ion of ea lei um 
c~loride also depends on 
entropy consid erations so 
this information may be 1used 
to pred.i,ct how the amount of 
calcium chtoride which dissolves 
changes as temperature chang,es 
but 1t is not the wtnote picture. 

Halides of metals with oxidation state +2 
For halides of Group 2 and other metals with an oxidation state of +2 \ 2x 
the enthalpy of hydration of the halide ion is required. 

For calciun1 chloride: 

Name of enthalpy change 

Entha lp of solution of ca lci 1um, c hloride - 141 

E ntha1l:p of Lattice dissociat1on o,f ea Lei um eh Lo r1id e +2 237 ------, 
Entha1l · of h dration of ca lcium ions - 1650 

- 141 = +2237 +(-1650) + 2~hydH&(cl-) 

-141 - 2237 + 1650 = 26.hydH6
( 1Cl-) 

21.lhydH 9 (Cl-) = -728 

81 dHe{1Cl-) ~ - 728 ~ -364kJmo1-1 
~ 2 

The enthalpy of hydration of the chloride ions is -364 ltj mol-1• 

The enthalpy of solution of calciu1n chloride is -141 kJ n.101- 1. 

The process Cad2(s) ~ Ca2+(aq) -tr 2cl-(aq) is exothennic. When treating this 
process as a reversible reaction, increasing the temperature \\rould move the 
position of e,quilibtium in the direction of the reverse endothermic process. 
TI1is W·ould theoretically decrease the amount of calcium chJoride which would 
disso]ve as tl1e position of ,equilibrium would be moved to the left. 

' 

Experimental determination of the enthalpy of solution of 
sodium hydroxide and ammonium nitrate 
100 cm3 of de fon ised water was measured into a: polystyrene cup and the 
temperatu re recorded. A mass of so lid was quickly dissolved jn the 

~ water, strrred witlh the thermometer and tne nnat temperature recorded. 
The resutts are shown in the table below. 

Initial Final Temperature 
Substance Mass/g temperature/°C le mperature/°C change/°C 

Sodiwm 3.99 24.9 30.0 
hydroxide 

Ammoni1t.J'm 2.02 25.0 23.6 
nitrate 

Descr[b·e how approx imatety 2 g of a m:monium nrtra te was wei·g,hedl 
out accuratety in th~ s exper i1ment. 

2 Explai1n any safety preca utions which stiou Ld be taken when usi,ng 
sotid sod~um hycirox i1de pellets . 

.... ... . . ... 4" .. . . . . .. . . . . . ..... ..... .. . . ....... ...... .... ... . . ....... . _ . ... ......... . . ...., . .......... .._ .. ... . ................. .._ .. ...... ................ . ...... _._ • • _ ............................. . ........... .............................. . .......... . 
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3 Both of the substances used in this experi ment cons1st of ions. Give 
the che'mica,l formulae of the two ions that maike up each of the 
compounds. 

I.+ Fo r each of tne sotu tes. calculate the change in temperature of 
the water. 

5 Calculate the mass of water in the p·olysty rene cup. The density of 
water at 25 °C ~s 0.998 9/crn3. 

6 Ca,lcutate th,e enthalpy chan.ge that occurred ,n each solut ion. The 
specific heat capacity of water ,is 4.18J K_., g-1. 

7 Calculate th,e number of moles of each solute and use this to ca lcu late 
the motar enthalpy of so lution for each solute. 

8 Data books gfve the enthalpy o·f so lution of NaOH as -4.4.20kJ maL-1 
and for N 1H,N 0 3• 1 t :fs +25.40 kJ m o L-1 . Ca lcu Late the per centa.gie error. 
ir, this experf>m ent fo r ea eh soh.:J te. 

9 State one so urce of error in this 
experiment and, describe ihow this 
source of error ca:n be m·in~mised. 
if excess so lute was used in th i's 
experim ent, a saturated solution would 
be for,med, with the excess solute in 
equ ilibrium with the so~ution. 

NH4N03(s) + aq ~ NH4 +(aq] + N03-~a q] 

By apply,ng Le Chatetier·s principle 
to th is equilibrium determine ,if 
the sotub ~lity of smmon~um nitrate 
w'ill increase or d,ecrease when the 
temperature is raised . 

~.L 

Figure 1.8 A temperature 
probe may be us,ed to 
meas,u re tempeirat,ure 
changes accu ra:te ly. 
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: . TEST YOURSELF 4 
• 
~ 1 The experi ,mental enthatpy of latt~ce dissociat1ion of siilver chiloride 
! is +905 ikJ mol- 1• The th,eoreti cal vatue of th e enthalpy of lat tice 
: d,i,ssoc,ation of s,illver chloride is +770 kJ mot- 1• Explar1n the difference 
! j,n these values . , 
• I i 2 The table below gives somie entha lpy changes. Calculate the enthalpy : . : 
: of solution of potass ium chllorrde. • 
• • • • • • • • • • • • • • • • • • • • • 

Name of enthalpy cha nge 

Enthatpy of l attiice djssoc iation of 
potassium chtoride 

IEntha Lpy of hydra,ti on of potass ium 

AH9/kJ moL-1 

+715 

-320 
• • ions : s 
: : 
• I 
• I 
• ii 

Entha'lpy of hydra,tion of chlor1d·e ions - 364 . : i 3 The ent1halpy of hyd!ratiion of fluoride ion1s is - 506 kJmol-1• Expta in why j 
i the enthalpy of hydrc:1ti1on of fluoride ,ions is more negat ive th,Hl the f 
: enthalpy ot hydra tion of chlori,de ions gfven in question 2. : . ~ 

: •••• ••••••••••••••••••• •••••••••• •••••••••• •• •••••••••• •••••• ••••••••• •••••••••••••• 41111 .................... ..... 



Practice questions 
1 Which one of the following enthalpy changes 

is exothe·rmic? 

A enthalpy of atomisation of magnesiu1n 

B -enthalpy of bond dissociation of chlorine 

first -electron affinity of chlo,rine 

D enthalpy of lattice dissociation of 
magnesium chloride. (1) 

2 Which one of the following equations 
represents the second ionisation energy of 
strontium? II 

A Sr(s) ~ s2+(g) + 2e-

B Sr(g) --+ Srl+lg) + 2e-

C Sr+(s)--), Sr2·(g) + e-

D Sr(g) ~ Sr 2~(g) + e-

3 Nitrogen triiodide decomposes on contact 
according to th-e equation. The reaction is 
exothern1ic. 

2NI3(g) ~ N2(g) + 312(g) 

(1) 

Calculate the enthalpy change for the reaction 
using the mean bond enthalpy values given in 
the table below. (3) 

Mean bond enthalpy 
Bond (kJ mol- 1] 

N- 1 159 

N- N 944 

1·- 1 1511 

4 Lithium fluoride is formed from lithium and 
fluorine. The following dlata may be used to 
calculate the enthalpy of lattice formation of 
lithium fluoride. 

L\H6/kJmol-1 

First ionisation end1alpy of lithium +520 

Enthalpy of atomisation of lithium +159 

Enihalpy of formation of lithium fluoride -612 

Enthalpy of atomisation of fluorine + 79 

Electron affinity of fluorine aton1s - 348 

a) Write equarions 1 including state symbols to 
represent the follo\Ving enthalpy changes. 

i) The first ionisation energy of lithium 
(1) 

ii) The end1alpy of f onna tion of lithium 
fluoride (1) 

iii) The first electron affinity of fluorine (1) 

iv) The enthalpy ,of lattice formation of 
lithium. fluoride. (1) 

b) Calculate the enthalpy of lattic,e fonnation 
of lithium fluoride . (2) 

5 The Born-Haber cycle be.low is for sodiutn 
chloride. 

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

F 
E Na"*'(g) + c r~(g) 

Na""{g) + ~ Cl12(g:) + e- ii 

•• 

D 
Na(g) + ~ C 12(g) 

A I o 

C 
N a(s) + tc 12(g} 

B 
NaCl(s} .. 

a) The table below shows the enthalpy 
changes A to E Complete the table by 
giving the na.1nes of the tnissing eitthalpy 
changes. ( 4) 

Step Name of enthalpy change ll.#f9 / kJ mol-1 

A Enthatpy of Lattke to be calculated 
d,issocfa-tion -of sodium 
chlorrde 

B -411 

C +109 

D +494 

E Enthalpy of atomisation of +121 
chlorine 

F -364 

b) Calculate a value .for enthalpy change A 
using the data in the table. (2) 
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c) The enthalpy ,of lattice dissociation for 
potassium chloride is +7 I OkJmol-1

. 

Explain why the value for sodium chloride 
calculated in (b) is greater than the value II 
for potassium chloride. (2) 

II 6 The Born-Haber cycle shovvn below is for 
magnesi.un1 chloride.. The table gives the values 
for the enthalpy changes involved in the cycle 
belo,7i.~ 

Mg2+ (g) + 2e-· + C 12 (g) 

1 
Mg2+ (g) + 2( 1- (g) 

I 

Mg (£) + Cl2 (g) 

1 • 
MgCl2 {s) 

Name of enthalpy 
ch.ange AH0 /kJI moL- 1 

Bond: dissoci.atton +242 
e ntha Lpy of eh lo rine 

Electron afhnity of - 364 
chtor i,ne 

First ~on: iisati,on enthatlpy -t-736 
of magn·esiu m 

Second ion isation +1450 
enthalpy of magnes,ium 

Enthalpy of atom isaticn +i50 
of magn esi u·m 

Enthalpy of 'lattice -2492 
fo rmation of magnesium 
chloride 

a) C,op,y out the cycle and put the correct 
values on the arrows to show the enthalpy 
change represented. by the arrows in. the 
Born-Haber cycle. (4) 

b) Use th,e infonnation in the table and the 
Born-Haber cycle to calculate ihe enthalpy 
of fonnation. of magnesium chloride. (3) 

7 The following data gives the enthalpy of 
hydration of soine ions. 

Enthalpy of hydration 
ion [kJ1 moL-1) 

Chtoride to be callcu lated 

Bromide -335 

Iodide -293 

Lith ium - 519 

Sodium, - 406 

Potass,i,u1m - 320 

Iron !11] - 4950 

a) E1.1'lain why the enthalpy of hydratio,n of 
the bromide ion is more exothermic than 
the enthalpy of hydration of an. iodide ion. 

(2) 

b) The enthalpy of solution for potassium 
iodide is +20.5 kJ mol-1. Calculate the 
enthalpy of lattice formation for potassium 
iodide. (3) 

c) The enthalpy of lattice dissociation of 
iron(u) chloride calculated (rom a Barn­
Haber cycle is +2631 kJmol-1 and the 
enthalpy of solution of iron(n) chloride 
is --47kjmol-1 ,Calculate the enthalpy of 
hydration of a chloride ion. (3) 

d) The theoretical value for the enthalpy of 
lattice dissociation for iron(u) chloride 
calculated from the perfect ionic model is 
+2525 kJmol-1. 

i) Explain die meaning of perfect ionic 
model (1) 

ii) Explain ,vl1y the enthalpy of lattice 
formation of iron(n) chloride calculated 
fro1n the Born-Haber cycle, given 
in (c), is greater 'than the theoretical 
value ca]culated. from the perfecl i,onic 
model (2) 



Stretch and challenge 
8 The diagram below gives part of the Born-Haber 

cycle for alu1niniu1n oxide. Examine the data 
given in the table and con1plere the cycle. 

Calculate the second electron affinity of oxygen 
based on the data given beloVv: 

Compare the value you obtain for the se,oond 
electron affinity for the g-iven value for the first 
electron affinity. (If you have not been able to 
obtain a value for the second. electron affi.n.ity1 

use +70 l kj mol-1. This is n ot the correct 
value). (10) 

Na me of enthalpy change AH6 lkJ mol- 1 

Entha,Lpy of a1tomisation of +249.2 
oxyge·n 

First electron affini ty of - 141.0 
oxygen 

F,irst ionisation enthalpy of +580 
alum1tnium 

Second ionisation enthalpy of +1 800 
aluminium 

Third i oni,sa ti an entha Lpy of +2700 
atumii,ni um 

Enth a1Lpy of a,tom isation of +324.3 
alumtnium 

Enth a tpy of Latti ce form at:io n - 115 178.9 
of aluminriu m oxide 

Enth ailpy of forim atio n of -1 675.7 
a[um,i,n,ium oxid e 

2Al3+ {g) + 6e- + 30 (g) 
' 

2Al2+ (g:) + 4e- + 1 ~ 0 2 (g) 

.2AI (g) + 1f02 (g) 

l 



Thermodynamics· 
Gibbs free energy 
change. t:iG. and 
entropy change, t:iS 
............... ·····~9··-·······9····················-······ ······················ ·······~·,············· .... ~ 

i PR O KNO LED GE 
• • 
: It rs expected that you are famiUar wHh aH of the content o·f Chapter 4 .. 
: EnergeUcs in the Year 1 1book of the A-level Chem.istry course. The 
• : foUowrng are some key points of Prior Knowledge: 
• • t 

: A positive value for ~H 1indicates an endot1herm,ic reaction. 
• 
= A negative value for flH i nd:icate s an exothermic rea1ct io 11 . ... 
: Entha'lpy chang,e for a reaction ma,y be calculated usi,ng standard 
! enthalpy changes of combustran or forrn~ticn . 
• 
: Hess·s Law states that the enthalpy change for a chemi,cal reaction 
• 
: is independent of the route taken and depends only 0 1n the iri itia~ and 
• 
: fi, n at states . 
• i Enthalpy cllang·es m:ay be ea lcwlated fro,m other enthalpy changes 
• 
: us~ng Hess·s l aw. 
• 

• : • • • • • : 
i 
" • • • 
i 
II .. 
~ 

: 
i 
i 
• • • 

; .. ~·~·····~f···~···············~~··~······~·~·"····~··········~········~·f········~·· ......................... -' 

. . . . . . ••tt•••••••••••• •••••t••·························••t••••••••t•••···························· 
! T'EST YOURSELF ON PRIOR K.NOWLEDGE 1 i .. . i 1 Calcium carbo,nc3te decomposes on heati,r,g to form catcium oxi1 de .a1nd i 
f carbon d,ioxide. Using the staridard enthailpies of formation, calcu late j 
i the enthalpy change for th~s reacHon . i 
f CaC03 [s~ ~ CaO[s) + C02(gl .. 
• .. • • • • • • • : 
J 
" " • • • • • • • 

CaO,(s] 

- 1207 

- 636 
-39-4 

• ' I 
-• • • • • • • • • 

; 2 Calculate the standard enthalpy of for,mat•on of ammoni,a. where the : 
! enthalpy change for the reaction N21(gl + 3H 2[g] ~ 2NH3·[g) 1s - 92 kJ 'mol-1. • 
• 
: 3 Am1mon1a reacts with oxygen to form nitrogen ·monoxtde a1nd steam 
• 
: acco rd1 n g to the equation . 
• i 4NH3

1[g) + 502,g l-,, 4NO!gil + 6H20[gi i 
i a) Using the standard entha lpies of format 1ionf calculate the enthalpy j 
• • i change for this reaction . ! 
t : • .. .. 
• .. • • • • • • • .. • • • • • • • .. • • • • • • 

- 46 

0 

+ 90 

- 242 

i b) Explai n why oxygen has a value of zero. 
: ............. 411•••·············••••19••···········4· ··~····························· ........................ ... 



()----F~as_i_b-Le~r-a_c_t_10-n~~~~~~~~~-
A reaction that can occu·r at a panicular lemperature is called a feasible 
reaction. The enthalpy change on its own is not e11.ough to detem1.ine 
wheth er or not a reaction "\ViJ.1 be feasible as some feasible reactions are 
endothem1ic. These include: 

KCl(s) +(aq)--}- K+ (aq) + Cl- (aq) 

H20(s) ~ H20(1) 

H20(1) ~ H20(g) 

(NH4) 2C03 (s) ~ 2NH3(g) + C02(g) + H20(g) 

'1H 9 = +19 kjmo]-1 

LlH = +6 kj 1noJ-1 

L\H& ;;;;: +44 kJ mol-1 

fLH@ = +68kjmol- 1 

All four of these reactions above have one thing in common - an increase in 
disorder. This is the disorder of the particles in the systen1 (reaction). G.ases 
.are 1nore. disordered than liquids and solution ,vhlch are rnore disordered 
than solids. 

All of them shoVv~ a change from an order,ed system to, a more random 
system. The degree of disorder or randomness in a system is called its 
-entropy. 

o~~~~~~~-
E n t r op y 

Er r · is a m,easiure ,of disorder with in a 
~ 

system. 

Fig u re 2. 1 Toss in g a so ft drink i n to the 
air is more Li ke ly to give :a di1sorgani,sed 
pflle w hen it falls . than a neatly ordered 
stack. Disorder ~s 1more proba ble than 
order. 

Entropy is given the symbol 5 and tandard or ab lu1 , nlropy se-. 
Entropy ism asured inJ K-1mol-1. 

Absolute entropy valiues (standard entropy valiues) 
Absolute or standard entr,opy values are calculated for one mo]e of a 
sub.s tance based on a scale where the substance has an entropy value of 
0 (zero) at OK. This assumes thar the crystalline form of the substance at OK 
is a perfect crystal . 

S01ne ab·solute entropy (Se-) values are given 111l the table: 

C[s] 2.A. Br2(LJ 75.8 02(Ql 205 
(diamon d) 

Sii[s) 19.0 H [ L) 76.1 et [ l 165 

Mgis] 32.7 C2H50 H [l) 161 N2{g) 192 

At[s) 28.3 H202[l] 1'110 H21[g} 1311 

NG! Cl[s) 72.4 CS2I L) 151 NHl{gl 193 

Ca10 [sl 39.7 NHANO (a , ) 190 C02'( J 214 

1. [s] 58.4 NaCtfaq) 116 CO[g] 198 
H. 0 [s) 48.0 H o~u 70 .0 H 0( l 189 

The higl1er the absolute entropy value) the higher the degree of disorder of a 
subs tance. 

From the table it is clear to see that solids are tnore ordered than liquids and 
solutions~ which are 1nore ordered than gases. This can be used as a general 

rule to explain chan.ges in entropy later. 
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Entropy linked to cha 1nges in state 
A crystalline solid with a highly oJdered arrangcm.ent has low entropy. 
When. it mefrs) the system becornes less orde·red (it is impas5ib].e to teU 
exactly ,vhere e11ch 1011 or atom or molecule is relative to each other) so .the 

entropy has increased. 

ln Year 1 of tJ1e course (AS) the four types of crystalline solids s'tudied are: 

l metallic 

2 ionic 

3 molecular 

4 macromolecular 

From the previous table~ examples of these ,vere given. 

Type of crystalline so~id Solids s•J J K- 1 m oL-1 

Ma crom o lecula r C{s) [d i1amon d) 2.4 
Macro mo lecu la r Si,[sl 19.0 
Metallic Mg[s) 3.2.7 
Met~,LUc All{s} 28.3 
Ionic NaCL[s} 72.4 

loni1c CaO[sJ 40 

Molec:u Lar 17 (s) '58.4 

Molecular H20,s) 41 

From the table it is clear that 111actomolecular- st1bsta.nces have a, ery 
low entropy va]ue and this pro,perty results from their ve1y regu]ar 
macrotnolecular structure. 

Metallic substances also have low entropy values based on them having 
a very ordered 1netallic lattice) and similarly Mth ionic compounds and 
their ionic lattice. Even 11:nolecular crystals such as iodine and ice have low 
entropy values as they are regular ordered crystalli11e substances. 

There is an i11e1~ase in entropy fron1 s·olid to liquid, but the increase in 
entropy from liquid to gas is much larger as gases are very diso ·dered. This 
is sho\\o~ most c]early by the s• values of water as a s,olid liquid andl gas 
below. 

189 

Solid liquid Gas 

Figure 2~2 The chan9es in the arrang.ement of water molecutes when lee melts. to 
form1 a Liquid and then evaporates. show an increase in disorder. 



A graph ,of the entropy values of water against tempera.tu, is sho,"n beloVv·. 
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• At OK. the entropy of a pe1·fect crystaUine substance is O (zero) . 

• The graph sho"\v"S a general increase in entropy as temperature, increases. 

• \Vithin a solid the entropy increases as te1nperature incr.eases as the 
particles gain energy and vibrate more. 

• As the solid melts and fo!ims a liquid there is a large increase in disorder 
at a particular temperature. This tetnperature is called die melting point. 

• Again "Within a liquid there is an incre.:1.se in ,entropy (disorder) increases 
as ten1p eTature increases. 

• There is a very large increase in ,entropy at the boilin.g point whe11 a 
liquid changes into a gas as gases are very disordered. 

Entropy related to Mr 
Some a.bsolut,e entr,opy values of gases are given belo,v with th ir Mr values. 

H2[gJ· N.2(g) CO(g) 02lg] C02(g) 

Mr 2 28 28 32 44 

S9 /j K-1 mol-1 131 192 198 20 15 214 

In general the higher the Mr v·alue of substances in the same state, the 
higher the entropy value. 

This is a gen eral rule ·but can be used to predict the entropy values of 

subs tances in the same state. 

Entr,opy change (.65 9 ) 

1he entropy change in a reaction can be calculated from absolu te entropy ·values. 

Absolute ·entropy values are quoted v,,,ith units J K-1mol-1 Goules per Kelvin 
per mole) . 

The ,entropy change in a reaction can be calculated from the absolute 
entropy values. 

!15 9 == Sutn of en tropy values of products - Su m of entropy values of reactants 

This can be sun1mai-ised mathen1.atically as: 

!J,.S 
9 

= !5 ;nxiucts - · l:S ~a,ctabtts 

where l: represents the ~sum ,of. 
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• 

lri the next sect ion you w 1H be 
expected to judg.e whet:her 
a reaction na s a posiiti~e or 
negative entropy chang,e based 
on the reactants a n·d products 
ai n.d the ir states. 

The 'per n1ole) inust b cons-id red here as absolute entropy values are per 
mole of the substance. 

If two moles of sub5tance appear in the reaction, the absolute entropy value 
1:nust be multiplied. by tvlo before being used in the expression. 

PLE 
Callc1iu m carbona te decomposes on heating accord ing to the equatron,: 

Ca C 03 [sl --1, Ca Q,[s) + C02{g) 

Some entropy va lues c3re g1iven :below. 

93 40 214 

Callculate a va lu e for the sta ndard entropy chang,e for t his reaction. 
Answer 

!15 & ;;; IS~roducts - IS !act.ants 

85 9
= 1(214 + 40]- 93 = +1 61 J K-1 mot-1 

It would be expected that this reaction would have a posi tive entro py 
change. 

The decompos ition of a so l·id to produce a solid and a gas would1 show an 
increase in entropy ~djsorderJ as the gas wo,uldl ha1ve a greater level of 
d i so rd er t ha n a ny so lid. 

1 mol o'f solid, produces 1 mol of solid and 1 m1ol of gas. 

Tihe equat ion ·for the th ermal decampos,tion of NaHCD3 i,s: 

2Na!HC03 !s] .--) Na2C03 [s)1 + C02[g) + H20[l] 

Absolute entropy values are given in the tab le lbeilow. 

102 135 21'4 

C alcuta te a va lue of 6.59 for th 1s reacUon. 

Answer 

6.Se • Is:roducts - IS~c1ctc1nts 

/:J.5 6 = [1. 35 + 214 + 70) - 12 x 102) - + 215 J K-1 mot-1 

70 

This reaction shows cH1 increase rn entropy as system becomes ,more 
d,isordered. There are 2 mol of solid prnducJng 1 mol of soUd arid 11 mot of 
liqurd and 1 mol of gas. The Hqu1d and gas are more disordered and so 
have .a h1ig her entropy va lue. Entropy increases in th~s reactio n. 



TIP 
The units of 5° fabso lute en tropy Ji 
and ~S 6 [entropy changel a,re 
J K-1 mol-1• 

Under standard conditions the 
water fa rmedl in t he equat ion 
above would be a li quid which 1,s 
m1ore ordered than a gas. so the 
ll5 9 would be less posH1ive. 

TIP 
Only ase va lues need to have 
a positive or in egat ive s i g'ri. 5 9 

va lues are always posi t,ive in 
the same way as H0 va lues 
are always posiitive. Values for 
5 9 may be quoted to different 
numbers of decimal places or as 
who le nu1mber values . 

Nitroge n reacts w ith hyd:rogen to form am,monia accord:ing to the 
equati on : 

N2
1(g) + 3H2!gJ-.;; 2NH3f g] 

l92 T31 1'93 

Calculate a value of the entropy change for this re.actiorii. 

Answer 

115& = LS~roduct:s - 1:5 ~actants 

!J.5 9 
= ( 2 x 1 93 J - i 1 9 2 + 3 x 1, 31 ] = - 1 9 9 J K-1 m o l- 1 

Th is reaction shows a decrease in entropy as it becon1es more ordered , 
i.e. 4 mol of gas becomes 2 mol of ga,s. Fewer moles of gas are more 
ordered so the react,ion sh1ows a decrease i,r, entropy. 

Entropy chan1ge predicted from an equation 
From the equation of a reaction. it is often possible to teU if A56 is positive 
or negativ,e. 

A reaction is often called a system, so often \ve say that the entropy of the 
system has decreased or increased meaning that ~e is negative or positive, 
respectively. 

Pred ict w hether the entropy change of the rea ction is pos it 1ive or negative 
and expla in your answer. 

NiH4iN03 [s)I-+ N20~g1J + 2H20[g] 

Answer 
1 rmot of soUd amm,on iu m n:itra te forms 1 m,ol ,of dinitrogen oxide gias and 
2 ,mol of wa ter vapour [g as). 

ThiswWl have a posltive M 0 vatue as the gases are much more 
d,iso rdered t h,an 1:he crystalline solid (ammonium, niitrate]. 

ES 
Pred ict whether the entropy change of the reaction is pos itive or negdt1ve 
and explai n1 your answer. 

cao:[s] + H20!tl ---t Ca [OHb (s] 

Answer 
Ll.Se is negative as 11 moil of so lid and 11 mol of liqu·id ,prod'uce 11 mol of so lid 
so tne reaction becomes more ordered. Entropy decreases. 
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Wheri a ll the reactants arid 
produ cts are ~n the sa,me s.tatej 
the increa se in entropy can be 
ca1used by an increase in the 
number of moles in the saime 
state. 

Figure 2.3 Hydrated crysta Ls of cop per 
s ulfate are shown above. with a copper 
s uttate solu tton ma de from the same 
mass of crystals. Which has the highest 
e,ntropy? 

LE 6 

Predict whether the entropy change of the react rrnn is pasit]ve or negative 
and exp lain your answer. 

4NH3[gJ + 502[g) ---t 4NO[g! + 6H20(g) 

Answer 
as& is positive ais 9 mol of gas produces 1 O mol of gas so the reactiion 
becomes more d1isordered. Entropy wou ld be expected to increase. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
: TEST YOURSELF 2 
• • 

+ 
+ 
+ 
• • • • • • i 1 Pred~ct whether the entropy of the follow ing r.eactions will ~n,crease or i 

! decrease? ! 
• 
i a) 2H2[9~ + 02[g) ~ 2H20Hl 
• ! bi Ca,C 03 [s)1 + 2HCUa q] --+ CaCl2 faql + C02[g] + H20[U 
• i c) 2Na[s)1 + Cl2[g)1 ~ 2NaCltsl 
~ d) CaO[s] + 2N H4 Cl[s~ ~ CaCt2!sl + 2iNH3[g) + H20[l) 

! 2 Catcutate the entropy change of the following reactiion using t he 
• 
: standard entropy data g1iven below. 
• • • • • • • • • • • • 
i • • • • 
j 
• • • • • • • • • • • • • • • • • • • • • • • • .. 
• • : • • • • 
! .. • • • • • .. .. • • • • • • • • • 

Substance s 9 value/J K-1 moL-1 

KN03 (sl 133 

KN02tsl 152 

02tg,] 205 

FQ(~J 27 

Fe30 4 [s] 146 

[NH4bS04 tsl 220 

Cai(OH] 2 tsi 83 

CaS04{s] 1 ()7 

NH3(g l 193 

H20[1l) 70 

a) 2KN 03 f s] ~ 2KN02 [s] + 0 2[g~ 
bi 3F e[s~ + 202 (g] ---t Fe30 4 f s, 
c) (NH4bS04 :(s] + CalOHl2 f s]--+ Caso, [s] + 2NH3[gt) + 2H20[0 

• • 

i • • • • t • .. .. 
• • • • • • • • . . 
• • • • • • • • • • • • • • • : 
• • • • 
! • • • • • • • • • • • • • • • • • • • • • • • + 
+ 
+ • • : • • • • i • • .. 
• • • • • + 
+ 

• • • • • + 
+ 

: . ......................................... .......... ................................. -<41111 .................... .. 

()~F-_-as-_i-b~il-it~o~f-a-r_e_a_c_ti-o-n~~~~~~~ 
Th feasibility of a chemical reaction depends on the enthalpy change of the 
rea.ction, ihe entropy change of the reaction and the temperature at v..1hich 
ihe reaction is occurring. 

Gibbs free energy or the &ee energy change is written as /!!Ge- and this links 
these three pToperties. 

/1G 9 is calculated using the expression : 



A reaction for which LlGa- = 0 
is in equ iUbrium so both the 
forward and reverse reactions are 
feasibte. AG~ O is normality used 
for a react~on to be feasible. 

Th:is 1is the most often forgotten 
step i,n these calculatjons. ~ 
m.ust be converted to kJ K-1 mo1-1 

by dtv'idrng the given value by 
1 OOO before us,ng 1t rn the ~Ge 
expressi.o n. 

The term,s feas ible a rid 
spontaineous are often used 
1interchangeably but it is 
1important to realise that the 
activatiion energy has a part to 
play in the spontaneous nature 
of a reac tr o rn. H a reactton is 
feas] ble outdoes not occur 
spontaneous ly. the activat~o n 
energy 1is high . 

2101.5 K is the sam1e as 1828.5 °C; 
to conver t between the Ke1lvin arid 
Celsius tem,perature scale, si1mpty 
subtract 2.73. To convert between 
CelsfUS and Kelvin. add 273. 

• D.G& is us d to predict the feasibility ·of a chemical reaction. 
• For a. reaction to be feasible, ~G must be equal to or less than O (z,ero). 
• You can d.etennine if a reaction is feasible at a cert.1.in temperature by 

calculatin g ~G0
. 

• Also you can calculate the te1nperature at which a reaction becomes 
feasible using 8G& and '1H 0

· assutning that 8G6 = 0 for a. feasible 
i 

reaction . 
• !1G9 and tJi.H6 have units of kJ n10J-1

. ~56 has units of J K-1 mol- 1
. 

• The value given or calculat d for /JS& in] I<-1 mol-1 tnust be divided by 
1000 to change in to kJ K-1 mol-1 before it is used to calculate 6.G& or 
used in the fj,G& expression. 

Feasible and spo,ntaneous 
Th ere is a differen ce betvleen a reaction ·beh1g feasible and a reaction being 
spontaneous. A feasible reaction m ay no t occur at a particular te1nperature 
as the activation energy n1ay be too high for it to proceed . A sp ontaneous 
reaction is one that is feasible and occurs under standard c,ondttions. For a 
reaction to be spontaneous, LlG& tnust be less than zero and the activation 
energy for the reaction must be lov;,, enough for the reaction to proceed 
under standard con ditions. 

The rea ctron below shows th e possijble decompos1ttor, of sodium 
carbonate rnto sodium oxide and ca rbon dioxide. 

Na2Co3,s) --+ Na20(si + C02ig l 

For this reaction. l\H9 
... +323 .0 kJ ma l- 1 and 656 

... + 153. 7 J K-1 ·mo l-1 

Shaw that the therma l decomposftion of sodi,um carbonate is not 
feasibte at 1200 K. 
Calculate the temperature at which the value of nG = 0 for this 
reaction . G,ive your answer to 1 decfmal place. 

Answer 
,6Ge has units of kJ m,ol- 1 exactly like LlH9

• so the units of /j,S must be 
chang,ed to kJ K-1 mol-1. This is ach ieved by dividing the ~&value by 
1 OOO to convert to kJ K- 1 mol-1• 

So M &= +0.1537 kJ K-1 mol-1 

8 Ge- = !1H9 - TM& 
fiG'9 = 323.0 - [1,200 x 0.1537} a=+ 1:38.6 k. J mol- 1 

Because 8G9 ts positive at thi s temperature th,e react~on is not feas~b le. 
/J.G e = /J.H9 

- T f::..S 9 

Whe n !J,.G 6 
- O 

Then tJ,.H& - TAS& • 0 
+323.0 - f (0 .1537] ;;;; 0 
T[0.15371;;;; 323 

T = 
323

·
0 

= 2101.4964 K. 
(L1537 

T = 21 01 . 5 K Ho 1 d ec i ma l place] 
T must be equal to or greater than 2101 .5 K fa r the reacti:on to be feasf bte. 
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To determine the ten1p rature at which a reaction changes from not feasible to 
feasible divide~, by /l~ but remember to make. sure fj,5 is in kJK-11nol-1. 

LE 8 
The table below gfves some enthalpy and entropy data for some elements 
and corn pounds. 

0 0 +90 -242 
131 205 211 193 189 

Ex ptai n w1hy the en tropy value of oxygen is greater than that of 
hydrogen. 
Explain wh1y the standard enthalpy of formation of oxygen is O [zero] . 
The equati on for the cata,lyt 1ic oxidation of am,monta is: 

4N H3(g,) + 502,(g) ~ 4NO!g~ + 6H20lgil 

(' I Calculate t:h e enthalpy change for the reaction using the da,ta, i,n the 
table. 
Catcutate t!he entropy change for the reaction. State the units. 

cl Explain why this reaction is feasi.ble at a1r1y temperatu re. 

Answer 
02 has a higher Mr than H2. 

Higher entropy vatue as th e 
pairti ctes a re heavier. 

~ Oxygen, is an eleme nt. 
3 ~ H6

;; 4l+90) + 6(-242] - 4{- 461 
·= -908 lkJ mot-1 

b Ac& ~c& ~C'e 
L.J...:J = ~ products - ~ reactants 

Th is type of H ess·s Law 
ea le u la, t i o n s ho u la be 
rev ised1 from Yea,r 1 of the 
course (AS!. 

·= [ 4 x 21' 1 + 6 x 1 8 9) - [ 4 x 1 93 + 5 x 2 O 5) = + 181l J K-1 m,o t-1. 
c I Exother,m,ic reaction and entropy ,increases so reaction ls feasib le at 

aH temperatuires. 

a tor a ff~ ctin Fi a ibili ty of a r acti~ n 
The feasibility of a reaction depends on whether a reaction is endothermic 
or exothem1ic and also whether there is an incr,ease in entropy or a decrease 
in ,entrop}~ The table below sl1ows how these factors affect AG and the 
feasibility of a reaction .. 

AH• i..s• ·~G• Feasibili~y 

Neg1a.tive NI e,g, a tive May be positive or Feasible be Low certa1i n 
negative tempera tu re,s 

Negative Positive Atw~ys nQgative Fe:a si,ble ~t any tQm pgr~tur-2 

Pos. it,ive Negative Atways positive Not feasib le at any temperatur e 

Positive Positive 
May be positive or Fe a si·ble above ce rtatn 
negiative temperatures 



Th is kjnd of qua Uta.tive 
u1nderstanding of the relationship 
between AH& . .6.S&. T arid AG& is 
important as well as be1ngi able 
to ea rry out the ea lcu ta ti ons. A 
reaction which is ex·oth erm,~c and 
shows an increase in1 entropy wHl 
be feasi bile at all te:mperatures. 

Figure 2.4 The value for /jGe is posi,ti'Ve 
for photos.ynthasi s. The reaction is not 
feas,ible u ntiit s unitig ht is present . 

PL 9 
The equati,on for ttie combustion1 of ethanol is given be'low: 

C2H50Hi(l! + 302[g) ~ 2C02[g! + 3H20[g]i 

Wrae an express·ion for AG 9
. 

Use this expression to expta iin why ttiis reaction is feasible .at au 
temperatures. 

Answer 
fJ.G 9 ~ 6.H 9 

- TD.5 9 

1 mol of Uqufa and 3 mol of gas become .5 ,mol of gas so entropy increases. 

It is a com,bustion reaction which i,s exotherm1'c. 

As /J.H 9 ls negative and /J.5 9 is posttive~ /J.G 9 is negiative at atl 
temperatures. 

So the rea.ction is feasi1ble at all te:mperat,ures. 

Physical changes using l1G 9 

• During a change of state /1G 9 
= 0 (zero) kJ mol-1. 

• 8G9 is positive for temperatures below the melting point as it is not 
feasible. 

• l:iG& is negativ·e for temperatures abov,e the melting point ash is feasible. 
• The same is true ,of 8.G& for boiling around ihe bo,iling point. 
• 'Nhen ~G& = 0 ~ the systen1 is al equilibriu1n and this is v,.:ohat is 

happening when a change of state occurs. 
• If AG& is given) then other quantities can be calcu]ated by rearranging 

the e]...-rpression. 

Di.Ge- ~ O kJ mol-1 for the meltrng of ice to waiter. Thi1s physical react iion is 
end,oth erm,i1c and occurs at 273 K. 

H201(sl ~ H2o ( l)I 
T:he absolute entropy values for ice and water are g:iven below. 

i : .. _ 
48 70 

Explain wny the melti,ng of water is fea.sible at 273 Keven though thi s 
chang e is endothermic . 
Ca'lculate the entropy change for the reaction. 
Calculate the entha tpy cha.nge for the reaction . 
Show that the conversion of ice. to water ,is feas1bte at 298 .K 125 °C): but 
not feasi bte at 268 K l- 5 °C)1. 

Figure 2.5 Melting ice is an 
endothermic reactton. it Is fea,sjble 
on ly at certain temperatures . 
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• 

Answer 
1 Water molecutes become more disordered when the 

soli d changes to d liqui,d so AS& is positive/entropy 
increases. 
8G 9 is = 0 so TllS = 8H 

65 
9 

= l:S ~ro duds - IS ~a ctants 
!::: 70 - 48 == +22 J K-1 mot-1 

· AG& ~ O kJ mol-1' 

T • 273 K 
65 6 

- +22 J K-1 mol-1 

/J.G 9 ;; AH9 
- TliS& 

8He = /J.G 9 + TA5 9 

/J.H 0 
= 0 +273[0.022), 

.6.H& = +6 kJ m ol-1 

This value was gfven on the first page of this topi,c . 
At 298 K 
l\.GG - 8 1H0 

- T/J.Se-
AG6 - +6 - 298 [0.022 l - - 0.556 kJ mol- 1 

LlG 9 is less than zero so th e co niversion of i1 ce to 
water at 298 K 1s feas ible. 
At 268 K 
/J.G 9 = 11He- - T/15 9 

AG 0 
= +6 - 268 (0.0221 = +0 .104kJ moL-l 

/J.Ge rs g rea te r th.a n zero so the co nvers ion of r ce to 
water at 268 K ls no-t feas~b Le 

1 

The fo llowi nigi data is g 1ive n for t'h e con d ensat1io n of 
aimmonia. 

fiH 9
. = -23.35 kJ m,ol- 1 

The aibsotute entropy value for NH3[g) ~ 193J K-1 mol- 1 

The boiling point of ammoni,a is 240 K. 

Ca lculate the abso lute entropy va lue of NH3 HL 

Answer 
For a change of state. 8G 9 

= O kJ moL-1 

8G 9 
= fj,H 9 

- T/J.5 9 

0 ~ -23.35 - 240(.liS 9
J 

Tb..5° berng equal to or a grea ter numeriica l 
value thari 8H9 ~s im1portant rn ensu r ing- that 
/j,G 9 1is equal to or less than zero so the reaction 
is feasible. In a change of state .liG0 = 0. 

The same theory car, be applied! to any change 
j,ri state .as AG9 = 0 for a change in state as 
the change of state i,s viewed as a react ior, at 
equ i Ubriu m. 

/15 9 
= ~;;; ·= -OJJ9729 kJ K-1 mol-1 

= - 97.29 J K-1 imol-1 

115 9 
= IS~roducts - LS~eactants = 5°.[N H3, l(l}IJ - 193 

= - 97.29 JI iK- 1 mol- 1 

5 9 [ N H3 [ l}) r!J - 97.29 + 193 ~ 95. 71 J K- 1 ,mol- 1 

You wou ld expect th,is change to have a negative 
entropy change as the liquid 1s ,more ordered 
than the gas. 

Bein-g able to rea:rrange an expressjon to ca lculate another quantrty js 
important. You can check you r answers are correct on the way th rough 
a calcu lation by subst;tut ingi them back into th e expressi:on you used to 
ensure lit gives you the expected answer. 



12 
The cha ng:e of state fro rm li:qui,di to gas for water has ain entropy cha ng:e 
of + 11 9 J K-1 mol-1• The erithatpy en.a ng e for the phys ica [ change is : 
+44.39 kJ .mo l-1 . 

H20 [l] -4- H20[g) 

Calculate the boi,ling point of water. Assume tha.t .aGe - 0 kJ mol-1 for the 
chan,gie of tiquj d water to a gas. 

Answer 
Di.Ge-= AH&- TASe. 

AGe-= D 

!J.H 9 
- TM 9 

= 0 

+44 .3 9 - T [ 0. l 1 9) = 0 

44. 3 9 ~ T [ 0 .11 9) 

Tm 44·~9 373 K 
0,.1' 1 9 

The boiling pai1nt of water is 100 °C wh ich equa:ls 373 K. 

~ -··············································································· ····································································: 
! TEST YOURSELF 3 i 
• 
! 1 Two rea cti ans whl c·h a re rnvolve d 1i n the extracti on 
: : of j,ron in the blast furnace are: 
' ; A Fe203 [s] + 3CO [g:J --+ 2Fe!s) + 3C02[g~ 
• ; 
' !! 
"' • • • • • • • • • • • • • • • 

IJ.H9 - - 25.0 kJ m:ol-1 
!J.5.,,;;;;; + ni2 J ;K-1,mol-1 

B Fe203 [s] + 3C(s) -4 2Fe{s] + 3CO[gi)1 
~He,= +491 .0 kJ ,mo[-1 

!J.Ss-= +542.9 J K-1 m·o[- 1 

: W h icn rea ct1 ons a re feas 1 ate at • • i a) 800 K 
• 
: b) l800K 
! 2 For the reaction Cu(sl + 2H20(ll -+ Cu!OHJ2 lsl + H2!gl 
• i a) Calculate the enthalpy change for the reaction 
j g~ven the following enthailpies of formation . 
• • • .. 
• • • • • • • • • • • • • s • • t • Ii 
ii 

I • I 

-• • • • • • • • • • • • • • • • • • • • • • 
JI 
i • 

Cu!OH] 2 [s) - 450 

b) Ca lcu late !J.2!> given the fol lowi1n gi a1 bso Lute 
entropy values. 

:S9:/) tf1 m-0(-:-1_· 

Cu[sl j 33 

H2on] 70 

Cu [OHh [s) 75 

H2-[,g) 131 

I cl Calculate the temperature a,t wh,ich .6Ge 0. 
' " 

3 For the reactiion C2H41[9)i + H2[g] ~ C2H61(gl 
a) Calculate the ent,halpy cha,nge for the rea,ction 

gi1ven the following standard enthalp ies of 
combustion [1in kJ mol-1) C2H,[g) - - 14111

; H2[g) 
.;; - 286; C2H6tg].;;; - 1560 

b) Calculate /Ji.59 given the fa llow1i ng sta ndard 
entropies. 

5-&/ J ·K.-1 m oL- 1 

C2H4(g l 220 

H2[gl 131 

C2H0{g) 230 

c) Ca,lculate the tem1perature at which th e 
reaction becomes feasible. 

I+ The change of state of bro.mine from liqui,d to gas 
i.s represented by the equation: 
Br2 [l] ---4· Br2lg ] AH 9 

= +30 kJ mo t-1 

The standard entropy values of bromine are given 
below: 

S 6 /J K-1 moL-1 75.8 

a) Calculate the entropy change for this reaction . 

b) Assumi rig AG & = 0 for a change of state, 
ea lcu late the bo itrng point. ,in Ki of bromine. 

• ii 
• • • • : 
I 
I 
I 
I 

= 
= 
I 
I • • • • • • • • • • • • • • • • • • • • • • • • • • 
= : .. 
I 
I 
I 

' • • • • • • • 
' • • • • • • • • • • • • • • • Ii 

' • • • i 
I 
I 
I 

i 
; 
I 
I 
!! • • • • • • • • • • • • • • • • • 
' • • • • ii 
i 
i 

! 
: 

- - ' 

········~······~··················· ··········································································································· 
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• The ,equation /1G 9 

:- liH9 
- T8.S& can be plotted as a straight line graph. 

y = mx + c is the equa ti on of a 
straight tine an a graph. Any 
strafgiht line is in thi,s form where 
m is the gr.ad,ient af Hie lrne 

• This follows the pattemy = mx + c. 

/iG e = JJ.H9 - T /iS a-

and c ~s the intercept wiith they 
axi1s. For more d,eta.i l on thi s see 
chapter 1 6~ Maths for chemistry. 

• For the straight ]ine graph y = mx + c, m is the gradient and c is in the 
intercept on they axis. 

• If a graph of /iG e against T is plotted, the gradient is ·-DSa, ancll the 
intercept with the !iG6 axis is me. 

The ,intercept 
of the line on -­
the A.G9 axis 

gives the 
WiJ I ue of AJ-19 tiG 

The gradient of this 
I ine rs - ASfJ. A neg ati.ve 

gradient I ike this one 
means a pos itive 

va~ue of~ 

This is the temperature at which 
AG0 = zero. Th1s 1s the minimum 

tempera1:u:re for the reaction to be 
feasible . At all temperatures 

~bove this the reaction is feas1ible. 

The intercept 

The g,r a die n,t of thJs 
l ine is - tl5°. A ;posttive 
gradient like this one 

means a neg ait,lve 
value of fJ.59 

of the Un.e AG 
on the L\.Go& 

axis gives the O 1-~ ;....._ _______ _ 

value of~ ---~ T/K 

Tihis i;s the temperature at whrcn 
J!G°-; zero. Th is is the maximum 
temperature for the reaction to be 
fea sibfe. At aH temp-eratures below 

this the reacti o rt is feas1i b le. 

• LlG9
. and LlH& hav-+e the san1e units of kj mol-1. 

• When T = 0, !J.G& = LlH6
' from the expression /J,,G6 = !J.H6 

- T~ 9
• 

• The gradient of the line bas units of kJ K-1 mol-1. The gradient can be 
calculated from the graph and the: negative of this value gives Li59

. 

• /:S 6 can be calculated h1JK-11nol-1 by 1nultiplying 1he negative gradient 
by 1000. 

When lead: (11), nitrate is h,eated: it d1ecom1poses 
accord ing to the equation 

2Pb (N 03]2 (s) ~ 2Pb0,s) + 4N02[g) + 0 2~g ~ 

The 9raph s1hows how the free energy chang.e (AG&) 
for t'his reactf on va rJes w ith temperature . 

Use the graph to find nHa- and AS 0
. 

What is the min1m1u m temperature required· for the 
d1ecom1pos:ition of lead[11 ~ niitrate? 

Answer 
Extrapotat,ing back to T;;;; 0 t he tin e 1intercepts the A,Ge 
axjs at +600 kJ mo~-1 . 

Froim th e expressio n !J.G 9 
= liH 9 

- T/15 9
, w hen T = D,, 

AG 9 
= nH9

. 

nH 9 · = +600 kJ m ot-1. 

Tr'1e gradient 1is found by d·i1viding r ise by run-:~~ l!!I 

- 0.875 kJ m,ol-1 K-1. 

,. -
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The gradient .is 1regat ive a,s the li1 ne fa lls from teft to 
right. 

The gradient is -AS 9 so AS 9 
= 0.875 kJ mol-1 K-1, 

whjch equals +875 J K-1 mot-1 . 

The temperature at wh1,ch the line crosses the T ax,is 
1is the temperature at which AG 9 

= 0. Tlhfs va.lue is 
690 IK. Th,e minimum temperatu re requ,red for the 
d eco m pos1ti on of tea.cir [11) nitrate is 690- K. ~ 

e -~ 
t 
-d 

700 

600 

500 

400 
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200 

100 
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0 

-100 

- 200 

-300 

-400 

- 500 

- 600 -

If you are unsure about how to ca,lculate the grad,ient of a g.raph~ refer to 
page 314 in the mathem.at ics chapter of thii s book. 
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! The production of ammonia 
~ Ammon1ia has a m,ajor use in mak,ing 'ferbUsers and 
i is used to produce many other chemi1ca,ts as shown in 

Figure 2.6. 

. 
f 
~ 

: 
Write a balanced sy:mbol equation for the 
productron of ammonium su lfaite fertiliser from 

~ ~ am,moni1a. . 
~ 2 N·itr,c a.c;d js manufactured by the oxi1dat1ion of 

; 

~ , 
! 
! 
t • 
C 

am,monra, wh1ch initially produces nitrogen m·onoxide 
and water. The nftrogen m,onoxrde is fu rther ox,id 1ised1 

to nitrogen d~ox1de~ which is then reacted with more 
a1r and water to produrce n1tric add. Write oa,tanced 
symbol equations for each of the three steps i·n thi1s 
ma n,ufacture. 

f 
t lln trie 11aber process. nitroge,n reacts with hydrogen 
; to f.arm amm.on1a according to the equation~ 
. . . 
r . 

The graph shows how the free energy change U\G 9
] 

for this re.acti on varres with temperature. 

Fertilisen 
85% 

- - Polyamides 5% 

..:-.r-- Ni trk add 5 o/o 

~~~9 Other Lises 5% 

Figure 2 .. 6 The 1major uses of am,mon:ia. 
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3 al Use the graph to determjne AS&. 
I Use the graph to determine AH& . 

cl Ca Leu late the temp era tu re above Whitlrl the 
reaction 1is no Longer feasible. 

d] The Urie is not drawn betow a temperature of 
240 K be.ca use its gradient changes at this point. 
Suggest what happens to the ammon;a at 240 K 
that causes the slope of the line to c1h,ang1e. 

eJ In ter·ms of the reactants and products and 
thek physircat states, account for the s~gn of the 
entropy cha ng.e that you cai ilcu lated in pa.rt [a)1. 
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Figure 2.7 Graph ,of aG 6 against T for the 
producti,on of a·m'm,o,.ni1a. 
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~ : i :c : 1 Wha.t i,s th e gradient of a .llG 9 ag1ainst temp-, er atu re : 
~ i : 
> : graph? i 
: £ 2 Exp la, i ni how th e val1ue of 8H6 is deter:mined from a. i 
~ I /JG 9 against temperature graph. ! 
~ 5 3 Consid er the foHow'ing graph -of 6G& against T for a i 
I.LI : react,ion. • 
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Practi 
1 Which on e of the reactions sh own below would 

show a decrease in entropy? 

A Ca(s) + l Olg) ~ CaO{s) 

B Ca(s) 4- 2HCl(aq) -4 CaC12(aq) + H2(g) 

C CaC03(s) -+ CaO(s) + C02(g) 

D u.C01(s) + 2HN0 1(aq)-.. Ca(N03)2 (_aq) + C02(g) + H20(l) (1) 

l Carbon can reduce carbon dioxide to carbon 
1nonoxide according to th e equation : 

C(s) + C02(g) -t 2CO(g) Llli 9 ~ + 173 kJ mol-1 

l.f 115 9 = + 175. 9 J K- 1 tnol-1 
> at which of the 

follo,vin g ten1peratur,es is the reaction feasible? 

750K B 8501( 950K D 1050 I< (1) 

3 The reaction of c,opper '\Vllh steam is represented 
by the equation: 

Cu(s) + H20(g) ~ Cu O(s) + H 2(g) 

The table gives the s tan dard entropy values an d 
the standard en1halpies of fonnation. 

Cu[s) H201(gJ Cu10(sJ H2(g) 

Standard 0 - 242 - 1'55 0 
enth;;1lpy of 
forimation 
[kJ mot-1~ 

Standard entropy 33 189 43.5 1311 
value 
[J K-1 rmoL-1! 

Which one of the follo\ving correctly describes 
the reaction of copper vrith steam? 

A Feasible al any te.mperature. 

B N ot feasible at any temperatu re. 

C Feasible at low temperature but not feasible 
at high ten1peratu re . 

D N at feasible at low temperature but 
feasible at high temp ratu re. (1) 

4 On heating, sHver(I) OAide decomposes into 
silver and oxygen 

2AfuO(s) -4 4Ag(s) + 0 2(g) 

me-~ +62 kJ mol-1 

A5 9 = +132.BJ K- 1n1ol-1 

a) Calculate the free energy change, /iG 6
1 for 

this reaction at: 

i) 400K (1) 

ii) 600 Kand comm ent on the 
f e-asibility of this reaction at dus 
temperature.. (2) 

b) Calculate the temperature at which 
flG 6 has a value -of O for the 
decomposition of silver(t) oxide. (2) 

5 For the reaction: 

CaO(s) + H 2D(1) ~ Ca(OH)2(s) 
jj_H 9 = - 65 kj nllol-1 

a) Calculate /:J.5 9 given the folloMng 
absolute entropy values (inJ K-1n1ol-1): 

CaO(s) = 39.7~ H20Q) = 70; 
Ca(OH)2 (s) = 83.4 . (2) 

h) Calculate the temp erature at \Vhich 
8G9 = 0. (2) 

II 6 Ivlagnesiu1u carbonate an d barium ,carbonate 
both decon1pose on heating according to the 
e,quation: 

XC03(s) ~ XO(g) + C02(g) 

The table below details the ,ralues of 
11r.Fr and absolute entropy. 

MgC0 3[s) MgO[sJ CD2[g ] BaCi03[s] 

!J.t He/ - 1096 - 602 -394 - 1216 
kJ mot-1 

S&/J ,K-1 66 27 214 11 2 
mot-1 

BaO[s] 

- 554 

70 

a) Calculate b.H9 and .659 for both 
reaction s., and use these values to 
calculate nGe, at 900K for both reactions. 

Which (if either) of the carbonates will 
decoinpose on heating to 900 K ? ( 4) 

h) Calculate the m ini1nun1. temperature 

needed to deco1npose each carbonate 
based on \\'hen /J.G& = 0. (4) 

7 When heated strongly, copper(II) sulfate 
decomposes according to the equation: 

CuS04.(s) ~ CuO(s) + S03(g) 

The graph below shmvs how the free energy 
change (llG9

) for this reaction varies with 
ten1pera tu re. 
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a} Use the graph to find ~H9 and Ll5&. 

b) Al what tem.perature does tiGe· ~ O? 

c) What is the 1ninimun1 te1:nperature 
req11ired for the decomposition of 
copper(n) su lfa te? 

250 

200 

1150 
'l. 
0 11 on E 
:i! ..... 50, 

[~ 

·..cS 
0 

- 50 TIK 

- 100 

8 Sodium melts at 3 71 K . 

The absolute entropy value of Na(s) is 
SI .OJ K- 1mol- 1. 

For tl1e change: 
Na (s) -+ NaO) LlH6 = -t-2 .6 kj 1noJ-l. 

(2) 

(1) 

(1) 

Calcu]ate the absolute entropy value of NaCl) . (3) 

9 Aluminium oxide can be reduced using carbon 
as sho,vn. in the equation below. 

Al20 3(s) + 3C(s) ---4- 2Al(s) + 3CO(g) 

The table below gives values for standard 
enthalpy of formation and absolute entropy for 
the reactants and products. 

.Al20, [sJ C(sJ Al(s) CO[g) 

llf 118 / kJ moiL-1 - 11 669 0 0 - tl1 

S9 /J K-1 mot-1 '51 6 28 198 

a) Calculate the enthalpy change of the 
reaction shown above using the 
enthalpies of formation. (2) 

'b) Explain why the enthalpy of formation of 
aluminium is O (zero) . (1) 

c) Calculate the entTopy change for this 
reaction. 

d) Calculale the value of !iG e fo.r this 
reaction at 298 K. State the units. 

e) Explain whether the reaction is feasible 

(2) 

(2) 

at 298 K. Explain you r answer. (1) 

0 Calculate the temperature at which this 
regctio11 becomes feasible. (2) 

S retch and challenge 
10 The following reaction becomes feasible at 

temperanires above 5440 K. 

H20(g) ---+- H2(g) + }o2(g) 

The entropies of the species involved are 
shovvn in the following table. 

H201(g) H2(9J 02lel 

s~/J K-1 mo l- 1 189 131 205 

a} Calculate the entropy change /Ji.5 9 for 
this reaction. (1) 

b) Calculate a value, v.rith units, for tl1e 
enthalpy change for this r,eaction at 
5440K. State the units. (4) 

c) The standard enthalpy of Connation of 
water is -286 ltj. mol- 1. Using H.ess~ l a,v1 

calculate the enthalpy change for the 
change HiO(l)---+- H 20 (g). (3) 



Rate equations 
········~··········································································~················~············ • • 
~ PRIOR KNOWLEDGE ~ . . 
• • 
: It ,is expected th at yo u are familiar with all of the co ntent of the K1inetics : 
• • 
: u niiit in Year 1, [ASj of the A- leve l Chem is try course. The fo'llowi ng are : 
• • 
: some key pof nts of Prjor Kn owledge: : 
• • • • • • 
: The rate of reaction is the eh ange in con cent ration of a reactant or : 
i product in a g,iven period of t1ime. i 
• • : The rate o f a reaction 1s dependent on the frequency of successfu t : 
• • 
: co l lmsi ons . : • • • • 
: A successful c0Uisio11 is a c0His1or1 that has the minimu,m amount of : 
• • 
i en.·ergy for the reacti11g particles to react. : 
• • : Tne act ivation energy is t,he m inrm1um amount of energy that the : 
I • 

j reactin1g particles req u1re for a successfut co lli sion. i 
: A catatyst increases the rate of reaction wrthout be ing used up. i 
• • 
: A catalyst works by providing a1n atternatfve reaction patihway ,(or : 
: l . : route of lower activation energy. : 
• • 
: A MaxweU-Boltzman n d' istr1but:ion 1s a µlot of the number of gaseous : . ' 
: molecules agai·nst the energy they have at a fixed te·mperature. : 
• • 
: The energy value of the peak on a Maxwell-Boltz,mann d'istribution is : 
• • 
j the mast probable energy [E mpl of the m Ol·ec:u les. I 
; • Emp is on!ly affected by changes in temperature. ~ 
: lncreasi ng tem,perature increases Emp an d, increases the n1u mlber of i 
i molecules above tne activati on energ1y. ~ 
• • ••AAA•6e&•••••~•••••••••••~••••••••••~•••••••••••••••••••••••••••••,•••••••••~••••••• ......................... ... 

~ ···························································································: 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
• • 
: 1 State three factors that can affect the rate of a chemi,cal reactton. : • • i 2 State tlhe effect, if any, on the most probable ener9y of decreasin1g the ~ 
: temperat,ure. : 
I I i 3 State th e effect, if any, on th,e 'most p:roba ble energy of chang1ing the i 
! concentrat ron . i . ~ 

: I+ From the reactions below: : . ~ . 
• • 
~ Reaction A: C2H1Jg1J + Br2[aq)-+ C2H4 Br·2(ll ~ 
• • 
: Reaction :8 : C3 H6~g] + H 2lg) ~ C2H6[g] : 
• • 
~ Reactiion C: C2H50 Hit] + 302[g] ~ 2CDt[g) + 3H20 (l] ~ 
• • : al Which reaction is homogeneous? : 
i b) Exp tarn you r answer to p art fa)'. i 

I 
I i i 5 What i,s meant by the term actiivat iion energy? i 
...... .... ...... .. .................. . . ........... , , . ... . . . ..... . . .... . +t •············•••+• tllllllll .................... .. 
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C on vent ions 

The co ncentrat,ons of gases 
and so Lutia ns a re frequently 
measured in moldm-3 as it 
expresses the number of 1moles 
of a, su,bstaince in a votu me 
(solo tron or space] of 1 o m,3. Th~ s 
convent,ion is used in equitibr1i1um 
ea lcu la ti on as we ll as k,i neti cs. 

• Kinetics is the study of the rate of a chemical reaction. 
• The rate of a reaction can be measured based on how fast the 

concentration of a reactant is decreasing nr how fast 1he concentration of 
a product is increasing> i.e . the change in cone en tration per uni t time. 

• The units of rate ar,e concentration p er unit tin1e> for example 
1nol dm-3 s-1 (n1ol per d1n3 per second). 

• Squar,e brackets around a substance, for example [A] or [H+]' or [CH30H] 
or [0 21 all indicate conc,entration of the substance which is inside the 
brackets. 

• Concentrat.ion is al-~vays measured in moidm-3 (moi per dm1). 

• For example [H+] =- conce11tration of hyd1ugen ions measured in mol dm-3. 

• lnitia] rates of reaction ar e. often used as the initial rate of re-action at t = 

Os (time~ zero seconds > i.e . \\rhen the reaction has ju.st started) is directly 
related to the concentrations of the reactants which vvere used h1. setting 
up the experinient. As the el..--periment progresses the reactants are being 
us,ed up so it is more difficult to relate the concentrations of reactants to, 
the rate as the reaction proceeds. 

o~~~~~~~-
T he rate equation 

Make sure that th e rate co nstant 
is included in a rate equation 
as it is eas ily forgotten . Also 
make sure i1t is a lower case k 
as a ca pttai l K is an equ ilibrium 
constant 

The rate equation is an expre.ssion showing how the rate of reaction is linked 
[jO the conoentra:rions of the reactants. 

• Rate is equal to the rate constant (k) inubiplied by the concentration of 
each reactant raised to certain whole number pow,ers (called orders). 

• Some reactants 1nay be zero order which 1neans they do not app ar in the 
rate equation as l[.X]O;: I. 

• The rate equation for general reaction: A+ B---+ C + D 
is: rate = k [A]m(B]t1 
v.rl1ere m is the order of react.ion Vvith ·respect to reactant A 
and n is lhe order o:f reaction with respect to reacta11t B 
and k is th,e rat,e constant 

• The ord rt f re t io1 \\-'ith respect to, a particular reactant is the power 
to which the concentration of this reactant is raised in the rate equation. 

• The overall order of the reaction is the sum of all the orders in the rate 
equation. In this general ex.ample it would be m + n. 

• The r t c constant is the proponiona]ity constant ~vhich links the rate of 
reaction to the concentrations in the rate equation. 

Wilhel1n Osrn-~atd was a G·erman physical che1nist and was the fiist person 
to introduce tl'le term 'reaction orderj. He identified the action of catalysts 
in lovlering acdYation energy. As a result~ Ostwald was awa1·ded the 1909 
Nobel Prize in Chemistry. Ost"'3.ld is usually credited with inventing the 
Ostwald process used in the manufacture .of nitric acid. 



Any value raised to the powe:r 
z e ro is e qua l to 1 . 5o = 1 ; [A] o = 

1 . A power of 1 i:s not usuaHy 
wrrtten. for example rate = k[A] 
mearis that th e ord er of reaction 
Wtth res pect to A f.s l . 

Orders with respect to reactants 
are D !zero]. 1 or 2. In terms of 
rate of reactio ni. the concen trati.ori 
of a zero order reactant has no 
effect on the ra,te of the reactiion. 
T1hi rd: order reactions are not 
common but examples are used 
to i llustre3te tne p ri nci1ptes. 

... L L • L -L .. 

(I nits of ,-·ate Overall order 
of Reaction constant, k 

1 s-, 
2 mol-1 dm3 s·1 

3 m oiL-2 dm6 s-1 

4 m o t-:l d m 9 s-1 

5 m o it~ 4 d m 12 s-1 

Figure 3.1 The photo chem tea l reaction 
of hydrogen and chlorine ls a zero orde,r 
reaction . 

Effect of ,changes in conce1ntratio1n on rate 
For the reaction: B + 1C + D ·......+ E + F; the rate equation is: rate :; k {B]2 [DJ. 
This means that the order of reaction with respect to Bis 2) the order of 
reaction with respect to C. is zero (as it does not appear in the rate equation) 
and the order of reaction with respect ton, is 1. The overall order of 
reaction is 3 (2+ 1). 

• Doubling the concentration of B would ine1-ease the rate by a factor oJ 4 

as (x2)1 = x4. 
• Doubling the concen tration o.f C "''ould have no effect on the rate as 

(x2)0 ·= X l. 
• Doubling the concentration of D -~lould double the rate as (x2) 1 = x2 . 
• Doubling the concerrn·atio11. of B> C and D would ino~ase. the rate by a 

factor of 8 as (x2)2(x2)0(x2) 1 = x8 or using the overall order (x2)3 = x8. 

Units of th,e r ate constant 
• Rate has units of n1oldm-3 s-1 and concentration has units of m,oldm-3• 

• The units of the rate constant, k, depend on overall order of reaction and 
the units can be calculated as sho\VU: 

• Fer a general rate equation= k [A]2[B] the overall order is 3 (2 + 1). 
[B] = [B] 1 so the order with respect to B, is 1. 

•rate = k x (concentration)3 

• Putting in the units: tn ol dm-3 s- 1 = k (mol dm-3) 3 

1 dn - 3 - l l d - 3 - 1 • Rearranging to find k: k = tno Jl , ~ :1 s = mo m s 
(mol dm-3) 3 111013 dn1-9 

• Treat ea.,ch term separately: n'lol = mol-2 and dm-
3 = dm-3-(-9) = dm6. 

mol3 din-9 

• Units of the rate constant k == mol-2 dm5s- 1 

The table shows the units of the rate constant for co1nmon overaU orders. 

··············••t••····················~···················································· TEST YOURSELF 2 
! 1 The reaicti on C + 2D ~ E + 2F is zero order with respect to C and 
I 

f second order w,itn respect to D. Wr~te a ra,te equation for the 
: reaction. 
• i 2 In the r ate eq u at f on: rate = :kl[A]12[B] 
i a I What is represented by k? 
• : bi What is the order of reaction wi,U1 respect to A? 
• i cl What is the order ol reaction w ith respect to B? 
: d) What is the overall order of react ion? : i 3 For the reac tton P + a--; S + T the rate equa ti on is rate J!I k[PP 
l al What is the order of reaction with respect to P? 
i bJ Wriat is ttie order of reaction w ith respect to Q? 
• : c 1 What a re the u r, as o fr the r a te co n s ta n t ( lk I? 
• ! t. For t he foUowing general rate equation~ rate= k[Xlx[v]1Y 
i al What 1s mea nt by [A]? 
i bi What a re the u11 i ts of ra te? 
• 
: cl What is the overa lt order of react ion in terms of x and y? 
• 
i d]I What are tih,e uni ts of the rate constant if x !!!! O and y - 1? 
z 

el What are the u,i,its of the ra te constant if x - 1 and y - 27 
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Figure 3.2 Many important b:io logka L 
reactions, s uch as the formation 
of double-stranded DNA frorm two 
complementary strands. can be 
desc rirbed using second order k.in,et ics. 

Deducing and using orders o,f rea,ction and the rate 
constant and its units 
O ften questions are set witl1 experimental data at ,a constant temper:ature and 
you are asked to deduce th e order of reaction with respect to one or several 
reactants or \\rrite a rate equation and calculate the value and units of the 
rate constant. 

The key to these types of questions is ·underslanding that if you change ·1l1e 
concentration of ,one reactant 1 the effect it bas on the rate is determined by 
the order \Vi th respect to this reactant. 

"At a constant temperature· is very tmrportant as temperature affects the 
rate of reaction so the data are on ly ab le to be used to deduce orders 
of reaction H the series of ex p·eriim ents a re carri ed out at consta nt 
tern pe ra·ture. 

Using lhe orders of reacti n from a given rate quation 
With a given rate equation the orders can be used to work ou t tl1e effect of 
rl1e changing concentrations of reactants on the rate. 

A1so you may be given a 'table of data \Vith values missing which have to be 
completed. using the orders of reaction fron1 the rate equation. 

LE 1 
For the gen era t reaction A + B + C ~ D + E. the rate ·eq lJat ion ris: 
rate= k[Bl2[c 1 

State th e effect on the ra te of reaction of tre:b ling t he concentration of 
each reactant indlv iduaHy. 

State the effect on the rate of rea·ctionr of tre1bting the concentrations of au 
three reactants. 

Answer 
The order is ze ro w.ith respect to A. second w ith respect to B and first writ h 
respect to C. 

If you treble the conce ntrat~ofl of A. th~s wrH not change the ra te as 
!x3]D = ~x1 )I 

Remember anythring to the power of zero is equal to 1 so that the 
concentrat,ion of a reactant with order zero h1ars no effect on the rate of the 
react.ion, 

If you treble the concenrtrati o·n of B, thi s wiH muttiply the rate by ar facto r 
of nine as lx3]2 = Ix 9l 

If you treble the concentration of C~ this w ill triple the rate as [x3] 1 = [x31 

If you treble aH the reac tan ts, A~ Band C. this wiH mu lti,ply the rate by a 
factor of 27 as [x3]1°[x3]2(x3)11 = !x1 )lx9)1[x3J = lx27I 



1:n the r-eaction A+ B-, C + D. at constant 
temperature, doubling the concentration of A doubles 
the rate of reacti,on ~ whereas when the concentrat 1ion 
of B i,s doubled. this has no effect on the rate. 

Determine the orders of reaction with respect to A and 
B and write a rate equat ion for the rea.ction . 

Answer 
Doubting, the concentration of A doubles the rate so 
order with res~ect to A ,j5 1,. 

Doubli'ng the co ncentration of B has no effect on the 
rate so the order with respect to B is O l[zero). 

Rate equation is : rate= k[Al. 

The kinetics of the reaction of nitrogen[1,i) oxide wi th 
hydro g:en were i nvesHgated . 

2 NO,(g] + 2 H2{gJ --4 2H20 [g,] +· N2,[g) 

The fo llowrng data were olbta i ned in a. series of 
experim1ents about the rate of r·eaction bet\N'een NO 
an1d H2 at a constant temperature. 

Initial . Initial 
co.ncentrafion . :Concentration (ni"tial.rate/ 

Experiment of NO/moidm~ of HJm~L:drir~:1 'molrlm-3~- 1 

1 2.0 1.0 2.0 X j [) - S 

2 6.0 1.0 18.Qi X 1 o-S 
3, 6.0 2.0 36.0 x1 o-5 

Deduce the order of reactior, with respect to NO. 

Deduce th e order of irea.ct ior, with resp ect to H2. 

Write a rate equation for thiiS reacti,on. 

Answ·er 
Each raw in the table above corresponds to a different 
experiment. Write the general rate equati·on as: 

rate - k[NO)X[H 2]Y 

1lf you look at the di,fferences between experiments 
1 and 2. [NO] i,s tripled fx3} but l[H2] does not change 
'(x 1· ! and t'h e r.a te increased by a fa cto,r of 9. 

x = 2 here as [x3J2 
= :(x 9) so the order with respect to 

NO 1s 2. 

You ea n write rate = k[A][B1°. but the zero order 
reactants a re usua Uy left out. 

The concen,trati,on O·f a, cata,lyst may be included, 
in t:he rate equation and tihe order with respect 
to a catalyst can be determined in the sam:e 
way as for any reactant. Ofteri reacHons that are 
ac~d catalysed are given and concentrations of 
[H:+] are given with rate values to allow you to 
determine the order with respect to H+ ,ons. 

Looking at the differences bet\Neen the experiments 
2 and 3: 'It 1:s best to choose these as betw,eein these 
rows only the concentratiori of H2 ~s chang,ing . 

[H2] is doubled [x 2 ~ but [N O]i ci o es in ot change [x 1) and 
tl1 e rate i,s d'oub ted lx2l. 

It fo'llows that y- 1 here ais !>< 2)11 1.i [x2] so the order 
with respect to H2 1is 1. 

Rate equation is: rate= k[N0] 2[H 2] 

Factor by wh i eh 
con centr ati on of 
N.O has increased 

Factor by \ivbiich 
co nc:en trat,ion of 
H2 has in c.rea.sed 

Factor by which 
rate has 1i n creased 

O,rd er (x) with 1respect 
to NO wh icrh we are 
trying to d eterm in e 

(x2)r =; (x2} Factor by which 
rate has ,j ncreased 

Order (y) with respect 
to H2 whiic:h we are: 
trying to d ete,rmi n e 



The data 1n th·e tabte 'below were obtained in a ser,ies of experimen ts 
about the rate of reaction b·etween substarices P and Q at a constant 
tern p-eratu re. 

Deduce the orders of reaction wi,th respect to P and iQ and wri,te a rate 
equation for this rea Ction. 

1 0.1i2 0.22 0.1i7x ,o-4 

2 0.36 0.22 0.'51 K l Q- 4 

3 o .. 48 0.44 2.72 X ,o-4 

Answer 
Wri,te the general rate equation as: 

rate k[PJ,x[a]~ 

l'f you loo·k at the d.iffe rences 
between experiments 1 
and 2. [P] is tri1p led [x3)1 but 
[Q] does not change (x 1 J 

and the rate 111creased by a 
factor of 3. 

{x !l)X - (x 3) 
Factor by vvh ic n 
rate has in c: reased 

Factor by \iVh ich 
co nee ntratio11 of -
P has in.creased 

0 rd er (x) \vith respect 
- to p whicn we are 

trying to determine 

lt follows that x - 1 here as [x3)'1 - [x3] so the order with1 respect 
to P is 1. 

Looking at the di·fferences between experi,,ments 1 and 3 (1 ain:d 3 were 
chosen ~s there is a who le number fa ctor increelse in the concentrdt~ons 
of both P and aL 
[P] is x4 and [Q] is d,oubted [x2) . The rate increases by a factor of i 6 {x16)1. 
We already know the order of reaction w i1th respect to IP ls 1. 

This simpUfies to: 

x 4 f x 2)Y • x 16 

[x2)Y ;;;; x16 ;;;; x4 
x4 

[x 2)Y = >< 4 

y = 2 !as 22 = 4J 

The order of reaction 
with respect to Q is 2. 

Rate eq,uatio11 is: 

rate k[P}[Q),2 

Order (y) with respect to 
Q i.vhcch we a re trying to determfne 

I 
{)(4) 1 (x2)Y = (x 16) Factor by which 

rate has inueased 

I 

·.·f p 
Factor by i.vhid1 
con cemtrati on o 
ha.s in creased 

-

Orderwi,th 

Fa 
- co 

na 

respect to P c 1 -

ctor by whi c;;h 
n centratio 11 of Q 
s increased 



The 1init~al rate of react:ioin between two gases G and H 
was measured 1n a series of experiments at a constant 
te ,m p erature. 

The rate equation was determfnedi to· be: 

rate= k[GP[HJ 

Complete the ta bile of data1 for the reactions between 
G and H. 

1n·itial [G]/ Initial [H]/ 
Experiment mold·m-3 moldm-3 

1 0.20 0.15 

2 0.4.0 0 .30 

3 0.60 

4 0.45 

Answer 
IMis.si1ng data in experiment 2 

!Between experiments 1 and 2: 

[G] x2 

rHJ x2 

rate x x~ unknownl 

Usin,g ra te equat ion: 

1nitial ra te/ 
moldm-3.s-1 

0.32 X 1 o-J 

l .9 2 X 1 Q-l 

8.64 X 1Q-J 

rate= k[GP[ H] rate = k [x2)2 [x 2] 

k is a constarit arid can be rgrmred at constant 
temperature. 

rate= x4x2 = xa 
Missing rate in experiment 2 a 0.3,2 x 1 o-3 x 8 es 2.56 x 
10-3 :mol dim-3 s-1 

IMilSsi1ng1 data hn exper.ime.nt :3 

Betvveen experiments 1 and 3 [chosen f3S the fa ctor by 
whf ch [G] fncreases is a whole r,umoer] : 

fG] x3 

[HJ xa 1(u nknownl 

rate changes by a factor of=· 1. 92x10-
3 = 6 

0.32x 1 o-3 

[G]; chang:es by a factor of x3,; rate chang,es by a factor 
of x6 

So using rate equation : 

rate - .k [GJ2[HJ >< 6 - k f x3]i2i[><a J 

k is a. constant can be :ignored at constant 
te mpera,tu re. 

x6 = x9 xa 

Mf ssfng concentratf on in experim,ent 3 = 0.15 x 2-= 
0.1, 1mol d·m-3. 3 

Missing data in expe:r,iment 4 

Between experi 1ments 1 a ndi 4 (chosen as the factor by 
which [H] increases is a W'hole number! : 

[G] xb !uriknowniJ 

[HJ x3 

rate changes by a factor of= 8 -64 x 10-
3 

= x27 
0.32 X 1 o-3 

[H] changes by a factor of )(3; rate changes by a factor 
ofx27 

So using rate equat ion~ 

ra te = k'[GF[H] x27= k~xb),2{x3J 

k [s a constant ca n be ignored at co nstant 
temperature . 

x27= xb2 x 3 

b2 :es x27 
x3 

.b2- x9 b - x3 

Missing concentratio n in experiment 4 .;;. 0.2 x b = 0.2 x 

3 = 0.6 moil d m-:3 

II n these calculati:on s you ea n 
generally ignore that x or+ in the 
ea lcu tat ions but these a re here to 
hetp you to remember to x or+ at 
the .end . 

D,etermining1 the value and units of the rate constant 
Often having deduced the orders of reaction for all the re.act.ants (includi11g 
a catalyst if pr,esent) you can be asked to write the rate equation and 
calculate a value of th,e rate constant and deduce its units. This con1bines 
n1any of the skills from the previous section. 



The oxidation of nitrogen manox1id·e is represented! by 
tthe equation : 

2N O[g) + 02[g] ~ 2NOi[gl 

The klnetics of t hfs reaction were studied at a co nstant 
temperature and the fotlow1ing results recorded. 

·Initial lni~ial 
•" I • . - I 

,concentraUion . c:oncentration 
of OJ 
motdm;_3 · 

.. 
. of ,NO/ 

-Experiment : . mol.d·m- 3 

1 4 )( 10-3 

2 8 X 1 o-J 
3 12 X 10-·3 

4 8 X 1 o-J 
5 ~ 2 X 1Q-J 

1 X 1 o-3 

1 X 1 o-3 

1 X HJ-3 

2 X ] o-3 

3 X lQ-l 

I nitia L rate/ 
moldm-3 ~ 1 

6 X 1 o-4 

24 X 10-4 

54 X 1,0-4 

4;9 X 1 o-4 

162 X 1'0-4 

Using these res,u l ts, died,uce the order oft he react ion 
wlth respect to nitrog,en monoxi:d:e and oxygen. 

Wrr1te a rate equation for the reacti on. 

Calculate a vatue for the r.ate constant at this 
tern peratu rre and d ed:uce its ,u nHs. 

Calculate the rate when the i ni·tial concentrations of 
NO and 02 are both 5 x 1,0 moldm-3. 

A general rate equat ion would be: 

rate = k1N 0]?'{02]Y 

Answers 
Experiments 1 and 2: 

[NO] x 2 

[Q~ X 1 

rate x 4 

Factor by wn ic: h 
coincerrbratiion of 1--­

NO has increased 

Factor by \Vh id1 
--"1 

rate has increased 

Order (x) witoh res,pect 
..__----1 to NO wh i eh we a re 

trying to determine -

So order w ith respec t to NO is 2 as .(x2l 2 = [><41 

Experiments 2 and ii: 

INO] x1 

rate ><2 

Factor by whjch 
concentrai:ion of -
0 2. has i:ncreased 

Factor by which 
rate has in( reased 

Ord er (y) ,-vith respect 
- t o 02 wh i·ch we a ire 

trying to deteirm ~n e 

So order with respect to 02 is 1 as tx 2] 1 a (x2] 

Rate eq ua ti on : ra te ... k [N OJ'2[02] 

To catculate a value of the rate constan t at this 
temperature. substitu te In a,ny va:Lues frrom, the tab le. 

If we use ex peri 1ment 1 : 

rate ... 6 x 11 o-~ m1ol dm-3 s-1 

The rate eq uation determined was~ rate= k[N0]2[0 2] 

So substrtut1ng the va lues f rom experiment 1 into U1e 
eq uatiori : 

6 x 1 ~4 ~ k[4 x 1 o-:3]2[ 1 x 1 o-3) 

6 X 1 Q-4 ~ k ( 1, 6 X 1 Qr 8 j 

Units of the ra te constant were d~scussed previ,ously. 
The u n~ts of an overa,ll order 3 reaction are 
m o L-2 d .m 6 s- 1. 

k= 37500mol-2 d.m6s-1. 

Us~ng the ra te equatron and the va t'u e of k. 

rate - 'k[N OJl 2[02] - 37 500 x 15 >< 1 o-3~215 >< 1 o-3J ~ 
4.6875 x 1 o-3 mat d m,-3 s-1 

In th rs type of qu est1 on H may te lL you which ex pe r1i men t to use to 
catcrulate the ra te constant but if it does not use the fi:rst one as t hi1s is 
often the simplest one. 



Gases Ya nidl Z react according to the follow~n9 
equation. 

2Yf gi] + Z~g]-+ S[gl + T[g) 

The ini1t~al rate of reaction was 1meas1ured i1n a ser1es of 
experiments at a constant temperature. 

1 1. 7 X 10=2 2 .4 X 1 Q-2 7.40 X 1Q-!5 

2 5J X 1Q-2 2 .4 )( 1: 0-2 2.22 X HJ- 4 

3 8.5 X 10-2 1.2 X 10-2 9.25 X 10-S 

4 3.4 X 10-2 4 .8 X 10-:2 5.92 X 1 Q-! 

Deduce t:he ordlers of reaction with respect to Y a11d Z. 
Wr1ite a rate equatiion for the reaction at thi s 
temperature. 

Calcutate a vatue for the rate co nstant [ki at tihi1s 
temperature a1nd, cieduce its units. 

A g,erieral rate equation would lbe: 

rate = k[YJJ•'[Z]Y 

Answers 
Experi,ments 1 and 2: 

[Y] x 3 

[Z] x. 1 

rate x3 

Factor by whi eh 
(x.3)x ~ (x.3) --- rate has increased 

Factor by whi eh O rd'er (x) w1ith respect 
concentration of 1----- ..... ----1 to Y which ;,,ve are 
Y lhas increased trying to determine 

So o rd:er wiit h respect to Y rs 1 as (x3]1 = 1(x3) 

There are no two experiments ifl wh1ch the 
concentrat,ion of Y does not change so you can choose 
any two experiments now t'ha,t you know the order of 
reaction wrth respect to Y. 

Experiments 1 and 3: 

[Y] >< 5 

[Z] x 0.5 

rate x1 .25 

Order (y) with respect to Z which 
we a ire trying to dete rm·in e 

1 I Factor by which 
(xS) (xO.S))' = (x 1 ·2 S) rate has increased 

Factor by wh rch 
concentration of Y 
ha,s i1ncreased 

Order with 
respect to Y = 1 

This sim pUfies to: 

x 5 (xO .5W = x 11.25 

(><O.SjY c x 1.~5 = x0.25 
>< . 

(x0.5!Y - xO .25 

y = 2 ias 0.52 = 0.25j 

The order of reaction 
w~th :respect to Z is 2. 

The rate eq uaHo n 1s rate 
- k[Y][ZJ2 

To calciu late a value of 

Factor by which 
co nee n tr ation of Z 
has in creased 

RememtJer that orders 
of :reaction have to be 0 
[zero), 1 or 2. 

the rate constant at thi,s temperat,ure. substitute in any 
v~ lu es fro·m t h·e t~ b te. 

If we use experi1ment 1: 

[YJ = 1. 7 x 10-2 moldm-3 

[Z] !:! 2.4 x 1 Q-2 rmoldm-3 

rate - 7.40 x 1 o-s mol dm-3s-1 

The rate equatiion determined was : 

rate = k[Y] [ZF 

So su bst1tutrrig the va lues from expe ri1me 11t 1 rnto the 
equation : 

7.40 )( 1 o-5 - k!1 . 7 X 1o-2u2.4X10-212 

7.40 x 1 o-5 
g k[9. 792 x 1 o-6J 

Units of the ra te cor,sta.nt were d,iscussed prev~ously. 
The units of an overa lt order 3 reaction are 
mo:l-2 dm6 s-1. 

k = 7.56 .mol-2 dm6 s-1. 



T 

Effect of temperature on the rate constant 
All of the p revious v.rork in c11lc.ulating a valt1e of the rate constant (k) has 
depended on the measurements being taken at a constant temperature. 
The rate constant is dependent on temperature. If a. constant temperature 

had not been maintained, the rate ·,vould have varied based on changes in 
concen.tTations of reactants as ,vell as ten1peratt1re. 

• As ten1perature increases, the rate constant increases. 
• The rate constant increases e,i.,-ponentially as ten1operatu1-e increases. 
• A graph of 1he rate coru:ta11t Ck) against temperature (measured in Kelvin) 

w,ould be as shovn1 on the left. 

o--~~~~~~-
T he Arrhenius equation 

e" can be accessed on your 
ea lcu Ila tor as it will be the s h1ift 
fu nicti,on of n a tu ra l Log [whf eh is 
wri,tten lnJ. Chec k you ea n use 
e~; e 1 should be 2.71828 with the 
1828 recurrin·g1. 

The Arrhenius equation links the rate oonstant \vith activation energy and 
ten1perature. It is ;,.v,itten as 

~ 
k = Ae-"ir 

where k is the rate constant) A is the Arrhenius constant, e is a mathemalical 
constant (2. 71828)) Ea is the activatioi-1 energy, R is the gas cons'tant 
(8.31 J K-1 inol- 1) and T i.s the temperature measured in kelvin (K) . 

In this equation Ea has units of J n1ol 1. This means that j;= does not have any 
le 

units as J mol-1 is divided by O K-1 mo]-1 x K). e- if-will not hav,e any units 

,either, so the Arrhenius constant will have the same units as the rate constant. 

PlE 8 

A reaction has an activation energy of 120 kJ mol-1 at roo m temperature 
(29B K]. The gas constant R is 8.31 J 1K-1 'moL- 1. A= 2.2 x 1012 s-1. Calculate 
a value for this rate co nstant at thi1s temperatu re. State its units . 

Answer 

lnitiaHy dieterm1ine ~ -Ea 120000 J mol-1; iR 8.31 J K-1 moi-1 and T 298 K 

Ea 120 00 0 8 46 RT;;. 8.31 x 298 ;;. 4 -.-. · 

k = Ae-~ = 2.2 x 1012 x e-4-B. 46 = 1. 98 x 1 o-9 s-1 . 

The units of the rate constant are the same as the units of the Arrnen1us 
constant . 

Effect of changes in temperature and presence 
of a catalyst 
Recalculating the value of k a t 308 K using the sa1ne value for the Arrhenius 
constant used in Example 8 gives 

Ea = 120 OOO = 46_88_ 
RT 831 x 308 

k ~ Ae-if = 2 .2 x ]012 x e-46·88 = 9.61 x 10-9 s-1. 



This shoVv~s an almosl five-fold (9 .61 x 10-Q/1 .98 x 10-5 = 4 .85) increase in 
the rate of reaction with a small increase in temperature. 

Remember that doublirig the concentration of a first order reactant will 
only double th e rate of reaction so inc reasing tem perature w iU nave a 
greater effect on the rate of the reaction than changi:ng the concentration. 
Th is was discussed at AS. 

However, adding a catalyst has a much mnre dramatic effect ,on the rate of 
reaction. A catalyst for this reaclion lowers the activation. energy to 
100 kJ :in ol- 1 at 298 K. The. Arrhenius constant is unchanged. 

Recalculaiing the value of k at 298 K: 

_ s.._ = 100 o~o = 40_38 _ 
RT 8.31 x 298 

k %:I Ae-i+ = 2.2 X 1012 X e-40·38 = 6.39 X 10-6 s-1• 

A catalyst which lowers the activation ,energy from 120 kj mo]-1 to 
100 kJ mol- 1 increases the rate of reaction by a factor of 3228 
(6 .39 x 10- 6/ 1.98 x 10-9 = 3228.1). Catalysts have a very 
significant effect on the rate of a c·he1nical 1eaction. 

1Graphical analysis 
The Arrhenius equation can be converting using natural logs (represented 
by ln) to: 

E 111 k:. -.....!.. + ln A. 
RT 

• This is in the form of y = mx + c so a graph of ln k against 1/f is drawn. 
• The gradient of this graph will be -!11 and the intercept ,vith rhe ln k axis 

will be lnA. 
• As the gas constanl~ R, is given as (8 .31 J K-1 mol-1), Ea can be calculated 

fron1 the gradient of the line. 
• The intercept is ln A. This can be converted to A using the inverse or 

shift function on your calculator. 

Th e rate constant for a reaction was ca lcllta ted at 
different temp eratures as shown be low. 

The qiu a ntltiies 1/ T and Lri k were ea lcuta ted and 
presented fn the tabte below. 

~~ o~k: ~ tJ=..:,2L' 
300 1'.75 X 10-3 3.33 X 10- :3 -6.35 

310 6.60x 10-l 3.23 X 10-3 - 5.02. 

320 2.50 X 1 Q- 2 3_1 3 X 10-J -3.69 

330 7.60 X 10-2 3.03 :< 10-3 -2.58 

340 2.40 X 1 Q-l 2.9·4 X 10-3 - L43 



50 

Th,ese results are plotted on the graph of tn k against 1/T as 
shown below: 

40 

The intercept on the Ln k axis is at 37. This would indicate that ln. 
A= 37soA= e37. A .= 1.17 x 10 16 s-1. A has the same units as 1k 
giiven in the ta,ble. 

30 

20 

The giradient of the Line is negatiive as the Une has a negative 
slope and is -37/0.00285 - 12982 .5. This is equal to -E./R so 
E8 - 12982.5 x R - 1' 2982.5 x 8.311 

- 107884.6 J mot-1. Thi s is 
converted to kJ mot- 1 by dfvidi,ng by 1 OOO. So E8 for the reaction 
at t M i s temperature is 1 O 7. 9 kJ m o L- 1 • 

10 

0.00285 o....,_ ____ .......,, ________________ _ 

·O 0.001 0.002 0.003 
1/T 

l1n these types of question, the 
equations and any cor1stants 
required would be given to you with 
the required uniits. Remember 
that Ea should be 1in J mol-1 in the 
Arrhenius equation and A has the 
saime units as the ra.te constant. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
:· TEST YOURSELF 3 
• 
; 1 In the rate equatjon : rate= k[C] [DJ2 .. 
i al State the order of reaction with respect to C and D. 
• 
: b]I State the un,its of the rate constan,t ~kl. .. 
f 2 A series of experiments were carried out on the rate of reaict ion 
! between A and 8 at a cor,stant temperature. 
i The rate equation for the reactiion is rate= k[AJ2 

! The data o.btained are gfven in the tattle below. Complete t 1he tab le . 
• .. • • • • • • .. 

lnitia L [A]/ ,Initial [BJ/ Initial rate/ 

• • • • • • • • • • • • • ii • • • • : • • II • • • • • • • • • • • • • • • • • • • • • • • Experime rat moldm'"'3 molci'm-3 moldm-3s~1 
• • - - - -

: : 1 1. 5 X 1 Q-:2 2.4 X 10-2 1.2 x 10-5 . ' • • • ii • • 2 3.Q X 1Q·2 2.-4 X 1 o-l • • • • • t : 
t = 3 3.6 x ro-2 4.8 X 1Q-S 
• • • • • • • • 
: 3 R reacts w rth S. Tn e k,i n·et,i cs of t h,e rea ct,ion wer·e studied at a : 
• • ! constant temperature. The data obtained are grven in the table below. i 
• • • • • • Initial [R]/ Jnitial [S]/ Initial rate/ • • • • • • • • Experiment moldm- 3 moldm-3 moldm· 3s-1 • • • • • : • • • "' • • • 
! 
; .. 
!t • • • 

1 

2 
3 
4 

0.25 

0.25 
0.50 
0.7'5 

0.15 0.022'5 

0.30 0.0900 

0.30 0.1800 
0.45 0.6075 

i al Deduce the order of reaction with respect to Rand S. 
• 
~ b) Write a rate equation for the reaction. 
: cJ Calculate a value of the rate co nstant [k] at this constant • • 
: temperature and deduce its units. 
• 6 i 4 What do k, A! R, T and Ea stand for in the expressj.on k ~ Ae-~? 

• • • • • • • ii 
• • • 
I 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • ii • • ............................................................................................................. Iii 

Methods of determining rate of reaction 
Measuring tl1e rate of a cheinical reaction depends on being able to fallow 
the progress of the reaction against tiine. This involves ·being able to 
1neasure a cl1.ange in the an1ount or concentration of a reactant or product 
during the reaction . 

From the equati,on of the reacti,on identify a ·reactant or a product which can 
be measured. Examples vPiU include: 

l a gaseous product which can. be monitored using a gacS sy1-ing,e or by f-0ss in 
,nass 



gas syr.i n ge 

,,__ con i ea~ fla,sk 

Ma ss and! gas vo lume iri e1 

specified vo lume are equivalent 
to mol (j"m-3 s-1 as the gias volume 
wou ld be divided by a constant 
[Vml and t'he mass lost wo uld be 
divided by a consta nt Mr and the 
reaction would be carr1ed out ln, a 
con s ta 11 t v o tu m e. 

2 a coloured reactant or product which ·can be n1onitored using colorimetry 

3 a titratable reactant or product which can be monitored by sampling, 
quenchtng and cttrating 

4 a direotly measurable reactant OT product> i.e. H+ ions OT OH- ions by 
1neasuring pH using a pH meter. 

M,easuring gas volume 
• A 0 a syrin, c is a ground glass syringe ,~lhich is attached to a sealed 

reaction vessel and measures the volume of gas produced. 
• This is measured against time and a graph of gas V·olume against time is 

plotted. 
• The gradient of the tangent at t = 0 s gives the initial rate of reaction. 
• This is the rate. of re:action. 

Exam.ple of gas volutne graph 

0 20 40 60 

As irea ction ,nears com pl1etion 
g·radient of tangent approaches 0 

80 
Time/s 

100 120 140 

Measuring change in mass 

1'60 

• A reaction in which a gas is produc,ed may also be monitor,ed by 
measuring the mass ov·er a period of time . 

• The curve of the graph decreases again and initial tangent at t = 0 s gives 
a 1neasure of initial rate of reaction . 

• 

i-

--
~ \ ·-

\ ~ ...__ 

~\ 
- - - - -

Time/s 

Exan1ple of a grapl1 sl1owing change in 1nass against ti1ne 
Gas syringe tneasur.en1ents a:nd cl1ange in 1nass measuren1ents are used for 
i1 i1tal r.,h. 1nonih r ·ng. 



Graphs of rate against 
concentration w iH be exami1ned in 
1more d.etaH later in. the chapter. 

Figure 3.3 A co lori·meter 

• This means several J\.i,eritnents changing the concentration of the each 
reactant are carried out and initial rate measureinent taken. 

• A typical tabl,e of results fo r changes in the concentration of reactant A 
for the reaction A + B -ir C would he: 

[A]/ mol dm-3 Rate/mol d m- ' s-1 

0 .01 0.0025 

0.02 D~DOSO 

0.03 0.0075 

0.04 0.0100 

0.05 0.0125 

• The initial rate can be related to tl1e initial concentration and the order 
determined as shown before or a grapl1 of rate against concentration 
can be dra,vIL. The shape of this graph gives the order of reaction '\Vith 
respect to the reactant the concentration of which you were changing. 

• It could be worked ,out that the order of reaction 'With respect for A is l 
a.s when the concentratton doubles the rate doubles. 

• A graph of rate against concentration for a first order r:ea_ction such as this 
would look like the graph below. 

Co ncentration/mol d m-3 

Measuring a coloured reactant or product 
A ~nl )rint tcr n-i,easu.res ,colour in'tensity ,of a solution. lt must be done 
\vith an appropriate coloured filter. or example if you are measuring the 
intensity of a blue solution 1 you should use a red filter as the soluti,on is 
absorbing red Hght. The amount of reel light absorbed relates directly to 
the. concentration . . A calibration curve should be set up first with kno~n 
concentrations of the reactant or product so that you can directly relate the 
colorimeter reading to the concentration. 

A calibration_ curve 

This calibration curve allows abs,orbance values to be direcdy converted o, 

concentration. Graphs of concentration againsl time can then. be drawn. 

a, 
u 
C .a .. 
j 
< 

/ 
7 

~ 

/ 

==L,..../' 
~ 

-/ 

Concentration/m ol dm~ 



ampl . fa graph for ·ol · ri1n t r r adin [i r a . ol . uri . d pr duct 
The gradient of the tan gent at t :.: Os gives the initial rate o,f reaction. 

I 
~ 

L - - - - -- - -
// ,~ 

:f-
z__ 1 
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Time/s 

Measure1nent of a coloured product is used for initial rate 1uonitoring. 

• This m eans several experiments are carried out changing the 
conoentiation of each reactant . 

• The gradient of the tangents at t = 0 s for each concentration give the 
initial rate o·f reaction for each of the concentrations used!. 

• The initi~l rate can then be related to the initial concentration to 
detennine the order. The order can be determined from a graph of 

rate against concentration . The shape of this graph gives 1h e order of 
rea.ction with respect to the reactant the concentration of ,vhich you ,vere 
changing. 

Exan1ple of a grapl1 f colorin1 ter r adina for a colour d reactant 
Measurement of a colotn ed rm,;,:·1 tant can be used for continu u rat 

Ill ( 11 it t: ri l1 • 

\ T~ e gradient is of this line is the rate 
0.<04 -----l of readi101:1 when the concentration 

• This m ean s one experiment i.5 carried ou t 
an d the coLorim.ete:r readings are conv,ened to 
con centration using the calibration c1u··ve. ~s 0.04 moi dmi-3 

The gradient 1s of th~s Une is the rate 
of reactrion when the concentration 
~s 0.02 mol dm,3 

• A graph of concenlration again st tin1e. is dra,vn 
and the shap e of this cu1~ve can give the order 
with respect t,o the coloured reactant. 

• A gradient of a tangent at an1 concentration 
on the graph is a :measure of rate at that . 
concentra non. 

The gradient is of this ~i ne ~s 
\,. the rate of reaction when the 

• The rate can thel:"1. b e related to th e concen tratio n 
and tl1e order detem lined or a graph of rate 
against concentration can be dra\VTI.. The shape of 
this graph gives the order of reaction with resp ect 
to th e reactan t~ the concentration of Vlhich you 
,,,.ere changing. 

O. a 1 -+---1---....,,\=---~ --1 c:on centrat~on is 0.011 moll dm-3 

Time 

Measuring a reactan or product by titration 
S, n1pling, q 1 u hing and titrating atlo,vs a titratable reactant or producl 
to be. tn easured during the course of the reaction. 

A sample is taken at various thnes, and the reaction is quenched - this 
mean s the reaction is slopped. Methods of quenc.hing in clude rapid cooling, 
addi11g a ,chen1ical to re.move a reactant which is not being tnoru1tored or 
adding .a larg kn·own volume of \.V9 ter to the sample. The sample may then 
be titrated to find the concentration ,of the r,ea.ctant or product. 



The interconversion betw.een 
pH and [H+] wi.U be covered! in 
detait in the Acids and bases un1t 
!C hapter 61. 

F ro1n the data l a graph of ,co ncentr,a tion against time can be dra,"n. 

Measurement of a litratable p n. d uct is used for 111 i1i6 l rate 1nunito i-ing. 

• This means several experiments changing che concentration of each 
reactant are carried out and initial rate measurement taken fro1n the 
graphs of concentration against thne. 

• The initial rate can then be related to the initial conc·entration and 
the order determined as sho,vn before or a graph of rate against 
concentration can be dra,vn. The shape of this graph gives the ,order of 
reaction with respect t:o the reactant the concentration of \\"hich you were 
changing. 

Measurement of a titratable react, nt may be used for continuous rate 
111onitoring. 

• This means one experi1nent is carried out and a. graph of concentration 
against time is dra~TI and often the shape of this curve can give the order 
\Vith respect t0r the titratable reactant. 

• A gradient of a tangent at any concentration on the graph is a. n1,easure of 
rate at that concentration. 

• The rare can then be rel ated lo the concentration and 1he order 
deten1.1ined as shown before or a graph of rate against concentration 
can be drawn. The shape of this g1"aph gives the order of reaction 
with re.specr to the reactant the concentration of which you were 
changing. 

pH monitoring 
pH= -log10[H·], so [H•] = 10(-pH) 

• pH values can be taken over ti1ne and using the above equation they can 
be converted. directly to [H+J 

• A graph of [H+] against time can be dra,1vn. 
• I[ th.e H+ ions are a reactant the shape of this curve can give the rate or 

again gradients of tangents at various [H+] can be taken which equal rate. 
• The rate can th n be related 'to the concentration and the order 

detennined as sho\,~ before or a graph of rate against concentration 
can be dra·wn. The shape of this graph give.s the order of reaction with 
respect to the reactant the concentration of "'rhi.ch you were changing. 

o~~~~~~~-
R ate monitoring 
The rate of reaction may be measur,ed in various ways but the tnethods used 
depend on either initial rat,e monitoring or continuous rate 1nonhoting. 

Initial rate monitoring 
Use a reactant or product ,vhich is measurab]e to enable the initia] rate of 
reaction lo be measured. For example: 

• gas production - measured usi11g a gas syringe 
• coloure.d substance - n:1easured using a colorimeter 
• hydrogen ions/hydrox-ide ions - measured using a pH meter or by 

quenching and titrating. 



M th d 

1 Pick one reactant for which yo1.1 will determine the order of reaction. 

2 Carry out several experiments at different concentrations for this reactant 

measuring the quantity against tune, for example gas volume against time. 

3 Plot graphs of the 1neasurable quantity (for exan1ple gas volume) against 
time. 

4 Dra.V¥-· a tangent at t = 0 sand determine the initial gradient ,of this tangent. 

5 The gradient of the tangent at t' = Os is the initial rate oftrhe reaction. 

6 Repeat for variety of concentrations of this reactant. 

7 Plot a grapl1 of the initial rate of reaction against concentration a11d the 
shape of the graph gives the order of reaction witl1 respect to the reactant 
for \\7hich the concentration ,vas varied. 

8 Repeal for all other reactants to de'termine o,rder ,of reaction for each one. 

Second order 

s i,....--------
~ 

Con cen tratio n 

For a .zero ord ~ r reactant 
the graph of ra:te \l\d tl be 
a1 straight line where 
co nee ntra tiot1 has no effect 
on tne rate of react~on. 

Concentration 

For a first order reactant 
the graiph of rate willi be a 
stra ight l'i n~ where as th@ 
concentratfon ·Of the 
reactant do uh les the rate 
of reaction also doub 1les. 

Continuous rate m1onitoring 

Concentration 

For a second order reactant 
the graph of rate wflil be a 
c:urrved l1ine where as the 
eoncentration of the 
reactant doubles the rate 
of reaction quadrupl 1es (x4). 

If the concentration of a r a .. ,an l can be dete1·mined directly. for exa1nple: 

• hydrogen ions det:e·nnine,d directlly from pH measurements or by 
quenching and titrating 

• coloured reactant determined from colorimeter readings using calibration 
curve. 

• a specific reactant may be titrated. 

M thod 
l AUow the reaction to progress and take readings (colorin1eter/pH) or 

samples at various times. 

2 Any samples taken should be quenched to stop the reaction and titrated -
quenching can be carried out by rapid coolingladlding large quantities of 
cold water or by adding a chemical which Mll ren1ove a reactant and stop 
the reaction. 

3 Plot a graph of concentration against time fo,r this ·reactant and the shape 
oJ the graph gives the order with respect to this reactant. 

Here are the three types of graphs, for orders of reaction 0 , 1 and 2. 



If you e1re asked to sketch the 
graphs, e11sure the Line or curve 
starts on the concent ration 1(y] 
axrs. 

For reactants wh i eh a re zero 
order, the gradient of the 
concentration against time g,raph 
j s eq u at to the ra,te consta rnt. k. 

if; 
0 

':p 
IIJ ... .. 
C 
a, 
u 
C 
0 
u 

Zero order 

Time 

E 
0 
~ 
~ 
ii.. 
+' 
C 
a, 
u 
C 
0 
u 

F,i rst order Second o,rd.er 

Titne Time 

A few rate va.lue-s a1'i'e detennined at different concentrations and then a rate 
against concentration graph may be plotted in order to detennine a clearer 
order. 

The shape of the rate against concentration graphs can help to determine 
Ehe orde1· of reactio11. These graphs ,viU have the san1e shapes as shown on 

page 59 depending on the order of reaction. 

U ing cone nt.rat ion again -t t.hn graph 
Gradients of tangents may be taken at various co:ncentra1ions to determine 
rate. 

For example the graph belovt shows the concentration of reactant A against 
tim e. A tangent to the curve is drawn at a concentrafion of 0 .200mold1n-3

. 

At a concentration of A of 0.200 mol dn1- 3 the gradient ,of the tangent: 

= o.24o = 6 .86 x 10-5 moldm-3 s-1. 
3500 

o.3o I~ Com:entraticm of 0.200 
moldm-3 

o.2s~~~-~~~~~~~~~~~~~-

1 I i 0.2 0 -~ --~-, ~------i-~_...~ 

E 
~ J 0.15 
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0. 1 o I 

0.05 
3500 

i I o.o---------------------------------------------
0 SOO 1 OOO 1, 500 2000 2500 3000 3 500 4000 4500 5000 

Time/s 

Ariy sensib le va tue will tJe accepted as long as yo u draw the tangent 
ca refully and u,se the sca le to ca lculate rise over r uf1. This tangent would 
have a negative gradient but j,n ter:ms of rate is ta ken as the positi,ve 
value as i1t is the disappearance of a reactant. You can Learn 1more about 
tangents andl gradients 1in the m,aths chapter. 



E 0 
Methanorc acid undergoes a,n acid-cataty-sed reaction 
with brom,1ne accordrng to the equation~ 

Ht-[aqJ 
Br 2(aq) + HCOOH (aq] ) 2Br,(aq) + 2H+laq) + C02(g,~ 

Descri:be an experimental miethodl t'hat co uld b·e used 
to determine t h·e order of reaction wit,h respect to 
brom~ne. 

The rate equati,o n wa,s found' to be: 

rate= k[Br2][HCOOH] 

Deduce the ur1rts for the rate constant. 

On the axes below I sketch the expected shape of the 
graphs in tnis reaction . 

-:c 
0 
0 u 
:c -

Time [HCOOH] 

Answers 
Measuring absorbance with a co,lorimeter 

Br2[a,q) is brown so use cotor:im·etry with a blue filter: 

measure a bso rib a rice a9a inst time 
use caUbrat1on curve of knmNn concentrations of 
bro,mine 
plot bromine concentration against t1m,e or rate 
agai:nst bromine concentratJon a,n_d determine order 
from shape of graph. 

Alternative method: measure g.as v,o,lume: 

measure C02 volu,me using gas syringe aga inst t~,me 
repeat with different bra,mine corncentrations 
plot volume against time and measure tangent 
at t= 0 
ptot rate against [Br21 and determine order from 
shape of graph. 

The answer could be e1ther progressive rate s 
monitoring of the concentration of bromi·ne a,g,ainst ~ 
U1me with a co lor:i,meter. A ca liibrati·on cur,;,e ma1y be 
used to convert from a.bsorbance to concerttra.t~on. 
Ptotting [Br2J aga,:nst ti:me and use the shape of the 
graph to determ11rie order witih respect to Br2, or take 
tangents to the [Br2] against t1m,e graph at varkJus 
concentratiions and1 plot a rate vs [Br2] graph and use 

the shape of thjs graph to determine t he order wHh 
respect to Br2• 

The second answer involves using initial rate 
mon rtor1 ng1 based on the C 02 b erng produced . Several 
sxperrments wi·th different initral co ncentrations of 
Br2 were carried out and the vo lume of carbon dioxide 
measured 1usi~g a gas syringe against time. Graphs 
of gas volu ,me aga1inst trme were plotted and the 
gr;d1ie1nt of the tangent at t = O were taken which gdve 
the 1n 1itial rate. A graph of initi,at rate against the 1ni t1a t 
concentrations of iB r2 was plotted and' tile shape of 
this graph ~s used to determine the order with respect 
to Br2. 

The reaction is second order overall. 

rate - k[co rice n tra ti on] 2 

moldm-3 s-1 - k x ,(1mold1m-3)2 

moldm-3s-1 = k x m,ot2dm-6 

· l d -3 _, 1- l k = mo m s = mot 1-2 cirn-~ 6 s-1 = miot-1 dm3 s-1 

mol 2dm-6 

The units of the rate constant are mol-1 dm3 s-·1 

From the rate equation,, the react~on is first order with 
respect to HCOOH 

A concentr~tiion agiainst time g ra,ph far a first order 
reactant should' took Uke this: 

-:c 
0 
8 
:c -

Time 

A common m1stake i's not starting the curve on 
they aXiis. It must start touch~ng they axis as 
the reactant has an initial concentration. 

Do not make the curve too steep as it needs to 
look different from the second order. 

A rate a,gainst co ncentration graph far a first order 
reactant should look Like this: 

[HCOOH] 

A common error rl·ere is not to make it go through 
the crig~n . When the concentration of a first or 
:second order· reactant ,is ze·ro1 the rate wil:I be 
zero so i:t must go throu:gh (O; 0). 
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REQUIRED PRACTICAL 7 
Investigation of the reaction of iodate(v) 
ions in acidic solution with sulfate(IV) ions 
to determine the order of the reaction with 
r·espect to hydrogen ions 
The jodate(v] ion ~s an oxidising agent arid rea,cts wjth 
sulfatehv] ions ~n ac~dic solution to pro,duce ,iodine 1in 
solution, according to the following eqvaittons: 

Stage t 103 + 3SOJ-~ 1- + 35Qg­

Stage 2: ro3 + 51- + 6H+ ~ 3H 20 + 3t2 

Overall: 2103 + 5S o~- + 2 H+ ---+ 12 + 5 soi-+ H2o 
I od1i11e ,is only Ub,erated when acid rs added. lit is 
poss1ible to dletermi ne the effect of changing, the 
concentration of acid on the initial rate of this 
reaction by timing how long it ta,ke s for iodine to 
be produ ced. Th1is is indicated by the format ,ion of a 
blue-bilack colour with starch. 

Colourless Blue-black 

Figure 3.4 WhGn the co lourless solution,s of ac1id, iodate~v! 
and su Lfat9(,1v)1 dre mixQd in th s pr;s,u,cQ of starch . there 
i1s no v1stbl,e reaction. After a short tiime de~ayf the co Lour 
changes suddenly from colourless to blue- black. The coilour 
change ~s sharp and dependable li :ke a clock- the abrupt 
,colour c na nge occurs rn a re producible time Lapse. This 
rea ction is the refore, known as a·o 'iod~n,e clock reaction·. 

Method 
15 cm3 of the potassium rodate[v)' sotutfon,~ 85cm3 of 
dejonised water and· 5 c-m3 of starch were placed in a 
beaker. 15 cma of sodium su tfate[1v) solut~o n was mixed 
wHh 85 cm3 of 0.1 moldm-3 sulfuric aci,d and poured into 
the beaker. The stop-clock was started si'multaneously. 
The contents were strrred w ,ith a glass rod and the t 1ime 
taken [t, second1s~ for the blue-btack cotou,r to appear 
was recorded. The exper1ment was repeated varying 
the concentra,tion of sulfuric acid by changing the 
volume of suHuric acid and m,aking the total volume of 
the up to 100 cm3 by tne a,dd,ltfon of deion,ised water. The 
results are presented in the table betow. 

Table 3.1 Data from the iodtne clock exper,i:ment 
-.. ,~;·'--:.'.Ii,~, ~ - - - - -\ ,,-

·•2~ 
~-'~ ·- - ....-r- ... - g,;--t"- ~,..,r;:-_ .. rr:1' 

Ex pti, .. :1.~ . :,a~ :,.ti ·· s ilnit ia h 
'"' - - -~ ~.! .. i.l"'":...' "i•· ... l . ~ ... 

Acid volume/cm3 25 35 45 55 70 85 
Water volu me/cm3 60 50 40 30 15 0 
Na2S0~ votume/cm3, 15 15 15 l5 15 15 
t[s) 42 28 20 15 11 9 

AH nf t:he concentrations were consta.nt except the 
concentration of acid . hence the rate equati,on for thrs 
reaction si mpU:fies. to: 

rate= k [ H+]z. 

where z i,s t 1he order of rea,cti,on with re spect to 
hydrogen ion concentration . 

We coutd write 

log 1(rate) = zto g [H "*'] + constant 

The event being measured ~s fh:e,d, r .e. tfle first 
appearcince of the btue-black. colour, so it is posstb'le 
for the rate to he expressed as: 

Rate - 1/t 

Tne total volume of solution ,in each experim,ent is 
constant and so tih e [H+] can be rep resented by the 
volume of su lfurirc aicJd', Th,erefore the rE1te expression 
becomes~ 

lo,g(1/t) = zlog[volu rne of sulfur1ic aci.d) + consta-nt 

For all the time results i,n the ta ible 

a Calculate 1/t 1to 3 significant figures]. 
b Calculate 'log, 1/f ~to 3 signifi cant figures). 
c Calcula,te tog (v,olume of su lfu.r i:c ac,idL 

2 Plot a graph of tog [11/tl [y ax~s) aga,i,nst tog V 
[volu1me] (x ax~s) . Draw a best-fit s.tra,ght Une 
through the points. 

3 Use your graph to determine the gradient of the ·~ 
stra1g,h,t Une that you have drawn. Give your an swer ~ 

ta 2 d ecimat p Laces. 

4 The experiment was desi,gned·to deter·m~ne the 
order of rea,ction with r-espect to hydrogen, ions 
·in the reactiion. What cha ng,es would you ·make to 
the experiment so tnat the order of react,ion with 
respect to 1indate(v) ions could be determined? 

5 a Tfle reactron is ·first order with respect to 
hydrogen 1ons. Jn an experiment to determine 
the order of this reaction a value of 0.963 was 
obtained. Ca,tculate the percentage errnr in this 
result . 

bi The experi1mental error resulting from the use 
of the apparatus was deter1min,ed to be 2.1°/o . 
Explain what this means in relation to th,e 
practi,cal techn iqtJ,e used. 

The g rap 1h ,is of the type y = mx + c and 
th erefo re the grad ient m wiH give a 
vailue for th e ord1er~ z. See Chapter 16 for 
more informa ti on a b·OU t logiaritt-iims. 
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························································~··································· TEST YOURSELF , 
• : 1 For the reactrion: 

!! 
!! • • • • • • • • • I Ca C0 3{s) + 2HCl[aq)-+ CaCt2[aq) + C0 2(gl + H20 [l] I 

~ Suggest a method of monHori'ng the rate of react ion in clud,ing ~ 
i p ract i,ca t d eta1 L ! 
i 2 For t1he rea cbons: : • • ! Reaction A: 2H202!aql ~ 2H20 [0 + 0 2fg~ i 
! Reaction B: CH3COCH3[aq] + 12,aq) -+ CH3COCH21iaq l + H+!aql + 1-[aq] i 
I Reaction C: 2Na2S2D3[aql + 12[aq] --+ Na2S406[aql + 2Nal. [aq] ! 
! al Explain h,ow react,ion A is monitored usirrig in~ti a,l rate montitor ing ! 
• • • I I • 

: using a gas syr inge. : 
• • 
~ b) Explai,n w hy rea ction B may be monitored fn two w ays. 
j cl Explafn how reaction C is monaored using inrtial rate monftoring. 
• 

• • 
' • • • • • • 

: • • ••••••••••••••••••••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , 41111111111 .................... lllllili 

()~0-rd~-r-Li-n-k-e-d-t-o-m~e-ch- a- n- i-s-m~o-f -a-r-e-a-ct-i-o-n~ 
The order of a reactant is clear from the rate equation and this ma.y give a 
clue as to, the details of the mechanism for the reaction. 

Mechanisms 
The mechanism for a reaction is a series of reactions which shows how the 
reaction accu rs. 

For example, the reaction 

may occur in t,vo stages: 

A+ B--.t AB 

AB + B ---+AB2 

Addin --tiuati -u l d tertnin an ov -rall equation 
Taking the steps sh·o"'"n above) if these steps are added together, you will get 
the ,overall equation for the reaction. 

A+ B~AB 

AB + B ---+ AB2 

Write do"'111 all the species on the left-hand side of both equations and then 
ca11cel ,out anything which appears on both sides of the ov,e·rall equation. 

A+B+ ~ +B--+ ti: +AB2 

The ov,eraU equation is: 



PL 1 
;In th e chiori,11ation of methane the 
foUowing reactions occur: 

Cl2 -+ 2C l• 

Answer 

Th rs sim,p~ifies ta: 

~ l2 + CH4 + 3:E:l• + Oteb• ~ ~ l· + ~s· + HCl + CH3Ct + ~2 

This may be written: 

C l2 + CH4 ~ CH3Cl + HCl 

Wri te an overa ll equat ,ian for the reaction. This is th e overaH equation for thts reaction. 

2 
For the following two-step process~ 

2NO[g) + D2lg) ~ 2N02[g] 
6NO[g,~ + 302[9] --+ 6N02(g) 

3N02tg] + H20[ l] --t 2HN D3taq]I + NO[g)1 

6 N02f g I + 2 H2DHI --t 4H N 03 [aq] + 2N O! gi) 

Addi rig the eq uatiioin s gives: 
Write an overaU equation for thrs reaction. 

)((NO[g) + 302[gj + 6,~ !g] + 2H20 :[l) ~ 6~ 1[gJ + 4HN03(aqJ + 2N{llg] 
Answer 
The key to this is the fa ct that 2N02 is 
produced in1 the first react ion but 3N02 

The overau equation ~s : 

4NOfg) + 302[gl + 2H20[l] -+ 4HN.03{aq] 
'is used in tihe seco nd reaction . 

Mult iply the first reactton by 3 and the 
second reaction :by 2 before add1ing them . 

Rate-determining step 
Any of the steps in a m echanism for a reaction 1nay be th rate-determining 
step . The rate-detem1ining slep is the slowest step and it dictates the ,overall 
rate of the reaction. 

The species (atoms, molecules , ions or molecules) that react in the rate­
determi1:-iing step arc the species which are present a.s concentrations with 
non-zero oTders in the rate equation. 

Reactants in the overall equation which hav,e zero order are not involved in 
the rate-detem7lining step . 

Finding the rat -d. t rmining t p 
The rate-determining step may be ,deiennine.d by examining the rate 
equation and the steps in the 1nechanisn1 for the reaction. 

If there is a reactant in the overall equation ·which is zero order (i.e. it does 
no t appear in the rate equation)~ this reactant should not appear in the rate­
detennining step. 



In the hydro lysis of C4H9Br. th e ·f0How1ng overa ll 
reaction occurs: 

C4H9Br + OH----, C4H90H + Br-

Th e m echa 11 ism for the reacti:on ear, be described: in 
tvilo steps: 

Step 1: C4H9Br ~ C4H9+ + Br 

Step 2: C,H 9+ + OH- ~ C,H90H 

For the overaa reactron: 

X + 2Y --+ XY2 

The m:echa n ism, for the rea ctian occurs i,n two steps! 

Step 1: X + Y ---!>; XY 

Step 2: XV + Y ~ XY2 

Tn e ra te equati on for t his reaction fs given as: 

ra te ~ k [XJ[y] 

Determ,i,ne wh ich step in the rreacti,on is the rate­
determ1ining step. 

Answer 
This rate equation s hows that th e orders of re.acHon 
w ith respec t to both X and Y are 1. 

The ra te equation for the reaction is~ 

ra te = lr[C4H9Br1 

Deduce the rate-determ1r11ng step i:ri thrs two- step 
process. Explain your answ·er. 

Answ·er 
The rate-determining step is step 1. 

Explanation: oH- ions are zero order so therefore n,ot 
part of the rate-d ete r,mj n~n g step. Step 1 does not 
rnvolve o H- ions. 

The f ~rst step in the m echanrsm shows X and' Y 
rea cti in g in a 1 : 1 ratiio~ 

Th is suggests that step 1 is the rate-determining step 
and both X and Y are present in tihe ra,te eq uation in a 
1 : 1 ratio. 

TIP 
If the rate equa tion had been rate= k[XHYP 
then t he second step woutd be the rate­
determining step as it [when combrned 
w~th the first step~ gives the ratio of X:Y a·s 
1 :2. Th,e orders of reaction are eq ual to the 
nu mber of reactin g particles. 

··················-··································································································································: 
. TEST YOURSELF 5 ! 
! 1 For the reac ti on: a) State tfle overa ll order of react ion. ! 
~ ~ 

~ 2X-+ Y ~ Z b) Write a rate eq uat jon for the hydro lysis of ester i 
• • : The react,i,on occurs iri a two-s tep process A using A to re present t he ester. : 
• • 
: Step 1: 2X---+- X2 c) State the units of the r ate constant. : 
t • I Step 2: X2 + Y ---!>; Z 3 For the follow ing two-step process i 
~ The overa ll ra te equ ation for t he r eactiion .is: Step 1: A+ B -t AB ~ 
i rate= ,k[X12 Step 2: AB +A~ A2B i 
i al What ris order of rea,ction w ith respect to X? a) Wr1ite an overaU equat,ion for the reaction . ! 
! bi What ,is ord1er of rea,ction w ith respect to Y? b) The order of rea,ct ion with respect to A ,is 1 and ! ! cl State and expta1in which step is the rate- the ord,er of react ion wit h respect to :8 is 1. i 
~ determini1ng s tep. i) State the overa ll order of react ion. ~ 
i 2 In th e hydro lys,is of an ester A [CH3COOCH3) with ii) Wri te a rate equation for the reaction . ! 
• • 
: OH- 1onst th e order of reac t,iori w ith respect to the iii) Sta te and expta in which step is the rate- ~ 
• i ester. A, is first order and f jrst order w ith respect determi nin g step. £ 
: to OH- ions. : • • 
=·••••••••••••••••••+++•••••••••••••••••••••+++••••••••••••••••••••••••••••••••••••++++••••••••••••••••••••+++••••••••••••••++•••••+•+•••R••+•• ......................... ... 



Pr ctice u tion 
I For the rate equation: rate = k [A] [B]2 

Which one of the followin g are the units of the 
rate constant, k? 

C mol-2 dm6 s-1 

B mol-1 dm3 s-1 D 1nol-3 dm0 s-1 

.2 X reacts with Y to f onn Z according to the 
overall equation: 

X + 2Y ~z 

The n1ecbanism for the reaction is: 

(1) 

2Y~w 

W+X--+Z 

(slow step) 

(fast step) 

Which ,o,ne of the following is most likely to be 
the rate equation for the ove·rall reaction? 

A rate = k [Y] 

B rate== k [Y]2 

C rale = k IX] [Y] 

D rate= k [X] [Y]2 

II 3 The foUowing experunentaJ data were 
determined for the reaction: 

X+Y_,,.z 

initial rate 
of reaction/ 

[X]/moldm-3 [Y]/mol d m-3 moldm-3 s-1 

OJ 0.1 0.007 

0.2 0.1 0.0 28 

0.2 0.2 0.056 

a) Deduce the orders 'With respect to 

(1) 

X and Y. (2) 

b) What is tli.e overall order of reaction? (1) 

c) WTrite a rate equation for this reaction. (1) 

d) Calculate a value of the rate constant (k) 
and deduce its units. (2) 

4 In the foHo'Wing series of reactions of A and 
Bat constant temperature the fo1lo,ving cllata 
were obtained. 

lnitia l [A]/ [nitia l [B]/ Initial rate/ 
Experiment moldm- 3 moldm- 3 moldm- 3 s-1 

1 1.4 X 10- 2 2.Q X 10-2 3.760 X 10-4 

2 2.8x 10-2 2.Q X 10-2 7.520 X 1 Q-4 

3 2.8x 10-2 4.() X 1 Q-2 1.504 X 1Q-3 

II 

II 

a) Dech.1,ce the order of reaction with respect to A. (.I) 

b) Deduce the crrder of reaction \Vith respect to B. (1) 

c) Write a rate equatim1 for the reaction. (1) 

d) Calculate a value for the rate const3nt (k) at 
constant temperature and deduce its units. (2) 

P reacts "'rith Q. TI1e kinetics of the reaction we.re 
studied at a constant temperature . 

The data obtained are giv,en in the table below. 

llnitia L [PJ/ Initial [Q]/ lnitia L rate/ 
Experiment moldm- 3 moldm-3 mol drn- 3s-1 

1 ,Q,.1Q, 0.10 10.0020 

2 0.20 0.10 0 .0040 

3 0 .30 0.10 0 .0060 

4 ,0.40 0.2,0, 0 .0160 

a) Deduce the order of reaction "'·ith respect t,o P 
~nd Q. (2) 

b) Write a rate equation. for th e reaction. (1) 

c) Calculate a value of the rate constant (k) a.t 
this ten1perature and deduce. its units. (2) 

6 Two experiments w,ere carried out on the rate 
of reaction between Band Cat a constant 
t mperatu re. 

The rate equation for the re-.action is rate = k{Bl [1C] 2 

The data obtained are given in die table below. 

En itial [B]/ 1,nitia l [C]/ Initial rate/ 
Experiment mold.m- 3 moldm- 3 moldm-3 s-1 

1 2.Q X 10,Z 4.Q X 1 Q=2 2.7 X 10-1 

2 4.0 X 10-2 5.0 X ~ Q-2 To,be 
cailcu lated 

a) Calculaie a value for the rate constant (k) 
at this temperature using the results of 
experiment 1 andl deduce its units. (2) 

b) Calculate a value for the initial rate in 
experirnent 2 . (1) 

7· a) Wri t,e the Arrhenius equation. (1) 

h) A graph of ln k against !tr Vtrais plotted for 
a first order reaction and the gradient of the 
line found to be - 15024. The intercept on the 
ln k axis was 21.4. The gas constant, 
R, :: 8.31 J K-1 mol- 1. 

Using the expression: ln k = -Ea/RT + ln A 

1Calculat,e th,e value of A and Ea for this reaction. 

State the units. (4) 



c) C,iven that ,e = 2. 71828~ calculate a value 
fork at 300 K using tl1e valu.r ,o.f Ea and A 
calculated in (b). If you did not calculate a 
value for Ea or A in (b) use Ea = l 30 kJ mol-1 

and A =2 .00 x l O 10. State the units. (3) 

II 8 The kinetics of the acid~cata]ysed hydrolysis of 
an ester ,v·ere :studied and ·the concentration of 

the ester plotted against time as sho,vn belo,v. 
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0.100 

0.000 ~---- ---1"---- ---. 
0 2000 4000 6000 

Time/s 

a) Dra,v a tangent to the curve when the 
concentration is 0.300 mol dm-3. Use dris 
tangent to detennine the rate of reaction at 

8000 

this concentration of the est.er. (3) 

b) Based on the shape of the graph ,;.vhat is 
the order of reaction with respect to 
lhe ester? (1) 

9 The reaction between propanone and iodine is 
catalysed by the presence of hydrogen iotllS ) H+. 

CH3,C01CH3 + 12 ---4 CH3,COCH2I + HI 

a) Suggest a method by which the order 
of reaction with respect to iodine could 
be det,ennined using continuous rate 
monito1;ng. (2) 

b) The graph below sho,vs iodine 
conce11tration against time. 

0.500 

\ 0.400 .,, 
o 0.300 
E ._ 

] 0.200 - --1~--.----1 
""D 
0 =- O.HJO 

0.000 ·---~------~---------< 
0 SOO· 10-00 1500 2000 2500 
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i) Wbat is the order of reaction with 
respect to iodine? (1) 

ii) Sketch a graph of rate of reaction against 
conce11tration o( iodine. (1) 

c) The rate equation for the reaction is 

rate= k [CH3COCH3J '[H+] 

i) Ho,v does this rate equation support 
your answer to (b)(i). (1) 

ii) The table below gives some initial rate 
data for this re.action. Use this data to 
ca.lculate a value for the rate constant 
and state its units. (2) 

-

!Initial [IH+]/ [CH3C10CH3]/ Initial U2]/ llnitia l rate/ 
moldm-3 moLdm- 3 moldm- 3 moldm- 3s- 1 

0.50 8.00 0.04 L20 x 1 a-~ 

Stre eh and challenge 
10 For the reaction D + E ~ F + 1G 

The rate equation is 1.---ate =- k[DJ [E] 2 

The table below gives details of a series of 
experiments fo·r this re-action. 

lnitia L Initial 
coneentrati on co nee ntration Initial rate/ 

!Experiment of ID/moldm- 3 of E/moldm-3 moldm- ~s-1 

11 

2 

3 

4 

5 
6 

(J.05 D.1i 0 2.25 X ,o-3 

0.05 0.20 

0.1;0 4.50 X 1 o-3 

0.20 2.70 X 1 Q- 2 

0.1,0 8.82 X 10-2 

5.76 X 11Q-4 

a) Complete the missing data in the table for 
experiments 2 to 5. ( 4) 

b) Detennine a val11e for the rate constant 
using the results of experiment 1 and state 
its units. (2) 

c) ln experin1ent 6, the initial concentr-ations 
of D and E were in the ratio 1 :4. The initial 
rate of reaction was detennined to be 
5. 76 x 10-4mol dm-3s- 1• Using the value 
of the rate constant determined in (b) a11d 

the rate of 1eaction, determine the initial 
concentrations of D and E and fill these 
values into the table. 

If you vlere unable to calculate a value (or 
the rate constant in O~) use 1 O. 0. This is 
not the correct. value. ( 4) 



Equ1l1br1um constant 
KP for homogeneous 
systems 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
i PRJOR K OWLEDGE i 
• • • • 
: It f s expected' that you are famftiar with all of the content of the Chemical : 
• • 
: equili briai Le Chaitelier's principle and Kc u :nits in Year 1' of the A-levet : 
• • 
: Chemistry course. Th e foUow,ing are so me key points of Pr,ior Knowiledge: : 
; ; 
~ A ·dyna'mic equiUbrium· ,is an equi librium where bot'h the forward ! 
i and reverse reactions are occuriri ng at the sa,me rate and the i 
: concentra,tio ns of the reactants and product remain constant : 
• • 
: A homager,eous equi1librium is ane in wh1cih au u,e r eactan ts 01r1d i . : 
: products are ~n the same state. : 
• • 
: • Le ChateUer"s principle states that if a f.actor is changed wh~ch affects i 
• • 
: a system, 1 n equilibrium. t ,he poslt ,ion of equilibrium will move .fn a : 
• • i direction so as to oppose the cha nige. I 
: • T 1he position of equi libr~um, 1is often affected by changes in : 
! tem,perature~ changes in concentrations of reactants or products, i 
• • : changes in pressure. : 
! • For an equilibr.ium reaction where the entha lpy change is positive i 
• • 
: iendothermi cl. an in crease in tempera tu re moves the posit,on of : 
• • : equiHbrfum from 'left to rf ght. : 
• • 
: • For an equlUbr,illm reaction where th e enthalpy change is negative : 
! [exotherm~c)i an increase in temiperature moves the posrtion of i 
• • 
: equi libr ium from ri,g ht to left. : 
i Fo r an equiUbrium reaction , an increase in th e total pr essure moves j 
: the pos~t~on of equ itibrium1 to th e side with1 the fewer moles of gas. :: 
i For an equHibr,ium reaction , an increase in, the concentrati,on of a ~ 
• • 
: reactant w Hl move the posi,tion of equ1ilibriu.m from left to r 'ignt. : 
• • : For an equirtib.r1um reaction, an i,ncrease 1n the concentratron of a : 
• • 
: product witl move the posi1ti.or:1 of equH1tw1u.m f rom r ight to left : 
• • 
: A catalyst aHows equiUIDri11..Jm to be achieved more r ap1dly but it has no : 
• • 
: effect on the posrtiion of equilibr i1um. : 
• • 
: The equ ,ilibrlum constant j Kc, for the reac tion : 
i N2!(9) + 3H2!(9) ~ 2 N H3 [g,J is given by the expression: i 
• • ! [NH~2 ! 

~ Kc= [N2l[H2P ! 
i and the 1urlits of this Kc wouild be mot-2d1m6

• i 
~ • Ttie value of Kc is on ly affected! by a change in temperature. ! 
• • • • • 
·······················································~····························· ......................... llllllf 



The tota l of the mole fractions 
sh.ould, add up to 1 m·oL For 
Exa mpte 1: 0.402 + 0.598 11.00 

, , _, _- _-_-_, _, _ • I! I! !I I! ,-++•• • !I I! I! I! °!!'+• • • !I I! !I I! '!lo••••• !I !I I! I! "•••• !I !I I! II '!lo• • • • • !I I! I! I! '!lo+••• I! I! II I! '!!o• +•• t' II !I !!!!'!lo•+•• !I !11111•4'4'••• 1111!! I! lo 
,!lo 

: TEST YOURSELF ON PRIOR KNOWLEDGE 1 : • t i 1 What is meant by dynamic equiUbn'um? i 
; 2 State Le Chatelier ·s princ.ipte. ; 
i 3 For the equi li1brrum: i . ... 

~ A[g] + 28-[g] ~ C[g] ~ H= -52 kJ mo l- 1 ~ . ... 
• • i a) Exp la in how the yield of C w ould change if the temperai tu re were ; 
i i1ncreased. ! 
~ b) Explain how the yietd of C would change if the total pressure were : 
! i,11creased. : . ... 
~ 1c ) Exp ta ini why a catalyst does not aff,ect the posit iion of eq uiJihr1ium,. 
! di Explain w hy this equ iUbrium rs described as a homogeneous 
• 
: equ Hi,brfum. 
• 

.. .. 
• ... ... • ... .. .. 
• ... ... • ... 

~ I+ For the gaseous homogeneous equiUbrium give n below : : . ... 
! CH4[g] + 2H20 1[9) ~ C0 2(g) + 4H2[g] ! . .. ! a)l Wrae an expression for the equHi,bri um, constant K, for the rea ction I 
! b)l 1.00 mol of CH4 is mi:xed wi th 2.00 mol of H20[gJ in a container of : 
i vollume 5.00 d.m3. At equ ilibr~ u1m there are 2.20 mol of hyd1ragen i 
• '!lo i present 1in the eq uHibrium. mjxture. Ca lcu la te a value of the ! 
: equ ~Ubrfum1 constant. Kc.. and state its un,ts. Give you:r an swe r to 3 ; . .. 
: s,ignificarnt figures. : 
: . ... .......................... ........................ . .............. . ....................... . ........................................... Iii. 

C)~M-o-le~ fr_a_c_ti_o_n_s~~~~~~~~~~-
The 1n o lc rra t inn of a cotnponen t, A. in a gaseous mLxlure is d noted 
xA and is calcuhtted by dividing the amount in moles1 ,of A by the total 
a1n ount of moles of gas in the mixtu re: 

For 

A(g) + B(g) ~ C(g) 

nA 
X - ----
A- nA + ~ -t- nc 

where nA> ns and tic are the a1nounts> in moles, of A~ Band 1C presen t in the 
mixture. 

Mole fractions can only have values in the ran ge Oto l. The sum of th e 
1nole fractions of all of the com ponents in a mixture vrill b e equal to l . 

A ·mi xture contains 1.42 g of ni,trogen and 2.411 g of oxygen. Callc,ulate the 
,mole fract ion of the gases 1in. th is mixture. 

Answer 
M,oles of N2 = 

1 ·42 ::::; 0.0507 m1ol 
28.(] 

Moles of 0 2 = 
2 ·

411 
= 0.0753 1mot 

32.0 
Tota l motes o·f gas = 0.0507 + 0.0753 = 0.126 mat 

Mole fracti on of N2 = DQ~1
5
2°Z = 0.402 

Mole fra ction of 02 ... 0.0753 - 0.598 
0.1 26 
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Partial pr ssur 
The partial p fc ~ur · of a com.ponent) A; in a mixture of gases is the 
contribution which that gas 1n..:1.ke..s to 1he total pressure of the gas i-nixture. 
It is also the pressure if the same amount of A were the only substance 
present in a container of the same size. The partial pressure of A is denoted 

by PA or p(A) or pA or PA. 

The partial pressure of a compon. nt can be calculated by 1nultiplying the 
~otal pressure of the mixture by the mole fraction of that component. 

Fa.r example the partial pressure of A, p(A), in a mixture is given by the 
expres s1on: 

p(A) ·= XA >< p 

,~there, xA is the n1ole fTaction of A and P is the total pressure. 

Although partial p ressures andl concentrations are not the sa·me thing, they 
are both proportional to the am,ount of the substance present. 

A m,xture conta,ns l .00 g of aimmonia and 1.00 g of nitrogen . The total 
press ure is 5.00 x 105 Pa. Calculate the partial pressure of each gas in the 
m1ixture. 

Answer 
M,otes of iNH3 

Motes of IN2 = 

l.OIJ 0.1)588 m o l 
11 7.0 

~f ~ = 0.0357 mo l 

Totat motes of gas= 0.588 + 0.0357 = 0.0945 m1ol 

Mole fraction of N H3 = ~ :~~~ = !J.622 

Mole fra ction of N2 - ~ :~~!~ e Q.378 

Che eking the ea lcu lati on~ the su 1m of ttie mole fractions i,s I0.62 2+0 .3 78} - t 

Pa rtial pressure of Ni'H3 :;;; mole fract,ion x tota l pressure 

= 0.622 x 5.00 x 1 as= 3,.1 1 x 1 as Pa 

Partia'l pressure of Ni2 = mole fraction x total pressure 

= 0. 3 7 8 x 5 .0 D x 1 O 5 = 1 . 8 9 x 1 O 5 Pa 

Agia iri a ciheck that r:he sum of the part~al pressures 1s equal to the total 
pressure [3.1 1 x 1 os + 1.89 x 11 Q5] 5.00 x 1 os Pa. 

All gi1veri values are to 3 signifi cant figures in this calculation so the 
answers sihou ld also be given to 3 significant f.igiures. 



·············· ··········································~················· ·················· !!! 

: TEST YOURSELF 2 ! 
• • 
~ 1 A mjxture contain s 2.00 g of oxygen and 2_00 g of nitrogen. Calculate ~ 
! the mole fraction of each gas in the mixture. i 
~ 2 Two gases were mixed and t 'he total pressure w as 100 kPa . One of ~ 
• • 
: the gases had a !Jar tia l pressure of 40.[J kPa . Calculate the pa rt ia l : 
• • 
: pressure of the oth er gas. : 
• • 
: 3 l1n the equilibri,um~ N2[gJ + 3iH21g) ~ 2NH3[giL the equilibrium mixture : 
i i : of nitr,09en, liydrogen and am1mon1a a,t 350 °C conta in s 7.00 g of : 
i I 

i nitrogen, 4.50 g of nydro·gen and 3,6.5 9' of amm,on~ai. ! 
! al Calculate t he mote fraction of each suibstance ~n. the equi1ti br,ium ; 
: m1xtu re. : 
• • 
~ b) Calculate the partial pressu re of ea eh g-as ~r, the mix tu re if the ~ 
• • 
: tot all pressure Is 100 lkPa . : 
• • 
······················································ ····················· ········ ·····••'4111111111 .................. 

KP 
For the general case of a gaseous homogeneous equilibrium: 

aA(g) + bB(g) ~ cC(g} + dD(g) 

the equilibrium lav;l states that 

p(C)Cp(D)ti 
f( .. =-- -

p p (A )a.p (B )" 

\Vhere p(A)a is the partial pressure of A rais d to the power of a, et,c. 

N2(g) + 3H2(g) ~ 2NH3(g) 
p(NH3)2 

!( =----
p p(N2) p(H2)3 

Partial pre-~ures in Pa 

(Pa)2 (Pa)" 1 
units of Kp = = = --= Pa-1 

(Pa) (Pa )3 (Pa )4· (Pa)2 

Calculatio1 n 0 1f KP 
Calculation s to find I<p are shni]ar to those to find Kc. The only difference 
is that after findi11.g the nutnber of moles at equilibrium) instead of using 

. . 1noles . l d l concentranon = 
1 

pan1a pressures are use,. w 1.ere 
vo ,uine 

partial pressure= mole fraction x total pressure. 

The unit most common ly ,used for pressure is Pa,sct3 l (Pa). k'Pa (1 as Pa l 
and M' Pa [ 1i 06 Pa) m.ay also be used. l1 f th e total pressure is given in 
kPa, th en the partial pressure wHl also be rn kPa. 100 kPa is the m ost 
frequently used value. 
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For the equi liibri um 

2NO,(g)' + 02f9) ~ 2N02tg, 

10.7 g of nitrogen (1 1) oxFde and 7.33 g of oxygen were 
mixed and at equiUbrium 13.4 gi of nitrogen(1v] ox1de 
were formed· at a total :pressure of 1: 00 kPa and a 
temperature of 400 K. 

Calculate the pa rtia t pressures of the three gases 
present i1n the equiti'briu m m1ixture. 
Calcutate a value for KP at 400 'K. 

Answers 
1 Initial moles of NO=;~:~= 0.357 mol 

· · · · . f O 7 33 0 229 l In 1t1a l moles o . 2 = 32_0 
= . . ,mo 

Equilibrium moles of N02 D l!:6 G 0.2 91 mol 

-

.21NO + ·.0.2 ~ -. 21'J92 
Initial 0.357 0.229 0.00 
moles 

Reacbng 1rnole s - 0.291 - 0.146 +0. 2'11 

Eq u il1bri11u m 0.066 0.083 IJ.291 
moles 

lnitia L amounts in moles [g iven in the example): 

0.357 mol of NO ~s mixed witn 0.229 mal of 0 2 

mount in mol of on ubst nee at quilibrium 
l i n in he x m lei : 

0.291 m,ol of N02 is present in the eq;u itibrium1 mi:xtu re 

R acting moles of this subst nee lcalcul ted from 
given information) 

(l291 m ol of N 0 2 has formed ~+0.291 l 

Reacting moles of other substances [calculated from 
b Lancing n mbers in the eQuatian] : 

0.291 m:ol of NO reacts w i,U1 0 .1· 46 ,mol of 0 2 and 
formed 0.291 moll of N02 

Equilibrium moles of other substances (the initial 
mo Les minus the reacting moles J: 

0.3-57- 0.2911 = 0.066 mol af NO remaining: 
0.229 - 0.146 = 0.083 m(jl of 0 2 rema ining. 

Th e total equiUbr"ium 1m0Les present ts = 

OJJ66 + fJ.083 + 0. 291' = 0.440 mo:L 

~~·.i11(~~·--------.-or 
2ND O 2Noir,, :t . ·-=--· 

Initial 0.357 0.229 0.00 
moles 

Reacting ,moles - 0.291 - 0. 146 +0.29 I 

Equi Li brJu m 0.066 0.083 D.291 Total equHibrium 1moles = 
mo[es 0.440 

Mole 
0.066 - 0 150 0.083 = 0.189 0.291 = 0.661 

Ch·eck total of rmote 
fraction fr act i o n s = 1 0.440 - . 0.440 0.440 

0.150 + 0.189 + 0.661 = 1.00 

P;rtiat 0.1 50x 1'00 0.189 X 100 0. 6 61 x 10 0 ChQck t ot a L of part ial 
press ure = 15.0 kPa =18.9 kP~ = 66.1 kPa pressures= 100 k Pa 

15 .0 + 18.9 + 66 .1 = 
100 kPa 

K = e ~:N Q2l2 = (66 .1 F _ , , . ~, 
P p :[N0]2 pi 02) ( 15.0P( 18. 9) = 

1 .03 kPa 

Check the colour code system used at AS for~ catculaHons 1n the 
Equili.brium., Le ChateUer·s Princi ple and Kc chap ters. 



Hydrogen reacts w~tih bromine according to the 
equHilbriu m: 

H2[gl + Br2[gJ ;= 2HBri(g:J 

1.00 mol of hydrogen was mixed with LOO moil of 
brom~n·e a.nd the m'ixture auowed to atta,in 
equilibrium. 0.82.4 mol of hydrog·en bromjde were 
present in the equ ili,briium m:ixture. Ca lcutate a 
value for KP. 

Answer 

H2 + Br2 

Initial 1.00 1.00 
mole s 

Re.actiing moles - 0.41 2 - 0.41 2 

Equilibr ium motes 0.588 0.588 

Mole 0.588 0.588 
fr.a cti1on 2.00 

= 0.294 
2 .00 

= 0.294 

Parba l pressures 0.2 94. P 0.294'P 

(0.412 P]2 

(0. 294 Pnn.294 PT = 
1·. 96 

Note that usi11g the equfli.briu m moles will g1ve the 
same vatue~ T. e. 

[0.824),2 
= [0. 1S88J [0.'588) = 

1 . 9 6. 

It is advisa,ble to use the partial pressures as this 
1is correct for tl1e Kp expression. If a total pressure 
had beein gi1ven tlhen use t lhi s to calculate the 
partial pressures. 

Using KP 

~ 2H Br .,--

0.00 

~o 824 

0., 24 

0.824 
2.00 

= 0.412 

0.412 P 

P ijs used for t he total 
pressure as the total 
pressure is not g.ive n in 
the question. P wiH ea n cet 
out 1in the Kp express·ion. 

To tail eq ui libri um 
m·oles 
= 0.588 + 0.588 + 
0.824 ~ 2.00 

Cheek total of mole 
fra ctions = 1 
0.294 + 0.294 + 
0.412": 100 

0.294 P + 0.294 P + 
0.412 P = P 

KP has no units because 
the pressures cancel out 
in the expression. 

Pract1se carrying out the 
ea lcu lation shown above on your 
catculator as it i1s easy to make 
m rs takes with the bottom [i ne 
!d enominator) of the fra ct ,ion. 

So1ne calculations may giv a value of J<p and you may be eAl'ected to 
calculate the equilibrium tn,oles of one co nponen·t ·Or the mole fraction 
or partial pressure. 
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Using 2x ·motes of HI avoids 
; motes of H2 and 12 but the 

cailcutation would work either way. 

l1n a ca lculation where KP is 
unitless~ the ·mole fractions ot the 
equ ilf briu,m males may be used 
1irn the KP expressi,on and will give 
the sa.me answer: However, as 
the total pressure is given in this 
question it is best p ract f ce to use it. 

For the following gdseous hom,ogeneous equ iilibrium: 

2HI [s~ ~ Hi{g] + l'2(g)' 

2.00 mol of hydrogen iodide was aHowed to reach equrlrbriu ,m at 500 K. 
KP for tn is eq u i lib riu m at 500 K is 0.360. Ca le u ilate the partia.l pressu re of 
hydrogen in the equ ilibrium m·ixture if the total pressure is 1'00 kPa . 

Answer 
As the nu·mber of motes wh~ch reacts is not knownj 2x m,otes of HI 
react to 'form x moles of H2 and x ,moles of 12• 

I 

2HI ~ H2 + 12 ,-

l1nitial 2.00 0 0 
moles 

Reacting -2x +x +.X 

moles 
Equi1l,ibri·u m, 2.00 - 2r. X X 

moles 

Maile 2.0,0 - 2x X X 

fraction 2 2 2 

Partial 2.00 - 2x X X 
X 100 - x100 - X 10IQ pressure 2 2 2 

1
1 oo, 2 

K - p [H2l p !121 --2 -- ;;; x2 ;;;; 0.360 
P - p (HJ] 2 - 200- 200x 2 [2-2x)2 

2 

(2:~x]2 -I 2:2x ~ 0.360 

= f x ·1 = a. 600 as ~0.360 = o. 600 
~ 

X .. 0.600 [2-2X) 

X ;;;; 1 .20 - 1.20X 

2.20x = 1.20 

1 .20 
X = = 0.545 

2.20 

Total equ ilibrium motes 
= 2 - 2X + X + X = 2 

Check total 
of mote fractions= 1 

2.00- 2x X 
x 100+ -x too 

2 2 

+ 'f X 1 0 0 : 2~ O : 1 Q 0 

The pa rtral pressure of hydrogen in the equ1Ubrium m~xture rs 9iven by 

~ >< 100 so t,h,e partial pressure is 
0
·
545 

)( 100 l!!II 27.3 kPa,. 
2 2 

Calculations of this sort are more co,mplex a.nd should be worked through 
carefully. You can check the value of x you obtain by substitu ting i t into 
either the panial pressures or the n1ole fTactions. The sun1 of the mole 
fractions should add up to I and the su1n of th e partial pressures should 
add up to the total pressur,e in this case lOOkPa. 

Also in an equilibrium where 1 mol of t\vo products are formed, the 
equilibrium moles, mole fractions and partial pressures of these two 
products are the sa.me throughout for any ,equilibria at any temperature. 



All i1 nitia l va lues were g 1ve n to 3 
sign 1fica rit f1g u res. This wou ld 
mean that the final answers 
should atso lbe given to 3 
significant figures. 

Calculating total pressure 
The tota] pressure in a~ calculation may be represent,ecl by the letter P. P is 
used in the~ expression and the expression may he solved. to find P. 

At equilibrium. 0.200 mat of nitrogen~ 0.400 ,moil of hydrog en andi 0.400 mot 
of ammonia are prese nt du ring th e Born-Haber process: 

N2(g) + 3H2~g~ ~ 2NH3(g) 

Calcu late a vailue for the totel l pressure on the system at 390 K if KP he11s a, 
value of 0.1: 72 IK Pa -2• 

N2 ... 3H2 
__i 2NH3 .,...-

EquiUbri,u,m 0.200 0.400 0.400 Total equitibri um 
moles m.oles 

= 0.200 + 0.400 + 
0.400 = 1.00 

Mole 0.200 10.400 0.400 Check tot a ( of 
fra.ctron ,,.00 = 0.200 

1.00 
= o.,oo 

1.00 
= 0.400 mole fract ~on s 

= , 
0.200 + 0.40B + 
0.400 = l .00 

Partial 0.200 P 0.400 P 0 .400 P 
pressure 

, p 1(N H3~2 ,o .400 p)i2 

Kp - IP [ N!2) p( H213 • [ 0 .20 0 P) (0.400PJ3 - 0.
172 

Ca nee llin g [0.400P]2 

'[0.400P)2 11 

- [ J[ ) = 0.1 72 '0.200P, 0.400P 1 (0. 200 PJ ( 0.400 P)i3 

1 = 0 .172i(0.200 Pl(0.400P] 

1 ~ o.o 1376P2 a,s 0.1' 72 x 0.200 x 0.400 - 0.011 376 ano P x P = P2 

2 1 
P - [0 .01376J 

P2 = 72.674 

P = "'72.674 ·= 8.52 kPa 

Again th~s can be checked by fi tli'ng tlhe total pressure [8.52 kPal into the 
equi:librium expresston and if you get the correct value f.o r Kw ·the va 'Lue of 
P is correct 

Changes in temperature and other factors 
• ~ is cons ta11t at a particular te1nperatur,e. 
• The equilibrium constant, JS, is affected by changes iI1 ten1perature> but 

it is not affected by changes in pressure, the presence of a catalyst or 
changes in concentration or an-iount of substances present in the nlixtur.e. 

• This is the same for all equiUbriu1n constants which are constant at a 
particular temperature and are not affected by changes in any other 
quantities. 
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Figure 4 .. 1 Thg Gq ui Lihr1i um between 
N 0 2 and iN 20 4 is s hown in cold and hot 
water baths. A chang:e in te·mperature 
shifts the equUibrium between the two 
spedes. When more N02 is produced. 
the gas inside the tube becomes 
darker. The KP value will change with 
tern peratu1re . 

• For the equiHbrium: 
N2(g) + 3H2(g) ~ 2Nli3(g) LlH = -92kJmol - 1 

Increasing the temperature v,1i.H favour the reverse reaction and the 
position of equilibrium "7i.U 1nove to the left This will decrease the 
partial pressure of NH3 an d the va]ue of .~ \Vill decrease. 

• Increasing the pressure ,vill favour the forwarol reaction and the 

position of equilibrium Vilill move to the right. This vvill have no effect 
on the v--alue of I(il? as loug as the ten'lperature reinains constant. 

• Adding more hydrogen to 'the mixture wiU increase the partial 
pressure of the hydr,ogen and it ,viU mov·e the position of equilibriu1n 
to tl1e right. It wHl have no effe,ct on the value of~ as long as the 
temperature remains constant. 

···································································~···················· 
: TEST YOURSELF 3 • • 
: 1 1.00 motes of PCL5 are allowed to reach equi1librhJm:. 
! ! PC l5[g] ? PC l3'[g 1 + Ct2 [g] 
I! I al At equi1lib riu m there are 0.400 mat of Cl2 present at 400 K. 

• • • : 
• • • • 
i 

: Ca lculate a vatue for the equitiibriu1m constant, f\p, w hen the totall 
i pressure on the syst em, is 1100 :kPa. State the units of KiP lit a ny)1. : 
• • : Give yo ur answer to 3 signrficant figures. : 
~ bl State the effec t. if any, of a r, ~ricrease in pressure on the value of KP. i 
: 2 1·n the fol lowfng eq uf lib ri um C02tg~ + H2[gi ~ CO(gl + H20 [g)' at a : 
; . 
: temperature of 373 1K and a pressure of 70 0 kPa11 th e amounts of i 
• • : each ga1s present at equ Hi brium. were 0.21 o mol of CO, 0.21 o m,ol of ; 
i H2o, 1.04 mol of C02 and 1.04 mol of H2. Calculate a va lue for KP and i 
; state its un its (if any). Give your answer to 3 sig1ntfi ca nt f1ig 1ures. 
~ 3 11n the equHibrium Ni20 4 lg] ~ 2N02(gL t he value of KP 1s 0.389 M Pa 
: at 350 K. The partial pressure of N02 at equHibriu ·m was found to be 
• • : 0.07DilM IPa. Calculate th e pa rtial pressure of N204 at equHibrium : 
• • : and the total pressure on the system . G,ve you r answer to 3 : 
• • : si1g niinca nt fi gures. : 
: .............................................. ................................................................. . 

Practice questions Value of KP Partial pressure of INO(g) 

1 y\71,jch one of the following could be u nits of 
J<p for the reaction sho,vn below? 

2NH3(g) + 302(g) ;:= N2(g) + 3H20(g) 

A 

B 

C 

D 

i1ncrease decrease 

fnc rease no change 

no change increase 

no change decrea s e 

KPa kPa1 

B kPa-1 D kPa -2 (1) 

l Which one of the following is correct when 
pressure is increased on the following 

equilibrium. at constant tempe1-ature? 

- For the e.,quilibrium b ]ow~ calculate a value for 
Kp if the partial pressure of the gases present at 
equilibrium are: 0 2 = lOOkPa; 502 == 240kPa 
and S03 = 5-00 kPa. Give your answer to 3 
significant figures . 

(1) 
CJ) 



II 

II 

4 2.00mol of A was mixed Vli:th 2.00moles 
of Band the mixture vtas allows:ed to reach 
equilibrium at S00°C. The equilibrium 
mixture was found to contain l .OOmole of A. 
Calculate a value for K . 

p 

2A(g) + B(g) ~ 3C(g) (3) 

5 Analysis of the equilibrium S)"Stem2 N2(g) + 
3H2(g) # 2NH3(g) show·ed 25.1 g of NH3 
12.Sg of H2 and 59 .6g of N2. Calculate a. value 
for ~ if the total pressure is 1. 32 x 105 Pa. 
Give your answer to 3 significant figures . (4) 

6 When hydrogen iodide is heated in a sealed 
container, it reacl1es equilibrium according to 
the equation: 

2H1(g) ~ H2(g) + I2(g) 

KP for this reaction a.t 7 00 K is O.0185 and 
p artial pressure of the hyclr,ogen iodide in the 
equilib1ium mixture is l .BOMPa. 1Calculate the 
partial pressures of the hydrogen and iodine in 
the equilibriu1n mixture. Give your answer to 
3 significant figures. (4) 

1 In the equilibrium 
CO(g) -t H20(g) # C02(g) 1-- H2(g), 
l .OOmol of carbon monoxide is mixed with 
1. 00 mol of ,;.vater vapour at 200 °C and 
400kPa pressur,e. The equilibrium constant) 
I~, > at 200°C is 0 .0625. Calculate the number 
ot 1noles of carbon tnonoxide present at 

equilibrium. (4) 

8 At 107 °C the reaction 
CO(g) + 2H2(g) ~ CH30H(g) 
reaches equilibrium under a pressure of 
1.59 MPa Viith 0.122 mol of ,CO; 0 .298 mol 
of H2 and O.SOOtnol of ,CH30H present in a 
vessel of volutne 1.04 dn13. 

Calculate Kc and ~ and state the units of both. 
Give both answers to 3 significant figures. (6) 

Stretch and challenge 
9 For the reaction) H2 (g) + l1(g) ~ 2HI(g)) 

2.00moL of hydrogen and 2.00mol of iodine 
are heate~d to 700K in a sealed vessel until 
equilibrium is attained at a pressure of 
lOOkPa. The va]ue of KP at 700K for rhis 
reaction is O. l 06. 

a) i) Write an expression for the equilibrium 
con s.iant> ~ · (1) 

ii) Calculate the number ,of 1noles of each 
gas present at equilibritun. (5) 

iii) Detennine the percentage of hydrogen 
vlhich reacted. (1) 

b) Using the same initial ru:n aunt in moles 1 

the equilibrium was re-established at 
l 00 kPa pressure and 400 K. The value 
,of~ at 400K is 0.01 11. Calculate the 
number of moles of hydrogen remaining 
at equilibriu1.n and he.nee the percentage of 
hydrogen ,vl1ich reacted. (4) 



Electrode potentials 
and cells 

•••111•••••••1111 ~•••PII 1••••••111•••••••r111••••••t&1,•••••••11 •••+••• 11•••••••11 1~•+T••1111••++T•,1w1 •++• • • 
i PRlOR KNOWLEDGE i 
• • • • • • ! • Oxid,a,tion state is the retative state of oxidation, or reduction of an 
• : element. • • : • Elements have an ox~dation state of O [zero):. 
• 
: • In com,pounds,, Group 11 elements have an oxidation state of+ 1. 
• 
: • In com,pounds~ Group 2 elements have a,n oxidation state of +2. . ' 

i • In cam pounds~ aluminium has an ox 1idation state of +3. 
• 

• • .. 
• • • • • • • • . -----
• • • • • • • • • ; 
; 
• .. ... i • ln a S'irmple bina1ry compound, tne m.ore electronegative element has 

I the negative ox,idatio 11 state. i 
i • Oxyg,en nas an ox idat ion state of -2 in all compounds except peroxides : 
• • 
: where its oxida1ti1on state is -1' and in the COimpound o rF2 w here its : 
• • : oxf dation state ,is +2. : • • • • 
: • Hydrogen has an oxidation state of+ 1 in au compounds except : 
• • 
: hyari des where its ox i1datro n state is -1 . : 
• • 
: • In com,pounds. d block and p block elements have var,iable oxidatiion 
• 
: state. • ,,. 

: • Oxidat1on is the loss of electrons or increase i'n oxidation state. 
• i • Equations snowing oxidatiion have +e- on the r ight-hand side, 
• i • Reduction rs the ga1n of electrons or the decrease ~n oxidation state. 
: • Equc3tions show ing reduction ha,ve +e- on the left ,hc3,ve s,ide. 
• 
: • The number of moles of electrons 1s equal to the change iri 
• 
: oxidation state. 
• 

.. ... 
• .. .. • : 
" ,ji .. 
• 
! .. .. .. 
• .. .. • • • • .. 
• • • • • : ............................................................................................................. ... 

1 Give the oxidat ion state of nitrogen in the following compounds 
a,n,d ions: 

• 
~ al NO b) NH3 i d) N2H4 el N3.-
~ 2 State the fu ll name of the foHowirig compounds: 
! al Na2S04 bi NH4N03 c'I N20 
• 
: d) K2CrD4 
• ! 3 For the following react,ions: 
i 'Reaction A: Mgi ~ Mg2+ + 2e-
! Reaction 8 : Ct2 + H20--+ HCl + HO Cl : 
: Reaction C: 8H I + H2501 .....+ 412 + 4H 20 + H2S 
• • • • • • • • • • • • • • • • • • • • • • • i 
• • 

Rei3ction D: NaCL+ H2S0~ ~ Nc3HS04 + Hil 
Reaction E: N03 + 4H+ + 3,e- ---+ NO+ 2H20 
al Which reacti,on shows only a reductjon reaction? 
b) Which reactl!on 1s not a redox reaction? 
c) Which reactron shows only an oxidation reaction? 

d) Which reacti,on snows the largest changes in ox~dat ion state? 

• • • • • • • • • • • • • • 
! • • ' i' I 
I 
I 

' • • 
= • 
' • • • • • • • • • • • • • • • • • : • i 
i 
iii 
t 

1 ................................... .................... .................................................... 111 



Redox reactions involve electron transfer. An electroche111ical ceH us,es 
electron transfer reactions to, produce electrical energy. Most batteries 
contain an eleclLrochemical cell and as such; t.hey are found in cameras, 
laptops) phones and even hybrid cars . Figure 5.1 shows a lemon being used 
as a cell which provides electrical curre11t sufficient to power a clock. 

o--~~~~~~-
R e do x equilibria 

Figure 5.1 The lemon ·is being ·used as 
an eiLectrotytic cell. the electrolyte heing 
citrk acid. Four electrodes- two copper 
and two zinc- are placed in the, lemon 
andl connected togiether. Zinc .atoms on 
the e lectrode are ox i,dised. los.ing two 
electrons per atom a nd dtssolving into 
solution. The electrons pass throug1h 
the wires to the copper electrode where 
they com1bine W 1ith hyd'rogen ions from1 
the ciitri c ;c id to Ube rate, hydrogen 9as. 
The movement of eLGctrons between 
electrodes forms the curren.t. 

\oVb,en a 1netal in dipped into a solution containing its sitnple ions, an 
e·quilibrium is established between the metal ions and the metal a.toms. This 
type of arrangement its called a half cell 

-Zn 

Zn2+ (aq) 

The zinc ions in the so~uti.on 
are in1 ·equiHbrium w ith the 
zi1n c atoms in the meta L 

Zn2+ (aq) + 2e- ., Zn {s) 

- Cu 

Cu2+ (aq) 

The copper .ions in ·the so I utro n 
a~e 1in equilibrium with the 
copper atoms in the meta'I. 

C u.2+ (aq) + 2e- ~Cu (s) 

It is in1possible to 1n.easure the equihbriutn in one half cell unless another 
half cell is connected to it. Tv-v~o half cells joined together create a cell. 

.An example of a cell is shown b low. 

w ire 

In any half cell,, the m1·eta l is the I I I I 
electrode but often the entire half 
cell is referred to as an electrode 
as in the standard! hydrogen 
electrode. Zn2+(aq} Cu?+ {aq,) 

The tw"o n1etals in ihe half cells are connected externally using a conducting 
,vire and the solutions are connected using a salt bridge. A salt bridge can 
be one. of two things: 

l a piece of filter paper soak cl in a solution of potassiu1n chloride or 
potassiutn nhra.te 

2 potassium chlo,ride dissolved in agar gel and set in a U-tube. 

The salt bridge has mobile ions that complete the circuit. Potassium 
chloride/potassium nitrate are use.d to ensure thal there is no precipitation 
as chlorides and nitrates are usually soluble. 
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Figure 5.2The photog raph shows a. 
zinc copper celt On the· r ight, copper ,is 
dipped in a copper sulfate solutton. and 
on the 'Left zinc is dipped ~n zinc sulfate. 
The zrnc has a lower affinrty for electrons 
than copper. and zinc from the zinc strip 
forms ions and electrons flow along the 
electri ca l wires and puU coppe r ions out 
of solut~on to form soliid copper on the· 
copper str,ip. The sa lt bridge is t1he white 
filter pap;r soa'ked in p,otc1.ss1um nitrate 
sot,ution. 

So Ud arrows raither than 
equ ilibr1iurm arrows are often 
used rn these electrode na lf 
equa,tions. 

N EGATOX 1 s a good way of 
remembering that the N EGactjve 
electrode is where OXidatiion 
occ 1urs. 

Ho,wev r, ·care should be taken with potassium chloride solution as chlo1i.de 
ions can react "rith some metal ions such as Cu2+ to form complexes such as 
'[CuCl4]2- . Potassium nitrate is better to use for the salt bridge for solutions 
in which the metal ion might fom1. a coinplex with the chloride ions. 

ln the complete cell above, an electrochemical reaction occurs that :is based 
on the equilib1ium for each electrode. If the circuit is connected for a \vhile 
and the mass of the metals rneasured before and after, the zinc would hav,e 
lost mass and the copper \.\rould have gained mass. 

Therefore the. reactions which are occurrLng are: 

Cu2+ + 2e-----+ Cu 

An electrode where oxidation occurs is caUed the negative electrode ,vhereas 
an ·electrode \\rhere reduction ,occurs is caUed the positive electrode. 

• In this cell. the zinc forms the negative electrode and th copper forms 
the positive electrode. 

• The electrons flow externally in the circuit from the zinc side to the 
copper si.de. The zinc atotns lose electrons and the electrons Row froin 
the zinc metal to the copper metal and die copper ions in the solution 
gain electrons to form copper. 

• Coppe1· forn1s on the copper elecn~ode and increases the mass and son1e 
of the zinc n1etal f onus zinc ions and this decreases the mass of the zinc 
electrode. 

• This circuit allows eiectro111S lo flo"''· 
• This shows us that the zinc is more Hke]y to1 form its ions than the 

copper. 
• In order to 1neasure this) a high -resistan ce ·olt1netcr is connected in the 

external circuit to measure the potential difference without allowing any 
electrons to flow in tl1e cfrcuit. This tnaintains the concentration of the 
ions in solution by not allowing any cu1rent to flo,v yet can still measure 
the pot,ential difference of the electrons trying t,o, flow. 

Zn,- sail:t b r.id g e Cu 

Zn2+(aq) C u2+ (aqi) 

The voltage measur,ed in this circuit i5 +l . lOV. This indicates the potential 
difference between the zinc half oell (or ,electrode) on the left and 1he 
copper h alf cell (or electrode) on the right. This does nol give a n1easure of 
the potential dif:ferenoe in one ha]f ceU. 



temperature c 298 K 

nydrog en gas at 
100 kPa pressure~ 

platinum \\lire _,__. 

plactinum foil covered - ­
in ,porous p1latin.um 

:['H+] ~ 1.00 mo'ldm-3 

Figure 5.3 Standard hydrogen 
e lectrode. 

Electrode potentials 
To meaStn-e 1he potential difference for a single half cell, a standard must be 
used to which aU other potenlial differences can be compa.re,d. This standard 
is the s landard hyclro(Tt::n e lectrode or s tandard hydrogen half cel1 . 

The- standard hydrogen electrode is an electi~ode consisting of hydTogen gas 
in contact with hydrogen ions) H\ on a platinun1. surface. 

Th e standard conditio,ns for this half cell (electrode) apply to all other h alf 
cells to ensur that they can be compared. All solutions should have an ion 
concentration of l .OOmol dm-3. All gases should be under 100 kPa pressure 
and the whole cell should be at 298 K. 

Measurin 1g standard electrode potentials 

hig,h resistance 
temperature~ 298 _K_-10 voltmeter 

A high~resistance voltmeter should be co1mected to the 
standard hydrogen ,electrode (half c,e.U) and the other electrode 
(half ceU) ,connect,ed to the volt1neter. A sah bridge vnll connect 
the t,·vo solutions. hydrogen at 

1 00 kPa pressure -.. 

platinum wire ----.-1 

pllati nu m fofl covered 
in porous platinum ---+--------

salt bridge 
+---zinc '[H•] = concentration of hydrogen ions~ [zn2+] = conc,entra.ti,on 

of Zn2+ ions. Both are measur,ed in moldm-J . 

[Zn 2+] ;= 1.00 mol dm-3 

When the s tan dard hydrogen electrode is usedl~ by convention) 
it 1nust be th1e negative electrode (anode) - i.e. an oxidation 
reaction must occur. This oxidation reaction is: 

Pta ti riu m, is often used ,n 
electrochem·ica l cells as i,t is a 
good conductor of electricity and 
it is 1inert. Porou s pla·tinu·m g,ives 
a :Larger surface area for reaction. 

The standard etectrode potent ia L 
can a Lso be called a standard 
red ox potential or standard 
red uct ion potential. It ,is 
represented by the sym,oo L E9

. 

H2(g)--+ 2H+(aq) + 2e-

This means that 1 by conv,ention1 a r duction occurs at the other half cell 
(electrode) connected 'to lhe standard hydroge.n lectrocle. All standard 
electrode p,otentials are written as reductions ancl the value is given for ihe 
reduction reaction. 

This means that the s tandard electrode potential for the zinc electrode is 
- 0. 76V. Electrons are trying to flow fro1n the zinc electrode to the hydrogen 
electrode and giving a negative electro de potential. 

The s lan l· rd J c t1 -..de r n ti al is defined ·as: the electrode potential 
of a standard electrode vrith ion concentration ,of l.OOmol dm-3 at 298 K 
connected t,o a standard hydrogen .electrode (l.OOmoldm-3 H• ions, 
lOOkPa H2 gas at 29:SK) using a high-resistance vohmeter and a salt bri,dge. 

Electrodes c1ontaining two ions 
If the standard electJ"ode potential of a reduction between two ions is to be 
measured> it is set up as follows: 

temperature Cl 29 8 K 

hydrogen gas at 
1 0 0 kPa pressure ......... 

p latinum wire ---

p lati nru m foj I 
covered j,n porous - ­
p lati nUim in porous 

[H+J c 1.00 mol dm-3 

h igih ,resi sta nee 
~oltmeter 

salt l 
--platinum 

,[Fe2+J c 1.00 mol dm-3 

[Fe3•] = 1.00 mol dm-3 
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For the right-hand electrode; the solution contains tvlo cliff rent iron ions, 
Fe2+ and Fe3•; both at a concentration of l mol dm-3. The equilibrium is 
establish ed bet\veen tl1em by using a platinum. electrode . 

Again the standard hydrogen electrode should , by conve11.tion, have an 
oxidation reaction occurrin g. h1 reality this time the oxidation reaction does 
occur a.t the s tandard hydrogen electrode. The valu.e on the high-resistance 
voltmeter is the actual standard ,electrode potential for the Fe3+ to F,e1+ 

reduction reaction. 

n1is means that the value for the reduction reaction on the tight-lund 
side is: 

Fe3+(aq) + e--+ Fe2+(aq) E& = +0.77V 

In this case the value sho~rn 0 11 the vohn1,ete:r in a practical setting is the 
san1e as the actual standard electrode potential for the reduction reaction in 
the tight-hand cell. 

·········••••t••········ ·············•••••;t••·······~································•••; t• 
TEST YOURSELF' 2 

• • • • • ~ . 
f 1 Grve two reasons why platinum is used as the co ntact 1r. a standard i 
i hydrogen e lee trod e. i 
f 2 State the condi t ions required far the standard hydrogen electrode . ! 
i 3 Draw a labelled diagram of the appara tus that cou ld be connected i 
~ I : : to a standard hyd rog,en electrod e 1n ord:er ta rmeasure the standard : 
i electrod e potential of th·e Cu2+i(aq), + 2e-~ Cu [s] electrode. i 
i 11n your diagram ~ show how this eilec trode is connected to the standard1 i 
• I i hydrogen electrode arid to a voltmeter. Do not draw the standard = 
.. .I : hydrogen e lee trod e. • . - . 
: State the cond'iition.s under which this cell should he operated to : 
~ . 
: measure trie standard electrode potentiaL : 
• • 
"' ............................................................................................................. lllllllli 

O ,___c_e_l L_c_o_n_v_e_n_t _i o_n_s_· a_n_d __ -e-Le_c_t-ro_m_ o_t i_v_e_f_o-rc_e_ 

(EMF) 
Convention 1.neans a lot in drawing a complete cell and in calculating 
standard electrode p otei-1.tials . 

When conn ecting any two electrodes and dnn,ving a diagrrun of the overall 
cell, tl1e oxidation electrode should be dravln on the left and the 1--eduction 
,electrode on the right. All cells drawn previously h ave be,en dra\vn like this. 

Obviously for the two, elec'lroc]es~ the oxidation and reduction reactions 
must be determined before the ceU is drawn. The standard electrode 
potential ,vith the more negative value will fonn the oxidation electrode. 

The mnre negative .electrode potential is the left-hand (oxidation) side of the .cell. 



PLE 
A cell is made from a Zn2+1Zn electrode and a Cu2+1 Cu etectrode. The 
values of the standard1 etectrode potent1a ls are : 

Zn2+[aq] + 2e- -4 Zri[s~ E9 ' = -0 .76V 

Cu2
'f- [a q] + 2e- ~ C u1{s~ E9 = +0.34 V 

Ca,lcuta,te the EMF of this cell. 

Answer 
Tlhe more negative standard electrode potent1al fs the zinc one, wh1cri 
m,eans it will form the lleft-hand etectrode and the copper one w iU form 
the right-hand electrode . Oxidation w1i ll occur at t'h e zinc etectrode a rid 
reduchon w ,ilt occur at the co pper electrode. 

salt br'lidge Cu 

II 11 

Zn2+ (aq) Cu2 ... (aq) 

The overall voltage measured on a ceU l~ke thi s is ca lled the electromotive 
fo,rce [EMF~. 1i=or this electrochemica1l reBction. the zi.nc being oxidised 
has a potentiat of +0.76V and the copper bei1r1g reduced has a potent ial of 
+0 .34 V so the EMF of thi1s cell is+ 1.1 DV. 

Zn ~ Zn2+ + le- +0.76 V 
Cu2++ 2e- ~Cu +0.34V 

Zn + Cu2+ =; Z,n2++ Cu +1 . 10 V 
I.__ _ _, 

This is the overa,111 ionic This is the EMF 
equation, for the complete of the cell 
ceJI (wvithout electrons) 

In real terms this ,means tnat when zinc is placed 111 a soluHon contarin1ng 
copper[1,,1I ,ions~ the zinc wi~l disp'lace the copper(1d ions to form zinc ions 
and copper. Zinc ls more react ive t ihan copper. 

Using an ammeter in a cell 
The l1igh-resistance vohmeter is only use,d to m easure the potential of a cell 
under standard conditions. O ften an ammeter can be used to show the llow 

of current in the cell and in particular to sho1,v the direction of electro11 flow 
in the cell. 
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, 11 nol und r tandard condition -
If an electr,ochemical cell is created. with tv...-o copper electrodes, the standard. 
electrode potential for Cu+ 2e--+ 1Cu would appear to be the satne on both 
sides) which ,vould give an overaU E1vlF of O.OOV. There should be no flow 

of current under standard conditions. 

However this only applies if all ,conditions are srandard. In the cell shown 
below the c,OTtcentration of CuS04(aq) on the left-hand side is greater than 
the concentration of the same solution on the right-hand side. 

C:opper -

11.00mol dm-3 

CuS04 (aq} 

salrt bridge Copper 

0. 20 mol dm-3 

CuS04 (aq) 

• The atnme ter allows current to flow. 
• As the concentration of C-u 2+ ions is greater on tl1e left-hand side~ 

Cu2+ + 2e- ---4 Cu occurs in preference on the left-hand side. 
• The left-hand electrode in. this diagran1 is the positive electrode. 
• The oxidation Cu~ Cu2+ + 2e- occurs at the right-hand lecu:,odle 

(anode) to provide electrons for fhe reduction on the left-hand side. 
• Electrons flow thro,ugh the ammeter from the right-hand side t,o the 

left-hand side. 
• In this cell rhe current would eventually fall to .zero once the 

conce11trarions of tJ1e solutions were equal. 

o~~~~~~~-
R e do x reactions and feasibility 
of reactions 
Redox potentia]s are al\vays gi,i,r.en as reduction rcactio,ns (always Vvith gain 
of electrons) and the feasibiU.t:Y' of the reaction is given by the standard 
electrode potenlial. The 1nore positive the electrode potential the more 
feasible is the reduction reaction . 

Redox reactions consist of two pans. 

1 an oxidation (which is a standard reduction reaction reversed) and 

2 a reduction. 

The total of the standard electrode potentials gives lhe overall feasibility of 
'the redo,x reaction. This value is caUedl the EMF (electromotive force) of the 
re~ction. lf the EMF is positive) ihen the redox reaction. is feasible and if it is 

negative then it is not feasible. 

The table below gives the standard electrode potentials of some of the 1nost 

con1.monly used half equations. 
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F2 '(g! + 2s- __. 2F-[a,qJ +2.87 --
Cl2fg] + 2~--+2Cl(aq) +1.36 

j • • 

Br2[l) + 2e--+2Br[aq] +1 .07 !A. Ul 
,;.,,., d C Fe3+(aq) + e--+Fe2+!aql -t-0 .7 7 ci, ::, 
01 u:l 
ftD 12(sJ + 2e-~21-iaq1J +0.54 ...., 
en m 
C Cu2+(aql + 2e- -4cu,ls) +0.34 

a. 
......... C: 
. ~ CL 
:.2 Sn4+~aQ) + 2e--+ Sn2+1(aq] +0.14 ::, 
)( (,Q 

0 2H·laQ:! + 2e---+ H2,(gl 0.00 DJ 
~ le 
C Pb2+[aq} + 2e- _. Pb[s]' - 0.13 

i!D 

e a .... 
F e2~(;,q] + 2e·-......, Fe~s) 

In 
(I.I - 0.44. I, 

Zn2+(aq l + 2e-~zn[sJ -0.76 
K+~aq) + e- -+ K1[s] ---2.93 

Li+[aq I + e-~ Li (s] -3.05 

Fluorine n1ost easily undergoes reduction to fluoride ions hence fluorine its 
the stronges't ,oxidising agent (or oxidant) . 

lithium ions u+·, are most resistant to reduction. As the reverse :reaction 
(oxidation) has a high positive value this mean-5 that lithium metal is the 
most easily oxidised and so is the strongest reducing agenl (reductan.t). 

The overall EMF of a redox reaction can be calculated using the standard 
electrode potentials. 

In the reaction between chlorine and potassium, 
bromide so lut~on~ the eq 1uation for the reaction is: 

EMF for the reaction • + 11.36 + [-1 .07) - +0 .29V 

This wo 1u ld ind; cate that the red ox react !ion : 
2KBr + Cl2 ~ 2KC l + 1Br2 

The potassrum ion . K+. is the spectator ton and can 
be d~sregard,ed as ft does not take part rn the redox 
reaction ~ befng the same at t'he beginning as at the 
end . Wi th: th1s ion: removed. the equat~on is now an 
ionic equati,on: 

2Br + Cl2--r 2Ct- + Br2 

Note that this cons ists of mo ,half equations: 

2Br- ~ Br2 + 2e­

and 

Lo ss of electrons= oxidatiion 

Cl2 + 2e-~ 2cl- Gain o'f electrons= reductrori 

The standard electrode potentrals for t'hese reactions 
are given below: 

£& value for Br2 + 2e-~ 2Br + 1.07V 

However these are .both reductions and the second: 
must lbe reversed to form an oxi:dation step . The EMF is 
the tot.al of the standard electrode poteritia ls wheri the 
sig·n of one ha,s been chang·ed to ma·ke it an oxidatron 
reaction. 

2B·r + Cl2 ~ 2Cl- + Br2 

is f eas,tJte and does occur. 

However rri the foUowing react1on: 

2cl- + Br2 _,, 2Br + Cl2 

The half equations and standard electrode potentials 
fo r th,ese reacttons are g,iven below: 

E.9 va lue for Cl2 + 2e---+ 2ct- + 1.36 V 

Ee-value fair Br2 + 2e-~ 2Br + 1.07V 

The top haU equation must be reversed to make ~tan 
oxidatfon. 

EMF of the red ox rea cti,on ,s 1.07 - ( + 1.3 6] 
- 0.29V 

Tti,i s woiuld indi cate that the red ox reaction; 

2 C t- + B r 2 --t 2 B r + C l2 

rs not feasible and does not occur. 
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However it is best often to work 
ou t wh i·ch electrode is u nd ergoingi 
ox idaUon and change the s,gn cf 
the standard electrode potenti,at 
and add it to the standard electrode 
potentia. l for the electr,ode 
undergoing rediuction . Thi,s wiU 
also give tne EMF of the cell. 

Conventional cell representation 
(cell notation] 
It would be cun1bersome lo have to draw a full cell diagram every tin1e to 
represent the electrodes. 

A simple representation of a cell can be used. The rules for writing 
conventional ceU representations are: 

1 Th oxidation ,electrode is placed ,on the left v\li th the components in 
order of being oxidised; e.g. Zn(s) first then Zn2-+-(aq) . 

2 The reduction electrode is written on the right with the cotnponenl in 

order of being reduced) e.g. Cu2+(a.q) then Cu(s) . 

3 A double vertical line (ID is used between the two electrodes to represent 
the salt bridge. 

4 Single vertical lines are used between con1ponents in an electrod,e 
t,o represent a phase b oundary (difference. in physical state), e.g. 
Cu2+(aq)ICu(s). 

5 If Pt is used as~ contact i.n an electrode for gas/ions in solution or two ions 
in solution it ~hould be placed at the extreme left of the left-hand electrode 
and the extre1ne rigl1t of the right-hand electrode. Phase boundary lines 
1nay also be used to sepa1ate it fron1 other con1ponents of the electrode. 

6 Con1n1as are used to separate co1npon.ents in an electrode ,vhich are in 
the smne phas,e1 e.g. Fe3+(aq), Fe2• (aq). 

The cell notation for the zinc copper cell is shovi.~ below . 

The s,ingl~ ve·rtical line Tn@ sing,le vertica l 
rep resents a phase Iii n:e rep,res en ts a 
b OU nd ary p nase b OtJ nda ry 

I I 
Zn{s)IZn2+ (aq)UCu2+ (aq)11Cu(s} EMF = + 1.10 V 

n2+ + le-

n reaction 

Zn ,z 
Ox.idatio 
in left e lectrode 

.. 
Cu2+ -+- 2€!"" Cu 

ti on reaction 
t el1ect:rode 

Reduc 
in righ 

The double vertkal li1nes 
rep rise nt t he sa'lt b ri:d ge 

The single venical lines are important between the components of an 
elect1ude . As the zinc is a solid and the zn2+ ions are aqueous~ there should 
be a vertical phase boundary line bet,veen them. 

The EMF of this type of arrange111ent can be detemiined from tl1e standa1·d 

electrode potentials using an expression which is: 

EMF= E9RH5 - p;LHS (RHS = right-hand side; LHS = left-hand side) 

This means that the standaTd electrode potential of the right-hand electrode 

minus the standard electrode potential of the left-hand electrode is equal to 

the EME 

The n1inus takes into account that then! is an oxidation occurring at the 
leh~hand electrode. 

lt can also be written: 

Eh1F ·= E?reduction reaction) - EfOltidation reaction) 



Figure 5.4 A platinum electrode 
fsquar-e, Lower ce ntre] in a solution 
of iron 111) E1ind i roin[111] ions. The iron (111] 
~ons are be·i ng reduced to iron(11) ions, 
ga,in i rig an electron i.n the process. 
The electron movements are powered 
by the ox~dat,ion of hydrogen in the 
s,maller tube seen inside the Larger 
tube. H:ydrog en gias is adsorbe,d 
on,to t'he platinum co il and loses two 
electrons to form two hydrogen ions 
i1n thi,e surrounding water. A platinum­
hydrogen elect rode is the standard 
used to mea sure redox potentials of 
~ons. In thi s case the i ron(m) to i ron(n) 
red ox potentlat is +0.77V. 

l'f a reaction is determ1tned to be 
feasible as it has a positive EMF; 
tilts ooes not mean that H wilt 
happen. The activation energy 
imay be so hrgh as to prevent it 
rea ctrng at any a1p p rec ia b Le rate 
under standard conditronis; 

If a standard hydrogen elect··ode is used in the celll it should be ·On the left 
as it should ah,vays be the oxidation electrode (by conve11tion), for example: 

EMF = -0.76V 

The p.Jatinum contact in the electrode 1nust b e included. For the left-hand 
electrode, Pt is placed before rhe comp on ent and again a phase boun dary ( I) 

is in place. The phase b oundaries are a1s·o in p lace between the con1ponents 
of the electrodes. 

The same is true of a solution c:.ontaining two ions such as the Fe3"'"1Fe2+ 

electrode~ for example : 

E1vtF = +O. 77V 

ln this exrun ple both ,electrodes have a platinum contact. The stan dard 
hydrogen electrode is again always 0 11 the left-hand side. 

The Pt is placed at the end o,f the reduction si de (right-hand side) and again 
a phase boundary (I) is in place. 

As both Fe1+ and Fe2+ are in the same phase on the right,, phase boundary 
line is n ot used bui a co1nma instead. 

A comma sh ould be use d. between compon en ts of an electrode. that are in 

the same phase. 

Constnlcting a n onnal cell from two ,electrodes: 

Zn2+(aq) + 2e- ~ Zn(s) 

Mg2+(aq) + 2e-~ Mg(s) 

E9 = -0.76 V 

~= -2.37 V 

The more negative stan dard electrode potential is for magnesium so this 
b-eco1nes the left~hand electrod e. 

Mg(s) I M gl+(aq)ll zn2+(aq) lZn(s) 

The overall EMF is: 

ERHs - ELHS = -0. 76 - (-2 .37) = + l .61 V 

or 

Mg~ Mg2+ + le- +2.37V 

- 0.76V 

Mg + zn.2+ ~ Mg2+ + Zn EMF= +l .61 V 

In real l -rms, this means that when magnesium is placed in a solution 
containi11g zinc ions, the magne.sium v...i.ll displace the zinc ions to fonn 
m agnesiun1 ions and zinc. Magnesium is m ore reactive than zinc. 

This allows. us to cr,eate a rcac tiYitr ~ cries: magnesium is more reactive 
than zinc, which is more reactive than copper. 

Remember: a positive EMF value for a cell indicates that a Teacdon given by 
the ,overall cell equation is feasible. A negative EMF value for a ceU indicates 
that a reaction given by the overall cell equation is not feasible . 
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Which one of th e foHowing species wiH oxidise iron(II) 
to rron(m) in aqueous solution. 

Fe3"+(aq) + e- -4 Fe2+f aqi E9' = +O. 77V 

~odine 
chlorine 
copperhd ions 

l nickeUni i,ons 
Answer 

112 + 2e- -+ 21-
Cl2 + 2e- ~ 2CL­
Cu2+ + 2e- ~ Cu 
IN i2+ + 2e- __.. Ni 

+0.54V 
+1 .36 V 
+0.34 V 
-0.25 V 

For thfs question. the ironi11) f ons are to lbe ox idised to 
1ra.n[1nJ :ions so this must be the teft-hand electrode. 
The EM1F wiU then he calculated, for each of the 
substances in A to D. 

For A: Fe2+ I Fe3+'1 I 12 11 21-
EM1F - +0.54 - [+0. 77~ - - 0.23 V 

T1his is not feas ible - iodi n1e wiilll not ox,idise iron(11I ions 
to iron I 111)1 ions 

The table below shows some sta,ndard electrode 
potential data . 

AL 3+ [aq)1 + 3e- -+ Ail[sl - l .66 

Zn·2+laq] + 2e- ~ Znr[s] -0. 76 

Fe2+{a, , ] + 2e- ~ F e[s] -0.44 

Ni2•[a,q] + 2e--+ Ni[sJ - 0.25 
2H+(aq] + 2e--+ Hdgl 0.00 
C'u2·iaql + 2e- ~ Cui{sj + 0.34 

Which spec1es in the table obove is the stro ng.est 
reduci,ng agent? Explain your answer. 

2 Use the data 1n the table to deduce the equation 
for the overaH cell react,ion of a ce ll wh lch has an 
EMF of +0.50V. 
Give the conventional ce ll representation for thi s 
ceH. 
I den tify the negative electrode. 

A co nventional cell representation rs shown below~ 
C r,(sl IC r3+1(a q) 11 Cu2+f a q) I Culs)1 

For B: Fe2+'1 Fe3+1 IC l2 I 2C t-
EM'F = + 1 .36 - l +0. 77) = +D. 59V 

Thi s is feasibte- chlorine wil l oxidi1se rron luJ j,ons to 
iron I 111) i10 ns 

For C: Fe2""1 Fe3+111 Cu2+ I Cu 
E1M1F - +0.34 - [+0. 77] - - 0.43V 

This ~s riot feasible - copper (11) ions wi ll not ox1idise 
i1rrnnl11) 1ions to ironlml ions 

For D: Fe2+11Fe3+1 INi 2+ I Ni 
EIM F = - 0.25 - [ +O. 77j = - l .02V 

Thrs i,s inot feasible - nrcke!ll 11 ] rons will not oxidise 
iron l 11 ] ~ons to ironluil ions. 

Hence chlori11e will ox~di se iron1111:, ions to iron{111i i1ons. 

The EMF of this cell is +1 .08V. Use the d'ata i1n th,e 
table above to calcula te a vailue for the standard 
electrode potentJa l of the chromium electrode . 

Answer 
1 The strongest reducing agent is most easHy 

oxidised. 
M,g---+ M1g2+ + 2e-woutd have the ,most posrtirve 
va tu e. 
Mg is the strongest reducrng agent 

2 Zn ~ Zn2+ + 2e-
V2+ + 2e---+ V 

overall equat,ion: Zn + v 2+ --i' zn2+ + V 
The z1nc and vanad[u,m redox potentfa ls show a 
difference of D.50 between the values~ -0. 76 V arid 
-0.26 V. When the zi,nc fs reversed it g1ves +O. 76 V 
and -0.26 V i,s added to gi1ve +0.50 V. 

Zn ,1Zn2+1 IV2+1v 
The negative electrode is where an ox idation 
occurs. The negative etectrode is t'h e z~nc 
electrode. 

C u2+1 Cu +0.34 V 
Crj,Cr3+ +xV 
= EMF =+1.08V 
x = 1. DB - D. 34 = +O. 7 4 V 
This is for the ,oxJdation reaction [Cr -4 Cr3:+ + 3e- J 
Standard electrode potentfal for Cr3+ + 3e-~ Cr = 

-0.74 V 



The table below shows somie standard. electrode 
poteritiial data . 

Reaction Electrode half equation E9 /V 
11 

2 

3 
4, 

5 

o 2 [ g l + 4 H + ( a q )1 + 4 e-~ 2 H 2 a [ Ll +1'.23 

02[gl + 2H"''(aq] + 2e,- ~ H,02[aq] +0.68 
02(g) + 2H201(L) + 49- ~ 40H- [a,q) +0;40 
Br2[l] + 2e- _, 2Br- '(aq) +1.07 

Ag•(e1q
1

) + ~- ~ Ag,(sJ +0.80 

A snlution of hydrogen brom,ide reacts with 
oxygen gas. 
Deter,mine the overall equat~on for the react jon 
w hich occurs and catculate the EtMF of thi,s reaction 
us,ng reaction s 1 and 4 aoove. 

_ Deter,mine the overall react,ion when a solution 
conta ining silver[!) i.ons are added to hydrogen 
perox ide solu trion. Cailcutate the EMF of th·is 
rea ctio ri . 

3 Using the standard electrode potentiols, explain 
why silver reacts w1th bromine. 
ldentHy the negative electrode , 

Answers 
1 React 1ion 1: 0 2 + 4H+ + 4e- --t 2H 20 E9= + 1.23 V 

Reaction 4: Br2 + 2e-~ 2Br f9· = + 1.07 V 
Reve rse rea et ion 4 and x2 
0 2 + 4H+ + 4e- ---;, 2 1H20 
48, ~ 2Br2 + 4e-
Overa ll equa:tron [s : 
4H+ + 4.Sr- + 02 ~ 2H20 + 2Br2 
The eq ueiti on mii3y d lso be written: 4HBr + 02 ~ 

2H20 + 2Br2 
EM F = + 1 . 2 3 - 1 . 0 7 = +0 .1 6 V 
02 + 2 H+ + 2e- --t H20 2 E0 = +O .68V 
Ag++ e- --t Ag, E0 = +O.BOV 
Reve rse f1irst eq u1ation and second equat ion x2 
H202 --;lo 02 + 2 H+ + 2e-
2Ag+ + 2·e- --+ 2A g 
Overa ll equa ti1on rs: 
H2D2 + 2Ag+ ~ 02 + 2Ag + 2H"" 
EMF = +0.80 - 0.68 = +O. 1, 2V 
~ E9 (Br21 Br-J>E9 ·[Ag+IAg] 

Neg atfve etectrode 1s where oxidation occurs. Ag 
is oxidised! to Ag+/sitver electrode is t he negative 
etectrade 
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1 A cell 1s set up using the f0Uow1ir1g two electrodes: 
Fe3+[aq) + e- -4 Fe2+ = ~aq] E9 = +D. 77V 
zn2+1(aq) + 2e-----+ Zn(sJ ~ = -0.76V 

al Calculate the EMF of the overall ceU. 
b) Wh,i1chi electrode forms th,e positive etectrode? 
cJ Wrjte ain overall equat:ion for the ceH react~on. 
d) Write the conventional representati,on ·for the 

cell using pla,ti1r1 um conta cts for the Fe3+ 1: Fe2 .. 
electrode. 

2 A co nventional representat,ori of a cell Ts shown 
below : 
Fet[s}I Fe2+ (aq]l 1Cu2+ [aq] 1·cu,[s) 
al Wr,ite an equati1ori to r epresent the oxidation 

react~on in thi s ce ll. 
b) Write an equation to represent the reduction 

reaction in this ce ll. 
cJ WrH·e an overoll equatiion for th e ceH reactiion. 
d) Th e EMF of this ce ll ls +0.78V. The half equat ion 

Fe2+(a q) + 2e- --t Fe:(s]1 has a s ta nda rd ete et rode 
potential of - 0.44 V. Oeter·mine th e standard 
etec trode potenUal of the copper electrode. 

3 Tt,e table below shows some redox ha'lf equations 
wi1th tlhei r standard electrode potentials. 

Half equation 

Zn2-+'(aq] + 2e- ~ Zn(s] 

02[g): + 4H+{a,q] + 4e----+ 2H20,(il], 

C'L2[g) + 2e- --t- 2C L- [aq,) 

.£z!:gJi + 2e·- ~ 2 F- ~aq.) 

E9 /V 

-0.76 
+1 .23, 

+1 .36 

+2.87 

• • • • • • • • • • • • • • • • Ii 

• 
' • • • ' I 
I 

i 
i 
II 

al Na:me the strongest reduc~ng, agent from the ; 
table above. : 

• 
b) In terms of electrons~ state what happens to a i 

• reduci n·g agent 1n a redox reaction. : 
• cJ Fluor ine reacts with water~ ox1dis1ng the oxygen : 
• 

in water to oxygen. : 
f 

U Use daita from the table to exptain why ; 
fluorine rea cts with water. i 

i 
iii Wrrte an equatiion for the reaction wh ich i 

• occurs. : • 
d) Zinc reacts with c.hlor~ne. 

• • • • • iJ Wri,te a co nvent~onal ceH representat ion for j 
the reaction whi·ch occurs. : 

• 
ii I Ca lcu Late the E'M' F of this cell . : • • • • • i 

I 
I • i 
I 
I 
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REQUIRED PRACTICAL 8 
Does the concentration of silver ions in 
a solution affect the electrode potential 
of a cell? 
A sHver eh lo ride electrode 1 s a ty fJe of referen ce 
electrode commonly used in electrochemical 
m eas u re,me nts. For exam p te~ it is ursua lly tne i,nterr;ia l 
reference electrode in pH meters. SHver c:htoride 
etectrodes are also used in electrocard'iogra p'hy 
[ECG,}i. 

l!n a laboratory exper1ment a silver cel'L w as set up as 
shown in the diagram below. 

si'lver ­
metal 

beaker A 

salt bri'dge - silver 
metal 

beaker 13 

T'he concentra,tion of silver ions in the sotutjon in 
bea,ker B was changed and the electrode po,tentiail 
record1ed j,n the table below . 

[Ag•] in beaker [Ag·t-] in beaker Electrode 
A /mol dm-3 B/moldm-3 Log[Ag+] 8 potential/V 

0.1 0.00001 -0.200 

0.1 0.0001 -0.150 

0.1 0.001 -0.100 

0.1 0.01 -0.050 
0.1 0.1 0.000 
~ 

1 Why is a salt brid,ge necessary in this experiment? 
2 Sugg,est how the sa lt bridg:e. may be made. 

3 Exp la .in why there is a zero voltage if tne solutions 
in both beakers are i denti,caL 

I+ Why is a hlgh-resiistance voltmeter used jn thi s 
ex perf m,ent? 

Complete th e table by catcutatin,g values for 
log[Ag+] 8 and ttlen plot a gir aph of Log [Ag+]8 
[x axis] against etectrode potentially axis]. 
W,hy is a tog scale usefu'L in thrs case? 
How could you use thi ;, experi ,ment to determine 
th,e si lver ~o n concentration of an unknown 
so lut,ion? 

Figure 5.5 Ele·ctrocard~o,gram (ECG} electrodes 
p lac·ed on a pedant's leg. The e tectrodes me a,su re the 
electrica l act,ivi ty of the· heart and are also placed on 
the chest and arm·s. The electrodes are sHve,,r/sHver 
chloride sensors 'made by ·Coa tin g a thin Layer of silver 
on plast:ic. a1nd the outer tayer is converted to s ilver 
ch loride. 

Further fnformat ion on plotting a 
logi g,rapn is given on page 320 1n 
the m,athem,at ics for chemistry 
chapter. 

. 
l 
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of electrochemical cells 
Electrochemical cells can be used as commercial source of electrical energy. 
They are c,omn1only ca.Ued cells or batt,eries. The electron1otive fon:.e of the 
electroche1n:ical ,cell is the voltage ,of the cell or bauery. The t\Vo electrodes 
cotnbine to produce the voltage. Some cells are non-rechargeable and 
others are rechargeable. 



porous sep a ra·to r 

zinc 

A typ~ca l no n- recha rgea ble cell 

Try wor'k,in,g out this overa ll 
equati,o r, fro:m th e ox 1dat'icrn and 
reduction rea cti ons occurring in 
the cell. 

Primary cells are a£ en referred to as single-use or disposable. The mat rials 
in the cell cannot be regenerated by recharging. Some e~a.mpl.es include 
alkaline cells which are commonly used. in torches. Secondary ,cells are 
able lo be recharged and lhe original reage-nts in the cell regenerated by 
recharging. These include the lead-acid batteries used in cars and the 
rechargeable lithiu1n ion and nickel metal hyd1ide cells used in m any 

electronic devices such as n1obile phones. 

Non-rechargeable cells 
Comn1on exa1nples o.f non-rechargeable ceUs include alkaline batteries and 
dry cells. These are caUe,d primary cells which can only be used once and 
then discarded. 

n1,e diagnnn show-rs a non-rechargeable cell. 

U1e p orous s·eparator allo\vs ions to pass through i t. The carbon rod is 

n1ade of graphite as i t conducts electricity and allow~ the 111ov·en1,ent of 
the electrons through it. The zinc is used as a container for the cell but the 
c 11 le· ks after being used for a long tim·e as ·the zinc is used up. The zinc 
becomes compromised and the contents may leak o·ut of the cell. 

At the negative electrode, oxidation occurs: 

Zn(s) ~ Zn24-(aq) + 2e-

At the positive electrode, reduction occurs: 

Mn02(s) --r H 20(l) -r e- -+ MnO(OH)(s) -r OH-(aq) 

The standard electrode potentials for the reduction reactions are given as: 

Mn02(s) + H 20(l) + e-~ MnO (OH)(s) + ,QH-(aq) 

Zn2+(aq) + 2e- -+ Zn(s) 

The overall EMF of this cell is: +0.74 + 0.76 = I .SOY. 

This is the voltage provided by this cell. 

E9 ~ +0.74V 

F_& .=: ·-0.76 V 

The oxidation stat of the zinc in ·che oxidation rea.cdon changes from 0 
in Zn to +2 in Zn2+. The mang,ne:se is reduced from +4 in Mn02 to +3 in 
MnQ(,QH). 

The overall reaction ,vben the ceU discharges is: 
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As Ag20 and Ag are 1in th,e same 
state, they sihoutd be separated 
by a co mma rather than a phase 
tine 11,]. ~f state symbols a re 
requ i1red. t he answ er would be 
Znls.Ji'1Zn2+ !dq ) I ~Ag20[sL Ag[gl . 

Non-rec~argiea·ble cells ca nnot 
be recharg ed as the reaction that 
occurs is not reversible. 

The zin c-s ilver(1) oxi1de cetl is non-rechargeable . It may be used as a 
source of electrica t eriergy. 

Usirig the followi1ng starida rd electrode potentials: 

zn2~ (aqJ ·+ 2e-~ Zn,(s) E9 :: - 0 .76 V 

Ag 20(s] + 2H+ (a ql + 2e- ~ 2A9(sl + H20H) ~ - +0.34V 

1 Wrtte the ce ll notati on of the cell used to represent th e zinc-silve r(t) 
ox ide ceH. 

~ Which half equation forms tihe negat ive elect rode of this cel l? 
Calculate th e EMF of this ceH. 
Write an overa tl equation occLnT fing when th is cell ts di scharg- ing . 

Answers 
Zn I zn2+ 111 Ag20 , Agi 

' The negative electrode is where oxidation occurs. The nieg1ative 
electrode is the zinc electrode as zinc is ox id1ised. 
EMF=+ tl 34 + tJ .76 = 11.1: DV 
Zn[s~ ~ Zn2+ !(aq J + 2e-
Ag20[s] + 2H+ [aql + 2e---+ 2Agi,{sJ + H20H] 
Combining th ese: 
Zn (s] + Ag20 [s} + 2 H + !aq l ~ Zn2+ [aq] + 2Ag (s] + H20 i(t) 

Rechargeable cells 
Rechargeable cells (often called secondary ceUs) can be u sed many lim es. 
There are many types of these such as the nickel-cadmium ceU an d the 
lithiun1 ion cell. 

NickeI-cad1niun1 cell 
In this cell the standard electrode p ,otentials are: 

Cd(OH)2(s) + 2e- ~ Cd(s) + 20H-(aq) .E6 = -0.88V 

Ni,Q(OH)(s) + H20(l) + e= ~ · Ni(01H) 2(s) + OH-(aq) £9' ;: +0.52\ 7 

For the cell to work , the Ni is reduced &01n +3 in NiO(OH)2 to +2 in 
Ni(OH)2 and the Cd is oxidised from. 0 in Cd to +2 in Cd(OH)2. This gives 
a positive EMF for this cell. The EMF is +0.52 + 0 .88 = -t l . 40 V. 

At th e negative electrode~ oxidation occurs: 

Cd(s) + 2QH-(aq) ~ Cd(OH)2(s) + 2e-

At th e p ositive electrode; reduction occurs: 



The rea cti,o n1 that re charg es 
a rechargeable cell is the 
reverse of the rea ctfo n w tlJch 
drscharges it 

The overall reaction occurring when the ·cell is discharged is: 

Cd(s) + 2NiO(OH)(s) + 2HiO(l) ......+ Cd.(O,H)2(s) + 2Ni(OH)2 (s) 

\Vhen the cell is Techarged the reactio11 above is reversed to regenerate rhe 
reagents: 

Cd(OH)2 (s) + 2Ni(OH)2 (s) ---+ Cd(s) + 2Ni:O(OH)(s) + 2H20(l) 

Rechargeable cells are more environn1entally advantageous as they ca.n be 
reused and prevent \vaste. Supplies of the metal and other reagents are not 
depleted as quickly and less energy is us·ed to extract metals. 

Lead-acid ceU 
The lead-acid ceU is the ceU used in cars and other vehicles. lt is recl1arged 
as the vehicle 1noves. Sulfuric acid is used to provide the acid in these types 
of battery. 

The hall equations for the reaction are: 

PbS04(s) + H+(aq) + 2e- -+ Pb(s) + HSO~(aq) 

At the negative electrode) oxidation occurs: 

Pb(s) + HSO~(aq) ~ PbS04(s) + H+(aq) + 2e­

At the positive electrode, reduction occurs: 

E8 = -0.46V 

Pb02(s) + 3H4taq) + HS04(aq) + 2,e.- --+ PbS04(s) + 2H20(l) 

The overall reaction occurring ·,;.vhen the cell is discharged is: 

Pb02(s) + 2H+(aq) + 2HS0,4(aq) + Pb(s) ~ 2PbS,Q4(s) + 2H200) 

vVhen die cell is recharged the reaction above is r,eversed to regenerate the 
reagents: 

2Pb504 (s) + 2H20(1) ~ Pb02 (s) + 2H+(aq) + 2Hso; (aq) + Pb(s) 

At the negative ele·ctrode, Pb is oxidised fro,m O in Pb to +2 in Pb504. 

At the positive electrode.) Pb is reduced fTom +4 in Pb02 to +2 in PbS04. 

The formation of lead(n) sulfate can be a problem if a lead-acid cell is 
discharged for long periods of time. The insoluble lead(u) sulfate build up 
in the cell and die cell cannot be recharged. 

Lithiun1 ion c 11 
Rechargeable lithium ion ceHs are rechargeable and often used t,o- provide 
electrical energy for cameras, laptops; tablets and mobile phones. 

The positive electrode (cathode) in the cell is represented by the half 
-equation: 

reduction 

The negative electrode (anode) is represented by the half equation: 

oxidation 
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!Remember to use NEGATOX ta 
identify the neg,at1ve electrode 
as th e electrode at w h,1ch a n 
oxidation occurs. 

The overall cell may be ,mitten as: 

Li 1 Li ""l ]Li~, Co02 lli Co02 I Pt 

The overall reaction is found by combining the half equations: 

Li + ,Co02 -4 Li~-[ Co02]1-

At the negative electrode, lithium is being oxidised from O in Li to -r 1 in Li+. 

At the positive electrode ,cobalt is being reduced from +4 oxidation state in 
C,o02 to +3 oxidation state i1:1. Li:Co02. 

The reactants in this ele,ctroche1.nical cell are absorbed into graphite po\\1der 
which acts as a support 1n ediu1n. The ions are able. to react in this support 
m.edium without the need for a solvent such as water. Water could not be 
us,ed as it reacts \vi th li thiu1n. 

Fuel cells 
• A fuel cell is an electrical ceU ~·hich converts the che1nical energy of a 

redox reaction into electrical energ}r. The cell will continue to function as 
long a:; the fuel and o:xygen are supplied to it. 

• The most con1mo11 fuel ceHs us,e hydrogen or ethanol as the fue] tl-1ough 
hydrocarbons niay also be used. 

• Oxidation occurs at thee anode and the electrons released n-avel th1~ough a 

\vire and into the external chtuit. 
• The central ,electrolyte allo,;,vs ions and n1olecules to rnove through it 

but not electrons. The ions react with another substance and this is the 
reduclion reaction vlhich takes electrons from the external c ircuit. 

• The ,oxidation andl reducti.011 r,eactions an? both catalysed . 

Hydrogen fuel cell 
The hydrogen fuel call can operate in acidic or alkaline conditions. In 
the acidic hydrogen fuel cell this oxidation is th.e reverse of the fol101rving 
standard electrode potential: 

E6 = O.OOV 

The oxidation reaction at the negative electrode (anode) is: 

The reduction reaction at the positive electrode (cathode) is: 

The overall reaction is: 

2H2(g) + 0 1

2(g) ~ 2H20(l) EMF;;; +1.23 V. 

The cell notation for a hydrogen fuel cell operating in acidic conditions is: 



Electric c,urrent flowing 
in external circuit 

H2 in Air in 

c:::::;>,- e-

i 
H+ 

e-

<::::;I 

H20 

Unused 
gases 

1H20 out 

~ 

Anode El . I· Cathode ectrro yte 

Hydrogen fu-el ce'll in acidic 
cond 11iti,ons 

The overa ll react1on 1s the same 
so the EMF i1s t he same for both 
the a c:idi c hydrogen fuel cel l an d1 

the alkaline hyci rog en fuel cell. 

The diagram ·on the left shoVv-s these processes: 

In 'lhe alkaline hydrogen tiJ-el celL the oxidation. reaction at the anode is the 
reverse of the following 5l.andard electrode potential: 

The oxidation reaction at the negative electrode (anode) is: 

The reduction reaction at the positive electrode (cathode) is: 

The overall reaction is: 

The conventional cell repres·entation for a l1ydrogen fuel ceH operating in 
alkaline conditions is: 

Commercial alkaline hydrogen fuel cells use platin.u1n electrodes in oontact 
vtith concentrated aqu eous hydrogen hydroxide. Porous p latinun1 is used to 
giv,e a larger surface area. 

Fuel cells do not have to be recharged as the fuel is supplied continuously 
to the cell so the voltage output does not change. However~ fuel cells 
use fuels tha.t may have been produced u sing an energy sou rce that is 
not carbon n eutral. Ethanol -fuel cells ca11 use ethanol produced from 

.fermentation of crops1 which are regarded as carbon neutral as the C10 2 
produced. in the fuel cell is ca.ptu1~ed again during photosynthesis lo 

generate the ca1bohydrate.s used to 1nake the ethanol. 

Ethanol ru I I . H 
Ethanol oxygen fuel cells are used an as alternative to the hydrogen fuel cell. 

Eth an ol is O'k.'idised in the fuel ,ceU 10 carbon dioxide and ,~later. The. overall 
re.action is: 

C2H50H(l) + 302 (g) ---+ 2C012(g) + 3H2 O(l) 

The oJ\.idation reaction occur1ing a t th e n egative electrode (anode) reaction 

is: 

The reduction re.action occu.rring at the positive electrode (catl1ode) is: 
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The EMF of the eth a not fuet cea is + 1. 00 V. The standard electrode 
potent ia.l of the following reactio 11 is: 

f.&= +0.23V 

Catcu late the standard electro d1e potenti a L of the following reacHon: 

4H+ i[aq) + 02'[ g] + 4e- ~ 2H20(ll 

Answ,er 
The o.xidati,on react]on ,is the reverse of the first reaction~ 

The red u cti or, reaction rs: 

12H + 1[aq)1 + 302~g ] + 1: 2 e- _,. 6 H 201( l)1 

The EMF fs the total of the ox i1daition and redu ctron potentials. 

Reduction potentia l= to be determined = x 

Ox~ d a t:io n pntent~a l = -0. 23 V 

EMF = 1 .OOV = x + [-0.23,) 

X = +1 .23V 

Standard electrode potent ial i,s + 1. 23 V 

The EMF of the methanot fuel cell is+ 1.21 V. T1he standard electrode 
potentiat of the following rea(::tion occurring at the posHiive electrode rs: 

E9 ~ +1.23 V 

Write an overall equ1ation fo r the reaction occurring in the f1uel cell. 
· Write an equatiion for the reaction occurri1ng at th,e negative elect rod e. 

Calcu late the standard electrode potenti,c1 i for the reaction occurring: at 
the negatiive elect rod e . 

Answer 
1 The overall reactiron is t ,he oxidation of m ethano l : 

. . 1 . ·. . . 
CH30 H + 12 0 2 ~ C02 + 2H20 

,, Tne ba,sic equation is: 
CH30 H + H20-), C02 + H+ + e-
l1t ,is bala,nced1 by batanc 1ing the atoms and the etectrons ba lance the 
charge. 
CH30H + H20--.. C02 + 6H+ + 6e-
The EMF is th e total of th e ox id1ation and reduction potent jals. 
Electrode potent~al to be determined= x 
Reduction potential=+ 1.23V 
E,MF = 1' .211 V = 1.23 - x 
x ~ + CL02V 
Standard electrode potential as a reducti:on - +0.02V 



Practice questions 

~ ......................................................................................... , 
i TEST YOURSELF 4 i 
: 1 : : Th e reactions w htch occur 1in a l ith iu ,m ~o ri ce ll are: : 
• • 
~ React ion A : Li++ Co0 2 + e- ~ Li+ [Co02]- i 
: Reaction B: Li~ Li++ e- : 
• • 
~ a) Wr,ite an overa ll equat:io n for the r eact io n occurri ng in the ~ 
• • : t~thi um ,on cell. : • • • • 
! b)I Whfcf"l reac tf on [A or 8] occurs at tfle electrode which is the ! 
! negative electrode 1n this cell? Explain you r a.nswer. I 
! 2 Exp la i ni why the vo lta,g e produced by a hydro g er, fu el cetl rem a1.ns : 
i constant w hereas that of a lead-aciid cell decrea,ses eventu.ally after i 
• • : cont inued use. : • • • • : 3 The conventlona,l represe11tat ion of the hydrogen fuel cell operat~ng : 
• • : in ac1dic conditions is: : • • 
~ Ptl H2 [g)t H + [aq l 1102 (g ] I H + (aqL H 20 (l) I Pt ~ 
• • ! a) Wr ite an equati on for the oxrdat io n react ion which ls occurring. ! 
I b) Write an equatiion for the red uction1 reaction wh·ich is occurr ing . ! ! 1C) Write an overall equatiion for the rea.ction in the fu et cell. I 
: ••• ~~~~ · •~···~~w~w•••••w~~~w•••••~w~w~•••••www~~·····~wwww•••••~•ww•••••••wwww•••411 . ........................ mi: 

3 Use the following data to predict which of the 
reac tions listed b elow Vvi.11 p roceed as i..vritten. 

1 Which on e of the follo\ving sta tements ab out 
the standard hydrogen electrode is incotTect? 

E6 N 

Cr3+ + 3e---; Cr -0. 74 
A the hydrogen gas is at a pressur of l OO kPa 

B the value of fG is l .OOV 

C the hydrogen ion concentration in solution 
is 1.00 mo] dm-3 

D the temperature is 298K (1.) 

l Using the standard electrode potentials below, 
choose the reducing agent capable of reducing 
vanadium from lhe +5 to the ;-3 ,oxidatio,n 
state but no t to the +2 state. 

Zn2+(aq) + 2e- --+ Zn(s) - 0.76 

-0.44 

V3+(aq) + e- - \fl+(aq) -0.26 

SO~- (.aq) + 4H+(aq) + 2e- -+ 2H20(l) + S02(g) +0.17 

+ 0.32 

12 (aq) + 2 e- -- 1.1-(aq) +0.54 

VO:i (aq) + 2H+(aq) + e- ~ V0 2+(aq) + Hi:O CT) +l .00 

iodide ions B iron 

su 1ft1r dioxide D zinc (1) 

II 

Fc2+ + 2e- """"""* Fe -'0.44 

Fe3+ + 2e- -+ F e2+ -t'O. 77 

Cr2o~-+ 14H+ +6e- ~ 2Cr3+ + 7H 20 +1 .33 

+1.52 

A 2Cr3
i' + 7H"l0 + 3Fe1"" ~ Cr2o!-+ l~H+ + 3Fe ... I 

B t Br"i + 3H20 · + SFeli- _... 5Fe2-t + Br03 + 6H+ + se­

c Cr2 o,-+ 14 H• + 2Cr ----+ 4 Cr3• + 7H2 0 

D l3r2 + 6H20 + 5Fe2+-+ 2Br03 + 12H + + l Oe- + SFe 

(1) 

4 V3+(aq) + e-----+ V2+(aq) E9" = ~0 .26 V 

a) Dra,v a labelled diagram of the apparatus 
which could be c,onnected to a standard 
hydro-gen electrode in order to measure the 
standard electrode p ,otential of the V3+Nu 
electrode . 

b) In your diagra1n , sh ow h o\v this electrode 

is connected to the stan dard 11ydrogen 
electrode and lo a vo]tmeter. Do not draw 
the standard hydro gen ,electrode. 
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c) State the conditions under \vhich this cell 
should be operated 't,o meas11re 1he standard 
electrode potential . (.5) 

5 For the conventional representation of a cell 
sbo\Vfl below: 

PtlFe2+(aq)> Fe3+(aq) IIMn04(aq)~ Mn24(aq)]Pt 

a) State v.,"hich electrode is the negative. 
electrode and! e1"..1J!ain your answer. C2) 

b) 1v\i"''rite the half equation representing the 
oxidation and reduction reactions in this 
cell and combin.e these to w'rite an overall 
equation for the cell reaction. (3) 

c) The EMF of this ceU is +0.74,V. The 
s tandardl electro de potential ,of the 
manganate(vn)/manganese(n) cell is +1 .51 V. 
Calculate a value for the standard electrode 
pole.ntiaJ of the Fe3+fFe~ electrode. (2) 

6 The half equations for two electrodes used to 
tnake an electrochetnical ceU are sho\vn belo\\r: 

C103(aq) + 6H+(aq) + 6e-~ d-(aq) + J H20(1) 

£!> =! + l.-1-5 V 

V02(aq) + 2H•(aq) + e--+ V102+(aq) 1- H20(l) 
I!> i;;+l.OOV 

a) Write the conventional ceH representation 
for the ceU using p latinum contacts . Q) 

b) Write an overall equation for the cell 
reaction. (1) 

c) Identify the oxidising agent and the 
reducing agent in this reaction. (2) 

d) Calculate the EMF of the cell. (1) 

e) Identify the negative electrode. (1) 

7 The table below sho\.vs some standard 
electrode potentials: 

Etec:trode half equation E&/y 

Au+ (aq) + e--+- Au1(s] +1.68 

Cl2(91) + 2e- _.. 2 Cl- (aql +1.36 

02[gl + 4H· [eaqi + 4e-.....,. 2H20[l] +1 .23 

Ag+ [a q)1 + e- __,. Ag (s] +0.80 

Fe3+ (aq) + e--+ Fe2+ taq) -+-0.77 

Cu2+ (aq ~ + 2e- ---+ Cu lsl +0.34 

F e2+ i[a q]i + 2e- -+ Fe~s] -0.44 

zn2+ [aq]1 + 2e- ....... Zn[sl - 0.76 

a) Au~ ions react \,rith Vi.-"ater. 

i) Use data from the table to explain ,vhy 
Au+ ions r,eact 'With water. (1) 

ii) Write fill equation for the: reaction 
,vhich would occur between Au+ im1S 
and \vater. 

iii) Write a conventional c,ell 
repr sentation of this cell 

(1) 

(2) 

b) Silver nitrate solu1ion is used to test for the 
presence of halide ions. 

i) EA1?lain why a redox reaction does not 
occur when silver(1) ions are nlixed ,vith 

a solution containing chloride ions. (l) 

ii) What is obsetved when a solution 
containing silver(]) ions is added to a 
solution containing chloride ions?· (1) 

iii) \iVrite an ionic equation for the 
reaction between silver(r) ions and 
chloride ions. 

(c) Predict the products of the following 
reactions a"nd mite equatio,n(s) to 
represent the reactions which occur. 

i) Zinc metal is placed in a solution 
containing Fe3i.;i. ions. (3) 

ii) Iron metal is placed in a solution 
containing Ag+ ions. (3) 

iii) Copper metal is plac,ed in sil ver(1) 
nitra'te S·olution. (3) 

8 The diagram below sh,o"'rs an electrochemical 
ceU: 

piatinum -

solut ion containing 
1.0 0 mo:I dm-3 v2+ ions 

and 
1.0 0 mol dm-3 v3+ ions 

A 

Cu (s} 

1.0n mol dm-3 
CuS04 (aq} 



The standardl electrode potentials are: 
v3+(aq) + e-~ v2+(a.q) ~ ~ -0.26 V 
Cu2+(~q) + 2e- ~ Cu(s) ~ = + 0.34 V 

a) i) Write a conventional ceU 
representation for this cell. 

ii) What is rep1-ese.nted by A? 

iii) Explain why electrons flow 
fTom left to right in this cell. 

(2) 

(1) 

(2) 

iv) 1Calculate the EMF of d1is ceH. (1) 

v) Write an overaU equation for the 
reaction occurring in this cell. (1) 

b) Th·e copper ,electrode is replaced by a 

platinu1n contact in a solution c.ontaining 
VOf ions and V02+ ions both o,f 
concentration 1.00 mol dm-3. 

The EMF of the cell using a high-resistance 
voltmeter is determined to be +1.26 V. 

i) Detem1ine a value for the- standard 
electrode potential for the VO'i 1v,02+ 
electrode. (2) 

ii) Write an over.au equad,on for the 
reaction which o curs in the cell. (2) 

9 The conventional cell representation for 
a hydrogen fuel ceU operating in alkaline 
cond.i tions is: 

PtlHi(g)IOH-(aq). H 200)II0 2(g)IH200). o H-(aq)IPt 

a) Write an equation for the oxidation reaction 
occurring in the fuel cell. (1) 

b) W1ite an equation for the reduction 
reaction occurring in the fuel cell. (1) 

c) Write an overall equation for the reaction 
occurring in the fuel cell. (1) 

d) The EMF of the hydrogen fuel cell is 
+ 1.23 V. The standa:rd electrode potential 
for the positive electrode is given below: 

E • +0.40V 

i) Calculate a value for the standard 
electrode potential for the other 

~ctro&. ~ 

ii) Explain \.vhy fuel ceUs maintain a 
constant voltage. (2) 

Stre eh and challenge 
10 A table of standard electrode potentials is 

given belov.r: 

Half e lectrode equation IE01V 

Zn2+(aq! + 2e- ~ -ZnlsJ -0.76 

Fe2*(aq~ + 2e- --+ F·ei(s] -0.44 

Sn2·[a ql + 2e- - Sn ~s l -0.14 

Fe3•(a,q] + e- --;. F e2+[aq] +0.77 

Or20J-[aq}r-+- 14H+[aq) + 6,r -+· 
+1.33 2Cr3+ (a q] + 7 H20[U 

a) i) Using the table above> "'Tite the fon:nula 
for the strongest oxidising agent. (1) 

li) Describe. without the use of a diagratn, 
ho\v the standard electrode potential 
of the dichromate(vi)/chr,omium(iu) 
electrode could be determined. (4) 

iii) Write the equation for the ceU reaction 
when the dichroniate( vi)/clrronlium(m) 
and Fe3+ (aq)/Fe2+ (aq) half cells are 
combined. (2) 

b) Tin plate is used to prevent rusting o.f 
steel cans. Rusting is promoted if the tin 
is scratched and the steel is exposed. An 
electrochemical cell is set up between the 
iron and tin. 

i) Calculate the E1vlF of this cell. (1) 

ii) Write conventional oell representation 
fo,r this cell. (2) 

c) i) Exp lain using the standard e.lectr,ode 
potentials how galvanising (coating in 
zinc) could. prevent iron from rusting 
even if the coating is scratched. (2) 

ii) Write an overall equatim-i for the 
reacti.011 whic11 occurs when the zinc 
coating on a piece of galvanised iron is 
scratched. (1) 
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Acids and bases 
.......... , .....••.....•.•..........•.•......• , .. ~ ....... ~ ..•.......•..•.......•.. ~ •...... ~ ..•.................. 
• • 
: PRIOR KNOWLEDGE : • • 
~ ~ 

i • Acids are compounds th at dissolve 1,n water to produ ce hydrogen ions. I 
~ . ' : • f-lyd roge n 10 ns aire H.... : 
i • IHydrochlori,c ac1id [HCli , suilfuric ac id [H 2SO,J and nit ric aci·d [HN 03] i 
• • : are strong acids . : 
i • Ethano1,c acid (CH3COO H) is a weak acid . i 
• • t • The pH scale g,ives a num,er ic va tu e tha t rmeasures the str ength of an • 
i add or base [atkali~ ; th e scale at a simrple level goes from O to 14 . 
• 
: • A pH va lue of 7 is neutr aL 
• 
: • pH va lU" es <7 a re acidli:c; 0-2 are pH values for strong acid s; pH va lues . : 
i >2 and <7 are f.or weak acid,s. • 
• : • Abase :is a substance that reacts with an acid produ cing, a sa lt and water. 
• f • AtkaUs are solub le bases. 
: • AlkaUs di ssolve in water to produce hydroxid e ions . 
• 
: • Hydrox rd:e ,ons are OH-
• : • The ionfc equat~o n for neutralisation is H+ [aqJ + OH- [aql -+ H20f l) 
• 
i • In genera l . pH va lues>? are alkaline: 12- 14 are pH va lues for strong • 
• • 
: a lka Us~ pH va ilues >7 and < 11 2 are for weak a lka Us. : 
i • Bases [and alka llsl react w ith acids fio r ,m ing salts. . . . 

: • Sodi,um hyd,roxide and pota:ssiu·m hydroxlde sotut1ions are strong alkal i1s . 
• i • Sutfuric ac id form·s sa lts ca Hed sulfates; hydroch lor ic ac id forms 
i salts ca tled chtorirdes; nltr ic acid forms sa lts ca lled nitrates; ethanoic ! 
: acit1 form s salts called ethanoates. i 
• • 
: • •••••••• •••••••• ••••••••••••• • ••••• ••• ••••••••••••••••••••••••••• • •••••••••• ••• •••• 41111111 .................... .. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• •••••••••••••••••••••••••••••• 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 

• • • • • • • f 1 Fro m the following acids~ ! 
: H2S04 HCl H Ni03 CH3COOH ! i al Na,me each acid'. j 
i bi Whi1ch an e of the acid s is a weak acid? ! 
• • f 2 From th e followi ng bases: i 
~ NaOH CuO KOH MgD ~ 
: aJ Wh1 eh two bases a re a lso a [ka[rs? : • • • • 
: b) Name t he salt formed w hen CuO reacts w~tn H2S04 . : 
• • i c I Na me the salt produced when Mg O reacts w ith HC l. I 
~ 3 Solution A ha s a pH of 9 ~ 
i Solution B has a pH of 1 i 
! Solut ion C has a pH of 14 ; 
• • I! 

J Solut~on D has a pH of 7 f 
: Solut ion E has a pH of 5 : 
i al Whi ch so lution is neu tra l? i 

• • • 
: b]I Which so lution is a w eak acid? : 
• • 
i c I Wh1 eh so lut inn is a strong a tka rli? i 
• • 
: d)I W 1h rcn so lu ti on i,s a weak a lka U? : 
• • i el Which solutlo n 1s a strong acid? : 

J 
: • •••••••••••••••••••••••••••••••••• • , •••••••••••••••••••••••••••• t ••••••••••••••••• , 411111 .................... ~ 



Many of the reactions studied in chetnistry involve those of acids 
and bases . Acids are importau.t in many industrial processes from the 
manufacture of fertilisers, dyes, explosives, pharmaceutical drugs to 
paint and pigments. Bases are used in household cleaning products) 
soap n1a11ufacture, in the refi.11ing of crude oil and the 1nanufacture of 
explosives and fenilisers. 

o~~~~~~~-
B r 12' n s t e d -Lowry theory of acids and 
bases 
The Br0nsted-Lowry-lowry definition of acids and bases depends on 
protons. A hydrogen ion) H+, is a proton so the t.enn hydrogen ion and 
proton are interchangeable.. 

• A Ilt4.! n$t d-Lo" rr , cid is defined as a proton donor. 
• A r n · t -rl~ LonT ; ba is defined as a proton acceptor. 

Strong and weak acids and bases 
Acids (and bases) may be classified as strong or weak depending on the 
degree to which tl1ey are dissociated in solution. 

Strong acids and strong bases are co1npletely dissociated in aqueous 
solution. 

Weak acids and weak bases are slightly dissociated in a,queo,us s·olution. 

trong ac id 
The strong acids 1nosl com·monly use.cl are hydrochloric acid (HCI), sulfiuric 
acid. (H2S04) an.dl nitric acid (HN0 3). 

Strong acids are usually covalent n1olecules that dissolve in \vater and 
dissociate (or ionise) co1npletely: 

A,cidic hydrogen ato,ms in a molecule are the hydrogen atoms vvhich ,viU 
produce I-I+(aq) or protons "'·hen the acid dissolves in ,vater. 

The acidic hydrogen atoms are often bonded to electronegathte atoms such 
as 0,:,1..-ygen, fluorine and chlorine. In oxy-acids like sulfuric acid and nitric 
acid> the acidic hydrogen atoms are bonded to oxygen atoms. 



A fu l'I an"Ow is used 
to show tha,t the 
dissociation is 
complete 

I I 
Covalently Added 
bonded to wate r 
hydrogen 
chloride 

acldic hydrog.en 
atoms 

H 0 
I tt 

H-C--C 
I 'oH 
H 

- Al 1· acids produce 
~+(aq) ions 

I 
Hydro d1bric add forms 
salts ca lled chlorides as 
this is the anio n which 
remains in so'lution 

H-0 0 

' s~ 
/~ 

H-0 0 

aciidk hydrogen atom 

Hydrogen chloride gas dissolves in water to Conn hydrochloric acid. 

Normally the ~+(aq)' is left out of the equation. 

The equation on the left can be simplified to: 

HCl 4 H-r- + et-

All of the HCl n1olecules in solution dissociate into tons. This 1nakes 
hydrochloric acid a strong acid as it dissociates co,mpletely. 

Hydrochlo1ic acid is described. as a ."1 r 11,g nH. nl p ti c a c i i as 1 mol of 
hydrogen chloride produces 1 mol of H+(aq). 

Sulfuric acidl is H2S04. It has the structure: 

H2S04 4 2H+ + 501

}-

Sulfuric acid dissolves in Vlater and dissociates cn1npletely (or ionises 

completely). 

This 1nakes sulfuric acid a strong acid as it ionises (or dissociat,es) 
completely. 

Sulfuric a.cidl is described as a t1 ng diprotic ac id as 1 mol of sulfuric acid 
produces 2 mol of l1ydrogen ions (protons). 

Weak acids 
Tl1e n1ost comrnon ~leak acid is etl1anoic acid. (CH3COOH). Most 
carboAylic acids are weak acids. 

\Veak acids are usually covalent molecules which dissolve in water and 
dissociate ( or ionise) slightly. 

Acidic hydrogen aloms in. a molecule are the hydrogen atom5 vlhich will 
produce- H+(aq) or protons when the acid dissolves in water. 

The acidic hydrogen atoms are ofren bonded to ,electronegative atoms such 
as oxygen, fluorine and chlorine. In ethanoic a,cid the acidic hydrogen aton1 
is the one. bonded to, the o:k.-ygen aton1. The other hydrogen aton1s bonded 
to carbon are not a,cidic hydrogen ato1ns. 

The structure of ethanoic acid is: 

A revers,ible arrow All acids produce 
is used to shovv _ H+(aq) ions 
that t he dissociation 
is not complete 

C H1COOH(aq) + (aq) # H+(aq) + C H.3C 00-(aq) 
,__._I_, I 
C ova,lently Added to E1:hanoic acid forms salts 
bonded wa,ter caUed ethanoates as this 
ethanoic is tfie anion which is 
acid present in the sol uti'o n 



Bases 

MgO 
CuO 

Alkalis 
'KOt-l 

Ca(OH~ 

NaOH 

Figure 6.1 Thi s diagra.m shows the 
dist1inction between the ter,ms base and 
a lkaU. As aH alkaUs a re ba·ses~ we 'NiU 
u1se the ter,m baise for a lL substances 
discussed in thiis unit. 

Normally the <+(aqY is left out of the equation. 

The abo"e eqllalion can br simplified. to: 

CH3COOH ~ ff+ + CH3Coo-

Only so1ne of the CH3C1001H molecules in solution dissociat,e into ions. 
This rnakes ethanoic acid a \veak acid as it dissociates slightly. 

Etl1anoic acid is described as a " ·cal- 1nono1n·ot ic ~ricl as l n1ol of ethanoic 
acid could produce 1 mol of Ii+(aq) if it dissociated coinpletely: 

Bas s and alkalis 
Any substance 1hat reacts 'With an acid and accepts a proton from the acid is 
classified as a base. 

An alkali is any substance vrhich produces hydroxide ions OH- (aq)> when 
they are in aqueous solution. 

All alkalis are bases but not all bases are alkalis. 

Some substance can act. as a base but they are not S·oluble in ~later and so 
do not pr,odluce hydroxide ions, OH- (aq) in aqueous solution. 

For example copper(u) oxide acts as a base when il reacts ,vith acid. The 
acid donates protons lo the oxide ion to form ,vater. 

0 2- + 2H4--:) H20 

In this way the oxide ion, a2- , in the copper(n) oxide can act as a base as 
it accepts protons. HoV\lever, copper(n) oxide does not dissolve in ,vater 
and so doe-Snot produce hydroxide ions, OH-(aq) in aque,ous solution. 
Copper(u) oxide is a base but it is not an alkali. 

Sodium hydroxide acts as a base vvhen the hydroxide ion reacts \Vith acid 
and accepts a proton to produce water: 

H+(aq) + 0 1H-aq) 4 H 20(l) 

Sodium hydroxide also dissolves in ,~later and produces aqueous ·hydroxid·e 
ions> oH-(aq). S0di.un1 hydroxide is also an alkali. 

· lrong ha- ._ 
A strong b,ase is completely dissoci21ted in aqueous solution. 

The. strong bases most commonly used a.re sodium hydroxide and 
potassiu1n hydroxide. 

St1·ong bases are usually ionic compounds which dissolve in water and 
dissociate (or ionise) completel}~ 

Strong bases produce hydroxide ions Of[-(aq) if the base dissolves in \Vatter. 

A fu ll ,;rrovv is used Wh~n a base dissolves 
to show that the ·in 1.ivate r it prod u.ces 
dissociation is hydroxide ions, OH-(aq} 
c:om p1lete I 

NaOH (s} + (aq) --4 Na+(aq) + OH-{aq) 

Sodium Added to 
hydroxide water 

I 
Sodium hydro~ide forms 
sodtunl satts as this is the 
cation wh i eh is present in 
the solution 



Figure 6.2 Have you ever found ha.ir 
bloclki,ng the plug hote and wa.ter pipes? 
Pouring sod,ium hydroxide drain cteaner 
down the drain wHl help. Th is strong 
base will hydro Ly se· the proteins j,n haiir 
a,nd help unbLock clogged pripes. 

Normally th '+(aq)) is left out of the equation. 

The above equation can be simplified to: 

NaOH ~Na++ OH-

All of the NaOH added to ,wter dissociates into ions. This 1nakes sodium 
hydroxide a st1·ong base as it dissociates completely. 

W ak ha s 
A weak b,ase is slightly dissociated in aqueous s,oluti.on. 

The weak base most commonly used is amm.onia. 

Weak bases are often covalent substances which dissolve in wa1,er and 
dissociate (or ionise) slightly. 

Weak bases prod-uce hydroxide ions OH-(aq) if the base dissolves in water. 

A reversible arl'O\IV When a base drtSsolves 
is used to show in water ft produces 
that the dissociation - hydroxide ions, OH-(aq) 
is sl,igntly complete I 

NH3(g) + H20 (1) ? NHl(aq) + OH-(aq) 

I AmmJnia I Added to A~moniaforms 
water ammonium sa Its as this 

is the cation Whlch is 
present in the so'lurtiort 

The ·+ H20(0~ is required in this equation .as it is the source of hydroxide 
ions, 10 1H-(aq). 

The state symbols may be left out of the equation to simplify it: 

NH3 + H 20 ~ NH4 + OH-

On]y some of the NH3 added to water dissociates into ions. This makes 
an1monia a weak base as it dissociates (or ionises) slightly. 

Equations for acid dissociation 
Th equations for acid, dissociation may be written including Vlater. 

The simplified equation fol' the dissociation of hydJ"ochloric acid is given a.s: 

HCl --.)- H+ + cl-

This can be rewTitten including ·,vater as: 

H 1Cl + Hi'O ~ H30+· + c 1-

H.3'Q+ is the hydronium ion or hydroxonium ion or oxonium ion. It is 
the ion formecll ,vhen acids react "vith water. All three nam s are used 
hydronium ,~lould be the most common. 

This better represents the acid-base reaction as it shows the acid donating a. 

proton to the watel" and water accepting a pI'oton and acting as a base. 

However~ for the majority of calculations involving acids> the simplified 
equation is used. 



Water ca n act as both a 
Br"'nsted-Lowry acrid and base. 
Other species can do this as weU 
such as the hyd rogenp has pha:te 
1ion, HPOr, dihydrogen1phosphate 
ion, H2P04 a·nd the 
hydrog.enca rbonate ion, H C03, 

For ethanoic acidl ihe simplified e,q_uatio11 is given as: 

CH31COOH ~ CH3Coo- + tt· 

and the equation for the reaction \Vith water is: 

CH3COOH + H20 # CH3COQ- + H3o+ 

Again the simplified equation is perfectly suitable for calculations involving 
weak a,cids like ethanoic acid.. 

Identifying Br0nsted-L,owry acids and bases 
The English chemist Thomas Low,y and 1he Danish chemist Johannes 
Br0nsted both indepe11dently proposed -rhe same definitions fnr acids and 
bases in 1923. This is usually referred to as the Br0nsted-Lowry theory of 
acids and bases. 

It is important to be able to identify Br0nsted-Lowry acids and bases in a 

reacuon. 

Th e Brensted-Lo"w,y acid is the proton donor and the Br0nsted-Lowry base 
the prot,on acceptor in the reaction. 

This best appHes to reversible reactions in which one molecule or ion 
donates a proton and one molecule or ion accepts a. proton. 

1 
In the foHowing reaction: 

NH3 + H20 :b; NH! + OH-

NH3 accepts a, proton to become NHt 

N H3 a c:ts as a Bnlinsted-Lowry base. 

H 20 donates a p rota n. 

H2o acts as a Bn~nsted-Lowry acid. 

lr, the foltowjng reacUon : 

CH3COOH + H2;0 ~ CH3Coo- + H30+ 

H2o accepts a proton to become H30+. 

H2o acts as a B r~ns ted- Lowry 'base. 

c H3COOH donaites a proton. 

CH3COOH acts as a Br"nsted-Lowry acid . 

o~-------pH 
pH (always written with a small panda -capital H) is a logaritlunic scale 
w~hich gives a m,easuJ"e of the H+ conc,entration in mol dn1-3 > in a solution. 

The Hin pH relates to the hydrogen. 

Neutral solutions have a pH value of 7.00 al 25°C. 



Figure 6~3 D i'ps ticks as shown in the· 
photo above are, used by doctors to 
measure the pH of uir i ne,. Urine pH 
normally ra nges between, 2.5 and ,8. 
H1gh acidity can ind1ica te diabetes and 
h ign d:lka Li,nHy ca,n indicate ur i·na ry t r ; ct 
infect10 ns or kidney stones. 

log10 i1 s the standard tog button 
on your ca,lculator. Shift tog will 
access the anti log functi'on1 which 
may appear as 1 ox. Try a few 
c a tc u Ila t ~ o n s. to rn a k e s u re yo ,u 
ea n convert f rt'.l 'm [H+] to pH and 
from pH to '[H+J. A [H+] of (J.0100 

m ol d m-3 w i lll give a pH of 2. O O. 
A pH of 4.50 wrll give a [H+] o,f 
3 .1 6 x 1 o-5 m o l d m ..J·. 

A·cidic solutions have a pH ,of less than 7.00 and alkaline solutions have a 
pH of greater than 7 .00. 

An aUcali is a soluble base an d when bases dissociate in solution they are 
called alkalis. 

Calculating pH from [H+] 
The foUo\\ing expression is used to calculate pH frott1 th e concentration of 
hydrogen ions. 

pH= -1og10 [H+] 

• In this expression; lH+] represents the concentration of H+ ions in 
solution 1neasured in 1nol dm-3. 

• Log10 is often writt.en log so pH = -log[H4-] is comm on. The square 
b rackets are essential to indicate th e concentration of 'lhe hydrogen ions. 

To calculate the hydrogen ion conceirtration fron1 the pH, reverse the 
calculation: 

[H+] = l Q(-pH) 

The Hin pH relates to the hydrogen ion concentration but the origin. of 
the p is disputed. The term was first usedl by S0renson in the Carlsberg 
laboratory in 1909 and was supposed to m ean 'power' of hyd1·ogen whic·h 
would relate to the logarith1nic scale. However it has also been called 
'potential of hydrogen'. For ou r purposes, pH means -1og10 [H~Jl . 

pH of strong acids 
The diagratn below shows the links between concentration of the acid, 
[.acid]~ concentration of hydrogen ions, l[H•] , and pH for a stro,ng acid. 

Monoprotic acids like hyd rochloric acid and ni tric acid have a proticity of 1, 
whereas diprotic acid like sulfuric acid have a protici ty of 2. 

--~ x proticity of acid ~~ 
:pH 

+ proticity of acid 

Catculate the pH of (L 0500 m,ol d,m-3 hydroch'loric acid. 

Answer 
Fo r strong m onoba s~c ac ld sj the proticrty is 1 so 

[H+] ~ 1 x [acid] 

H C l -? H+ + Cl-

·11 [HC~ = 0.0500 motdm-3• then (H+] -=; 0.0500 mol dm-3 

pH = - tO~ho[H+] = -logi (0 .05) 
= 1.30 1 to 2 decimal places) 



Calculate the pH of 1 . .00 miot dmi-3 suUuric acid. 

Answ·er 
For strong diprotic acidsi the proticity ,s 2 so [H+]I = 2 x [acidJ 

H2S04 ~ 2H+ + so~-
lf [H2S04] - 1.00 moldm-3 thein [H+} .. 2.00 ,moldm-3 

pH - -logl[H+] · .. - log.[2.00) 
~ -0.30 [to 2 decimal places]! 

pH values are normally given between O and 14. but values below O are 
possjble for very high [1H1""J. Vatues above 14 are also possibte for very h'igh 
hydrox:ide ~on coricentra,tion s [OH-1. pH vatues are a,lmost a,lwa1ys quoted 
to 2 decima.l p'laces. 

- . ·-- ... - - -

Figure 6 .. 4 Whe,n unjversal indicator ,is added to a so'lutiion, 
it change·s colour depending on the soluti,on's ,pH. The tub,es 
co nt; i.n solutio:ns of pH O to 1 i fro :m lef t to li igiht. 

Determining concentration o·f an acid from its, pH 
If you are given the pH of a strong acid you can calculate the ,concentration 
of the hydrogen ions and so the concentration of tl1e acid. 

Determine the co ncentration, in moldm-3, ,of nitric actdl which has a pH of 
0. 71. Give your answer to 3 s1gnifi..cant figures. 

Answer 
[H+] ·= 1 o(- pHJ = 1 ot-o.711 = (l 1950 m,ot dm-3 Ito 4 sign ificant fi·gures] 

N itri.c add [ H N10 3J is a strong mo n oba sic add so the [acrd ] = [H"'"] 

The concentration of nitric acid - 0.1195 'motdm,-3 Ito 3 s,ignificant flguresJ. 



LE6 
Determi ne the concentrat ion of sulfu ric acrd whi,ch has a pH of 1, J.lO. 

Answer 
[H+J = 1 ol-pHJ = 1 o(- 1.oo1 = o .1 oo ·mol d m-3 

Sulfuric ac,id ( H2S04] is a strong diiprotic acid so the [ach:H 

[H+] 

2 

0 .100 . . . ·. -3 
= ·= 0.0500 m ol d m 

2 
The concent ration of thrs sulfu n1c aci d= 0.0500 mot dm-3,. 

~ RS.ELF··2················ ..................................................................................................................... ! 
+ I ! 1 Write an express ion for pH . va lu es . Give your answers to 3 sign1ficant i 
I ,2 Ca lculate the pH of the following acjd:ic soluti,ons. fi gures. ! 
i Give your answer to alt questi,oris ta 2 decim,al places. al hydrochtori c acid of pH 1.80 ; 
f a) 0.0240 mol dm1-3 hydrochlori c acid b) nitriic acfd of pH 0.50 j 
• • 
: b) OJJ170 mol dm-3 ni:tric aci,d cl sulfurrc acid of pH -0.10 : 
• • 
: c) OJJ140 motdm-3 suUuri c acid I+ Calculate the concentration. in mol d m-3• of a 
• i 3 Calculate the concentrati,on of the aci1d' sotut~on of 1hydrochlor1c aci·d w hrch has the same 
! sotU'ti,on whi,ch gives a pH1 of the foUowi ng pH as a solution of 0.185 mol dlm-3 sulfu r tc acid . .. 
• 
······~············· ·······················f···········•••t•••••••••••••••••••••t•••+t••••···················•t•••···························· .. · .................... ~ 

o~~~~~~~-
1 an i c product of pure water 
Water slightly dissociat,es into hydrogen ions and hydroxide ions according 
to the equilib ri uin. 

H20 ~ H+ + OH-

Kw is the ionic product of water and 1<w = [H+] [ QH-J. 

The units of Kw are always 1no]2 dm-15• 

At 25 o,c ; ~ v ;c= 1.00 X 10- 14m ol2 dm-6. 

Ca lculating the pH of pure water 
In pure water [H+] = [OH-] so ~= [H+l2 . 

[H"'"] =~and pH= - log10 [H+] 

The pH of pure water can be calculated from the V'alue of K,,.,. 

Ca lculate the pH of water at 25 °c when 
Kw = 1.00 x 1 o-14 mol2 dm- 6. 

In wa ter [H +] = [OH-] so ><w = [H+]2 

[H+] 2 = 1.00 x 10-14 mot2 dm-6 

Answer 
At 2 5 °C, Kw !::! 1. 0 0 x 11 o~ 14 m o:l 2 d m -6. 

[H +] ~ ~100 X 110-14· ::: 1.00 )( 11 o-7 imo l ci 'm-3. 

pH - log110[ H+] !::! - tog 10[ 1. 00 x 1 o-7] ~ 7 .00 

The pH of pure water at 25 °c 1is 7.00. 



Water at 40 °c is not aci d~c [even 
though it has a pH of 6.77] as the 
concentrat ion of [H +] - [OH-]. 

At 40 °c, Kw = 2.92 x 1 o-1A mal2 dm-l. 

Calculate the pH of water at 40 °C. G1ive your answer to 2 decimal places. 

Answer 
At 40 °C f<w ~ 2.92 x 110-14 

:! [H"'P 

[H+] J2 .92 x 10-14 - 1. 709 x 10-7 ,moldm-~ (to 4 signifrcant figures] 

pH= -log 10[H""] ;;;; - lo gi10[1 . 709 )( 1 D-7] = 6.7673 1(to 4 dec:im,al pla,ces] 

pH= 6.77 to 2 decimal places 

We have beco1.ne accustomed to think that the pH of pure ,vater is 7, but 
this is only true at 25 °C. As temperature increases above 25 °C) the pH 
of ·,vater drops below 7. The increase in ~ .. as tenlperatute increases als,o 
indicates that the dissociation of ~<later in.to, H+ and OH- ions is endothermic 
as the ,equilibrium is moving from left to right (more H·~') as temperatur·e . incr,eases. 

Mine1:al vvater gets its name from the dissolved. mineral rocks that i t 
contains. lvHneral water from limestone rocks contains calcium hydrogen 
carbonate and as a resuk the pH is around 8.00. 

Calculating Kw from the pH of pure water 
The pH of pure water at a certain temper ture can be used to calculate [H""] . 
In pure ,vater [H+] = [OH-] and so- Kw = [H+] 2• 

The pH of pu re water at 60 °c ~s .6 . .52. Calculate the value of f<w at 60 °c. 
G1ve your answer to 3 sig'nihcant fig ures. 

Answer 
[H ... ] - i a t-pH l .. 1 o 1-6 · 521 - 3. o 20 >< 1' o-7 m o l d m-3 [ to 4 s i g n if i ea n t f :i g u res l 
f<w ~ [H ... }2 ... (3.020 x i 0-7)2 ... 9.12 x 10- 14 mot2 dm-6 

pH of str1ong bases 
When a soluble b~se dissolves in ,vater, hydroxide ions are present in the 
snlution. 

The concentnuion of the hydroxide ions, [ OH-] can be converted to the 
fH•J using ~ as a;t 2 5 °C I<v, = 1.00 x l o-14 mo12 dm-6• 

In ptn~ ,vater [H+] = [ OH-J but this is not true in acid or all<aline solutions. 

Kw and [oH-] can be use,d to calculate [H+] , which is then used to 
detennine pH. 

The diagram below shows the links bet,veen conc,entration of the strong 
bases, [base], concentration of hydroxide ions> [OH-J, concentration of 
hydrogen ions, [H+] 1 and pH for a strong base. 



x number of moles 
of OH- prod lfCe d 
lby 11 mole of the [H""'] _ ~ ... 
ba,se i1n solution [OH-] 

j [BaseJ 1
4 

.... , [oH-J; j.. . ... , [H+J 

+ ,number of moles [OH-]= ~ 
of OH- pirod uce d [H+ 1 
by 1l mole of the 
base in so lution 

1Calculating pH of a strong bases 
For stro11g hases, the conc-entration of OI-I- is equal to the concentration of 
the base x the number of hydroxide ions produced in solution. 

PLE 10 
Ca lcu:La te t'he pH of a 0.250 moldm-3 solutiori of sodium hydToxrde 
{Kw = 1.00 x 10-14mo'l2dm-61. Gtve yo ur answer to 2 decimat places. 

Answer 
Sod1u m hydroxide is a; strong base and so dissociates fuHy in solution.. 

Na OH 4 Na.,.+ OH~ 

Atso 1 ,mot of sodium hydraxi:de co nta1ns 1 mol of OH- ions. 

[NaOH] = [1250 mol d·m-3 so [bH-J = 0.250 mol dm-3 

K 1.00 x 10-14 _ 
[H+] ~ w i::, so [H+] ~ 4.00 x 110-14 moldrm-3 

[O H-J 0.250 
pH - - log110(4.00 x 101"'14] - 13.3979 !to 4 deci imal places) 

pH = 13.40 fto 2 dec i1ma l pL;ices~ 

The niajority of strong bases (alkalis) you will encounter wiU have l mol of 
10H- ions per mole of the base. However) son1etimes a question is set on a 
Group 2 hydroxide where you are asked to assume that ihe base is strong 
and so the number of moles of OH- per 1nole of base fo,r Ca(OH)2 is 2. 

Sometimes the pH calculation may be at temperature other than 25 °C and 
the K,,.. value at this temperature is gh1en. The method is exactly the same 
using the Kw, value. 

At 50 °C,. ~ = 5.48 x 1 o-14 mol2 dm,- 6. Calcu late the pH of 0.175 mol dm- 3 

pota ss i u:m hyd rox id e so Lutio n at 50 °c. 

Answer 
Pota,ssiu m hydroxide 1s a strong base and so dissocfates fully in solut,ion. 

KOH ~ K'lr + OH-

Atso 1: mot of potassium hydroxide contains 1' mol of OH- iions. 

[KO H]' = 0.175 moldm-3 so [oH-J = 0.175 moldm-3 

K 5. 48 x 1 0-14 . 
[H+] = w ~ = so [H+] = 3.13·1 x 11 o-13:mo'ldm- 3 

(OH-JI 0.175 
pH - - tog110[3 .1·31 x 10-13] .. 12.5043 Ito 4 decimal places] 

pH ;;;; 12.50 (to 2 d,ec i·ma l pilaces~ 



Concentration, ma,y be ,i1n u n1ts 
of g d m-3 or m,g, dm-3 rather than 
mol dm<~_ To convert between 

l d -3 d . d · -3 ' I, mo m an .· g . m . s11mpty 
multi,ply by the M,r· To convert 
between ,moldm-3 and mg dm-3• 

multiply by t 1he Mr of the base and 
multiply by 1 OOO to convert mass 
in g to mass 1in 1mg. 

iRe member ,p Kw = - tog, 01\,., i·s 
used . but - log,~ is equa Uy 
acceptable w,tnout tih e log base 
number. 

Calculating the c,oncentration of a base from its pH 
The concentration. of hydrogen ions can be calculated from pH. 

The [10H-] can be calculated from [H+] u sing~-

The concentration of the base can b e calculated fron1 the concentration of 
hydroxide ions. 

12 
Calculate the concentration of potassium hydro>:'.'id e so lution in moldm-3 

with a pH of 113_ 70 at 25 °C.~= l .00 x 1 o-14 mol2 dm-6 at 25 °C . Give your 
answer to 2 decimal places. 

Answer 
[H+] = 1 ol-pHl == 101-1~.701 == 11.995 x 10-14 motdm-3 ~to 4 sigriificari t figu resj 

[ ] Kw 1 . 0 0 x 1 0- 14 
OH-

[H+] 1.995 x 11 o-14 

- 0.501 3 m,ol d1m-3 Ito 4 signifi cant fi,gures] 

Potassi1u m hydroxide [KOH~ 1has 1 mol of OH- tons per mote of base so the 
concentratjon of KOH, [KOH ]= 0.5013 imol dm-3. 

Concentration of KOH solution= 0501 mol dm,-3 [to 3 s1g:inlff cant fi'gures] 

1Calculatin1g a value for Kw 
ln some calculations the pH of a solution of a base is ghren Vvith its 
concentration a t a particular temperature. 

[H+] may be calculated from the pH) [OH-J may be calculated from the 
concen t:ra tion . 

13 
At 40 °CI a 0.270 mol dmi-3 solution of sodii,um hydroxide ha,s a pH of 12.98. 
Calculate the val1ue for Kw at 40 °C. Give your answer to 3 Siigniificant 
figures. 

Answer 
Using pH to calculate [H+] 

[H+J = 1 ot-12.9a1 = 1.047 x 1 o-13 mo l dm-3 [to 4 slgnificarnt figures] 

As NaOH contains 1 mot of oH- per mole of NaOH' 

[OH-] • [N aOH] • 0.270 mo'ldm-3 

f<w - [H+][oH-J - 1(1 .047 >< 1 o-131 x 0.270 - 2.83 )< li 0-1~ mot2 dm-6 

Pl\v, pH and pOH 
pKv., may be used in place of Kw to carry out calculations involving strong bases. 

Pl<w = -lo,g 10:f<w 

pl\v = 14.00 at 25°C. 



pOH = - log10{0 1H-J 

pH + pOH ~ pl<w 

Th is is an alternative way to use~ values. The pOH is calculated from the 
hydro}...~de ions concentration . The total of pH and pOH is equal to pI<w. 

Calculla te t'he pH of a 2.00g dm-3 solution of sodium hydroxide, INaOH~ 
given that p.f<w ... 1: 4.0 O at 25 °C. Give your a riswer to 2 d ec i mat places . 

Answer 
Mr of Na OH= 40.0 

Concentration of NaOH solution= 
2
·
00 

= 0.0500 mo'ldm-3 
40.0 

[OH-J ~ 0.050 mot d'm-3 as NaOIH contains 1 ·mat of 0 1H- p·er mole of Nao:H 

pOH - lo g[OH-] - - log1(0.0500] 1.3010 Ho 4 decimal plaices) 

pKw ·- 14. 00 - pOH + pH 

pH= 14.00 - 1.3010 = 12.699 

The pH of a 2.00 g dm-3 solu tion of sodium hydroxide is 12. 70 (to 2 decimal 
places) . 

·················~· ··········•• t•••··········· ·············································· · TEST YOURSELF 3 
,@, 

! 1 Write a,n expression for the ionic product of water, f<w. 
E 2 At 15 °C, Kw ; 4 .65 X 10-13 m o l2 d1m- 6• 
• 
: a) Catculate the pH of pu r e water at 15 °C. Gi·ve your answ·er to .. 
: 2 dec:fma l p[aces . 
• i bJ Catcu late the pH of a so luti·on of OJ70 mol d·m-3 potassium1 
i hydroxid e at 115 °C. Give your answ ers to 2 dec.ima l p laces . 
i 3 The pH of water at 45 °C is 6.70. Calculate the va lue of Kw at 45 °C. 
£ G·ive your answer to 3 significant figures. 
• i 4 The pH of a so lu tio n of sod ~um, hydrox iae j,s 13.68 at 25 °c. I<,,, 
: at 25 °C ~s 1.00 x 1 o-14 mol2 dm.- 6. Ca lculate the concent ration of 
• • • .. .. .. .. .. .. 

th e so lut ion of sodium, ~ydroxide a,t 25 °C. Give yo ur answer to 3 
s~gnificant f i,gures. 

: .. 
• • 
"" • • • • .. 
• • • .. 
• • • • .. 
• • • .. 
• • • • .. 
• • .. 
• • 
I • • • : • • • • • • • . .. 
• • • • • 

=···························· ·········~·············································· ............................. . 

0-' ~~~~~~~ 
pH of weak acids 
Weak acids are slighdy diss,ociated in solution. This is represented using a 
reversible arrov-r ('#). 

Kai 
The equilibriun1 constant for tl1e acid dissociation is represeiite.d by ~ -

For a general acid dissociation 

r [A-] lH+] 
Ka = [HA] 



Figure 6 .. 5 The· oceans have abso rbed 
about hatf of the carbon dioxide produ-ced 
by b1urnf,ng fossi,L fuels s~nce 1800. As 
carbon dioxide in the ocean increases. 
oc-ea,n pH decreases. This is catted ocean 
acid ificatio:n. With ocean acidfficati,on. 
corals cannot absorb the calcium 
carbonate they need to mainta,in the1r 
skeletons and the stony ske Le,tons that 
sup port co rats and reefs w ilt d,issolve. 

It i1s im,portant to be able to wriite 
Ka expressions for weak acids. It 
is always the l[a n ion] and [ H+ ]I on 
tt'1e top and [u n di sso ci a ted a c,id] 
on the bottom. 

For example: 

CH3COOH ~ -H+ + CH3 1Coo-

F [ 1CH 3 coo-J [H+] 

~ = [CH
3
CO OH] 

Ka always has units of mol dn1-3 . 

HA is th e undiss,ociated acid . Remen1ber that the undissoci:ated acid does 
not cause it to be acidic . l't i.s the concentration of fl+ that causes acidity 
when the acid dissociates. HA is not acidic until it dissocieues. 

The value of Ka give.s a m e.asu re ,of the s trength of the. acid. A higher -~ 
value indicates a (s tron ger' weak acid . For example ethanoic acid has a Ka 
value of I . 74 x 10- 5 mol dm-3 wh ereas l1ydrocyanic acid h as a .Ka_ of 4 .90 x 
10-10 11101 dni-3. 

For a weak acid) [H+] is calculated from the concentration of the acid and 
the~ value. 

For a weak acid of co-nc,entration 1.00 mol dm-3) the following equilibrium 
applies: 

HA 

lnitial Concentration/mol dn1-3: 1.00 0 0 

Equilib1i um Con centration/mol dm-3: 1.00 - x X X 

Ka = [A-J [H'] = x 1 

.[HA] 100 -x 

But as this is a weak acid 1 the. con centration of the acid at equilibrium 

(1 - x) will be approxima tely equal to the initial concentration of the weak 
acid (1 mol dtn -3) as x is very S1:nal1 co1np ared to the initial concentration. 

xl 
1< - so in th is example I( . = [H+] 2 
.L ~ - 1.00 H 

ln general 

[H+-]2 

~ = [weak acid] 
and 

so [H+] 2 ~-Ka x [ vreak acid] 

[H+] = ~Ka x I,veak acid] 

pH is then calcula·ted using pH= - .Jog10 ,[H+] . 

T d . t rtnin · h cone ntrati n or a w ak acid fr 1n i pH 
and Ka valu 
[H+]' is determined from pH in the usu al way and the.n the concentration of 

the weak acid is calcu lated using [H+]i. 

!<a 



Th·e use of unusual units in these 
types of calcu Lations 1s common. 
Remember that there are 1 OOO 
[103~ mg ln 1 g and 11 ODO OOO 
(106] pg in 1 g. The same appUes 
to vo tume unHs: 1 OOO ( l ()3] ·ml 
in 1 lit re and 1 OOO OOO 1106] µ,l in1 
l litre. 1 cm3 -.:. 11 m1l a, n.d 1 d m3 ~ 
1 litre. These qu est rion s ea n be 
a,wkw€3.rd as mistakes con be 
made when converting between 
units but as long as you know the 
units. it makes i,t easier. 

PL 16 

The overaU process is described in the diagram be]ov;.r. I weal .. acid] = the 
concentration or the ,veak acid . 

.-------. [H+] - ~ Ka x [weak add] I [Weak acid] j. 1 [H+]i 

[Weak acidJ = [H+J
2

. . IKa 

pH =- -log 1 o[lrl+] 

,.. •j pH 
[H,+ J = 1 o(-pH) 

pKa 
The pl<a of a ,,,eak acid may be given in place of its f<a. pl"' = -log10I<a,. 

To conven between a pK'a value and !(a, use the foUo,ving: Ka_= l Q-PKa. 

The higher the pI<a_ value~ the weaker the acid . 

. A lower pI<a indicates a less w,eak acid. 

1Calculating the pH of a weak aci1d 

The~ for ethanoic ac[d [CH3COOH] ~s 1.74 x 1 o-5 mol dm-3. Ca lculate the 
pH of a 0.105 mol dm-3 solution of ethano1c acid. Give the answer to 2 
dedma[ places. 

Answer 
[ H +] = V Ka x [ w ea k acid] = V1 . 7 4 "I< 1 o-5 

>( 0 . 1 0 5 = V 1 . 8 72 >< l 0--6 

- 1.352 )( 1 o~3 miot d,m-3 (to 4 si,ginificant fig,ures} 

pH ;;; - log , 0.[,H + I - - log 1 0 t 1 .3 5 2 x 1 o-3} - 2 . 8 6 91 Ito 4 de c i ma, l p la ce s l 
pH= 2.87 i(to 2 decimal ptacesl 

Calculating tihe concentration of a weak acid 
from its pH 

Determine th e concentration. in mg dm-3• of a so lution 
of propanoic acid iCH3CH2COOHJ with a pKa va lue of 
2.B9 wiith a pH of 2. 50. 

[wedk ac1d] = [H+]2 = [3.162 x 1· o-3p 
Ka 1. 288 x 10-3 

[weak acid]= 7.76 x 10-3 moldm-3 tto 3 s·ign ificant figuresl 

Answer 
Ka - 1 o(-pKal - 1 Ql-2·891 ~ 1.288 x 1 o-3 m·Ol d m-3 

ito 4 sign ificant fiiguresJ 

[H· ] ..; l o(-pHI ·;;;; 1 o(- 2.5D) ;;;; 3 .162 )C 1 e-3 m10 l d m-3 

Mr of propanoi,c ack:I [C H3CH2COOH) = 74.0 

[weak aicid] ~ 7.76 x 10-3 >< 74.0 ~ 0.574 91 dm-3 

[weak ac]d] - 0.574 x 1 OOO 574 ,mg am-3 



Calculating the Ka from the pH of a weak acid a1nd its 
concentration 

[H+] 2 
For a we~k acid HA 1( ·= -~ 

' . ' a {HA] 
If tl1e p H of a ,veak acid is la.1.own~ [H+] can ·be calculated u siI1g 10(- pH)_ 

A value foT Ka can be calculated from the concentration of tl1e ,ve.ak acid , 
[HA] and the concent ration of hydrogen ions, [H+] . 

Pl 17 
A weak ac id, HA, of concentration, 0.01120 mat d.m-3 has a pH of 4.10. 
Calculate a value for tne acid dissoci"at1on constant. Ka. for the w ea k acjd. 

Answer 
[H+] = 1 ol-pHl == 1: ot-4.1oi = 7.943 x 1 o-5 mol dm-3 

[HA] 0.01 20 imoldm-3 

K
1 

[H+P 
[HA] 

Ka = [7. 943 x . 1' o-5
J
2 

= 6.309 x ·, 10-9 
= 5 .2 6 x 1 o-7 m al d. m - 3 

(LO 120 (J.01 20 

~ --··················································································································································: 
: TEST YOURSELF 4 i 
: : : 1 Wri,te an eq,u a trio n for the a c~d d issoci ait,i an of the I. Calculate the co ncent rat ion of the so lu ti on of a : 
I • 

i weak a,cf d etliano ic acid, CH3COO H. monoprot ic weark ac·id wnen it has a pH of 2.80 i : : : 2 Wri,te an expressi,on for th,e acid drssociati:on1 a,ndl a, pKa of 3.11 0. G1ve your answer to 3 si·g nif icant : 
f constant,, Ka, for ethanah: aci1d [CH3COOH). fig ures. i 
· 3 Calculate the pH of a 0.270 moldm-3 soluti on of 5 Cailcuilate the pH of a 0.0.540 mo l dm-3 so lut:ion of ! 

• 
ethan of c ac,d. Ka for ethanoic acjd at 25°C is 1.74 x a weak aci,di HX~ which has an acid· dissociiatiori : 
1 o- 5 mo l dm-3. Give your answer to 2 deci mat constant, Ka. = 1. 54 x 11 0- 4 m o l ·d m-3 . Give you r ! 

• 
P. laces. a:n swer to 2 deci1 ma l places . : ; 

=·· ····· ······································································································································ ......................... ~ 

O· .-· -----------------
Di Lutions and neutra Li sations 
\Vhcn an acid or base is neutralised or diluted ., ihe concentrations of the 
ions in solution change. lt is important to b e able to calculate the new 

concentration of H+ or OH- an d then deten11ine pH of the new solution .. 

The total volume must be taken into accoun t to determine the. nev,t 
concentration in mol dm-3. 

Dilutions 
When a solution of an acid or a base is diluted; the concentration of the 
ions in th e solu tion ch anges . As the concentration of the ions in solution 
changes, lhis changes the pH. 

The new concentration of a solution may be calculated by dividing the 
an.1ou11t of solute , in n1oles, in the solution by the new total volume and 
multiplying by 1000. 

N evl concentration of solution = amount in moles of solute x 1000 
new total volume of solution 



Figure 6.6 The pH of a, so Lu ti on ea n be 
accurat,e'Ly measured usiing a dfgital pH 
meter. The pH of thrs so Lutiion is 8.0 9. 

In this ex.am1ple the total volume 
of the so lut,ion is not glven but it 
can be calculated fro,m t 1he lvi/o 
volumes 1(15.0 + 485 m 500 cm3)1. 

2 0 .0 c m3 of a O. l 52 mo l d m-3 so lu t, on of h1ydro ch~oric acid is placed i .n a 
2S.Ocm3 vo lumethc Hask cHid the volume made up to 250 cm3 using deion­
fSed wa ter. Deter1m1ne the pH of the resulting sotution. 

Answer 
Moles of HCt a,dded ~ 20

L

0 x 0-152 - 3.04 x 1 o-3 mol 
1000 

New volume;;; 250 cm3 

New co n,centration of satut ion ;;:; 3· o4 x 1 o-3 
x 1 OOO ;;:; O .01 216 ma l dm-3 

250 
As HCl 1s a strong monoprotic acid. [H+]r = (101216 m1ol dm-3 

pH = -log (0 .01216)1 = 1. 92 [ to 2 dec,,mal ptaces~ 

.19 
10.0 cm3 of a 1.54 mo[dm-3 salutiian of potassirnm hydrox1ide 1is dHuted to 
2.00 d'm3 in a vo lum,etr1c 'flask. Determine the pH of the resulting so lutio,n 
at 25 °C 1f pKw = 11 4.0 at 25 °C. Give your answer to 2 decimal places. 

Answer 
Moles of KOH added= 1 O.O x 1 ·54 ~ O.D154 1mol 

1000 

New votume .. 2.00 d m3 12000 cm3) 

Concentration of new solution s 02~~~
4 

" 1 OOO a 0.00770 mol d'm-3 

As l mol nf KOH conta ,ins 1 mol of oH-J [oH-J = D.00770 imol dm-3 

pOH = - tog[o H-] pOH = - log l0.00770) = 2.1114 [to 4 decimal pla ces) 

p~ = 14= pH+ pOH 

pH ~ 1 4. 0 - 2 .1 l 4 ·= 11. 88 6 

pH ~ 11 .89 fto 2 decimat places) 

Calculate th e pH of the solution formed wher, 115.0 cm3 of 0.114 mol d m~3 

sulfuric acid are added to 485 cm:3 of dei,onised water. Gtve your answer to 
2 decimal pta:ces. 

Answer 
M l . f H SO _ 1 5. 0 ;ic O .11 14 

o es o 2 A 1000 
= 1 .711 x 1 o-3 mot 

New vo lu me= 15 + 485 = 500 cm3 

Coricentratio 11 of new solu tiori = 
11 · 711 

x 
10-

3 
= x 1 OOO = 3 .42 x 10-3 mo l d m-3 

500 
H2S04 1s a dii~roti,c acid so [H+] = 3.42 x 1 o-3 x 2 = 6.48 x 1 o-3 mol d'm-3 

pH ::!! - log,o[H""] - - log,0,1(6 .48 X 110'"""3] ~ 2.1649 ao 4 d·eC'imail places] 

pH - 2.1i6 



You can reverse the ea Leu latron 
to check that you get 2.1 O for the 
pH of th,e new solut1on formed. 
As the votum,e was g~ven to 3 
silgnificant fig 1u res the pH may 
not be exact ly 2.1 O but i1t shou ld 
be very close. h1 this case us1ing 
169 cm3 g1ives a pH of .2.099 or 
2.10 to 2 decima'l places. 

Ttie volume of water added may 
be ca lculated by su btracti,ng the 
i:r, it io l vo lume ofr so tut ion used 
from the fin,al vo lume ca lcu 'lated, 
fr, this ex a m p 'le 1' 6 9 . 21 - 3 2 . 0 = 

137 .211 cm13. 

alculatin th n w c nc ntrt1ti Jn u ing dilution fact r 
You may als·o· determine the dilution factor to calculate the new 
concentration of acid or base. In example 18 the dilution factor is 12.5. Tl1.e: 
volume of solution initially ,vas 20.0 cm3 and 1he final volume was 250cin3. 

. . total volume after dilution . 
Dtl.ut1on factor= . ·r 1 1 dd d as long as the units of volume are 

1111 1a vo un1e a· e 
the same. 

The diluted solution is 12.5 times less co,ncentrnted than the original 
solution 

Concentration of the diluted soluti,on = 0·
152 = 0.01216moldm-3. 

12.5 

The dilution factor in Example 19 is 200 (
2

~~
0

), so the diluted solution of 

KOH is 200 times 1nor,e dilute than the original solution. 

Concentration of the diluted solution= 1·
54 = 0.007701110] din-3 

200 

The remainder of the calculation is carried out as per the examples. 

1Cal ulating ith volun1 . in a dilution 
Some calculations on dilutions may focus on determining lhe new total 
volu1ne of the solution or the volu1ne of water added "'rhen car:rying out the 
dilution. 

The pH of the solution would be given and [H+] can be calculated from this 
value. 

The ,concentration of the new solution can be detennined from [H+ and the 
dilution factor or ne,v total volume of the solution calculated as sho'1'rn. 

E 21 
32.0 cm,3 of 0.0420 mol dm-3 hydroch lofiic acid were dHutedJ. The pH of the 
resulting solution was 2.1: 0. Calc,ulate the total valu me of the solution 
fo r,med. Give your answer to 3 siginifi cant fl giu res a rid state the u n·its. 

Answer 
ln th,is exa,mpte the pH is first used to ccJlcu lc3.te [H+]. 

As hydrochlor,ic aci,d is a monoprotic acid~ [H Cl] = [H+] 

[H+] = 1 ol-pHJ = 1 ol-2.101 = 7.943 x 1 o-3 moldm-3 1(to 4 sfgnifiicant figures] 

The new concentratlon of 1HCl after d itut,ion = 7.943 x 1 o-3 mol dm-3 

. . . l t .. c· . . 32.0 )( o.0420 . 344 'II o 3 l l,n1t1a moles o, H', ladded = 1000 - 1. ·· x 1 - mo 

New concentration of HC l after dilution - 7.943 x ,o- 3. 1 ·344; 10-s x 1000 

where Vrepresents the new tota,t vo tume of solution in cm3. 

Rearra,ngirng the expression to ca lculate V. 

V= 1
·
344 

x rn-
3 

x 1 OOO= 169 cm3 (to 3 si,gnificant fig. ures] 
!. 943 X 1 a-J 



Rearrang,ing an express ion 
to ctlange the subject is an 
j1,mportarit skil l . If yo u are unsure 
that yo1.J nave done it correcHy. 
substitute ~n simple values such 
as different whole nu mibers to 
see what tl"le subject equals 
before rearrangement Then 
use this w ith oth er va lu es to see 
if you n ota ~n the va lu e ·for th e 
new subj ect when you use your 
rearranged expression . 

In the reaction the ratio of the 
acid to ba,se is 1 : 1. but if su lfu r ic 
acid is used [It is assu,med to .be 
com1p letely dissociated] tnen the 
raHo of a base to sulfuri'C acid fs 
often 2: 1. 

Neutra Li sations 
ln a nc utra 1i .. t il n question, a volume of a certain concentration of a 
strong acid is added to a volume o:f a certain concentration of a strong base. 

Eitl1,er the base 01· the acid tnay be in excess. 

It is th e amount, in moles of the acid or base iI1 excess togetl1er \Vllth 
the ne,v total volume of the solution ,vhich is used to, calculate the new 
concentration of either the acid or the base. 

The units of volume are important .as there are severa l that could be 
used. 11t is a good ide.a to always put appropr~ate units after a num1beri 
even mol after an amount_ 1n moles. 

25.0 cm3 of 0.21!4 mal d1m-3 sodiu'm hydroxide so lution ~s added to 25.0cm3 

of 0. 2 58 mol d m-~ nydroch lorf c acid . Catcu late the pH of the resulti ng 
solution. Give yo ur answer to 2 decimal places. 

Answer 
This style of qu-est,ion i s all about the number of moles of a reactant w hich 
a re left over. 

Na OH + HCl-+ N!aCt + H20 

NaOH and HCl rea,ct i1n a 1 :1 rat io. 

Initial moles of NaOH ~ 25
·~ x ~

214 ~ 0.00535mol 
00 

r Tr l l f HCl 25·0 
x 

0·258 o 00645 l nt 1:a mo es o , = 
1000 

= , . . , m,o 

The equaHon for tne neutrailisatlon is: 

Na OH + HCl 4'' NaCl+ H20 

0.005.35 mol of NaOH rea.cts vvitn (L00535 mot of HCl so 
(0.00645 ·- fl00535) = 0.00 110 mot of HCl re 1ma ini ngi. 

New total volume of solution 
= 25.0 + 25.0 = 50 cm3 

New concentration of reactant in excess 

moles of reactant in exce.ss x 
1000 new total volume of solution 

New concentration of reactanit (HCl) in excess 

;;:; O · O O 11 O x 1 0 OG - 0 JJ 2 2 0 m o t d m-a 
50.0 

As HCt j,s strong monobasiic aci1d. [H+]J = 0.0220 mot dm-3 

pH= - log10.[H+] = -togi10[0.[]220) = 1 .66 [to 2 decimal ptacesJ 



Close to the e1nd point of a t i,trat1or1 24. 9 cm3 of 11 .00 mol d m-3 potassium 
hydroxide so lution have been added to 25.0 cm3 of: 0.5.00 mol dm-3 sulfur ic 
ac~d. Calcu late the pH of the solution formed . Assume that the su lfur ic 
add is fully d' issociated. Give your answer to 2 d·ec.i ma l places. 

Answer 
I . t. l l ~ H SO 2 5. O >< O . 5'° O O O 12 5 l n1·11a moeso ,1 2 i : 4 • 

1000 
• '. mo 

Initial moles of KOH = 
24

-~ 
0
"
0

~ .DO~ 0.0249 mol 

The equation for thi:s neutra lrsation is: 

2~DH + H2S04 --+ K2SD4 + 2H 20 

From the ecruati,oni 2 ,mal of KOH reacts w1ith 1 mol of H2S0.4. 

0.0249 mol of KOH reacts with 0.01245 ma t of H2So4. Thi s leaves 
[0 .0125 - 0.01245] 5 >< 1 o-5 mol of H2S0-'. 

If you are unsure above which reactant is used up {limiting reactant} and 
whlch is left over {reactant in excess}. follow the method below: 

Using the equation for the reaction, write the amount. in moles. you have 
been told below the equation in a Un.e called ·moles you have·. 

moles you have: 0.0249 0.0125 

Using either one of the moles below the reactants. calculate the moles of the 
other reactant which is needed to react with that number of moles of the first 
reactant. The ratio ~·n the equation is used here. In this example the moles of 
KOH is divided by 2 as 2KOH reacts with H~04. 

--t 

moles you have: 0.0249 0.0125 

moles you need: ------..i a. o 1245 
+2 

For H2SO,. you have more males than needed so the H,.S0.1,. is in excess and 
the KOH is the Um-iting reactant f;t is au used up/. -

Yau can now calculate the amount. ;n males. of H2?04 left over 
ta 0125 - a~o 1245} = 5 x 1a-5.mol. 

H2S0.4 is the reactant i,r1 excess. 

,M.oles of H2S04 in excess= 5 x l o,- 5 mo l 

New total volume of soluti,on - 25 .0 + 24.9 - 49. 9 cm3 

New concentratron of reactant 1in excess moles of reactant in excess >< 1:000 
new total volume of solution 

N ew concentrat ion of reactant [ H2S0~) rn excess= 5 :;~~,-s x 1 OOO 

= 1 .002 x 1 0-3 mo l d m-3 fto 4 s ig r, if i cant figures~ 

[H+]i = 2 x [H2S04] so [H +} = 2 x 1. 002 x 1 o-3 = 2.004 x 10~3 m old m-3 

pH = - log10[H+] == -log 10(2.0D4 >( 1, o~3j = 2.69811 ~to 4 decimal places] 

p H .ei 2. 7 O (to 2 de c i ma l p ta c e s ): 



A weak iEICi d c3 nd a strong base 
can be used in a neutra Usation 
quesHo n as tongi as tne strong 
base is in excess. If the weak 
acid is i ri excess~ the solution 
formed is a buffer. Buffers wHL b·e 
exam1ined later in t 1his topic. 

PE 24 
Calculate the pH of the solution 
formed when 20 .0 cm 3 of 
0.150 mot d:m-3 of aqueous 
sodium hydroxi,de are added 
to 10.0 cm3 of D. 18() mol dm-3 

ethanoic aeiid at 25,°C . At 
25 °C, Kw has a value of 1.00 >< 

10-14 mot2dm-6. Give your answer 
to 2 decim1a,l plaices. 

Answer 

As K,,.,, is g rven in this 
neutralisation quest~on. it is U kely 
that the base [sodii.rm hydroxide, 
i1s in excess a,n d so the pH of the 
so lution w~U be grea ter than 7. 

M!oles of iNaOH = 20-0 x o.1·5o = 0.00300 mol 
1000 

M,oles of CH3COOH == 1 O.O x o. ,80 = 0.00 l 80 mat 
1000 

The equation for th,e neutr-ausation is: 

NaOH + CH3COOH -. CH3COONia + H20 

1 mo'l of Nao H reacts with 1 mot of CH3COOH 

[l.00180 mol of CH3COOH reacts with 0.00180 mol of Na OH so 
[[J.003 - 0.0018] = 0.00120 mol of Nao H remainjng. 

New total volume of solution= 20.0 + 10.0 = 30.0 cm3 

New concentration of reactant in excess= moles 0 : re~ctant in exc~ss " 1 OOO 
new tota vo ume of solut,on 

New concentration of reactant l[N aOH~ ,in excess - 0·0012fJ x 11 OOO -
0.0400 mol dim-3 Jo.,o 

As 1 mot of NaOH co ntains 1 mol of OH-, IDH- ] ;;;;; [l0400 mol d!m-3 

f<w = [H+][oH-J 

'[H +] Kw 1 . 00 x: 1 0-1 tt 2 5 0 . 1· 0-1 a l d . -3 
= [OH-]= 0.0400 = · x mo ,m 

pH = -log10[H+] = ~logHt(2.50 x 1 o-13) ·= 112.6021 [to 4 deci,mal places] 

pH - l 2.60 lto 2 d1ecimat places] 

····~······················~························································· ······· 
: TEST YOURSELF 5 
• 
: 1 Calculate the pH of the sotuti on farmed when 2 5 .0 c,m 3 of 
• 
: [l350 mol dm-3 hy droch loric acid is added to 175.0 cm3 of wat er. Give 
• 

• • • • • • • • • • • • • • • • • : your .answer to 2 dleci:ma l places. 
• • i 2 Calcu ta.te the pH of the so lut1on formed w hen 20JJ cm3 of i 
! 0.120 mol d m-3 aqueous sod ium lhydroxi:de solut~on is a,dded to 150 cm3' ! 
i of water at 25 °C. Kw 1.00 x 10-14 mol 2 d1m1-6 at 25 °C. Give your ! 
• • : answer to 2 deciimal places. : 
! 3 Ca lculate the pH of the solut1ion forme di when 20.0 cm3 of i 
! tl250 molam-3 aqueous hydrochloric acfd ~s added to 15 .0 cm3 of ~ 
i [1300 mol dm-3 aqueous so dium hydrox ide . Give yo ur answer to 2 i 
• • : decjmat p,laces. 

i I+ Cc.l lcutate the pH of the so lut1ion formed when 17.5 cm3 of 
i O.lOO moldm-3 aqueous su lfu rlc aci1d ,is added 12.5 cm3 of 
i 0.120moldm-3 aqueous potassium hydroxide. Give your answer to 2 
i decimal p:laces. 
I 
I 

• • • • • • • • • • • • .. 
I • 
i • • • 

··········· ··············· ·········~········································· ···••••• 4111111 .................... .. 
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Titration curves 
A titration curve: is a graph of pH a.gainsl volume of the base or acid added. 
To plot a titration curve, carry out an acid-base titration ; adding the base in 
5 c111.3 portions, a1.1d in smaller portions near th.e ,end p oint. Record the pH 
after each additioIL 

A typical curve shows th e initial pH of th e acid or base and the point when 
neutralisation occurs. 

The shape of the curve shows the type of titration, 

The inflection in a cunre is where the curve goes vertically showing a rapid 
change in pH. 

The inflection in the cu:rve occurs at the equivalence p oint in a titration. 

Most titra tion curves show a base added to an acid bul die reverse is also 
possible. 

Equivalence points 

Titration 
curve 2 

Weak acid­
strong base 

trtration 

13 

11 

g 

i. 7 

5 

Tiitration 
curve .3 

::t: 
IQ. 

13 Titration 

11 curve 4 

g 

7 Weak acid-
5 weak base 

titration 
3 -t,........---- 3 

Strong acid­
weark base 
tit ra·tion 

3 

1 1 -1-.--- 1 
0 "'F""""-""T"""""-""1"'""'"---- 0 """""""'~ '"""""'"~""'"""""~""1"'""'"~- 0 '"f'""'""'- ""1"'""'"---""1"'""'"--

0 25.0 0 25.0 0 25.0 
Volume of base added/c ml Volume of base added/cm! Volume of base added/ cm3 

There are four d .. ifferent of titration curves and the equivalence points 
(points where there is a rapid change in pH and show a venical inflection in 
the curve) are different. 

For titration curve l the inflection occurs betw,een pH 3 and pH 10. This is 
indicativ,e of a strong acid-strong base titration. The initial pH of the acid is 
1 whic.h ,vou ld Sltgg est a strong acid. 

For titration curve 2 the innection occurs bet1,v.e.en. pH 6 and 10. This is 
indicative of a weak acid-stTong base titration. The initial pH of the acid is 
aln1ost 3 which would suggest a weak acid. 

For titration curve 3 the inflection occurs betw,e,en pH 3 and B. This is 

indicative of a strong acid-,v·eak base titration. The initial pH of the acid is 
1 ~rhich would suggest a strong acid. 

For titration curve 4 there is no major inflection. This is indicative of a 
weak acid-weak base titration. The initial pH of the acid is betwe.e.n 3 and 4 
which would sugges t a weak acid. 

Understanding ti tration curves 
When examining or choosing a titration curve 1 the folloMng four features 
should be consider,ed. 



A sketch of a tit rat ion curve j; s 
just that - a rough sketch of 
the shape - so when analysing 
curves use the !rough) guideUnes 
as to where the i1nflection [vertica l 
secti on! occurs, Le. !between 
approxi:mate pH va lues. 

These types of ca lculations were 
first encountered in Amount of 
Substance ,in AS Chem1stry. Youi 
sho 1u Ld refresh your kriowledge 
of this sec ti on to ensure yo u can 
ea rry out t,hese ca lculations. 

Bas add d · acid or a id add d t . ba · . 
The initial pH is the main clue to this if the horizontal axis is not labelled. If the 
titration curve has an acidic pH below~ 7 at O cm3; lhe base is being added to the 
acid. If the initial pH is greater than 71 the acid is being added to the base. 

l nitial pH 
An initial calculation for the pH of the strong or weak acid - this is the 
starting pH for the curve \Vhere the. volun1e of base added is equal to Ocm3 . 

. hap r the curv 
The na1nes of the acid and base used- this v.riU determine the shape of 
the tilrn.tion curve including the length of the inflection at the equivalence 
point. The information on the shapes of the curves is itnportant as the 
s]1ape of the curve depends on the type (strong or weak) acid or base used 
in the titration. 

Volum at which Lh cruival nee point o , cur 
The concentrations of the acid and base used- the voluine at v.rh.ich 
the equi.va.lence -point occurs can be calculated from the volume of b~se 
required to neutralise th.e acid. 

Key features of a titration curve 
In a titration > 0 .200rnol dn1.-3 sodium hydroxide solution is added to 
25.0 cm3 of 0.100 n1ol dm-3 hydrochloric acid. 

Considering the fo,ur features can help to identify a titration curve from a 
sele,cti on of curves. 

Acid ad.ded. to base or base add d to acid 
In this titration you are told that the b,ase (sodium l1ydroxide) i.s added to 
the acid so the titration curve -wiU start al an acidic pH. 

1nitial pH 
HCl is a n1oriobasic acid so [H+] = 0.100 n1ol dm-3 

Initial pH = -log10(0. 100) = 1.00 

Shape of the curve 
Strong acid (hydrochloric acid)-s trong base (sodium hydroxide) titration so 
curve shaped like curve 1. 

The equivalence point occurs \.vith a change in pH between 3 and. 10 
approximately. 

Volum at which equival _nce point occur 
.. A.tn,ount in moles of HCl present n = v x c = 25-0 x O. lOO = 0:00250mo1 

' ' ' 1000 1000 

NaOH + HCl ----?>" N.aCl + H20 

1 tnol of ·NaOH reacts ,vith 1 mol of HCl 

0 .0025mol HCl reacts with 0.002501110] Na,OH 

Volume of NaOii = n x 1000 = 0.00250 x 1000 = 12.5 cm3 
C 0.200 



The titration curve for this neutralisation looks like this~ tahing into account 
the four features of the curve. 

The titration curve ,may be fo:r 14 -
-

12 - ~ 

71 · 
Shape of 10 
curve 

8- indicates :::c 
CL 6- strong 

~ 

acid-
4 - I strong 

1lnitia!I 
V : ba,se 

pH of I rol - tttra.bon 
I 

I I 
I 

a volume of ac~d added to a 
volume of base. Thi s is less 
common. Work out the irnitjal pH 
of the strong base - thf s is the 
Jnitiait pH; the votume required 
for neutrali sati:on i:s determined 
1in the same way; the shape ·Of 
cun;e is the same but reflected~ 
starting at a pH ~bove 7 and 
coming down. 

Base 
added 
to acid 

~ 
0 ' '.;t ' ' 5 10 15 20 25 

Volum f NaOH/cml 

12.5 cm:3 of 0.2 mol dm-3 
N'aOH solution rnquired for 
neutra I isation 

LE25 
In a titration. 0.500mol dm-3 aqueous am,moni.a is add ed 
to 25.0 cm3 of 0.250 moldm-3 aqueous sulfuric acid. 
l,dentiify the followfng key features of the t.rtrati on curve. 

Acid added to base or base added to acid 
In thi:s titrati on you are told that the lbase ,(aqueo 1us am-
1moni,a,J is added to sulfuric acid: so the titratiion curve 
will start at an a·cidi,c pH. 

Initial pH 
H2S04 is a diprotic ac id so (H+] = 0.500 mol d,m-3 

!Initial pH = -log,rn[IJ.5()0J = 0.301,0 [to 4 sfgnificant 
fi g·ures] 

• 0.30 (2 decrmal places) 

Shape of the curve 
Stron·g acid' [hydrochlori c ac:id~-weak base (a mmonia) 
tftratf on so curve shaped Uke curve 3,. 

The equiva lence pointocct1rs with a change In pH 
between 3 and 8 approx imately. 

Volume at which equivalence point occurs 
Arnau nt. in moles, of H2so, present, 

_ V x C _ 2 5 .0 x 0.2 50 _ Q on62 S _ . 
1
l 

n - 1 a o o - 1 oo o - · · u · m 0 

2 mol of NH3 reacts w.ith 1 m ol of H2S04 

0.00625· mol H2S04 reacts with 0.0125 m,ol N H3 

V l, f ,NH = n x 1 OOO= 0.0125 x 1 OOO = 25 0 .- 3 o _tJme o 3 c 
0
_
500 

. cm 

The ti,trati,on curve for thi1s neutralisation looks like 
thi s: 

14 I 
M 

~2-
~ Sha,pe of ---10 - curve r 

h1dicates 

:c 8- strong 
a. acid~ 

6 weak 
4& base 

Initial pH ~rtration 
of0.3~ ~ .~_,;, 

n ~ - -
Base V" O 1

1

0 2
1

0 I 30 40 so 
ad.ded to Volume of NH3 (cm3) 
acid as 
starts at 2'5.0 cml of 0.500 mol 
acid:ic pH dm-3 NH3 solution1 required 

for ne utra Hsatio n 



The colour change observed 
iri the titraition i,s ba sed on t 1he 
f rrs t rpo in t of the a na lysi s of the 
titration curves. Phenolphtha lei1n 
~s colourless 1in acid and neutral 
sotut1on but p,ink in alkati ne 
solut1on so a rap,id change fro,m 3 
to 10 would change the colour of 
phe nolp ht!ha le; r, from colourless 
to pi1nk. If the pH chang:ed from 
1 O to 3 or 1 O or 6 the colour of 
phenolphthalein would change 
fro.m pink to colo,urless. 

Indicators for titrations 
The choice of an in.d.icator for .an acid-base titration depends on the pH 
range in vthich the indicator ch an ges colour. 

The colour change p H range of the indicator n1ust be in the in flection range 
of tl1e titration curve (the pH range of the equivalence, point). 

The indicator must change colour with one drop of the sub stance being 
added so the rapid change in pH 1:nust be in the range of the colour change 
of the indicator. 

The e nd { l. i1 1 in a titration is "rhen the indicator changes colour which 
occu rs .at the equivalence point when there is a rapid chan ge in pH . This 
changes the colour of the indicator. 

S0n1e indicators and their colour change pH ranges 

Th m1o·l blue 11.20- 2.so Re,d Yellow 
Meth~l orange 3.10-4.40: Red Yellow 
Meth L red 6.40- 6.20 Red Ye·Llow 

Bromoth mol blue 6.00~7.60 YeHow Btue 

Phe nolphtha Le,in 8.30-10.00 Colourless Pin k 

• For a strong acid-stron g b ase titration the in flection occurs between pH 
3 and 10 so any of the indicators except thym-ol blue would ,vork 

• For a strong acid-weak base titration, the inflection occurs betvte,en pH 
3 and 8 so any indicator in this range Vl·ould work (i.e. methyl orange 
methyl red and bromothymol blue) . 

• For a weak acid-stron g base titrat ion ) the inflection occurs bet"reen p H 6 
and 10 so any indicator in this range would w ork (i.e. b ro1nothym.ol blue 
or phenolphthalein). 

• Methyl orange and phen olphthalein are the 1nain indicators of choice. 
Both may be u sed for strong acid-stro ng base tltrations. ·Methyl o range 
is used for strong acid- ~-eak base titrations. Phenolphthalein is used 
for \veak acid-str,ong base ti trations. A pH meter must be used for ,veak 
acid-weak base titrations as there is no inflection po·nt. 

~ ···························································································: : TEST YOURSELF 6 ~ 
• • i 1 Calculate the volume ofi 0.2.50 moldm-3 sod1ium. hydrox~de solution j 
i required to react with 20.0cm3 of 0.150mold'm-3 sulfur i,c aciid . : 
i • 
! 2 Fr·Om1 the li st below: I 
• • : sodi1um hydroxide ethano,rc acid amm,onia ! 
! llydrochloric acid nitric acidl potassium h,ydrox,d,e i 
: a) Name one strong acid . : .. . 
: b) Na me one wea1k base. : • • .. ) . : c Name one w eak acid . : • • .. . 
: 3 The pH co tour change of ph eno lpht ha lei ri Is between pH 8 .3 and 10 .0. : 
• • 
: Explain why phenolphthalein cannot be used for a t itrat lon between : 
• • 
: hydrochloric acid and ammonia . i 
• • : .... . . . ........................ . .... ...... . ........ .. . ....... .............. ......... . 4liliii .................... llllllllil 
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. Investigating the change in pH when 
~ methanoic acid reacts with sodium hydroxide, 
~ As early as th e l5th centuryl natl!raL,sts were aware 

that ant hills 9ave off a:n acidic vapour. In 1671. the 
Er1gli sh natural1ist John 1Ray 1isolated: the active 
,,ngredjent. To do this he ca ltected and di1st illed 
a ta,rge number of dead ants. and the ac1d he 
d!iscovered tater became known a,s formic acid from 
the Latin word for ant, form~·ca. Its proper IUPAC 
name is now methanoi,c acid. 

Woodland ants are the largest native ant specres of 
the UrK and are known to be aggressively territorial. 
They squirt methanoic acid from th·eir abdomens as 

; a form ·Of protecti·on when provoked . The ac~d has 
! a strong, penetrating] odour and is used to ward1 off 
i r hungry birds such as woodpeckers and jrays . 

l . . . 
l . . 

. . . 
' , . . . . . ,. . 
: , 

. . 
: 

1 Methanoic acid is a, weak acid. In an experiment, 
a ea libr ated pH meter was. used to measure the 
pH of m,ethanoi·c acid soluHon. At 20 °c the pH nf a 
0.100 mol dm 3 solution was 2.37. 
al Exptqin why a pH meter should be caLJbratedf 

before use. 
b] Write an equation for the dissociation of 

methanotc aci,d and explain what rs meant by 
weak ac i,d. 

cl Wr,ite an expression for the eq;urnbrium 
co nrsta nt. Ka. for the dissociatjon of methan aiic 
acjd in aqueous so:lut1on. 

dl Use your answer from le) to catcu late the valu,e uf 
Ka for th,is dl[ssoci·ation at 20 °c. Give your answer 
to the appropri.a,te precksion. Sh·ow your working . 

2 A student used a q u eou S SOd 1i Um hydrox,id e to 
determine the t~tration curve for the reactiron of 
met'hanoic acid and sod ium hydroxide . 25.0 cim3 of 
1.50 x 1:0-2 moldm- 3 meth:anoic a,cid was placed in 
a co-nica ~ flask at 25 °C. The sod rumr hydroxide was 
added i,n 2 cm3 portJons and the pH of th,e r eaction 
mfx ture was measured us ing a pH meter. 
a) Wrifte a balanced symrbal eq1uation for the 

reaction between HCOOH and NaOH. 
J Why was the react,on mixture stirred with 

a glass rod after th1e add iti on of each 2 cm3 

c) Th·e pH curve for this Ut raUon is shown below. 
Ca ~cu late the va lue of the con cent ration in 
motdm.- 3 of the aqu:eous sodium hydroxide. 

14.00 
12,00 
10.00 

~ S.00 
~ 6.00 

4.00 
2.00 

. . 
= ; 

0.00. ,;----..;-~-.....---4--+--~ -...--~-~ 
0, 00 5 .00 10. 00 15.00 20 .00 25. 00 30 .00 3 5. 00 40.00 45 :oo i 

VokJme NaOH/cm3 

Figure 6.7 A tit r~t ion curve for the titrabon of 
methanok add with Na OH . . 

~ 

i 
• 

d} The pH ra,nges in which th e colour chang,es for i 
three acid- base inrd ica tors are shown below. i 

' Expla1in which of tne three jndi cators ,is su,itable ; . 
fo.r thls t itration . i . . . . . 

Ind icator pH range 

Metacreso l purple 7.40-9.00 

2,4,6-trinitroto Lu e ne 11, .50-13.00 

Ethyt ora.nge 2.4-4.8 

For a weak add-stroflg 
base titration, thre pH at half 
n eutraUsa t,i on 1[p H at half t he 
volume where the equivalence 
point occurs)1 is equa l to the pKa. 
Thi1s can be used as a method of 
determ:rn.rn g K0 of a weak a c1d 
from a t itrat ion curve. At th ,is 
point of haH neutraUsationJ the 
ac~d concentration is equal to t he 
saU concentrat1on so they cance:l 
out and, pH = pKa. 

. . . . . . . . . 

portion of socHum hydroxide? 
: 
: 
2 
: 
; 2 • 
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Buffers 
Buffers are solutions that can resist changes in pH when small ,quantities of 
acid or base are added. An inter,esting application of buffers is their use in 
skin creams. Anti-ageing creams are buffered at pH values lower than 5.5 . 
The lo,1tv pH irritates the skin, causing it to swell hiding \Vtmkles. 



There are two n1ain types of buffer: 

1 an acidic buffer 

2 a basic buffer. 

Acidic buffers 
An acidic buffer is a solution f onned fron1 a \veak acid and its salt. 

The buff e.ring action is represented by the general equation: 

HA~·H•+A-

·where HA is the undissociated acid, A- is the anion and H.+ a.re hydrogen ions. 

Ethanoic acid and sodium ethanoale may be mixed to f onn an acidic buffer. 

Ahemativcly; the salt may be fon11ed indirectly fro1n the reaction of sodium 
hydroxide ,vith an excess of ethanoic acid. This leaves a solution containing 

the ·excess ethanoic acid and sodiutn ethanoate formed fron1 the reaction 
,vhh ethanoic acid. 

The equation for this buffering action is: 

CH3COOH ~ CH3Coo- + H+ 

Explanation of buffering ,a·cti1on 
Whe11 s1:natl quantities of acid or base are added 1 the pH of a buffer remains 
almost constant. 

You can be asked to eA1)lain ho~· an acidic buffer resists thi: change in pli. 

Additi. n of dilut · acid 
The following points are used to explain l1ow a buffer maintains an almost 
constant pH when a small amount of a dilute acid is added: 

• When a Sinall an1ount of a11 acid is ad ded~ extra hydrogen ions, H+, are 
added. 

• The position of equilibrium in the equilibriutn K.i\. :# H+ .or A- tnoves to 
the left to remove the added H+ ions. 

• This keeps the pH almost constant. 

lf the '-'7eak acid and its sah are named then use the correct anion and weak 
acid. For example1 if the buffer is made from ethanoic acid and ethanoate 
ions, the ·equation should read CH3COOH ~ 1CH3C100- + H+ and tl1e 

position of equilibriun1 will move to the left lo r.emo1le the added H+ ions. 

Addht n of ha 
Th foUo""ing points are used to explain how a buffer maintains an almost 
constah1t pH \VM-n a smaU amount of a base is added: 

• v\lhen a small amount of a base is added; extra hydroxide ions; OH-~ are 
added. 

• The hydroxide ions react with the hydrogen ions in the buffer, removing 
some H+ ions. 

• The position ,of equilibriun1 h1 the equilibriutn HA~ H+ -r A- n1oves to 
the tiglu to r:epla,ce the H+ which reacted with the OH- ions. 

• This keep·s the pH alm,ost constant 



The eq ua.ti:on for th e re~ction of 
hydroxide i1ons. OH:-. W[ th a buffer 
may be represented by 

HA+ OH- ----!t A-+ H20 

to show how tne buffer reimoved 
the hydroxide ions whrch were 
added. 

Org:anic bases such as amines 
ea n also a et as buffers in so lutton. 
The ba.sic nature of amines is 
examined in Chapter 13. No 
ca lculat,io:n work on the pH of 
ibasi c buff.ers is ex pected. 

Again if the ~ .. eak acid and its salt are nam·ed then use the correct vleak acid and 
anion. For example if the buffer is made fTam hydrocyanic acid and cyanide OJ 

ions, the equation should read HCN ~ H• + cN- to explain the buliering ~ 
action. Wnen ,QH- is added~ they react vvith H+ ions in the buffer and the ~ 

position of equilibriuu1 moves to the right to replace the H+ that were removed. 

Basic buffers 
A basic buffer is a solution formed from a 1,v~eak base and its sah. The tnost 
common example involves ammonia in solution with an ammonium salt 

The buffering action of a basic buH r can be explained using the equation: 

NH3 +H+~ NH4 

When sn1all mtnounts of acid are added> the adlded hydrogen ions> H+> are 
removed as they react with the ammonia in the solution to fom1 aminoniun1 
ions. The position of equilibriun1. moves &otn le.ft to right. 

When s1nall amounts of an alkali are added, the hydro·"Jdde ions. 
OH-, react with so1ne of the hydrogen ions in the buffer to £onn ,vater: 

H+ + ,QH--:,. H20. 

The position of equilibrium n1oves from right to left lo replace the H~ ions. 

Preparation of an acidic buffer 
There are several inethods ,vhich niay be used to prep,ffe a. buffer. All of the 
n1ethods result in a solution containing tl weak acid and the anion of its salt. 

1 Addition of a solid salt of the "" .. ,eak acid to a solution of the weak acid. 

2 Addition of a solution of the sah of a weak e.,cid to a solution of the weak 
acid. 

3 Addition of sodium l1vdroxide solution lt.o an excess of the \veak acid. 
J 

Method 3 is tl1e most often used. 

Calculating pH of an acidic buffer 
To detennine the pH of an acidic buffer you must determine the amountt 
in mol, -s~ ,of the anion A- (this e,quals the amount~ in moles 1 of the salt) and 
the amount in moles of the weak acid, HA? fro1n the information given in 
the method used to prepare the ·buffer. 

. . [H+] [A-J 
In the Ka expression for a weak actd, K,."' [HA] 

U1e {H+] is determined from the~ e.xpressio11 and pH is then calculated 
in the usual vlay. As both HA and A- are in the same volume of solution~ 
the a1nount in moles of HA and A- n"lay be us d in the calculation instead 
of conc,entration. lit ,viH be sho·\vn that the calculations using 1noles and 
concentrations give the same pH va]ues for the buffers. 



!vl thod l: ddilion of a olid alt f lh ,v aka id · a - lu.ti n 
oJ th '\V ak a.cid 

111 this method ihe concentratio11 of the acid remains unchanged as there is 
no other solutio11 or water added to dilute iL 

The a1nou.nt in moles of the anion is given or in other exa1nples it 1nay be 
determined froJ.n the mass of the solid salt added. 

tf a mass of the salt is given, s~m:pty d1v,ided the mass
1
, tn g. by the Mr of 

the saU to determine the amount ,in males of salt ad-d,ed. The rest of the 
calculation follows the m,ethod shown. 

A buffer sollu.tion was prepared by dissolving, 0.012 mot 
of socfru m ethanoate in 100 cm3 of 0.0520 ,mol dm-3 

etha n ore a cicL The di ssoc f;at1 or, co rista rit,, Ka, for 
ethanorc acid has the value 
1.74. x 10-5 m,oldm-3.at 25°C. 

Calculate the pH of tih1s ouffer solut1on. Give your 
answer to 2 d·eci1ma.l places. 

Answer 
Moles of c H3coo-.. 0.011 2 

Miotes of CH~COOH = 
1 OD ><' 0·0520 

= 5 20 x 1 o-3 
.] 1 OOO . 

K = [H +) [C H3CO o-] = 1 . 74 >: 10-5 ·moil dm-3 
a [CH3COOH] 

[H+] = Ka ,x [CH3CO~OH] = 1.74 x 1' Q-5 x 5.20 x 10-3 
[CH3COO ] 0.012 

~ 7.54 )( 11 o-6 ,moldm-3 

pH "&I - log10[H+] .;i - log 10i(7.54 x 1 o-6) ;;;; 5.1226 
{to 4 decim1al places) 

pH = 5.12 [to 2 decimal places] 

Using concentrations 
To show how thi s works using concentrat~ons : 

Concentra:tion of weak aciid [CH3COO HJ ~ 
0.052 mol dm-3 

l 1he concentration of the an ion, in moldm-3, is 
determined by d ·ivi di1 n g the amount [1i n mo les)1 of the 

sa lt, CH3COONa. by the volu1me of the solution and 
1multiplying by 1 OOO to convert to ,motes per 1 dm3 
[11 UDO cm,3]. 

Concentratiion O"f the sa lt: [CH3COONa] = '[CH3coo-JI 
[CH3COO-] - ()1~12 

x 1000 - 0.12 mat dm-3 

co n,centrat,ioin of a ri ion [C H3 Co o-J = 0.12 moll d m-3 

K [H+] [CH3C oo-] 1 74 1 o-s l d - 3 
a - fCH3COOH] • , . )< i, ma . m, 

[H+] = Ka X [CH3COOH] • 1. 74 >c 10-5 x 0.0520 
[CH3COO-] 0.12 

= 7.54 x 1: 0-6 mol dlm<"t 

pH= -log110[H+] = -log 10 [7.54 x 10-6] = 5. 1226 [to 4 

cieci ma l ptacesl 

pH~ 5.12 [to 2 d:ec1i1mal places} 

Al l the~e ca lculati ons wi ll give the 
same answer if concentratio ns 
of HA and A- are determi·ned and 
used in the calcul.aUon of pH but 
the amount ln moles methodi 
i.s snorter and fewer steps 
m1eans fewer potential errors in 
ea tcu'la ti ons. 



M th d 2: Additi n of a lution of th sal fa",. ak acid t a · lution 
of the w ak acid 

In this method a certain volume of th e solution of th e sah (mosr often a 
solutio11 of the sodium salt) is added to a certain volume of a solutio1:-1 of the 
\Veak acid. Both solutions dilute each other so the concentrations of both 
the salt and the weak acid change. 

PlEZ7 

A buffer is prepc1red by mixing 50 .0 cm3 of a 
0.04 l 7 mol d m-3 sotution of the salt of a weak acid. 
NaX. with 150c m3 of a D.0204 m oldni-3 sotution of the 
we a k a c F d. H X. The IP K

8 
f o r HX ~ s 5 .1 2 at 2 5 ° C. 

Catculate the pH of this buffer so.Lution . Give you r 
answer to 2 deci ma,t places 

Answer 
. 5 0 , 0 X O. 0 41 7 · -3 

M·otes of NaX- 1000 - 2.085 x 1 O mol 

Moles of HX = 
5o.o x 0·0204 

= 3.06 x 1 o-3 mol 
1000 

The pKa fs coriverted 1nto a Ka uslngi K8 = 1 o- pKa. 

Ka= HJl-5., 2J = 7.583 x 1 o-6 mol dm- 3 [to 4 significant 

f i9u res) 

Ka • [H[~z-] • 7.583 >< lQ- 6moldm-3 

[H·] = Ka x [HX] ;; 7 .583 >< 10-6 
>< 3.06 >< 10-3 

rx-J 2.085 X 10=3 
[H,t-] = 1.11:3 x 1' o-s mol d,m-3 i(ta 4 sjgn ifica int figures), 

pH= -log10[H+]1 = -log110i[1 .11 3 x 10-5), = 4.9535 (to 4 
d ec'r,ma l ptacesJ 

pH= 4.95 [to 2 decim,al p[acesl 

Using concentrations 
The new totait vo lum1e of t he solution is 200 cm3 so 
conce ntraitions in moldm-3 may be determined using 
the amount of so lute, in 1moles, in 200 cm3 co nverted 
to 1 d m3 l1 OOO cm3) by dividing the amount,, in m1oles, 
by 200 arid multrply1ing by 1 OOO (this is the same as 
muHiplyirig by 5L 

Concentration of NaX: [NaX] = [X-J = 2.085 x 1 o-J x 5 
~ 0.010425 mol dm-3 

Concentration of HX: l[HX] 3.06 x 1 :Q-3 x 5 
= 0.01 53 mol dm-3 

The pK8 is converted into a Ka usin19 Ka= 1 o-pKa 

Ka= HJl-5., :21.= 7.583 x 1 o-6 motdm- 3 [to 4 significant 
fi g:u res) 

Ka= [Hfit-J = 7.583 )( 10-6 moldm-3 

1[H+] = Kaxl(HX] _ 7.583 x 10-6x 0.0153 
1 rx-J - 0.010425 

[H+] = 1.11 3 x 1 o-5 m·ol dmi-3 [to 4 significant figu res] 

p HI = -logulH+ ]I = -log 10{1 . 11 3 x 1 0-5J = 4. 9 535 I to 4 
decfmal 1places] 

pH - 4. 95 [ to 2 deci mat places] 

The sam,e value for pH iS obta ined as the operation 
of x 5 on both the amo unts of the acid, HX. and th e 
an i,or\ x-1 V11ou ld ea n eel out 

H enderson-Hasselbalch equation 
The Heriderson-Hasselba lch equation 1may also be 
used to calculate the pH of a buffer. 

pH~ pKa + !log ( [H-]) where rx-] is the concent ration 
(HX] 

of the an ion and [HX] is the concentraition of the 
acid.. Aga .in, moles of x- and HX 1may be used in the 
calcu tat ion. 

pKa = 5.12, the amount in moLes ·Of HX present 
is 3,.06 x 10-3 and the amount of x- present is 
2.085 x 1 o-3 mo L 

. . ~. _ 1(' 2. 085 )(, 1 [)-3) -p H - 5 . 11 2 + to g . 3. 06 x 1 o~3 - 4. 9 5 

Using c,on,centrations 
For th i:s exa mp le1 t~e pK8 - 5.12~ [HA] was calculated1 

to be 0.01 53 mol d m=3 and [A-] was ca lculat ed to be 
0.01 0425 moll dm-3 

(
(l010425) , pH= 5,.12 + tog 0.

0153 
= 4.95 

Pract ise these sty tes of 
ca,lcu lati on on your calculator if 
you are us ing t he Henderson­
Hasse liba!Lch equation to ca lculate 
the pH of arr acf drc buffer. 



M t1:tod : ddilion of diun1 hydroxid · r p la -iurn hydl'.l · · d 
solution t an ex . r th w ak acid 

111 this buffer preparation> the sodiu1n hydroxide (or potassium. hydroxide) 
reacts V{ith the weak acid to fonn the salt in situ. 

The vteak acid rnust be in excess so no sodiu1n hydroxide remains and ilie 
resulting solution contains the \veak acid and its salt. 

B·e carefu l with examples invo lving a weak acid reacting with a strong 
base sucn as ethanoic acid wTth sodium hydroxide. ~f tihe sod1u·m 
hydrox~de is ,in excess, it rs a neutralisation example and NOT a buffer 
example. Look for Kw belngi given as you wtll have to work out the pH of a 
base. Buffer examples wiU us1uaHy use the word buffer. 

L 28 

100 cm3 of 0.05115 m10 l d m-:3 rn itrou s ac1 d I H N 0 2) was 
1mixed with 50.0 cmr3 of 0.0428 motdm-3 sodh..Jm 
hydroxide solution . The acid dissociation co nstant. 
Ka~ for nttraus acjd i's 7.20 x 10-4 1moldm-3 at 25 °C . 
Calculate the pH of t:hrs buffer solution. Give your 
answer to 2 deci ,ma l places. 

Answer 
A9ai:r1 both solutions dtlute each other and the sodium 
hydroxide reacts with some of the ni1trous acid to form 
the sarlt. so dliu m nit rite [NaN 02]. 

Moles of nitrous acid added lHN02] = 1 DO;>( 0.0515 
1000 

~ 5.15 x 1 o--3 mat 

Motes of sod iurm hydroxide added :(NaOHI 

- 50.0 ;
0
~t·28 = 2.14 x 10-3 mol 

The equat1ion for the reactjon .between nitrous acid 
and sodium hydroxide sotution is given betow 

HN02 + NaOH ----+, !NaNI0 2 + H20 

2.14 x 10-3 mol of NaOH wHt react with 2.14 x 10-3 mol 
of H N o2 [ le av i n g 5. 1 5 x 11 o-3 - 2 . 1 4 x 11 o-3 - 3. o 1 x 1 o-3 

,mol of H N02l and forming 2.14 x 1 o-3 mol of NaN 02• 

Moles of H N02 in 150 cm3 ·- 3.01 x 1 o-3 mol 

M1 0Les of NaN02 rn 150 cm3 
= 2.14 x 1 o-3 mol 

AH of the sod ium 1hydrox~de has been used up Leaving 
only some moles of the weak ac]d [HN02) and some 
moles of the sa lt [Na N021 Jn so lution . The water 
formed is in tihe so lution. 

K ~ [H+J N02J ~ 7 20 x 10- 4 motdm-3 
a [HN02l . 

[H+] = Ka X [HN02] = 7.20 X 110-4 
X 3.01 X 1 o-3 

f ,N O 2] 2 .114 X 1 Q-

[H+] = 1.0127 x 1 o-3 m,ol dm-3 

pH= - log110[H-t-] = - log 10'(1.0127 x 1'0-3~ = 2.9945 Ito 4 
decimal ptaces]. 

pH - 2.99 [to 2 dec1i,mal places) 

Using concentrations 
Moles of HN 0 2 1n. 150 cm,3 = 3.01 x 1 o~~ mol 

Motes of NaN02 in 150 cm3 = 2. 14 x 10-3 mol 

The total volum,e 1s 150 cm3 and th1is may be used to 
ea lculate the co ncentratrons of the weak acid and ~ts 
salt ,in the soilut ion. 

[H N02J - 3·0\ ;
0
10-

3 
" 1001'.l 0.02007 mol dm-3 

2 14 X 1 Q-3 {rNa N02] ;.;; [ N02] · -
150 

x 100 D ;.;; 

[l01'427motdm-3 [to 4 signifjcant figures) 

K = [H +] N 02] = 7 2 0 . 1 ro- 4 I! d - 3 
a 

1
r ] . x mo11. m 
tHN02 

(M-t-] ~ Ka x [:HiND2] ~ 7.20 x 1! 0-4 x0.02007 
[N02J 0.01427 

l[H+] • 1.0126 x 1 o-3 moldm-3 [to 4 sjgnificant figt 1r-es] 

pH .;; - log1,0[H+] .;; - log 10 [11.01' 2 6 x 1 o-3) - 2. 9945 ho 4 
decimal plla cesJ. 

pH = 2.96 [to 2 decimal places) 

Note the very str9r hit d iffere nee in trie cone en tr-ation 
of the H+ ,ion us~ng concentration caused by the 
rou:ridrng of the concentration of HN02 and NaN02 but 
the pH is the same. 



Additio1n of acid or base to a buffer 
A buffer by definition maintains an almost constant pH when small 
atnounts of acid or base are added to it. 

The pH of a buffer can be calculated after the addition of a small amount. of 
an acid or a base. 

Addition of a sn1.aU an1ount of an acid 
• \Vhen an acid is added, the amount in 111oles of the acid should be 

calculat,ed if it is not given. 
• The position of e,quilibrium for the ,eciuilibriu1n HA ~ H+ + A- moves to 

ihe left lo remove the added H+ ions. 

• The amount) in moles> of HA increases by ihe number of moles of acid 
added. 

• The an1ount , in moles> of A- decre-ases by the number of moles of acid added 
• The nevt .amounts in n1oles of H+ and A- and the ~ expression are used 

to ca.lcula.t,e [H+] . Then pH = -log10[H+] is used to calculate· the pH ,of the 

buffer after the ddition of the acid. 

A ouffer is prepared by addingi (101' 22 m1ol of salt. NaY 
to 40 .0 cim3 of a 0.210 motdm-3 solution of the weak 
acrd4 HY. The acid d issoc,atlon constant, Ka. for the 
weak ac!dj HY. is 1. 71 x 1 o-5:motdm- 3 at 25 °c. Give all 
pH answers in this quest~on to 2 deci mal places . 

The a1mourit , 1n motes. of HA increases by 2.0 x 1:,0-4 

mol 

lriitlal amount of HY= 4o.o xo.24 O = 8.40 x 1 o-3 mol 
1 OOO 

New amount of HY == 8.40 x 10-3 + 2.00 x 10-,4 = 
8.60 x 1 o-3 mol 

Calcu late the pH of the buffer formed . 
A 2.00 x 1 o-A sa ,mple of nydrochloric acid was add1ed 
to this buffer so lution. Ca lculate the pH of the buffer 
solution after t 1he hyd11rochtoric acid was ad:ded. 

Answers 
moles of A- added= 0.0122 

moles of H!A = 4o.o x 0-210 = 8.40 )< 1 o-3 
1 OOO 

K ~ [H"'][Y-J 1 711 >< 10-51moldm:-3 
a (HY] . 

[H+] g Ka x '[HY] ~ 1.1 7 >< 1 o-5 
>< 8.40 >< 1 o-3 

[Y-] 0.0112 2 

1H+] = 1' .177 x 1 o-5 moldm-3 [to 4 significant fi9ures)1 
pH= -log10[H+] = -log 10 [1 .177 x 1 o-5) = 4. 9292 :[to 4 
decimal places] 
pH= 4. 93 l[to 2 d eci ma l p!laces) 
Adding 2.00 x 1 Qr 4 mol of HCl1 adds 2.0 x 10- 4 mol 
of 'H+. 
The position of equ iUb ri1u m for the equ i1Ub r:ium 
HA ~ H· + A- mioves to the left to remove the 
added H+ i1ons. 

The a mount, in moles, of A- decreases by 2.0 x 
1 o-41mol 
lriitia l amount of y- = 0.0122 mo l 
New amount of y- = 0.0122 - 2JJO x 1 o-i = 0.0120 mot 

K = [H +Hv-J = = 11.71 x 1 o-s. moldm-3 
a [HY] 

[H+ 1 = Ka x [H'(] = 1.17 x 10-5 
><" 8 .6 0 x 1 o-3 

[Y-] 0.0120 
[H+]1 ei 1.2 2.6 x 1 o-5 m,ol d m-3 ~to 4 stg:n ifi ea n,t frgu res~ 
pH - - log10[H+] -tog 10 [1 .226 x l o- 5j. 4.9 1115 [to 4 
decim1a·t places) 
p H = 4. 91 Ito 2 de c. i ma l places )1 

As can be seen, the pH of buffer 
rem,ains relatlvely constant even 
with the add iti on of a smatt 
amount of acid. Th,is is the bas is 
of the definit:ioin of a ibuffer. 

Addition of a small amount of a base 
• When a base is added, the amount in moles of the base should be 

calculated if it is not given. 
• The position of equilibrium for the ,equilibriu1n HA;:= H+ -t- A- m,oves to 

the right to replace the H· ions which were removed by the base. 
• The a1nount, Ln moles, of A- increases by the number of moles of bc,se added. 
• The amount; in moles, of HA decn::ases by the number of moles of base 

added. 



The V8lue of Ka for m,ethanoic aci1d 'is 1. 78 x 
10-4 ,moldrm-3 at 25 °c. A buffer solution contains 
0.0150 mol of methanaic acid and 0.0120 mol of 
sodfum m ethanoate in 500 cm3 of solution at 25 °C . 
Give all pH values in this qu estio ri to 2 d eci 'mal 
places. 

Calculate the pH of this buffer at 25 °c. Give your 
answer to 2 dec,imail places. 
A 5.00 cm3 sample of 0. 120 mol dmi-3 sod1ium1 
:hydroxide solution is addedl to the buffer. Calc.u la,te 
the pH of the buffer so lu tio n after this add itro n. 

An.swer 
1 Ka= [H+l[Hcoo-] = 1:. 78 x 1 o-4 mol dm-3 

[HCOOH] 
[H+] =Ka~ [HCOOH] = ·1.78 x 10, 4 )(~'.0150 

(Hcoo-1 0.01,421 
l(H+] . 2.225 x 10-4 motdm-3 
pH .a - log10[H+] .i - iLog, 0[2.225 >< 1 o-') - 3.6527 [to 4 
deci·ma l places~ 
pH = 3.65 [ to 2 dee i rna l places] 

• 5. D cm3 of ~.12 mol d m-3 Na OH added = 
5-00

1 
~~-g 120 

= 6 .OD x 1 0 4 m ol 

Ad,d ing1 6.00 >< 1 o-4 m,ol of Na OH; adds 6.00 >< 

, cr4 m,ol of OH-. 
6.00 x 10-4 mol H"" ions in the buffer react with 6.00 
>< 1 o-4 mol of OH- ,ions 
H+ +OH- ~ H20 
The pos,ition of equH1ibrium for the equitrbrium1 HA 
;;= H+ + A- moves to the right to replace the H+ ions 
that were removed by OH- ions. 

Th e a ma u n t, 1 n m o te s. crf HA de c re ei,s e s by 6. O O x 
1· 0-4 moil 
lnittal amount of HA= 0.0150 mol 
New .a 1mou nt of HA = 0.0150 - 6.00 x 1 o-4 = 

OJJ144 m,o [ 
The amount, in m·oles. of A- increases by 6.00 x 
1, 0~4 rno:l 
Initial amo,unt of A- - 0.01120 mol 
New a mount of A- - 0.-0120 + 6.00 x 1 Q-4 .i 

tJ.0126 m,ol 
K = [H+HHcoo-J = 1. 78 x 1 o-4 mol dm-3 

a [HCOOH] 
[H+] = Ka x l[HCOOH] = 1. 78 x 10-4 xO.O 144 

[H coo-] 0.0126 
[H+] = 2.034 x 1 o-4 mol d1m-3 Ito 4 significant figures] 
pH= - log 10[H+] = - tog1012 .034 x l 0-4) = 3.6916 (to 4 
decimal places] 
pH - 3.69 [to 2 decimat places] 

Ariy of the buffer questrons above 
can be carried out by convertjng 
to concentration of the weak acid 
and ~ts sa lt but be careful as the 
total volw me in the last calculation 
is 505 cm,3 as 5.00 cm3 of the 
sodium hydroxi,de so tuti on was 
added to 50 0 cm3 of the buffer; 

······································~····················································· 
TEST YOURSELF 7 

• 
f 1 What is a buffer? 
: 2 Explai,n why the pH of an acid,ic buffer solution remains almost 
• 
: cans ta nt desp~te t1he additi,on, of a small amount of hydrochlorf c e3Cid. .. 
: 3 The a,cid dissoc.i@tion conste3nC K8 • for ethanioic aci,d is 

• • : 
I 

• I 

' ! 
I • 
I 

: • • • • • • • • • • { 1.74 x 10-5 mol dm1- 3 at 25 °C. Calculate the pH of a buffer formed when 
f 0.00170 mol of sodium, ettlanoate is added to 75JJ c,m3 of 0.0550 moldm1- 3 ~ 
~ . 
: e.tharioic acid at 25 °C. Give your answer to 2 decim1al places . : 
• • ! 4 25,.0 cm3 of 0.200 m-otd·m-3 sodi·um f"lydroxrde solut ion was added ta : 
i 50.0cm3 of 0.2S.Omoldm-3 m,ethano ic acid . Ka for methanoic acid at i 
f 25 °c is 1.78 >< 10-4 mot d,,m-3. Calculate t,he pH of the buffer sotution i 
i formed at 25 °C. Grve you.r answer to 2 decimal places. ; 
f S 1.00 dm3 of a buffer solution contairis 0.0880 mol of a weak acid HA and f 
f 0.0540 mol of the salt of the acid NaA. pK0 for tne weak acid HA is 4.52. ~ 
! a) Calculate the pH of the buffer at 25 °c. Give your answer to 2 ! 
• • 
: deci,mal pilaces. : .. . 
: b) 4.00 cm3 of 0.150 mol dm-3 nitric acid ls added to the 'buffer. : 
• • 
£ Calculate the pH of the buffer after thi s addit1ion. Give your answer i 
i to 2 decimal places . i 
... ............................................ .......... ......................................................... 



Practice questions 
1 Which of the follo~,ing has units of moldm-J? 

A ~ B I<w 
C pH D p~ (1) 

2 What is the pH of a solution of 
0.0]54nr1oldm-3 H2S04? 

A 1.00 B 1.51 

C 1.81 D 2.11 (1) 

3 Write expressions for the following: 

a) pH 

b) Acid dissociation constant> Ka , for the ,veak 
acid HA 

c) ~ (3) 

4 The acid dissociation constant, Ka, for the weak 
acid HX is 2.45 x 10- 4 moldm-3 at 25 °C. 

Calculate the pH of a 0 .215' mol dm-3 solution 
of the weak acid HX at 25°C. (3) 

5 The ionic product of water, 1\v, is 
5.48 x 10-14 mo12 dm-5 at 50 °C. 

a) Write an expression for I<v.,. (1) 

b) Calculate the pH of p1lre water at S0°C. 
Give your answer to 2 decimal places. (2) 

6 a) ln tl1e reaction: 

CH3NH2 + H201 ~ CH3NH3 -r OH-

Exp lain \.Vhethe r Vl,Uer is acting as a 
Br0nsted-Lo"'~ acid or bas~ in this 
reaction. 

b) ln the reaction: 

H2S04 + HN03 ;= H2No; + HS04 

State which of the reactants acts as a 

(2) 

Br0nsted-Lo,,rry base in this reaction. (1) 

7 Calcu]ate the pH ,of the solutions produced in 
the fono,ving way at 25 °C. 
f<w = 1.0 X lQ- 14mol2 din-6 at 25°C. 

a) 50.0cm3 of 0.200moldm-3 sodiu1n 
hydroxide solution are diluted to 250cm3 

,vith deionised ,vater. Give your answer to 

2 decimal places. (4) 

b) 5.0cm3 of 0 .0520n101dm-3 hydrochloric 
.acid are mixed with 20.0 cm3 of deionised 

II 

water. Give y,o,ur answ r to 2 decimal 
places. (3) 

c) 15.0cm 3 of 0 .124 mol dm-3 sulfuric acid 
are mixed with 35.0cm.3 of deionised water. 
Give your ans,ver to 2 decimal places. (3) 

8 Calculate the pH of the solution fonned when 
25.0cm3 of O.lOOtnol dn1-3 hydrochloric acid 
are reacted Vvith 10.0 ctu3 of· 0.150moldn1-3 

sodium hydroxide solution. Give your answer 
to 2 decimal places. (5) 

9 A buffer is prepared by mixing 0.0271 mol 
of sodium ethanoate wi.th 125 cm3 of 
0.325 mol clm-3 ethanoic acid. The acid 

dissociation constant for ethanoic acid,~> is 
1. 74 x 10-51noldm-J at 25 °C. 

a) EJi..-pla.in "'·hy the pH of a buffer solution 
re.mains almost constant despite the 
addition. of a sn'llall amount of an acid. (2) 

b) Calculate the pH of the buffer formed. 1Give 
your answer to 2 deciinal places. (4) 

c) 5.00cm3 of 0.200n1oldn1~3 hydrochloric 
acid ,vas added to d1e buffer solution. 
,Calculate the pH of the buffer solution after 
the hydrochloric acid was added. Give your 
answer to 2 decimal places. (6) 

10 25.0cmJ of a solution of 0 .125 mol dm-3 

hydrochloric acidl was placed in a conical 
flask and sodiun1 hydroxide solutio·n added 
from a burette. 22. 7 cm3 of sodium l1ydToxide 
solution v.ras required to reach ihe end point . 

a) Calculate h e pH of the 0.12Smolcllm-3 

hydroc.h]oric acid used in this titrati,on. (2) 

b) \Vrite an equation for d1e reaction between 

sodiu1n hydroxide .and hydrochloric acid. 
(1) 

c) Calculate the conc,entr.ation) in mol dn1-3 ) of 
the sodium hydroxide solution used. 1Give 
your anS\Ver to 3 significant figures. (3) 

d) Using your answer to (c), calculate the pH 
of this concentration of sodium hydroxide 
solution at 25 °C. At 25 °C, ~ has the value 
1.00 x 10- 14 mol2 d1n-6. If you did no t get 
ans,ver to (c), u se 0 .145 moldm-3 as the 
concentration of the sodiu1n hydroxide. 
solution. This is not the correct ans\,ter to 
(c) . Give your ansvv,er to 2 decimal places. 

(3) 



m 11 Titration curves l to 4 below were obtained 
for co1.nbinations of different solution of acids 
and bases. 

1·4 
12 
1·0 
8 

:c 
'1. 7 

6 
4 
2 

Curve 1· 
1,4 
12 
10 
8 

i7 
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4 
2 

Curve 2 

a ...... - ----- 0 .......__ ____ _ 
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Curve 3 Curve 4 
14 14 
1 2. 1· 2 
1,0 10 
8 B 

i7 i7 
6 6 
4 ,4, 

2 2 
0 0 

Volume/cm3 Volume/cm3 

a) From the curves 1, 2, 3 and -i> choose the 
curve ¥lhich ,vould be produced by the 
addition of the following. 

i) sodium hydroxide added Lo ethanoic 
acid (1) 

ii) hydrocl,loric acid added to potassium 
hydroxide (1) 

iii) amn1onia added to nitric acid (1) 

b) The following indicators may be used in 
ti tra tions. 

pH range 
of colour Colour in Colour 

Indicator change acid in alkali 
Thy1mo'L blue 1. 20-2.80 Red Btue 

1M ethyl o ran~ e 3.10- 4.40 Red Yellow 
Methyl red 4.40- 6.20 Red Yellow 
Bromothymot 

6.00- 7.60 Yellow Blue 
blue 
Ph en otp hth a:lei n 8.30- 10.00 Colourless Pink 

i) Select from the table an indicator 
which couldl be used in the titration 
which produces curve 1 but not in the 
titration that produces curve 3 . (1) 

ii) Give the colour change at the end 
poin.t of the titration which produc.es 
curve 4 when bromothy1n,ol blue is 
used as the indicator. (! ) 

12 An acidic buffer solution is prepare.d by 
mixing 25.0cm3 of 0.lSOmoidm-3 potassium 
hydroxide solution with 50.0cm3 of a 
0.200moldm-3 sol utio11 of a weak acid HX. 

Ka for the weak acid HX at 25 °C lias the value. 
2. 74 x 10-5mo,ldm-3. 

a) Explain wl1y the pH of a buffer solution 
remains ahnost constant despite the 
addition of a small amount of a base. (2) 

b) Calculate the p H of the buffer at 25 °C. 
Give your ans~rer to 2 decimal places. (6) 

c) 0.00240mol of sodium hydroxide was 
added. Calculate the pH of the buffer 
soilution after the addition of the sodiun, 
hydroxide . Give your answer to 2 decitnal 
places. (4) 

Stretch and challenge 
13 An .acidic buffer is fonned by mixing 0 .124 

mol of ethanoic acid ,vith x n1ol of sodium 
hydroxide in 1 dm3 of solution. The pH of the 
buffer fanned is 4.8l. The~ for ethanoic acid 
is 1. 74 x 10-5n1oldm-~. Calculate- a value for x. 
Give your ans~~er to 3 significant figures. (5) 



Properties of Period 3 
elements and 
their oxides 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

j PRIOR KNOWLEDGE ! 
• • 
: • Elements in the Period ic Table are grouped ~nto blocks which are th e a 
• • i s,1 p,, d andl f blocks. : 
• • 
: • The positron of an element i n the Per1o d~c Ta ble is defined by it s : 
I at omic num ber fo r proton num ber)i . I ---
• . 
: • Fro m sodiu,m to ar g,on~ the ato m ic rad ius decr eases. : . . . 
i • Fro,m sodlrum to ar g,on,1 f1rst ioni sa t~o n energy generally fncrea ses. i 
• • : • From so d1ium to arg,on~ the metting po i1nts of the elemients increases : 
i to silicon and then decreases (apart from a sligiht rrse between ; 
i phosph orus and sulfu rL ; 
: • Elem ents af Grollp 2 are knowrn as the a'lkali ne earth m eta,l s and : 
• • 
: element s of Group 7 are k now n as the halogens. : 
• • 
: • Group 2 elements show an incr ease i1n reactiv:ity dow ni the group w hereas : 
• • 
: Group 7 elements show a dec rease in reacti,vity dmNn the group. : 
• • 
~ • Group 2 elements react w jth water formfng, the meta l hyd rox ide and ~ 

: releasing: hydr ogen gas [the reactii on of mag,nesium1 with water is : 
• • 
: very stow]. : 
I I 

i • Ac i dH i e d b a r ;i u m c 11 lo r id e s o l u: t to n is u s e d: to test f o r s u t fate ion s . A : . : ! posiitive test yjel-ds a white precipi,tate of bari.um sutfate. i 
: • Acid i,f~ed1 silver nitrate solution is used to test for heUde i.ons . A white : 
• • 
: preciipi tate indi cates tihe presence of chlor ide ions1, a cream prec,ip itate : 
• • 
: ind icates brom ide 'io:ns ar1d a yellow preci p,itate irid icates iodide io11s. : 
• • : ................................................................................................................ .. 

····· ····················~······································~················~·········· 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 
• 
! 1 From the fo llowing ten elements: : 
% bar,ium iron uranium 
• ! mfilgnes ium, neon bismuth 
: al Name the s block e[em,ents . • 
I bi Nam e the p block ele.m ents . 
• 
: cl How rnany are d bl ock elem ents? 
• i d) How m1at1y are f block elements? 

ch lor ine 
s ilver 

i, 

= 
t 
,t 
ii • I!! 

: 

' • • 
va nad i,u m : 

• • 

! 2 Write an equaiti on for the rea cti,on of b airi u'm1 with water. i 
• • ! 3 State the co lour of the precipitate observed when the foUowi ng i 
i so lutions are m,,xed: ! 
: a) P-otass1um iodide sotu t~on and aci1d if i1ed silver nitrate so·lution : . : 
! b) Acidified bari um chtori.de so lution arid ·mag nesiit.J m su lfate solut ion ~ 
• • 
: c) Zinc ch loride so lu tion and aci,difled si lver ni trate solut~on . : 
• • 
~ I+ State t he foUow ing t r en,ds: ~ 
i al Me lti·ng point across Peri,od 3 i 
• • : bi Reactiviity down Gr oup 7 : 
• • : cl Atomic radius across Periiod 3 ; 
I • 

i d) F1ir st ion isat ion energy down Group 2. i 
! . • ~ .... ...................................................................................................... .. 
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Elem,ents of Period 3 
The elements of Period 3 include the 1netals sodium and ma.gnesium which 
reacts with water. 

Reaction of sodiuu-1 with water 

Sodium metal reacts vigm-ously with \Yater. A sn1all piece of the metal is cut 
and added to a trough of water. 

,Observations: s-odium floats on the ~rat r, mov,es about the· surface of the 
water and th re is fizzing. The metal melts to form a silvery ball. h eventually 
disappears and the solution which remains is colourless . 

The equation for the reaction is: 

2Na + 2H20 ~ 2NaOH + H 2 

The solution ·,vhich -retnains contains sodium ions and hydroxide ions and 
it has an alkaline pH. The n1ore sodium that is added, the higher the pH. 
Sodiu1n has a sHghdy lo"'~er d-ensity than water and so floats ,on the \\'~ater. 
The reaction is vigorous and very exolhermic and this vihy the sodium 
tnclts. The fizzing is caused by the production of hydrogen Vilhich also 
propels the molten bead of sodium across tl1e surface of the vrater. 

Reaction of rnagnesium ·with waler 
Magnesium n1etal reacts very slowly with water. A piece of n1agne.si un1 

ribbon m11 produce a small volume of hydrogen when left in contact "'rith 
,valer for several <tveeks. The e-quation for the reaction is: 

The solution that remains contains magnesium ions and hydroxide ions and it 
has a very slightly alkaline pH (just above 7) . 

1vlagnesiun1 reacts vigorously wid1 water vapour at te1nperatures above 
100 °C (373 K) in the absence of air. This is often carried out using the 
apparatus sho'.,\rn in Figure 7. l . 

dairmp 
rm~neraJ 
\\IOO! 

heat 

damp 

hydrogen 

gas jar 
trough 

Figure 7.1 The t~bora,tory re@ction of me}gnesi um and steam. 

Heating the damp 1nineral wool generates water vapour a.nd drives the air 
out the boiling tube. 

Observalions: The n1agnesiun1 bums ,vith a bright w~hite light and a white 
solid is formedl . 

Mg + H20(g) --+- MgO + H2 

The white solid formed is magnes-ium oxide. 



0 Oxides of elements in Period 3 

You should know how to draw 
a re p re s en tat i on of Fig u re 7. 2 
with a lim:ited number of ions as 
discussed in t'he bond.ing. chapter 
in the Year 1 AS chem1istry book. 

Lithium oxide melts at 1438 °C 
or 171 l K. Th:is is due to th1e 
smaller Li+ ion crea,ting greater 
electrosta,tic attract ia n1s between, 
th.e ions in Uth1.um oxide. 

Figure 7.3 Comb 1ustto n of sod ium in a 
g:as jar. Tlh.is is an e;.-.othermic reacti·O·n 
as see,n by the b:ri g ht flame·. 

You wou Ld not be ex pected to give 
the equation for th·e form:atjon of 
th,e peroxid e when asked for an 
equat~o n for sod~um rea.cting w1ith 
oxyg:eri in air but you should be 
a.ware that some forms. 

Tl1te oxides of elements in Period 3 will be examined in terms of their 
formula 1 type of bonding; structure~ acidic, basic or amphoteric nature o f 
the oxide and the reactions of the oxides Mth water. 

Metal oxides 
S diutn oxid 

• Sodium oxide is an ionic, h- ic (. icl l . 
• Its formula is N a20 and its bonding is ionic. Ionic bonding is the 

electrostatic anra.ction between the positive and negative ions. 
• It is a v,lhite solid which has an ionic lattice stn1cture . 

Part of the ionic 
laittice of sodi 1um 
oxide 

Sodium 1ions, Na+ 

Figure 7.2 The ionic Lattice structure of sodi:um oxide . 

Sodiutn oxide has a high m ,ehing point (12 75 °C or 1548 K) as it consists 

of an ionic lattice and th ere are strong forces of attraction between th e ions 
,,,..hich require a large an1ount of energy to, break. 

Formation of sodium oxide 

Sodium oxide can be formed from the reaction between sodium and oxygen. 

4Na + 0 2 ~ 2Na20 

A yellow flame is obse1"Ved and a white solid is formed. 

Sodium.1uetal reacts spontaneously when exposed to air. S0diu1n, like th,e 
other alkali n1etals is stor,ed under oil to prevent it reacting with air. The 
alkali metals are soft metals which can be cut Vvith a knife exposing a shiny 
surface. The shiny surface tarnishes (goes dluH) rapidly. 

During this reaction there \viU also be some sodium peroxide formed , 
Na20 2 when sodium re.acts wirh oxygen. Sodium peroxide contains the 
peroxide ion, 101-. It is a highly reactive compound. 

Reactions of sodium oxide 

Sodium oxide reacts \-vid1 "',ater to produce a colourless solution of sodiun1 
hydroxide which is alkaline (pH 12-14). 

Na20 1 + H 20 --> 2NaOH 

This can be written to- show the ions formed: 

Na20+ H 20 ---+ 2Ntr~ + OH-

Sodium oxide is basic so it also reacts ,vith acids producing a salt and water. 

Na20 + 2HC1 ~ 2NaCl + H20 

Na20 + H 2S04 -)- Na2S04 + H20 

S0diu1n o:,...ide dissolves in vv"ater and the oxide ion acts as a base and 
accepts H+ ions f-ro1n the v;...-ater or the acid : 

\V'ith Vv~ter: 10 2- + H2o ~20H-

\vith acids: o~- + 2W ~ H20 1 
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Figure 7.4 1Mag.ne,si um oxide is a wh ite. 
so!Lid . 

!vl aa11 ium . xid 
• Magnesium oxide is an ionic > basic ,oxide . 
• Its formula is MgO and. its bonding is ionic. Ionic bonding is the 

electrostatic attraction between the positive and negative ions 
• ll is a white solid which has an ionic lattice structure. 

Part of the ionk 
lattii(:e of 
magnesium oxide 

Figure 7 .. 5 lo·nic Lattice structur,e of magnesiUim oxide. 

Oxide fans, 
02-

Magnesium o,xide has a high melting point (2852 °C or 3125 K) as it consists 
of an ionii.c lattice and there are strong forces of attraction bet"w·een th e 
oppositely charged ions which require a large am ount of energy to break. 

The meltin.g point of magnesium oxide is substantiaUy higher than that of 
sodium oxide as the Mg2+ ion is smaller and has a highe1~ 2+· charge than th e 
single positive charge on the Na• ion. The electrostatic foirces of attraction 
betwe,en the 1vlg2+ i,ons and the o2- iio,ns are stronger than the a traction 
between the Na• ions and o2- ions in sodium oxide. 

Formation of magncsiu.m oxide 
Nlagnesium oxide can ·be for1ned from tl1e reaction between magnesium and 
oxygen. 

2~lg + 0 2 ~ 2Mg0' 

Magnesiu1n bums in air. A white light is absented and a "''hite solid is fonned. 

R action of mag11esJ1l m oxtd 
Magnesium oxide is sparingly soluble in ~.rater but some does react to form 
magnesium hydroxide 

MgO + H 20 ~ Mg(OH)2 

The pH of a solution of magne:sium oxide is slightly alkaline> producing a 
solution of around pH 9 due to son1.e of the magn esiun1 oxide reacting vvith 
Vlater. The slightly alkaline pH is due to the fact that magnesium oxide is 
slightly soluble so only some of the oxide· ions dissolve and react v.,"ith the 
water producing hydroxide ions. The· enthalpy of solution of magnesiiim 
oxide is not quoted in data books as it is so sparingly soluble in water. 

Magnesium oxide is basic so it 1eacts with acids producing a salt and water. 

MgO + 2HCl ~ MgC12 + H 20 

Mg01 + 2HN,0 3 --t Mg(N03) 2 + H20 

TI,e oxide ion accepts protons fron1 the acid to form water: 

02- + 2H+ -+· 'H,O -



If the general equat io n:s a re 
learnt. then it is s1imply a matter 
of includ in g1 the negative iori for 
the acidl [e .g. et-I to co m1plete the 
equat~o n ~ or including the posit ive 
m,etal 'ion for tine hydroxf de 
f e.g. Na+l to complete the base 
equation. 

The bas·i c properties of the 
metaHic oxides of Period 3 
elements is due to the presence 
of the ox ide ion. 02-~ which 
can act as a base and accept a 
proton~ H"". 

Alurninium xid 
• Aluminium oxide is an ionic, ,11n phoh: ri c: o . idc. 
• Its formula is A]20 3 and its bonding is ionic. 
• Ionic bonding is the electrostatic attractio11 between the positive and 

negative ions. 
• It is a white solid which l1as an ionic lattice structure similar to those 

shoVvn previously for sodium oxide and magnesium oxide. 

Aluminium oxide n1elts at 2072 °C (2345 K). The high n1e ldng point is 
caus-ed by the strong electrostatic attraction bet,veen the Ai3+ and 0 2- ions. 

Formation. of aluminium oxide 
Aluminium oxide can be for:rned from the reaction betv,le.en powdered 

aluminium and oxygen. 

4Al + 302 ---+ 2Al20 3 

A white s-olid is fonned. A1un1iniuu.1 powder reacts readily but aluminium 
foH does not react as easily as it has a p,rotective o,..id_,e layer 1hat prevents 
reaction. This layer also protects aluminium from, reaction with vY"ate.r s,o 
preventing corrosion. 

Reacdons of aluminium oxide 
Aluminiu1n oxide does not dissolve in. water or react with water. This is due 
to the strength of the ionic bonds between the oppositely charged) sniaH ions. 

A mixture of aluminium oxide and water has a pH of 7 as it does not react 

'With ""'+a ter. 

Aluminium oxide is amphoteric as it reacts with both acids and bases: 

General equations: 

With acid: Al 2 0 3 + 6H 4- ---+ 2Al 3-1!- + 3 H2 0 

With base: Al20 3 + 20H- + 3H20 -;. 2Al(OH)4 
When alun1inium oxicle reacts ·with a base, r.he alurninate ion, Al(OH):;•, is 
formed. 

OveraU equations: 

with hydrochloric acid.: 

with sodium hydroxide: 

Al20 1

3+ 6HC1 ~ 2A1Ct3 + 3H20 1 

Al20 3+ 2NaOH + 3H20---+ 2NaAl(OH)4 

~ -··························································································: 
; TEST YOURSELF 2 i 
i 1 State the structure of sodium oxide . ! 
I I 

! 2 State th e type of 1bondi1ng found in magn es ium oxide. ; . - - . 
! 3 Sodium ox1de reacts wf th water. : 
• • 
~ a) Wr,ite an eq uati on for the reaction showing1 the ~o ns for1med. ! 
i b) Sta te the pH of the so luti·on formed w hen sod ium oxide re.acts i 
• • • 
: wr th water. : 
• • 
: 4, Wr ite an equat 1ion for the form at1on of a Lum1n1um oxide from, : 
• t i ailurm~ni,um and oxygen. ! 
••••••t•••••••••••~•••••••••••••••••••••••••••t4+••••••••t••••••••t•••••••••••••••t.•a••••••••••••••••• •••••••••Ja 
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···············•••i•••••···················,····································································· • • • 5 • ! - A'lum1i1niu m ox idle reacts with both1 a,cids and bases. ! 
: : 
t al Write an equation for the reaction of alumi n,ium ox i, de wi th : • • 
: sulfuric acid. : 
• • ! b) Write an equation for the reaction of alum1inium ox ide wah i 
• • : potassium hydroXide. : 
• • 
: c·) W1hat tenm ts used for an oxide wh·ich reacts with both ac,ds : 
• • 
: and bases? : • • . ~ 
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Non-metal oxides 
Silicon dioxide 
• Silicon dioxide is a covalent) acidic oxide . 
• ]ts formula is Si0 2 and i ts bonding is covalent. 
• Silicon dioxide is a white powder and its snu cture is macromolecular 

and the banding \vithin it is covalent. 
• The. structural t, m1 macromolecular ,can som times be. called giant covalent. 

Ma·cromolecular (g.iant covalent) 
structure of Si02 
The a rra ng ement of the atoms 
is tetrahec:hal . Each si1I icon atom 
is connected to 4 oxygen atoms by 
covalent bonds and each o~gen 
a.tom is connected to two silk on 
a.to ms ag a i 11 by cova1le nt b o.n ds 

Figure 7~6 M a,cro mo Lecu la r structure of s i Heon dioxide. 

S iJ1icon atom 

The nu:lting point of silicon dioxide is 1610°C (1883 K) . The high melting 
point is caused by the macr,omolecular (giant covalent) structure with 1nany 
covalent bonds which require a great de.al ·Of energy to break thern. 

Forn1ation of silicon dioxide 
Finely divided silicon reacts with oxygen when heated. Silicon dioxide is 
formed. 

Si + 0 2 ~ Si0 2 

Reactions of silicon dioxide 
Silicon dioxide does not drissolve in or reoct Vvith water as the Vvllter cannot 
supply enough energy to breal" the strong covalent bonds in. the macromolecular 
structure, The pH of a mixture o f silicon dioxide and Vv~ter is 7. Silic.on dioxid.e 
is still Iclerred to as an acidic oxide as it reacts with bases. 

Silicon dioxide is an acidic oxide that \viU react with bases forming silicates. 
The silicate ion is Si,oJ-. Silicon dioxide r,eacts \\'ith hot concentrated 
sodiun1 hydro:xide sodiutn fanning sodium silicate and 1-vater. The reaction 
is slo,v at room tenllperature but alkalis 1,;,.iU cause marks on glass containers. 

Si02 + 2NaOH ~ Na2Si03 + H20 



Remember dgd in thdt c3 'll you 
have to do is add the metal ion 
into both s1d es of the gen era l 
equati,on to write an overaU 
equaHon . 

P4010 consists of simple 

molecul.es. The mol'ecu lar 
formula is P40,o but the 
empkical formula is P20s 

Figure 7.8 Phosphorus ox ide is a 
w hite powder. Th e picture shows the 
form~.tiion of phosphorus ox,ide from the 
c·ombusti.on of phosp·horus in a f:Lask. 
Thie wniite solid 1is seen around' the top 
half of the fta1sk. 

Ionic quation: 

Si02+ 2QH-~ Si(i- + HiO 

Reaction "Ni.th sod.iutn hydroxide 

Si02+ 2NaOH ~ Na2Si03 + H 20 

Na2Si01

3 is sodiu1n silicate. 

Pho phoru -(V) xid 
• Phosphor-us(V) oxide (phosphorus pentoxide) is a covalent acidic 

oxide and is a vilhi tc solid. 
• Its molecular formula is P 40 10 and i ts bonding is covalent. The 

empirical fonnula is P20 5 but each molecule bas 4 P atoms and 10 
0 atotns so it is usually \Vritten as P40 10. 

• Its structure is rnolecukr covalent. It consists of sin1ple tnolecules 
of P 40 10. The sttucture. can be called silnple c,ovalent. 

The melting poh1t of P40.1o is 300°C (573 K). This melting point 
is lower than the 1netallic oxides as P 40 10 is molecular ,covalent so 
considerably less energy is required to break the weak intermolecular 
forces of attraction between the P 40 10 tn.olecules. 

Formation of phosphorus(\!) oxide 

Phospl1orus burns spontaneously in air Vvith a very bright \vl1ite flame and 
forms a. vthite s1noke which is a nllixture of phosphorus(n1) oxide, P40 6 and 
phosphorus(V) oxide P40 10• In excess oxygen the product is a]n1ost aU 
phosphorus(V) oxide. 

P4+ 502 -+ P40 1o 

Phosphorus is nonnaUy stored under wat,er to prevent it coming into 
contact with oxygen in the air. 

Reactions of phosphoru.s(V) oxide 
P40 10 ·reacts witl1l water producing phospboric(V) acicL H3P04 

P40 10 + 6H20--+ 4H3P04 

Phospho,rns(V) oxicle is an acidic oxide so Vvill react "'rith bases forming 
phosphate salts. The phosphate ion is PO)-. 

Gene.ml equation: 

120H- + P4
10 10 ---t 4PoJ- + 6H20 

Overall equation (add the metal ion to both sides of the general equation): 

12NaOH ;,- P40 10 --+ 4Na3P04 + 6H20 

'Basic oxides such as sodium. oxide and magnesium oxide also, react v.rith 
P4.0 10 forming phosp.hate sahs. Na3P0,4 is sodium phosphatc(v) and 
Mg3(P04) 2 is magnesium phosphate(v). They are often simply called 
sodium phosphate and 1nagnesiu1n phosphate. 

6Na20 + P40 10 ----t 4Na3P04 

6Mg0 + P40 10 -+ 2Mg3(P0~2 
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Basic oxides also ·react \vith phosphoric(v) acid , H3P04. The. san1e 
phosphate(v) salt is formed but water is also formed. 

3Na10 + 2H3P03 ~ 2Na3P01

4 + 6H20 

3Mg0 + 2H3P04 ~ 1ig3(POJ2 + 3H20 
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Write a balanced symbo'l equation for the 
combustion of white phosphorus. 

2 What fs observed1 when white phosphorus ~urns? 

Wh,te phosphorus matches wer-e replaced in the 
earty 1900s by ~safety m.atches·. The heads of 
th ese matches conta~ned a m.ixture of phosphorus 
sesquisutfide P4S3 ~Jind potasstuim chlorate(v] 
KCt03 . When t1he match i,s struck across a rough 
surface t,he ,heat of fricbo n ls sufficient to lg nite th,e 
phosphorus sesqu:isulfid:e: the potassrum chtorate[vl 
deco,mposes to prov~de the oxygen needed for 
ca 1mbustion. 

3 Write a balanced symboil -equation for the 
co·m'bustlon at phosphorus sesqu1isutfide to 
produce phosphorus.[v! oxrd.e and suttur d,ioxi1de. 

I+ Write a balanced symbo'l e-quat 1ion for tt1e 
decomposition o-f potass~um chlorate~v)1 i1nto 
potassium chtoride and oxygen. 

5 Using1 your answers to question1 4 and 5, write a 
sirngle equation to show th,e overaU reaicti on that 

occurs between tnese two substances w heri a 
,match he~d ,f gnites. 

6 The p1hosphorus[vl oxrde produc.edr when a 
safety match hea d ·igniites ,s cova lently bonded. 
M'agnes ium1 ox id e~ another Period 3 oxide js an 
ioriically bonded compound. OutUne a s,imple 
exper iment that could be used to d,emonstrate tha1t 
,mag:nesium1 oxide has ion~c bond, ng. 

~ 
: 
~ : 
: 

i 
' 

. . . ... ..-• ., I • 1.•11.• ... ., ... -...,1,1,,11.a1•,1 ........ 1.•,1 • ., &.• ..... 1.• ••,I 1.#1.8,1 l..&.l.a.#a., t.a.a a,1 I.a 1.a,11.a-..a,1 &.a 1,a,1'-,1 1,a,. a,11.a.- a,1 I.a.I a,1 I.a a.a,1 1.a,a.1 1,,1,1,a,.-1,,1 &.a., a.1-..a .. a I 1.a-..a,1 I.a 1,a,1'-,1 ... ., 1,,1 1,a,1 a,1 1,a,1 •• 1.a• a..t 1.a,a,1 la 1.a11,,1 I.a.I 1,,1--.,a.1 a• l.a#a.l 1,a 1,a4 1.8 1,a,11,,11,a., 1,,1 1,a,1 a4 I.a.I a ,1 1.a1a,1 I a 1.a..- .. a 1,a,1l..l'l,a,1,1,,11.a1a,1 I.a.I•• 1,a I.a.I I.a .. ... 1,,1 ... 

Some texts d esc:ri be su ~fur 
trioxide as a co lour less solid 
but tihfs may relate 1more to the 
temperature of the environment~ 
given that its meltjng poi,nt is 
close to room temperature. 

Oxides of sutfur 
• Sulfur forms t\,ro oxides> sulfu-:r(rv) oxide (sulfur dioxide) and sulfur(vi) 

oxide (sulfur trioxide) . Both are co-valent acidic oxides. 
• Sulfur dioxide has the fonnula 502 and sulfur tr io,,dde has the formula 

S03• The bonding in both is covalent. The structure of both 502 and 503 
is molecular (simple covalent). 

• Sulfur dioxide is a colourless gas (mel ting point -73 °C or 200K) "'7ith 
a pungent odour. It often appears as misty hnnes in most air dlue to its 
reaction. with the n1oisture i11 the air. 

• Sulfur trioxide is a colourless liquid (1ne.lting point 17 °C or 290 K) . 

The structure of both sulfur dioxide and sulfrur trioxide is descnbed as n1olecular 
co·valent. The 502 molecule is bent and the S03 molecule. is trigonal pJanar. 

The bond an g1le for S02 'is 119°. The two 
doub le bonds and lone pair take up a 
trf gonail ptana r a rrang em·ent and the lone 
pair red·uces the bond angte from 120° to bent shape of 

S02 11 9°. The bond angle for S03 is 120° due to 

0 

II 
-~ s~ 

0 0 
trigonal plainar 
shape of S03 

the equal repu lsions of the three double bonds. Suilfur diox ide is polar but 
su lfur trioxide is non-po lar because of the symmetry of its shape. 



Figure 7.9 Sulfur burnin g in a,ir. on a 
corn bus tio n spoon . It has ~n intense 
blue Harne. 

Ex am ptes relatin g melting point 
to th e structure are comimon i:n 
thi1s section. Make sure you can 
ex pta,i n it fully based on either an 
ioni c tatti ce, a macro motecu la r 
I gii ant covatentl st ructure or the 
forces of attraction betvileen 
molecules for mo'lecular ts irnple] 
covalent substances. 

Formation of th oxide of ulf u r 
Sulfur burns in .air. The yellow solid sulfur melts to form a redl liquid \Vruch 
burns with a blue flame forming misty fumes of a choking .and pungent gas. 

s + 0 ,2 ---+ so2 

Sulfur dioJ\.ide can be conve1ted to sulfur trioxide on reaction ,vith more 

oxygen in the presence of a vanaclium(v) oJdde catalyst under specific 
conditions. 

Reactions of the oxides of sulfur 
Sulfur dioxide reacts v.rith water p roducing sulfuric(1v) acid> H 2S03. 

Sulfuric(rv) acid is also called sulfurous acid. 

S02 + H2o, ~ H2S03 

n1e solution fom1,ed when sulfur dioxide reacts with water is weak]y acidic. 
This is due to the reactio11 being rev,ersible and the position ,o,f equilib1ium 
being to the left-hand side. 

S02 + H20 # H"" + HS03 

Sulfur trioxide, S03 ; reacts very vigorously with water producing sulfuric 
acid~ H2S04. Sulfuric acid is also called suHuric(VI) acid. 

S03 + H20 ~ H2S04 

A.s both sulfur dioxide and sulf-ur trioAi.de are acidic oxides, they react 
\Vith bases. Sulfur dioxide reacts with bases forn1ing sulfate(IV) ions. The 
sulfate(rv) ion is soj-. Sul fur trioxide reacts i.vith bases forming sulfate(v1) 
ions. The sulfate(VI) ion is SOj-. 

The sulfate(IV) ion is also called th e sulfi te ion and the sulfate(v1) ion is 
called the sulfate ion. 

Gene1~at equati o n.s: 

so2 ,.. 20H- ~ so~-+ H2o 
S03 + 20H---+ soi-+ H20 

OrveraU .equations (ad.ding the tnetal ion to the left and the right VviU 
cotnplet-e the equation an d give you the balanced syn1bol eq:uation): 

S02 + 2NaOH ~ Na2S03 -t H 20 

S.03 + 2K01H --4 K2S04 + H20 

P 4 0 10 melts at 300 °C (5 73 K) whereas 501

2 melts -at - 7 3 °C (200 K) . 503 
m·elts at 17 °C (290 K) . AH thre·e of these substances are molecular covalent. 
P 40 10 has a higher melting point than the others as it is a larger mo]ecule 
with more electrons so the van cler Waals> forces between the molecules are 
greater and more energy is required to overcome these forces of attraction 
between the 1nolecules. S03 is a larger molecule than S02 so the 1ncking 
point is higl1er> again due to larger van der Vlaals, forces between the 
n1olecules of S03 cornpared to 502 > even though S02 is polar and S03 is 
non-polar. 
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Summary table of the reactions of oxides of elements, 
in Period 3 with water 

1Dxide Reaction with water pK of -resulting solution 

Na20 Na20+ H 20 ---4 2Nia+ + OH- 14 

MgO MgO+ H2 0 ~ Mg (OHb 9 

A L203 None -
Si02 None -
P~.010 P4010 + 6H20-+ 4H3P04 0 

S02 S02 + H20 ~ H+ + HS03 3 

503 S03 + H20-.:,, H2S04 0 

0 Trends in the melting points 
of the Period 3 oxides 
The table below gives the melting points of the highest oxidation state 
oxides ·of elements of Period 3. 

Na20 1438 

Mg·O 2852 

AL20 3 2072 

Si02 161'0 

P~010 300 

S03 17 

For the metal oxides (Na20 , 1'1g0 andA120 3) it is imp-artant to remember 
that, in general, the melting point increases as the cliarge on the n1etal ions 
and as the size of the metal ion de.creases. Ionic compounds vvith smaller ions 
and higher charge ions have the highest 1nelting points. This explains the 
increase in meking point fron1 sodiutn oxide to tnagnesium oxide. However 
the n1elting point of alutniniun1 oxide is to,Ner than that of magnesium oxide. 
This is due to the fact that the aluminium ion has such a high charge density 
that it polarises the electrons in the OAide ion and aluminium oxide has a 
degree of c.ovalent char~cter. This reduces the melting point. 

Silicon dioxide has a macromolecular (giant covalent structure) and so a large 
amount of energy is required to b,reak the 1nru.-iy strong covalent bonds to melt it. 

P40 10 and 501

3 are n--iolecular in structure. P40u, has a higher~ than 503 
so it has stronger van d er Waals' forces of attraction between the molecules. 

C)~S-tr_u_c-tu~re_o_f_t_h_e_a_c_i_ds~a-n_d_a_n-io_n_s~~~-
When. acidic oxides react \vith ·wat,er they form oxyacids. These oxyacids are 
covalent compounds vvhich form ions in aqueous .solution. 

P'hosphoric acid 
Food-grade phosphoric acid is used to acidify foods and beverages such as 
various colas. h provides a tangy and sour taste. 

• \.Vhen P40 10 reacts with i.vater, phosphoric(v) acid~ H3P04, is formed. The (v) 
refers t,o the oxidation state of the phospho11.1s a.to1n which is +5 in R3P0,4. 
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A ll of the an ions formed from 
phosphoric acid may have the 
oxjdat iio n state left out after tne 
name of the sa lt For exa m,pte 
the phosphaite(v) i,on is o.ften 
ea lled the p h os:p h1a te ion and 
the di hyd ro9e n phosp hate(v) 
f on is often ea llect the 
di 1h1yd ro gien phosphate ~an. 

" 
0 ~\-oH 

OH 

sul·furi c(IV) acid 

• The structure of phospho-ric(v) acid is shown on the ]eft. 
• Phosphoric(v) acid is often simply called phosphoric acid. 
• Phosphon1s atoms in H3P04 promote electrons into the 3d sub-level lo 

be able to form. five covalent bonds. 
• The shape a1.vund the phosphorus ato1n is te,trahedral (pond angle is 109.5°) 

(see structure, left) . 

The three hydrogen atoms are acidic hydrogen atoms as they are bonded to 
electronegative oxygen atoms and so can be donated as H+ ions. 

Phospho,ric(v) acid is a triprotic acid. It fonns three different anions as the 
H"' leave the molecule 011. reaction with bases. 

Na10 1H + H3P04 -+ NaH2P04 + H20 

NaH2P04 is sodium di11yd1·ogenphosphate(v) . Tl1e H2POi ion is cl1e 
dihyrogenphosphate(v) ion. 

2NaOH + H1P04 -+ Na2HP04 + H20 

Na2HP04 is sodium hydrogenphosphate(v). HP04 is the 
hydrogcnphosphate(v) ion. 

3NaOH + H3P04 ~ Na3P03 + 3H20 

Na3P01

4 is sodiun1 phosp11.a1e(v). PO~- is the phosphate(v) ion. 

The structures of the three ions a.re shown belo,v. 

All the iot1S sho\\Vll above have a tetrahedral shape v.rith a 109.5° bond angle. 
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• When 502 reacts "'ith ~~ateri suHuric(rv) acid! H2S03, is formed. The (IV) 

refers to the oxidation state of the sulfur atom in H2S03 which is +4. 
• The stntcture of sulfuric(IV) acid is shov..m on the left. 
• Sulfuric(IV) acid is often caUed sulfurous acid. 
• Sulfur a.toms in H2S03 promote one electron into the 3d sub-level to be able 

to fonn fou1· covalent bonds. The sulfur atom has a lone pair of electrons. 
• The shape around the sulfur ato1n is pyramid.al (bond ang1e 107.5°) (see 

structure left). 

Sulfuric(rv) acid forms two different salts on removal of one or bo'th ,of the 
hydrogen atoms as H+ ions. 

Na01H + H2S03 ~ NaHS0'3 + H20 

NaHS03 is sodiun1 hydrogensulfate(rv). The HS013 ion is the 
hydrogensulfate(Iv) ion, which is often caUed the hydrogensul1he ion .. 

2NaOH + H2S03 ---+ Na2S03 + H20 
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The ions shown have a pyra m rda l 
shape w it 'h a bond angle of 
107 .5°. This ~s a si:m Har shape to 
an ammon,ia motecute. 

Na2S03 is sodium suHate(rv). The sol- ion is the sulfate(iv) ion, which is 
often called the sulfite ion. 

The s tructures of the two anions are given belovt. 

'ff' 
.4-· S~~. OH 

0~ \ 
0-

hydrog ensuffate(l,V) ion, H S 03 

Su lfu ri c(vl) acid 

... 
o~ s\~o­

o-
suJf ate(IV) ion, sot 

• Wb en S0 3 reacts ,vith water ) sulfu ric(VI) acid , H2S04, is fo11ned. The (v1) 
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SU If u ric(V I) add 

Both an ions have a te tra ned ra:l 
shape with a bond angle of 109 .5°. 

refers to the oxidation state of tl1e sulfur atom in H2S04 ,vhich is +6. 
• The stn1cture of sulfuric(vi) acid is sh o,vn on th e left . 
• Sulfuric(v1) acid is often sin1ply called sulfuric ~cid. 
• Sulfur atoms in H2So,4 pro111ote t\vo electrons into the 3d sub-level to be 

able to form six covalent bonds. 
• The shape around the sulfur atom is tetrahedral (1,o,id angle 109.5°) (se,e 

structure~ left) . 

Sulfuric(v1) acid forms two diHerent salts on removal of one or both of the 
·hydrogen atoms as H + ions . 

NaOH + H 2S04 ~ NaHS01

4 + H20 

NaHS04 is sodium hydrogensuliate(Vl). The HS04 ion is 'the 
hydrogensulfate(vi) ion~ iw"hich is often called the hydrogensulfate ion. 

2NaOH + H2S04 -4 Na2S04 + H20 

Na2S04 is sodiu-rn sulfate(VI). The soi- ion is the sulfate(vr) ion> which is 
often called the sulfate ion. 

The structures of t11.e two anions are given below. 
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TEST YOURSELF 3 
1 Sulfur dioxid!e and sulfur trioxi'de both reacts with 

water . 
a'I Write an equation for the reaction of su lf,u r 

d,ioxid,e wi·tri water. 
bl State tna pH of the sotut1on formed when su lfur 

tri'OX,ide reacts w ith water. 

c) Write an equatiion for the reaction of sutfur 
diox:ide wi,tt:i excess sodium hydroxide . 

2 P40 10, is an acid,i'c ox ide . 

a·1 Write an equatiion for the rea,ct ion of P,o10 witn 
water . 

bi State tn e structure of Pi O 10 . 

3 State what ts obse rved when sulfu r burns i,n air. 
4 wrae the form,ula for the follow ing sa lts of 

oxyac ids. 
a) sodium hyd rog,ensu lfa te!V I I 
b) magnes ium1 phosphate[vl 

cl potassium hydrogenphosphate[v) 

di sochum nyd rogrensulfite 

5, Wrii te an equat ~o n for t h,e rea ct ion of P40 10 wit:h 
sodium ox i,de. 

• • • • • • • • 

I • • I • • • • • i • • • • • • • • • • • • • • • • • • • : • • : • • ii 
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Practice questions 
1 Which one of the follo'Wing oxides reacts \vith 

water to fonn an alkaline solution? 

A Al20 ,3 

C Si02 

B Na.20 1 

D 502 

2 What is the for1nula of iron(lll) sulfate(IV)? 

A FeS0,3 

C FeSQ, 4 

B Fe2(S03) 3 

D Fe2(SOJJ 

(1) 

(1) 

3 Which one of oxides of Periodl 3 elen1ents 

reacts wiith water to forn1 a compound with an 
element in the +6 oxidation state? 

B Phosphorus A Aluminium 

Silicon D Sulfur (1) 

4 Wbich one of the following oxide.s haJs a 
molecular structure?' 

A Na2o, 

C Si02 

B McrO 
b 

5 The n1ehing points of the Period 3 ele1nents 
are given belo~~ 

(1) 

Element. Sodium Magnesium Aluminium Silicon 

MQlt1ing point 98 649 660 1410 
(ec] 

State at room Solid SoUd So lid Solid 
teim perature 
and pressure 

Element !Phosphorus Sulfur Chlorine Argon 
Me lt,i ng ,point 44 11 4 - 101 - 189 
(OC,] 

State eit room Solidi Sotiid Gas Gas 
teim perature 
and pressure 

a) Explain why the melting point of 
magnesium is greater ·than the melting 
point of sodiutu. (2) 

b) Explain \Vhy silicon has the highest 1nelting 
point of the Period 3 elements. (2) 

c) Phosphorus, sulfur and chlorine exist as 
molecules. vVrite the formulae of 
the n10Lecules of each ele1nent. (2) 

d) Explain why the phosphorus and sulfur are 
solids at room tetnperature and 
pr-essu· but chlorin is a gas. (3) 

II 

II 

6 The melting points of the oxides of the Period 
3 are given in the table below. 

01xide Na201 MgO Al20 3 Si10 2 P,010 502 503 

Melting 
point 1275 2852 2072 1610 300 - 73 17 
[°CI 

a) Explain why the melting points of N a2 0 ~ 
MgO and Al2,0 3 are high. (2) 

b) E~1'1ain the difference between the melting 
points of Si02 and P 40 10. (3) 

c) Explain wl1y S03 has a higher melting 
point tl1an 502. 

1 P 40
1

10 is phosphorus(v) oxide. 

(3) 

a) \iVrite an equation for the reaction of P4010 

with ,vater. (1) 

b) Write an equalion for tbe reaction of P4 0 10. 
with magnesium oxide. (1) 

c) Calculate the mass of P40 10 required 
to react vvith 500cm3 of water to 
create a solution of phosphoric acid of 
concentration O. lStnoldm-3. 

8 Sodium oxide and stdfur dioxide have very 
different melting points. 

(3) 

Sodium oxide melts at 1271°C ,vhereas su.Hur 
dioxide mel ts at - 73 °C. 

a) State the structure of sodium oxide and 
sulfur dioxide. (2) 

b) Explain the difference in the melting points 
of the two substances. (2) 

c) State the pH of the solution foicned if 
they are dissolved in separate samples 
of water. (2) 

d) vVrite an equation for tl1e reaction of 
sodiun1 oxide ,vith sulfur dioxide. (1) 

9 The structures of two oxyacids of elements in 
Period 3 are sho~rn below: 

0 
II 

~ S~-
0&" \ · 01-1 

OH 

Acid A 

a) Give the OA.i.dation state of sulfu r in 
Acid A. (1) 
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b) Give the oxidation state of phosphorus in 
.Ackl B. (1) 

c) Give the names o[ both acids. 

d) W1ite an equation for the formation of 
acid A from an oxide of an element in 

(2) 

Period 3 . (1) 

) Write an equation £or the reaction of Acid B 
with calciun1 oxide. (1) 

0 E:,.._rp)ain why both acids cannot be oxidised 
fu1ther. (1) 

g) vVrite the formulae including the charge 
of 1,vo anions formed from Acid A . Nan.1e 
these anions. (2) 

5 retch and challenge 
I O Sodium reacls with water according to the 

equation: 

2Na + 2H20 ---, 2Na.OH + H2 

1Calculate the pH of the solu1ion formed 
when a san1ple of 0 . 0300 g of s·odliu1n 
is added to .00 dm3 of water. 
(l<v.. = 1. 00 x 10-14 m,ol2 clm-6) . Give 
your answer t·o 2 decimal p ]a,ces. (4) 



Transition metals 

································-····························~·················································-· • • i PRIOR KNOWLEDGE i 
• • 
: • Transitions m.etals are found in t he block between Groups 2 8nd 3 : 
• • 
; cal led the d block as t he·ir outer sheU electrons are Located in the d : 
• • 
: sub-llevel . : • • • • 
: • The 4s sub- level fiUs !before t 1h.e 3d sub-leveL :---
• • 
: • The electron ic configiura ti on of ch r omiu m arid coppe r are different : 
• • i than expected . i 
i • When transition rmeta l atoms form ions they lose their 4s electrons i 
• i 

i first. ! 
! • Coordinate bonds are for rm e d when the s h.a red pa i r of e le c tr ons is i 
• • 
: donated from one atom. i 
• • : • The compounds of transition 1metats a re co .Loured . : 
• • 
: • Trans,iti.on 1metats form compounds wi th the transition metal ~n : 
• • 
: di ffer ent ox idat ion s tates. : 
t • 

: • Oxidat ion and r eduction reactions between these ox i1dation states : 
• • 
: are com·mon and th ere are changes ·in co lour associated with these : 
• • i changes. ; 
i • Transition metal compounds can be used in organic ctiemistry for : 
• • 
! ox idation rea et ions. ! 
I • 

~ • Know the shapes of molecules includ ing octahedrat tetrahedra l arid i 
: li near. : 
• • : ............................................................................................................. ... 

••••••• ••••••••• •• ••• ••••••• ••••••••• ••••••••• •••••••• ••• •••••••• •••••••••••••••••• ••••••••• 

: TEST YOURSELF·ON PRIOR KNOWLEDGE 1 
• 
f 1 Wri. te the electron i1c confi Q'u ra tr on of the fol lowrn g tra n s.i ti on meta ls. 
: al Sc 
I 

i bi Cr 
i c·I N ~ 
• 
: d) Cu 
t 

i 2 Wrr te the electronic confi guration of the following ions. 
• 
: a) Ti12+ 
• • • • 
t 

bl Fe2+ 

: cl Co2+ 
i 
i, 

~ · d) Cu2+ 
I 

! 3 Exntain how a coordinate bond forms. 
: r' 

: 4 State the shape of the fol lowing molecules : 
i al CH, 
• i bi BeC l2 r cl SF6 

• • .. • .. 
• • • : 
: .. • 
I • • .. • • .. 
• • .. .. • .. 
• • • .. • .. 
• • • .. 
• .. .. • • 
i • • • • : • • • 
"' • .. 
• • • .. • .. 
• • • .. • ........................................................... ................... ........ ........................ -' 
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G en e, r al properties of transition elements 

r:igu re 8.1 Tra nsrt i,on metal i o,n 
sotu,tions. From left to right these 
strong Ly co toured m,ata:L sotu tio·ns a re: 
tHa n i um [11) [Ti2+] . v an ad ium1(1 11! (vs+}1. 
va na d~u m [1 vJ [V0 2+1. chromium [111) (Cr~+)1, 
dichr om,ate[v1~ [C r20~-L manga nes ef 11 ~ 
[Mn2+L manga.nate[v11! '{M n0 4]. iron[111l 
[F e3+]. co baU(11] (Go2+L ni eke H11] [ N i2+l 
and co ppe,r( 11J ~c u2""). 

It is i'mportant to remember t1hat 
the first seri,es of transition metal 
atoms a,lways lose thei1r 4s 
electrons first when form1rig ions. 

The general properties of transition. elements are listed below. 

• Their atoms or ions have an incomplete d sub-level. 
• They fonn complexes. 
• They have variable oxidation states. 
• The metals and their compounds sho\.v catalytic activity. 

• The form coloured ions. 

lnc1omplete d sub-level 
• Transition elements .are elements in the 1nidldle of the Periodic Table that 

have ato1ns or ions Vlith an incomplete d sub-leveL 
• The first t1ansition series n u1S from scandium to zinc (eletnents 21 to 30). 
• Scandium and zinc are not true transition elements as they do not 

have variable oxidation states in their con1pounds and their ions, Zn2
,+ 

and sc3+ do not have an inco1nplete d sub--level zn24- is [Ar] 3d10 ~ Sc'.3+ 

is [Ar]. 
• The tenn d block elem: nt is a bett r description if scandium and zinc 

are to be included. Ho,vever as these two eleinents are not mentioned in 
this part o.f the specification 1vvhich. specifically address,es Ti to Cu 1 it is 

appropriate to 11se the tenn transition elements. 
• It is the incom plete d sub-level that gives transition. 1netals the other 

properties listed above. 

Electronic configuration 
The table· belo,v gives the electronic configuradon of the at,oms ,of 
the transition elements fTom Ti to Cu. Also given are the ,electronic 
configurations of the most co,mmon simple ions. 

Transition 
Transitio:n 
element 
atom Electronic configuration element ion Electronic configuration 

Cr 
Mn 
Fe 

Co 

N, j 

Cu 

1 s2 2s2 2 6 3g2 3 6 3d2 4s2 

1 s2 2s2 2p6 3s2 3p6 3d3 4s2 a a 1 s 2 2s2 2p6 3s2 3 0 3d5 4s1 

1 s2 2s2 2p6 352 3p0 3ds 4s2 

1 s2 2s2 2 6 3s2 3 6 3d6 4s2 

1 s2 2s2 2p6 3s2 3p6 3d7 4s2 

1 s2 2s2 2p6 3s2 3p6 3d8 4s2 

1 s2 2s2 2p6 3s2 3p6 3d10 4s 1 

Metallic nature 

1 s2 2s2 2 6 3s2 3 6 3d2 

1s2 2s2 2 ,6 3s2 3p0 3d2 
Cr:3+ , s2 2s2 2 e0 352 3e0 3d3 

Mn2+ 1 s 2 2s2 2,p6 3s2 3p0 3ds 
Fe~+ 1 s2 2s2 2 6 3s2 3 -6 3d5 

Co2+ 1 s2 2s2 2p6 3s2 3p6 3d7 

Ni2+ 1 s2 2s2 2p6 3s2 3p6 3d8 

Cu2+ 1 s2 2s2 2 p6 3s2 3p6 3d9 

Transition metals are aU hard and dense. They a.re good conductors of 
electricity and heat and possess good mechanical properties. 

Their melting and boiling temperatures and standard enthalpies of 

• 

1n elting are h igher for most transition metal elements tl1a11 those of s block 
elements. 

All the above properties give a n1easure of th.e strength of the 1netaUic 
bond. With d electrons as well ass electrons available to take part in 
delocalisatf.on, the metallic b,ond is strong in transition meta.ls. 



o~. ---------------
complex formation 

A m l · ~s a central metal atom or i·on 
s u nounded by Ugands 
A I n is an ion ,or mol,ecute wh ~c h forms 
coordinat9 bonds with thQ transi1Uon mQta1I 
atom or ion by do,narting a pair of ,e~e,ctrons. 

It ,js important to note that atoms 
and ions of the first series of 
tra.nsi.tion meta·ls have empty 
orb i,ta ls !some 3d. 4s and 4pl into 
wh~ch the lone pairs of electron,s 
may be placed to form the 
coordinate bond from the Ligand. 

Transition metals form complexes. 

Ligands have at least one lone pair of ,electrons that can fonn a coordinate 

bond to a metal aton1 or ion. 

In transition rnetal complexes, lone pai1~ of electrons on lhe ligand form 
coordinate (dative covalent) bonds to the ,central tnetal atom or ion. 

The lone pairs on the Hgand are donated into empty orbitals in the 
transition meta] atom or ion. 

Hexaaqua cations 
When simple ions of transition metals dissolve in. water, they form complex 
ions such as I,Cu(H20)6] 2+, [Ni(H20)6]2+ and [Fe(H20)6] 3+. These arc called 
hexaaqua cations as they have six ,vater ligands coordinateJy bonded to d1e 

n1e'ta l ion. 

Dissolving nickel(n) sulfate in water Vlould produce a green solution 
,containing the [Ni(H20)6],2+ ,complex ion. The sulfate ion ,vould also be 
present in the solution. 

Compounds of metal ions, other than transition metal ions, such as Mg2+, 
Zn2+ and Af3+ can also form hexaaqua cations as long as they l1ave. available 

,en1pty orbitals into which. the lone pairs of electrons can be donated. 

Mg2+, Zn 2"'" and .A13-+ ions are not transition tneta.1 ions but they d o fon11 
co1nplexes. 

Writing complex·es 
Complexes are wri.tten with the metal atom or ion and the ligands inside 
square brackets. The charge on the complex ion (if there is one) is placed as 
a superscript outside the square. bracket. 

Pl 1 

[Cu {H
2

0)ea:]2+ - """""""' Overal l charg.e on 
- ,;;, the complex 

Metal atom or 
ion - Ligands 

Thrs com,plex has s1x water Ligands coordinately bonded to the Cu,2+ ion . 

When mu'lti,pte Uga,nds are present which corita i n more than one atom, 
these are placed in a, bracket with the num.ber outs·ide ttie bracket. 

W;te r Uga nds a re rieutn~1t [ they hc1ve no charge!. 

As the water Uganas are neutral, the overa l l charge of the complex is the 
same as the charge of the metal i,on [2+] or its oxi·dation number [+21. 
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The "'r in tion n m r i.s the number of 
c,oordlinate bonds to the metal atom or ion. 

H H 
H I I H ......... .. ··/ 

NI- C- C-Ni 
H/ I I ' H 

HI H 
1,2-diaminoethane 

showl1ng the l'one pairs of 
-electrons 

0 0 
\ // 

c- c 
I \ 

-0 o-
• • I f 

eth a ned ioate ion 
showing t he lone pairs of 

eliectrons 

1 .. ~ .~I. 

EX MPLE 2 

Metal: atom or _ Li'gands 
io,n -

This co 1mplex has four chloride ion ligands coordinatety bonded to tlhe 
Co2+ ion1. 

Th ese four Ugands do not need a bracket a,s th ey do not co:ns,f st of 1more 
than one ato!m. 

Ch loride ion ligands have a sjr,g_le neg'ative charge, et-. 

The overa ll c'harge on the complex ,s a total of th e charge on the meta l rori 
[2+] or its oxida,tio,11 state [+21 and the total charge of the U9ands [4 x 1-]. 

.. 

Co1ordination number 
Some ligands can fonn only one coordinate bondl to tl1e metal atom or ion. 

Some ligands can fonn n1ore d1an one coordi11ate bond to the n1etal a101n or 
ion at the centre of the cotnplex. 

{Ni(H20 )6} 2+ coordination number= 6 

coordination number = 4 

{Fe(H20)6] 3+ coordination nurnber ~ 6 

[FeEDTA]- coordination nu1nber = 6 

Monodentate ligands 
Ligands that form one coordinate bond to a met.al atom or ion are called 
nH. n od c n 1aLc: li a nd . Examples of monodentate ligands ar,e NH,, H2o, 
1Cl-, OH-; CN-. 

All the above ligands have at least one lone pair of electrons but even if 
they have more than one; they are still monode.ntate as rhe lone pairs are 
on the same aton1 or adjacent ato1ns. This means that these ligands cannot 

fon1-1 n1ore than one coordinate bond to the 1netal aton1 or ion as lhe bonds 
must be in a certain orientation a.Tound the metal ion. This ·\Vill be discussed 
\\rhen shapes of complexes are considered. 

Bid ntat ligands 
Ligands which form tv,lo coordinate bonds to a metal a.tom or ion are called 
b idcntatc ligands. Exa1nples of a bidentate ligand are 1 >2-dianrinoetha11e 
(H2NCH2CH2NH2) and ethanedioate (oxalate) ions> C204-. 

For a bidentate ligand the lone pairs of electrons must be on different 
atoms to allo,v the ligand to form n1ore than one coordinate bond. 



Figure fL2 Kidney stones. are form.ed 
when catcium ethanedi,oate fcatcium 
oxalate) accu m,utate on the inner 
surfaces of the kidney. As they g:row 
they may block the now of urine out of 
the k1idney. caus·ing extreme pain . 

This is important as the coordinate bonds must form in certain ori·entations 
around the central ion. 

coord in ate bonds to the 
Co2+ ion must form in 
the orientation sho\vn; 
forming an octan·ed ra·I 
shaped complex ion 

So ·even though water~ H2o, has two lone pairs of electro,ns, both 
occur on the oxygen atom s·o it would be impossible for these t~lo 
lone pairs to form two coordinate ·bonds to the Co2+, whereas the two 
lone pairs of 1 ;2-diaminoethane are separated and so it can acts as a 
bidentate ligand. 

Even if the coordination number of a complex is 4- or 2 \Yater can only 
e·ver act as a monodentate ligand due to the position of the lone pairs of 

electrons. 

IVlu 1Lidentate hgat1ds 
Ligands that fom1 n'lany c,oordinate bonds , o a rnetal acorn or ion are 
called n ult 1d 11Latt li~anch, . An example of a nultidentate. ligand is 
EDTA4 -. 

EDTA is an. abbr,eviation. for ethylen.ediaminetetraacetic acid. The structure 
of E DTA is given belo,v. 

I-IOOC-H2C \ I I / CH2-COOI-I 

N- C- C-N 
I I I \ 

l-lOOC-H2C ~ 1141 CH2-COOH 

EDTA is usually tlsed in alkaline buffered solution to ensure it is the anion 

fon:n . AU the acid CO,OH. groups lose their l1ydrogen ions to fonu the anion 
EDTA4- . 

· · H H · · The six: lone pairs are shown 
-OOC-H2C \ I I IC H2....,COO- ~~ th~ ~ia.gram._ Th~se form 

: N - c .......... C .......... N: coordinate bo.nds w1~h th.e 
I I I \ cental me~l 1on. This makes 

-ooc-H2C H H c H2- coo- IEDTA mult1dentate and 
· · ' .. hexadentate 

Six lone pairs are sho\Vl'l on the diagram. EDTA 4- can form six coordinate 

bonds with the central 1netal ion and so as well as being described as 
multidentate, it is also described as h .. -ad ntatc . 



Figure B.4 BLood coHection tubes are 
pre-sprayed with EOTA on the inside. 
The EDTA 4- re,1m ove·s calci1u m 10 ns f ro1m 
the blood and so preve·nts it clotting 
d ur1i ng t8sts: [Cei [H20)6]2• + IEDTA 4- -+­

[C; EDTAJ2- + 6 H20. 

h lat 
AU muhidentate ligands form complexes ca.Ued ~helatcs , The word chelate 
co1nes from the Greek word ~chef\ meaning a crab's chn\i'; and refers to the 
pincer-like manner in which the metal is bound. Multidentate ligands 

bind more tight1y because of the chelate effect. The metal atom or ion is 
con1pletely surrounded by the chelating ligand such as EDTA 4- . 

2-

.. 
. I . 

- . .... ..... ' .,. .. . 
Co _.. .,,,.,. ~ . . . 

Figure 8 .. 3 A simpUfied form of the [CoEDTA]12- com.ptex. A chelate· as the EDTA4-
ha s surro,unded the C·o2+ io:n . Note the overall charge on the comptlex ion 1s 2- as 
coba lt has an O;>{idati,on sta:te of +2 and EDTA has a charge, of 4- . The white circle,s 
represent the N atoms of EDTA4- and! the green circles represent the a- of coo-. 

EDTA 4- reacts with metrd ions in a l : 1 ra.tio. E'DTA 4- can be used. to titrate 
metal ions in solution using a. suitable indicator such as eriochrome black T 
for the titration of Mg2+ ions and Ca2+ ions. 

o~~~~~~~-
L i g and substitution 

The reacUor, s are often wr~tten 
a.s equ iti brru m reacti,o n, as they 
ca.n be reversed!! but it is also 
common to see them wri1tten with 
-Pas in ma,ny of the reactions the 
equ~liibr1um1 is displaced atmost 
com,p Letely ta the r1ig ht-han d side. 

A ligand subsdtution reaction is one in \\'"'hich one ligand v..·hich is 
coo-rdinately bonded to a m,etal atom or ion in a complex ion is replaced by 
another ligand. 

Ligand substitution with no change in coordination 
number 
ln the foUowing exan1ples the coordination nun1ber of the complex does 
not change. 

This is co-mtnon with smaller ligands such as water and ammonia as they 
have a sirnilar size and are both uncharged. 

lt also occurs when biden.tate ligands replace 1nonodentate ligand and 
multidentate Ugands replace either monodentate or bide.ntate ligands. 

• Reaction of [Co(H20)6]2+ with anunonia . 
.. ~dding ,n11n1onia so]utinn to a solution containing [Co(Hi0)6]2+ results 

in the six ~later ligands being rep,la.ced by six an1monia ligands to give 
[ Co(Nli3)0] 2+_ 

The equation for this reaction is Mitten as: 
[Co(H20)6J2+ + 6NH3 ~ [Co(NH3} 6]2+ + 6H20 

• Reaction of [ Cu.(H20 )6] 2+ "With an1monia . 
Adding ammonia solution to a solution containing [Cu(H20)6] 2+ results 
in four of the six wate1· ligands being replaced by ammonia ligands to 

give [Cu(NH3) 4(H20)2] 2+. The substitulion is not complete but the 
coordination number in both cotnplexes is 6. 
The equatio·n for this r,eaction is ""'"ritten as: 
[Cu(H20)6J2+ + 4NH3 ~ [1Cu(NH3\~(H10)2]2+ + 4·H201 



The sa ,me reactions occur with 
[Co[H20l6J2,.. and [Fe[H2D1 6J3· w ith 
concentrated hydrochloric add. 

• Reaction of [ Co(NH3) 6J 2+ with 1 ~2-diaminoethane. 
Adding 112-dianrinoethane to, the cobalt-a1nmonia complex r,esults in the 
ammonia ligands being replaced by l )2-diaminoethane. 

[Co(NH3) 6] 2+ + 3H 2NCH2CH2NH2 ~ [Co(H2N,CH2CH2NH2) 3J2+ + 6NH3 

The coordinate nutnber in both con1plexe.s is 6 . Only three 
1,2-dian1inoethane ligands are required as it is bidenta'le and each 
forn1s two coordinate bonds to the ,c ,oi+ ion. 

• Reacti,on of [Co(H2NCH2CH2NH2):J2+vvith EDTA4-
Adding a s,olution of EDTA4- to the cobab-1 )2-diatninoethane complex 
re.s1.1lts in another ligand substitution reaction. 

[,Co(H2NCHiCH2NH2) 3]2+ + EDTA4- ~ rcoEDTA] 2- ·+ 3H2NCH2CH2NH2 

Again the coordination number in both complexes is 6. EDTA4- is a 
tnuhidentate ligand and forms six coordinate bonds to the Co2+ ion so 

only one EDTA4- is needed per Co2~ in the complex. 

Ligand substitution with a change in the coordinatio,n 
n1umber 
Larger charged ligands such as cl- may cause a change in the coordination 
number of t'he complex when a ligand substitution reaction occurs. Often the 
coordination number is 4 as only four of these larger ligands -will fit around 
the metal a tom or ion. Also the cl~arges on the ligands repel each other. 

• Reaction of [Cu(Hi0)6]2+ with concentrated hydrochloric acid. 
Adding concentrated hydt,ochloric acid to a solution containing 
[Cu(H20 1

) 6Jl+ results in the water ligands being replaced v,rith Cl- ligands. 
[Cu(H20)6]j2+ + 4Cl-~ [1CuCl,4J2- + 6H20 
The coordination number of the complex changes from 6 to 4 . 

Enthalpy and entropy considerations 
The enthalpy change and entropy change in a ligand substitution reaction 
determine ,vhether or not the substitution reaction is feasible 1 but n1ost 

often it is the n l ro py h ~1 ng'"' that is used to explain the process. 

Th,e ._ nthal I \' cl1 n l. is a balance of the energy required to break the 
coordinate bonds betwe.en the ligands and the meta] atom or ion and the 
energy re.lea5ed \vhen the bonds are formed bet\veen the new ligands and 
the metal a torn or ion. 

• So1ne ligand substitution reactions show no change in the type of 
coordinate bond or the coordination number of the complex> so the sante 
nuinber and type of coordinale bonds w~ould be formed as are broken. 

Generally, in these reactions LlH = 0 . For exan1ple: 

[Co(NH3) 6]2+ + 3H2NCH2CH2NH2-+ [Co(H2NCH2CH2NH2) 3]2+ + 6NH3 ilH;:; 0 

• There ,vill be change in enthalpy in ligand subsiitution reacrions ,vhere 
1here is a change in tl1.e. coordin.::1.tion nu1nber. 

• If m ore coordinate bonds are broken than made> 8H is positive. If fe,ver 
coordinate bonds are broken than made, !!iH is negative. For exatnple : 
[Cu(H20)6J12+ + 4Cl- ~ [CuCl4J2- + 6H20 Mi >0 
In this exanllple ; six coordinate bonds are broken in [Cu(H20)6]2+ and 
four are made in [CuC4J2- . 



When asked about the chelate 
effect. always state the tota t 
number of particles in solution 
on the left of the reaction and! tMe 
rf ght and use thi:s to explaf n the 
i111crease f n entropy. 

• If fewer co,ordinate bonds are broken than n1adel .6.H is negative . For 
example: 
'[CuC4]2- + EDTA4- ~ 1CuEDTA] 2- + 4C1- AH <0 
In this exan1ple four coordinate b onds are broken in [CuC14] 2- and six 
are n1ade in [CuEDTA]2-. 

The t:ntropy change is dete-rrni.ned by the number of reacting particles in 
solution and the nun1ber of product particles in solution. 

• If the number oJ particles in solution increases, this would increase the 
clis,order in d1e solution which ,vould increase the entropy. The entropy 
change for the reaction vlould be positive (llS >0). 

• The denticity of a ligand has a large effect on the stability of the 
co1nplexes which i t forms. 

• A bidentate ligand \ViU form more stable comp lexes than a n1onodentate 
ligand. 

• A n1ultidentat.e ligand, such as the hexadentate ligand EDTA4
- '\>\rill form 

more stable con1plexes than a. bidentate or inonodentate ligand.. 
• This is often called the cl1l:l·1t[ n · t as bidentate and multidentate 

ligands form chelates ~th m,etal ions in solution, and these complexes 
aire mor,e stable than those formed ·with monodentate ligandls. 

• Moving from a monodentate ligand to a bidentate or multidentate 
ligan.d causes a11 increase in the number of particles in solution and so 
an increase in disorder (entropy) . The chelate effect can be exp lain.ed in 
ten11S of increasing ,entropy of the substitution reaction. 

Exp lain why th~ equil~bri·um1 is 0;1splaced almost completely to the r~ght fn 
th e following reactron . 

[Co1NH3]J 12+ + 3H2NCH2CH 2NH 2 ~ fCo[ H2NCH2CH 2NH2bJ2+ + 6N H3 

Answer 
Both complexes have a1 coordina.tion number ot 6 so tne sa,me type and 
the same num1ber of coord inate bond's are broken and made . .llH is 0. 

In th is exa,mple~ three m,olecu les of a b,identate ligand reptace six 
molecules of a. mo1nodentate Ugand. Thi1s leads to a,n increase in 
the number of peirti:c[es rn the solution. the solutran becomes more 
d.isordered which leads to h~gher entropy. 

Exp la·in why the equi librium is displaced ailmost completely to the right ,in 
tine following reaction. 

[Co( H2NCH2C H2NH 2bJ2+ + EDTA4- ~ IC.o EDTAJ2- + 3H2NCH2CH2NH2 

Answer 
One motecule of a ihexadentate ligand re ptac:es three m.olecutes of a 
b·icte11tate ligand. Th ere is a change iin the number of particles j11 so tution 
from1 2 to 4. Ag:ain this increases disord:er which increases en,tropy and so 
the reaction is feasible. 



[Fe( 1H 
2 
O)s (SC N) ]2+ 

Figure 8.5A solution of [Fe[H20 J6P+ is 
shown on the Left When thiocyanate 
Ions a,re added a blood red solut,ion, as 
shown on the r~ght. is produced. It has 
formula [FelH 20.JsSCN1]12+. This Ug·and 
subsbtutiion reaction is used as a test 
fo,r iron(m) ions ,jn solution. 

Complex ion formation can be detected by elevatio,n of boiling point o,r 
depression of freezing point or by a decrease in ele,ctrica] conductivity of a 
solution as there are fewer free ions than would be expected. 

Charge and oxidatic,n number 
The overall charge of a complex ion depends on the oXlldation nun1ber of 

the metal and tl~e number and charge of the ligands. 

With neutral ligands such as H2o and NH3 the oxidation number of the. 
metal is the same as the overall charge ,of the c,omplex ion. 

[Fe(H20)6J3~ 

[ Co(NH3) 6] 2+ 

oxidation number of Fe = +3 

oxidation nutnber of Co = +2 

With anionic ligands, the negative charge of the ligands contributes to the 
overall charge of the com plex ion. 

• [CuCL+J 2-: as d1ere are four cl- ligands; the overall charge is 2- as the 
oxidation number of the copper is + 2 . 

• [Fe(H20)5SCN}2+: the five neutral H20 1 ligands have no effect on the 
overall cha1·ge~ hovlever the tchiocyano (SCN-) ligand does. As the overaU 
charge is 2+ and there is one SCN~ ligand, the oxidation number of the 
Fe = +3 

• [Pt(NH3)Cl2] : the neutral NH3 ligands have no effect on the overall 
charge; ho,vever1 t11e cl- ligands do. As the overaU charge of the con1plex 

is 0, the oxidation iiumber of the Pt= 1-2 

Haem and haemoglobin 
Haem is a complex of an irnn(u) ion surrounded by a porphyrin ring. The 
iron(u) ion can accept 6 pairs of electrons from Hgands. The porphyri.n 
ring contains 4 nitrogen atoms which can fonn 4 coordinate bonded to the 
iron(n) ion. 

The porphyrin ring is a n1uhidentate ligand . . An amino acid residue in a 
protein chain forms the fifth coordinate bond to the iron(u) ion. 

CH3 

·-- CH3 

(OOH COOH 

Figure 8 .. 6 Ha,em , whi1ch is a comp'Lex of Fe2+ and a porphyr in r ing. 
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Haemoglobin is a pr,otein stn,cture containing four haem groups bonded to 
four globular proteins, caHed a and P units. 

Each Fe.2+-containing ha:e.m complex can. accept a pair of electrons and form 
a coordinate bond from an oxygen ·molecule. This complex formed is called 
oxyhaen1oglobin. This is ho,v hae1.noglobin transports oxygen in the blood. 

,Carbon n1onoxide also contains a lone pair of electrons on the oxygen atom, 
and this can fon-i1 a very stable complex mth haemoglobin. Hence when 
incomplete com'bustion ·Of fuels occurs and carbon monoxide is p·roduced, 
people can be poisoned as the stable con1plex, caiboJ\.yhaen-i-oglobin, 
prevents oxygen being carried in the blood. This is the cause of death in 
almoS"t all house fires . 

~ -··························································································: 
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The shapes of co1mplexes ca1ri 
be remembered using LOST. 
These are the rinitial letters of 
the shapes~ Linear. Octahedra l, 
Square plana r . Tetrah·edra l. 

. .. 
: 1 From tlhe following: com ptexes: : 
i A rcu !H20l6P~ i 
i B [C0Cl4]2· i 
; C [Ni1[H2NCH 2CH 21N H2)J2+ i 
f D [Ag[NH3b]I+ i 
i al In w hf ch complex does th e tran si tion mieta l have an ox 1idat ion state ~ 
• • : of +1? : • • 
i bl Whi ch comptex has a coo rdi·nati on num1ber of 4? i . .. 
: c) W hi ch complex contain s a bid entate ligand? : 
i 2 Wh,icih 1ion is present in haemogtobin? J 
i 3 In t he following li gand substitution reactiion: i 
I i[Co [H20J6]2+ + 4Ct- -... [CoC l,]12- + 6H20 : 
! al Sta,te the coordlination number of tile two co,mplexes fn th is i . .. 
: reac ti on . : 
• • 
~ b) Exp lai n, 111 terms of entro py. w hy thi s l tga nd subs titu t ion reacti on ~ 
"' .. : occurs. : . .. 
• • .... . . . ... ...... ........ ...................................................... ............................... lllllllli 

Shapes of complex ions 
The shape of complex io·ns is based mainly on the coordination number. 
You should be famiHa:r \Vith working out th e· sh ap es of simple compounds 
using electron pair repulsion theo~ Complex ions have bonding pairs of 
elect1uns around a central n-1etal atom or ion and tl1e:se repcl each o ther 
a:nd cr,eate diffe.rent shapes depending on. the ligands and the coordination 
11umber of the complex. 

6-coordjnated complex ions 
These are co1nplex ions in which there are six coordinat,e bonds to the metal 
atom or ion fr,om ligands. Thes.e ions have an octahedral shape. 

Four of the ligands are in one plane., with rhe fifth one above the pla.ne, 
and the sixth. one below the plane. It does 11.ot matter "'rhat the ligands are. 
If you l1av,e si.x coordinate bonds, the shape Vlill be octahedral. The bond 
an gle at the central tnetal aton1 or ion in an octahedral complex is 90°. 



Remember that the Ligands 
attached to a wedge-shaped bond 
are coming out of t:he scree n 
or paper towards you . Those 
attached to a dashedl bond are 
behind the plane of the screen or 
paper. The two ligands attcJched 
to ·the soUd bonds are above and 
be tow the pta n e oif the rest. 

Cl 

I 
Cu _ 

( II / ~ ',~C l 
CII 

2-
Cl 

I 
Fe 

Cl / \," .. ~ .. CII 
Cl 

If asked to draw a displayed 
structure of cisplat in . the 
coordinate bonds between the N 
and H atoms Jn the N H3 li·gand 
miust be shown. 

The ·diagratn shows thre xan1ples of octahedral ions. 

~20 
H20 , I ,' OH2 

"" Fe ~ 

H 20 .,,,. I ' OH2 
H20 

NH1 

H3N ... I , NH3 .. .,, 
Co 

HiN"" I '°NH3 
NH3 

2+ 
H20 

H3NI, . I , NH3 
'c u," 

H3N,.. I ~NH3 

H2.0 

2+ 

The 6-coordin.ated copper(n) complexes are actually distorted octahedral 
complexes as the cop and bottom ligands a.re further a\vay than the others. 
These ligands are often n ot replaced wh .en ·copper complexes undergo 

ligand replacements reactions. 

4-Co,ordinated complex ions 
These are less connnon, and they can take up one of two different shapes. 

T trah dra] con1pl x 
The [CuCliJ 1-, [ CoC\+} 2- and [FeCl-4J- complex.es ar tetrahedral in shape. 
The bond angle at the central metal ato1n or ion in 109.5°. 

The above t\vo complexes inay be fanned by adding concentrated 
hydrochloric acid to [ Cu(H2.0 )6] 2+, [1Co(H 20 )6J 2+ and [Fe(H20 )6] 3+. 

{CuC14J2- is yellow/green and [FeC4J- is orange. 

quare planar co1npl · 

OccasionaUy a 4-coo,rclinat d comp]ex turns out to be square p lanar. 
These are fewer in number than the tetrahedral 4-coordinated complex,es. 
Usually a 4-coordinated complex that has no overall charge is square planar) 
,vhereas those with a charge tend to be tetrahedral. Also, platinum tends to 

form square planar con1plexes. The bond angle in a square planar complex 
is 90°. 

Cisplati.11 is such a squ are planar cotnplex ion and is used as a11 anti-cancer 
drug. 

Cisplatin is a neutral comp,lex, [Pt(NI-I3) 2Cl2] . lt is neutral because the 
2+ charge of lhe platinum(n) ion is exactly cancelled by the two negative 
charges supplied by the chloride ions. 

The platinum \ the two chlorides and the nvo nitrogen atoms are all in the 
sa1ne plane. 

2-coordinated complex ions 
The 1nost cotru.non .2-coordinated con1plex is the one formed between silver 
ions, Ag•, and ammonia, [Ag(NH3)2J· . 

I t is a linear complex. The hand angle is l .80~'. 

This is the co1nplex used in organic chemistry as Tollens! reagent to 
distinguish between aldehydes and ketones. It is also die co1nplex formed 
" rhen the white p recipitate of silver chlorid,e redissolves in dilute amtnonia 
s,olution and the cr,eam precipitate of siJv,er bromide r,edissolves in 
concentrated an1.n1.onia solution. 



Cl N.H.3 

I I 
H3N-Pt-CI Cl-Pt-Cl 

I I 
NH3 N'H3 

the 'trims' fo rm 

Z isomer E isomer 

Figure 8 .. 7 The diagram shows a 
molecular model of cisplat'in. Atoms 
aire represented as spheres and are 
colour-co·ded: platinum (greyL hydroge·n 
[wh iteL ni troge,n i[blue] a n.d chlorine 
[green). Wh·ich ,jsomer is shown? 

0 

0 ~ 

Figure e.e Cl~nica l use of dsplatin fs 
Umited as it may develop resista nee, 
eair ning it the nickname the 'penicillin 
of ea rice r'. Anchoring aspir in onto· 
cisp latin co u1Ld create· a ca ncer treatment 
capa ble o'f overco 1ming drug resistance in 
dsplatin re,sistant cetls. This new d ru1g is 
c a 1Ule d Asp ta tin. 

Trans iso mers are so imettm es 
ca lled E isomers and cis isomers 
are som1et imes ca1 lled Z iso·mers. 

Stereoisomerism in complex ions 
Some complex ions can show ei.ther optical or geo·metric (E-Z) isomerism. 

Tetrahedral complexes can shov;,.r E-Z isomeris1n. 

10c1ahedral complexes can sho,v E-Z isonu:.rism -wi'lt.h monodentat,c Hgands 
or optical isomerism 11vith bidentate ligands. 

E-Z ison1er i m in square planar c 1npl 1x 
This occurs in planar complexes Hke the Pt(NH3)2Cl2 as showt1 on the left . 
There are two different ways in which the amm,onia 1nolecules and chloride 
ions could arrange themselves around the central platinum ion: 

Th e two s trucnu·es drawn are isomers because ihey are non­
superilnposable. This is the key featu re with stereoisomers. There are two 
forins which are non-superhnposable due to the different three-dimensional 
arrangement of the atotns. 

The tem1s cis and trans ar,e used in the same way as they ar,e in organic 
chemistry. 

Trans implies ~opposite -notice that the ammonia molecules are arranged 
opposite each o ther in that version~ .and so are the chloride ions. 

C'is h11pli.es 'on the san1e side' - in this instance that just n1eans that the 
ammonia molecules and the chlorid e ion s are next lo each other. 

It is better to use the E-Z system of naming these isomers. E (entgegen, 
meaning across) is equivalent to U'"ans and Z (zusammen, m.eaning together) 
is equivalent to c,s. The E-Z system includes many examples ,vhich cannot 
be n.am,ed using cis and trans. 

10n]y the Z or ds isomer of the complex s h o \ \lS any anti-cancer activity. The 
E or tran.s form is inactive against cancer. It is thought that cisplati.n has its 
chloride ligands replaced after -entering the cell This occurs because of th e 
low intracellular chloride concentration ,vhich favours the replacen1ent of 
the chloride ions with water. 

Th aquated complex is able to form links between bases in DNA in the 
tumour cell. This halts the process of DNA r,eplicati,on in the tumour ,cells 
and effectively stops ihe growth of the tumour. The dn1g i5 expensive due to 
its platinutn content and there are side effects such as potential death> organ 
damage and hair loss. 

Cis-trans iso1t1eris m in octahed ral contplexes 

For octahedral con1plexes of the type M4A2 Vv"here M represents the metal 
a tom or i 1on and L and A represent .different ligands~ there is a cis and a it rans 
isomer of this complex. 

The isomers of [1Co(NH3)4 Cl,J.., are shown on page 161; the le.ft-hand 
isomer is ihe cis isomer as the two cl- ligands are beside each other) i.e . .at 
90° to each other. 

Tl1e right-hand isomer is the trans isomer as the two cl- ligands are 
opposite each other, i.e. at 1so~ to ea.eh other. 

The charge on the c.omple.· is + as the cobalt is in ·the +3 oxicla.tion state and 
the t,,V·O Cl· ligand bring the overall charge on the c·ompJ.ex to+. 



You wou ld not be expected to 
be able to dfstingiu~sh between 
the d and l form s based on a 
diagram. Thi s wou Ld be carr ied 
out practicaUy by determining th e 
effect of each on pta ne po la ri sed 
Ught 

3+ 3+ 

Cl 
H 3 N ~, I ..... C I 

Co 
H3N1,,; I ~ NH3 

NH3 

c,s isomer 

+ Cl + 

~3N.. I ~ NH3 ... ,.. 
Co 

H3N .,.- I ~ NH3 
Cl 

trans isomer 

0 1ptical i om ri m in o tah ·dral cotnpl x s 
Optical isomers are no·n-supe.rimp,osable and their optical activity allows 
them to rotate the p lane of plane polarised Hght. One isomer rotates the 
plane to the le.fr and is referred to as an l-isomer a11d one rotates the. p lane 

to the right and is call the d-isomer. The 'l ' is from laevorotatory (rotates to 

the left) and ~d, is fron1 dextrorotato1y (rotates to the right). 

o ,ctahedral complexes fo1n1ed with a biden.tate ligand fonn two optical 
isomers. l t is the connecti.on of the ligands by coordinate bonds vvithin the 

octahedr'al shape \\rhic h gives the different is,omers. 

A racemic mixture of both iso1ners shows no overaU rotation as there would 
be equal conce.ntrations of both and the overalt rotations Vlould cancel each 
other out . 

The diagra1n on tlie left sh ows th.e hvo optical iso1ners formed \vhen 
1,2-diaimnoethane fonns a con1plex with Co3+ ions. The ligands are 
represented by H2N- NH2. The t,vo optical isomers have a differe11t three­
diinensional spatial arrangement o.f the ligands around the central n1etal ion. 

~ .................•..................•........••.......................••. .•.....•.......... , 
: TEST YOURSELF 3 i 
• • : 1 For the following co1111plexes: : 
• • 
~ A [CuC l1J2- i 
• 2 • : B [NtEDTA1 - : 
• • 
: C [Ag(NH3b ]+ : 
• • i D [Co [H 20~ 6J3+ i 
• • 
: E [Co 1(1H2NCH 2CHtNH2l3J2+ I 
i F [PtiNH3l2Cl2l : 
~ al State th1e shape af all the complexes. i 
: b) State the coordination number of atl the complexes. : 
• • : cl State t h,e ox idation st ate of th e trc3 nsi t i on metal t ni all of t ih e : 
• • 
~ comp lexes. ~ 
i d) Wh~ch one of the complexes would exhibit cis-trans isomerism? ! 
~ el Whrch one of th e comp lexes would ex h ibit optical isomerism? ~ 
• • 
=······ ··················•••t•••····················································· ~ 

()~F-o-rm--a-ti-o-n-o-f-c-o-lo-u~r-e_d_i_o-n-s~~~~~-
Transition metal ions show dis tinct colours that ,can aid in their 
identification . The main colours of the son1.e common ions are: 

• Copper(n) compounds are n1ainly blue in colour. 
• Iron(n) compounds are pale g:reen in colour. 
• Cobalt(n) cou1p ounds are pink in colour. 

In solution these ions beco1ne hexaaqua cations for xample [Cu(H20)6]2+. 



The electromagnetic spectrum 
For an examination of coloured. compounds, the different colours of visible 
ligh t needs to be examined. Visible 1ligl1t is pan. of the electromagnetic spectrum. 

The electromagn etic spectrum consists of 1nany bands of e]~ctro1nagnetic 
radiation which differ in the wavelength (l.), frequency (v) and energy (E) . 

The n1tain types of electromagnetic radiation are given i11 the diagra111. below. 

Visible light is split into seven differ,ent colours that have different 
wavelengths and frequencies. 

Frequency/Hz 

1. 06 

1018 

1021 

Long-wave radio 

Shnrt-wave radio 

'Microwaves 

M tll imeter waves 

--Visible light-­
Li It ravio let Ug ht 

X rays 

Gamma rays 

Hi:gher 
frequency 

UV 

400 

HP 

10-3 E ..... 
i= 

11:n 
C 
rGl 

1 o-6 '"ii 

1 o-9 

1 a-12 

ii 
2: 

Visible spectrum 

500 600 

WawJen gt h i,n nan.om e-ters 

Expanded visible spectrum 

Frequency 
( x 1014 Hz} 

4.7-4.3 

Wavelength 
( X 10-9 m) 

640-700 

S.J-4.7 Orange S70- 640 

5.6-5.3 

6.1 - 5.6 

6.7-6.1 

7.1-6.7 

7.5-7 .1 

Yellow 

tov.ter 
frequency 

IR 

700 

535- 570 

495-535 

450- 495 

425- 450 

400-425 

Colour in transition metal compounds and complexes 
The presence of a transition metal ion in a compound or a cotnplex gives 
colour to the co1npound and to the co1nplexes they form in solution. 

• ln lhese coloured ,co1npounds and complexes the d sub-level n1ust be. 
partially fined. 

• In complexes the d sub-level is split into two distinct sets of orbitals that 
have a difference in energy bet\veen them (AE). 

Unspllit 3d subshell 
present in g:aseous 

,ions 

Excited 
1------,f,-- state 

ei.E 

i----1,_..,_.. l Ground 
state 

Split d orbitals p,resent 
in complexes 



Th is taib le only serves to act as a 
gu1ide but in gene ra l the co lou r 
you see is the colour that is not 
a,bsorbed. 

Ch.ariges 1n ident~ty of the metal, 
oxidation state uf the m etal/ 
charg e on the ion, identity of the 
!ligands~ coo rd,ination number 
of the complex and s'h ape of the 
complex a.ll h,ave an effect on !:!E. 
and chang,e the Hg:ht absorbed 
and so the v1 si bte colour 
observed. 

v is written Uke a v in ita lies. 
It is th e Greek letter nu and 
represents fr·equency.f is atsa 
som et,i mes used for freq uency. 

i(nm) 

)( 1 o..g 

'-(m) 

C 
V;;; -

l. 

v(Hz) Af(.J) 

• Energy in the visible region of the spectrum causes d ·electron transition 
between the ground state ,of the split d orbitals and electrons become 
excited and are promoted to the higher energy orbitals (excited state). 

• S01ne frequencies of visible light are absorbed and the completnentary 
colour (the colours not absorbed) are observed as they are rellected or 
trnnsnn lted. 

• The table below sho,vs the wavelength of visible light in nm~ the colour 
observ,ed ¥.then certain colours are absorbed from the visible region of the 
electromagnetic spectrum. 

430- 460 

460-490 

490-510 

530- 560 

560-590 
590- 610 
610-700 

• Different n1etal ions and different charges of the ions (oxidation states) of 
the san1e metal and different ligands cause differ,ent splitting of the d sub­
level~ and so different frequencies of visible light are observed. 

• The shape of the complex and its c,o,ordination number also causes 
differences in the splitting o.f the d sub-shell and so the c,olour of the 
complexes. 

Calculating energy. frequency and wavelen,gth 
There is .an ,equation that links the energy difference (.6.E) between the 
ground slate and the ,excited state of tl1e d electrons ,vith the frequency (and 
,vavelength) of the light absorbed: 

ilE = hv 

'\Vhere l1E is the difference in energy m·easured injou]es (J)) h is the Planck 
constant (6.63 x 10-34] s) and vis the frequency measured in hertz (Hz) or s-1• 

The wavelength of the light absorbed may also be used to calculate Af or 

the wavelength may be calculated in tnetres (1n) or nanometres (nm). 

Th e e,quation relating vtavelength to frequency is: 

C=VA 

where c is the speed of ]ight (usually taken as 3.0 x 108ms-1), Vis ·the 
frequency of light in Hz and A is the wavelength in m. 

The equations may be combined to give: 

!1E = he 
A 

The diagran1 on the left shovi/s how the calculations are earned out. 



The use of Ulilits such clS nm 
and m and the,ir i1riterconversi1on 
~s key 1,n t h rs type of question. 
1 nm= 1 o-~ ,m . Rearrangi,ng even 

a simple expressron ea n a How 
other quantities ,in, tne express,ion 
to be ea lcu !la ted. AH th e 
ca lcu!lations in the above d,iagram 
can be reversed. 

p E 

[cutH20J6J2+ absorbs red Ught [7(HJ nm1l a,nd the sotutron appears blue. 

Calculate a value for tihe energy, 1n J. associated w,ith th is w avelength 
of ltght. The Pl.anck constant. h = 6.63 x 1 o-3.4 J s and c = 3 x 108 ,m s-1 

When a solutron contaiJli.ng [Cu:(H 20)6]2+ :is m1xed1 with concentrated 

hydrochloric a ciid trie solution changed from blue to yellow-green and 
a!bsorbs v,io'let li ght [400 nm]. 
, Explain whether the energy change4 ~E, between the ground state 

and excited state of the d electrons is b~gger. smatler or the same for 
a solut 1ion whi ch forms a yellow-green solution compared to a blue 
solutfon . 
State tw·o different features of a transition metat comp lex which 
causes a change iri the value of l\E 

Answers 
A-700nm 

11. - 700 x 1 01"'9 m 

tiE = he 
A 
hC 6.63 X 1 o-34 

X 3 X 108 1. 989 X 1 o-52 

~ E = T = 10 o x 1 o-9 = 100 x 11 o-9 = 2 · 84 x 1 0-
19 J 

2 a Biggier 
b ldentjty of the metal; type of ti,gands which are present; coordina ti:or, 

numiber; oxidation state of the m etal or charge on the lon ; shape of 
the comptex 

PL 6 
A d e lectron r:n a tra nsf ti on metal r on is excited by visible U g1ht from it s 
ground state to an excf tea state. !J.E far this c h.a ng e rs 3.81 x 11 0-19 J . 

1 Give the equation wh1ich relates the energy change ~llE] to the freq,uency 

of the vfs1ble light. 
L Ca lculate a val'Ue for the frequency of the vi sible tight and state its 

unitsL 
Explain why a, sotubon of th·is transition metal ion is coloured based on 
the electronic tra,ns iti on . 

Ans,wers 
llE= hv 

·.· == nE = 3 .s1 x l o- 19 = 5 75 ? o14 H 
V h 6. 6 3 X 1 Q=l4" . X 

II z 
" Light is absorb ed to exciite etectrons from ground· sta,te to exci ted state. 

The complementary colour is the co lour observed. 

Colorimetry and spectrometry 
,colorimetry is the measur,ement of colour intensity using an instru1nen t 
caUed a coloritneter. The intensity of colour in a solution is directly 
proportional to the concentration of the coloured species. 

A colorimeter works by l)assing a beatn ,of light through the c,oloured 
samp]e and comparing the light that v.,as passed int,o the sample (incident 
light) "Nith the light that passc.s through the sample (transmitted light) . 



Cone ntration of coloured substance 

The ,absorbance is the ratio of the incident Jight to, the absorbed light. 
Absorbance is also proportional to the path length, "'~hich is the actual 
length. of solution throtlgh ,vhich the light must pass. 

Light 

Source 

Cuvette 
Filter cont aining 

w heel' samp le 

Tra,nsmitted 
119 t Detector 

The light from the light source is passed through a fiher which changes the 
light to a specific wavelength (i.e . colour) and the incident light then pa.sses 
into the sample. The choice of the incident light ,vavelength (colour) is 
irnportanl. A blue solution is not absorbing blue light so a blue filter ¥lould 
be useless. A red filter \vould be used to measu1-e. the absorbance of a blue 
so]ution. 

Th.e sample is contained in a cu.vette which is a 1 cm x 1 ctn glass or plastic 
vial. 

The transmitted light. is detected an.d the difference between the transmilte.d 
light and the incident light is the absorb an c . 

The path length is the length through wl1ich the solution has to pass in 
n1ost cases l cn1.. 

A simple equation relates absorbance to cone ntration and path length: 

A =Sd 

·\vhere c is the concentrarion in mol dm-3 ) l is path length in cm and £ is 
the m.olar absorption coefficient (absorption by I mol dm.-3 solution witl1 a 
path length of l cm). This equation is nol required but an understanding of 
the relationship bet,ve,en absorption and con.centrati,m1 and. path length is 
useful 

A graph of absorbanoe against concentration of the coloured species gives 
a directly proportional line as shown. This type of graph is often used 
to determine the conc,entration of an unkno,wn sample 0£ the coloure,d 
substance from its absorbance. 

Spectroscopy uses a spectrophoton1eter and it i.s the same process but 
the ~ravelength can be va1~ied over-values in the uhra,violet -region of the 

spectrum, as w·ell as in this visible region. 

Many molecules and some complexes may appear white/colourless 
in solutio,n as they do not absorb Ught in the ~tisible region of the 
electromagnetic spectrum, but they 1nay hav,e cbaracteristi,c absorbance in 
the ultraviolet region of the spectrum. This ca.n be particularly useful in 
organic chernistry. 

The absorbance at a particular ,vaY.elength in the ultraviolet region of the 
spectrum. is still directly proportional to the concentration of the substance 
under .~xamination. 



You should know the test for 
the anions covered rn AS iri 
the cihapters on the Hato9ens 
and Group 2. You m,ay be 
asked to identify a transition 
metal co1mpou nd that involves 
identifying the transition metal 
ca tjon and th e anion. 

t TEST YOURSELF 4 .. 
: 1 A sohJt 1ion of a complex ion absorbs Uglrit at a wavetengrth of 450 rim . 
• ! c = 3.0 x 1! 08 1m s-l . Calculate the energy. k1 J. associated with this 
• 
: wavelength . 
• f 2 Suggest why a solution of [CoCl4] 2- fs btueL 

• • • • • 

i 3 Calculate the wavelength of tight in nm1, absorbed by a solution which : 
i aosor,bs energy 3,.617 x 10-19 J . c ~ 3.0 >< 1108 m s-1. i 
=·~~····~·~··~··············~~·~~···~~~·~·········~~········~····~·~·~~·••t~•·~··••t• ~ 

o~l ~R~~-lt~~~~-
ons 1n aqueous so u 10n 

Transition metal compounds dissolve in water lo fortn coloured comp lexes. 
10ther metal con1p ou11ds also dissolve h1 water to fonn co1t1plex ions. for 
exa1nple cotnpounds of alu1niniun1. The co111plexes are called hexaaqua 
coinplexes and have the general fonnu[a [M(H20)5J2+ ,vhere Mis Fe or Cu 

or [1v1(l 120)6J3• ,vhere. Mis Al or Fe. 

The reaction of these hexaaq:oa oomplexes \V'l.th solu tions of sodium 
hydroxide> ammonia and sodiun1 carbonate can. be used to identify them. 

Sodium ·hydroxide solution, NaOH(aq) 
Sodiun1 hydroxide solution contains sodh1m ions and l1ydroxide ions. The 
l1ydroxide ions can cause the precipitation of insoluble n-ieta] hydroxides. 
Sometin1es the insoluble n1.etal hydro:xide may react with an excess of 
hydro"-ide ions and ri dissolve to fonn a hydroxo cotnplex. 

Ammonia so[uri n , NH3(aq) 

Ammonia, NH3 , reacts with water reversibly to form a solution containing 
NH3~ NJl.t ions and OH- ions due to the reversible reactioi-1: 

NH3 + H 20 ~ NJ-lt + OH-

The presence o.f tl1e ·hydroxide ions causes the precipitation of r.he insoluble 
tnetal hydro,xide. Som,etunes the insoluble metal hydro1.i.de may react vvith 
excess ammonia and red-issolv·e to form an ammine c.01nplex. 

Sod iu1n carhona te so1.u tion, Na2Cl)3(aq) 

Sodium carbonate solution oontains sodiun1 ions and carbonate ions. For 
2 + ions the carbonate ions inay react to fonn an insoluble metal carbonate 
precipitate. For 3+ ions the carbonate ions react with the solution to form a 
hydroA;d.e precipitate and carbon dioxide gas is evolved . 

· cidity of [~1(H20)6]3+ oluti -
The reaction of these compl xes with sodium carbonate is because 
com plexes of tl1e type [M(H20)6] 3• £onn more acidic solutions than 
complexes of the type [M(H 2 0 )6) 2+. The charge dle_nsity of a J+ io11 is 
gene.rally greater than ihe cl1arge density of tl1e 2+ ion) but it dloes also 
depend on the size of the ion. Water ligands bonded to a 3+ ion are 
polari~ied and release H+ ions into th e so]ution. 

For example: 

[Fe(H20)6]3+ # [Fe(H20)50 H]l+ + l·l• 



S0d iu1m hydroxide solution or a1 ny 
other so lution may be referred 
to as aqueous sodium hydroxide. 
Aqueous means d'1ssotved in 
water .and often t he two are used 
but mean the same thing . 

A precipitate ~s a solt1d that 
may be formed on .m11x~ng two 
snlutio ns. Often ppt is ,used an 
a b b revra ti1on for preci p1itate,. 

Note that the observations and 
the chemi stry 1f s essen tia tly the 
same as both so lutions co ntai,n1 
hydrox1ide i,ons. 

This makes the solution acidic and the carbonate ions are broken do,vn 
to C02 and H2o by the Hof. ions in the solution. H+ ions continue 'to be 
released from the complex until a neutral insoluble complex is forme:,d, i.e. 
Fe(OH)3(H20 )3• The reaction stops when either all the carbonate ions are 
used up or all of the cotnplex has been converted to the neutral complex. 

[M[H20) 6] 2+ 

For this type of complex, only Fe and Cu are considered. 

r _(H2 )61 2+ 

When iron(n) compounds dissolve in ,vaterJ they fonn the hexaaquairon(n) 
complex~ [Fe(H10)6]u. The solution fanned is green due 10 the prese1:1C-e of 
this complex. 

'V'lhen a solution of sodium hydroAri.de~ ammonia or sodiun1 carbonate is 
added to a. solution containing [Fe(H20)6]'2+ ions~ precipitation reactions 
occur. 

Figure 8.9 lron~11) hydroxide precipita te can be for,med by adding sodi, um 
hydrox1ide solution to a salu tion contai ni ng iron f1il ions. 

With sodiutn hydro; ide soh,tion 
Observations: A green precipitate of iron(rr) hydroJ...ide, Fe(OH)2(H20)4 , is 
formed which slowly c.hangcs to, a brown solid (caused by the oxidation of 
iron(u) hydroxide to iron(m) hydroxide by oxygen in the air). 

Equation: 

'[Fe(H20),6]2+ + 2QH- ~ F-e(OH)2(H20,)4 + 2H;i0 

green ppt 

The precipitate of iron(n) hydroxide does not redissolve ,on the addition o,f 
more S·odium hydroxide solution. 

With ammon.ia solution 

Equation : 

{Fe(H20}6]1+ + 20H- ~ Fe(OH)2(H20 ,)4 + 2H20 

green ppt 

The precipitate of iron(ll) hydro::irdde does not redissolve on the addition of 
more ammonia solution. 



Make sure all the equati ons begin 
w 1t:h the tlexaaqua com plex. rn 
thi s case [Fe:[H20]6F+. Some 
sources will show a simple 
prec.ipi:tation reaction as Fe2+ + 
coJ---. FeC03. but th is i,s not 
accepted by AQA as the equat~o n 
must 1nclu d,e the complex. 

The deep blue solution m,ay 
a.lso be d.escri bed as dark 
bilue or roya l blue. It is a ve:r; 
characterist,ic co lour for this 
rea et ion andl h etps idenbfy 
copper( 11 j ions. 

Figure B.10 The test tube on the Left 
conta ins a solutro n of coppe r[11]! su lfate. 
When a sm,all amou,nt of ammon ia 
solu ti,on is ad de,d !centre) a, precipitate 
of copper[11] hydrox,id e is farm Qd. Ad ding 
more ammon.ia solution d~sso[ves the 
copper[11]I hydroxide [right) and forms a 
deep blue, so Luti on. 

Witli odium carbon.at solution 
,Qbs,ervations: A green pr,ecipitate ,of iron(II) carbonatei FeC03 ; is formed. 

Equation: 

[Fe(H20 1
) 6j2+ + C03

2- ~ FeC03 + 6H20 
green ppt 

I C u(H2 )612+ 

When copper(II) compounds dissolve in v..rater, they form the 
hexaaquacopper(n) complex, [ Cu(H20)6]2+. The solution fo,rmedl is blue 
due to the presence of this comp]ex. 

When .a solution of sodium hydroxide, anm1onia or sodiutn carbonate is 
added to a solution containing [Cu(H2'0)6] 2+ ions; precipitation reactions 
occur. 

With sodhun hytlroxitle so1ution 
0 1bservations: A blu precipitate of copper(n) hydroxi.de~ Cu(OH)2(li20)4 
is formed. 

Equation: 

[Cu(H20)6J2+ + 20H-~ Cu(OH)2(H20)4 + 2H20 
blue ppt 

The precipitate of copper(u) hydroxide does not redissolve on the addition 
of n1·ore sodiu1n hydro,xide S·olution. 

Widi ammon·ia solittion 
Ob,se.rvations: A blue precipitate of copper(n) hydroxide) Cu (OH)2(H20)4~ 

is formed.. 

Equation: 

[
1Cu(H20)6J2+ + 2 10H- ---4> Cu(OH)2(H20)4 + 2H20 

blue ppt 

The precipitate of c,opper(u) hydroxide redissolves on the addition of more 
ammonia solution to form a de,ep blue solution. 

Equation 

Cu(OH)2(H20)4 + 4NH3 ~ [Cu(NH3)4(H20)2} 2+ + 2'H20 + 20H­

deep blue solution 



The brown preci1pitate of iron[11il 
hydrox·ide m1ay also be descri.bed 
as rusty. 

WitJ1 odium carbona.te solution 
Obsen·ations: A green p-recipitate of copper(II) carbonate, CuC03> is form,ed. 

Equation: 

{Cu(H20)6) 2+ + C0,5- ~ CuC03 + 6H20 
green ppt 

[M(H20)6] 3+ 

For this type ·of complex! 011ly Fe and Al are consid red. 

[ _ __ (H20)6J3+ 

Vi,iben iron(1n) co1npounds dissolve in water, they form the hexaaquairon(m) 
complex, [Fe(H20 1

) 6]1+. The solution fanned is often yeUo,v due to the 
presence of this complex. The colour of the solution 1nay vary depending 
on the anion present in the compound. Saine solutions of iron(n1) 
cotnpound 1nay appear purple, brown, lilac or violet. 

When a solution ,of sodium hydroxide; ammonia or sodium carbonate is 
added t,o a soluti,on containing [Fe(H20)6] 3+ ions> precipitation reactions 
occur. 

With sodium hydroxkle solution 
Observations: A brown precipitate of iron(m) hydroxide, Fe(OH)3(H20)3, is 
for1ned. 

Equation: 

[F,e(l-120)6]3"" + 3QH- --1- Fe(OH)3(H20)3 + 3H20 
brown ppt 

The precipitate of iron(m) hydroxide does not redissolve on the addition of 
more sodium hydroxide solution. 

Figure B~11 lron[111] hydrox.ide precipaate can be form1ed by 
adding sodium hyd ro:xtde solution to a sotution co ntaJntng 
iron [111~ ions. 

With ammonia solution 
Observations: A brown precipitate of iron(Ill) hydr,oxide~ Fe(OH)3(H20)3, is 
formed. 



lt ,is i'mportant to be aware of 
the d'ifference between the 
react ions of solutions conta1riing 
rron [11] corn pou rids and iron [111] 
co rn.pounds w ith sodiuim 
ea rbonate so Lu tii o rt Make sure 
you can descr,ibe t!he observat~ons 
and wriite the equat 1ions. 

Equation: 

[Fe(H20)5]l+ + 30,tt- ~ Fe(OH)3(H20)3 + 3H20 
brown :ppt 

The precipitate of iron(1n) hydroxide does not redissolve on the addition of 
1nore an1.monia solution. 

W ith sodium carbouate solution 
Obsen·ations: A bro~~ precip·itate of iron(m) hydroxide, Fe(OH)3,(H2'0)3 is 
fanned and bubbles of a gas are produced. 

Equation: 

2 [Fe(H20)6] 3+ + 3C~- -+ 2Fe(OH)3(H20)3 + JC02 + 3H20 
brown ppt 

f Al(H2.0 )6]3+ 

When aluminiuin con1pounds dissolve in "''ater, they fo,nn the 
hexaaquaalu1ninium(m) cotnplex, [A](H20)6] 3+. The solution formed is 
colourless. 

'When a solu tion. of sodium hydroxide, amn1onia or sodiui-n carl:lonate is added 
to a solution containing [Al(H20)J3+ ions~ precipitation re-actions occur. 

Wit1i sodium hydroxide solution 
Observations: A white precipitate of alutninium hydroxide, Al(OH)3(H20)3, 

is formed. 

Equation: 

[Al(H20)6} 3
.i. + 301H-~ Al~OH)3(H20)3 + 3H20 

white ppt 

The precipitate of alu1niniwn l1ydroxide re.dissolves on the addition of 1nore 
sodiun1 hydroxide solution to form a colourless solution. 

Equation: 

Al(OH)3(H20)3 +OH-~ [Al(OH)4(H20)2J- + H20 
colourless solution 

As more sod.iu1n hydro,.._"ide solution is adde,d more OH- ligands replace the 
water ligands in tl1e complex until (Af(10H)6J3- is formed . The equation can 
be w1ilten with anywl1ere bet\.veen 4 ru1d 6 10H- present in the con1plex. 
The equation below is very con1t.non: 

Al (OH)3(H20)3 + 30H----+ [Al(10H)6] 3- + 3H20 

Th solution formed is colourless irrespective of the number of OH- ligands 
in the complex. 

With ammonia solution 
Observations: A white precipita te of alu1ninium hydroxide , _Al (OH)3(H20)3~ 

is formed . 

Equation: 

l[AlCHt0')6J3+ + 30H- -} Al(10H)3(H20)3 + 3H2,0 
white ppt 



Grsnan, ppt 
Com le)( formed 

Doe·s 1it r edissolve in excess No 
NaOH(aq) and colour of 
sotutton formed? 

Comple,x fonmed 

Reacti on with N H3[a Gr·een1 p t 

The precipitate of aluminium hydroxide does not redissolve on the addition 
of more ammonia solution. o" 

Figure 8.12 Alu,m fnium hydroxide pr,ectp itate ls formed by adding amm on~a sol,ut~on 
to a solution containing alum ~niiu m ,jons. 

With sodium carbonate solution 
O bservations: A ,vl1ite precipitate of aluminium hydroxide~ Al(OH)1(H20)3> 

is formed and bubbles of a gas are produced. 

Equation: 

2[A](H20)6] 3~ + 3CO~---+ 2Al(OH)3(H20)3 + 3C02 + 3H20 
white ppt 

The table belo\\r sum1na1ises the observations and the formulae of the 
complexes involved. 

Blue ppt 

No 

YeUow [or brown or 
vio let or purple or li lacl 
Brown ppt 

No 

Wh,ite ppt 
ALl(OH]3i(H20b 
Yes 
Colo urless 
s olutlon formed 

[AU(O HL11iH20bJ- or 
[A!L[O H] p-

Brown ~ t W,hite ppt 

~ 
Vi 

5· 
QJ 

.Q 
s:: 
t1) 
0 
t: 

"" "" e.. 
~ a· =s 

Fe [O Hh(H OJ~ Fe [OHb ! H~3 ____ A_l[O_H_] _ ~2.Q.!_3 __ 
Dogs 'It r~d 1isso tvg in ~XCQSS No 
N H3[aq) and colour of 
so Lution fo rim ed? 

Complex fo rmed 

Compo und or com1plex 
for1med 

Deep b l'Ue so lutjon 
fo rmed 

Green ppt 

CuC03 

No No 

Br ow n ppt 
Bub bles of gas 
re leased 

Whilte ppt 
B ubble,s of g,as 
released 
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: TEST' YOURSELF 5 2 Cons id er the comptex [AL(OH)~{H 2Db]- : . . ~ 

f 1 Cons ider the fo[lowirig complexes : a ]I What 1is the coord inatfon nlJmber of this com,ptex? i 
~ A [Cu!H2_0)6}2+ b)i What ~s the oxidatlori state of aluminium in this ~ 
! B [At[H 20].6]3+ com,ptex? f 
~ C [Fe[H20]6] 2+ cl Suggest the shape of th is complex . ~ . ~ i D [Cu[NH13j4[H2Dj2J2+ d) Write an equation for the format1on of this ! 
! al Whi,ch complexes are blue? comptex from At[OH1JIH20Js. f 
J b) W'hat is observed when aqueous sodru m 3 A sam pte of iron[111) c!hloride is dissolved in water. i 
I ca,rbonate 11s added to complex A? a) Wr ite the formuta of the iron complex formed ! 
! c'I Wh;;3t is observed' when a,qu eous sodium wh en jron,f111] chilortde dl issolves in water. i 
i hydroxide is added to comp lex li3 until in b) What ~s observed when aqueous sodium f 
• • • • • • • • • • • • • • • 

excess? carbonate ~s added to the solu fion contaT ning ~ 

d) What 1s observed w heri aqueous am1mo·nia the complex? f 
,is added to com,plex C? cl Write an equat~on for t:he react ion of aqueous ~ 

~ 

sodi u 1m ea rbona te with this iron co mp'lex. : • .. ......................................................................................... ~ ..................................................................................... ------
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R QUIRED PRACTICAL II ~ 

Using test-tube reactions to identify ions in 
solution 
Chejm~cat tests are used by analytical chemists to 
g~ve an indication of the natur-e of substances that 
may be pres-ent jn a sample. For example, a cnemica l. 
test may be used to determ·ine the presence of a, 
particular metal ion in a sample of water taken from 

.,..,.~-.--;-;. 
tJ~:~ 
1 Describe, the appearance of A 

a polluted r ·iver. A foreins~c sc~entist may use a si mp'le 
ch,emi·cal test, usi,ng an atkaline solutf-on, to id,entrfy 
com,ponents In a soH sample taken fro,m a crime 
scene and compare this wtth a soil sample taken 
from a susp ecrs shoes . 

To determine th e i.dentity of a che,mica l salt Al tt'le 
fo:tlowing tests were carriied out and t1he observati ons 
recorded . 

. ,a-· ... ,~ ... -.,; .. ,,-:.-t '?J,.'!' ... 
• .&. , _ e8l~- w .. m::-

Blue crystals 

2 Diss olve a spatula measurre of A ,in a,pproximately 50 cm3 of water Blue solution 

3 Add a few drops of barium eh Lori de, so lutlon to 2 cm3 of the solut,ion of A Wh1te ppt 
Btue sol ution remai ns 

4 Add a few drops of siilve·r nitrate· solu ti·o n to 2 c,m3 of the solution of A Blu e solution 

5 Add sodium hydroxide solution to 2c m3 of the soluti,on of A~ drop wi se with Btue ppt 
shakin~. until in excess 

6 In a fume cupboard . add concsntrated a-mmonia solut~on d rop wise. until Blue p pt which redissolves on 
present ,in excess, to 2 cm,~ of t'he so Lutton of A excess to produce a deep b·Lu e so Lu t io n 

7 Add a few drops of sodium carbonate solution to cml of t he s olution of A. Green ppt 

Use the evi·dence rn the table to suggest the metal 
ion present 1n A . 
Suggest ithe formula of the complex ion formed in 
test 2, Name the snape of t1his complex. 

~ 3 Using the results from test s 3 and 4, determine the 
i a,nior, present in A. State your reasons. giving an 
: ,cn,i,c equation for any reactio.n whi,ch occu rs. 

'4 State the fo rmula of the complex formed in test 5. 
5 Expla1n using two ba,Lanced symbol equation s, the 

reaction occurring in test 6. 

6 W.ha,t is the name of the green ppt formed in test 7? 
Suggest and expla,in what would be observed if the 
salt A was heated gently 1n a boiling tu.be. 
Suggest a name for the salt A . 

. . . . 
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Practice questions 
1 Which of 1he following ions does not have an 

electronic configu.ration of l s2 2s2 2p6 3s2 3p6 

3d5? 

A Mn2+ 

B Fe3+ 

er+ 
D Cr3+ (1) 

2 In ,vhich of the follo\\ring compl exes does the 
complex hav,e a coordination number of 6 and 
transition tnetal hav,e an oxidation state of + 2? 

A [
1CoC1J 2-

B [Fe(H20 1
) 6J 3+ 

C [Pt(NH3) 2C12] 

D [ Co'EDTA] 2-

3 Which one of the fotlovnng is correct? 

A On adding sodium hydroxide solution 
to a solution of copper{II) sulfate, a green 
precipitate is obsen,ed. 

(1) 

B On adding sodium carbonate solutinn to a 
solution of ir,on(n) sulfate) a while precipita te 
is observed. 

C On adding a1mnonia solution to a solution 
of iron(m) chloride) a brown precipitate is 
observed. 

D On addi.ng sodiun1 ,carbonate solu1ion 
to a so,lution of copper(n) sulfate) a blue 
precipitate is observed . (1) 

4 The: follo,ving tests ,,rere carried out lo a 
solution of an unknown compound: 

Test l ; To a solution of the compound, sodium 
carbonate solution \Vas added and a brown 
precipitate and bubbles of a gas v,,rere ,obs,erved. 

Test 2: To a solution of the compound, nitric 
acid and silver nitrate solution were added and a. 

white precipitate was observed. 

Which one of the following is the most likely 
identity of the con1pound? 

A .aluminium carbm1-ate 

B copper(n) chloride 

iron(n) bromide 

D iron(m) chloride 

5 [CuC14] 2- is green-yellow. It absorbs light 

(1) 

of wavelength 420nm. The Planck cons tant) 
h := 6.63 x 10-34 J s. The speed of light> 
C = 3.0 X 108 111 S-l , 

a) Give the equation \vhich relates 1he 
energy chang LlE to the Planck constant 
h an,d the wavelength of the visible 
light; A. (1) 

b) Calculate a value for !iE and state its 
units. (3) 

c) Explain ,vhy the solution is coloured. (2) 

d) State thri e features o.f a transition n1eta1 
c,omplex which can cause a change in the 
vnivc]ength of light absorbed. (3) 

6 S01ne ligands are listed below. All of the 
ligands are i-nonodentate except the oxalate 
ligand w~hich is bidentate. 

ligands: thiocyano: SCN- ; cyano: CN- ; 
aqua: H2o; hydroxo: oH-; ,oxalate: ,C20t'; 
ammine: NH3 

a) Explain the meaning of the tenn 
bidentate. (1) 

b ) Write the fonnula of the complex formed 
bet"\veen the nicke1(n) ion and the 
ammine ligand where the coordination 
number is 6 . (1) 

c) Write the formula of the complex formed 
between the chromium(m) ions and the 
hydroxo ligand "'rhere the coordination 
number is 6. (1) 

d) Write tl1e fonnula of tl1e complex 
fon11ed betiyveen the silv,er(1) ion and 
the an1n1ine ligand ,vhere tlu: 
c,oordination numb-er is 2 . (1) 

) Suggest the shape of the. complexes 
described in (b)> (c) and (d) . (3) 

7 A ligand substitution reaction occurs when 
a solution containing ED1TA 4- is ad ded to a 
solution containing [Ni(H 20)6J2+ ions. 

[Ni(H20 )6] 2++ EDTA4- -+ l[NiEDTAJ2- + 6H20 



a) EDTA+- is a chelating agent. Explain this 
term. (1) 

b) Explain in terms of the chelate effect why 
tl-1is ligand substitulion reaction occurs. (2) 

c) Vvhat type of bond is fanned between 

ED1TA4- and the nickel ion? (1) 

d) State the coordination number of the 
t'Wo complexes, [Ni(H20)6]2+ and 
[NiEDTA] 2- . (1) 

8 Consider the foUo"7ing reaction sche1ne. All 

the compleX:es are in aqueous solution. 

A 

~ 

1 

~ 

2 [Fe(H20)6]3+ 3 - C ~ 

a) In reaction l) aqueous sodiun1 hydroxide is 
added to a solution of the complex. Write 
an equation for the reaction. (2) 

b) In reaction 2> ammonia solution is added 
to a solution of the cotn1,lex. vVhat is 
observed? (1) 

c) In reaction 3, a solution of sodium 
carbonate its added to a solu tion of the 
complex. 

i ) What is observed? (2) 

i i) Write an equation for the reaction 

which is occurring. (2) 

19 Co1nplexes of [Pt(NH3)2Cl2] , [Co(NH3)4Cl2l+ 
and [Ni(H2NCH2CI-I2 NH2}3 l 2+ exhibit different 
fonns of slereois,01nerism. 

a) What is tJte coordination numb e.-r and. 
shape. of the co1nplex '[Pt(NH3) 2 Cl2JI? (2) 

b) State the type of sten~oisomerisn1 shmv.n. by 
tl1.e th1-ee cotnplexes. (3) 

c) Vlh.at is a use of an isomer of the 
[Pt(NH:)2Cl2] complex. (1) 

d) Explain why the [Pt(NH3) 2Cl2J complex 

has no overall charge. (2) 

II 10 Aqueous metal ions can be identified by test 
tube reactions. 

For each of the following describe ,vhat you 
would observe. 

Write an equation. or equations for any 
reaction s that occur. 

a ) The addition o.f aqueous sodium carbonate 
to solutions containing [Fe(H20)6]2-+- and 
another solution containing [Fe(H20)6] 3+. (7) 

b) The additio11 of aqueous am1nonia to a 
solution contain ing 1Cu(H20)6] 2~. (4) 

Stretch and challenge 
11 Iron rusts ,v11.en exposed to air and tnoisture. 

Rusting occurs in a series of reacdons as 
sho"'rn beloiv: 

Reaction l ; Fe(s) ~ Fe2+(aq) + 2e-

Reaction 2: 0 2 + 2H20 + 4e- ~ 40H­

Reaction 3: Fe2+(aq) + 20H-(aq) ----1' Fe(OH)2(s) 

Reaction 4 : 
4Fe(OH)2 (s) 1-0 2(g) ~ 2Fe20 3 .H20(s) "I'" 2H20(]) 

a) Write an overall equation for rusting by 
combining the equations for reaction 
l to 4 above. (3) 

b) Which one of the reactions is not a redox 

reaction? Explain your answer. (2) 

c) In the process of sacrificial protection of 
iron, blocks o.f n"lagnesium are attached to 
the iron. 

Mg2-i-(aq) + 2e- ~ Mg(s) E9 = -2 .3 7 V 

Fe2+(aq) + 2e----+ Fe(s) f&· = -0.44 V 

i) Explain ,vl1y the block of magnesium 

is described as the negative electrode 
(anode). (l) 

ii) Write cell no ita ti on for the 
electrochemical cell in this redox 
reaction. 

iii) ,Calculate the emf of the cell. 

(2) 

(l) 



Transition metals: 
Va ia ble oxidation 
states 
..•..••.. ·····~ ........... ... ~··~ ··-··· ··~ .. . . . .. ... . ............ . 
" 

PRIOR K OWLED 
• • : Trar;s,itf on 1metals form compounds with tile t ransiti:on metal ,in 

i • • • • • • • 
: different ox'idat1ori states. : : : 
: The oxidation states of transition metals va ry from, 0 [for the element) : 
• • 
: to a maxtmlfm of +7. : 
• • 
: +2 ,is a common ox1dat1ion state of tran si.tion metals . : • • • • : Oxi1dation and· reductiori reacbons between t ihese oxidati,on states : • • • • : a,re common an,d there are changes in colo,ur associated wfth, these : 
~ chan,ges. i . ~ 

: Transition 1metat co mpounds can be used in organic che,m,istry for ; 
• • 
: oxldat ion rea ct ,io ns. : 
• • i Trarrisitfons metals and their co 1mpounds may be used as catalysts. : 
• • 
: Catalysts provf de an alternative reaction pathway of lower .activation : 
• • 
: ener gy and so increase the rate of a chemical reaction . : 
• • • • ............................................................................................................... 

·········~·················~···················~········~········ ~··•••t+•••···············: TEST YOURSELF ON PRIOR KNOWLEDGE 1 i 
• 

1 Give the ox idation sta,te of the tra·nsiti,oin 1metal in the following i 
: cam pounds and ions. i 
i a) Fe20 3 i 
~ b) Mln04 ~ 
• • ! c) Na2Cr04 ! 
~ d) K2Cr2D1 ~ 
• • 
: 2 Calculate the value of x in the mangainate(VI) ion, ,Mno~-. : 
= : : 3 Na1me the following, compounds fnctuding the oxidati·on state of the ! 
j transition metal. J 
: al Na2Cr20 7 ; . ' : b) Mln02 : 
• • 
~ cl Co203 ! 
i 4 Explai,n how a catalyst ,increases the rate of a chemical reaction. i 
• • ......................... ..................................................................................... ~ 

0 idation st t s of transition m tals 
Ellements ,of the :series of d b]ock elemen ts (Sc-+ Zn) excluding chromium 
and copper have the general electronic configuration LAr] 3d", ·4s2

. The 
re1n oval of the 4 s2 electrons creates the ubiquitous 2+ ion. 

The oxidation states of the elements vary depending on the nun1ber of d 
electrons available in the atom. The 1u ost cotu1non oxidation stat,es of the d. 
block eleiuents are as follows: 

Sc +3; Ti +3 +4: V +4, +5; Cr +3, +6; M11 +2, +4, +7; 
,co +2 : +3 Ni +2: Cu +2 1 Zn +2 . 

e 1-2 +3 · , ' 
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Sca,n,di,um to zinc are the 
etements 1n the first ser~es of 
the d block, but scandi1um and 
zinc a re d biloc'k elements. not 
tr.ansHion elements. Transiti·on 
ele,ments form, at least one ion 
with an incomplete d su bshetl. 
Sea ndi,um and zinc form ~ons with 
em,pty or inco,mplete d subshells. 
The first transition seri,es runs 
from titan1u m to co pper. 

You can remember the co lours 
of vanacHum using 'You Better 
Get Va,nad1um ·. Yin you is yellow. 
B in better is blue. G i,n g-et is 
g,reen and V 1n vanadium is vioilet 
Try to create your own rhym e 
!mnemonic) for t:hi,s ~f you ca nnot 
reme1mber this one. Th ese are a 
good way to lea rn . 

Figure 9.1 Test tubes containing 
sotu ti.on.s of dissolved vanacHu m 
co.mpounds ,in di1ffe rent oxidation s tates. 
Can yo u i1dent1fy the oxidation states? 

The stability of the +2 oxidation state t lativ·e to, the +3 and higher stat s 
increases (rom left to right across the series. This re-fleets the increasing 
difficulty of removing a 3 d electror.1 as the nuclear charge increases. 

The table below sl10ws all oxidatio11 states of the firs t series of d block 
eleinents. The ones sho,v11 in bold are most common oxidation states of 
the elements. 

Oxidation states +7 

+6 +6 +6 
+5 -i95 +5 +5 

+4 +4 +4 +4 +4 +4 +4 

+:3 +3 +3 +3 +3 +3 +3 +3 +3 
+2 +2 +2 +2 +2 +2 +2 +2 +2 +2 

+1 +1 

ln general~ the con1pounds of the hlg"her oxidation states are found in co,,,.alent 
compounds and molecular ions and they can act as oxidising agents as the 
tr.ansiti,on metal can gain electrons and be reduced to lower oxida1ion states. 

Vanadium chemistry 
Vanadium has 4 major oxidation s tates, +2, +3 +4 and +5. The molecular 
and simple ions belo,v show vanadiu1n in these oxidation states 1Nith the 
colour in aqueous solulion. 

Oxidation Name of Co.lour h1 aqueous 
slate moletular ion Formula of ion solution 

+15 Oioxovanadium,(v] ion VO~ Val low 

Van ad ate [v) •on vo-3 

+4 Oxava nadj um [1v] iofl v o2+ Bl ue, 

+3 Van ad iu m (111) ion y3+ rG re.en 
+2 Van ad [um [11] ion v2+ V1io let 

An aqueous S·olution of vanadiun1 in the 1-5 oxidation state (either 
vanadate(v) or di,oxo,vanadium(v)) can b e reduced from +5 to +2 sho,;.ving 
all the oxidation states in between. 



You can revise writiingi half 
e q u at~ or, s fro m t h e Ox id at i o r:1; 

red uct1 on and red ox equat~ ons 
topic in AS Book 1. 

You must be .able to write half e,quations for all these .reduction reactions 
(or oxidation reactions if going from -t2 to +5). This is revision of writing 
half equations from the oxidation, reduction and re.do.x reactions section in 
Book 1, AS level. 

+5to +4 
Step 1: 

Step 2: 

Write the species involved in. the reduction .. 

vo1 ---+ voi+ 

Check the oxidation numbers and add electrons as appr,opriate to 
cau se the reduction. (Remember electrons go on the left-hand side 
of a reduction and they go on tl,e right-hand side of an oxidation.) 

\ '02 + e- ~ vo2+ 

Step 3: Add tt+ ions to one side and H 20 to the other side to balance the 
oxygen aton1s. (Reme1nber usually H+ go on the left-l1and silde i11 a 
reduction and H4 go on the right-hand side in an o1'r..idation.) 

VO~ + 2H+ -t- e- ~ V012+ + H2
10 

Step 4: Check tl,e charge balance on ,each side 

Tota] charge on left = +2 Tota] charge on right = + 2 

Equation is balanced both 'With ato1ns and charges. 

Fir1al equation: V(Yi + 2H+ + e----+ vo2+ + H 20 1 

-t-4 to-r3 
Ste-p 1: Write the species involved in the reduction 

vo2+--+, v3+ 

Step 2 : Check the oxidation nutnbers and add electrons as appropriate to 
cause the redu ction 

Step 3: Add H+ ions to one side and H2o to the other side t,o balance the 
oxygen atoms. 

V02-+- + 2H+ + e-~ V3+ + H20 

Step 4: ,Check the charge balance on ,each side 

+3 to +2 
Step 1: 

Step 2: 

Total charge on left== +3 Total charge on right= +3 

Equation is balanced both with ato1ns and charges. 

Final equation: vo2+ + 2H_,. T e- ---1' y3+ T H201 

Write the species involved. in the reduction 

y3+~v2+ 

Check the oxidati.on numbers and add electrons as appropriate to 
cau se lhe Teduction 

All charges balance 

Final equation: V34 + e--+ v2"" 
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R d · p Jlential 
The reduction potentials for these reaclions are given below. 

VQi + 2H+ + e~ ~ voi+ + H 20 + l .OOV 

V 10 2+ + 2H+ + e- ~ \ 73+ + H20 1 +0.34 V 

yJ.4- + e- ---4- v2~ - 0 . 2 6 V 

Reduction of vanadi urn 
Vanadiu1n can be reduced from -tr-5 to -t2 using a r,eclucing agent like zinc (in 
the presence of acid) . 

Zn2+ + 2e- ,.......), Zn ~0.76V 

When zinc reduces vanacH1un, the rin c becomes oxidised so the hall 
equation for the reaction of zinc is: 

Zn _,. Zn2+ + le- +0 .76V 

By combining this ~"itl1 each of the reduction half equations for the 
vanadium reduC'tions we can see h ow far zinc can reduce vanadium. 

The ionic equation for each overall reaction can be determined by 
co1nbining the oxidation and reduction half equations to cancel out 

electrons on both sides. 

The electronlotive fo1~,e (EMF) is determined by siinply adding the 
n-:.duction poten tial an d the oxidation potential together. Remember th,e 
addition of redlox potendals does not depend on the nun1ber of moles of 
each substance reacting -it is simply a total. 

The acid is present to provide H+ ions which .are required in the redox reaction: 

• A positive EMF m,eans that the r.eaction is feasible. 
• A negative EMF means that the reaction is not feasible . 

V02 + 2H+ + ,e- --+ V02+ + H20 1 +l.OOV (REDUCTION) 
Zn ~ zn2+ + 2e- +0 .76V (OXIDATION) 

EMF =Tl.76V (FEASIBLE) 
Ionic equation: 2V01 + 4H+ -+- Zn --+ 2V02 + 2H20 + Zn2+ 

V 102+ + 2H~ + e-~ V3+· + H20 
Zn ~ Zn2+ + 2e-

TO, 34 V (REDUCTION) 
+0.76V (OXIDATION) 

EMF= +l.lOV (FEASIBLE) 
Lonie equation: 2V02+ + iH4,. + Zn ~ 2VJ+ + 2H20 + Zn2+ 

V3++ e-~ V2+ 

Zn --+ Zn2+ + 2e-
..... Q.26V (REDUCTION) 
+0.76V (OXIDATION) 

EMF ~ +0.50V (FEASIBLE) 
Ionic equation: 2V1+ + Zn -4 2\t2. + Zn2+ 

Excess zinc, in acid solution, VJitl reduce vanadiun1 from +5 to +2. You 
would obse1-sve a colour change to the solution fro1n yello,v to blue to 
gree11 tu violet. You n1ay se,e an intermediat,e green colour as the vanadiuin 
changes oxidation state froni -rS to +4 but this is simply caused by a 
mixture of the yellow and blue colours of these oxidation states. 



So1ne other substances may partially reduce vanadium. Sulf-ur dio,...ide Vvi.U 
reduce vanadium from +5 to +3 but not to +2. 

+0.17V 

The sulfur dioxide wiU be oxidised so the haU equation is rewritten as an 
oxida1im1 reaction and the sign of redox potential is changed. 

S01 + 2H20 -4- so;-+ 4H+ + le­

Examining each reaction separately: 

VO~ + 2H+ + e- -+- V012+ + H20 
S02 + 2H20 ~ sot + 4H4, + 2e-

- 0.17V 

+ l.OOV (REDUCTJiON) 
-O.l 7V (OX1DATION) 

EMF = ~0.83V (FEASIBLE) 
Ionic equation: 2V10 2 + 5'02 ~ 2V02+ + SQ~-

V012+ + 2H+ + ,e- ~ v3+ + H20 

S02 + 2H20 ~ sot + 4H+ + 2e-
-t-0 .34 V (REDUCT10N) 
-0.17V (OXIDATION) 

EMF= +0.17V (FEASIBLE) 
Ionic equation: 2V102+ + S02 ~ 2Vl+ + soi-

y3+ + e- -T y2+ -0.26V (REDU 1CTION) 
S02 + 2H20 -t so~- + 4H+ + 2e- - O. l 7V (OXIDATION) 

EMF= -0.43V (NOT FEASIBLE) 

SuHut dioxide can therefore reduce vanadiun1 fro·m + S to + 3. You \~lould 
observe the solution changing fr,om yellow to blue to green. 

Tollens' reagent 
Tollens' reagent is an ammoniacal solution of silver nitrate. It contains 
the con1p lex {Ag(NH3) 2]+. It. can be used to test for the presence of an 
.aldehyde as it indicates the oxidation of an aldehyde. 'When wanned vtith 
an aldehyde, 1he silver(]) ion in the con1plex is ·reduced to silver and a silver 
n1irror coats the inside of the test tube. Ketones cannot be oxidised s,o the 
colourless solution of tl1e complex rentains colourless when warmed in the 
presence of a ketone. 

Tollens' reagent aldehyde silver 
n--unor 

Silver ions would not normally be reduoed by the oxidation of an aldehyde, 
but when the silver ions complex vvith a1mnonia. and in alkaline conditions, 
the r dox potential changes so that the oxidation of an aldehyde is enough 
to make the reduction of silv,er(1) ions in the con1plex feasible. 

Nlanganat (vu) ions in acidic and alkalin solution 
Manganate(vn) ions; 1vln04; are a strong reducing age·nt in acidic solution 
but a ,veaker reducing agent in alkaline so]ution. pH has an effect on the 
redox potential of the reduction of transition metal ions from higher to 
lower oxidation state. In acidic solution, manganate(VTI) ions, Mn04, are 
reduced to Mn2+ ions. In alkali11e solution, ·manganate(\111) ions, Mn04, are 
reduced to manganate(Vl) ions, Mnoi-. In organic chemistry, manganate(vu) 
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There is more detait on th is i,n 
t h e e Le et ro d e pot e ri t i a l s and: 
electrochem~cal cells top~c and ,n 
aldehydes and ketones to~ ic. 

ions in acidic solution are such a strong oxidising agent that they ,,vill break 
1C-C bonds and completely oxidise the 1nolecule. Manganate(vn) ions in 
alkaline conditions are a ,veaker oxidising agent and c.an oxidise alkenes to 
the corresponding dial. 

~ -··························································································: 
'--~~~------------ : TESTYOURSELF2 i .. 

: 1 State t he oxidation state and cotour of the aqueous solutions of the .. 
: following compounds of vanadium. i a) VCl2 bi V 2( SO~l3 
I c) NIH~V03 di V0 2S0ll 
t : 2 Write a half equ ation representing the redluction of t he 
i d~oxovanadiu,m·(v) ion, V0 2., to the oxovanad.ium(rv) 10n, vo2+. 

~ 3 Consid er the half equations below: 
i vo2+ + 2H+ + e- ~ v3+ + H2o +D .34 v 
: z n2"" + 2e- -4 Zn -0.76 V .. 
i a) Write an ionic equa,ti on for the reaction between oxovanad.iu ,m(nr)i 
: V02\ and zinc forming va,rnad1ium(m) 1lons and zi,nc i1orns . 
i : b) Calculate the EMF of th is reactifon . 
• 
: c) Wha t coto ur change would be observed ~n this soluti on? 
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()~R-ed_o_x_t-it-ra-t-io-n~~~~~~~~~-
In this section you should revise all the detail of how to ca1ry out a titraJtion 
from the Amount of Su bstanc,e section in AS. 

There are several type-s of r·edox thrations but the most common is the use 
o.f a. solution of potassium manganate(vu) to determine ihe amount in moles 
of a reducing agent present in solution . 

Potassium manganale.(vu) (or potassium permanganate) has the fom1ula 
l(Ivln04 and is a purple solid and fonns a purple solution. Manganate(vu) 
ions are Mn04. 

Purple potassium manganate(vn) is easily reduced ·to 1,ale pink (virtually 
colourless) manganese(n) ions according to the equation: 

Oxid at 1iori state Ox.id a.tJion state 
of Mn i,s+7 of Mn is +2 

Acidified potassiu1n manganate(vu) solution can be used to detem1ine the 
concentration of reducing agents in two ,vays: 

Direct titration 
l 25.0 cm3 of a solution of the reducing agent is placed in a conical flask. 

2 Th.e mixture is acidified using excess dilute su]furic acid. 

3 The standard solution of potassiu1n n1angana te(vn) is added fron1 the 
burette until the solution changes frotn colourless to pink. 



Titration with iron(n) ions, tn solution produced from 
reduction of iron(1rr) ions 
1 A knnwn amount (volume and concentration or mass) of a reducing 

agent is added to a knoVvTI volu1ne and concentration of a solution 
containing iron(ur) ions ,vhich are in excess. 

The reducing agent reduces some of the iron(nt) to iron(n) 

2 Place a kno\VTI volu1ne (usuaUy 25. 0 cn13) of the reduced solution in a 
conical flask 

3 Acidify the solution with excess dilute sulfuric .acid 

4 The standard solution of ·potassium manganate(vu) is added from the 
burette until the solution changes &om colourless to pink 

For aU these titrations , as each dTop of the potassium manganate(vrr) 
solution is added, the purple manganate(w) is decolourised to c,olourless 
manganese(n); \vhen ·the reducing agent is used up the last drop of 
manganate(vn) is not decolourised. so the last clrop makes the solution pink. 

Comm 1on examples of ireducing agents 
A reducing agent (or reductant) is au electron donor. It \vill donate electrons 
to other species so that they gain electrons and becom,e reduced. A reducing 
agent becomes oxidised in a redox reaction. 

• lron(n) ions, F,e2
4-, for example: iron(u) sulfat:e, ammoni.un1 iron(n) 

sulfate. 
• Oxalate ions, C20~~ for example: sodium oxalate! potassium oxalate. 

Oxalate ions are also called ethanedioale ions as they are the ion fro·m 
e.thanedioc acid, (C010H)2 

Iron(u) tans 
Manganate(vn) ions reduction: 

Mn0 4 -t BR+~ Se--) 1v1n2+ ~ 4H20 

lron(u) ions oxidation: 

Combining equations: 

Mn04 + 8H+ +Se- -+ Mn2+ + 4H20 

Fe2+---+ Fe3+ + e- (x5 to cancel electrons) 

Mn0 4 + SH+ + Se---+ Mn2+ + 4H20 

5Fe2+ ~ · 5FeJ.i. +se-

Ionic equation: 

I\.1n04 + BH+ + 5Fe2+ ~ !vln2+ + 4H20 + 5Fe3+ 

Th e n1ost in1portant part of the above equation is to realise tha t 1 mol o f 
n1anganate(va) ions, Mn.04, react wi.th 5rnol of iron(n) ions, Fe1+. 



Oxalate ions 
Manganate(vu) ions reduction : 

Mn:04 + 8H+ + 5e- -r Mn2+· + 4H20 1 

Oxalate ions oxidation: 

C20J- -+ 2C02 + 2e-

Co1nbining equations: 

Mn014 + BH• + Se- --+ Mn2+ + 4H20 (x2) 

C20J- ~ 2C02 + 2e-(x5) 

2M1104 + 16H~ + lOe- ~ 2Mn2+ + 8H20 

SC20J- ____.., 1oc,0 2 + l Oe-

Ionic equation: 

2Mn04 + 16H+ + SC2oJ- ~ 2Mn2+ i'" lOC02 + 8H20 

These are only two exa mples, but 
you can apply the techniques to 
any titration with manganatelv11] 
i·ons. The most important thing 

The m,ost important thing here is to reaHse that 2 m,ol ,of manganate(VI) ions, 
Jv1n04, reacts with 5 ma! of oxalate ions, ,c201-. 

Overall ratios 

is to determine the ratio of the 

red'uc.ing agent to Mn04 ions. 

l mol of Mn04) reacts with 5 mol of Fe2+ 

2 irnol of Mn.04, reacts 1rvith 5 mol of C20l-

1 . 3 9 g of a s a m p Le of hyd rated j ro ri [ 11 I s u l fate 1 

FeS04.xH20 were d,isso'lved in ditute suHu ric acid 
and the vo lu,me made up using deron1sed water to 
250 J] cm3 1 n a volumetric f'Lask. A 25.0 cm3 sa 1m1P le 
of this so'lution was acidi,fied and titrated aga-inst 
0.005 mol dim-3 potassium manganate[v11) solution. The 
avera,ge titre was found to be 20.0 cm3. 

l1ron [ 11) su lfa:te is u su a lily d rsso lved 1 n dilute su lf uric 
acf d as jt :is more soluble in lt than i1n water; often 
so lutions a re cloudy when just in water: 

State the colour change observed at the end point 1ri 
a ma nganate [v11J ti trattor, . 
Calculate the val1ue of x in FeS04.xH 20 . 

Answer 
M l f t . t [ ] d 2 0 XO .005 

10 es o pa, ass1um1 1mangaria e v11 use - . -
0.0001 mol 1 OOO 

Remember that this is the same as the number 
of moles of mang:anate~v11)1 roris as 1 mol of KMn04 
conta~ns 11mot of ma ng:anate[v11J ions. Mn 04. 

In the equation! ratio of 1Mn04: Fe2+ ::! 1 : 5 

So moles of Fe2+ ifn 25.0 cm3 in co nijcal flask -
0.0001 X 5 8 0.0005 m1Q[ 

M,otes of Fe2• in 250 cm3 in volumetric flask= 
OJJ005 x 10 = 0.005 mo t 

Moles of hyd1rated iron~11~ sulfate used= 0.005 mol 

Each mole of hydrated iron [1 il su tfate, FeS04.x H2o 
co ntains 1 imol of Fe2+ ions so the number of mo les of 
FeS04.x H2o ~ motes of 1Fe2"'" 



A sketch of a titrat·ion is a good 
starting po1nt so you know the 
processes that are i1nvolved rn the 
preparation of a solution and the 
tarat1ion. 

IP la·ce solution in 
volumetfic flask and 

make up volume 
us tng' dei on is ed water 

to 250.0 cm3 

J 
A known mass of 

hydrated iron(IO sulfate 
Sample is dtssolved 

iin di lurte sulfu·ric add 

TMere are ~o ways of fin is hing the ca[cu lation from here: 

Method 11: Mr 

mass 1 39 
Mr o f FeS04.xH20 = -

1 

• . ~ 278 
moles 0.005 

Mr of FeS04 = 151 .9 

Totail of the Mr due to xH20 ~ 278 151.9 ~ 126.1 
121.6 

x -
18 

7 so the vatue of x in FeS0~.xH20 - 7 

Su lfatel,v] io rrs la tso calle·d su tp·hiite ions) in natura l 
seawater ea n reduce iron[ 111] ions to i1ron[ 11] ions. A 
25.0 c,m3 sample of seawater contain ing su lfate[rv] 1ions, 
soi-. is treated w ith 25.0 c1m3 of OJ)l miot dm-3 iron( 111l 
eh lo rfd e so lutr on (an excess). 

so1- +H2o+ .2Fe3+ ---t soi-+ 2Fe2+ + 2H+ 

The resulHng solution ~s placed lin a confca l flask and 
an excess of ci!itute su lfurrc ac~d ~s added . The soluhon 
is titrated wtth 0.001 mol dm-3 potassium manganate!v11~ 
solution and 14.8 cm3 of trds so lut1ion was requlred. 

Ca lcutate the co n1ce ntra ti on of S·U l fate! 1v)i i,ons in the 
seaV;;•ater 1i n mol d m-3. 

Answer 
. 14.8 x 0.001 . I 

m oles of Mn04 used= = 1.48 x 10-5 mat 
1000 

Mn04 + BH+ + 5Fe2+ ~ Mn2+ + 5FeJ+ + 4H20 

Take 25.n cm3 sampl!e 
from so lurt:,ion and add 

20 cm3 of dilute 

Add standard. solution of 
potassium man ga n ate{V 11} 

from a burette 

llron(II') sulfate 
so lution 

s u ~fu ri·c acid 

--Tr itrate until t he 
sol u.tion eh a ng·es 
from co loiu dess 
to pink 

Method 2: ratios 

Mass of anhydrous FeS04 in sample= 0.00.5 x 151 . 9 
= 0.7595 g 

Mass of water in sa mple = 1.39 ~ 0.7595 = 0.6305g 

Moles of water - ma ss= 0·6305 
a 0.03503 m1ol 

Mr 18 
1Rati10 of anhydrous FeS04 ! H2o -i 0.005 ! 0.03503 

;;;; 1 : 7 SO X = 7 

moiles of Fe2+ :!!!! 1 .48 x 1 o-5 x S. ~ 7 .4 x 1 o-5 mol 
7 4 X 1 Qi-S 

moles of soj- in 25.0cm3 
g • 

2 
g 3.7 >t 10-4mol 

concentration of sol- iin mol d1m-3 = 3. 7 x1 o-tt x 40 = 

1.48 x10-3 1moldm-3 

At this sta9e in the A- level 
cou rse you, would be expected to 
recognise that dl ivid 1ing by 25 and 
m,ulti ply,ing by 1 OOO is th e same 
process as mult iplying by 40. This 
is co mmon when conve rting 'from 
an am.aunt. in moles, ~n 25 cma to 
a concentra ti on iri mol dm,-3. 
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Hydrogen ~eroxrd e is used in ha i:r bleach. A sample of 
hair hleach [10J) cm3

J was added to a volumetr~c flask 
and the volume made up to 250cm3 of aqueous so'Lution. 
A 25.0 cm3 sample o·f th~s solution was acidified and: ft 
was found that i1t reacted co-mpletely with 17.25 cm,3 of 
0.0274m1old1m-3 potass·ium manganate (v11) so lution. 

1 Write ha Lf equations for the re·duction of 
manganate[v11I i·ons ~n acidic soilut1on and1 the 
oxidation of hydrogien peroxide to oxygen gas. 
Wrrte a ri r on 1c: equ at:ion for tlh e reaction of a crd 1if i:ed 
manganate[v11l ions with hydrogen peroxide. 

"' Catcu late the co ricentra ti on of h1ydroger1 p·erox i d,e in 
the ha,ir bleach i1r1 mol d m-3 . 

Answer 
Each half equatiion is written using H2o and H+ to 
batance the c1hange in oxygen content and then the 
electrons balance the charge on ea,ch side. 

1 , Mln04 + BH+ + .5e-~ M!n2+ + 4H20 
H202 --+ 0 2 + 2H+ + 2e-
2 Ml n04 + 6H+ + 5H202 ---1 2Mn2+ + 8H20 + 502 

The rat~o of MnO,r : H202 in1 the ionic eq uation above is 
2: 5. This ratio i·s i mportdnt in catcu latfng the omou nt. 
in moles, of hydrogen peroxide wh~c h reacted w~th tihe 
ma ngana.te [v11i ions. 

2 l . . f M' 0- 1 7 .2 5 X O. 0 2 7 4 4 72 7 1 0-1. ·l m o es o n 4 = _ = . · x ~ mo 
1 OOO 

. 4. 727x 1 a-ii. 
mo

1
l~,5

8
~txHf~~1;~~cm3 . 2 x 5 . 

moles of H202 in 250 cm3 = moles of H202 1n original 
1 o cm3 = 1.1182 x 1 o-3 x 1· o = o .o 1182 moil 

t t. f . . l l t ' 0.0111182 101]0 concen ra 110n o ong.ina so u 10n = x : . 1 
1 = 

1 .18 2 m o l d m-3 1 D 

When writing these equations 
make sure that the charges 
balance in every equation. 

ln the next a'1.lll1ple t r.;vo Lons in the solution can both 1·ea.ct \\<L th the 
manganate(vn) ions. 

lron~11) ethaned1oate d ihydrate, FeC 204.2H20. reacts 
with acidifi1ed potassium mariganate[v11) solutron. Both 
the iron[11) ,ioin and the eth.anedjoate ion are oxidised by 
the mariganate[v11~ ions. 

5Fe2+ + 1MnO; + 8H+-+ 5Fe3+ + M11 2+ + 4H20 

5C 2o~-+ 2 MnOz + 16H+ ~ 1 OC02 + 2Mn2+ + 8H20 

A sample of iron(11)1 ethaned,ioaite was dissolved :in 
excess dilute su lfuric aci1dl and made up to 250 cm13 

of so lution. 25.0 cm3 of this so lu tion decolourrsed 
211.45 c,m3 of a 0.0187 mold.m-3 so lution of potassium 
man ga11ate,v11)' . 

Calculate the reacting raitio of moles of 
manga,nateiv11l ions to motes of iron[11J ethar)edioate . 

... Calculate the mass of the sample of iron,[11~ 
ethanedioate dihydrate usedl. 

Answer 
5 mo l of FeC204 fn so lution produces 5 mol of Fe2+ 

and 5 mol of C2o}-. 5 mot of FeC204 wiU react with 
3m1ol of Mn04 

l fM O 
21.45 x 0.0187 

4011 10
- -4 L mo1 es o ., n·· 'i ~ ~ . . , x ,I - m10 

1000 

I, . : f F C O . 25 . . 3 4.01i 1, X 1, 0-4 ....... 5 = motes o. e 2 4 1n . cm = ---- .... 

6.685 X 1 Q- 4 mol 3 

rn·oles of Fec2o4 lrn 250 c,m3 = 6.685 x 10-4 x 11 O = 

6.685 x 1 o-3 mol 
mass of origin1al sample used l:!I 6.685 )( ,o-3 )( 179.8 n 

1.202 g 

Tihi s can be worked out fro:m t he 
equatjons as ~f the eqLiatfons were 
co mbined 3 mol of M,n04 would react 
wfth 5 mol of Fe2+ and. C20j-. 

The ratlo of ethaned ioate ions to 
ma ng.anate(v11) is 5: 2. lhe two ionf c 
equatijons given, in this exam,ple are 
import.ant and should be learnt as it 
can take time working them out from 
half equations. 



Finding the formula of Mohr's salt 
Crysta lLine aJmmoniu m 1iron[11] sulfate 1s called 
Mohr"s saU after the Germ,an chem:iist Karl Fr,ie dir1ich 
,Mohr. the son of a pharmacist who m1ade m'any 
important adva nces ~n titration methods in the 1,9t'.h 
century, i'nctudr ng an lmproved bu rette. Before this. 
che,m:ists used equi1pment simHar to a graduated 
cyti nder. 

Mohr's sa lt ,is a: com·mon laboratory reagent t;hat 
1s used, for t1tra1Hons. Due to the presence of 
ammonium ions it is less prone to oxidation tby 
a,1r than many other compounds. The ox~dation of 
soluti,ons of iron[ul is very pH dependent. occurr,ing 
,much more readily at hig:h pH . 

Table 9.1 Results obtaiined in tHratLon of Mohr's salt 
sotuUon wfth potassium m,anganate[v11 ] 

Rough Titration 1 Titration 2 Titration 3 

Final volume 21.10 20.05 21 .40 20 .00 
Initial volum,e 0.10 0.00 1.20 0.05 

Titre/cm3 

Why i1s 1'0 cm3 of sulfuric acfd acid1ed to the conica l 
flask b·ef ore t~traUo n.? 

2 Why is ethanoi,c acid not used? 

3 Why· is ammoniu:rn iron[11l sutfate less readily 
oxidised than i1ron[ 11J sulfate solution? 

4 Com:plete t:he last row in Table 9.1 [Tiitre/cm3]. 

5 Calculate the mean titre and justi.fy your answer. 
6 State the colour change at the end point a1nd 

1 Mohr's saU has the formula Fe:(NH~J2[S04~2.nH20. expla,in why no ind,icator i,s added. 
i The symbol n represents the number of ·molecutes of 
j water of crysta llrsation, 

The error in the titration vatue for thi,s experrmen:t 
~s ±0.25 cm13,Calculate the percentage error in this 
tjtration. 

. 
' 

; To firid the va lue of n., 25.0 crn3 of a solu tjon of 
8 WrJte the equation for the reaction of ironr(n] ions 

with acidifmed per1manganate roris rH+/Mno4-J. 
Determine the concentrat ,ion at ,Mrohr'$ salt 
sotut1on and use it to find the molar mass of 
Mohr's salt and deduce tlie value of n. 

~ ammonium 1ron[11, sulfate of concentrat,ion 31.4g dm-3 

~ were transferred to a con1ica[ flask; 10 cm 3 of sul·fur ic 
= 
~ acid were added and ttle solution theri tiitrated w1ith a 

• i . 
t 
1 . 

sotuUo n of potassiurn manganatetv11] of concentration 
at 0.0200 1mold1m-3. A student obta~ned the results 
shown in Table 9.1'. 
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TEST YOURSElF 3 

• • • • • • • i 1 A so lution of iron~,1~ su'lfate was acidified . A 25 .0 cm3 sarmple of the ! 
i so lution was titrated witn 0.0120 mol d,m-3 potassium mangana,te(v11] i 
i so lution . 17.45 c,m3 of the potassium m,angana:te~v 11] solution was i 
: required for complete reaction . ! 
I al Write a1n eq uati,on for the rea,cti,on between manganate(v11l jons and' i 
: i ror,!11] i.on s. ~ 

• 
b) Calculate t he concentraHon of the iron [11) sullfate solution in mal : 

• 
dm-3. Give your answer to 3 sJgnificant figures. : 

• 
. 2 A sample of iron (11] ethanedioatej FeC204• was d~ssolved, in excess i 
~ sulturic acid and the volume made up to 250 cm 3 in a vo lumetric flask. ~ 
i A 25.0 cm3 portion of this solution was titrated with a 0.00200 ·mol d1m,-3 i 
: so lution of potassium permangana,te(v11]. 24 .75 cm3 were required i 
; for complete react1ion. Ca'lculate the maiss of the sample of iron(11) i 
i ethanedioate, G1ive youir answer to 3 si,g nifi1cant figures. = 

~ 3 12.2 g of hydrated iron,(11] sulfate, !=eS0 4.xH20, were d1issolveo i.n acid1ic ~ 
: sa tution and th e volu,me m1a de up to 500 c,m3. A 25.0 cm,3 sa rnple ! 

of this solution was titrated against 0.0200 m10[ dim-3 potassium 
manganate[v11L 21.95cm3 of th e so~utfon were required . Calcu late the 
va'lue of x in FeS04.xH20. 

• • • • • • • • • • Ii 
• 
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C t - lytic -ctivity 

Figure 9.2 The catatyst found in a 
cata lytic converter is usually platinum 
or rh.od ium plated onto a ceram ic 
honeycom b structure. The honeyco·mb 
structure allows for ci Larger s ·urfau:e, 
areE3. for t he, reac tant g.ases to undergo 
chemisorptfo n on the surface of the 
catalysts . 

Transition metals and. their compounds ar,e important catalysts. 

A hon1ogc ncou ~ ea roly t is one in which the catalyst is in the same physical 
state or phase as the reactan ts. Enzymes are. homogeneous catalysts as ihey 
are in the same physical state or phase as the reactants - all are aqueous. 

A h "'l ro~ n ous catalvst is one in which the catalyst is i.n a different physical 
state o,r phase to the reactants. Iron is the catalyst in the Haber Process: 

N2(g) + 3H2(g) '# 2NH3(g) 

The iron is de.sc1.ibed as a heterogeneous catalyst as it is in a different state 
or phase to the reactants - the iron is a solid and the reactants are gases. 

Heterogeneous catalysts work by cheiuisorprion. You may be asked to 

explain th,e process of chentisorption: 

• reactants molecules are adsorbed onto active sites on the surface of the 
catalyst 

• the bonds in the reactants molecules are ,veakened 
• the reactants molecu]e5 are held in a more favourable conformation for 

reaction 
• tl1e product molecules are desorbed from the surface of the catalyst. 

Common heterogeneous catalysts 
Haber Process: 

,Contac t Process: 

2S02(g) + 0 2(g) ;= 2S03(g) \ 7anadiu1n (v) oxide catalyst 

Hydrogenat ion of alken e.s: 

C2H 4 (g) + H2 (g) ~ C2H 6(g) Finely divided nickel catalyst 

Catalysts in industrial processes 
• In any industrial process, the manufacturers \v·ant to achieve the 

1naximum yield of product ·with the ininilnum of expense. 
• Often the use of a high temperature, a high pressu re> and a catalyst can 

increase the yield of their product. 
• Ho\\rever, tl~ese factors can be expensive and a cost analysis must be 

carried out to m ake sure the.re are significant benefits in tem1ls of profit to 
justify the expense. 

• tligh pressure is expensive to apply as ele.ctiical purnping is needed and 
valves and other equipment required for high pressures are also more 
exp nsive than tho.se which c,ould be used a.t Jower pressur,es, High 
pressure is also expensive in t.enns of the containers ne·eded .and it is a.lso 
dangerous for staff working on the site though many questions ask you 

n ot to focus on safety. 
• The rate .of a chen1ical reaction increases with temperature, so if a 

manufactureT uses a ]o,ver letnperature then the rate is lo\vered even if 
n1ore of the product is obtained (but in a n1uch longer tin1e period) . A 
compron1ise temperature is used which allO\VS enough ·Of the product to 
be made in as short a time period as possible. 



Figure 9 .. 3 Soybeans. 

• Development of more effectiv catalysts can increase the profit ,of an 
industrial process. The best catalysts will give the lowest activation 
energy," but there must be a balance between the effectiveness of the 
catalyst and its cost. 

The p latinum catalyst used to make hydrogen from the electrolysis of 
water is a large part of the cost. A ne\v catalyst made from molybdenum 
and groun~d soybeans has just been disco,vered and it is a.round l500 times 
cheaper than platinum. This could make hydrogen a cheaper, clean fuel of 
the future. 

Recognising a catalyst 
A series of reactions may be given in vthich a substance reacts but is 
r,eformed in later reactions. This substance is a catalyst as it meets the 

description of a catalyst and increases the rate of the reaction and is not 
used up during the reaction. 

In th e Contact process for th e production of suHuric acid, the foUow,ng 
react1ons occur: 

S02 + V20 5 -t S03 + V20 4 

The vanadium[v) oxide reacts w~th the .s ulfu r[rv) ox~de to form1 vanad iu m[.N) 
ox1ide and S·U lfur[vl) oxide 

The second reactiion wh ich occurs is : 

2V20~ + 02 -P' 2V205 

The first step 'in combin ing a series of reactions into a si1ngle equation i!s 
to rncrease t he balancing numb ers in one equation ff necessary. 

In t 1his exa mple th ere are 2 mol of V204 and 2 mol of V205 irn the second' 
equation but only 1 imoil of both V204 and V20 5 in the first equa tion. So t h,e 
hrst equatiion should be d,outHed. giving: 

2S02 + 2V20s--> S03 + 2V204 

2V204 + 02 ---T 2V20s 

Write down au substances on the left of both equa,tions then insert ain 
arrow and wri te out atl substances on U1e rrght of both equatrons. Cancel 
out substances that appear on both sides of the equation. 

2S02 + 2V205 + 2V20 4 + 02 -t S03 + 2V204 + 2V20 5 

2V204 and 2V205 appear on both1 sides of the equatio n so t hey can be 
ea n celled out. 

2502 + tV-z9s + ~ + 02--.:,. 503 + ~ + ~ 

The equat ion sr.mplifies to : 

2 S02 + 0 2 -----t 2S 03 

V20 5 ts a ca tailyst as it takes part in the reacti on but is reformed as rt does 
not appear rn the overall equation for the react ion. It ~s not used up. 
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Hydrogen peroxide decomposes in the presence of 
potassium ~o dide. Mak1ng ·elephant toothpaste· i1s 

This leaves; 

2H202 ~ 2H20 + 0 2 a fun demonstration showing1 how the cata Lyst 
potass,ium ~odide ca uses the rapid decomposition of 
hydrog,en peroxid e, gen erating a large vo lume of 
oxygen,, so the oxygen qu,ickly pus,hes out of the 
conta,in,er. The soapy water tra,ps the oxygen~ creatingi 
lbubbtes, and turns into foam which looks like giant 
to·ot h,pa,s te as shown in the prh oto. 

Potass~um iodide ~s a catalyst as it takes part 1n the 
reaction but is reform ed a,s it does not appear in the 
overa lt equation. 

The equations for the decomposition are : 

H202 +Kl~ KIO+ H2o 
H2D2 + KIO~ Kf + H20 + 02 

In t,he exa m1ple th,e equatjon will ba,lance out Wihen 
add edi together. 

T1he overa ll added eq uat ion is: 

2H20 2 + K-+ + KJ-9 ~ K+9 + ~ + 2H20 + 02 

Catalyst poisoning 
A heterogeneous catalyst may be poisoned by impurities in the r,eaction 
1n·xture. The heterogeneous ,catalyst can be coated by i1npurities that rende · 
it passive and inactive. An example of 'this is the use of lead-containing 
petrol in cars whh a catalytic convertor that wT,ould nonnaUy take unleaded 
petrol. The lead in the- petrol coats the surface of the catalyst in the 
convertor and makes it ineffective as a catalvst . ., 

The catalyst is poisoned as the active sites on th.e surface of the catalyst 
become blocked and therefor,e inactive. This has a cost implicati,on as th.e 

catalyst has to be replaced. Transition metals and their compounds are often 
used as heterogeneous catalysts. These catalysts are e1.1'ensiv,e. 

Ho1mogeneous catalysis 
The reactio11 betvleen peroxodi.sulfa te ions; 520~- , and iodide ions, r- into 
sulfate(Vl) ions and iodine is an exa1nple of ho1nogeneous catalysis. 

The equation for this 1·eaction is: 

S20j- + 21--+ 2501J- + 12 

The reaction between 5ioi- ions and 1- ions is slow (has a high activa ion 
energy) as the two negative ions repel each other. 

However, the reaction is catalysed by the either aqueous iron(u) ions, Fe2+, 

or aqueous iron(rn) ions) Fe3+. 

The Fe.2+ ions ,catalys,e the reaction as shown below~ 

2Fe2+ T S2oj-~ 2Fe3+ T 2so,~-

2Fe3+ 1- 21- --+ 2F e2+ 1- 12 



The i ran [11J a r i ror, (111) f orns ~ re 
present in sotut:ion as are the 
reactant ions. Thrs ls an example 
of homogeneous catalysis. 

Make sure that you ea n sketch 
t he s hape ot th 1s curve or 
explain it. Thfs 1s an exam:ple of 
homogeneous autocatalysis as 
the catalyst and reactant i,ons are 
all present in solution. 

Boith iron(n) ions and iron(rn) ions catalyse this reaction as the reactions above 
can occur in either order as both 5.ioi- and 1- ions are present in the solution. 

Homogeneous autocatalysis 
Autocatalysis occurs when tlu: product in a reaction acts as a catalyst for the 
reaction. A comn1on ~xample of this is: 

Reaction of m anganate(vn) ions, Mn04, Viith ethanedioate ions, CioJ-. 
The ·qua'ti.on for the reaction is: 

5CiO}- + 2Mn10 4 + 16H~ ~ 10C02 + 2Mn2+ + 8H2'0 

The reaction bet\veen 1vln04 ions and C2oJ-ions is initiaUy slow as the two 
negative ions repel each oth.e r. 

However1 the reaction is catalysed. by the manganese(n) ions~ Mn 2+> formed 
in the reaction. As these are foTm.ed tl1e reaction rate increased dran1aticall.y. 

The Mn2.+ ions catalys,e the reaction in t\\to reactioi1S: 

4Mn2+ + Mno,4 + SH+-+ 5Mn3+ + 4H20 

2Mn34' + C2o}- ---+ 2Mn2,,i, + SC01

2 

Because the Mn2+ ion is positively charged it is attracted lo the Mn04 ionl 
therefore increasing the rate of the reaction. 

Th e reaclion can be 1nonitored using a colorimeter as the Mn04 ion is 
purple in solution. 

A graph of absorbanc,e or concentration of the Mno,4 ion against time looks 
like the ,one shown below. The graph has 1abels ta explain the shape. 

The gradient 1s 1low l.n ttla I ly as the reaction ~s slow 
a,s It has a t1 lg h actfva tlon energv. 

Toe gradient gets steeper as M n2+ formed wh lch 
Is the aiutocata lyst. 

The continued proe1uoion of Mn2+ In tl'ie reaction 
corntl n ues to mal ntal n the Increased rate of reaction. 

Time/s 

As the M nOJ g,ets used up the grad:lent decreases 
as It ap,p roaches the axis, 

In both the ,exa1np]e.s above> the ions of 1nanganese and iron are able to 

act as catalysts .as they have variable oxidation states. The ability to change 
oxidation s tale is itnportant to their role as a catalysts . Group 1 and 2 
ele1nents ar not able to act as h on1ogeneo·us catalysts as they do, not have 
·ariahl u. idati 111 .., ta11.:" in their co1npounds. 

•~~~··••• •~~~··•~·w~~··•~••~·~·~•~•~· ~• · ••~· ~·· · · ~•~···~ ••••·,~~·~~•~• ~·~~~••··~~~ ~~•••• ~~··~•· ~~· ~•~••~·~·· ~~••~ •· ~, ~~•· ~· ~~· ~•••~··~ ~·••~·~~ ~••••• ~· • 
f TEST YOURSELF 4 

I! • • • • • • • • • • • • • • 

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

i .. 

1 Wr ite two equations to show the ro le of V205 i.n t!he 
contact process. 

2 For the fol lowing react~ons : 
A: N21[g] + 3 H2[g ~ ~ 2N H3;(g) 
B,: s2oi-+ 2,1-~ 2soi- + l2 
C: 5C20l-+ 2Mn0z + 16H+ ~ 10C02 + 2Mn2+ + 8H20 
a) Name a catallyst for each reaction . 

b) Whf ch reaction [s) use a homogeneous cata lyst? 
c) W.hrch react io n [s) use a h,eterogieneo us 

catalyst? 
d]t Which react1on [s) show au tocait a. lysis? 

3 Explain why Group 1 m,etal compou n,ds are 
not abte to a.et as homogeneous catalysts but 
transition metal compounds cain. 

' • • • • • • • I 
ii 

• • 

i • • • • 
···~·····················~················,~······,·········~······,·······························~······~·········~····~··············,······ ........................ .... 
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Pra ic qu sti ns 
I Which one of the following is the correct 

colour for a solution of the compound 

NJ4V03? 

A yellow 

B blue 

green 

D violet 

2 Using the standard electrode potentials 

h,e.low~ choose the oxidising agent capable 
of oxidising vanadium fron1 the +2 to 
the +4 oxidation state but not to the 
+5 oxidation state. 

(1) 

+1.36 

I2(aq) + 2e-~ 21-(aq) +0.54 

SO!iaq) + 2H4 (aq) + 2e-~ 2H2.0(l) + S02(g) +0.17 

V02+(aq) + 2H+(aq) + e-~ Vl+(aq) + H 200) +0.32 

VO!(aq) + 2H""(aq) + e- ;::!. V02"'(aq) + H20(l) +LOO 

V3"'(aq) + e- -.:- V2,1.(aq) ....0.26 

Cu2+(aq) + 2.e-~ Cu(s) +0.34 

A chlorine 

8 Cu2+ ions 

C iodine 

D su lfate ions (1) 

3 In which of the follovting lists are 
the transition metals aU in the +6 oxidation 
state?· 

A KMnO 4 K2Cr0'4 K3Co04 

B K2Cr207 KV03 K21Vln04 

K2Mn04 I<iCr20 7 K2Fe04 

D K CrO 2 4 K3Co04 K\103 (1) 

-4 25.0 cm3 of a solution of acidified hydrogen 
peroxide is titrated against 0.124mol dn1-3 

potassimn managate(vn) solution. l 7.55cm3 

of the potassium manganate( vu) solution 

are required. In this reaction the hydrogen 
peroxide is oxidise cl to oxygen gas. 

a) Write an equa1tion for the reaction between 
acidified hydrogen peroxide and potassium 
rnangana.te(vn). 

b) Calculate 1the concentration of the hydrogen 
peroxide soluti,on in 111,oldm-3. Give your 
answet· to 3 significant figures. (4) 

5 Manganate(vn) ions react v.rith ethanedioate 
. 
ions. 

The half equations for the reactions are given 
below: 

C20f ~ 2C02 -t- 2e-

Mn04 + SH+ + Se- --+ Mnl+ + 4H20 

a) Write an equation for the re.action between 
ethanedioate ions and 1nanganate(vn) . 
11.ons. (I) 

b) Explain why this reaction 1nay be follo,ved 
by colorin1etty. (1) 

c) Sketch a graph ,of the concentralion of 

manganate(vn) ions against tin1e. Explain 
the shape of lhe grap,h. (4) 

6 Vanadium(v) oxide, V,_05, is the catalyst used 

in the contact process. The equations sho,ving 
its mode of actio11 are given below: 

S02 + V 2Q,5 ~ 503 + V20 4 

2V204 + 0 2 ~ 2V205 

a) Using these ·equations write an ov.erall 
reaction for the reaction V20 5 catalyses in 
the contact process. (1) 

b) Explain why V 20 5 is a catalyst b,a.sed on the 

equatio11S. a) 
c) Explain why a con1pou11d of vanadium is 

able to act as a catalyst in this reaction (1) 

7 A sa1nple of iron(n) ethan di,oate, FeC20 4, 

"w11S dissolved in an excess of sulfuric acid. 
The volume was 1nade up to 500 cm3 and a 
2S.Ocm3 sample of the solution titra ted against 
0.0148 n1ol dm-3 potassium 111a.nganate(vrr) 
solution. 25.25 ctn3 of tl1e potassium 
manganate(vu) solution were requiTed. 



The half equations involved are: 

Mn04 + 8H~ + Se= ~ MnM + 4H20 

C2of-~ 2C02 + 2e-

Fe2+ ~ FeJ+ + e-

a) Write an equation for the reaction between 
manganate(vn) ions and ethanedioat,e . 
tons. (1) 

b) Write an equ ation for the re-action between 
1:nanganate(vn) ions and iron(TI) ions. (1) 

c) Using the equations you have written in (a) 
and (b) state the ratio of 1vln04 : Fe1C20 4 (1) 

d) Calculate the n1lass of iron(n) ethan edioate 
used. If you have been unable to 
calculate a ratio in (c), use a ratio of 2 
Mn10 4 : 7F,e C2 0 4. This is not the correct 

. 
rano. (4) 

8 The graph below shows ho,v the concentration 
of manganate( vu) ions changes against time 
during the reaction with ethanedioate ions, 

Cioi-. 

D 

Time/s 

a) At which point on the graph (A~ B, 1C or D) 
is the rate of the reaction fastest? (1) 

b) Explain why the gradient of the graph is 
low at poh1t A. (2) 

c) Explain why the gradient of the line b egin 
to increase b etween A and B. (3) 

19 A sample of 4. 483 g of hydrated iron(n) 
.sulfate, Fe504 . 7H20, vilas dissolve,d in 

sulfuric acid and transferred to a volumetri,c 
flask. The volume was made up to 250cm3 

and a 25 .0 cm 3 sample \\!Tas titrated against 
0 .012 7 tnol dm-3 potassium manganate(vu) 
solution. 

a) \\!rite an equation for the. reaction beh~leen 
iron(u) ions and manganate(vu) ions. (2) 

b) Calculate the volu1ne of potaissiu1n 
mangana.te(vu) solution required for 
complete reaction. (4) 

Stretch and challenge 
II 10 Consider the half equati,ons belo,v and their 

associated redox pot,entials: 

vo1 + e- + 2H+ ~ vo2• + H2o 

vo2+ .fs e- + 2H+ ...... vJ+ + H2o 
V3+ + e-~ v2+ 

+l.OO'V 

+0.34V 

- 0.26'V 

Zn2+ + 2e-~ Zn - 0.76V 

~iaq) + 2H+(aq) + 2e-~ 2H20 (l) + S02(g) +O. l TV 

a) Sulfur dioxide is n1ixed Vilith a solution 
containing voi ions. 

i) Explain using the redox potentials 
which oxidation change-S would 
occur. (4) 

ii) Describe what would be observed. (1) 

h) Zinc will reduce V()i ions lo y2+ ions. 

i) Explain using re.dox potentials why 
zinc will reduce vanadium from VQ1 
to v2-1,. (3) 

ii) Write ,a, h alf equation showing the 
overall reduction of vanadium from 
VOi to y2+. (2) 

iii) Write .an ionic equation which shows 
the overall reaction between VOi 
and zinc where v~• is the vanadiun1 
reduction product. (2) 
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Optical 1somer1sm 
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: PRIOR KNOWLEDGE i 
• • • • 
: Mo lecules which have the same malecu!lair formula but a different = • • • • 
: s tr uct ur·at formu la are k nown as structu ral fsomers. : 
• • i Stereoisomers are molecules wh1ch have the same structura l : 
• • 
: formula but a differe nt arrangement of atoms in space . : 
• • 
; E-Z isomers are stereo~som ersj w hich exist due to restricted rotation : 
• • 
: about a C=C. : 
• • .. 
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: T'EST YOURSELF ON PRIOR KNOWLEDGE 1 • • • • • • 

1 The compound CtH10 exfsts as structurat isomers . 
i aJ What i,s meant by th e term structur al isomers? 

~ b) How ma ny str uctura L isomers a re ther e of C 4H 10? Name these 
• : lso mers. • 
i 2 a) Draw and name a st ructu r al isomer of 1' -c'hloropropane. 
• i b) Draw and narme the stereorisom,ers of CH Ct CHCl. 
i cl Draw and na ,me the stereoiisomers of C4H8. 
... 
! 3 What is mea nt by the term, ste reo isomers? 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • 
% ,. 
• • • ... 
i • • 
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There are t¥lO types of stereoisomers) E-Z which you tnet in Book 1 and 
optical isoil\f"' rs. 

Carvone is an organic compound mth the n1olecular f0It,1u la C 10H140. 
It has two optical ison1ers, one that smells like caravlay and the other that 
smells ]ike spearmint. Both isomers have the same structural formula but 
ar,e stereoiso1ners because they have a different arrangement ,of the a·tom-5 . 
1n space. 

o~~~~~~~-o pt i c al isomerism 
Optical iso1nerism occurs il1 molecules that have a carbon atom vrith 
four different ato1ns or groups attached. to it tetrahedrally as sho,\-n 
in Figure 10.1. 

Such compounds exhibit optica] isomerism b cause the tetrahedral molecule 
is asymmetric, Le.. it has no, centre, plan,e or axis of symmetry. As a rcsuh 
lwo tetrahedra] arrangements occur in space~ one is the 1nirror image of 
the other and they cannot be superimposed on each other. Figure l 0.2 
shows the optical isomers of 2-hyroxypropanoic acid. The nlirror in1.ages are 
11.on-superimposable. All ·molecules have a mirror iinage> but usually it is the 
san1e n1olecu le · non-superhnposab]e mirror images and hence optical ison1_,ers 
only occur 'Nith chiral molecules. The two, mirror images are optica] isomers, 
and ar,e often called c nnnti ltn r . 



Figure 10.1 The carbon atO'm (lbla ckl 
has four d~ffe rent a,toms attached to 
it tetrahedraHy. The carbon ato ,m ~s a 
c h, i ra,,L ce, n tre. 

Mtrrror 

Cainnotbe 
Left hand Right hand superimposed 

Figure 10~3 Your Le,ft and right ha·nds 
a re nion-s.u peri ,m posab Le mkror 
lmages. A m.olecule is chi ra l if. 
Like on.e of your 'h-ands. it cannot be 
su peflim posed on its mirror i magie. The, 
word ·chira l' comes from the Greek 
word for hand. 

It is often usefu l to c i,rcle each 
of the four groups on, the chiral 
carbon~ thj s helps you reme:mber 
what groups to place around th e 
tetrah edron. 

A molecule that is asymmetric and exhibits optical isomerism is said to· be 
chiral. The carbon atom, ·,vith four different atoms or groups attached to, it 
is called a chiral or a:syn1111 tr1c cc ntrc . 

C:OOH Hooe 

Figure 10.2 

\Vhen asked to draw optical isomers> a general 1nethod to follow is given below. 

• Draw the displayed formuln. 

• Identify the chiral cenl1-e. 
• Draw th 3d tetrahedral structure based ·On the chiral centre and insert 

the four different groups. 
• Draw a cloned line ta represent a 1nirror, an d dra,v the secondl isomer as 

. . 
a mirror rmage. 

Draw the optica l isa,mers for 2-ch loro 1buta ne. 

Answer 
First draw the di splayed formuta . 

Hi ~ lcl H 

I I I I 
H- C- C- C- C-H 

I I I I 
H Cl, H H 

Then idenhfy th e chi ra l centre. Looking closely at the molecu le it ,is 
ctear that the two end carbon atoms have 3 H atoms attacned and the 
third carbon atom from tr,e left has 2 H atoms so these cannot be ch iral 
centres. The second carbon atom has th e following groups attached to it: 

1 H C t • CH 3 C2 H 5 

These are four different groups so it i1s a chiral centre and 1s marked with 
an asterisk as shown: 

H 

I I c-c-H 
1r 

C H3C HCIC H2C H3 

I I 
H 



E 
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0 

Fina lily to draw t1he optica~ 1isomers, si1mply draw a 3 dim,ensio:nal 
tetrahedral arrange.ment and rnsert each af the four di'fferent groups at 
different poi1nts on the tetrahedron . Th en pla,ce a dotted Line to represent 
the mirror. and reflect the image as shown below. 

These isomiers car,not be s uperimposed 
on each other. They 'have the same 
molecular and structura l formu lae 
but d:iffer only in the arrang.em,ent of 
groups around the ch iral centre. You 
a re expected to be able to draw optical 
isomers for molecules w'1ich have .a single chi:ral centre. 

Remember when drawing 3d molecules a riormal tine represe nts 
a bond in the plane of the paper. a dashed bond represe nts a bond 
exteriding backward1s 'into· the paper and ai wedged line means 
the :b o,n d protrudes forvi1a1 rd. effectively ·out' of the pa1 per. 

Nineteen out of the 20 
amino acf ds used in protein 
synthesis in tf'1e cells 1in your 
body are optically active - an 
example i1s the amino acidl 
alanine. The 011e that is not 

H 0 

I II 
Hi N-C- C - OH 

I 
H 

glydne 

H 0 

I II 
H2N - C- C- OH 

I 
CH3 

opt~cc3 lly active js glycine. State why glycine is not opticalily act ive and 
draw th e optica'L isomers of alanine. 

Answer 
Glyciine is not optica lly active as the central ea rbon atom does not have 
fa u r different ato m.s or groups atta eh ed to it - the ea rb on lh as tvi/o H 
atoms attached. 

Alanine has the following four groups attached to the centra l carbon atom. 

H · CH3 NH 2 COOH 

The centra l ea rbon a to,m of 
alaniine i's a chiral centre. 

The opt~ca l isomers can be 
drawn as: 

H 0 

I * II 
H2N - C - C - OH 

I 
* H2 NC H(C H 3}C OOH 

CH3 

Remem,ber to correctly 
attach the atoms - the CODH 
m,u st be drawn backwards in, 
the mirror i·mage. 



Unpolarl sed 
llght 

·············· ··········································~···· ············· ·················· 
: TEST YOURSELF 1 
• 
~ 1 Which of the follow ing m,olecules have chrrat centres? 
! a) CH3CH2CH20 H 
~ b) CH3CH2CHCl CH2CH3 
• ! cl CH3CHICH3)C02H 
~ d) CH3CH (OH)C0 2CH3 .. i el CH3CH2C H2CfOHJ2C H2C H2 
: fl CH3 CH 2C H2C H CilC H3 
I 2 Lactic acid . CH3CHOHCOOHj is a weak acid wh1ich builds up 1n 

muscles du ring exercise, The mo lec ule has c1 n asy,mmetric centre. 

• 
"' "' • • • 41 

a l Exp la1n what is meant by the term a.symmetr ic cen tre. 
b) Draw the structures of the two optical isomers of lactiic aci,d. 
cl What is th e ibond angile around the centra l carbon? 
d) State the I U PAC nam,e for [acbc acid . 

I 
II • 
' • • • • • • • • • • • • • • • • 
"' • • • • • Ill 
• 
' • 
! • I 
I 
I 

! 
• • II • • • 
"' • • • • • • • • • • • • • • • • : . ............................... .......... ......... ............. ........... . ..... . . . . ................................ .... 

o---~~~~~~~ 
0 ptica L activity 

, 

Pol ariser Plane 
polarlsed 

llg:ht 

Cross section of l'i gh t 
beam showing the 
vi brr ations in a 11, 
directlons 

A h.ght beam consists of waves that vibrate in all planes at right angles to the 
direction in which the beam is travelling. A polaroid filter only allows light 
in one plane to pass through it., so when a light beam is passed 1hrough a 
polarising filter all the waves are absorb ed a.part froj[n rhe ones ,ribrating in 
one particular plane.. The light is said to be plun [ ,larL d . 

An upl icall,· ac1 i ,·c u h~t, ncL is one that can rotate the plane of plane 
polarised light \\!hen a beam of plane polarised lighl is passed through a 
solution of one optical isomer, the plane polarised light is rotated either to 
the left or to the righ t depending on which isomer is used. 

Polarising fi lter Cross section of 
pla,ne :polarised 
liight vibra~ing ,in1 
one direction 

F 

H•"7\ Br Cl 

F 

The plane of plan~ pofaaris~d' 
lighit has beer, rotated dockwise 
by one isomer. and anti.dockwise 
by tne other 

~~c1A'"'H 
Br 

Figure 10.4 The dia1gra m shows how U9'ht ts polarised and the plane polElris,ed 
tight rota ted in d~fferent di1recUons by passing through the two optka l i1somers of 
broimoc hLoroflu oromethane. 

Optical isomers each rotote the plane of plane polarised Iight in opposite 
dir:ections and henc·e they a1~ optically active. 

• If an optical isomer (enantiomer) rotates plane polarised light to the left; 
it is given the prefix - or L (,~·hich stands for laevori0tatory) 
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A I mi ml • r {ra,cQmate) is an 
opticaUy inactive miocture of equal amounts 
of enantiom,e1rs of the sam,e concentraUon. 

PI n la h 1is Ught in whk:h afl 
the waves vmbrate in the sam,e plane. 

ti · m r~ (enantiomers) are 
stereo,is-omers that occur as a resutt of 
chlraUty ~n mol1ecules. Th,ey ex•st as non­
superimposabte m~rror images aind differ in 
thGir e-ffec:t on plain~ polaris~d lig,ht. 

An m Ii c ea atom is eh iral and .. 
has four d iffe1rent atoms or groups atta chedl. 

An tic Hy cti, q Stan is one that 
can rotate the plane of pia ll'll@ polaflised Ught. 

hlr I. the structure and its image are non­
sup erim p osa ble. 

• If an optical isotner (enantiomer) rotates plane polarised light to the 
right, it is given the prefix + or D (,vhich stands for de."l(trorotatory). You 
\Vill not be askedl to assign a D or L prefix to an isomer simply from its 
stmci-ure. 

• Mi\..ring equal a1nou1.1ts of the same concentration of two enantiomers 
gives an optica lly inactive n1i.A"tu re ,vhich has no effect on plane 
polarised llght because the t,vo opposite effects cancel out. This mixture 
of equa] atnounts of ea.eh enantiomer is called a ra ~c1n ic 11i -lur ' or 
J"a ~ JlHlh.' • 

Ex plain how you could di sti ngu 1ish between a racemate of lacti c acid and 
one of th e enanti om ers of lactic acid? 

Answer 
Ptane po lari·sed Ughit wiill be rotated by the single ena nt:iomer but 'it wi ll 
be unaiffected by the race·mate. The racemate is opbcally inactive as it 
contains equa l amounts of ·each isomer, a n,d one isomer rotates plane 
po larised li ght to the r1ight., the other to the left and the two apposite 
effec ts ca ncel out 

When a chiral compound is synthesised in the laboratory, a mixture 

of ,optical isomers is often fanned. Many drugs haYe optical isomers, 
and often coinplicated separation techniques ar,e needed to separate 
the mixture. Separation is difficult because optical iso1ners have shnilar 
physical properties. Ibuprofen is a drug that targets muscle and bone pain, 
headaches and back pain. h is a chiral stn1cture and has optical isomers. 
You can read more of the use of optical isomers in the pharmaceutical 
industry in Chapter 14. 

~ -·························································································•; 
! TEST YOURSELF 2 I 
• I f 1 How cou ld you show that a so luti on, of a drug was a racemate and1 n,ot I 
i a Sring le ena ntiomer? : 
; : 
: 2 2-oromobuta nie is o.ptica.Hy act1ive. : 
i a) Draw th e djsp layed formula fo r 2-br o,mobutan e. ! 
• • 
: b) Ma rk th e ch~ral carbon atomr w ith an asterisk [*]. : · 
• • 
: c) Dr aw th e tw o stru ctur es of 2-brom otJutane that wHl fo rm a : 
• • 
: ra cem ~c mixture. : 
• • ! di Exp lain why th·is racermic mixture. w ill not rotate th e ptaine of pla,ne i 
i po lar~sed li 9' ht. i 
: 3 Whart is plane po larised Ugrht? : 
f i 
·············· ·················6~···························· ························ 



Pr ctice uestions 
1 Wnich one of the following does not contain 

an asymmetric centre? 

A CH3CH(CH3)CH2CH3 

B CH3CH(OH)CH2CH3 

CH3CH1Cl1CH2CH3 

D CH3,CH(NH2)CH2'CH3 

2 Which one of the following displays optical 
iso1neristn? 

A CH3CH01HCOOH 

B CH20HCH2COOH 

CH20HCOOCI-I3 

D CH20HCH2CHO 

3 3-hydroxybutanal, 1CH3CH(OH)CH2CHO is 
optically active. 

(1) 

(1) 

a) Explain the term optically active. (1) 

b) DJaW the th1·e,e-dimensional structures 
for the two optical ison1ers of 
3-hydroxybutanal. (2) 

c) 3-hydi·oxybutanal may be dehydrated. to 

form but-2-enal. Suggest a structure for 
but-2-enal. (1) 

4 There are a number of structural is,omers 
of C4~0H. Hcr\vever; only one has an 
asyi-nmetric centre and can exist as optical . 
isomers. 

a) vVhat is meant by the ten11 asymmetric 
centre? (1 ) 

b) Exp lain in tem1s of structure the n1eaning 
of the tenn opt1ca l isomers. (1) 

c) Draw the displayed formula of the 
structural isom,er of C4H 90H which 
contains an asymmetric centre. (1) 

d) Draw the ™lO optical isotners of the 
tno lecule. identified in ( c). (2) 

e) Ho,v can a solution of one optical is,on1er 
be distinguished from a s,olution of 
another? (2) 

f) Only one isomer of C4HgOH can be 
oxidised to a ketone using acidified 
potassiurn dichromate(Vl). Draw the alcohol 
and the corresponding ketone and state the 
colour change that occurs. (4) 



he carbonyl group 
······················································~·························································· • • ! PRIOR KNOWLEDGE i 
: : 
i · A fun ctiona l group is a group of atoms tha.t is responsible for the f 
: c~iaracteristic reaict ions of a molecute. : 
• • 
j A d~splayed formula shows ti0Vi1 atoms are arranged a,11d the bond's f 
i between them. Ionic parts of the m,olecu le a re shown usi.ng cha rges. i 
! • A structura l fo r ·mula snows the arrangement of atoms in a ,mo lecule. f 
: carbon by carbon. with the attached hydrogens and funct i·onal groups. i 
• • f • A ske letal formula shows the carbon ske leton with hydrog!er, atoms I 
: removed and func tional groups present. : 
• • 
: • Be abl,e to apply the IUPAC rules for nomienclature to naime organic : . ~ i compounds contain,ing up to six carbon atoms. ; 
: A homologous seriies is a series of compou nds wn~ch have the same : s ~ 

: general formula . Successi,ve members differ ·from each other by i 
i a - CH2 group. They have similar c.he,miical rea.ctions and show a i 
: gradation in physica l propertjes. : 
• • 
: • M1 olecu les which have the same molecullar formula but a different : 
• • 
: structural formu la are known as struc turat isomers 
• 

• • • .. 
• • ~ : • Primary alcohols can be oxidised to aldehydes and then to carboxy lic 

• • 
: acids . Secondary alcoho ls ca n be ox i.d ised to ketones. w1h icn are fairly : . ~ 

: res1ista nt to ox idation. Tertiary alcohols a re not easily oxidised:. ! 
• • • 
···········~·····-·······················••t••,••••••t~•••~············ ···~··~···· .. ··~ ......................... .....,. 
The carbonyl group is found in many organic compounds including 
aldehydes, ketones; esters and acids. Benzaldehyd,e is an aldehyde that is 
used to 1nake almond essence; an i11gredient in B~kewell tarts. l t is also 

added to give fla,lour to marzipa111 which. is commonly used on ,Christmas 
cakes and Battenberg cakes. 

···········~···~········~·································~ ........ .......... .. . . . ....... . ...... , 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 

: • • • • • • i 1 
; 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Naime the follow,ing compounds. 
aJ CH3CH.(OH)CH2CH3 
b) CH3CH2CH=C HCH2CH2CH3 
cl 

d) 

s • .. • <!! ... • 
f) CHBrClCHClCH3 i 

• ... 

g) H H H Br ! 
I I I I i 

H- C- C - C - C - CI, : 

I I I I ~ 
H H H H ! 

• • • • • <!! 

i 2 Choose one com,pound from ! ' ; i question 1 which is represented : . ... : as : • • . ~ 

· ) al a skeleta l formula . • : e H H H : 
i I I I bi a di splayed formuta . ! 
: H- c - c - c- HI 3 Namie th e functiona!l group : 
i I I I 11resent rn 1 (a] and ir, (b ' J • H H r- • 
i H-C - H 4 Draw the structure of an i i I i so m, er of t:h e co m po u n d 1 n 1 [ e I. 5 
; H i 
I t' 
• • ·········-~-·~····~········· ········~···4······~•1•·····-,··~···~········~····~······~·-,·····~•1•4•••····~·••••i 



Figure 11.1 The ca·rbonyl group. shown 
in n~d. is found in ; U of thi2sQ dJfferent 
orga nic compounds. 

•• t•••························•i••••·······················i•••••·············· ········ ·•i++••··········· ········ • • • • i 5 To use a di,sposabte breatha lyser, a motorist blows i1nto a tube i 
i co nta i,ning crystals of ~ci·dif1ed potassiu1m di,chrom,ate [v1). Alcohol on ! 
• • : t he motori st"s breath is detected by a co'lour cha nge in the crysta Ls. : 
• • 
: a] What colour change occurs w hen ac i.d ified pota ssium : 
• • 
: dichromate[vd r eacts w ith ethan oiL? : 
• • i b) W r ite an equat ion for the oxidation of ethanol us·ing [O] to r·e~resent i 
: th e ac~dified pot assium dichro matei[v1)1. : 
• • 
i cl Nam e the orga nic product form·ed. ! 
! d] What class of alco ho l is et:hanot? ! 
i • 

l+ +•••••••••+t•••••· · ·········· ···••••t• ••••••••t+•t+•••• ••++••••••• ••t ••••• t••• ••••• .... lllllllllllllllllllllllllllli 

Chanel No . 5 was the first perfume 1nade with synthetically produced. 
aldehydes and is one of 1he worlds most iconic perfumes. Perfuine. is 
a mixture of fragrant compounds an d solvents which toge ther give a 
pleasant sn1ell. The earliest perfu1nes used natural ingredients such as 
extracts fron1 flo"\.\,ers, grasses spices and fruit. Chanel No. S, developed 
in 1912 by Eamest Beaux, was th·e fi"rst perfume to use a synthetically 
produced aldehyde, 2-methylundecanal, together ,~ith jasn1ine, rose and 
lily scents to create its strong, pleasant smell. Today; perfumes contain 
a 1nix of natural and synthetic chemicals, many of which are aldehydes , 
ketones and esters that contain the carbonyl group. The carbonyl 
group is the functional group in a range of organic molecules . In this 
chapter you will study the alde.hydes~ ketones~ carhoxylic acids ~ esters> 
acid anbyd.rides, acyl chlorides and amides. Sotne exainples of these are 

sho""n in Figure 11. l. 

prop anal 
(al'dehyd~) 

buta,none 
(k~tone) 

H O H H 
I II I I 

ethil no i c acid 
(ea rboxylfc: acid) 

H 
I //o 

H-C- C- C- C- H H- C- C 

eth a no ic anhydride 
(acid an hydride) 

H O O H 

I II II I 
H- c - c - o - c - c -H 

I I 
H H 

ethanoyl chlo,ride 
(acyl chloride) 

H 

I t
0 

H-C- C 

I 'c, 
H 

CH3COCI 

I I I 
H H H 

C H3COCIH2CH3 

I \0 - H 
H 

CH3COOH 

~thyl1 ethanoate 
(ester} 

propanarnide 
· (amide} 

HI H o 
I I 11 

H-C- C- C 
I I \NH, 
H H ~ 
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Figure 11.2 The c~rbonyl fun,ct ion~L 
group. 

When writ ing structura l formu la 
a'lways write the aldehyde as 
-CHO. Writ ing -CDH rs incorrect 
and easily con fu sed with alcohols. 
Ethana l~ for example, is written 
CH3CHO not CH3COH. 

Figure 11.3 Benza ldehyde is an 
aldeh¥de that ~s used to ,make atmond 
e,ssence,. an ingredient in 8 akewe LL 
tarts . It is also ad-ded to give flavour to 
marzipa:n, which i:s commonly used on 
Christma s ca kes and Battenberg caikes. 

Aldehyd and ketones 
- he carbonyl group 
The carbonyl functional group is sho\Vn in Figure 11.2 . I t has a double 
bond and, as expected for a double bond~ undergoes addition reactions. 
However the carbo11y] double bond does not react in the san1e ,vay 35 

tl1e carbon- carbon double bond in an all<ene. This is because the C=O 
bond is polar. ~gen is more elect1·onegative than carbon and draws th,e 
electrons in th covalent bond towards itself resulting in a 6+ cha1·ge on the 
carbon. and a 6- charge on the OA)'gen. The 6+ carhon is readily attacked by 
nucleophiles (.a nucleophile is a lone pair donor) and he.nee the carbonyl 
group tn-1dergoes nucleophiHc addition reactions. 

Naming ald,ehydes 
Aldehydes have the general formula CnH2nO. The table belo·w gives the 
nau1es ,of the first four straight chain n.1etnbers of the aldehydes. 

methanat HCHO 

ethanal 

propanal 

butanal 

0 
// 

H-C 
\ 

H 

H 0 
I I/ 

H-C-C 
I \H 
H 

H 1H 

I I 1; 
0 

H- c- c- c 
I I \H 
H H 

H H H o 
I I I ~ 

H-c-c-c-c 
! ! l \H 

Aldehydes 2n~e named according to IUPAC rules. The names are based on 
the carbon skeleton with the ending changed from ......ane to -anal. 

Aldehydes do n ot n eed a positional number for the posi tion of the carbonyl 
group as it is ,always at the end of th.e chain and this is carbon number one, if 
there are other sub,stituents ,o,r groups on the chain. 

PLE 1 
The structure be low shows an aldehyde which is present rn coffee and 
burnt cocoa. Name thi;s structure 

H 

I 
H HH-C-H O 

I I I 11 
H ........!.1C .......Jc 2c 1 C 

I I I \ 
H H H H 



When nc3ming orgcn,rc compounds. 
always put a dash between a 
number and a word and a comma • 
between t\l!Jo numbers. e.g. 
2,2-dictl'loropenta nat. 

Wrien naming. the substituents 
are wr,itten alphabetica l'ly. 
However. the alphabetical rule 
J g no re s · d!i' • · trr a n d • tetra· . 
1. 2.3-t rich!loro-2 m.ethytpe nta ne 
1is a correct name as the chloro js 
atpha·bet~cally before methyl a, nd 
the 'tri' is ignored. 

Answer 
Name the longest u nbranched carbon chair, in the motecule that 
1i nclu d:es the fu net io nat group - there are four carbons .so the stem is but. 
The C=O is at the end of the chain j so the co!mpound rs ar, 
a ld'e 1hyd e - butanal 
Number the ea rbon atoms in the carbon chaini w ith the carbon of the 
carbonyl as carbon 1 
Name th,e si:de cha1 ns and/or substituents attached to the main carbon 
chain and g1ive thei"r position - there ,:s a methyl side chain on carbon 
2 so it is 2-methyl 

The name of the compou1nd i,s 2-methylbutanal. 

X PLE 2 
Name the molecu le shown below. 

H 

I 
H CIH - C- H H H I o 

H _6c-s! 4J 3J ___ 2J _ ,c.ll 
I I I I I \ H H H 1H Cli H 

Answer 
Name the longest urib ra nched canbon cha,in in the molecule that 
rncludes the functional group - there are 6 carbons so the stem rs hex . 
The c-o is at the en1d of the cha in ~ so the compound is an 
aldehyde - hexanal 
Number the carbon1 atoms rn the carlbon cha1n. with the ea rbon of the 
ca.rbo nyl as ea rbo1n 1 
Name the s~de chains and/or subst·ituents attached to the main carbon 
cha in and give their posi tion - there is a chloro side group on position 3 
and on position 5 so this js 3,5-dichloro and a methyl side chain on carbon 
4 so this is 4-methyl 

AH substituent gro,ups a.re written alphabeti:ca,lly 

The na,me of the compound' 1is 3,5-dichloro-4-methylhexanal 

Aldehydes can have structural ison1crs ? for example butanal is isomeric 
·\Vith 2-methylpropanal. Both have the sa1ne molecular formula (C4H80 1

) ) 

but each b.ave a different structural fom1ula. 

H H H 0 
I I I 11 H-c-c-c-c 

l l l \ 

H CH3 

I I ;J 
0 

H-C-C-( 
I I \H 
H H 

2-methy1lpropanat butana1 

Naming ketones 
Ketones .also have the general formula CnH2nOi. The table belovl gives the 
first two me1nbers of the ketones. 

In ketones , the carbonyl group can be at any p osition on the chain , except 
fo,r the end, so the first member of the ketones is propanone. 
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Remember in n,omenclature 
there is a difference i11 numberir,g 
a mollecu:le w1th a fu nctro na l 
g',mup rather t han a substituted 
alkane. ~n suibstituted alkanes the 
chain is numbered from th··e endi 
that wi ill g1ive the lowest lo ea nt 
numbers for th e substftuents BUT 
when there is a, functional group~ 
the posit ion of the fu nctioria l 
group dictates the numbering in 
the chain . 

LE 3 

pro panone HI H 

I I 
H-C - C- C-H 

I II I 
H O H 

biutanone H H H 
I I I 

H-C-C-C-C-HI 

I II I I 
1H' 0 H H 

Ketones are named according to lUPAC rules. The names are based on. the 

carbo11 skeleton with the endin.g changed from -ane to -anone . 

Th 1is :molecule shown below is ~m.portant in th,e 
m,anufacture of various herbiddes and fungicides. 
Name the molecu le. 

Number the ca rbon atoms 1n the longest ca r1bon 
eh.a in. 
The C.;;Q is on ea rbon 3 and. so the co·mpo1Und is a 
ketone~ and the positon of tfie carbonyl group must 
be given - pentan-3-one. 

H H H H 
I I I I 

H - 5( - 4( ---3c - 2( _J ( - H 

I I II I I 
H H O CH; H 

Answer 

Name the side chains and/or subsHtuents attached 
to the m1ain carbon chain and g,ive their positron 
- there is one m.ethyl side chain on carbon 2 so this 

Name the longest unbranched ca rbon chain ,n the 
molecule that rncludes the functiona l group - there 
are 5 carbons so the stem is pent. 

is 2-methy( note that since the ketone group is on 
carbon 3, the numbering could be from left to right -
but this gives 4-m,ethyl - the lower number is chosen 
- 2-methyl. 

The na:me of the compound is 2-methylperiitan-3-one. 

Figure 11.4 Th~s is the :Ketos tix test for 
ketones. conducted on the uiri111e of a 
dJa betic patrent. Patients with d'ia betes 
Lack the- hormone insulin, whi·ch 
breaks down glucose in the blo ad . 
The body uses fat as an atternative 
e n.ergy so·u,rce. lleadl~n1g to a b·u i Ld. up of 
ketones in the blood and u ri'n e that may 
eventualty ca use a diabetic co ma. 

So1ne ketones inay have positional ison1te1-i.sm of the functional group; 1he 
molecular fon11ula is the. same but the structural fonnula is different due 
to the different positon of the carhonyl gr,oup. The pentanones are the first 
ketones to exhibi t positional isomerism of the functional group asp ntan-2-
one and pentan-3-one exist. 

H H H H 

I I I I 
H- C- C- C- C- C- H pentari-2-one 

I II I I I 
H O H H H 

H ~ ~ H 
I I I I 

H- C- C- C- ( - C- H pe nta n ~ 3-on e 

I I II I I 
H H O H H 



The same is true for hexanone. Hexan-2-one and h xan-3-one have 
positional isomers. 

H1 H H H H 
I I I I I 

H-c-c:-c-c-c-c-H 
I II I I I I 
H O H H H H 

H H H H H 
I I I I I 

H- c- c- c-c-c- c-H 
I I II I I I 
H H O H H H 

Aldehydes and ketones exhibit functional group isome1isn.1. Propanone 
and propanal are functional group ison1ers; they have dHfe1-ent structural 
fom1ula but the same niolecular forn1ul~t 

H H 
I I 

H-C- C- C-H 

I 11 I 
H O H 

propanone 

C3H60 

H H 
I I # 

0 

H- C- C- C 

I I ' H H H 

propana1 

C3H60 

Physic,al properties of aldehydes and ketone5, 

B iling p in 
Van der Waals' forces exist between one aldehyde 1nolecule and another, 

and in addirion there are permanent dipole-pennanent dipole attractions 
between polar carbonyl groups on diffe1-ent molecules. The sa1ne is true of 
ketones. 

This me.ans that the boiling points of aldehydes and ketones are higher than 
that of alkanes "'1ith a similar relative molecular n1ass (Mr) . 

The table below sho,"vs the boiling points of three organic molecules 11vith 
simHar M, values. 
L."\.~~·~~~_..., .... cti ,II~ .. ~- ~J.F .. )r .. • :_-=,. -.-::"',;:. 

Homologous series Molecule Mr Boiling P9.l1J~V~~;:_ -

Alkane CH3CH2CH3 44 -42 
[pro panel 

Aldehyde CH3CHO 44 +21 
[eth an al] 

Alco hol CH3CH20H ,46 +79 
[ethanoU 

• .. AU three of these molecules have similar van der Waals~ forces bet\veen their 
1nolecules; as d1ere is a similar M

1 
and so a similar number of electrnns. 

• The boiling point of the aldehyde is much higher tl1an the boiling point 
of d1e alkane due to pennanent dipole attractions between the carbonyl 
groups on neighbouring aldehyde molecules. 

• The boiling point of the alcohol is rnuch higheT than the boiling point 
of the aldehyde due to hydrog n bonds between the hydroxyl group,s on 
neighbouring a]cohol molecules. 
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The table belo~· gives the boiling points of the first memb 1s of the 
aklehydes and ketones. 

Alde hyde Boili ng polnt/°C Ketone Boiling point/°C 
methanal -21 propanone 56 

ethanal 21 butanone 80 
prop anal 49 pentan-3-one 102 

As the length of the carbon chain inct~eases, the, boiling point of the aidehydes 
,increases . This is due to, a greater number of ,electrons and h nee stronger 
van der Waals' forces of attraction 'belween the molecule.s. Methanal is a gas 
but. the o ther aldehydes shov.rn here are liquids. 

The boiling point of the ketones increases similarly\ again due to an increase 
in nuinber of electrons. 

Ketones lend to have a slightly higher boiling point than their isotneric 
aldehydes (con1pare propanone and pr,opanal) . This is due to the position 
of the carbonyl group. A carbonyl group at the end of the 1nolecule (in 
aldehrdes) gives a longer non-polar section meaning there are more 
effective van der Waals) forces and less effe,ctive. permanent dipole 
attractions. The effect however is small and other factors play a part such as 
che syn1metry of the ketone structure. 

Branched chain aldeh.yde.s and ketone.s have lower boiling points than tl1eir 

straight chain iso1ners due to less effective. pe.nnanent dipole attractions. 
The branching allows less interaction between ihe molecules. For 
example butanal (CH3

1CH2CH2CHO) has a boiling point of 74 °C whereas 
2-ntethylpropanal ((Cii 3)2CH1CHO) has a boiling point of 63 °C. 

olul,ility in wat_ r 
AU short chain aldehydes and ketones mix well \Vitth '}later because the polar 
carbonyl groups are able to form hydrogen bonds with water molecules. 

6+ 6-
· H- ,Q 

H \ ~ / \' '-H 
I 5+11 ~ 

H-C-C 
I \ hydrogen 

--H bond 
H 

H 
\ / H 5+ 6-
/C .... rH- 0 

H \ o+ ~ .Q.. ' .. \ ' 
(:= ,~ H 

H, I 
C 

I ' l,.i hydrogen 
H · bond 

Figure 11.5 The hydrogen bond between ethanal and water andr between propanone 
and water. 

Oxidation 
Yo,u wiU recall that aldehydes andl ketones a1-e the products of the oxidation 
of alcohols. The oxidising agent often used is a solution of potassium 
dichromate(VI) dissolv·ed in dilute sulfu.ric a,cid - this is commonly referred 
to as acidified potassium dichromate(VI) and is repres-ente,d in an equation 
by [OJ . 



Aldehydes can be 02\.idised into carbo:.\.ylic acids . Keton scan only be 
O)..'idised by very strong oxidising agents, and they are not oxidised by the 
reagents used in A2 chemistry. 

prirnary alcohol foJ aldehyde 101 ea, boxyl ic acid 

H 

I 
R-C .......... OH 

I 
H 

0 
// 

R-C 
\ 

H 

Equation: 
h I [OJ ha . ·d et , ana ----> et , no1c aci 

CH3CHO + [01--4 CH3,COOH 

# 
R--C 

0 

\ 
0-H 

Condition: \van11 \Vith acidified potassiun1 dichromate(VI) 

Observation: orange solution changes to gre,en. 

The .aldehyde is oxidised to the C'Mbm.ylic acid .and the orange clichroma.te ion 
is reduced. to the green chro1rl1.ium(1n) ion, Cr3+ according io the ionic ,equaiion: 

orange green 

lf an aldehyde is to be prepared from a primary alcohol it is in1portant to 
immediately distil it fron1 the reaction 11nixtu.re before it can be oxidised 
further to the acid. Prolonged heati11g of a primary alcohol under reflux with 
exc,ess oxidising agent would cause complete oxidation to the carboxylic acid 

second a y alcohol [OJ ... ketone --.. no further ox1dat1on 

Equation: 

propan-2-ol 
[Ol > propanone 

CH3C(OH)HCH3 -r [O] ~ CH3C10CH3 ~ H20 

Condition: wam1 ,-1vi.th acidified potassium dichromate (v1) 

Observat'[on: orange solution. changes to green. 

Tertiary alcohols are not oxidised by acidified potassium dichromate(vi) 
solution. The oxidising agent rem.aves hydrogen fTom the prhnary and 
secondary alcohols as sho\iVll below. 

primary seconda'r/ tertiary 

CH;i - C- 0 -H 

I 
CHl3 

The re is no hyd rogem attached 
to this carbon for the oxygen 
to remove 

This enables the C=O bond to f onn. Teniary alcohols do not hav,e a hydrogen 
atom attached to the carbon with the -OH and so cannot be easily oxidised. 
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Figure 11.6 Carrying out the FehUng:·s 
so!luti,on test us,ing a wate·r bath1: The 
orange-red prec ip ita ts i denti1fies an 
a,ldehyde. 

If asked for a rea g.ent to 
d1isti ng uish between aldehydes 
and ketones, give the correct 
n.amie, e.g. To llens· reagent. 
Writ jng [Ag! NH 312l ... is in correct as 
it is not poss ible to hc3ve a reogent 
tha. t only corita 1ns thi s ion; th ere 
mu st be other ions prese nt 

Figure 11~7 A s·itver mirror is deposited 
on the test tube when a,n aldehyde is 
warmed! with Tollens' reagent. 

Chemical te.st to distinguish b1etween aldehydes and 
ketones 
Fehling~ solution and Tollens., reagent are mild oxidising age,nts tl1at are 

used to distinguish between aldehydes and ketones. Aldehydes are oxidised 
and ketones are not. 

Fehlings solution contains the copper(u) complex ion in alkaline solution. 
It is a blue solution. 

Method 
• Add a few drops of the unknown solution to l cm3 of freshly ·prepared 

Fehlings solution in a test tube . 
• Warm in a hot water bath. 
• If the unkno\vn is an aldel1yde an orange-red precipita te \vill be 

produced, if it is a ketone there is no reaction and the solution 
r-etnains blue. 

The Cu2• ions in the OA.idising agent (Fehling1s solution) a.re reduced by the 
aldehyde t,o form an orange-red precipitate of copp r([)oxide (Cu20). The 
aldehyde is oxidised to the carboxyhc acid. 

2Cu2+ + H 2o + 2e- -"7 Cu20 + 2H+ 

The equation for the reduction may be .sin1ply i.vritt,en as: 

Tollcns' reagent contains the con1plex ion) [Ag(NH1)2]•. It is formed by 
adding sodium hydroxide solution to silver nitrate solution to, form a brown 
precipitate of silv,er oxide and then adding ammonia solution drop vvi.se 
until the precipitate dissolves to form a colourless solution. Tollens" reagent 
is often referred to as ammoniacal silver nitrate. 

Method 
• Add a few drops of the unknown solution to 2 cn13 of freshly prepared 

Tollens' reagent in a test tube. 
• Warm in a hot water bath 
• lf the unknovrn is an aldehyde] a ilvet mirror will be produc,ed on the 

test tube 1 if it is a ketone there is no reaction ancl the solution remains 
colourless. 

The silver ions in the 01-..ridising agent (Tollens' reagent) a.re reduced in thls 
reaction to produce silve·r 

Ag++ e- ~Ag 

The aldel1ydle is oxidised to the corresponding carboxylic acid. 

Reduction1 
Aklehydes .and ketones can be reduced to alcohols using the reducing agent 
sodium tetrahydridoborate(u1) NaBH4.The stru.cture of this compound is 

shovm below 

Na+ 



In equations a reducing agent is represented by Lli] . 

ldehyde 
[H] 

prin,ary alcol,ol 

Equation: 

propanal 

H H H H H 
I I 11° 

~-c- c- c + 2[HJ --
I I I 

~-c- c- c- o~ 
I I "' H H H 

propana.l 
afdehyde 

I I I 
H H H 

propa,n~ 1-or 
primary alcohol 

1Con.dition.: heat under reflux with sodium tetrahydrido'borate(u1) in aqueous 
ethanol followed by acidification with dilute sulfuric acid. 

ketone [HI 

Equation: 

CH.3 
\ 
C=O + 2(HJ 

I 
CH3 

prop a none 
ketone 

secondary alcot,ol 

H 

I 
CH3-C-OH 

I 
CH3 

propan-2Rol 
secondary ako ho I 

Condition: heat under reflux ,vith sodium tetrahydridoborate(n1) in aqueous 
solution foUowed by acidification Vi;ri.th dilu te sulfuric acid. 

Sodium tetrahydridob ora te(1u) is a less reactive reducing agent than many 
others, and so it could be used to selectively reduce only the carbonyl group 
in a molecule which contained more than one functional group. ll is ~i.dely 
used today in the production of certain antibiotics . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • i TEST YOURSELF 2 i 
• • 
~ 1 Draw the structure of the foUowing ald:ehydes and d) Whi ch would show a reacUon w rith aci, dJfied ~ 
i keto nes: pota SSiU m dichro,mate(v il solutf on? i 
i al butanal el pentan-2-one e) Wh ich wo,uld react with To llens· reagent. Sta,te i 
1 bi pro pa none f) 2-methylcutanall t1he observation which would occur. I 
i c) eth anal g) 4-chtoropenta n1al f) Whic'h would be isomers of each other? i 
I d) methd ria.t 3 Write an equation fo r the redlu et ion of m etha n al i 
i 2 Fro,m the foltow.ing' list of aLd.e'hydes and ketones : using [HJ to rep resent th e r educing agent. i 
• • 
: ethanol~ propa,nonej butanone. propanal I+ Wri te ari equation for the ox1d'ati on of propan-2- ol : 
• • : a·! Which ca11 und erg. o redu cbon? using [O] t o represeri t the oxidl1singi agent. : 
• • i bi Whi ch can underg o oxrdation? 5 Write ar1 equatron fo r the oxidation of butana:L 1using i 
i c) Which have th e saime ·motecu lar formula? [OJ to represent th e oxid ising agent . i 
• • • • ········ ·· ······· ··············••••6••·· ··································•i••··········••i•••••····························· ····································~······· · 
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•••••t••••,••···············••••t••·········································••t••••••tt+•••••t••••···············~························································ • • • • • • i 6 Complete tne table by placing a tick if a reaction A ethanaL 8. ro a none c ethano:ic acid i 
! a.ccurs when the axidjsing c3,g:ent is warmed with D ro anal E butanone F butanok acid ! 
: each of the substances shown. Place a cross if the : • • :. G ,propan-1-ol H propan-2-ol l methanol :. • rea cti,on does not occur. • 
; a) Whi·ch of the substances can be oxi,d.ised to ; 

Oxidising Primary Secondary Tertiary • • 
: propanoic acrd? : 
• • agent alcohol alcohol. alcohol Aldehyde Ketone 
: b]I W1hich of the substan ces can, be reduced to : 

Acidified • • 
i ethanol? i pota,ssium ! cl Whi,ch of the substances has the empirical i di chromate • • i for,muta C2H!O? i F,ehljng's ~ . 
i d) Whiich of the substances ~s a sec.on,dary i solution • • 
: alcohol? : Tollens· • • • • • • • • • • • • • • • • • 

rea gent 

7 From the f oltow~n g list of o rga n~c chemicals. 
choose the correct answer for each question : 

e) State two substances w h 1ch a re 1iso mer 1 c. 
fl Which of the substan ces produce a silver 

mfrror w ith Tollens· reagent? 

• • .. • • • • .. 
• • • • .. • • • • 

: •••• , . ..... . .... . .. ........... . ........................ . ..... . ................................... . .............. .................. ................................... llllllllii 

When you na,me hyd,roxyn,trites, 
remem·ber thclt the carbon with 
the n1trogen attached is always 
counted as the first carbon in 
the eh ain . Atso e n,su re that the 
sicie group is ca'lted hydroxy not 
hyd roxyt. in th e na.me. 

Reaction of aldehydes and ketones 'With hydrogen 
cyanide 
Hydrogen cyanide reacts with aldehydes and ketones to p roduce 
compounds called hydroxynitriles. 

H 0 

I II 
H-C- C 

I ' H H 

et~an.al 
(a.l'dehyd e) 

-t HCN 

~ydrogen 
cyanide 

CN 
I 

CH3 - C- OH 

I 
H 

2-hyd roxyp!rop a nen itriile 
( hyd:roxynrtri'le) 

The product of this reacti011 is a hydroxynitrile) Vvith the functional 
group-CN. When na1ning this compound, the longest carbon~carbon 
chain n1ust include the carbon in the -CN group) hence. it is propanenitrile~ 
and the OH. is a side group on carbon 2, nan1ed 2-hydroxy. The nan1e is 

2-hydrol...1rprop anenitrile. . 

The product of 'the reaction 0£ a ke·tone with hydrogen cyanide is also a 
nitrile, with the functional group -CN. When naming this co1n pound, the 
longest carbon-carbon chain must include the carbon in the -CN group~ 
hence it is propanenitrile~ and tl1e OH is a side group on carbon 2) named 
2-hydroxy: The name is 2-hydroxy-2-1ne.thylpropanenitrile. 

CHa 
\ 

C= O 
I 

CH3 

,p ropa none 
(ketone) 

+ HCN 

hydrogen 
cyantde 

TI1e h.azards of using KCN 

2-hydiroxy-2-methy!propaliienitri1e 

The reactions of aldehydes and ketones with HCN are not usually carried 
out using hydrogen cyanide as it is an extre111ely toxic and flammable gas. 



When you wr ite mec'h an r s·ms 
involving nucleophiles you 
mu st show the lone pal r. In th is 
example you must show both the 
lone pair and the negative sign1 on, 
tlie hydride ion. 

1Be very careful when drawing 
curly arrows in a mechan1sm. 
Curly arrows represent the 
movement of electron pairs. The 
formaition of a covatent bond 
is shown by a curly arrow that 
sta1irts from a Lone electron 
pair or from another covalent 
bond. S:i m tla rly the brea'king1 of a 
cova lent bond is shown by a curly 
arrow starting trom the bond. 

Instead his usual to generate hydrogen cyanide in the reaction n1ixture by 
adding a dilute acid to an aqueous solution of potassium cyanide. Care 
must also be exercised when handling potassium cyanide: as i t is toxic when 
ingested and forms hydrogen cyanide vthen in contact "\Vi.t.h acid. 

Nucleophilic addition reactions 
The carbonyl group is unsaturated and can undergo addition reactions. An 
addition reaction is one in which the pi bond of the double bond is broken 
a.nd species are added across the double bond. 

The carbonyl group is also polar and the carbon o+ is susceptfble to attack 
by nuc leophiles. 

l\ nucl ophile is a lone pair donor. lt is an at.om or group that is attracted 
to an electron deficient centre, where it donates the lone pair to fonn a new 
covalent bond. 

Hence aldehydes and ketones take part i.n nucleophilic addition reactions. 
There are two different nucleophilic addition mechanisms which you need 
to be familiar with. 

Nu.cleophdic addit1.on mechanism for reduction reactions of aldeliydes and 
ketones with NaBH4 
The BH4 io11_ in NaBH4 is a source of hydride ions (H-). A hydride ion 
is a negatively charged hydrogen ion with a lone pair of electrons, H:-. 

The hydride ion acts as a nucleophile and attacks the carbon o+. The lone 
pair of electrons on the hydride ion is donated and fom1s a bond with the 
carbon and at the same titne the higher energy pi electrons in the carbonyl 
group move onto the oxygen; giving it a negative charge. 

-o: 
I 

CH3 -C-H 

I 
H' 

\Vhen acid is added to complete the reaction the lone pair on the negative 
ion forms a covalent bond v,..ith a hydrogen ion of the acid, producing an 
alcohol product. 

-o:rHMaq) 0 - H 

I I 
CH3-C-H _...., CH3 - C-H 

I I 
H H 

This reaction is an addition reaction, because the 1C=O bond breaks and the 
nucleophile adds ac.ross the C: 0 1 bond. 
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1 .. ~ .~ .. 
EX MPLE 
Nam1e and outl ine a mechanism for the reactio n of propanon.e with 
NaBH4. 

Answer 
When answering questions on mechani sm s it is sufficient to sim,ply draw 
the flow diagra,m~ no words of exp lanation ar,e n·ecessary. 

Ch13 

I - /\ 
Cl--t3- C - ol 1H"'(aq) 

I 
H 

Namie: Nucteophilic .addaion 

Nucleopl1ilic addition niechanism for the reaction widi KCN followed b-y 
dilute· acid 
The cyanid,e ion acts as a nucleophile and attacks the carbon o+. The lone 
pair of electrons on the cyanide ion is donated and forms a bond \Vith the 
carbon and at the same time the higher energy pi electrons in rhe carbonyl 
group move onto the oxygen, giving it a negative charge. 

Whe11 acid is added to con1plete the reaction the lone pair on the negative 
ion forn11S a covalent bond with a hydrogen ion of the acid 1 producing a 
hydro'.A·ynitrile product. 

The fun mechanism for ethana1 and potassium cyanide and dilute acid is 
sho'WO below 

.n -o H+ OH 

I I 
H;aC - C-H H:aC - C-H 

I I 
CN CN 

.All aldehydes and ketones undergo similar mechanisms whl1 NaBH4 and 
KCN. You must be able to dravil the m.ec11anism for any carbon.yl compound 
reacting \vith iliese reagents. EssentiaUy all that changes is the structure of 
the carbonyl co1npound and the final product. 

Nucleophili addition react ions of KC'N fo1lo¥led by dilute acid 
can produc a rac n1at 

When potassium cyanide reacts v.-ith elhanaJ, 2-hydroxypro anenitrile is 
formed. This compound exhibits optical isomerism as it has an asymmetric 
centre with four different atoms or groups attached as sho\Vfl below 

CN 

I 
H3C-C-OH 

I 
H 



In the reaction of edianal wlth potassium cyanide, the product is 
op lical1y 111.1ct i,, . This is because a racemic mixture - a. 50/50 mixture 
of the two optical isomers - is formed. The carbonyl bond is planar and 
the cyanide ion could attack the carbon atom equally fron1. either side. 
As a result, tlie fan-nation of each enantiomer is equally likely and so a 
racemate is f om1ed 

cyanide ea n attack 
here . .. J 

ethanal 

Figure 11.8 The nucleophi-te is equaUy Likely to attaclk 
f rom a·bove or below. 

H 

I 
/C .. ~. OH 

CH3 CN 

Figure 11~9 How a race,mate is fo rmedl. 

All aldeyhydes will produce a racemate. 

Propanone) a symmetrical ketone) produces the product 2-hydroxy-2-
methylpropanenitrile which does not have an asymmetric carbon atom and the 
product is optically inactive. Unsyinmetrical ketones such as CH3COCH2CH3 

Vvi.ll produce a Jace1u ate> because the product has an asyinn1etric carbon~ a11d 
the nucleop hile is equally likely to attack it from either side. 

~ ···························································································1 : TEST YOURSELF 3 I 
• i 1 a I Wr ite the eq uat~a in for the reo ct~a n of H C N w it h p rap a nia L 
~ bl Name the orga ni c product. 
• : c1 Name the mechanfsm for thi s reaction. 
• ! d) Outlii ne the 1m·echanism for the reactiio n of 'KCN wi th proparia l 
: followed by dilute acid. 
• i et Suggest why the product of this r eac t ion ,is optica lly inactive. 
I 

= 2 Pro pa nal can be reduced. 
! al Name a reducing ag,ent for tn is reaction ; 
• i bi Outl i1ne a mechan ism for the reduction of propana l and name the 
t 

: nucleophite. 
• • • • • 

cl Name t he orga rri c product 
: 3 Insects contatn s.maH organic molecuiles which they release to s1gnal 
• 
: alarm. One alarm chemical fs nex-2-enal CH3CH 2CH=CHCHO . 
• • • • • • • • I 
I 

! 
t 

al Wri te an equation for the rea1cti.on ·Of th is compound wi1th brom:ine 
water . 

bi Write an equation for the reaction of th,is compoundl with HCN . 

.. 
• • • • • • • • • • • • • • • • • • • • • • i • I 
I 
I 

1 
= , !! 
!!! .. 
• • • • • • • • • • 

• • fl 
I 
I 

; 
=·········· ·~·•••1111••••••1111•••••111 ,••···· ····························•••1••••••• .... llllllllllllllllllllllllllf 
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0 Carboxylic acids 
Structure and functional group 
Carboxylic acids l1ave the general stn1.cture: 

# 
H-C 

0 

\ 
0 -H 

The functional group is ~ Ued the <:arb . .. 1 [ )U J • It is dra."'"'n. as 

0 
4 

- c 
\ 

0 -H 

and is \\rritten as ---COOH. 

The carboxyl group is a combination of a carbonyl group (C=O) and a 
hydroxyl group (0-H). 

CarboxyHc acids are weak acids as they dissociate partially in s,olution; only 
a small fraction of the molecules are ionised in solution. 

·Many caTboxylic acids are found in nature. For example ant stings contain 
methanoic acid, citrus fruits contain citric acid and the s1neU of goats and 
othe·r fannyard animals is caused by hexanoic acid. The leaves of rhubarb 
contain ethanedioic (oxalic) acid . The level of acid in the leaves is so 
high that it is dangerous to ·eat Lhem - the acid can lower the ,calcium ion 
concentration in tl1e blood to dangerously lo,v levels. 

Naming carboxylic acids 
Carboxylic acids are nan1ed according to IUPAC 1.ules. The names a.re based on 

the carbon skeleton ,vi.th the ending changed from --ane to --anoic acid. 

The table gives the na1nes, structu ral and displayed formulae of the fiTSt 

four carb oxyl ic acids . 

metha nok a C!id HCOOH 

ethanoic acid 

prop a no ,c acld 

butanoic a,dd 

// 
H- C 

0 

\ 
0 -H 

H 0 

I ll 
H-C- C 

I 'o-H H 

H H 

I I 1; 
0 

f-4 - C - C - C 

I I ' H H 0 - H 

H H ~ 

I I I # 
0 

H-c-c-c-c 
I I I ' a -H 
~ ~ ~ 



EX ES 

IUPAC non1·enclature rules state that th carboxyl ea ·bon in th H 
functional group is always carbon number l. Any substituents are 
numbered based on this. 

The acid shown below is found in very smetly cneeses. 
Nam,e this structure . 

It has ai COOH functional group so 1it ,is an aci d -
pentanoic acid. 

H CH3 H H o 
I I I I 11 

H _ sc ~ c. _ Jc _ it -'c: 
I I I I 'a -H 
H H H H 

Answ·er 

Number the carbon a,toms with u,e carbon of the 
ea rboX\/l group as carbon L 
Name the s i1de cha ins and/or substituents attached 
to the main carbon chain and give their posaio n -
there is a methyl side chajn on carbon 4 - 4-m ethyl . 

Th e name of the structure is 4-methylpentanoi1c acid . 

Name the longest unbrarnched ca rbon chain i·n the 
molecule that inctud es the carbon of th e fun,ctiona l 
group - there are 5 carbons so the stem is pent. 

Physical properties 

Solubility in vvater 
Short chain carboxylic acids are v ry soluble in v.1ater. This is because th.e 
highly polar carbo11yl and hydroxyl groups can fonn hydrog 11 bond ·"'ith 
,vater. As th number of carbon atoms in tbe chain increases. the solubility 
decreases due to the longer non-polar hydrocarbon chain. 

&­
&- 6t 0 

H ~ .... H _.... \6+ 
I 6+# H 

H-C- C 

I \o 
H 

6+ a+ 
.ff&- H H 11 11 111,;u ...-

/ 
H6+ 

hydrogen· bonds 

Boiling poinl 
The boiling point of carboxylic acids is higl1er than corresponding alcohols. 

· Substance Formula Mr Boiling poi nt/°C 
propa n-1-ol CHJC H2CH20 H 60.0 97.2 

ethanoic ac id CHaCOO H 60 .0 ~ 18.0 

As shown in the table, propan-1-ol and ethanoic acid have the same r,elative 
molecular mass .and. therefor,e the same number of electrons; resubing in 
sin1ifarr van der Waals' forces between the molecules. Both have hydrogen 
bonds between their n1olecules. The higher boiling point of the carboxylic 
acid. is because the hydroge11 bonding occurs between two molecules of d1e 
acid to fom1 a dirner. This doubles the size of the molecule and increases the 
van der Waals' forces b etween the din1ers resulting in a higher boihng point. 
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When writi,ng tne formu la of a 
sa lt you can put the chargies inj 
stressing the 1i o n,ic nature of the 
compound. e.g. c H3coo-Na"' 
or you can leave them out, e.g. 
CH3 COO Nia . However . to put just 
one charge in and omiiit the other 
1s in correct. 

... 
0- 6+ 

H 1:!:l11111 H- O H 
I &r# \&r I 

H-C - C c - c - ~ 
I ' &t 6-/ I 
H b H11111~ H 

Hydro gen bonds 

Salts of carboxylic acids 
Like all acids, carboxylic a,cid.s can fonn salts in their reactions. The metal 
salt of a carboxylic acid is called a ca.iboxylate. The sodium salt of ethanoic 
acid; sodium . etbanoate) is fonned by the reaction of ethanoic acid. wilh 
sodium hydroxide~ and has ihe structure sho~ below. 

H 0 
I II 

~-c: - c 
I \ 
H 0-H 

ethanoic acid 
(acid) 

0 
// 

H1C - C: 
\ 

0- Na+-

sodium ethanoate 
(sa.lt) 

When dra\ving this s tructure, do not place a line betwe,en the oxygen and 
1he sodiun1. -it is not a covalent ·bond~ i t is ionic. 

The names of the first four carboxylic acid salts are sho,vn belo,v 

methanoic 
ethanoic 
p:ropanoic 

bu tano ic 

methanoate 
ethanoate 
propanoate 
butanoate 

Acid reactions of carboxylic acids 
All carboxylic acids in aqueous .solution act as acids dissociating to form 
H+(aq) (or H3o • (aq)) and 'the carboxylate ion. They are weak acids because 
they ar,e partiaUy dissocialed in solution . 

For example : 

ethanoic acid ethanoate ion hydrogen ion 

or 

th:moic acid water thanoat· ton hydroxonium ion 

Carboxylic acids take part in. typical acid reactions - with carbonates, 
1.netals and bases to form salts . 

WUh carbonates 
A carbo1qrlic acid r,eacts v.rith carbonates according to the general equation 

acid ;,- carbonate~ salt+ water i' carbon dioxide 



Figure 11 .. 10 Ca·rboxylic aclds react with 
carbonates d1nd pro,duce effervescence. 
Th,is ts the test for a ca·rboxyli c acid . 

For example: 

2CH3COOH + Na2C03 ~ 2,CH3COONa + C02 + H20 

etrum.oic acid sodium carbonate sodium ethanoate ca.rbon dioxide water 

CH3COOH + NaHC01

3 -4 CH3COONa + 1C10 2 + H 20 

ethanoic acid sodium hydrogen sodium ethanoate carbon dioxide water 
carbonate 

0'bservatfon.s : There will be effervescenc and the solid sodiun1 carbonate 
will be usedl up,, producing a colourless solution. 

Tes t for a carboxylic acid 

Despite being weak acids, carboxylic acids are stronger than carbonic 
acid. and release carbon dioxide when reacted with carbonates. This is the 
reaction used to, test for carboxylic acids. 

• Add a spatula of sodiun1 carbonate or sodiun1 hydrogen carbonate to the 
solu'lion. 

• If it is a carboxylic acicl, effervescence is obsen·ed. 
• The gas can be collected and bu'bbleJd into colourless lim,ewater which 

should. turn cloudy; p roving that the gas produced is carbon dioxide. 

With metals 
A carboxylic acid reacts 'Wi.th reactive n1etals according to the general 
equation: 

acid + me taJ --+ salt + hydro gen 

'For example: 

ethanoic acid niagnesiun1 magnesiu111 ethanoate hydrogen 

0 'bservation: There \1will be effervescence and the solid magnesium will be 
used up producing a colourless solution. 

With bases 
A ,carbo"'-1"lic acid reacts with bases .according to the general equation 

acid + base -i> salt + water 

For example: 

CH3COOH + NaOH --+ CH:;COONa + H2o 
ethanoic acid sodiun1 sodium ethanoate water 

hydroxid 

Observati orts: There is release of heat and the colourless solution remains. 

With am.monia 

CH3COOH + NH3 -4 CH3CQ,QNH4 
ethanoic acid :runmonia ammoniun1 ~thanoate 

Observations: There is release of heat and the colourless solution remains. 
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~ ···························································································: 
! TEST YOURSELF I. I 
.. . 
i 1 a) Draw the struchJ r e of the fol lowing carboxyt~c acids: i 
i i) 3-chloropentano:ic aci'd1 i 
i iii 4-methy lpent-2-enoic acid ~ 
• • i iii I 2 - My d' ro xy p ro p .a no , c a c j d i 
i iv) 3-hyd roxy pro panoi1c acid i 
• • ! bi Three of the acids i;n (a) can exist as stereoiso·mers . Whf ctl one ! 
! ca nnot? : .. . .. . 
i c) Name the ac~d in (a] whrch ea n ex ist as E-Z rsomers. : .. . 
i 2 a) Com:ptete t'he equEltion for th e d1issociat1ion of ethanoic dc,id in, so lution. i 
• • 
: CH3:COOH ~ : 
E bJ Name the anion fo rm·ed in this reaction . i 
• • i c) Would you expect ethanoic acid to be a good electro ly te? Explafn i .. .. 
: your answer. : 
} 3 Whte eq:u at"i ons for the fo rma ti on of the fo Llowr n 9 sa Lts: i 
• • 
: a) potassjum ethanoate from potassium hydrox ide i i bl sodi um ethainoate from sodium ca rbonate J 
: c) magnesfu'm propa,noate from mag.nes ium oxide : 
• • : di amm1on.~um methanoate from amm,·onia : . .. 

! e) ammonium ethanoate may be dehydrated by heating. Write an, f 
i equation for th1 s dehydration and name the organ~c compound' i 
• • : formed . : • • • • 
: ,4 How wou ld you test a substance and prove that rt w as a carboxyUc acid? : . .. 
• ···················~········~·········~··············································4'1111111111111111111111111111111t 

Esters 
Carhoxylic acids r,eact ·wirh alcohols in the presence of a strong acid catalyst j 
to produce esters . Esters have the gen eral structure: 

R1- C- O-R2 

11 
0 

R1 is fro1n the acid and R2 is from the alcohol. 

The fo,rmation of the esler above can be represented by the e,quation ; 

Water is eliminated & 0111 the reactants in this reaction , so the reaction can 
be described as a condensation reaction. It is a reversible r,eaction. 

The functional group of an ester is the -COO- group which is called simply 
an este.r grnup or an ester linkage. 

Naming es ters 
The n ame of an ester is an alkyl carb oxylate. W11.en n amin g) the alcoh ol 
piovides the alley 1 part of the natne and rhe 1carboxylic acid piovides the 
carboxylate part of the name. For exr.1n1ple the ,ester made .&01n 111etl1anol 
and propanotc acid is m ethyl p rop9noate . 



It is best when draw~ng the 
structural fa rm,u la of the ester 
to start with the ac id end of the 
molec,ute. 
Ac:id alkyl-C- O- Alc:oliol al,kyl 
group II group 

0 

CH3COOH 

et~anoic acid 

lr-l I ,a 
H- C- C 

I 'a-H 
H 

~COOrl 

The table below giv s the names of s·on1e common esters and th ir parent 
acids and alcohols. 

Carboxylic acid Alcohol Ester name Ester formula 

ethanoi,c aci.d ethanol ethyl ethanoate CH 3COOCH2CH3 

ethanoi1c acid 1methanol methy l ethanoate CH3COO CH3 

propa noi.c acid etha nol ethyl propano ate CH3C H2COO CH 2CH3 

butancic acid prop a n-1-ot pro pyl bu te1 no ate CH3CH2CH,COOCH2C H2C H3 

Esterification equations for formation of esters 

Ex.ample 1: 

+ CH1CH20H --I. CH3COOC H2CH:; t sr--

ethamol1 e thy!, eth a,no ate 

HI H H 
I I I 

H20 

water 

H H 
I I 

H- C- C- 0 -H ~ ~- c: - c- o- c- c: - H ~ 

I I I II I I 
H H H 0 H H 

+ ~20 

Condition: A catalyst of concentrated. sulfuric acid is used and the n1ixtu.r,e is 
heated. 

Exarnp,e 2: 

+ + 

methanotc acid propan-1-ol 

l~COOC ~'2C ~2C1~3 

p ropyl m etn an O ate water 

I/ 
H-C 

0 H H H 
I I I 

~-c - c - c -o-H 

H 1H H 

I I I 
H-c - o - c - c - c -H 

\ 
0-HI I I I 

H H H 
11 I I I 
0 H 1H H 

Questions can of ten be set which give the stn1cture of die ester and 
expect you to determine the structure o f the acid and alcohol f ro1n 
wl1icl1 they are f onned 

Uses of es ters 

Solvents 
Esters are ttsed as plastic i rs , '\\'"hich are addi tiv,es n1ixed into polyn1e.i-s 
to improve their flexibHity. For example, PVC is a rigid, strong llolymer 
used in drainpipes and Vvi.ndow framcjs. If it is treated with up to l 8% by 
mass of a plas'liciser made from an e.ster it becomes cling film; a much 

more flexible polymer that is used to wrap non-fatt}"'" foods . 

.2 Esters are used as solvents for organic compounds. They a.re volatile 
and so a.Te easily separated &om the solute. Ethyl ethano~te is a com1non 
snlvent dlue to its low cost and lo\\'- lox.icily. It is used in paints and nail 
varnish remover. 
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octy l etha no ate 

ethyl but an oate pineapple 

eth L cinnamate cinnamon 

Reflux is the continuous boi1ling 
and condensing of a reaction 
mixture. 1Refer to 'Book 1 Chapter 
13 on Halogenoalkanes to 
refresh your mem,ory nn renux. 
dfst1lLatf on and the use of a 
se,pa rating funnel. 

3 Esters have pleasant stnells and are used in perfum , together with other 
compounds. The table on the left shows the smell of some different esters. 

4 Esters a.I'e used in food flavourings. Many artificial fn1it Havourings 
contain esleJs) for example .ethyl methanaote is used 10 give a raspberry 
flavour and p entyl penlanoate gives a pineapple flavour. 

,. ... ~ .. , • ,. ... r, r•, !! '" ""• r•'t • ., "' !! ,. • ., • ., ... ,. • ., " .. ..... . ., .. ,. ... ., • • • !! ..... •" ,. ,. ... , • ., "' '" ... ., ,. .. !" !!"' •1 •• .. ,. .. •1 ... "' !! .. •1 ... "'""' •1 •• !" !!• ... .. . ...... • • ... .. • '" .. . .. . "' •"" • • ..... •"" ~."' !I ., r: 
R QUIRED PRAC I A 0 
Preparation of an ester (an organic liquid) 
The ester ethyl ethanoate was prepared from ethano,l and et'1ano:1c acfd. 
us,r,g the method gfven below. 

Mrx equimolar volumes of ethanoic acid and ethanol in a pea r-stiaped 
'flask. 
Add 1 cm13 of concentrated sulfuric acid slowly with cooling and .shaking. 
Assemble the apparatus for reftux, add some anti-bump~ng granules 
and f"leat for 20 minutes. 
Qjstrl oH the ethyl ethanoate andr collect the fraction between 74 and 
79 °C . 

• Place tihe crude ethyl ethdnoate i'n a separating funne l and shake 
w ,,th sodium carbonate solution. 1nvertthe. funnel and open, the tap 
a cc as ion a lL y. 

• Allow the Layers to separate and discard the lower aqueous layer. 
Add some c.a lc,iu m en lo ride solution to the ethyl ethanoate to remove 
any ethan ol impurtties. S'hake, a,nd: run off the lower aqueous la,yer. 
Pla,ce ester in a boiUng tube. 
Add a spatula o,f anhydrous ca lcium ch lo ride and stopper th,e boiting 
tube and shake. Repea,t until th e ester is clear. 
F1 lter to remiove calcium chtoride. 
RecUsULL to remove any remarn,ng organic impurities. collecting the 
fraction at the boili1ng point 

1 Why must the concentrated sulfuni c acid be added s lowly and with 
cooling? 

2 Why is concentra,ted su lfuric add used 1n th,is reaction,? 
3 Write a batanced1 symbol 

equat ion for the reac ti or, to 
prepare ethy l ethanoate. 

4 What ~s the nature and purpose 
of anti-bum,ping granules? 

5 What ~s the function of the 
sodium carbonate solution.? 

Why do you need to open t ih e tap 
fro,m t1me to ti 1me? 

7 Why should the d istlllation flask 
be clean aind dry? 
Why is a·n hydro us catci1u m 
chlo r ide ackfed until th e ester Is 
clear? 

9 Calculate the percentage y~eld H 
the actuat y·ield is 50 .0 g or etjhyl 
ethanoate from 40 .0 g of sthanol 
and 52·.0 g of ethanoic acid . 

Reflux -­
condenser 

Water in ---... 

Heat 

~ Wc1terout 

t---- Pear~sha,ped 
f I ask conta,iin in g1 
al I read:a,nts and 
anti-bumping 
granul,es 

Fig u re 11.11 A pp a r a, tu s for 
heating under reflux. 

" ~ 
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It is i m po rta nit to remember that 
a'lkaUne hydrolysis produces the 
sadjum salt of t he ca rboxyli.c ad d 
and the alco hol. w hereas acfd 
hydrolys~s produces the ca rboxylic 
acid and the alco hol. 

Hydroly i of . t r -
Hydrolysis is the reverse of an esterification reaction . The ester is split (lysis) 
by the action of ·water (hydro) into tl1e carboxylic acid and alcohol. 

The hydrolysis of an ester needs heat and ca.11. be catalyse.cl by either a dilute 
n1ine1~l acid such as hydrochloric acid or a solution of an alkali such as 

sodium hydroxide. There is a dirference in the products of acid hydrolysis 
and alkaline hydrolysis. 

Acid l1ydrolysis 
In acidic conditions~ esters are not completely hydrolys,cd - an equilibrium 
mixture is formed in ·which some ester is present. 

tt+ 
estel" +water~ carboxylic acid + alcoho] 

F or example: 

CH3C001C2H 5 -r ~12 ·
1 ~ CH 3C10 0 H 1- C2H 50 H 

ethyl ethanoa'Ce water ethanoic acid ethanol 

Condition: heat under reflux with dilut,e sul(uric or hydrochlo,ric acid. 

Alkaline hydrolysis 
In alkaline conditions; esters undergo con1plete hydrolysis fanning the 
corresponding alcohol and the sall of the carboxylic acid. The reaction in 
alkaline solution is quicker. 

ester+ \Wter ~ carboxylic acid salt+ alcohol 

For example: 

ethyl ethanoa te sodium hydroxide sodium ethanoate ethanol 

Condition: heat under reflux with aqueous sodiuin hydroxide. 

In order to liberate the free acid fr,on1 its salt in alkaline hydrolysis, a dilute 
mineml acid such as dilute hydrochloric acid should be added. 

CH3COON a + HCl .......,. CH3COOH + NaCl 

This reaction is sometimes called saponification and is the basis of soap 

making. 

Soap is 111anufactured today using a similar technique as i11 the 18th 
century. Molten talln'N- (beef fat) or o ther fat is heated vrith sodiu1n 
hydroxide and saponified to g]ycerol and sodium sa]ts of fatty a·cids. After 
saponification, the water layer containing glycero] is drawn off and the 
soap i.s boiled in water to remove exces.s so,dium hydroxide and glycerol 
Additives sucl1 as pu1nice, dyes and perfumes a.re added and tl1c soap 
p oured into a mould . 

Vegetable oils and fats 
Vegetable oHs and aninial fats are esters of propane-1,2 ,3-triol (a tri­
alcohol) and a long chain carhoXj'~lic acid caUed ~l fatty acid. 
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Pr pan -1,2 ,3-triol (also k-nown as gly rol) has the structure sho"'n. 

H 

I 
H- C- 0 - H 

I 
H- C- 0 - H 

I 
H- C- 0 - H 

I 
H 

Fatty acids generally have the slructure 
a 
II 

R- C- 0 - H 

The R is hydrogen or an alkyl group . 

Two common fatty acids are stearic acid, CH3(CH2) 16COOH a 
saturated fatty acid conta.ining 18 carbon atorns and oleic acid 
CH3(CH2) 7CH=CH(CH1) 7C 10,QH~ an unsaturated fatty acid containing 
] 8 carbon ato1ns. 

The fats formed in the condensation reaction betw·een. f aU:y acids and 
glycerol are triesters and are often referred. to as triglycerides. Propane-
1;2)3-triol 11as three OH groups and. so it reacts \Vith three fatty acids to 
:fonn a triglyceride. 

R1 -C-OH 

/ ester l~nkage· 

CH2 

0 
II 

R2. - C-OH + 

0 

II 
R3 - C- OH 

3 f a1tty adds tri,gllyce-r~d e ester 
....... ,.. ..... ,. ...... , .. ,. ........................................................... ,.. ....... , 
A t i l , 11 · is .an ester of pr,opane-
1,2,3-triol (gtycerol) and three fatty acid 
molecul,es. Th~ fatty acids may or may not 
a 11 be the same. 

It is important to not the triester linkage in the triglyceride. The three fatty 
acids which fonn the lipid 1nay be the same (e.g. three stearic acids) or ·hey 
may he different. The triglyceride is a triesle.r as it has three ester linkages. 

Hydroly sis of vegetable oils and fats 
F tt , ci are natural~ occurrin,g long 
chain carboxy~ic adds. 

Fats and oils are esters and can be hydrolysed using hot alkali. 
- ' r f ty ci do not hav,e a doub~e Saponification is the alkaline hydrolyrsis of fat-S into gly-.. cerol and the salts of 
bond in the hydr,oca rbon chain. 

the fatty acids pr-esent h1 the fat. 
Un. ur t f · ci 3 have at least one 
C=C double bond in the hydrocarbon chain. " 

Cl--1,2- 0 -C - (Cl12)16-CH3 

0 

11 
CH- 0 - C - (CH2)16 - CH.3 

Cl-420~ 

I 
CHOH 
I 

+ 

0 

+ _ II 
3 Na O - C- (CH2)16- CHl3 + 3NaOH 

0 CH20H 

11 
CH2-0-C .......... {C H2)1s ......... CH3 

Condition: heat under renux 'With aqueous sodium hydr,oxide 



The sodium or potassium salts of the fatty acids are called .. aps. Soaps 
generally contain C16 and C1s salts 1 but some also contain lo,ver molecular 
mass carboxylates. W h enever soaps are manufactured~ the glycerol produced 
is a useful by-product used in the pharmaceutical and cos1netic industry: 

Biodiesel 
Biodiesel is a renewable fuel made froin vegetable oils suc11 as rape.seed oil > 
palm oil and soybean oil. It can be used in normal diesel engin,es to po,1.rer 

cats and buses. 

B,i:odiesel consists of a mixture of methyl este rs of long chain ca.rboA7hc 
acids (fatty acid.s).lt is produced by beating vegetable oHs ttriglycerides) 
\vith m ethanol in the p resence of an acid catalyst. The process can be called 
tran s-cstcrificat ion - reacting a ester \Vlth an alcohol to produce a different 
ester and a different alcohol. 

0 
II + 3 CH30H 

CH- O- C - R2 

0 

II 
CH2- 0 - C - R3 

trig, lyceride methanol 

0 

II 
CH3- 0 - C- R1 

0 
II 

CH3 - 0 - C - R.2 

0 

II 
CH.3 - 0 - C - Ra 

mixture of m e15hyl esters 
of ·fatty adds (biodiesel) 

+ 

glycero1 

The alkyl groups R1 R2 and R3 can be the same or different. The ·reaction is 
reversible so an excess of methanol is used to drive the equilibrium to the right; 
and under appropriate conditions this process can produce a 98% yield. 

The glycerol produced is a by-product and can be used in phannaceuticals 

and cosinetics. It luts moisturising properties because of the tluce hydroxyl 
groups that can fonn hydrogen bonds 'With water aI1d prev,en't its ,evaporation. 

The use of biodiese] is increasing. However~ there are concerns in son1e countries 
thal using land for groi,ving crops for biodiesel is in competition ,vith land use 
for grO'wing crops to produce food, and this could lead t,o food shortages . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: TEST YOURSELF 5 ~ 
• • f 1 Name the fotlaw ing esters: ! 
i a)I CH3COOCH2C H3 1C) CH3CH200C CH2C H3 ! 
i b) HCOOC H3 di ,HCOOC H2C H3 i 
lo I 

f 2 Wr,ite the equaitions for the formation of the fol'lowing esters from ; 
f a lcohn ls and carboxyUc aci ds. i 
~ a) m ethyt eth a nioate ; 
! b)I ethy l pentarioate i 
• • 
~ cl propyl butanoate ; 

! 3 State the ma me of the catalyst use d ,in the preparat ion of an ester i 
• • i from an alcohol andl a carboxy lic acid. : 
• • 
···················~···~·················~·········~··················~·········································· 
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...... , .................. ti++••••••i•+••·····································································••t• .. . ! 4 a) Write an equation for the hydrolysis of ethy l methainoate using j 
: sod iu1m hyd rox,ide. : 
• • ! b) Wr.ite an equ ation to r t,he hydralysfs of propyt methanoate usjr,g : 
• • 
: hyd rochilo ri c a ci di. • .. 
i 5 State tfle IIUPAC n.am1e of g:lycero l. 
i 6 W'hat 1s sapon11ficat1on? 
• : 7 Tr i'li no leri n 1(ra pe seed oi1 l) may be 
... 
i repirese nted as: 
! a) Write an equa,tion for the 
i formation of tr iti nolein from • 
: 3 molecules of th·e fatty acird 
• f Unoleic actd and glyce rol. 
f b) Explain why tr1Unolein is described as an unsaturate d fat. 
• 
: c) Rapeseed oi l can be converted 1nto b~odteset by reaction wi th .. 
: methanol. Draw th e structure of t his b~od ieset motecu:te . • 
: . ......................................................... . . ................................ 411111111111 .................... ........ 

1Carboxylic acid derivatives 
Acid derivativ s are compounds that are related to carboxylic acids~ the 
OH group has been replaced by something ,else. 

Acyl chlorides (also known as acid chlorides) are derived &om carboxylic 

acids by replacing the 0 1H gi~oup by a chlorine atom. 

etha no ic add 
(carboxylic acid) 

0 
I/ 

H3C -C 
\ 

Cl 

etha noyll chloride 
(a cyJ c:h~o ride) 

Acid chlorides have the functional group: 

0 

11 
C 

R/ 'c1 

and are nam,ed -an yl chloride . For example, CH3 CH2 CH2 COCl is butanoyl 
chloride. 

Acid anhydrides are formed when two molecules of a carboxylic acid join. 
iogether and Vlate r is eliminated. 

0 
// 

H3C- C 
\ 

0 

2 molecules ethanoic acid ethanoic anhydride 
(carboxylic acid) (acid anhydride) 

The structure of ethanoic anhydride can be written as (CH3Co,)2 0 . 
Anhyclrides are derivatives of carboxylic acids as the -OH group is replaced 
by the carboxylate (RCOO-) group. 



Notice that in tnese rea,ct10 n s 
the organic prod,uct is the saime. 
The on ly difference is t,he other 
products for,med, for example 
acy l chlorid es form HCl a nd1 aci.d 
anhydrides form CH3CD0H. 

Acid anhydrides have di.e functi.onal group 

0 0 
II II 
C C 

R/ 'a/ ""'- R 

and are nam,ed .....-anoic anhydride. For example (CH3CH2C0)20 is 
propanoic anhydride. 

Amides are derived from carboA-ylic acids by replacing the -OH "\Vith a 
-NH2 group. 

ethanoic acid 
(carooxylk acid) 

ethana m i'de 
(amide) 

Amides contain the amide functional group 

0 

)l 
R NH2 

and are named using -anamide. For example CH3CH2CH2CONH2 is 
bu tanan1ide. 

Acy1ati , 11 

An acyl functional gr,oup has the structure 

0 
// 

R-C 

\ 
Acylation is the process of replacing a hydrogen atom in certain 
1nole.cul by an acyl group (RCO-) . Acylatiron can be carried out 
using acid derivatives such as acyl chlorides and acid anhydrides 
\vhich act as acylaiing agents. ln general an a·cylating agent can be 
repres,e.ntedl by 

a 
// 

R-C 
\ 

X 

v,here X = Cl in acidl chlo,rides X = Oco,R in anhychides. 

Acyl chlorides and acid a.nhydrides sho\v si1nilar reactions with ~tater, 
alcohol) amm,onia and primary amines. Acyl chlorides react vigorously 
with water) and so in these reactions 1 -anhydrous conditions must be used 
to prevent hydrolysis of the acyl chloride. Acid anhydrides undergo slower 
reactions than acyl d:iloride.s. 
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Figure 11.12 The pipetted addition 
of ethanoy l ch loride to the water in 
the beaker has formed etha nok ac,d 
and fumes ~whHe] of hydrochLorric 
add. formed as hydrog,en chloride 
[HCl] react s wi t'h water 1i n the ai,r. A 111 

amm,oni;;:i-soaked glass rod tests 
for HCL by forming wh ite, fum·es of 
ammoniu,m chloride. 

1. \Vi th al co.h.o l 
Acyl chlorid.e 

CH3 COC1 

ethanoyl 
chlo,ride 

+ CH3CH20H 

ethanol ethyl ethanoate hyd1-ogen 
chlo1ide 

Observation: A vigorous reaction which produces steamy fumes of HCl(g), heat 

This is a suitable way of producing a11 st r from an alco·hol b cause it 
occurs at room temperature, is irre,io,ersible and the hyd~ gen chloride 
is removed as a gas; forming pure ester. This method is not c,ommonly 
used. in the laboratory due to the volatile and poisonous nature of the acid 
chlorides. The nonna] laboratory preparation of an ,ester uses an alcohol 
and a. carboxylic acid and needs l1eat ~ a catalysi and is reve·rsi ble so it is 
difficult. to get a high yield of ester. 

Acid anhydrid 

ethanoic 
anhydride 

ethanol ethyl 
ethanoate 

ethanoic acid 

0 bs ervatio n.: This is a slower and less vigorous reaction than. that of an acid 
chloride and water. 

The reaction needs warming. An ester is produced in addition to ethauoic 
acid. 

Commercially~ acid anhydrides are used preferentially to acyl chlorides in 
acylation reactions) as the reactions are easier to control 

2 . With wa.ter 
Acyl chloride 

propanoyl 
chloride 

water propanok acid hydrogen 
chloride 

Observation: a vigorous reaction producing stea1ny fumes of hydrogen 
chloride. 

Acid anhydride 

R1- 1COO,CO-R2 + H2o-,, R1-COOH + R2-COOH 

In this case two molecules of ,carboxylic acid are produced. 

propanoic .anhyd1ide w.ater propanoic acid 

Observatton: A slo,ver reaction occurs at roo1n temperatu1--e. Two colourless 
solutions produce another colourless solution. 



3. \Vfth ammonia 
Acyl chloride 

The reaction happens in 5tages. First an a1nide and hydrogen chloride are 
formed. 

CH3C01Cl + NH3 ~ CH3CONH2 + HCl 

Ho,~lever, because ammonia is basic it \'\rill react \Vith the hydrogen chloride 
to fonn an ammoniuln salt 

As a result, 1,vo ammonia molecules react - this is usually shown in a 
combine.cl equation as below: 

1CH3C01Cl + 2NH3 ~ CH3CONH2 + NH4d 

ethanoyl a1nmonia ethanaritide mnn1oruun1. 
chloride chloride 

Ob,servation: a violent reaction producing white smoke that is a mixture of 
solid ammonium chloride and ethanamide. Some of the mixture remains 
dissolved in wa1ei- as a colourless solution. 

Acid anhydride 

This reaction is similar and also occurs in t\vo stage.s . First an amide and 
hydrogen chloride are formed. 

(CH3C0)20 + NH; ~ CH3CONH2 + CH3COOH 

Ho~rever. because ammonia is basic it \viU react with the ethanoic acid to· 
f onn an ammonium salt 

As a result, two am1nonia molecules react - this is usually shown in a 
con1.bined equation as below: 

trumoic anhydride ammonia 

CH3CONH2 
e thanamid.e 

-r CH3COONH4 

ammonium ethanoate 

Observation: A slower reaction than that of ethanol and e thanoyl chloride. 
Heating may be needed. 

4. With primary amines 
Acyl chloride 

Ethanoyl chloride reacts ·\Vith an1ines eliminating hydrogen chloride and 
fonning an N ub ituted amid - this means that a methyl group has 
substituted one of the hydrogen atoms of the NH2 group. The reaction 
occurs in tV1lO stages: 

For example: 

H H 

I I 
H-C-C-NH2 + 

I I 
H H 

0 H 

~ I 
C-C-H 

Cl/ ~ 

H H H 

I I I 
--.- H-C-C-N-C-C-H + HC I 

I I I 11 I 
H H H O H 

e1jh yla m 1 n e eth a noyl eh lori de N-ethyl eth an amide 
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The amine is basic and reacts Vvith the hydrogen chloride to form an 
ammonium salt - methylam1nonium chl,oride 

CH3NH2 + HCl --+ CH3NH3Cl 

As a result, two anunonia m.olecules react - d1is is usually shown in a 
combined equation as below: 

propanoyl 
chloride 

Acid anhydride 

ethyl amine N- th yletham1111icle 
e thylam.monium 

chlotide 

(CH3CH2C0)20 + ,CH3NH2 -t CH3CH2CONH1CH3 + CH3COOH 

prop.anoK methyl amine N-methyl propanarni de ethanoic acid 
anhydride 

The amine is basic and ·will react with th-e ethanoic acid fo,m1ed to produce 
a salt 

CH3COOH + CH3NH2 --), CH3CO,QNH3CH3 

The salt is called 1nethylamtnonium ethanoate. lt is just like: ammonium 
ethanoate, except that one of the hydrogens has been replaced by a. n1ethyl 
group . 

Again a con1bined equation is often used 

(CH3CH2C0)20 + 2,CH3NH2 ~ CH3CH2CONHCH3 + CH3
1COONH3CH3H 

Acyt ch,loridQ 
RCOCl 

Acid anhydride 
(RC0120 

Acyt chloride 
RCOCl 

Add a1nhyd ride 
(RCO) 0 

Acyl chloride 
RCOCl 

Add anhydride 
[RCOl20 

Acyl chloride 
RCOCL 

Ac1id anhydride 
[RCOhO 

Wat;r 
HO-H 

Water 
HO-H 

Alcohol 
ROH 

Alcohol 
ROH 
Ammon1ia 
H-NH2 

Ammortia 
H-NH2 

Pri1mary am,ine 
R1NH-H 

Pri,mary a'm1in e 
R1N H-H 

Cairboxylic .:1cid + hydrog(;rn chloridg 
RCOO H + HCl 

Car boxylic acid 
2RCOOH 

Ester+ hydrog,en chloride 
RCOOR + HCL 

Ester+ carboxy[i,c acid 
RCOO R + RCOO H 

Amlde· + hydrogen chlor ide 
RCONH2 + HCt 
Then HCL + N1H3 ~ NHtCL 
Amide+ carboxyUc acid 
RCO NH2+ RCOOH 
Then RCOOH + NH ~ RCODNH 

N-subsHtuted a mi de, + hydrog,en chloride 
RCO NHR1 + HCt 
Then HCl + RNH --., 1RNH CL 
N-su bst~tuted a mi de, + ea rboxylic a cidl 
RCO NHR1 + RCOO H 
Then RCOOH + RNH _,,. RCOONH-R 

Nucleop,hilic addition-elitnination reactions of acyl chlorides 
Acyl chlorides are exrremely reactive and react with nucleophiles such as 
water, alcohols~ ai11n1onia and "n11ines. The mechanis111 is nucleophilic 
addition-elintlnation and occurs in two steps. 



Remember. wt1en asked to 
outline a mechanism you simply 
show a flow aiagra,m w ith the 
correct curly arrows and lone 
paJrs. 

Addition: the o+ carbon aton1 of the polar C=10 bond attracts the lone pair 
of a nucleophile. The lone pair forms a new bond to the carbon 1 and a pair 
of -electrons in the C;Q double bond are transferred to the oxygen leaving it 
negatively charged. The nucleoplrile used "below~ is H 20. 

n -0-

s + '# o 
CH;a - C 

(\r 
.. 

H ........... O 

I 
H 

Elimination: the pair of electrons on rhe oxygen atom refom1 the double bond 
and the C-Cl bond of the acyl chloride breaks and releases a chloride ion, ,vhich 
reacts Mth a hydrogen atom on the protonated hydroxyl group to form H1Ct 

0 
I/ 

CH3 C 
\ + cf-H 

~----...: c:1-

• 

0 
// chl3- c" :c1.-
\ 

O ........... H 

I 
H 

Often this elimination is shown in o ne s tep as in the examples showrt belo\v. 

The follo,ving four 1nechanisn1.s are all required. 
Example 1: the reaction of ethanoyl chloride with water. 

.. 
H ........... O 

I H 
H 

0 
I; 

CH;i - C + '~Cl 
\ 

OH 

Exarn p le 2: the reaction of ethanoyl chloride \.\rith ethanol. 

-Cl 
CI..J3- C 

I+ 
CH1CH2- v H 
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The mechanrsm for n,ucLeophilic 
ad d:i ti·o11- el1i m.inat~or, rieeds to 
show 5 cur ly arrows as show n i1n 
exa m,ples 1-4. 

0 
I/ 

C!,,1:3- C 
\ 

0 
/ 

CH3 - C 
~ 

0 
ethanoi,c 

annydride 

Example 3: th reaction of ethanoyl ,chloride "rith ammonia. 

Re1nember that the HCl would react ~ith another NH,,3 lO fonn an 
ammonium salt NH4Cl. 

Exampk· 4: the reaction of etl1anoyl chloride \Vith primary atnines) e.g. 
n1ethyl atnine. 

-

Cl 
CH3-IL? 

0 
II 

(H.3-C -t- HC I 
. \ 

CH3-.1N ......... H N ......... H 

I 
H CH3 

Re1nember that d1.e HCl would react with another amine to form an 
ammonium salt. 

Preparation of pure organic soli.ds 
Acylation r,eactions are us,ed v.i~idely in the phannaceutical industry. Two 
of the 1nost cominonly used drugs> paracelamol and aspirin are both 
tnanufactured using acy]ation reactions. Aspirin is manufaclured by 
acy]ating 2-hydroxybenzenecarbo1C)7Hc acid. The -01H group is est,eritied to 
fonn aspirin. 

The industrial advantages of using ethanoic anhydride lo acylate rather 
than ethanoyl chloride include 

• it is less corrosive 

• it is less vulnerable to hydrolysis 
• it is less hazarcllous to use as it gives a less violent reaction 
• it is cheap er than ethanoy l chloride 
• it d oes not produce corrosive fumes of hyd.rogen chloride. 

An equation for d1e preparation of aspirin from ethanoic anhydride and 
2-hydroxybe:nzoic acid is shown below. 

OH 0 

II 
c, 

OH 

2-hydrobenzoic ac i'd 

0 

II ,........c, 
CH3 0 

asp,nn 

0 
11 
C 
'01,,1 + 

0 
// 

CH3 ~C 
\ 

OH 



Fi1~ter paper 

I 
---Buchner 

funnel 

- - S,ide-a:r-m 
conk a I flask 

Figure 11.13 Suction fi'Lt rat1ion1 ~ppara.tus. 

The melting point tube ca n be 
atta·ched to a th erm ometer w1ith 
a rubber band1 and ptaced irn an 
oil bath rather than 1in a meltii:ng1 
po int apparatus. Photos of both 
ways of find in gi a melt 1ing pornt 
are found in Piractirca l ski l'ls. 
Chapter 17. 

Organic solids such as aspirin must be produced in as p·ure a state as possible. 
impurities can occur for many reasons~ tvlo of the most common are 
contamination Vvi th. re-.actants due to an incomplete reaction and the presence of 
other co:rnpounds due to alternative competing reactions during the preparation. 

Recr ystallisation is a very important technique used to purify solids by 
removing un~nted by~products. The p ractical steps for the process of 

recrystallisation are: 

• Dissolv·e the in1pure crystals i.n the minimum v lume of h t olvent. 
• Filter the hot solution by gravity filtration, using a hot funnel and fluted 

fiher paper, to remove any insoluble i1npurities {JUtering through hot filter 
funnel and u.singfluted paper prevents predpitation of the sol:id). 

• Allow the solution to cool and c1ystallise (the 1.mpuritLes will remain tn solution). 
• Filter off the crystals using suction filtration (suction filtration. is faste,· than 

gravity filtratLon and gives a dri.er solid). 
• Dry between two sheets of filter paper. 

A minimum volum·e of hot solvent is used to dissolve the solid, making 
a sa 1rated solution. The solution is cooled and the solubilhy ,of the 
coinpound drops causing it to recrystallise from solution. ltnpurities rernain 

dissolved in the solution . A minimum volume of hot solvent is used to 
ensure that as 1.nuch of tl1e solute is obtained as possible. 

Checking the pttnty of an organic solid 
A pure subsiance has a fixed 111,elting point ~lhile an impure substance 111elts 
over a 'Wide range ,of ten1peratures and at a lo,~~er ten'lperature than the pure 
subs tance. The melting points o( almost all substances ate available in data 
tables. To ,check the purity of a solid; a melting point can b e determined 
using the follovling method: 

• Place some of the solid in a meh.ing poin.t tube. 
• Place in melting point apparatus and heat slowly: 
• Record the temperature at ,vhich the solid starts to 1neh and the 

ten1peTature at vlhich it finishes melting. 
• Repeat and average the ten1peratures. 
• 1Compare the melting point \\'1th 1-noi,,-n values in a data book. 

The melting point of a substance is not the exact point at which it melts ·but 
·rather the range of temperatures from when the sample starts to 1neh until 
it has completely mehed. The greater the range the more impurities are 
presen t. A r-ange of less than 2 °C indicates a fairly pure substance . 

.... ... •• • •• •• ••• •• •Ii ............................ •Ii• ................................ - •• •ii• ........................................................ ~- ......................................... - .................................. •i• •••••••••••• - ••••• 

REQUIRED PRACTICAL 10 
~ 

~ The preparation of aspirin (an organic solid) Place 20 .o g of 2-hydroxybenzoiic aci.dr in a 
~ in the Laboratory pearr-shaped flask and add 40 c,m3 of ethanoic 
~ [ ] anhydride [[C H3C0}20L 
~ Aspi1r1in 2-etnanoy lhyd roxybenzenecarboxyUc acid i·s Sarfely adrd 5 cm3 of cone. ph·osphoric[vl acjd a·nd 
[ an antipyreHt d'ru9 [reduces fever by lowering body heat under reflux for 30 mjnutes. I temperature) and an analgesic {relieves pain). Add water to hydro lyse any unreacted ethanotc: 

~ Today, over one hundred compa1nies hold patents anhydride to ethano,ic acid. and pour the mjxlure 
~ for processes that generate aspirin. Each is sli g.htty into 400 g of crushed ,ice inr a, b·ea:ker. 

' . . 
: . . 
j 
j 

' ~ • ; . • ; . 
~ . . 

~ different but aH end with the sa me molecule. The Th·e product js removed by suction filtrat1iOf\ 
i fot:lcwi ng method ea n be used to prepare asp ir in in recrystatUsed from water and dried in a desiccator. ; 
~ the laboratory. • The melting pornt is then determined. ~ 
r . 
~ : 
, ... . ... . ... . P'I r•, •• r-, r•, P'I • • r•• "" 111 • .s • • P'9 • • 11 ol- '9 • • 11• 11 ....... •11 • • . . ... .. . . . . .. r, . . . ... . . . . , ii!. . ... I . .... II A• . ..... . . . ........ . .... , . . ..... . •• s ..... .. . .... r 11 • ' " 11 11 • • 111 ·~ .. II . •i.·" il!. . 19 ..... 1!11 19 ..... ... ll ll ...... . .. . . . ... ... l! lllll . ... ..... ol-'9 ., . . . .... . ., • • • ••• • • ., . . . . . . ... . . . , I! • • • •• , • • IIA• 11'1 .... . . ... 1!11 1111-. ., .. . . . .. 1! 11 1111 11 
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Th,e reaction ca.n be represented as follows-. 

HOOC CeH40H + [CH 3C0) 20......,. HOOCC6H40COCH3 """ 

CH3COOH 

Su91gest the role of coriceritrated phosphoric.!{v] 
ac[d in this preparation. 

2 Ex pla rn how the con cent rated p'h os,p !"iori'c [v] acid' 
js -added safely. 
Draw a, labelled diagram oif the appa,ratus set up 
for reflux . 

4 Assum,ing a 70% yield, castculate the mass of 
2-hydroxy,benzoic acjd required to farm 5.0 g of 
pure aspir11,n. 

5 Write an equation for the hydrolysis of eU1anoic 
an hyd :rr,die. 

6 Why is the mi,xture poured onto cr,ushed ice? 
7 W'ny is suction fHtrat,ion used rather than gravrty 

fi ltra-t ion? 

Describe how the impure product 1s 
recrystatU.sed. 

9 Ca Leu Late the atom economy for the preparation of 
aspirjn by this method. 

1 An alternative preparation! using etha1n,oyl 
Ch1tor1de rather than etnano,ic anhydrid1e. nas a 
hig,her atom economy. W'ny is this react 1ion rnot 
used ~n ~ndustry? 

11 The melt1ng point of aspi,rin was determined. 
From the result. state how you would determjne if 
the aspirin was pure . 

U 1,•• 1.• ••• •• 1,•1.•• •• •• ••• 1.Ji 1,9• ILi 1,,1 ••,. 9-4 ... ••.11.• ••• •• •• ••• •• •• ••• 1,,1 ••" ._,,. •• 1.a.t ._. •• 1.a .t ._.•••a .. &•••••• - • •• •• ~ ... 1,•-.... •• ••• ... •• ••• •• 1.a ••• t..4 1,a• •• •~ 1,a"' •• •• 1.•• 1.• ••• •• •• ••• "" •• ••• L4 ••• ._.. ._. ••4 •J...,. ••4 1,,4 ••" •• •• ••" •• ... ,. ._ ... ,. ... ,. e.• .-a ••.t ..._. ••• •.t - ••• a4 a.a .-a .. • •__. .,. •II!~•••• 
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• : 1 Name th.e followin-g ; 
• 
! a) CH3CH2COCl 
i b) CH:fCH2CH2CO NH2 • 
: c) (C H3CH2CObO 
• ! d) CH3COCl 
• .. 
• • • • .. 
• : 
• • • 

2 Write equabonis for the reaction of: 
a) ethanoyl eh to ride and1 propanol 
b) butaonyt cn loridle and ammonia 

c) propanoyl ch 'Loride and metnylarmine 
d) ethanoic anhydrfde and ethario[ 

3 Na me the mechanism for the reaction between 
ettlanoy l ch loride and water and state the name of 
the orga nic produ ct. 

4 Nra 1me the method used to pur ify sol ids. 
5 A pure sampte of so li d' ethanam/de is prepared i·n 

the laboratory. How wouild you test its purity? 

: .. • • • • ... .. 
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Practice q estions 
I \Vhich one of the f oU owi.ng statements about 

the formation ,of an ester fro1-n ethanoyl 
chlo,ride and propan-1-ol is correct? 

A Conc,entrated sulfuric acid is required. 

B H.e.at is required. 

C The ester produced is called ethyl 
propanoate. 

D The reaction goes to co1npletion. (1) 

2 Which one of the foUowing co1npounds is 
optically ac'tive and incapable of reducing 
Fehling! solution? 

A CH3CH(CH3)CH2CHO 

B CH3CH(C2H5)COCH3 

C CH3CHC1CH2CHO 

D CH3CH(CH3)CO,CH3 (1) 

II 

3 Bu"tan-1-ol was reacted 'Nith an excess of 

propanoic acid in the presence of a stnall 
arnount of concentrated sulfuric acid. 6.0 g of 
the alcohol produced 7. 4 g of the ester. \.Vhich 
one of the follomng is the percentage yield of 
the ester? 

A 57% 

C 75% 

B 70% 

D 81% (1) 

4 The scheme below sumtn arises the fonnation 

and reactions of etl1anoic acid. 

efhanal ethyl ethanoate 

B /c 
CH3COOH I 

~ 
CH.3CH20H CH1C H2C H200CCH3 



II 

a) Giv"e suitable reagents and conditions for 
each of the reactions A-E. (10) 

b ) Give the type of reaction occurring in the 
reacti.ons A E. (5) 

5 Nucleophiles react ~rith carbonyl con1p ounds 
to fom1 addition products. 

a ) Define the term nucleophile. (1) 

b ) Explain why the carbony] group is 
susceptible to attack by a nucleophi]e . (2) 

c) Write an equation for the reaction of 
propanal wit11 HCN a11d nam e the 
product. (2) 

d ) Outline a ·mechanism for the reaction of 
propanal witl1 HCN. (3) 

e) Explain v;,:·hy the pr,oduct is optically 
inactive. 

0 Aldehydes can be distinguished from 
ketones using the foHowing reagents. 

i ) Complete the foUowing table. 

IForm,ula of Formula of 
meta l/ion metal/ion 

(2) 

(4) 

Reagent before test after t.est 
To tle n s· re a· gent 
F'eh Lin,g's solution 

ii) Which reagen t(s) ~ill give a positive 

test for ethanal? (1) 

II 6 Carboxylic acids, esters and fats are all found 
in nature and contain the carbonyl group. 
They have different functions in nature for 
example carboxyHc acids are found in ant 
stings, esters .flavour fnlits, and fats arc used 
for energyr storage. 

a ) i ) Ethanoic acid has a boiling point of 
119 °C and ethyl methanoat,e, an ester 
has a boiling point of 56 °C. Explain 
the differenc in boiling points. (3) 

ii) Ethanoic acid reacts with s,olid 
potassium hydrogen carbonate. Write 
an equ,ation for this reaction and state 
one observation. (2) 

b ) i) Ethanol r,eacts with metl1anoic acid 
to fonn ,ethyl m,ethanoate. Write an 

equation for this ·equilibriutn reaction 

and explain one way in which the 
equilibrium yield of the ester could be 
increased. (2) 

ii) Draw an d name two structural isomers 
of ethyl 1n ethanoate. (4) 

ii i) W1ite an equation foT the preparation 
,of ethyl methanoate fron1 an acid 
anhydride and an alcohol. (1) 

c) Fats may be produced by the equilibrium 
reaction between a fatty acid and glycerol. 

CH20H CH2.00CR 

I I 
CHOH + 3RCOOH ~ CHOOCR + 3H20 

I I 
CH20H CH200C R 

i ) Stat, the IUPAC nam for glyo roL (1) 

ii) The fat may ahernatively be p·roduced 
by the r,eaction of acyl chlorides 
(RCOOC]) with glyceroL Write the 
,equation for the reaction. (4) 

iii) The vegetable oil sho\-vn below reacts 
'With methanol in the presence of 
potassium hydro)..ide to fon'l'"l 
biodiesel. Write the equation for this 
-reacuon. (1) 

~ H 200CC17H 31 

CrH OO,CC 17H33 

CH200CC17H29 

7 Complete the diagram below by inserting the 
organic product fanned in each case. (3) 

-C2,HsCOOH 

NaBH4 

8 \iVhtch one of the foHowing would not be 
affected by boiling \Vith aqueous sodium 
hydroxide? 

A ethyl -ethanoate 

B glycerol 

C olive oil 

D ethano,ic acid (1) 



a.. 
::::, 
C 
a: 
(D 

..J 
> z 
0 
a., 
IZ 
<.t u 
UJ 
:c 
I-

19 a) Name and outline a 1n,echanism for the 
reaction of CH3CH2CO,Cl ·with CH3NH2. (3) 

b) Write an equation for the reaction of 
CH3CH2COC1 ,vith am1nonia. (1) 

II 10 The flo \v scheme below shows a series of 
organic reactions. 

H H 
\ I 
c=c 

I \ 
,~ H 

A 

reaction 11 

H H 

I I 
H-C-C-Br 

I I 
H H 

B 

reaction 2 

H H 
I I 

in test tube r,eactions. For each pair~ suggest 
a suitable reagent or reagents that could be 
added separately to each compound in order 
to distinguish ·between them. Describe what 
you would observe Mth each compound. 

a} tnetl1yl ethanoate and propanoic acid (3) 

b} bu tanone and pr,opanoyl chloride (3) 

c) butan-2-ol and 2-methylpropan-2-ol (3) 

12 Dodecenoic acid; C11H 23COOH, is an acid 
found in coconut oil and. human b reast n1ilk. 
It is a ~Thi te solidl at room len1p eratu re with 
a melting point of 45 °C> and is insoluble in 
water. 

a) Explain why ethanoic acid is S·oluble 
m \Vater whereas dodecanoic acid is 

H-c-c-c=N 
insoluble. (2) 

I I 
H H 

C 

reaction 3 

H H 
I I ~0 

H-C-C-C 

H H 

I I tf
0 

1,,,1-c-c- c 

b) Describe a chemical test to prove tha.t 
dode.ca11oic acid is an acid. (2) 

c) Describe how you ,vould experimentally 
detenn ine that a sample of solid 

dodecanoic acid is pure. (3) 

l l \1 I I 'aH 
H H 

d) Dodecanoic acid c:an be reduced t,o the 
c,orresponding alcohol. Write an equation 
for the reduction using [H] to represent 
the reducing agent and 1,a1ne a suitable 

E D 

a) Na1ne con1pounds A to E. (5) 

b) Staie the type of reaction which is taking 
place in re-actions 1 and 2. (2) 

c) Name the mechanism by which reaction l 
occurs. (2) 

d) Na1ne the mechanism by which reaction 2 
occurs. (2) 

e) Nan1e the reagents required for each of 
reac tioM l and 2 . Q) 

11 The. foHowing compounds can be 
distinguished by observing \Vhat happens 

reducing agent for the reaction . (2) 

e) The main constituent of coconut oil is 
the triester formed fron1- dodecanoic acid 
and. glycerol. Write an equation for the 
formation of this triester. (1) 

Stretch and challenge 
13 Propanone can be converted into 

2-bromopropane by a th ree-step synthesis 

as shov.rn below. It is fi rst reduced into 
co1np ound X. Deduce the structure and na1nes 
of compounds X and Y and for each of the 
three steps suggest a reagent that could be 
used and name the. mech anism. (6) 

H hl H Br H 

I I 
H-C - C - C-H _____.. [fil~[y]____.. 

I II I 
I I I 

H-C- C- C-H 
I I I 

H O H H H H 



Aromatic chemistry 

······························ ·································~················································-• • 
J PRIOR KNOWLEDGE i 
• • + • 
: • Atkenes undergo addi tion rea,ctions. The mechanis,m of these : 
• • 
: reactions is el·ectrophili c add~ti on. : 
• • : • Alkenes decolourise orange bromine w ater. : 
• • 
: • Understand the terms struct urat forimu lal displayed form ula. :----
• • 
: molecula r formula. emp1rfcal for mula and s keletal formu la : 
' ' : ............................................................................................................. .... 

. _. ··············~··················· ··················~·································~···· · 
i TEST YOURSELF ON PRIOR KNOWLEDGE 1 
• 
: 1 
• • • • • • • • • • 

al Write an equatrion fo r the reaction of brom.i ne w~U1 ethen e. 
bi State the colour change in this reaction . 
c) Name the product in this reaction. 

I 2 Ru :bber is a potym,er o'f isoprene. The structure 
! of i1S0prene is shown below . 
; al What is the molecular fo rm,ula for isoprene? ! : bi W,hat ,is the em.pirica l formula for isoprene? 
• i c) What ,is the skeile tal formula for isoprene? 
! d) What ,is the .IUPAC name fo r isoprene? 
• : el lsoprene reacts w ith excess brarmine .. Write an equati,on for this 
• 
: reacti,on and1 na·me the product. 
• i f ) What 1s ooserved in th e reaction of 1,soprene w ,th bromine? 
• 

I 
I • • • 
= • • • • • • • • • • • • • • • • • ,; 

• ii 

• • i 
= • • • .. 
I 

: 
= • • • • • • • • • • • • • • • • • .............................. ...................................................... ................................ 

The· word aromatic comes from the Latin word 'aroma 1 meaning fragrance. 
Many of the first organic co1npou11ds produced fro1n naturail substances 
such as cinnamo11 bark and vanilla beans\ were found to give off pleasant 
smells. \~/hen these compounds were an alysed they were fotmd to contain 
benzene rings. Todays definition of an aron1a tic con1pound is one which 
contains a benzene ring. The s1nell generated by a co1npoun d has nothing 
to do Vli.th the presence of a benzene rh1g and aromatic con1pounds do not 
all have a pleasant sn1ell~ 

Arotnatic chemicals are very importan t in the production of synthetic 
co1npounds such as drugs, dyes~ explosives and plastics. 



0 The history of the structure of benzene 

H H 
\ I 

H C==C==C 
\ I \ 

C= C= C l..i 
I \ 

H H 
Figure 12.1 A i i near st r ucture was 
inlUaUy suggested for benze ne. 

dis played formula skeletal formula 

Figure 12~2 The Keku,te structure, of 
be nzene. 

t l n is defined as 
the change in enthaJpy,, whtch occurs when 
1 mol o,f an unsaturated ieom pound r,eact s 
wjth an excess of hydirogen to become fiuUy 
saturated. 

In 1825 Michael Faraday discovered benzene, a colourless\ sweet smelling 
liquid. It was found. to have the empirical formula CH and relative i-nolecular 

tnass 78.0 which gave a rnolecular formula of C6H6. He (irst extracted 
benzene from whale oil, which was commonly used for 1ig11ting ho1nes. 

Scientists speculated over the structure of benzene for n1.any years. Initially 
it was suggested tliat it had a structur·e. with several double bonds ; like that 

shown in Figure Jl2. l . 

However) experimental evidence showed 'that benzene was r.ather unrcactive 
f o,r such an unsaturated molecule and this structure was rejected. 

In 1865 Friedrich Augu.st Kela.de proposed a l1exagonal structure of six 
carbon atoms joined by alten--iate single and double bonds as sl1own in 
Figure 12.2 This was the first titne that it was considered that carbon atoms 
could join together in rings rather than chains. 

Alkenes are rea,ctive m,olecule-S due to their dou b1e bonds, and since 
Kekule~ stnlcture contained double bonds, be.nzene \vas expecte,cl to r,eact 
in a similar v.r.ay to alkenes; and to c:lecolourise bromine water. Benzene; 
however> did not decolourise bromine \Valer and did not readily undergo 
addition reactions. To account for this lack of reactivity, Kekule proposed 
that his structure had two forms that existed in a rapid equilibrium. An 
approaching bron1ine n1olecule could not be attracted to a double bond 
before the structure changed~ and so the bromine could not react Mth the 
double bond. ln this n1od.el , the structure of benzene is called a resonance 
hybrid and it is often represented as shown below. 

The carbon-carbon bond lengths 
·rt1e structure of benzene suggested by Kekult had alternating single md double 
bonds. ln 1922 Kathleen Lonsdale used X-ray diffraction to measure the bond 
lengths in benzene. She found all the carbon-carbon bonds ,vere the same 
length\ at an intermediate value benveen that of a double and single carbon­
carbon bond. This suggested that the Keku]e structure of benzene '\Vas incorrect. 

Bond Bond Length 

carbon- carbon bond trn benzene 0.140 nm 

c-c 0.153 nm 

C=C 0.134 nm 

Thermochemicall 1data: enthalpy 0 1f hydr,ogenatio1n 
When cyclohexene, with one carbon-carbon double bond is hydrogenated> 
the enthalpy ch.:1.nge of l1ydrogenation is - 120kJ mol- 1. 

+ 

cydohexene 

H 2 

cydohexane 
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A m i (o} is formed by d,irect 
ov,QirLap of two orb~als on adjacent carbons,, 
each provjdling one electron, so that the 
el,ectron density is co,ncentrat.ed between 
the two nuclei. 

A i on (x) 1is formed by the sideways, 
overlap of two p orrbitais on adjacent carbon 
atoms, each prov~ding one el,ectron. 

Figure 12.3 Keku [e spent years s tu dyi ngr 
the nature of carbo111-c~ rbon bonds. ~e 
sajd that he discove,red the ring shape 
of the benzene m1olecute after having 
a daydream, of a snake seiz ing its own 
ta~l. Th is is an ancient symb al known .as 
the ou robora s. 

Figure 12.4 Co:mputer-gener~ted model 
o,f a molecule of b,enzene. It ·is a pla:n,ar 
molecuile. 

l(ekules benzene structur has thre,e d,ouble· bonds, so it would be ,e1cpected 
to have a enthalpy change of -360 kj mol-1 

> three times that of cyclohexane 
because tl1ree double bonds are hydrogenated. A theoretical cyclic 
compound \.Vith three double bonds is cyclohexa-1,3,5-triene. 

eye I oh exa-1 ,3, 5-tri ene cydohexa n e 

However, vlhe11 benzene is hydrogenated the enthalpy change is only 
-208kJmol-1; this is 152 kj mol-1 less than expected. This m eans that the 
actual structure of benzene is n1ore stable than the Kel-ule structure 

( cyclohexa-113, 5-triene) 

'The delocalis,ed model of benzene 
Todays accepted structure for benzene is ,of a. delocalised model \\thich has 
the (allowing features: 

• it is a planar he:x:agonaJ molecule of s ix carbon ato1ns. 
• all carbon-carbor1 bond lengths ar.e intermediate in length between. ihat of a 

single C-C and a double C=,C. 

• each carbon u ses thre,e of its outer electrons to form three sigma bonds 
to two o ther carbon atoms, and one hydrogen atom . This leaves each 
carbon aton1 Vvith one electron in a p orbital. 

P orbJtals overJap 
sideways 

Sigma DoriC11 

Deloca II sed !lectrons above 
and belcw the plane of the 
carbon atoms 

Figure 12 .. 5 The formation of the deLocaUsed e,Lectro,n s tr ucturQ of benzene. 

• The lobes of the p orbitals do n ot p air up to form th ree carbo11--carbon 

double bonds as in the Kekule structure, but overlap sideways to form a 
r ing of ,charge abov,e an d belo\.cv the plane of the molecule. This overlap 
produces a system of pi bonds. The six p electrons spread over the ,vho[e 
ring - they delocalise and give regions of electron density above and 
below the ring as shovitn in Figure 12.5. 

• Delocalisation of p electrons makes benzene moJ-:e stable than 
the theoretical molecule cyclohexa-1 )3)5-triene. The enthalpy of 
hydrogenation is 152 kj mol-1 less than expected due to the extra stability 
of the delocalised electrons that are more spread out an d so have few·er 
electron-electron repulsions. 

• The de]ocalisation of electrons also accounts for the intermediate 
carbon-carbon bond length. 



I' LI ed ro n are bond~ng 
el,ectrons that are not fixed betw,een two 
atomsr but shared by three or more atoms,. 

• The bondl angles in the ring are 120°, meaning there is no strain in this 
arrangem,ent, another factor contributing to the stability of the molecule. 

• A circJe is used to, represent the ring of deloc-alised electrons, as shown below. 

. . _ _ ••••••••••• ,t+•• ~···~··•t••••••• ••f•••••••••+••••,•• ••+••••t•••+•••••••••+•••••••f•••••····1 
TEST YOURSELF 2 : 

• • i 1 Explajin why the bond Lengths of the c;rbon-ca r bon bonds ~n !benzene ; 
f prove that Kekute·s str uctu re fs not correct. i 
~ 2 State the shape of benzene and gfve the bond ang le around a carbon ~ .. . 
: ato m. : • • • • : 3 How does a de loca lised r ing of etectrons form in benzene? : • • • • ................ ~ ....................... . .................................. ~ ............ ........... . ..... ,.... ........................ 11111 

0 Benzene and addition and substitution 
reactions 

A u st it uti r,eact ion is one i1n wh ic: h an 
atom or group of atoms is replaced with a 
different atom or group of atoms. 

An , ,on reaction ~s ,one in which 
a feactant is joined to, an unsaturat,ed 
m,o,lecule to ma~e a saturated m,o,lecule. 

II 

Fjgure 12.6 Two test tubes contajnin.9 
an organk layer flo atin9 on top of an 
aqueous taye,r. lhe, aqueous Layer 
contains bromine water (orange!. The 
o,ga,n i:c layer on the rlght [cycle hexe,ne] 
dec,otour,ised the, water because 
eye lohexe ne conta1ins a re a,ctive, 
do ublle bond whicn undergoe,s add ition 
reactions. The orga n,c tayer on the 
Left (benzeneJ d,id not deco Lourise the 
bromjne water bee a use it does not 
underg,o add i,ti on react[ ons due to the 
stable de Lo ea Used electron r ,ing. 

Benzene and alke11es are similar in that they have regions of high electron 
density- the delocaHsed 1ing of pi electrons in b enzene and the double 
b,ond in alkenes. As a result of this they both react ,vith electrophiles. 

Afkenes undergo addition reactions but, as a resuh of its stability benzene 
is fairly resis,tan t to addition reactions and in5tead substitution reactions tend 
to occur. To undergo addition reactions) the electrons from the clelocalised 
sys tem. in benzene \vould need to bond ,vith the atom or group being 
added. The delocalised electron. system would ·be broken, resulting in a loss 
of stability. lnstead benzene undergoes substitution reactions, where one or 
1uore of the hydrogen atoms are replaced by another ato1n or group . tl11e 
organic product fonned retains the dlelocaHsed ring of electrons and hence 
the stability of the benzene ring. 

Bromine water is not dec,o]ourised by benzene~ as it does not undergo an 
addirion reaction with bromine becau se ihe delocalised ring of electron s 
would he broken. 

Br 

+ Br-Br * 
8r 



Naming compounds based on benzene 
If one of the hydrogen ato1ns on a benzene ring is replaced by an atom. 
or group then a benzene derivative is formed. Some common benzene 
derivatives are show11 below. 

Cli 

eh lo robe nzene 
C5H5CI 

9r 

bromobenzene 
C5H5Br 

n i1:robenzene 
C5H5N02 

methyl be n,zene 
C5H5CH.3 

If then! is more than one aton-i or group on the benzene ring, the position of 
the group 1nust be given. Carbon atoms in the benzene are nun1bered 1-o 
tr0 give the smaUest possible position of each group . For ,example 1 

Cl 

could be l-chlor,o-3-n1ethylbenzene or l-chloro-5-n1:ethylbenz,ene. The 
correct name is l-chloro-3-me·chylbenzene ustng the smallest number for 
the position of th , methyl group . 

Figure 12 .7 shows three structural isomers of C1H,Br . 

. B.r 

Br 

B,r 

1 -hromo-2-methyl!ben:z.ene 1-hmmo-3-methylbenzene 11 -bro m o-4-methyJ benzene 

Figure 12. 7 The structurra l isomers of C7H7Br. 

Alkyl groups are fanned by removing a hydrogen atom fron1 an alkane) for 
exan-iple a n-iet11yl group CH3 is formed fron-i nu~tl1ane CH4 by removing a 
hydrogen. Rem,oving a hydrogen group from a benzene ring forms a phenyl 
group C6H5. Some compounds containing a benzene ring have their name 
based ,on phenyl. Some ,examples re shoiNn below. 

Cl-l.3 /. 0 
' -9' C 

phenyhrih a none phenylethene 
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! TEST YOURSELF 3 ! . -: 1 Name the fol[ow ,ing structures . 3 Why does benzene u11derg:o subst ituti.on reaction s : 
• • 
: a) c I rather tria n add itr on react~or, s? ~ • b) CH.3 f 4 Draw a possible str ucture for an aromatic j 
i cl compound wh1ich has the empi r fcal formu la C7H8. i 
• : 5 Is this structure ria,med 1- bro mo-2- chlo roben.zene • .. 
i o r 1 s i t 1 -c n lo r o -2-bro m o benzene? Exp la i n you r .. 
£ cl answer. 
• .. • • i c) • .. 
• • • • • • • • • .. • • • • • • .. • • • • • 

dl Br 

i Cl 
: • 
; 2 al Name a reagent that could be used to distingui sh 
• ; oetw.een benzene and cyctohexene . 
• 
: b) State what is observed when this reagent is 
• 
; shaken wiU1 benzene and the11 with cyclohexene 
• : rn separate test tubes . 
• 

8r 

Cl 

i 
' I t • • • • • • • • • • • • • • • • • • • • • • • • ii 
• • ; 
: 
' • • ii • 
= 
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0 Electroph ilic substitution 

H you need to outUne the 
mechanTsm,, you S1i1mply r, eed 
to draw a ftow schem1e wiith 
curly a:rrows as shown in 
Flgure 12.8- words of explanat~on 
are not necessary. 

The region of higl1 electron density above and below the plane of the 
molecule results in benzene being attacked by electrophiles . Substiuuion 

reactions occur ra ther than addition re-actions as this preserves the 
stabillity of t11e benze.ne ri:ng . The mechanism is described as electrophilic 
substitution . 

Mechanism of electr,ophilic sub1stitution 
A general n1:echanistn for elect,7ophtUc substitution is shown in Figure 12.8, 

H E 

E 

Figure 12.8 The mechanlsm, of ehKtrophilic substituti on . 

• ln the first step lhe high electron density of the delocalised ring ,of 
electrons attracts the e]ectrophile (E+) andl a pair of electrons fr.am the 
ring of delocalised pi .electrons form a honcll ·wi.th the el,ectrophHe. (E..,) 
breaking the electron ring. 

• This produces a highly unstable inter1nediate which has only a partiaHy 
delocalised electron system containing four delocalised electrons. 

• A C- H b on d b reaks in the unstable intermediate and the two electrons 

in the b ond n1ove back into the pi electron systen11 reforming the stable 
delocalised electron riug. The hydrogen is lost as H~. 
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An r hil is an electron pair acceptor. 
It is u.sue1Uy i1s, an atom or group of atoms that 
is attracted to an efectr,on rtch centre where 
it accepts a paijr nf electrons to form a new 
covalent bond. 

Th,e f1rst curly arrow must come 
from the delocalised r1ing to 
the N or the+ on the N of the 
etectrophile. In the intermedi1ate 
the broken etectron r ing must 
not extend beyond carbon 2 or 
carbon 6. It must be a pproxi,mately 
centred on carbon 1'. 

1H 

Tihe second curly a,rrow must 
co me from the middle of the bond 
1into the 1hexagon. 

Benzene reacts ""ith different types of electrophiles. Generally these 
electrophilic substitution reactions e1nploy heat, concentrated reagents and 
catalysts. This is because of the high stability aind lo,v reactivity of benzene. 
Two electrophilic substitu tion reactions ,vhicl1 you must study in detail are 
nitration and acylation. Only 1nonosubstitution, where one atom or group is 
replaced is required. 

Nitrati 1on 
In nitration of benzene, a nitro· group (N02) replaces ,one of the hydrogen 
a.toms. To nitrate benzene a mixture ,of concentrated nitric and concentrated 
sulfuric. acid is used at 50°C. The mixt11Jre of concentrated nitric and 
concentrated. sulfuric acid is often referred to as ihe nitrating mixture . 

benzen~ 
C:;H6 

+ H:N03 

cone 
H2SOt1 catalyst 

50°C 

n itrohenu,n ~ 
C6HsN02 

Condition: co11.ce11trated sulfuric acid. and concentrated nitric acid at 50°C. 

Th e ,concentratedl suUuric acid is a stronger acid than nitric acid and 

donates a proton to it> fo1ming ~n1 intermediate H 2No1+ that decomposes to 
produce N02+, the nitronium ion that is the· ,electrophile. 

H2S04 + HN03 ~ HS04 + H2NOj' 

H2N03 ~ NOf + H20 

H 2S04 + H 20 ~ HS04 + H 30 + 

The overall equation for the generation of the electrophile is 

HN03 + 2H2S01

4 __.,. 'NOi + 2HS04 + H 3o+ 

The 1nechanis1n for 1nononitration is shown in Figure 2. 9. 

Figure 12.9 The electro,ph,iUc substiitution mechanism for the, nitration of benzene. 

Th,e ,c,oncentrated sulfuric acid acts as a catalyst in the reaction as it is 
regenerated ·n the last step \vhen H+ ion ·s released in the mechanism and 
combines ,.vith HS04 to reform sulfuric acid. 

Uses of nitration 

The nitration of benzene and other aromatic compounds is useful in 
industry 

l In the manufacture of explosives. Many nitro c,on1pounds [011.11ed 

by nitration ar,e used in explosives - for exan1ple TNT 2-methyl-1,3>5-
trinitrob nzene otheNrise knov;n as 2 14 ,6-trinitrotoluene is a well-knoVvn 
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c ,t I is th,e process of replad 11g ~ 
hydrogen atom in certa~n rm,oleculles by an 
acy L group (RCO-}. 

0 
# 

R- C 

\ 
an acyl group 

explosive used to demolish buildings and to blast tnines and quarries. It 
is ma.de by nitrating methyl benzene. 

The presence of tl1e 1n ethyl group which is electron rele-asing mak es the 
benzen.e 1nore susceptible to attack by electrophiles, so three nitro groups 
substitute rather than ju st one. 

l In the fo rn1ation of amines. Nitrobenzene can be reduced to 
phenyla.mine (see Chapter 13) which is an important chemical in the 
production of dyes. 

3 In organic synthesis. In organic chemistry the synthesis of a particular 
compoun d is often a 1n u ltistage process. Often nitration is one of the steps 
in synthesis. 10rganic .synthesis wiU be looked. at in detail in. Chapter 15 . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
E TEST YOURSELF 4 
• : 1 .. • • • 
i 
: • • • • .. 
• • • • • • • • .. • • • • • • • • t • 
! .. • • • : 
! 
'!t • • • .. 
• • • • • • • • .. • • • • • 

The fi rs t step in the ni tration mecha ni1sm of benzen e ~s shown below. 
Both benzene and the i1 nterme d i1a te s tr uctu re formed have pi 1b onds. 

a) Na me th is m echani s,m . 

b) W'hat does th e curly a,rrow r epresent? 

c) State how 1many electrons are involved in the pi bond,ing in each 
structure. 

d) Descr ib e i1n, word s what happens f n the next step of this 
mechariisrm . 

e) Name two types of commerc i:aHy im portant mater~alls whose 
manufactu r e 1 nvo lves th e nrt rati on of benzene . 

fl St ate th e condi1Uons required for th e nrtra tion of 'benzene. 

• • • • • 
I 
1 • I 
I 
I • 
= • • • • • • • • • • • • • • • • • • • • • • • • • 
i • I 
I 
I 
I • 
I 
• • 
I 
I • • • • • • • • • • • • • • • 

: ••••••• • • • • •••••• • •••• • ••••••••••• • ••••• •••••••••••• ••• • • • •• • • • • • • • •••• •••••••••••• • ,411111111 .................... .... 

Acylation 
Friedel-Crafts reactions ~lere dev,elop d in l 877 by the French clu~mist 
1Charles Friedel and the American cheinist James Mason Craft They are 
electrophilic substitution reactions in ,vhich an acyl gr ou p is -a ttached to 
the rin g1 rep lacing a hydrogen atotn. They are u sef-ul as the be11zene forms a 
bond v.ritl1 a carbon ) produ cing a side chain . 

Ben zene ca11 b e acylated using an acyl chloride~ in the presen ce of a catalyst, 
to fonn an arotnatic ketone. The catalyst used. is alun1in iu n1. d1loride, and 
the conditions 1nust be anhydrous lo prevent its hydrolysis. 



CsH6 
benzene 

lo 
+ CH3-C 

\ 
Cl 

CH3COC I 
etha n oyl eh :lo ride 

CsHsCOC H3 
phenyl etha none 

+ HCJ 

Remember that phenylethanone is wrftten C6H5GOCH3• Writing 
the formula as C6H5CH3CO i's incorrect. Tlhe -one fn the name 
phenylethanone shows that lt is a ketone andl has a C=O 1n the charn. the 
phenyl indicates that a c6.H5 is attached. 

The required electrophile is the acylium ion CH3 ~ c = o It is formed by 
reaction bet\veen the ethanoyl chloride and the aluminium chloride catalysL 
The equation for the formation of the electrophile is 

+ 
CH3

1COCl + A1C13 --+ CH3CO ;r A1Cl4 
Th ni chanism for acylation is shown in Figure 12.10. 

C-C~~ 

11 
0 

+ 
C- CH3 
II -------t,. 

0 + H+ 

Figure 12. 10 The etectroph ilic su bs tltu tion mechanism for the acylation of benzene. 

T11.e ,catalyst is regenera ted: 

H+ + AlC4 ......,. AlCl3 + HCl 

When methyl benzene reacts with ethanoyl chloride in the presence of 
alu1ninium chloride a similar electrophi]ic substitution re~ction occurs 
but th,e reaction is faster than the reaction of benzene. This is because the 

methyl group increase.s tl1e ·electron density on tl1e benzene ring "rhic11 
means the electrophi.le is attracted u1ore, and so the reaction is faster. 

An alten1ative acylation agent is ·ethanoic anhydride. lnstead of H 1Cl , 
ethanoic a,cid is pr,oduced. 

C6H 6 + (CH3C0)20 ......+ C6H5COOCH3 + CH3COOH 

lmpottance of Friedel-Crafts acylation 
Friedel~Crafts are important 111 synthesis of other organic compounds as 

they allow carbon-carbon bonds to farm. Acylation introduces a reactive 
carbonyl functional group to the ring. This can undergo the reactior1s of 
a carbonyl group and so a,ct as an intern1ediate in the synthesis of other 
co1npounds. 
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TEST YOURSELF 5 I 

~ . i 1 al Write an equation for the reactton of butanoy l chloride with i 
: [benzene. : 
• • i b) Exp ta in why this reactton f:s an a cy lati on. i 
! cl Name the catalyst ,or this reaction and write an eq uation to show i 
t • 

: ihow it reacts w ith butanoyl chlor ide molecules to produce an : 
i electrop,h i te. i 
I I i d) At the end' of tihis reaction the cata,tyst is regienera,ted . Write an i 
: e q :u at i o ni to s h1 ow t h e reg en e r a t1i o 11 of t r, e cat a ty st. : 
I I i el Why m,ust th e reaction mixture be kept completely dry in th is ~ 
: reaction? : • • i 2 Phenyllpropanone is used 1n tne manufacture of the drug i 
• • 

amphetamine. : • • • • t 
• • • • • • t • • 

! 
• I 
I 
t • • 
= • • • 

• al Draw the structural ·formuta of phenytpropanone. : 
• 

bl Write .an equation to show how phenylpropanone is prod1uced from I 
benzene and state the cond i1tfons and reagent used. : 

cl Write the emp~rical form 1u la o,f phenylpropanone. I 
I 

d) Name aind draw the sketetat form,ula of a phenylaldlehyde wh:ich is i 
• an jso·mer of phenylpropanone. : 
• • •••••••••t••••······ ················•t••••••••••t•••••••t••••••••••t••••••••••••••••t 4111111 .................... .... 
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UIRED PRACTICAL 10 
Preparation of methyl 3-nitrobenzoate 
(an organic solid) 
Dogs a re extremely sensitive to smell arid can 
be trained to detect the smell of different types 
of chem.icats. The drug co-caine hydrochlor ide 
hydrolyses in moist air to give ·methyt 'benzoate . 
Drug-.sn1ffi,ng dogs are tra1 ned to detect the smell of 
methyl b einzoa te . 

Nttrobenzene is not prepared in the la,boratory due to 
the nigh toxicHy of benzene. To illustrate nitra,tion in 
the laboratory methyl benzoate, a pleasant-smeUin1g 
organic compound' of low toxfcity i:s used. The 
procedure followed is detailed below. 

• Pour the reaction mixture onto 25 gi ·Of crushed ice 
and stir untiiL aH the ice has meUed and crysta lUne 
met1hyl 3-nitrobenzoate ts formed. 

• Fitter th e crysta ls usi,ng Buchner filtration, wash 
with cold water, recrystaHi,se and' obtain t he 
melting po,int. 

1 Wr,te a11 equation for the nitration of m,ethyl 
benzoa:te to produce methy l-3-nitrobenzoate. 
What homologous series does methyl benzoate 
belong to? 

J What 1s the molecular and the empirica l for mu la 
of methyt benzoate? 

~ • We1gh out 2.7g of methyl benzoate i,n a small 

What condft1ons were used' du ring this prep.a ratjon 
to prevent fu rtner n1itrat ion of the product ta the 
d in,tro derivattve? 

~ co nica l flask and tnen dissolve 1in 5 cm3 of 
; co ncentrated sulfuric acid. When the soUd 1has . . 
' . . d1ssotved cool the mixture in ice. 

Prepare tne nJtratiing mrxture by carefu,lly adding 
2 cm3 of concentrated su lfuric acid to 2 cm3 of 
concentrated nitric aci1d and then coo l this mixture 

• 
1in ice. 

~ • Add the nitra,t i,ng m1ixture drop by drop to the 
= sotut ion of th e methyllb anzoate. stir ring wrtn a 

thermiometer and keeping th e temperature below 
1'0 °c. When the addition is comp l,ete allow the 
rn1xture to starid at roo'm temperature for 15 . . 

: 
• 

1minutes . 

5 How do the conditions for the nrt raUon of methyl 
tJenzoate differ from those for the nit r ation of 
benzene? 

7 Why were the crysta,Ls washed wrtih cold water? 
6 Explain why recrysta llisation was carri,ed1 out. 
8 Catc,ulate the theoretical yi1eld of methyt 

3-nHrob,enzna te based ,on the mass of methyt 
benzoaite used 1n t 1his preparation. 

9 If 2.1 g o-f methy l 3-n itrobenzoate are obtained. 
ca lculate the percentage y·ield. 

i. •Iii lo..J _. •• •J t...i 1.6i• 11• •LI Ii• 11111• U 1.1111 • ._ ••'- ll it•li l.i 1.,1 lo•IIII l,j ••• .II• 1111' .. U 1111'11 11,I U11 illl •• •LI I.• 1111._ L...I I.Ii• • ._••• 1,,I It.ill 1,,11111111 .a• t..1 .§.ii• 11• 1111',I U 1111111j alll 11111 11,111 t_,I LIii 111111. IL..II I.Loi lllt. 111111 1,.,1111111 L,111•11111• 1,,,1,1 U .11• ..... i,j 11111 Iii* a.Ilia•• 11f11 Li I.Iii 11._ L...I I.I.I 1111111,11 1,,I 111111 Ii• t.1111 •• L,1.I lo..J •11111 11,I lo...4 1,l,11 1111 ••• 1111 111i11 i.....l 1.11111 ••11111.f li IIA 1,l,11 a., 



Practice questions 
1 Ho,v many electrons are there in the 

delocalised pi electron systen1 in benzene? 

A 3 

B 6 

9 

D 12 

2 What is the total number of isomers of 
dichlorobenzene, C 6H4 C12? 

A 2 

B 3 

4 

D 5 

(1) 

(1) 

3 Wnich one of the following s'tatements about 
benzene is incorrect? 

A A total of six electrons per molecule are 
de localised. 

B All of the carbon-carbon bonds are th.e 
sam,e length. 

C The. bond angles are aU 120°. 

D The e.mpirical f ormu]a is C6H6. (1) 

4 Cyclohexa-1,3,5-triene is a l1ypothetical 
molecule. It can be hydrogenated to fonn 
cyclohexane 

a) Write an equation for the hydrogenation of 
cyclo,hexa-1,3 ~5-triene. (1) 

b) Use the da1a below to state and explain 
the stability of benzene compared with 
the hypothetical cyclo hexa-1 ,3 ~ S-trie1t1e 
molecule. (2) 

IEntha Lpy of hyd rogenation/ kJ moL-·1 

eye lo hex en e, - l20 

1benze ne -208 

c) How would you experhnentaUy distinguish 
bet\veen a sample of benzene and a sample 
of cyclol1exene? (2) 

5 Methylbenzene C6H5CH3 is used to 1nake 
artificial sweeteners, pharmaceuticals and 
exp 1osives. Monobron1ination occurs tvhen 
one bromine atom substitutes a hydrogen in 

the aro1natic ring in methylbenzene, resulting 
in three pnssible structural isomers. 

a) Dravir and name two of the structural 
. 
ISomers. (4) 

b) Explain tvhy methylbenzene undergoes 
substitution reactions rather than addition 
reactions vtith b,rotnine. (2) 

6 a) Benzene may be convened t,o 
methylbenzene (toluene) by reaction 
with chloromethane in t.he presence of 
aluntlnium chloride. The mechanisln is 
similar to that for the nitration of benzene. 

C6H6 + CH3Cl ~ 1C6H 5CH3 + H,Cl 

i) vVhat is the function of ihe aluminiu1.n 
chloride? (1) 

ii) Suggest the formula ,of the 
electrophile. (1) 

b) The explosive trinitroto]uene (TNT) is 
prepared by the nitration of methylbenzene 
(toluene). 

CH3 CH.3 

Tol:u:ene 

i) VJhat is the IUPAC name for TNT? (1) 

ii) TNT burns to form a mixture of carbon 
dioxide ) nitrogen. and water. Write an 
equation for the co1nplete combustion 
of TNT. (2) 

c) TNT is prepared from toluene by using tthe 
same nitrating tnixture as is used to 11itrate 
benzene. 

i) Name the reagents p resent in the 
nitr.a ting mixture. (2) 

ii) vVri.te an equation for the formation of 
the nitrating species. (1) 

iii) What nan1,e is given to the nitrating 
. ? speaes . (1) 



d) The mechanis1n for nitrating toluene is 
silnilar to that for nitrating benzene. 

i) What name is given to this 
1nechanisn1? (1) 

ii) Outline a mechanism for the 
m,ononitration of toluene. (3) 

iii) Name the organic product in the 
mononitration of t,oluene. (3) 

7 Ethanoyl chloride reacts with benzene. 

a) Write .an equation foT this reaction and 
name the organic product. (2) 

b) N a1ne the catalyst for this reaction and 
v;.rrite an equation to show how the catalyst 
reacts with ethanoyl chloride to produce a 
reactive intermediate. (1) 

c) Outline the mechanism for the reaction of 
benzene with the reactive intermediate. (1) 

d) Name the n1echanism. (1) 

8 a) Draw a dot a11.d cross diagram to show the 
bonding in the nitroni un1 ion N101. (1) 

b) Explain \vhy there is a p,o,sitive charge on 
the nitronium ion. (1) 

c) Explain if the nitronium ion is an 
electrophile or nucleophile. (1) 

d) Write an equation for the genei--atiton of the 
nitroniu111. ion. (1) 

e) The nitronium ion reacts with benzene. 
Explain if this tea ction is additio,n ,or 
substitution. (2) 

0 Ho,v does die mechanism for this reaction 
sho"'v tha t the su Uu ric acid is acting as a 
catalyst. (1) 

Stretch and challenge 
9 Benzene re.acts vvith electrophiles. In a reaction 

with an electrophile the compound Y, sho\\'n 

belovl was fom1ed. 

a) Name the two substances that react t,o 
generate the electrophile; and write an 
eq:nation t,o sho\\>~ the formation of this 
electrophile. (3) 

h} 10utline a mechanism for the reaction of 
d1is elec'trophile \\'i:th benz .. ene to form 
compound Y. (3) 

c) W11at is obsen .. ed when cornp·ound Y is 
wa1med 'with FehHng,s solution? (1) 

d) Another compound X is an isomer of Y. X 
produces a silver n1irror when warmed with 

the reagent Z. Co1npound X is optically 
active. Identify reagent Z and suggest a 
structure for X. (3) 



Amines 
······································································~··········································· ' ' ! PRIOR KNOWLEDGE i 
• a • • ! • A'm,monifa has the formula NH 3 and consists of a ni,trog en atom : 
! I * covalently b·ond ed to three hydrogen atom s. The nitrogen atom has a : ! : 
: lone pair of electron s. : 
• • 
: • Due to ,·ts tone pair ammonia can act as a1 nucleophi'Le, an electron : 
• • 
: pa i:r donor. : 
• • 
: • A Bn11 nsted -Lowry base 1s a pr oton acceptorj ammonia ,s a weak hase. : 
• • : • Hailogenoalkanes [e.g. chloro1meH1a ne CH3CU have a po lar i---
• • 
: carbon-ha loge n bond due to the halogien atoms 'having a g.reater : 
• • 
: e lectroneg;a t ivrty tha n ea rb on . : 
• • : • Ha log enoa tka ne s un a erg O· subs ti1tu ti on reactions with the nu cleop h ite : 
• i 

; N H3 to form am,ines. : 
' t lt+ttt•tt t+t • ttttt, t •t•ttt+t+• • ++tttttt+ t t+ttt•t+++tt tttt• t•t•• •+tttt•• t•tt•+tt, • t+tt ....................... ...... 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: TEST YOURSELF ON PRIOR KNOWLEDGE 1 ~ 
• • i 1 Draw a clot and cross diagram to snow t he bonding in NH3 and tabel ~ 
: the lone pafr. : 
• • 
; 2 Why is ammonia a Brransted-Lowry base? i 
! ! : 3 N!a m,e tn e foUowi n g s tn.J ctu res; : 
I I 

i a I H H H Sr b I H H H i 
i I I I I I I I i 
: H- C: - C- C- C- H F-C- C- C- F : 

i I I I I I I I i 
: IHI Br er H H F H : • • • • • • . I H Cl H d) H CH.3 • : C : 
: I I I I I : 
: H-c-c-C- H H' - C- C- 8r : 
• j 

= I I I I I : ! H H H H H ! 
I I 
I I 

i el Br ! 
I f • • 
• I • • • • • • • • • • • • ' . • • : 4 Explafn w hy am·monia 1s a nucleoph.ile. : 
: ............................................................................................................. ~· 

Amines are a group of nit1ugen containing organic con1p ounds that ar,e 

de.rived fron1 amn1onia. As \vith annnonia, they a-re charactetised by a 
distinctive unpleasant smell similar to rotting fiSh. 

Amines play an important role in the survival of li.fe - they are involved in 
the creation of amin o acids, the building b locks of p roteins and they are 
found in many che1nicals in the body: Adrenalin e; a honnon e that helps tl1e 
body to deal 'With sudden s tress 1 is an amine. Serotonin> a n eurotransmitter 
for- the b rain that controls the feeling of hunger and h elps Tegulate sleepin g 
patterns is als,o an a1nine . A111ines are classified as p rin1ary, secondary· or 

tertiary depending on the numbet of hydrogen atoms substituted. 
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HO 

OH 

serotonin adrena:line 

Figure 13. 1 Serotonin and adrenatine are amines. !Note the N H2 and NH groups. 

The global demand for an1.ines is increasing yearly and is expected to rise 
lo an average of 4501 kilo tonnes by 2020. This increase in demand for 
a1nines reflects d1eir wide ranging applications. 

• Many analgesics (medicines that relie·ve pain) are amines. Morphme is 

an example. 
• Salbutamol 1 the active ingredient in asthma inhalers~ is an amine. 
• Many synthetic dye.-:: are made from 3mines. Methyl orange is made from 

an an11ne. 

• Ai-nines are used in anaesthetics such as N ovocaiine) '\'Vhic h is a ]ocal 
anaesthetic used in dentistry. It is a11 aro1natic a1nine. 

()~T_h_e_s_t-ru_c_t_u_r_e_o_f_a_·m_i_n_e_s ____________ ~ 

You ca,me across tihe terms 
p rj ma ry, secondary a ·n d tert,ia ry 
in Book 11 wh,en you studied 
alcohots. INote that the terms ct:o 
n at have tlhe same me.an ir)g witlh 
ami,nes. 

Figure 13.2 The !itructure of a pri,m;;ry. 
secondary and tertiary amine. 

Atnines are con1pounds based on amn1onia 1 where hydrogen aton1s bave 
been replaced by alkyl o,r aryl (C6l-1,) g1·oups. Primary amines contain 
the - NH2 functional group, which is called the a1nino ~r up. 

• A prin1ary "min~ contains one alky] or aryl group attached to the 
nitrogen atom as only one hydrogen atom in ammonia has been replaoed. 
This 1neans there is onJ.y one carbon chain attached to the nitrogen. 

• A secondary auti.nc contains t\Vo alkyl or aryl groups attached to the 
nitrogen aton1 as two hydrogen atoms in an1monica have been replaced. 

• A L ·1 i~ry a111in -- c,ontains three alh7l or aryl groups attached to the 
nitrogen atom as three hydrogen atoms in ammonia have been replaced. 

pr11mairy seconda·ry tertiary 
am,rne amine amine 

H H' R' 
I I I 

H-N R-N R-N 
\ \ \ 

H H R'' 

where f\ R' and R" are alkyl or aryl groiu.ps 

CH2CH3 
I 

C~;i-N 
\ 

H 

ethylimethyla m·i n,e 

C-1,{~-N 

CH I 3 

\ 
CH3 

trfmethylamine 



Remember that the nitrogen 
in ammonia ca11 form1 a datiive 
covalent bond with another 
hydrogen producf ng a quaterna ry 
ammonium sa lt. 

Quaternary ammonium compounds 
These are produc,ed from tertiary a1nines when the ni'troge~ lone pair of 
electrons forms a dative covalent bond to a founh alkyl group. Hence a 
quaternary mnn1:onium salt has four allirl groups attached to the :ni[rogen atom. 

Like armu onium salts l11ey are crystalline ionic solids . 

For example~ 

CH3 

I 
CH3- Nr+ - CH3 1-

I 
CHi3 

is tetramethylammonium iodidel a quaternary salt. 

o~~~~~~~-
N am in gamines 

The eas,iest WcJY to recognise a 
primary, secondary or tertiary 
ami1ne is to count the number of 
H atoms on the N atom,. 
• 2 H atoms on N atom - primary 

am,ine. e.g. C2H5NH2 
• 1 H atom on, IN ato·m -

seco nd ary amine. e.g. 
[C2Hsl2NH 

• O H c3toms on N; atom - tertic3ry 
am,ine, e.g:. [C2H5b N] 

When nam,ng a minesi ,if you 
need to give the positi on of th e 
carbon to whi ch the N H2 group is 
attac~ed, use the ·amino· form of 
namin g. 

Amines are organic derivatives ,of ammonia. They are usually named 
according to the alkyl or aryl chain follo\ved by-a1nlne. Naming a nines 
can he co,nfusing as there are many va:riaiions on the names. The following 
examples wi.U iUustratc h ow to name different an1ines. 

Name th e compo und: 

H H H 
I I I / H 

H1 - C- C- C-N 

I I I ' H H H H 

Answer 

Id entify 'if it is a prim ary, secondary or tert ia ry amine - it is a primary 
a m,ine as it :has on ly one a llky l group attached to the N1

• 

Name the alkyt cha1in - there are 3 carbons so the stem, is propyl. 

The co mpo uind is propyl.amine [you may also see this named as 
11 -am1i no pro pc31 ne]. 

Nam,e the compound: CHl3 - CH-CH3 

Answer 
I 
NH2 

Identify ·if it ,s a pri ma ry, secondary or tertiary am 1irie - 1t is a pr~mary 
am ine as it has only one alky l g,ro up attached to the niitrogen. 
Name the atkyl cha,in - t here are 3 carbo ns so the stem1 is prop. 
1ln thrs case ·the amino group is attached to th e second carbon so the 
nu,mber must be i1nclud ed in th e na,me. 

The co,mpound is 2-aminopropane. 
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TIP 
The prefix N- is used to show that 
the alkyl g:roups are attached to 
the ma:in cha in via the nitrogen 
atom. 

Nam1e trie co mpound : 

NIH2 

PLE 
Nam,e tne compound [CH3)12NH : 

H H 
11 'c/ 
I ; - , H 

H- C-N · 

I ' H H 

Answer 
Ide nti fy if it rs a prim,ary, 
secondary or terti,ary ami1ne - i,t 
is a secondary am.i1ne as it has 
two alkyl groups attached to 
the riitrog:en . 

Nam1e the compound·: 

CH3C H2C H2 
\. 

N-H 
I 

H3C 

Answer 
• Identify if ,it is a primary, 

secondary or tertiary amine - iit 
is a secondary am1in e as it has 
two atkyl groups attacihed to 
th e nit ro gie n. 

Answer 
l dent ify if it is a prj m ary. 
secondary or tertiary aimirie - i:t 
,is a primary amine as it has 
ornly one ary l group attached to 
the nit ro 9e11 . 
Name the aryl group - phenyl. 

The compound is phenylam~·ne. 

Nam,e tne to ng est alkyl chain -
1it contains one carbon - methyl. 
INam,e the other alkyl chai:n - rit 
co nta:ins o r,e carbor, - methyl. 
The prefix d,i and tri are used 
iif the re a re two or three of the 
same a lkyl gr oup - there are 
two methy Ls so ft ~s named 
dlmethyt 

The co,mpound is djmethylamine~ 

Namie the tong est alkyl cha,in -
it conta in,s three carbons -
propyt 
Name the other a lkyl cihain - ,it 
contains one ca rbon - methyl. 
This second alkyl chain is 
attached to the nitrogen, so a 
pref1ix N- is added to show th,is. 

The co,mpound is 
N-m ethylpro pylam ine. 



The prefix d'iamin.o ·is used 
if a compound con ta ins two 
am,fno groups, for examp:Le 
1,2-d.iamin oethane 1s 
H2 NCH2C H2N H 2• 

2-aminoethanoi·c acid may be 
called a m~noetnano~c acid ; th e 
2 is not essential as the amino 
group cannot tJe attached to any 
other ea rboni. 

CH3CH2C~2 
\ 

Namie the compou.nd.: N1- CH2CH3 

I 
Answer CH.3CH2 

Id ent ify 1if it is a primary, secondary or tertiary am~ne - it is a tertJary 
amine as it has three alkyl groups attached to the ni·trogen . 
Name the longest alkyl cha in - it contains three carbons - propyl. 
Name the other alkyl cha in - it co·ntai,ns two carbons - ethyl. The 
second a Lkyl cha in .is attached to t:h e n,itrog en. so a pref1ix N- is added 
to show this. 
Na me tlr1e third alkyl cha in - it contains two ea rbo ns - ethyl and .it also 
is attached to ·the nitrog.en - s-o the prefix N ~s added. 
The prefix di and tri are used if there are tv,10 or three of the same 
alkyl group. There are two ethyll grollps so it f s N.N-drethyL 

The corn pound is N, N-dietnylpropylamine. 

Compounds that contain an amino group and other functional groups are 
na1rned based on the hierarchy in organic chen1istry ,;ri.rhich states di.at the 
order of priority from highest to lo,vest is as foUows: 

l carboA~yl (- COOH) 

2 aldehyde (-CHO) 

ketone (-CO-) 

4 hydroxyl (-OH) 

5 amines (-NH2, -RNH, -R2N) 

6 alkene (-'C=C-) 

The follmvh'lg groups a.re always na1ned as prefixes in alphabetical order : 
aJky1 (R-)> phenyl (C6H_s-\ chlo,ro (Cl-), bromo (Br-), iodo (I-) ~ nitro (­
N02). 

For example: 

0 H H 
~ I I 

C- C-N 

H-0/ l \H 

H 
\ 

N 
I 

rl 

H l""1 H o 
\ I I 11 
N-C- C- C 

I I I \ 
H H H H 

aminoethanoic acid 
(also kno\Vn as glycine) 

4-aminophenol 

3-aminopTopanal 
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~ ···························································································: : TEST YOURSELF 2 i 
• • ! 1 Name t he fo llowing compounds ~ 
£ a) CH3CH2N H2 eJ CH3CH1(N H2l CH2C H3 ! 
~ b) C&H5NH 2 fl CH3-CH-CH2-CH-CH3 ~ 
i c) (CH3!2NH I I i 
: d) u NH2 N~2 : : H . n • 

i HI ' c1 
g) c H3CH3CH 2CH2NH2 i 

: I 'H : 
: H-C- N H h) i 
! I \ / . OH ! 
: 1H / C H2N' ! 
! ~ \ H ! 
• • . 0 . • • • • • • ! 2 Classify the amines in the table oelow as prima ry; seconda ry or j 
• • 
: tertiary am~nes by placing a ti.ck in the talble be low. : 
• • • • • • • • • i 
• I 

• I 
.! . 
r = • • • • 
• I 
!!lo I • • : : . ' • • • • • • • • • • • • • • .. . 
• • • • • • • • • • • • • • .. 
• • i 3 Isomers of CH3CH2CH 2NH2 inclu de another prim,ary a,m in e. a 
f second,ary amine aind a tertiary a1m1ine. Dra·w the structures of these 
f three isomers. Label ea.eh structure as primary, secondary or terti:a ry. ! 
: 
········ ·························~··· ···········································~••••411lm .... llllllllllllllllllllllli 

()~P-re_p_a_r_a_t-io_n_o_f_p_r-im~ a-r_y_a_m_i_n_e_s~~~~ 

From halogenoa lkanes 

You have com,e across thi s 
reaction and the mechanism 
before in Bac:k 1, and you wi ll 
rev,se the mec ha n1sm, later on in 
th is chapter. 

Halogenoalkanes react vvith an1n1onia to produce an ru.11ine. 

R-X + 
halogenoa1kane: ammonia ammonium halide 

For exan1ple: 

CH3CH2C1 + 

chloroethane a1nmon1a ethylaznine a1nmoniurn chloride 

Condit-ion: heat in a sealed Rask with excess amtnonia in ethanol A sealed 
glass tube is used because the a1nmonia v.rou]d escape as a gas if re flux was 
'implemented. 

The ammonia has a lone pair of electrons an c] acts as a nucleophile 
attacking the cS+ of the polzrr 1C-X b ond. The mechanism is nucleophilic 
substitution 

The an1ine p roduced also has a lon e pair of electrons on the ni trogen 
atom so i t can act as a nucleophile. This can attack anoth er m olecule of 
chlor,oethane, causing futt her substitutiot1 and so continuing the reaction. 



If .. s ammonia is used then a primary amine is the 111ajor product. If 
c.~cess of the halogenoalkane is used. then successive substitution is more 
likely lo occur and the reaction produces ethyl.amine 1 diethylamine and 
tri,ethylamine. We 1NiU look at this in more detail on page 255. Due to a ·mixture 
of different types of atnine being produced., this method is not generally used 
for preparing ptimary amine.s. A better method is by reduction of a nitrile. 

From nitrites by reduction 
Amines can be fom1ed by the reduction of nitrUes using hydrogen it1 'the 
presence .of a ni1ckel catalyst or by using a reducing agent such as lithitun 
tetrahydridoaluminate(m) (LiAlH4) in ether. 

R. - C = N + 2H2 ~ R- CH2NH2 

CH3CN + 2H2 ~ CH3CH2NH2 

ethaneni tri1e ethylamine. 

Condition: hydrogen in the presence of a nickel catalyst 

R-C cN + 4[H] ~ R-CH2N~ 

or using a reducing agent of LiAIH4 

CH3CH2CN + 4[HJ ~ CH3CH2CH2NH2 

propanenitrile p ropy larrrine 

1Condttion: [H] is lid1ium tetrnhydridoaluminate(m) in diy ether 

The reduction reaction gives a better yi1eld than the preparation <0f amines 
frotn halogenoalkanes, and there are no other products. 

o~~~~~~~-
P reparation of aromatic amines 
By reduction of nitre compounds 
Aro1natic. a1nines such. as phenylatnine are prepared by reduction of 
nitrocompounds. Phenylamine is prepared by redi1.1ction of nitrobenzene 
using tin and concentrated hydrochloric acid as reducing agent. 01v~e.raU this 
reduction can be written ~s: 

n itrob enze n e phenylamine 

1Condition: heat under reflux '"'ith tin and excess concentrated hydrochloric 
acid. followed by adding concentrated sodium hydroxide. 

Since excess acid is used (rather than gelting phenylamine directly), the 
protonated form of phenylamine > i.e. ihe pheny la1nmonium ion~ is farmed. 

phe-nylia mm o niu m io1n 
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The command word 'ldentify. 
allows the you to choose to use 
either the ma m e or the formu ta 
of a r eagent in their answer. 

C·once.ntra.ted sodium hydroxide is added to l'1 mov the hydrogen i,on from 
the NHt group . The addition of concentrated alkali liberates the free amine. 

phenylammoni·um sart phenylamine 

When \vtiting an ,equation for this r.eaction, it is usual to wiite the ·equation 
in one step: 

nitrobenzene phenyl.amine 

It is important to start trying to link your orga nic chemistry. A usefu l 
scheme to remember is: 

cone HNO~/ Sn/cone HCVheat 

Na.OH solution 

The nitrobenzene used to produce phenylamine is first p ·roduced by 
nitration. of benzene (see page 239). 

Questions n1ay often involve two nitro groups beiI1g reduced . 

Wrfte a ba1la,riced equation for this reactfor, 
us~ng: molecutar formula and usi,ng [HJ 
for the reducing agent. Identify a reducingi 
agent for this convers ion. 

Answer 
The general equation, for the reduct~on of a 
nitro co 1mpoun1d is: 

RN02 + 6[H] --,, RNH2 + 2H20 

NO:z 

Note that in this case there are two nitro groups hence t he equation is: 

C6H4N204 + 12[H] ~ C6H8iN2 + 4H2D 

The reducing agent 1s tin and concentrated nyd rochtorrc add 



Use of aromatic amines 
Aromatic amines prepar,ed by the reduction or nitro c:.ompounds are used 
in the manufacture of dyes. These dyes) known as azo dyes v,lere the first 
synthetic dyes to be produced towards the end of the 19th ce11tury. Prior 
to this, vegetable dyes, which easily faded were used. A:z.o dyes fade much 
mor,e slo\.vly and are not ren1oved by water or detergent. Tl1:ese dyes account 
for about 60% of aU the dyes u sed in food and textiles. 

o~~~~~~~-
8 as i c properties of amines 

1Remember when writing the 
form,u la of alkyl d mmoni,um 
sa:lts you car1 put BOTH charges 
in (as in th:e methylammoniu :m 
-c hlorfde exa:mple] to show the 
ronic character, or you can 
leave them, both out (as rn the 
pheny'la mmonium chloride 
exa mpteL Never put just one 
charge in - i1t is incorrect. 

Amines; like ammonia, a.rie weak bases. A base is a proton (hydrogen ion) 
acceptor. The lone pair of electrons on the nitrogen ato1n of ammonia and 
an1ines can accept a proton as shown below. A dative covalent bond forms 
betvieen the lone pair of the nitrogen and die proton. 

+ 

methylamine proton rnethylammonium ion 

Basic reactions of amines 

With dilute min ral a. ids 

Dative 
covalrent 
bond 

In general bases react with .acids. Ammonia and amines are similar in their 
reaction \Vi th acids: 

amn1onia +acid ~ ammoniun.1 salt 

amine + .acid~ alkyl aminonium salt 

With dilute hydrochloric acid: 

CHl'NH2 -1- HCl ;= CH3NH3cl-
methylamin , 1nethyl.ammoniun1 chloride 

NH2 N~:;C~ 

+ HCI 

phenyl1arnine phenylammonium 
chloride 

With dilute sulfuric acid: 

2,CH3CH2NH2 + H2S01

4 ;;:: (CH3CH2NH3) 2S04 

ethyianline ethylamrnonium. sulfate 

These reactions ,vi.th acids can be reversed using alkali. The amine can 
be rep1·oducedl again from its salt using a dilute alkali such as sodium 
hydroxide solution . 



u, 
UJ 
z -2: 
<( 

With ,va r 
w"'hen amines r,eact ,vith water they accept a hydrogen ion from water to 
produce an alkyhunmoniu.m ion an.d. hydroxide ions. 

CH3NH2 + HiO ~ CH3NH3 + OH-
methylamine 1nethyhunmorriu1n ion 

The solution formed is ,veakly basic because the equilibrium Hes to the left 
as n1.ethylamine is only partly ionised, and as a result little of it has reacted 
'With the water r,esulting in a solution ,vith low [o·H-J . 

Comparis,on 1of b1ase strength 
The basicity of amines depends upon the availability of the lone pair on the 
N ato1n ) which is used to bond with the proton. Different types of amines 
have different basic strengths as shown in the figure below: 

Primary ahp hatrc amine 

Ammonia. 

Primary aromat ic amine 

Basic strength 
decreases 

Primary alipl1atic ainines are stronger bases than atnmonia because of the 
alkyl group attach ed to the nitrogen. The alkyl group is said to be electron 
donating -it releases electi-ons m,eaning there is slightly n1ore electron 
density on the nitroge11 at,01n. As a result the Ion pair is n1 re availabl 
and so- has an increased ability to a.ccept a. proton. Aliphatic amines 
generally increase in base: strength as 1he number of alkyl groups attached 
'to the nitrogen ato1u increases. 

The tr.end in basicity for the .fhst three primary amines is shovm in 
Figure 13.3. 

H 1H H H H H 
I .. I I .. I I I .. 

H-C~NH2 H-c ~c~NH2 H c ..-c~C...-N'H2 

I I I I I I 
~ lrll rl rl ~ j..j 

l:n crease in b asi city 

Figure 13.3 The diagram, shows that as the size of the alkyrl group increases 
the e lect:ro n donat ing abi Lity ~ncrea,ses, and so the lone pair is more ava ila bte 
resulting in an increase in basicity. 

Primary aromatic amin s such as phenyla1nine are ~-eaker bases than 
ammonia because nitrogens lone pair of electrons can overlap with the 
delocalised pi electrons in the benzene :ring. Th e lone pair is delocalised 
into the pi system, the electron density on the nitrogen is descreased a11d the 

l one pair is less available for accepting a proton. 

The relative s trength of the prhn ary amines can be co1npared b,y looking at 
the pI{a values in the table below. The p~ values given are for the conjugate 
RNHi, The stronger the base.1 the weaker the conjugate acid. As a result, the 
stronger base mU have a high..-::r pK1 value for its conjugale base -in this 
table propylamine "is the strongest base. 



--~ K.a 'l!!_. . 
propylamins [prim; ~Liph;tic] CH~3CIH2CiH2NH~ 10.84 

ethylaming (pr1im~ry ; Li phatkJ CH3 CH2NH2 10.73 

me,thyta'm,ine [pr,ima ry aliphatic) CH3 NH2 10.64 

ammoni,a N H3 9.25 

phenylamine [primary arom,atic] C6H5NH2 4.62 

Decreasi,ng 
basi,city 

····························••t••··············· ··············································,······· ····························;········ ·· ······· ·· i TEST YOURSELF 3 
• j 1 Ammonia and eU,ylam,ine are exa1mples of weak 
! Br~nsted- Lowry bases. 
i al State the ,mean~ng of th e ter m Br0nsted-Lowry 
• : lbase. • i b) ii Write an equahon for the reaction of 
• 

c) Exp lain how ethy lam1ine reacts w ith water to 
form an alka line so lu tion us ing ar, equation. 

dJ Write an equati on for the reactiio n of 
methylam ine wi th su lfur f c ac1d . 

3 For the now scheme 

I 
I 
I 
I 

t • • • • • • • • • • • • • • • • • • • • • • 
' • i ethyla :mine [C H3CH2N H2l w ith water to for m 

• i a weakly a lka Une sotu tiion . NH3CI i 
• i U) In terms of th is reactionj state why the 
! solut ion formed is weakty al kaUne. 
i cl State wh i1ch is the stronger base, amm,onia or .. 
: ethytamine. Exp larn yo ur answer. 
• 
: 2 aJ M,ethylam11ne r eacts w ,ith hyor ochtoric acf d as 
• 
: shown !betow. • • • • • : • 

CH3NH 2 + HCt ~ CH3NH3Cl 

A B C 

a) N:a me stru ctures A-0 
bJ Name the reagents for eac'h step in the 

D 

I 
I • • 
i : 
I 
!I • • • • • • • • • • • • • • • • • • 
' • • • • Ii • Ii • 

I 
i) Nam e the product of t hi s reacti,on. 
U) Expta in now the free amine may be Uberated. conversi'on i 

• I • • • : • • • • • • 

• • • • • • • • 

= 

b) Place tne foUowingi basic compounds i:n order of 
bas,icity from 1 [most basic] to 4 [least Iba sic] by 
ptaeiing th e number in the tablle betow . 

Compound Basicity 

ammonia 

di methyla imi ne 

methylamine 

phenyla,mi ne 

c) Na,me the mechanism for the conversi,on of A to i 
!!I 

8 ! 
4 Exptain why X is a wei3ker base than Y. 

• • .. 
• • • 

X y 

• • • • • • • • • • 
' • • • • • • • • • • i 
I 
I • • 
% 
• + 

=•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••r••••••••••,••••••••••••••~•••••••••••••••••••••••••••••••••••••• ......................... .... 

0 -N-u_c_le_o_p_h_i L-ic-p-ro_p_e_r_t-ie_s_o_f_a_m_i n_e_s __ _ 
Nucleophiles are lone pair d on ors. All anlines contain a lon e pair of 
electt·ons on the nitrogen aton1, so they act as nucleophiles. 

Nucleophilic substitution reaction with 
halogenoalkanes 
The reaction of a halo genoalkane ·Yli.th ammonia .and an1ines forms p ri1-na~ 
secondary; tertiary amines and quaternary arn1n onium salts. 

Making a primary a1nine 

This reac tion h appens in 'two stages. Initially a salt is fon ned: 

CH3CH2Br + NH3 ~ CH3CH2NH3Br 
th yla1nmonium b romi d 
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Then the salt reacts "With the excess ammonia in the mixture and ren,ov,es a 
hydrogen ion forming a primary amine. 

CH3CH2NH3Br + NH3 ~ CH3CH2NH1 + NH4Br 
ethyl.amine 

(primary a1nine) 

·rvtaking a secondary amine 
Further substitution reactions n1ay occur. This is because the prin1aty amine 
produce.ell has a l,one pair so it can act as a. nucleophile and continue to react 
""ith any unused halogenoalbne, in the same stages as before. 

CH3CH2Br + CH3CH1 NH1 --:); (CH3CH2) 2NH2Br 

(CH3CH2) 2NH2Br + NH3 ~ (CH3CH2) 2NH + NH4B.r 
dieth ylammoniun1 bromide die thylamine 

(secondary an1ine) 

This successive substitution results in the fonnation of a secondary an1ine. 

Mai ing a t rtiary amin 
The secondary amine produced also has a lone pair so it too can act as a 
nucleophile and continue to react with any unused halogenoalkane; in the 
same stages as before. This (·urther substitution results in a tertiary amine. 

CH3CH1 Br -t ( CH3CH2)2NH ~ (CH3CH2) 3NHBr 

(CH3CH2)3NHBr + NH3 ~ (CH 3CH2):3N + NH4Br 
niethylamine 

(t rtiary amine) 

~'1akin.g a quat rnary am1nonium salL 
Finally; the. tertiary amine reacts wit'h the halo genoaJlkane to form a quate.mary 
ammonium salt. There is ·no longer a lone pair on the nitrogen so ilie 
quaternary ammonium salt cannot act as a nucleop.hile and the re.action s tops. 

CH3CH2Br + (CH3CH2)3N ~ (CH3CH2)4 NBr 

q uatemary ammonium salt 

hoo ing th ·ondition 
ln this reaction) due to the repeated nud.eophilic substinuion secondary amines; 
leniruy amines .and quaJtemaryT ammonium salts may all be present depending 
on the conditions. The product of each re:'1.Ction is a better nucleophile than the 
starting material as it contains ·more electron donating alky I groups. 

H H IR H + 

I IRBr I RBr I IRBr I 
R- N: R-N : R-N : R-N-R Br 

I I I I 
H R R R 

pdmary sec.onda ry tertiary quatem~ry 

Figure 13.4 The success1ive substi tutions of an amine,. 

The initial conditions can be adjusted to favour p1uduction of a particular 

type of ani.ine. 

• Exce s a11111-1onia favours the productton of prii-nary ai-nine as it is less 
likely that another halogenoalkane molecule v.,,;U react with an amine, 
when there is a large number of unr,eacted ammonia molecules available . 
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• "ces halogenoalkane favours the production of the quaternary 
ammonium salts as it ,ensures that each ammonia reacts with four 
halogenoalkancs molecules. 

The use of quaternary ammonium salts 
Quaternary atnmoniurn salts are used 111 the production of ea tionic 
surfactants that a.re found h1 detergents, fabric softeners and hair 
co11ditio11 rs. They coat the surface of the cloth or hair ,vith positive 
cl1arges and reduce th static due to negatively charged ·electrons. A 
quaternary ammonium sah found in dete ·gent is shown in Figure 13.5. 

CH~ 
I 

1W - CH3 c 1,-
I 
CIH.3 

Figure 13.5 Qua·ternary amimonium sa lts are fou,nd in fabric softener/waiter 
rrepe Llents and hair co nditi,oners. 

Nlechani n1 or th nucI ophilic ,. uh titulion 
You have studied the mechanism of nucleophilic substitution in Book 1; for 
the reaction of halogenoalkanes Vvith ammonia. 

bromoetrume + ammonia ·~ ethylamine + ammonium bromide 

H H 
I I /H 

~-C-C - Br ~:- c-c-N + NHaBr 

l !~ /~ 
: N --

\ H 

I I \ H 
H H ' 

H 

Tne balanced sym:bol equation for the overaill reacti'Oll betvveen a1mmonia 
f3ndl d hc3tog.enoaLkdne contain s two ammonia, molecules. The first acts as 
a nucileophite and substiitutes t'he ha logen. The seco nd. acts as a base and 
accepts a proton , a hydrogen ionj from1 th e reactive inter1mediate. 

Further substitution is possible as the product, the primaty a111ine, is also 
a nucleophile. The· n1echanis111 below illustrates how further substituted 
amines are formed. 

H H H H H 
I I n I I I+ 

H- C - C - Br ----+- H- C- C- N- CH2CH3 + 

l!\ / l ! (_! H 

~N-CH2CH, \ I 
\ ~ '-:N-H 

H \ H 

diethylamine 
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The mechaniStn for the formation of a quaternary amn1onium ion is sho,\¥11 
be]o·w. 

quaternary 
ammoni,um ion, 

+ : sr-

Nucleophilic addition-eliminatjon reactio1ns of 
ammonia and primary amines with acyl chlorides 
and acid anhydrides 
Primary amines and a1nmonia b oth react \vith acy] chlorides .and acid 
an.hydrides to form substitu ted runides. You have akeady studied these reactions 

on page 225 of this book. You must also be fan1iliar with ·the nucleophihc 
addition-elimination 1nechanism outlined for these reactions on page 22 7. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: TEST YOURSELF t. i 
• • 
~ 1 Dr aw th e structural formula of th e two co m pounds formed 1n t he ~ 
: r eaction of CH3.NH2 with eth anoic an ,hydride. : 
• • i 2 al Write a equation for th e react ion of CH3CH2NH2 wt th proparioy l i 
: chlori1de. : 
• • 
f b) Na,me the miechani sm for this reaction . S 
~ . 
: cl Outliin e the mec1hani,sm for th is reaction. : 
i d)I Nc3 me th e product. f 
i 3 al Na·me th e co.mpound [CH3)' 2NH. ; 
• • 
: b) [CH3bN H can be forim edl by th e reaction of an excess of CH3NH2 : 
• • 
: Wfth CH3Br. Nam e and outline a m echan ism for t his rea ction. : 
• • ! cl Name th·e type of compound pr od1uced when a Large excess of ; 
i CH3Br reacts with CH3N H2• i 
J d) Give a use for this type of compound . ! 
• • 
···~~······~~······~·······~•t••···~······•~t•••••~~······~~······~~t••···~·······~·•'llilllllllllllllllllllllllllllllll!I 

Paracetamol 
Pa raceta mol and asptr in are the ilarg.est selli ng pain reUef tab~ets 
avaHable wrthout a prescrirptiori . Para,cetamol can b·e ,made by reactiing 
4-aminopheno'l with ethanoyl chlorJd:e. 

1 Sugg,est a structure for 4-aimi,nop·henot f4-ami nohydroxybenzeneL 
2 Paracetamol has the tUPAC n,a,m,e 4-hydroxy-(N-

etha n,oytami nobenzen e)1. 
al Suggest a structu re for paracetamol. 
b Write an equatiion for the react ion of 4-aminophen ot with ethanoy l 

ctllor~de to pr oduce paracetamol. 
cl Name the m echanis,m for thi s reactlon . 

3 State two reasons why ethanO:ic a,n,hyd,rid e is used' in industry instead 
of et 1han oy l eh lor1i de. 

c ....... . . -- • -· 'l!I'!'"' •• !'1!1* • • te r!' !' ....... ,. "'11"1 i!IP · -- · - ••• , _ · - · - · ••••• •'!• ."I !'!I"° •• ••• ,. •!il 'I !'P • • •e'! '"'••iii.!'• •• --·-• 11• •• 'l!I e • .. . . 4!t ..... IUI 4'!• • ••• , 11, •• Iii • 9 !',. llli • • • - · - - •!!• ••••• t! • • ••• '! ,!'-., ••• 



Practice questions 
1 Which one of the followin g gives the order 

of increasing basic s tren gth for a1nmonia 1 

ethyl.amin e and p11enyla1n ine? 

A amu1onia, ph enylamine, e.thylamine 

B eth}~atnine, ammonia, phenyla.mine 

phenylamine; ammonia~ ethylamine 

D ph enylamine1 ethylamine1 ammonia (1) 

2 The n1echanism for th e reaction of methyl 
amine \vith chloroethane is d,escrib ed as 

A electrop hi.lie substitution 

'B nucleophilic addi'lion--elimination 

nucleophilic addition 

D nucleophilic substitution (1) 

3 lodoethane may be convened to propylan.1in e 
by reaction Vvith 

A ammonia 

B ammonia followed by LiAl~ 

potassium cya11ide foUo,ved by ammonia 

D potassium cyanide followed by LiAlH4 (1) 

4 Atnines can be prepared from halogenoalkanes 
or from nitriles. 

a) l-Bro111obutane is heated with ex,cess 

ammonia in a sealed tube. 

i ) DraVt-" the structure and name the 
amine formed in this reaction. (2) 

ii) Atnm.onia is a nucleophile and the 
mechanism is described as nucleophHic 
substitution. What is a nucleophile? (1) 

iii) Explain ,vhat is meant by a 
substitution reaction. (1) 

b) Prop,anenitr ·1e is formed from 
1-bromoethane by reaction of potassium 
cyanide. 

i) Write an equation for th e reaction of 
1-bromoethane vv1ith potassium 
cyanide. (1) 

ii) \iVba t reagent is used to convert 
propanenitrile to an amine? (1) 

iii) Na.me the a.mine formed ·wh.en 
propanenilrile is convened to 

. 
an amine. (1) 

iv) vVhat type of reaction occurs vvhen a 
nitrile is converted to an a1:nine? (1) 

v) Draw a structural equation sho\T\ling 

all bonds for the reaction "v"hen 
propanenitrile is convened to . 
an am1ne. (1) 

5 a) i) Give the meaning of th e term 
Br0nsted-Lowry base. (1) 

ii) State and explain which of ammonia 
or butylamine is the str-onger base. (2) 

b) Draw the structure of the tertiary amine 
which is an isomer of butyla.mine. (1) 

c) i ) DTaw the structure of the 
species formedl ,vhen the amine 
CH 3(CH2) 11NH2 reacts vnth an excess 
of CH3Br. (1) 

ii) Nan1e the type of compound formed 
in part (c) (i) a.nd give a use for such 
compounds. (2) 

d) Name and outline a mechanism f o,r the 
reaction in which N-methylcth.anamide is 
formed from CH 3NH2 and CH3C01CL (3) 

6 A·m i11es have characteristic properties and can 

fom1 hydrogen bonds due to the polarity of 
the N- H bond. 

a) Show· the polarity of the N-H bond. (1) 

b) The tab le belo"'~ gives the melting and 
boiling points of some amines. 

Melting Boiling State at 
Amine point/°C point}0 1C 2s 0 c 
methy lamine -93 -61.8 

ethylamine -811 117 

propylam ine· - 83 49 

d'i methylam lne - 92 7 

t ri met hy'La m j n e - 11 7 3 

i ) Co1npletc the table giving the 
physical state of each a1nine at roo1n 
te1npe1-atur,e (25°,C). (5) 

ii) Explain why propylamine is 1niscible 
v;,,ith Vv'ate.r. (1) 
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c) i) Name the type ,of mechanism for the 
reaction between phenylamine aind 
bromomethane.. (1) 

ii) Name the type of substance formed 
\vhen phenylamine reacts vvith a large 
excess of bro1notncthane. (1) 

Stretch and challenge 
7 Pr·opy1amine can be prepared in two different 

ways. 

One method involves starting with CH3CH3Br 
and forms an intermediate before f onni11g 
propyla1nine. 

The second method involves starting from 
1CH3CH2 CH2Br and inv,olves just one step. 

a} Name the intennediate compound in 
method one and give the reage.nts and 
conditions for all steps 11:1 the process. In 
addition give the reagent and ,condition for 
the second n1ethod. (6) 

b) State a disadvantage of each n1ethod of 
preparation of propylamine. (2) 



Polymers, amino acids 
and DNA 
Wt•••••••t••+•••••••••••••••••••••••••••••+•••••••tt•t••••••••••••••••••+••••••••••t••••••••••••••••••••t•••••••• 
! PRIOR KNOWLEDGE ; 
• • 
f • AddHion potymers are farmed from1 a lken,es i,n .an addition rea ction. ! 
• • • • • • • • • • : H ~ H H : 

i II I I i--, . 
: n c= c ,.. c- c : 
i I I I I i 
: H H H H ; i n t 
• • i Figure 14.1 The equation for the formation of polythene from ethene. : 
i .Ethene 1s the mono«mer a,nd poly!fethenel is the polymer. often ca lled i 
" • • • • • 

• p,o lythen e. : 
• i • Polythene chains only have van d·er Waa ls· forces between char ns so 
• : are not good for forming fibres or· weaving. 
i • The giroups on the alkene may differ creat~ng dif ferent polymers . 
! • If an H is replaced w it1h a Cl; thie monomer is chloroethene commonily 
i caHed vinyl chto rf de. 
! • The polym er formed i,s 
i c a.l led poly( c h.lo roethe n e) or 
i polyvinylchloride ~PVCL 
I • Two repeating un:its of the 
• : poly,mer may be shown as: 
• 
"' : H Cl H Cl 

i I I I I • : -c-c-c-c-• 
i I I I I 
: H H H H 
• • I 

n 

H Cl H Cl 

I I I I c= c c- c 
I I I I 
H H H H 

i • If t·he Cl is replaced with a benzene r ing, the monomer is ea lled 
i p he ny let h ene [co m mion ly ea lted styrene) a,:n d the polymer is 
: poty[phenylethene) or polysty rene. 
• 

n 

' • • • • • • • • • • • • • • • • • • • • • • i 
i 

i • • I 
I 
!I 
II 

: • • • • • • 
' • • • • • • • 
' • • • • • • • 
' • • 
• II 
I 
I 
i 

: • • I 
• • • • • • ............................................................................................................................................. 

i 1 Name the additfan polymer formed from trie followtng mono,mers • • • + 
! a) ethene • i b) c h lo roethen e 
• 
: c) styrene 
• i 2 Usrngi tlhe following monomer: 
i a]I Name the m onomer. 
• 
: b) Draw the structur·e of two r epeating units of the polymer 
• 
: formed from this ,monomer. 
• I c ) Name the type of polymeri1satton . 
i di Th e poly 1mer is com,monly called PTFE. Exp lai1n the naime. 

: • I • • t 
• !I 
!I 
I 

' • • 
F F : • 
I I i 
C=C : • 
I I i 
F F : 

• • 
' • • f 
I • ••••••• •••• •••• •••••••• •••••••• ••••• , ......... . ..... .... .... .... . . ............. . . .... ........................ lllllllllli 
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H H 

I I 
n HO-C-C-OH + n 

I I 
t,.I' H 

etha-ne-1 ,2-diol 

Condensation polymerisation 
Molecules v,.rhich possess COOH groups and OH gr,oup ot C001H groups 
and NH2 groups c-an fom-1 condensation polymers. During the formation of 
a condensation polymer, water or HCl is eliminated. 

A condensation polymer is a polyi11er formed when monomers join together 
and elin1inate a sma.ll 1no1ecule such as ,vater (or hydrogen chloride). 

There are. nvo types of condensation polymers considered h ere: 

• polyesters 
• polyamides. 

P'olyesters 
.A polyester is a condensation polymer formed between a diol and. a 
dicarboxylic acid (or betw,een 111.olecules of a single cotnpound that contai11 

both a COOH group and an 10H group). The reaction is described as 
condensation polytnerisation as it eliininates \Va.ter. 

This is in contrast to the addition polymerisation of elhene to f onn polythene. 

One polyester is fonned from the reaction between ethane-1,2-diol and 
benzene-1;4-dicarboxylic acid (terephthalic acid). The polyester is called 
poly(etllylene terephd1alate) or PET (so1netimes PETE) . 

PET is a polyester as it contains many ester (COO) groups. 

0 0 0 

II 
0 H H 

II I I 

HO 

~ // 
C C 0-C 

I \ 
0~ 

Jo--c-o-c-c + 2n H2o 
I I 

f,,I ~ n 

benze:ne-1 A-dk:arboxylic: add 
(teirephtha'liic acid) 

p o'ly(eth ylen e te rephtna late) 

Two 1nolecules of ,vater ar,e eluninated for the f.on11ati.on of one repeating 
unit) as one repeating unit has t\vo ester group~ (coo,) and the formation 
of ,ea,ch one eliminates a n1olecule of water. 

A polyester could be fanned using a.n diacyl chloride (a molecule 
containing two acid chloride groups) and .an cliol. In that case 2HC1 would 
be eliminated. 

Nlost plastic bottles used for soft drinks an~ now made of PET (polyethylene 
terephthalate)} a plastic that is recyclable. At the start of the recycling 
process) the boltles are compacted into bales> and tl1~n shredded. Discarded 
plastic drinks bottles are compacted at a recycling facility. The plastic chips 
fo,nned ar,e cleaned and then sent to be used in new bottles. 

Polyamides 
Nylon is a condensation polymer formed from. the re~ction between 
l ~6-diaminohexane and adipic acid (hexane- 1,6-dioic acid) . 

Nylon is a polyainide as it contains many amide groups (CONH) . 

0 0 
~ // 

C-(CH:z)4-C 
I \ 

+ 2n Hi() 

HO OH 

hexari e-11-6-cli o i,c acid 



Figure 14.2 The synthetic fibre. 
nylon is made by the condensation 
polymerisation of am i ne-contaJn ~n9 
motecules and carboxylic ac1d-
c,onta,in i n9 mo Lecules ta fo,rm Long 
eh a ins (polymersl . Nylon is used to 
make fabrics. and aiilso ropes and some 
rn edica l prosthetics. 

This form o,f nylon is often caUed nylon-6 ;6 as it is made from a dia.n1ine 
containing 6 carbon atoms and a dioic a.cid containing 6 carbon atoms. 
Nylon-6,10 also exists ,vhere the dioic acid contains 10 carbons. 

A dia.cyl chloride (n1.olecule containing two acid chloride ( COCl) groups 
may be used in place of the dioic acid and the elimination product is HCl 
rather than water. 

+ 2.n HC:l 

:n 

hexane& 1.6,diamine lhexanediioyl dichiloride nylon 

n 

0 0 
~ // 

C - C + n H2N 
I \ 

HO 0 ~ 

Make sure tilat you can draw 
th e repeati,ng- unit 1in a polymer 
ba sed on the monomers or the 
structures of trie monomers from 
a section of tlh e pally me r. 

Hex.anedioyl di chloride is often called adipoyl chloride fronl\ the 
comn1.on na1ne of the dioic acid. Sebacic acid is the comn-i,on name 
for decane-1 ! 10-dioic acid and the a,cid chloride is ,called sehacoy] 
chloride. Sebaco,yl chloride is often used in the nylon rope trick 
fo rming nylon from 1he boundary of two layers of sebacoyl chloride 
an d 1.6-diamin ohexane. 

Kevlar is a polyanride poly:uner fom-1ed &om benzene-1,4-dicarboxylic acid 
and b errz ene- l 16-dia1nir1le. 

0 0 HI H 

II 11 I I 
NH2 __.,. - - C C-N N- - + 2H20 

n 

There are hydrogen bonds b etween lhe chains of polyiners in polyamides 
du e to the presence of C.=0 bonds an d N - H bonds. Polyesters have 
pem1anent dipole-dipole attractions bet\v'een the polyrner chains due lo 

the presence of tb.e polar C=01 bonds. There are greater forces of attraction 
betw,een the polymer chains in polyan1ides and polyesters ,con1pared to 
addition polyineIS; so polyamides Hke nylon and KevL rand polyes ers 
like Terylene can be used to create clothing. The stronger forces of 
attraction bet,·~,reen lhe polymer chains mean that the fibres can be woven 
together or knit together. Fonnula 1 racing drivers use heln1ets made of 
carbon fibre cove·red ,vHh a layer of Kevlar which gives protection, but is 
still very light . Kevlar can also be spun into shee ts ,vhich are five tin1es 
stronger than steel, and a.re used in bullet proof vests. 

Most addition polym rs cannot be used to create clo,thing as ther,e are only 
,veak van der Waals, forces of attraction hetVt-"e,en the polymer chains. 
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LE 2 

Lactic acidl, CH3CH[O HICOOH~ can form~ conde11sation poty1mer cd LLed 
PLAj po1¥Hactic acid]. Draw a section of PLA showing two repeating un1its. 

Answer 
The COO H and OH 9rou ps of tne 
si ng.te monoirner allow Jt to form, 

CH3 0 
a con den sat ion polymer. It is best I 4 to draw t 1he 1mor,omerwith the HO-c-c 

CH3 O 
I ll 

HO -C-C 
coo H aind OH groups facrng each I \OH 
other to be able to d·raw a sect~on ~ 

I \ 
H OH 

of the polymer. 

The polymer is formed from the 
reaction between the OH group and 
th e COOH group. The structure of th e 
polymer showi1 ngi tvi/o repeating units is: 

CH3 0 

I II I II 
- c- c- o- c- c- o-

1 I 
H H 

This polyester condensat ion poly1mer shows two repeating units, but 
yo,u can start from anyvi1here in the polymer as tong as two com1plete 
repeat~ng untts are shown. The po lym,er could be drawn as shown be low: 

0 C:H3 0 CH3 

II I II I 
- c- o- c- c - o- c -

1 I 

H F1 

Examples wfH i1nclud:e beingi 
asked to draw a certai,n number 
of repeating u n ~ts ·of a polymer. 

The structure below s h,ows the re pea ting unit of a 
polY'mer. 

0 0 

~ ~-CH2-CH2-CH2-~--fo-CH2-CH2::3-

,. Cond·e11sat ion poilymer or pollyester. 
0 0 

11 11 
-O-C-CH2-CH2-CH2-C-O-CH2-CH2-

Give the !IUPAC name for the carboxyLic acidi used to 
form this poilymer: 
G,ive t'h e 11 U PAC ina me of the a Leah o l used: to form 
this polymer. 

.. Na m.e the type of polymer for,med. 

Answers 
Take the polymer and 'Use t h·e c~o groups to id en,tffy 
the acid from wriicri the polyimer was form1ed'. 

0 0 
II II 

- 0 C- C: 1H2- C~2- CH2- C O- Cl,,,12.- CH:2 -

The acid is~ HOOCCH2CH 2GH2'COOH. This acid ijs 
pentanedioic acid . 

" The alcohol structu re and name can be determined 
by looking at the O atoms. They 1mig'h,t be on different 
end of tne polymer; one O atom in this polymer 
1is on the teft but the structure of the alcoho l f s 
HOCH2C H20H. 1lts name is ethane-1.2-diol. 

In d·ioic acids the carbon atoms t hat are part of 
the carbon chain are counted as part of 
the cihain, HODC- COOH 1s et hanedioic aci.d. 
HOOC-CH2-COOH is proparied ioic aci·d. 

Oi:ols and trials require a num,ber for tne pos~tion 
of the OH groups ir:i the ma lecutes. They atso 
requ.ire an extra · e· in the name. 

If this example had stated tnat the polymer is a 
con,densa t:ion p·olymer. you would be expected! to 
give the type of polymer as a polyester. 



Biodegradability of polymers 
A biodegradable polymer is one that can be broken. down in the envir,onment 
by the action of micro-organisms. PolyaUcenes are chemically inen and non­
biodegradable because they are saturated and have no bond polarity. 

Condensation. polymers can be hydrolysed and so are n ow being used tnore 
than addition polym ers. This 1neans that they are biodegradable in the 

environ1nent. Many drink bottles (especially water botdes) are now inade 
from PET. 

Addition polymers, such as polythene; will remain for thousands of ye~rs 
in the en vironment> but PET can be hydrolyse,d by micro-organisms in ihe 
environ1nen1 so it is biodegradable. 

Ho,vever, condensation polymers break down more quickly on a compost 
heap than in landfill. There is less water available in ]andfill to hydrolyse the 
polyn1:er. 

Th re is also less oxygen available in landHU and it is colder. There is less 
UV Hght lo assist breakdov;n of the polymers. A landfill site has fewer 
bacteria than would be p resent in a compost heap. 

D1 isposal of waste 
A large proportion of househo]d and industrial waste in the UK is plastic . 
Plastic \Vaste or polymer \Vaste is particularly worrying as i t does not 
biodegrade and stays in the ,ecosystem for hundreds of years. Sotne 7% of 
household ,vaste is plastic as shown in the chart belo\v~ 

41~ 

Biodegradable waste 

II 41 o/o k itch en/garde n/soll 

Biodegradable & recyclable 
II 18% paper/ca.rdboard 

Recyclable waste 

7% gl1ass 

II 7 o/o pt,astic 

3 % metail cans 
Other waste e.g. 

II S o/o wood, 5 o/o whitegoods, 
5 o/o non-combustib'les, 
3 o/o textiles, 2 o/o n,app i,es, etc. 

Figure 14.3 Co mposition of UK househol d waste. 

The me1hods of disposing of polymers are landfill and incineration. Both 
have their advantages and disadvantages. 

Landfill 

Disad:vantages 
• Landfill ,vast.es land. and often pollutes the land with polym,ers which \Vill 

take hundreds of years to d.ecompose. 
• So1ne polyiners can also leach compounds into the soil. 
• LandJill sites are often an eyesore. 
• Landfill releases methane, which is a very effective greenhous,e gas. 
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REUSE 
REDUCE 
RECYCLE 

Advantage 
• Landfill is the most cost-effecth"e method of ,vaste disposal. 

l ncineration 

Disadvantages 
• Incineration releases greenhous,e gases into d1e air and also some toxic 

gases depending on the polymer being incinerated. 
• Incineration can aJso produce gases that cause acid rain. 
• Incineration still produces \vas te, which has to be sent to landfill~ but this 

is 90% less than \vaste sent directly to lanclfiU. 
• More expensive than landfHl (but can be linked mlh energy recovery 

whe.re the heat of combustion is used lo power an electricity gen,e11Itor) . 

Advantages 
• Incineration saves money 'With regard to transport as waste can be 

incinerated locally. 
• Incineration prevents unsightly landfill sites. 

Th EU has guid lines about how to handle waste materials, including 
polymers. EU policy ranks waste management strategies in. the foUo~ing 
order: 

1 Prevention of waste 

2 Recycling and re-use of 1naterial 

3 Safe disposal of v;la.ste that is not recyclable or re-useable -in this ranking 
order: 

a) Incineration \Vith Energy Re,covery 
b) Incineration 
c) Landfill 

Reduce, re-use~ recycl 1e 
Reduce, re-use an.cl recycle are refen·ed lo as the 3Rs. Waste manage1nent 
has beco m e m ore and more impottant and we have b e,en ,encouraged. to 

reduc,e the amount of waste we produce. Manufactu1-ers must 1in1it the 
amount of packaging and as much packaging as possible must be able to be 
recycled. Reducing 1he a.mount of ,,raste saves the Earth's resources. "vVe are 
encouraged to re-use material such as carrie·r bags over and over again. A.t 
the end of the li£etime of an item, the11 it should be recycled. All this saves 

resources. 

S tra teg•es to reduce control and rnanage polyn1er ,vaste 
Many strategies are already in place to reduce~ control and inanage polymer 
waste. 

• Reduction in th e u se of polymers in packaging. 
• Reduction in use o[ carrier bags. 
• Dedicated polyn1:er recycling (blue bins). 
• Use of biodegradable polymers. 
• Businesses 11.1ust recycle polyiners. 



~ ·································································································································· ···············: : TEST YOUR.SELF 2 ! 
• • :. 1 N t h ...J t 11

~ t h f l l . H H H 1H O H H Q : .. : : · ame e monomers useu . o mat\e ;i e a ow 11ng I I I I II I I II : 
: conde nsat ion polymers: : ! a) PET bi Nylon-6,6 cl Kevla r - o-1-1-1-,-o- c-1-,-c- ! 
: 2 Draw the s tru ctu re of the repeatirig unit 'formed H H H iH H H : 
• • i from condensation polymerisation between Uie a) Na,me the diacyil chloride from which it is ! 
: fotlowi ng two monomers. for·med. i 
f H2NCH2C H2NH2 HOOCCH2CH 2CH2C OOH b)I Naime the diol from wh ich i, t is formed. i 
: 3 The following po!lym er is a condensat ion polym er i 
: 

1c) Name the type of polymer. • : form.ed from a d iacyl ctiloride and a dial. : 
• • . .. ................................. . ....................................................................................................................... . ....... ............................ 11111111111! 

Q Amino acids, proteins and DNA 
Proteins .are compounds of th e ,elen1.ents carbon) hydrogen, oxygen a11d 
nitrogen and usually contain some sulfur as \vell. Proteins perfom1 many 
different roles v.ithin the body such as: 

l Enzymes a.re proteins. 

2 lvtuscle fibres are made of sever.al p roteins. 

3 Antibodies in the i1nm une syste1n are proteins. 

4 Soine h ormones a.re p roteins. 

5 Bone is a ni.atrix of protein and calcium phosphate. 

6 l-Iaem,o,globin and chlorophyll are mainly protein. 

There are many other roles of proteins within the bod)r. ln fact; the wordl 
protein comes from the Greek word proteios 1n eaning first. They are often 
de-scribed as the funda1nenta l n1a terial in living organisms. 

Structure 
The structure of proteins is the most cotn plex all the nutrients and indeed 
an1ong the tnost con-iplex o[ any molecule ~ithin any organisn1. Their 
structure is divided in to three levels: 

L Primary structu re of .a protein is concerned with lhe order in v..~hich 
the amino acids are joined together in the molecule and corresponds to 
the nom1al structural formulae that have heen considered for simpler 
molecules. 

2 Secondary structure of a protein is concerned \vith ili,e folding\ coihng 
and puckering of the chain of atoms of the p rotein molecule. 

J rt iary structur of a protein is co,nce.n1ed with the final foldtng of the 
protein molecule to form a globular protein as dictated by the hi.teraction 
between groups attached to tl1e main body of the chain. 

Priniary s tr uctu re 

Proleins are often calle.d natural polyn1ers, but unlike synthetic ones) they 
are made up fron1 a 5.election of 2 0 different sub,units called anlino acids. 
The sequence of these a1nino acids in the pfotei.n chain joined together by 
peptide bonds makes up the pri1nary structure of the protein n1olecule. 
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R 

I 
H2N-C- COO~ - I 

H 

R 

+ I 
H3N- c- coo-

l 
H 

Many amino acids are ~miu , carb . xylic acid . Variation in the structu re 
of these mono1ne1-s occurs in the side chain ; denoted by R in the structure 
on the left. 

Amino acids do not always behav,e like organic compounds. They have 
tnelting points ,vell in excess of 200°C, \vhercas most orga:nic compounds 
of similar lvft" are liquids a t roo1n temperature. Amino acids are soluble in 
water and other polar solvents, but ar,e insoluble in non-polar solvents such 
as ether or benzene. They ar-e less acidic than 1nost carboxylic acids and less 
basic than most amin -s. 

The reason for tl1e odd properties of amino acids is that they contain an 
acidic carboxyl group and a basic amino group on the sa1ne molecule. 
.Atnino acids undergo an internal acid-base reaction to yield a dipolar io11 
(called a .rr.-ith:rion). In the solid state, an amino acid bas the structure 
sho,vn on the left. 

Solid amino acids contain ionic b onds '""'hicl1 leads to the higher than 
expected 1nelting point. 

1Rec3d over t he section on pH to 
make sure you u nd'ersta nd thi s. 

This Z'!Nltterion structure also nl'la.ins the weakly acidic and basic properties 
of an amino acid as it has the weakly basic COO- group and the weakly 
acidic NHj group. 

H 

I 
- Ni -C 

I I 
H R1 

/ 
Th is CONH bond is t h.e 
peptide H nk o,r group 
that joins the am:ino 
ac: ids together 

H H H 
I I I 
C-C- N-C-C-N-c-c-
1 11 I I 11 I I II 
R2 0 H R; 0 H R4 0 

H 

I 
H2N - C - COOH + 

I 
R.1 

Ami no a,e~d 1 

The R 1. Ri. R3. 
R4, etc. are the 
amino acid 
si·de chains 

H 

I 
IH2N-C- COOH 

I 
R2 

Amir,o acid 2 

Proteins are p olyamides. This is due to the 
c..ondensation reaction which can occur b et.we en the 
carboxyl group on one amino acid and the amino 
group on the next. The bond linki ng these two 
amino acids is called a peptide group or p ptide link. 

Protein molecules ,vould have the form shovln ,on 
the left. 

Peptide groups are formed in a condensation 
Feaction. (a reaction in which. a sn1aU m olecule 
is eliminated , ht this case water) between. the 
carboxyl end of one an1ino acid and the an-1ino end 
of another. 

H H 

I I 
IH2N- C- C- rN - C- COOH + H20 

I II I I 
R1 0 IHI R2 

A dtpeptide 

1v1any amino acids joined in a chain creates a polypeptide and longer 
polypeptides are called prot ins. 

Amino acids 

The stru ctures of six amino acids 
are g,iven in your Data Booklet 

There are 20 naturatiy occurring amino acids. These vary in the R side 
chain. The properties of the R side chain also vary and this allovvs a 
convenient way of classifying th e 20 amino acids in groups. 

These groups are: 

Non-polar aliphatic R group amino acid s 

2 Non-polar aromatic R groups amino acids 



COOH 

I 
NH2-C-H 

I 
H 

Glycine 

COOH 

I 
NH2-C-H 

I 
CH2 

I 
CH 

/". 
C~,1 CH3 

Leuc,ine 

COOH 

I 
NH2- C-H 

I 
CH,20 H 

Senine 

Nonpotar; aliphatic R groups 

Al'anine 

COOH 

I 
N,H2-C-H 

I 
CH2 

I 
CH2 

I 
s 
I 
CH3 

Methionine 

Polar, uncharged R gro1.Jps 

COOH 

I 
N,~2- C - H 

I 
H-C - OH 

I 
CH.3 

Threon ine 

Asparagi,ne 

3 P,ola.r uncharged R groups amino, acids 

4 Acidic R group amino acids 

5 Basic R group ano.ino acids. 

Non,pol a r a romah, R groups 

COOH 

I 
NH2-C-H 

I --C-_H.-c,--
/ , . 

CH3 CH3 

Valine 

COOH 

I 
NH2-C-H 

I 
R-C-CH3 

I 
CH2 
I 

CH.3 

lsol'euciine 

COCH 
I 

N~2 - C: - "11 

I 
CH2 

I 
SH 

Cysteine 

COCH 
I 

NH2- C- H 

~ I 
CH2 

r 
CH2 

I 
c~ 

H2N/ ~O 

Glutam1ne 

COOH 

I 
NH2-C-H 

_ I 
CH2 

Ph enyla1la,n i ne 

Lysine 

COOH 

I 
NH2-C-H 

___ I 
CH2 

OH 

Tyrosine 

basic R groups 

COOH 

I 
NH2- C- H 

I r<C--H--2 ~ 

I 
Cl·h 

I 
CH2 

I 
NH 

I 
C=NH 

I 
NH2 

Arginine 

acidic R groups 

COOH 

I 

COOH 

I 
NH2-C-H 

I 
Cl-,lz 
I 
C==:CH 

T,ryptoph~m 

COOH 

I 

\ 
NH 

NH2 - C- H 

I 
CH2 
I 
C-NH 

\ 
CH 

// 
C-N 
H 

hlistidine 

coo~ 
I 

NH2 - C-H NH2- C-H 

I I 
CH;z CH2 

I I 
COOH CH2 

I 
COOH 

Aspartic acid G!utamk acid 

Figure 14.4 The 20 am ino acids prese nt in human protefns. 
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You do not rn,eed to remember 
th e st ructure of each a m,ino acid 
but make sure you can w r ~te th,e 
co rrect IU PAC names for som,e 
co m,mori am~no aci,ds. 

l.n a, struct1ure the+ sho uld be 
shown on tt,e N atom,. The -
charg,e on coo- should be shown 
on t he oxygen atom at the end of 
th e sing Le 'bo nd. 

LE 3 
Name the followin g amino acirds: 

1 H2NCH2COO H 

2 COOH 

I 
NH2 - C-H 

I 
H- C- CH; 

I 
C~2 
I 
CH3 

Answers 
ami1noethano·ic aci d 
2-a m f n o-3-m eth ylp en tan o i c 
acid 

Am,ino acids in acidic and alkaline solution 
Amino acids contain the COOH group and the NH2 group. Both of these 
groups are affected by changes in pH. 

Th COOH group at high pl-1 deprotonates to fo1m the coo- group. At low 
pH in an excess of H+ ions, the CQ,QH group is protonated as CO·OH. 

The NH2 group can be prolonat.edl at low pH to form NH.3. At high pH the 
NH2 group is deprotonated so NH2 is formed. 

For amino acids that contain other COOH groups or NH2 group in the R g1uup~ 
these groups i..vill also be protonated or deprotoruned depending on the pH. 

Alanine. leuci ne and' lysine have the following structures~ Answer 

leuci.ne 

lysine 

Draw the structure of alanine at high pH. 
Draw the structure of lysi1 ne at tow pH. 
Give the I U PAC name for leucine. 

1 C~h 
I 

H2N - c - coo-

l 
H 

At hi1g,h pH the COOH group is deprotonated to form 
coo-. The a.mi,no acid i:s negatively charged at '1 i19h pH. 

2 NH3 
I 

C:H2 

I 
CH2 

I 
CH2 

I 
CH2 

+ I 
H3N-C-COOH 

I 
H 

At tow pH the two .NH2 ,g roups in lysine are 
both protonated. The amino acid is positively charg,ed at 
~ow pH. 

2-a mf no -4-met:hylpe n ta nor c acid 

Amino acfd-S from peptide 
You may also be expected. to extract the structure of an a1nino, acid fron1 a 
section of a polypeptide or protein. 



The tripeptide be~ow shows three different amino 
acids. 

H3C CH a 
\I 

H CH 0 

I I II 
H H O 
I I 11 

N-c-c N-C-C 
I 
H 

I \ 
Cl,-12 OH 

I 
CH2 

I 
/.? C 

0-? 'oH 

afa1nine va li,ne gl:utamic acid 

Draw the structure of the zwitter~on formed by 
a !la nine. 

6- Give the IUPAC name for VElli ne. 
Draw the structure of species ·for1med by glutaimic 
aci1d at h1g h pH. 
Draw the structure of the dipept1de formed from tvvo 
gt1uta1mic acid rmoleculles. 
Va tine reacts wiith ethanol in the presence of 
concentrated su lf uric a ci·d. Draw the structure of 
the compound formed. 

Answers 
1 

CH .3 

+ I 
H3N-C-COO-

I 
H 

2-a, mi n o-3 -met hytb utan o i c a c.id 

\ ACTIVITY . . 
~ Lysine 
! Today about 500 different a.mi.no acids are known. 
= of which ni·ne are called ·essent,ial amino acids' 

!because they cannot be 1made by the human body,, 
and so 1must be ta ken rn as food. Lysine .is an 
essenti1al amino acid . ,Good -d~ete1ry sources o,f lysine 
inctude h,igh protein foods such as eg:gs, me.at. soy 
beans. Parmesan cheese and salmon. 

; Lys~ne has the far,mula H2N[CH2J4CHlNH2)COOH. It 1s an 
~ optically acbve m·olecutewith a melt~n9 point of 196 °C. 
: 
: . . 

3 

4 

H O H ~ 

I II I I ; 0 

H2N-C-C-Ni-C-C 

I I \ . 
CH2 C~2 OH 

I I 
C~2 CH2 

I I 
Ac nc 

o~ 'oH o::r "oH 
1;; Thts is si1 mply the ester form,ed from the COOH 

9roup in vaUne wi-t1h the OH group of ethanol. 

H.,C CH3 

"-c( H H 
~ I I I 

H3N-c-c-o-c-c-H 
I II I I 
H O H H 

As concentrated sulfuric acid is present it 
would be expected tha,t the N H2 group is 
protonated as shown. 

G:ive the .IUPAC narne for lysine. 
2 What js meant oy tne ter·m optically act~ve? 
3 Draw the two opt~ca l :isomers of ly.s ,ine, la::betUng 

the asymmetr ic carbon wiith an asterisk[*). 
I+ Expla 1in why lysine has a relatively high 

melting po1i nt 
5 What is meant by the term zwitteri on7 

6 a Draw the structure of the species formed by 
lysin e at law pH. 

bi Wrtte the formula o-f the organic ;ion present 
when lysi1.ne is dissolved in an alkaline soluti,on. 
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~ : 
; ! · Draw the structure of ai d~mer for,med when two ~ 

molecules of !lysin e rea,ct. 
8 An e1 1mln·o acid was found to have th·e fotlowJn,g 

composition by mass: 

··------------,, r--=-.. ·• - ..:-··.,·........ ,., ..... ; _ .., ..... ,. - , • .::..t-•i..•·., r:. .. 

Jtterr.-ent: ~:.,ti,:.c-oirf p'i,sifion: .. 
N 10 .5 

C 36J 

H 5.3 

0 48.1 
. 
: 

Deduce the e,mpirical formu la fo r this a·mino aci,d. I 

S. c , n.d.ary stn1ctur 

The secondary structure of a protein is the arrnngeinent of the peptide­
linked backhone of the amino acid chain. It usually involved coiling of the 
amin o acid chain into o ne of two structures. TI\is interaction between du:. 
polar C=O groups and the N-H groups hold the an1ino acid backbone in 
certain orientations. The t,vo main secondaty structure organisations of a 
"protein are a-helices and 1~-p]eated sheets. These involve hydrogen bonding 
bettveen C=O and N-H groups. 

a-Heli 
The a-helix is a right-handed heHx. It is the 1nos t comm o11 type of 
secondary structure and forms when the amino acid R groups are small. 
Keratin~ .a protein .found in fur and feathers contains a high pe.rcentage of 
a-helices. The structur,e of the helix is 1'Ilaintan1ed by the hydrogen bonding 
betwe,en the polar C=O arid N-H groups of different peptide bonds in the 
anuno acid chain. Each turn of the helix contains 3 .6 amino, acid residues. 
The hydrogen bond occurs for example from the C=O group in the peptide 
bond. after amino acid l in the chain to the ·N-H group in the peptide bond. 
after amino acid 4 in the chain . In fact due to the order of C=O and N-H in 
the peptide chain, i t is actually 3.6 amino acids a,vay. 

Hydrogen bonds bet\veen amino adds 
at d.ifferent locations in polypeptide chain 



(J-Pleated sheet 
In. a ~-pleated sheet the amino acid chain is lined up side by side '"ith 
another section of the same chain and the hydrogen bonds occur again 
bet\-veen the C=O and N-H groups on peptide bonds which are facing each 
other. The protein found in silk (fibroin) contains a substantial proportion 
of ~-pleated sheet structure. 

~-pleated sheet 

R R R R 
H I H o I /H o I H a I 
I O I I 

c " .......... N fl / c ' ...-- N // / c' ....- N II / c' ,..,.... N ell / c 
C \ /~·-,N C \ .,......cz-N ( \ .......... c-N C \ / --N 

II C I II C I II C I II C I 
•0 I ,H o, I ~H O I H O I H 

R 
I 

I •
1 R 1' i i' ; R ., ! R I ' 

t I ,' J ; : i' 1
1 

I r p I I I I I 
, ' i ; r i ' ' 

I , I • A I l • 

, ,r ' 1' 1' ; 
/ / ,r l i' ,' p I 
f I I J , 

1 
, I 

~ , 4 1 r , r 1 

fj p I j j I ~ j 

H O H O H O H 0 
I # R I # R I ll R I g R 

N C IN C IN C I C I /' ' I ' ......... N C \c.,,.-c-..... ,N c ........ \ C I c/ ' C I ,n,...... \ C I ' 
I c~ , ~N c/ , ~N ~ c/ 1~ .N c 

~ I // I #' I A I 
0 R .H O R H O R H Of R H . 

Ti rtiary structu r 
n1e tertiary stmctur,e of a protein is the way in which the coiled chain 
of amino acids is folded. Many differ,ent interactions contribute to d1e 
tertiary structure of a protein. These interactions usually involve amino 
acid side chain group wlrich ar-e well separated in the ainino acid sequence. 
lnteractions include: 

Iiydrogen bonding berw·een polar side chain groups. 

2 Disulfide bridges (-S-S-) between cyst.eine amin,o acid residues in the 
. h . p rote1n c I a1n .. 

3 Salt bridges (ionic interaction bernreen RCoo- and RNH3 side cl1ain groups). 

4 Hydrophobic and hyd1~ophilic irtteractions. {Polar and non-polar side 
chains localised in certain sections of the protein tnolecule depending on 
its function.) 

5 Side chains 1nay be t,oo ]arge to be packed closely together. The folding of 
the prot-ein chain minimises steric hindrance. 
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Th most stable tertiary structure is the one \\'"ith the greatest number of 
stabilising interactions. Given a particular primary structure, a protein 
naturally assumes its most stable secondary and tertiary structure. For 
example , every insulin proiein synthesised in the body has the san.1e 

structure as i t has the same amino acid seque11.ce (primary structure). 

Pfeated 
sheet 

Primary protein struc.ture 
is sequence of a cl1ain of amfno acids joined 

~ by peptide links 
Ami1no ac,ids 

Al:ph a :helix 

Secondary protein structure 
a.aheliices and ~ipl1eated sheets neld together 
by hydrogen bonds 

Pleated sheet 

Tertiary protein structure 
fin a I 'folding of the protein cha i:ri ea usE!d by 
several different types of interactions 

Figure 14 .. 5 The primaryt secondary and te.rtiary structure of a protein. 

Fibrous and globular proteins 
Proteins that have mc1inly secondary s truoture are fibrous in nature. Proteins 
with a secondary and tertiary structure are globular. 

Fibrous proteins (also called structural p roteins) form skin, n1uscle, the 
walls of tli.e aneties and hair a1--e cotnposed of long thread-like molecules 

that are tough and insoluble in vtatei-. They are also resistant to, the action. of 
acid and alka Li. 

Globular proteins are sm.aU proteins; somev.rha t spherical in shape because 
of the folding of the protein chains upon th emselves. 1Globu]ar proteins 

are water soluble (due to the presence of hydrophilic side chains on the 
surface) a11d perform various functions witl1in the organism. For example, 
hae1noglobin transports oxygen to the cells; insulin aids in carbohydrate 
1netabolisn1.; antibodies render foreign proteins inactive; fi.brinogen (soluble) 

can fo,11.11 insoluble f-i.bres that resuhs in blood clotting·> and h orni.ones ca:rry 
n1essages throughout the body. 

Enzymes in our diet 
Eru:ytnes are protein s which act as bio,l,ogical catalysts. They a.re n an1ed 
according to the reaction that they catalyse. In nutrition, enzyrnes are vitally 
important as the th1--ee tnain food gToups, fats, proteins and carbohydrates 
ar,e generally large insoluble m.olecules which ne,ed to be b roken down to 

give sn1aUer soluble molecules ·which can then be absorbed into '£h,e blood 
in the small intestine. 



rvt d of action r . nzycn 
The substrate is the reaciant in the reaction that is catalysed by the enzyme. 

The substrate fits into the active site i.n the enzyrne and fortns an enzyme­
subs trate con1plex. The bonds in the substrate are s trained by in teraction 
Viith the ,e11zyrne, and the enzyme-substrate cotnplex becotnes an enzy1ne­
·product cou1plex. The prodluct is n ot the sa1n e shape as the substrate and 
so the fit bet,veen the enzyn1e and the p~odluct is no longer perfect and this 
causes the pr,oduct to, dissociate from the enzyme. 

Most enzymes have an M'r of betv.reen 12 1000 and 120,000 and sometimes 
eve.n higher. Most substrales; for example1 an amino acid) are much smaller 
1nolecules. The specific location on the enzyme where the substrate binds 
is called the ac t ive site . The active she of the enzvme contains amino 

~ 

.acid resid.ues which ca.n interact with the_ substrate- a11.d hold it. T11ere are 
also residues 1Nitl1in. the active site which catalyse the reaction ·whicl1 the 
substrate undergoes. 

TI1.e shape of the active she matches exactly the sb,ape of the substrate and 
the mechanism for d1is is often described as a lock and key mechanism. Th 
·key being the substratel and the lock being the enzyme. 

Figure 14.6a shows tl1e substrate binding to the active site of the enzyme) 
forming the enzyme-substrate con1plex, and then the products being 
released fron1 the enzyme. 

The active site of an enzyine is steveospecific. If two enantioiners of a 1nolecule 
eJ...ist. the· enzyine can only catalyse the reaction for one of the enantiomers. 

Nlolecules can be designed that can fit into the active site and block it. 
Th.ese molecules ar,e called COZ}'me inhibitors and are useful as drugs in 
·metabolic and odter diseases v,lhere it is important to block enzyi-ne activity. 
Computer modelling of dte enzyme and i ts active site can be used to help 
design enzyme inhibitors. 

(a} Reaction 

substrate 

enzyrne -

substrate nnolecuile binds 
\V1ith active- site of enzyme 

molecule form~rig the 
enzyme-substrate complex 

(b) lnh ibition 

inhibitor -
active site 

/ 
enzyme 

rea.ctio n occurs and 
product molecul'es 

a re generated. 

,inlnibitor molecule binds inhibitor mol-e(ule 
with active site of prevents the hind in g of 
enzyme molec,u l'e- substrate molecu,l,es 

Figure 14~6 The reaction and inhibition processes tn enzymes. 
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Figure 14.7 ThaUdom ide is a sedative 
drug, which was prescribed as the 
racematQ to trea t nausea rn preginant 
W·om,en In the early 1960s. It w as la,te r 
found to ea use foe tat a b no rim aUti es 
lnvolvfng. Llmb matfor,matfon. as show n 
by the d,eformed ha.nd and forearm of 
the baby. ThaUdomid e i1s opti,cally activ e! 
the (+l isomer was an effective, drug· 
but the (- ] isoimer cause,d deformati on. 
The drug wa,s ba,nned in 1962. Toda,y. 
the, optica1l isomers of chi ra l drugs are 
se,pa ra ted before tes t,ing. 

Effi et of temperature and pH on enzyn1 a.cti.vi ily 

Fibrous proteins are insoluble in ,vater1 resistant to dilut.e acid and dilute 
alkali and are un affected by n1oderatc changes in te1nperature. Globular 
proteins, on the oth er hand~ are relatively soluble and are affected by 
extrem es of pH and. temperature that disrupts the hydrogen bonding which 
maintains their tertiary structure. 

The specific action of enzymes is due to their tertiary structure, which is 
maintained by hydrogen bonds. Consequently; ,enzymes are very sensitive t,o 
changes in temperatur,e and pH. AU enzyme ~ction is destroyed on boiling. 

The optimum te1nperature range for the activity of an ,enzyme is bet\veen 
35°C an d 40°C. 

In general the optimutn temperature fo1~ the, activity of p lant enzyn1e5 is 
5 °C. Enzymes in warm-blooded animals have an optin1um temperature of 
3 7 °C. An increase in tempe tature usually leads to an increase in the rate of 
a chemical reaction. but n1 the case of enzyme catalysed reactions~ it vvi.11 
eventually lead to inac1ivation of the enzyme. 

0 10 

Optiimum 
te m,peratu re 

20 30 40 

Tempera1ure (°C) 

50 60 70 

Enzy111.e activity is also dependent on the pH of the n1ediun1 in which it 
acts. Most enzymes operate in environments of pH 7. Some Hke pepsin 
(a stomach protease enzyme) can only operate in acidic conditions. 
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Hydrolysis of proteins 
Proieins can be hydrolysed 'to the con;tituent amino acids by boiling \vith 
a dilute mineral acid such as hydrochloric acid. The amino acids can be 
.analysed by thin-layer chromatography (TLC). The de tails of thin-layer 
chromatography wl be considered in Chapter 15. 

Amino acids are colourless and car1 be located on the chromatograin by 
staining ,vith ninhydrin or using ultraviolet light. The retardation factor (Rf 
value) is dete.rmine,d by dividing the distance moved by a particular an1ino 
acid by the distance moved by the solvent Rr ,values for amino acids in TLC 
'\Vith a particular solvent may be used to identify the amino acids presenl in 
the protein. 

U1,e diagnnn show-rs a representation of a thin-layeT chro1natogram of five 

an1ino acids that v.ras run in a solvent of propanone and v,,rater mixed in a 
ratio of 1 : 3 and developed using ninhydrin. 

The ruler aUows the distance n1ovedl by the amino acids and the solvent 'to 
be measured, and is used to calculate the Rt values: 

• The solvent has m.oved 8.3 cm or 83mm. 
• The centre of spot A has inoved 1.0 cm or l O mm. The Rf value for the 

. 'd A . l O O 120 amino ac1 · at spot. 1s - = 1
• 

83 
• The centre of spot B has moved 2 .1 crn or 21 n1-m. The Rr value for the 

amino acid at spot Bis~~.= 0.253 and so on. 

Atnino acids -with lo'h~ Rt values hav,e been less soluble in the solvent 
and have a gr,eater affinity for the support on the TLC p]ate. 1 his v'viU be 
·examined in greater detaH later . 
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1 Th e st ructure bellow rs of iso leu cine. an amrno acfd. 
CH3 

I 
CH2 

I 
H3C CH 

I 
~2N-C- COOH 

I 
H 

! al Identify any chi,ral centres 1n tsoleucine and label eac'h with an 
: aster isk ,(*i]. • 
j b) Draw the structure ·Of the specles ob tained from isoleucine ait low 
,i 

: pH. 
• ! 2 Na,me two featu re of th e secondary structure of a prote in. 
: 3 Explai1n now the R, va lue is deter 1mined from a cnromiatogram. 
i 4 Draw the structure of the zwitteri on form ed frrnm a1lani1ne, 
• • • • ... ... 
• 

H2NCH[CH3)COOH . 

• • • • • • • • • • • • • • • • • 
' • : 
• I 

! 

• !I 
I 
II • • • • • • .. • • • • • • • • • • • • • • • • Ii 
• 
i 
I 
I 
II 

! • !I • 
' • • • • • • • • • • • • 
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Urea 
Urea is a waste product of man'.}" liv ing organisms. 
and 1s the major organic component of human urtne. 
This is because it is produced at the end of a cha,n 
of reactions which break down the amino acids that 
make up proteins. The average person excretes about 
30 Q'rams of urea a day. mostly through urine, but a 
sma ll amount is al so secreted in perspirat,ion 

Urea is an organ,ic co·mpound wrt 1h ttie followingl 
structural formula : 

0 

II 
C 

H N/ ' -,H 2 i N 2 

Urea wa,s first synthesised ,in 11828 by Friedrich Wohler 
and this made urea, the first organic com pound to be 
synthesi,sed from wholly inorganic .start~n·g 'materials. 

Urea can be prepared 1n the laboratory by reacting 
leadll 1] cyanate, Pb,CNOb~ Wl'th ammonia and water 
to produce lead:(ii] hy·draxide and ammonh.Jm cya naitei 
NH4CNO. The amm oni,urn cyanate then rearrang,es 
on h1eaiting to form urea,, which has a metti ng poi,nt of 
133 °C. 

1 Write an equation for the reaction of lead [11] cya,nate 
w1ith a1mmonia and water. 

2 Assuming an 800/o yietd, calculate the mass 
of Leaa:[11) cyanate requi red t o produce 420 g of 
ammonium cyanate. 

3 l The crude product in the preparation is puri·fiied 
by disso lving h1 the 1min imum volume of hot 
ethanol, filterrng to remove insoluble i'mpurities~ 
and coo ling. What na1me 1s given to thf s 
p u rifi cat ioni ip rocess? 

b] What pract-ica L consid erations deter 1m,ine the 
choice of solvent used? 

cl Why is t 1he 'mjnfmum, a mount of hot solvent 
used? 

d] H'ow is the pure dry prodluct obtained from the 
f i1 ltra,te? 

e Givi1n·g pra,cticat ·dieta1ils, d1escr,ibe how you wouldl 
determine w:h ether or not the crysta ls of urea 
prod:uced, are pure. 

Urea is produced iri industry from ammonia and 
carbon di1ox,ide. In this process a,mmonium carbamate 
H2N-COONH4 forms and n then decom poses into 
urea and water. ,More than 9Do/o of the world·s 
industria.l product ion of urea. - approx{mately 184 
miUlon tonnes is used in nitrogen-re lease fertir'l'iser. 

Figure 14.B Urea has the highest nltrog en contenit of 
au sot1d nttroge:nous fe,rtil~se,r s i1n common use. 

4 a) Wrfte an ·equation for the reacUon of a,m,mon ia 
and carbon d4oxictie to form aim moni,um1 
ea rb,a mate. 

b Write an equation for tne decomposit~on of 
am1mcrni,um carbam,ate into urea and water, 

cJ Calculate the perceritage by m ass of nitrogen i:n 
urea:. 

Urea rs also used in the product[on of the polyme r 
urea- mieth anal w hich ls a t hermosettingi plast1c 
res 1in used a1s adhes·ive to gilue wood and MD F. It rs 
prod1uced in the condensation :react ion between urea, 
a1nd methanal in the presence of heat and a base. 
Water 1s eliminated as the fiy d'rogien aitoms from one 
a.m1ino group on each of two urea. molecules combjne 
w~th the oxygen atom1 f:rom, a 1metr1anal molecule. The 
re,ma.ining - CH2- group "from the methanal molecu'le 
then 'for,ms a b ridge betwee·n two nerghbouring urea 
motecutes . Th,is process. rep eated many thousand s 
of Hmes, forms a, longi cna i,n of ur-ea -m,ethanat. 

5 Write an equation to show the condensation 
react ion between methana,l a,nd, 1u rea~ to produce 
one un it of the polym,er urea-metihanaL 

~ : 
: 

. 
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Figure 14.9 The yellow pe,nta gor,s 
rQpresGnt the 2-dQoxy,r1bos9 ,uni,ts 
which are connec ted by smaH 
phosphate ions. The two strands 
[highlighted in red and greeni are 
often. referred to as a s uga.r-phos phate 
backbon,e in DNA. The strands are 
connected by flat p'Lanar mole,cules 
which, a,re the bases. The entire 
structure is a doubile h·elix arranged 
a ro u1n:d th.e sa:m·e axis. 

ON.A 
DNA is deo)..-yribonucleic acid. ]t is a double-stranded polymer lhat is found 
in the nucleus of cells and carries the genetic code in. chemical forrn. 

DNA is made up of a chain of 2-deoxyribose units connected by a 
phosphate ion. Bases are bonded to the 2-dleoxyrihose and hydrogen bonds 
between the bas·es hold the t1.vo stl?ands together, fom1ing a double-helix 

structure. 

Components of DNA 
The components which make up the backbone sugar-phosphate strand in 
DNA .are given below: 

OH 
0 

OH 

I 
-0-P=O 

I 
OH 

H 

OH H 

phosphate 2-d eoxyriib ose 

The carbon atoms in 2-deoxyribo,s.e are numbered as sbo,vn in the diagram 
belov\'r. This numbering is very important as the other con1ponents are 
bonded at specific carbon atoms. Ribose is a pentose sugar with the fonnula 
C5H10,Q 5 but 2-deoxyribose is ,C5H 100 4. There is an oxygen atom removed 
fron1 carbon number 2 in deoxyribose compared to ribose. The structure of 
ribose is also sho"Wcl. below. 

s 

I 
HOC H2 

0 

H 

numbering of carbon 
atoms in· .2-deoxyribose 

OH 

H 
2 

1 
OH HOCIH2 

0 

H 

OH OH 

ribose 



<C 
z 
C 
0 
z 
<I: 
V, 
Cl -u 
<t 
0 
z -:I: 
<t .. 
u, 
IX 
LU 
:2:: 
> :..J 
0 
a.. 

"' Ill:""" 

OH 
I 

-0-P=O 

I 
OCH2 

OH 

OH 
0 

A phosphate ion is bonded to, 2-dexoyribose at carbon numb r 5 as shown. 
on the left 

The sugar-ph osphate baclzbone is built from these units. The phosphate ion 
on carbon 5 bonds with carbon 3 on rhe next 2-deoxyribose unit. 

OH 
0 

H 
H 

0 

I -o- iP~ o 
I 
OC H2 OH 

0 

H 

OH H 

This continues creating the sugar-phosphate b,ackbone ,of the DNA polymer. 

A base is bonded at carbon l on ach 2-dleoxyribo,se mo]ecule .of the sugar­
phosphate backbone. There are four bases in DNA. The structure of the 
bases in DNA are shovro. below: 

0 

adeniine guan 11ne 

0 

cytosine thymi,ne 

Adenin.e and guanine are purine bases and cytosine and thymine are 
pyrirnidine bases. 

Adenine, guanine, cytosine and thymine are referred. to as the bases as they 
all contain anlino gr:ou ps. 

The nitrogen aton1 Vv~ruch bonds (;O carbon 1 of the 2-.deol..yribose unit, is 
circled in green on the molecules above. Water is eliminated in this r,eaction. 



OH 

I 
-O-IP=1Q 

I 
OCH2 

0 

OH 

A single unit of a bas bonded to a 2-deoxyribose at carbon l v1,1ith a 
phosphate ion bonded at carbon 5 is called, a nucl tid . 

There are four nucleotides) one for each of the bases. These nucleotides 
.are sl10\vn in Figure 14.10. The n.ucleorides are called adenosine 
monophosphate, guanosine monophosphate) cytidine monophosphate and 
thymidine :rnonophosphate. 

0 
OH 

I 
-o-P=O 

I 
OCH2 

N 

< N 

N 

< N 
0 

H H 
HI OH H 

adenosi,ne monophos'Phate g uanosrne mo.no1phosphate 

NH2 0 

OH OH 
H3C I ~'N I 

I 
N'H 

-0-P= O 

NAO 
-0-P= O 

NAO I I 
OCH2 OCH2. 

0 0 

H H 

OH H OH H 

cytid irne monophosphate thymid~ne- monophosp'hate 

Figure 14.1 D Adeno·s in e monophos.phate. g:ua nosi ne monophosp hate. cybd1i ne m on ophos phate and' thy mi dine 
mo nophosp hate 

M1a ke s ure that you are abte to put together the compo nents of DNA to 
form the riucleot~des or recognise tlhe bases and other components of 
DNA from a given structure. 

D1NA structure 
The fun strucrure of DNA is based on the connection of nucleotides to 
form a su.gar-phosphat,e-sugar-phosphate polymer chain. The nucleotides 
are joined in a condensation reaction belween the OH of the carbon 3 and 
the 10H of the phosphate ion group. Water is elhninated. Another chain 
of nucleotides rni-:ts parallel and the bases a.re jou1ed together by hydrogen 
bunds. One chain runs from its carbon 5 end (often called S') to carbon 3 
(often called 3') and the other runs fron1 3' to 5'. 
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s~end o_ 
o I 

~ P. /' _o o 

0 

two mo noin u deotides ID ir:1 u cleot ide 

The condensation reaction continues forming a cha.in of nucleotides. 

Adenine 

\ Nhl 
.~IP 

,1 2 

\ _N_ 

0 
o~ I 
~ ~ 
/ _o 

hydrogen bonds 

0 

0 
a I ~ ' /" _o o 

OH 

3' end 

---1 

0 

l 

3' end 

OH 

o o_ ,; 
p~ ,~a 

0 

o o_ 
,I 

P~o· 
I 

0 

0.. 
o, I 

p~ 
I o 

-0 
S' end 



The bases are always in the same pairs . Adenine pairs up 'with thymine and 
guanine pairs up with cytosine. So an adenosine monophosphate nucleotide i 
in one strand wiU be hydrogen bonded to a thymine monophosphate ). 
nucleotide in d1e other strand. Similarly a guanosine 1nonophospba1e 
nucleotide in one strand will be hydrogen bonded to a cytidine 
1nonophosphate nucleotide in the other strand. 

The pairh1g of the bases guanine and cytosine is often refen·ed to as a 1GC 
base palr and the pairing ,of the bases adenh1e and thymine is often refeiTed 
t,o as an AT base pair. 

There are three hydrogen bonds between the bases guanine and cytosine 
but only t,vo hydrogen bonds between the bases adenine and thy1nine. This 
can alter the prupeTties of DNA. A section of DNA which is rich in GC base 
pairs will require a higher ten1perature to separate the strands. 

The diagran1 belovt shovi/s the hydi-ogen bonds betvreen thyinine and 
adenine and also between cytosine and guanine. The hydrogen hands fonn 
between a hydrogen atom bonded to a nitrogen atorn in the base and a lone 
pair of ele·ctrons on either a nitrogen atom or an OA"Ygen atom. 

H.3 C 

thymine NH adenine 

cytosine guanine 

Short form of DNA 
Often DN .. ;\ may be represented as a double chain with G, C, A and T used 
to represent the bases as shown below. 

G T G A C A T A 

C A C T G T A T 
I I I I I I I I 

You may 'b given part of a section like this oond be asked to complete the bases. 

Comp lete the sequence of bases in this represen tation 
of a DNA molecule. 

Answer 
This question is testirig your knowtedge of the bas·e 
pairs in DNA. It ifs 1important to re me 1mber that the 
base pairs are AT and GC . 

I I I I I I I I 
A G A C C G T C 

T C 
I I 

A G A C C G T C 
T C T G G C A G 
I I I I I I I I 
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Figure 14.10 The, he,'li case enzyme 
unzips the DNA double helix and DNA 
po'lymerase enzymes copy each strand'. 

Action of a 1nti-cancer drugs 
A cancerous ceU is a cell in "'"hich cell division i.s not controUed and it 
continues to divide to form a tumour. For ihe cell to divide, its DNA must 
·be replicated. This involves separating the DNA strands in the double helix) 

and enzy1nes moving along the strand copying the DNA. The enzy1nes 
catalyse the conneC'tion of the nucleotides forming two new double helices1 

one fonn,ed fron-i each of the otiginal strands. 

- Adenine 
Thymine 

- Cytosine 
- Guanine 

DNA po,lymerase 

I 

I 
DNA polymerase o riig fna'I (tern p'late) 

DNA strand 

Some anti-cancer drugs inhibit the enzymes that are involv,ed in the 
synthesis of the nucleotides. Others inhibit ,enzymes which catalyse the 
DNA replication process. Cisplatin is a platlnum[u) complex with 2 ch]oiide 
ions and 2 amm,onia molecules. I was introduced in the chapter on 
transition metals as a square planar c,omplex which can cross-link DNA so 
preventing rep Ii cation. 

0 Nitrogen atom which 
bonds to Pt Jn cisp latln 

Cisplatin acts by allo,ving a coordina.te bond to fon.n beiween a 
nitrogen atom i11 guanine and the platinum in cisplatin. Cisplatin can 
also bond to other guanine residues 111 the sarne strand or between 

HN 

H2NA N NH 

the strands. DNA canno,t b e replicated. 

In adults, most cells are no longer dividing. However, some cells like 
sex cells; intestinal lining ceUs, hair and skin cells ar:e still undergoing 
,cell division. The: use of anti-cancer drugs destroys these dividing 
cells as well Patients taking these drugs lose their hair, have s lcin and 
digestive problems and are often left unable to have children. 

D'Octors will advise patients of the potential adverse risks and benefits of the use 
of anti-cancer d1'1l gs. Patients 1na ke the decision whether to take the treatment. 

~ ......................... ..................................................................• 
i TEST YOURSELF It i 
: 1 Na,me four bases in :ONA. ! 
• • i 2 W'h icln two bases in DNA for ,m th re,e hydrogen bonds between th em? j 
i 3 Describe the struc tu.re of a nu c leotf de. ! 
• • : 4 Comp lete the sequence of bases ~n this section of DNA . : 
• • • • • • • • • • • • : TC GATA C G : 

£ A G ! 
I I I I 
• • A•••111 • ••••••11 • 1••••~•111•••••• • 111•••••1111••••••1111•••••1111••••~•1111•••••~111•!!lllllllllllllllllllllllllllllii 



Practice questions 
I Which one of tlie following is the coIT,ect 

fo1'1Uula of hexanedioic acid used in the 

production of nylon-6>6? 

A CH3(CH2) 4COOH 

B CH3(CH2) 2CH(CQ,QH)z 

HQQ,C(CH2) 4COOH 

D HOOC(CH1 ) 6COOH 

2 Which one of the- following is not a 
condensation polymer? 

A Polyethylene terephthalate 

B Nylon-6~6 

Polythene 

D Kevlar 

3 Three amino acids are given below: 

'H 

I 
H2N-C-COOH 

I 
l..j 

glycine 

COOH 

I 
CH2 

l 
H2NI-C-COOH 

I 
H 

aspartic acld 

CH20H 

'H2N-!-cooH 
I 
H 

a) Which on.e. of the amino acids is not 

(1) 

(1) 

optically active? Explain your a:ns\ver. (2) 

b) Draw the structure of a dipeptide formed 
from one asparti.c acid n1olecule and one 
serine molecule. (2) 

c) Give the IUF_AC name for aspartic acid. (1) 

d) Give the IUPAC name fnr serine. (1) 

e) Draw the species f onned from aspartic acid 
at high pH. (1) 

£) Draw the species forn1 f:r-om serine at low 
pH. (1) 

g) Serine reacts with methanol in the presence 
~ of concentrated sulfuric acid. Draw the 

structure ,of the compound formed. (2) 

4 The IUPAC na1ne for the amino acid> 
threonine is 2-amino-3 -11ydro:x'Ybutanoic acid. 

a) DraVv· the structure of threonine. 

b) Draw· the structure of the species formed 
from threonin.e at ]ow pH. 

c) Threo11ine reacts \\iith ethano,ic acid in 
the presence of concentrated sulfuric 
acid. D1raw the shucture of the compound 
formed. 

5 The diagnnn below sho,vs a. representation of a 
nucle,otid,e. 

0 
OH 

I 
-o-P=O 

I 
OC H2 

0 

OH 

a) i) Name the base in this nucleotide. (1) 

ii) vVii.te tl1e molecular formula for the 
base. (1) 

b) Name the sugar component of the 
nucleotide. (1) 

c) i) With which base d,oes this base 
hydrogen bond? (1) 

ii) 10n the blse sho"'r the point at which 
hydrogen bonds fom1 ,vith the other 
base. (1) 

d) On the sugar show the point of attach1nent 
of the next nucleotide. (1) 

6 Cisplatin. has the formula [Pt(NH3) 2Cl2J. 

a) \Vhat is the oxidation state of platinum in 
cisp latin? (1) 

b) State tl1e shape of the con1plex. (1) 

c) ,Cisplatin is used as an anti-cancer drug. 
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II 

i) Explain ho~r cisplatin acts as an anti-
cancer drug. (3) 

ii) State h~lo adverse effects of the use of 
cisplatin. (2) 

7 Polyesters are f om1ed from the reaction bet\veen 
polyhyd1ic alcohols such as ethane-1,2-diol 
and dicarbo,A.-yhc acids such as terephthahc acid 
(benzen -1 ! 4-dicarbo'1..ylic acid). 

a) Draw the s tructural formul.a of the 
foUovling compounds: 

i) eth.ane-1 ~2-diol (1) 

ii) terephthalic .acid 0) 

b) Give the polymer structure of the polyester 
formed in this reaction showing t\\·o 
repeating units and circle an est r group . (3) 

c) Name the type of polymer for1ned in tl1is 
polymerisation. (1) 

d) Polyesters may also be formed using diacyl 
chlorides. 

i) Draw the sttucture ,of the diacyl chloride 
formed! f-ro1n terephthalic acid. (1) 

ii) Write. an cqu~tion for the reaction of one 
molecule of the diacyl chloride with two 
molecules of ethanol. Q) 

e) Terephthalic acid is formed from the 
oxidation of l )4-diinethy]benzene. Write 

and equation for this oxidation using [Ol to 
repre.s ent the oxidising agent. (2) 

,8 The· foHowing polymer is a condensation . 
polymer fonned. from a diacyl chloride and a 
dial. 

0 C2Hs 0 

11 I 11 
- C - 0 - C - 0 - C - CH2 - CH2 -

I 
CH3 

a) Dravt the diacyl chloride frotn whi eh h is 
furmed. 0) 

b) Name the diol from which it is formed. (1) 

c) Name the type of poly1ner. (1) 

5 retch and challenge 
9 Aspartame is an artificial swect,ener used. in 

many products. Its structure is shown below. It 
is the 1nethyl ester of a dipeptide. 

CH3 

I 
0 

I 
C= O 

I 
,,.............-C~2 - C - 1~ 

I 
N- H 

I 
C = O 

I 
HOOC-CH2-C-1-l 

I 
NH2 

a) Name the lVv~o amino acids present in 
aspartame. (2) 

h) Draw the structure of the dipeptide at higl1 
pH. (1) 

c) Dr~nv th,e structure of th,e dipeptide a.t lo,v 
pH. (1) 

d) Place a.n asterisk ( *) at any chiral centres on 
the structure of aspartam·e. (1) 

e) A sample of asparta1n,e was hydrolysed 
using dilute hydrochloric acid and thin­
layer chro1natography carried out on the 
products of hydrolysis. Ninhydrin ~ras used 
to develop the chromatogram. Two organic 
pt·oducts \.Ve.re det,e,cted using ninhydrin. 

i) Dra"'r the structur·es of all the organic 
products which would be form, d on 
hydrolysis of aspartame using dilute 
hydrochloric acid. (2) 

ii) Which of these products are detected. 
using ninhydi:in? (1) 



Organic synthesis, 
NMR spectroscopy 
and chromatography 
........... ,f ······-·····························································~····························-·· ! PRIOR KNOWLED1GE ! 
• • • • 
: • A homologous ser~es is a fa;mily of organic compounds contain i'ng the : . - . 
: same fun cti ona l group. : 
• • 
: • A functional group 1n an organic com pound may be changed ~nto : 
• • 
: another functional group. :---
• • 
: • Organrc chemistry requires kriowledg'e of the reagents used and : 
' ' : co ndirtions requlred for a particular type of reaction . : 
• • : • lnfrared spectroscopy and mass spectrometry may be used to : 
• • 
J an,alyse and tdentify an organ,ic compound. i 
: • lnfrared spectroscopy ,may lbe used to determine the bonds present in e 
• • 
~ a1ni org.anic compound and' the fingerprint region used to identify the i 
: co mpound. : 
• • 
: • Mrass spectrometry may be used! to determ~ne the m1olecular form,ula : 
• • 
: of a compound . : 
• • • • ................................................................................................................ 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TEST YOURSELF ON PRIOR KNOWLEDGE 1 
1 Naime the following, aliphatic orga,nic co 1mpounds a,nd nam:e the 

homologous ser ies to whfch they belong. 
a) CH 3COOH 
b) CH3CH 2CN 
cl CH 3CH 2CH2COCH3 

d) CH3COOCH3 
i el CH3CH2CH 0 
i f1 CH2-CHCH 2CH3 
i 2 Whrch groups in an organic compound would a,bsorb at the foUowingi 
• ! wavenumbers in an infra red spectrum? 
i a) 1680- 1750 cm-, 
• • • • • • • • 

b) 3230-3550 cim-1 

c) 2220-2260 cm-1 
• • : 3 l1dentify the a lkene which has a peak; dlle to rts molecular i,on~ at 
• 

I 
i 
I 
I • • • I 

" • • • • • • • • • .. 
• • • • • • .. • • • • • • 
' • • • i 
i 
i 

i 
Ii 
II • 
" : • • • • • • • • • • • • .. • • • • • • .. : 1m/z =42 in its mass spectrum. 

: .............................................................................................................. .. 

10rga nic synthesis 
Organic synthesis is a branch of chemistry concerned ,vi th producing 
organic compounds by ch.e1nicaI reactions. The A111erican chemist Robert 
Bums Wood,vard is regarded as the father of 1nodern organic synthesis 
and was awarded the Nobel Prize in 1965 for synthesis of many natu:r-al 
products such as cholesterol> chlorophyll ~ quinine and cortisone. 
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The synthesis of organic compounds requires functional groups to be 
changed into other functional groups. The diagram belo\v sho,\."S the 
connections between different homologous series and the table gives the 
details of reagents~ conditions ) ·mecha:n.ism and type of reaction for ,each 

. 
converS1011. 

Questions on synthesis focus on conversion between different organic 
co1npounds, ohen as a one-step or a two-step process. However, synthetic 
routes v.tith up to four steps are possible. 

A chemist will ahvays try to hn1it the nu1nber of steps in a conversion 
as there is loss at ea-eh step as the percentage yield is not 100% for each 
reaction. There may also be waste in terms of ato1n economy. 

1Chemists try to avoid the use of auxiliary chemiu'l]s such as solvents if they 
are not needed. Gas phase reactions are preferred as they do not require a 
solvent Water n1ay b e used ,vhere a solvent is required. Organic solvents 
such as c·hlorinated compounds and elher are volatile and it is hard to 
control their escape into the atn1osphere . 

Chemists also try to minimise the use of hazardous staning materials . These 
may be toxic, corrosive or flamniable. Often the use of potassium cyanide is 
avoided as it is toxic.. Other synthetic routes ,viU be used. 

o--~~~~~~-
s um ma ry of organic reactions 

g 
30 

Ha ~og enos ~ka ne 

D ihaloalkane 

A:lkane 

30 
Alcohol 

1, Cl 

Ha l.og·enoa ~kane 

2° Amine 

Phenyl eth a,non e 

36/ 
/ 34 

Benzene ~ N'itrobenzene 

(The nun1bers on the arrows are references to, the reaction details in 
'th. table on pages 289-300.) 

35 

8 2.0 

..._.._ Al'cohol 

Phenyfamine 

15 

Ketone 

/19 
H yd roxyn i tri he 

Este.r 

Carboxylic 

ac id 

\ 24 

Ammonium 
salt 

... 

1 ° Ami·ne 

26 

Acid 
anhydride 

Add 

chloride 

27 

Amide 

32 
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4"~ ·~· . ... ·-, a1lkan e -t, ha.Logenoa lka1nQ Cl2 UV Light FrQQ- ra.dkal S ubstjtutiion 

t.,, 
C 

CH4 + Ct2 _. CH~Cl + HCL substitution 3 
2 alkene ~ halog:enoalkane HX N/A Electroph~Uc Add.Hlon Si 

Sb 
C2H4 + HBr--+ C2H5.Br addition '< 

3 alkene ~ dtrhaloalkane Halogen, e.g. Br2 N/A Electro;phi Lie AddiHon 0 
~ C2H4 + B r 2 --4- CH2BrC H 28 r addition (C 

4 a Likene-+ a lco!ho L H2o Co nee ntrated H2S04 Electro,ph·iUc Addiition followed Q1 
:s 

C2H4 + H.20 -... C2H 50.H or concentrated addition by hydrolysis n" 
1 °, 2° ain d 3° ailcohols ea n be H3P04 i produced depending on the positi.on 300 °c 

" of the C=C ;nd the actuat ; ,Lkene 7 MP; ...,. --
used g 

fwi"II 

5 1 ° ha logenoalkane ---+ 1 ° amine, Concentrate-d Excess NH 3 dissolved N uc Leoph i Lie S ubstHution 
C2H5Br + NH3 ~ C2H5NH2 + HBr NH3, in ethanol substitution 

6 1 ° ha,Logenoalkane ~ 2° amine, 1° amine Amine disso:Lved in N uc Leoph ili c SubstHutJon 
C2H5Br + C2_H6NH2 ~ (C2H5~2NH + ethanol substitution 
HBr 

7 1 ° h1alogenoaLkane - 1° alcohol N!aO H[a.ql Heat uinder reflux N u C teo ip hi u C S.u bstitution 
C2H5Br + iNaO H --+ C~O H + NaBr subs titu tio n 

8 2° hato,ge,noa[ka,ne· - 2° atcohol N!eaOH(aq] Heat u:n;dQr reflu)( N ucleo ph ili c S u1bst1itut1ion 
CH3C HBrCH2 + Na OH ~ substitution 
CH3CHIOH)CH3 + iNaBr 

9 3 ° h1alog.enoa L'kane --+ 3° alcohol NaOH[aql Heat under reflux N UC leoph ili C Substitut1ion 
(CH3bCBr + NaO H ~ [GH3 )3ClOH)I + substitution 
NaBr 

,o 1 ° or 2° or 3° hatogenaa lka ne -+ KOH [dissolved i1n Heat u:n der reflux Eli m l,nat1on Elim1iinat:ion 
a1lkene ethanol] 
C2H5Br + 1KOH ~ C2H4 + K.Br + H20 
The position of the halogen atom 
e11ndl thG a ctua L heil oggnoa tkan; will 
gii'Ve d,ifferent alk~nes or even a. 
mixture 

, 1 1 ° ha1logenoalkane--+ nitrHe Potassi1u m cyan ide :N uc Leopn i Uc S ubstitut1ion 
C2H5Br + 1KCN ~ C2H5CN + KBr td isso Lved in subs titu t1o n 

ethanoU 

12 a koho l -* a,tkene Con ce nitrated 170 °C for acid EU m inatiion Elimination 
C2H50H --.. C2H4 + H20 H2S0 4 or deh,ydration Dehydration 
1 ° or 2° or 3° alcohols can undergo concentrated H3P04 
this rea,ctia n to form d1iffering [or Al203 ca.te1 tys t] 
e:1.lke.nes or a m,ixture o·f @lkenes 

13 alcohol--+ halogenoalkane HX [pre,pared jn si,tu Heat u nde,r reflux N/A Substitutiion 
C2H50H + HX ~ C2H5X + H20 fro,m NaX and cone 

H2S04] 

14 1 ° alcohol~ a lde:hyd e Acidified' potassium Heat and di sttl N/A Ox idation 
C2H50 H +[OJ-+ CH3CHO + H20 d1 chro m i:I te :(v1l 

solution 

15 2° alcohol -+ ketone Acidified potaissi uim Heat unde·r reflux N/A Oxidat1o n 
CH3C H IO H JCH3 + [O} - CH~COGH 3 di eh roma,te ,[v1l 
+ H20 sotu tio n 

'16 .a,ldehyde ~ ca rb,oxylic acid Acidified potassium H e21t 1Jnder reflux 'N/A Oxid21tion 
C H3CHO + IO]-+ CH3C 00 H di.eh ro.m1a te l[v1l 

solution 

17 a Ld ehyd e-+ 1° a lea ho L Na8H4 Aqo·eo us solution N uc leoph ili c 1Reducti·on 
CH3CH2CHO + 2[H] ~ addition 
CH3C.H 2C H20 H 



.,. - -
Re.a9sn.fs 

18 ketonQ _,.. 2° alcohol NeaBH, Aqugou!i soluti1.0 1n N ucleophi lic ·Riad uctlon 
CH3COC H3 + 2[H] ---.;. CH CHt(OHICHa addition 

19 aldehyde/ketone-+ hyd roxyoit r~ le KCN followed by N/A N ucLeophHic Add,ition 
CH3CHO + HCN-+ CH3CH[OH)CN dilute add add~tio n 

20 carboxylic add-+ aldehyde UALH4 In dry et1her N ucleop:h ilic Red ucticm 
CH 3COOH + 2[H] ~ CH3CHO + H20 ad'djtio n 

21 carboxytk aci:d ~ 1 ° alco hol Li:A,LHi4 1n dry ether N ucle,op h·iLic Reduct~on 
CH 3COOH + 4[H] ......, CH3CH20H + add,itjon 
H 0 

22 ca·rbo)(ylic acFd -+ ester Alco hot Concentrated su lfu ric N ucteop1h·ilic Eli1m,ination ·or 
CH 3COOH + C2H.90H ~ · aci d add~tion-· condensatiion 
CH3COOC2H5 + H20 e'Limjnation 

23 nitrile-+ 1 ° amine Utha L/ LiALH4 In d1ry et1her N ucleoph ilic Reduct1on 
C2H5CN + 4[H1 ~ C2H 5CH 2N H2 addition 

24 carboxy[k actd-+ a,mmonium salt A·mmonia soluti on Room temperature N/A Ne utratisatio n 
>-:c CH COOH + NH ~ CH COO NH 
0.. 25 carboxy tic aci·d -+ sod ium sa lt NaOH1[aq )i Room tem·perature N/A Ne utraUsation 4 a:: CH3COOH + NaOH -+ CH3COONa or Na12C03 (Di 
0 + H rQ 
!:i 26 acid chloride ...... c;;i.rboxyUc e1ic~d H2o Room tempeirature N ucleophiUc Hydro lysis z 
0 CH3COC L + H20 -+ CH3COOH + HCl additioin-
a:: elim,ination :::c 
0 27 acld c hloridre-+ amide Ammonia Acid chloride added N ucteoph,itic Su bstitut,ion 
C 
z CH3COC L + NH3 ~ CH3CONH2 + HCL to concentrated ad diitio n-
<C ammonia e Li m1inatio n 
t 28 aerid chloride~ ester Alcohol addedl to Room tempe:rature N ucleoph i~i.c Esterificatiio n or 
Q 
u CH3COCt + C2H50H __,. CH3COOC.2Hs acid chlorid e add ition- eli m4n a.ti on 
(I) 

+ HCl eUm~nation 0 
a:: 29 ester-;; carboxy t.i c aci,d Di1lute hydrochloric Heat under reflux NIA Ac,id hy·drolysis I-
u CH3CODC2H5 + H2D ~ CH3COOH + acid UJ 
a.. C2H50H 
In 
a:: 30 ester-+ salt of carboxylic aci1d Sodfum hydroxide Heat under reflux N/A Base hydro lysis z CH3COOC2H5 + Nd OH -- soluti1on (or any z - CH3COONa + C2H50H alka li} tn - 31 H2o Room temperature N/A Hydrolysis U) 
w 
:c 
I- 32 acid an hydride - amide Concentrated N H3 Room temperature NIA N/A z 
£ii [CH3COhO + N H3 --+ CHaCO NH 2 + 
(J 3CH3COOH -z 33 acid a1n hydride-+ este r Atcohot Room temperature N/A Eliim ination or et 
(!) [CH3C0)20 + CH3C H 20H _,,, con d.e nsatio n a:: 

CH3COOCH2CH2 + CH3 COOH 0 

Lt) 34 benzene-+ nrltrobenze ne Concentrated HN0 3 Low temperature Electro ph iU c Substitution 
'II:""' 

C6H 6 + H NOa ~ C6HsN 0 2 + H20 Conce,ntrated to prev,e nt further su bstiitut~o n 
H2504 nitration 

35 nitroben,zene _,. phenyta·mine Sn Heat under reflux N/A Reduction 
CoHsN02 + 6'['HJ -+ c,HsN H.2 + 2H20 HCl and add NaOH(aql 

to lib.Grate the fre.e 
ami 1ne 

36 benzen·e-+ phe nylethanone CH3COC L or ALCl3 ca talyst wi,th Electro ph 1:Lic Su bstit,utio,n 
C.6H6 + CH3-COCl --.. Cl> H5,COCH3 + [CH3COhO CH3 COCl subs t i tu ti on 
HCt 
C6H6 + [CH3GObO -+ C6H5COC H3 + 
CH 3COOH 



LE 
Ethan al 1may be co,nverted into .brom,oethane us~ng a 
three-step synthesis . 

Step 1. Ethana l is reduced to cam pound A. 
Step 2 Compau nd A is co nverted fnto co m,pound1 B. 
..l _ p Compound B is converted into oromoethane. 
Give the names of co mpound A and B. 

For each step, suggest a reagent whi,ch could1 be used1 
and name the mecnanism. 

Answer 
Firstty ident~fy the homologous series to which each 
na m,ed substance beta ngs: 

Ethanal js an aldehyde 

Bro1moett1ane i,s a, 1 ° hatogenoa lkane 

Another cl,ue to the route 1is the word ·reduced ' 
1in, step 1. Atdehydes a re reduced! to 1 ° alcohols 
(see reactron 17]. 

Extracting a three-step route from the diagra1m that 
starts with an aldehyde being reduced to a 1 ° atcotlol 
co uld give the foUowing': 

A1'kene 

\ 2 12 

10 

10 
Akohol 

H alogeri oa lka ne 

--- Aidehyde 
117 

Compound C i'S synthes~sed in a three-step process 
from properie as s hown below. 

Knowing the type of reactiori is 
important. 'It can give a clue to 
the sy nthetiic ro1u te. 

Step Ethanal is reduced to ethanol 
Co1mpound A is ethanol 
Us~in g rea,ctior, 1 7 in the tei b te, the irec1g,ent 
requked is NaBH4. 

The mechanism for reduction ls nucleoph itic 
addition. 

Step 2 Ethanol 1s converted lnto ethene Ian alk-ene] 
Co1mpourid B is ethene 
Using reactton 12 i,n the tab le. the reagent 
used i1n concentrated' H2S04. 
The mechanism for the reacti,011 is eli mi,11ati1on. 

Step 3~ Ethene is converted into bromoethane 

OH 

Using rea·ctron 2' in the table, the rea19ent fs HBr: 
The mechanism for the reaction is 
electro ph~ l1 c add i t1 on . 

This type of question ,is synoptic 
as it uses au of your knowledge 
of org1a,ni1c chemistry and the 
reactions you have met. It is a good 
way to revise organic chemistry. 

Step 1 Step 2 Step 3 I 
propene -- compound A -- compound B -- CH3CH 2C-C:=N 

Nam1e co1mpounds A, Band C. 

For each step, sugg:est a reag ent whi1ch could be used! 
c3:nd c3 ,ny cond itions required . 

Namie the mecllan~sm for step 3. 

Answer 
Compound C is a hydroxynitriile. Hydroxyniitriles are 
formed fro1m atdehydes and1 ketones so compound B 
1must be th,e correspondtng aldehyde. 

I 
1H 

compound C 

Pro pe n,e is a, n a lkene. 

Allde'hydes are formed on ox idla,tion of a 1 ° a lcohoL 

Alikenes ea n be converted to 11 ° alcohols. 

Alkene 

10 
Alcohol 

Hyd mxyn irtriil e 

19/ 
Aldehyde 
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Step 1 Compound A ~s propan-1-oL 
Using react1ion 4 in the tab le, possH1le 
rea g;e nts are co nee n trated H2S04 or 
concentrated H3P04 at a temperature of 
300 °C and 7 MPa pressure . 

Ste 2: Compound Bis propanal. 
Using reactjon 14~ the reag ent f s acidified 
potassium di ich ro mate(v1] so[uti on . 

The rea cti:on shou ld be heated a n1d the 
product d,isti Uedl off. 

Step 3. Co,mpou nd C is 2-hydroxybutanenitrHe. 
Using react ion 1 9, the reagents a re KCN 
followed by dHute add . 
The m1echanis1m rs electrophi'Lic addition. 

~ ....................................................... ...................................•...................................................•...... ~ . 
: TEST YOURSELF 2 i 
• 
~ 1 Nam,e the reagent used to carry out the follow ing 3 1-Clh loropropane can be conver ted Jnto butylam1ne 
: reaction s: i1n a two-step process. .. 
~ al 1- brornobuta.ne to butyla m,in e a) Nam·e t1he jnterm,ed iate. 
! bi 1-bromobuta,n,.e to pentanen itrile bi What are the reagents ifo:r each step? ! 
• • i c) ni1trobenzene to ph,enylam ine ! 
! d) etha nen,itr ile to ethylami ne i 
~ 2 al What is the intermedf ate in the two-step i 
.. .. 

: conversion of ethanoyl chlori.de to eth.anat? : 
i bi Name the reagents for each step. ! 
• • • • 
····················~··········· · ············································································································· ........................ ...-ii 

t 
::---...... The arrow represe ffts 

the direction of the 

rnagriet:ic moment 

o~~~~~~~-
N u clear magnetic resonance spectroscopy 
Nuclear 1nagnetic resonance (NMR) spe-ctroscopy is a method of exa:mining 
the 1H and 13C nuclei within an organic molecule. 1H and 13C nuclei are 

referred to as spin-half nuclei and so t11ey can act as a mini magnet. 

If these nuclei are placed in a strong external 1u agnetic field, they will align 
themselves ,vith the tnagnetic field as shovvn in the diagram. 

If a strong magnetic fi.eld is applied to this hydrogen nucleus, there are two, 
possibilities. The magnetic moment can align """'ith the external magn,etic 
field or against it. 

external 
magnetic 
fietd 

+ 

Lower Higher 
energy en ergiy 

external 
magnetic 
fie.Id 

Vihen the magnetic moments ,of the nuclei aie aligned against the magnetic field, 
this is the higher energ}r state of the nuclei. The amount of energy req~ired to 
flip the nuclei between the lower and the higher energy state is in the radio W'"'ave 

region of the electro1nagnetic spectrum and the energy absorbed can tell us a 
great deal about the environment in 1Nhich the nuclei in ihe molecule are found. 

Chemical shift 
The chen1ical shift is a con1p,arative measut·e of the energy required to· flip 
the spin o,f the nuclei and is often represented by the 1Greek letter ,6 and is 
measured in parts per million (ppm). This forms the horizontal axis ,of the 
Nl'vlR spectrum and unusuaUy the scalt: increase from right to left~ the 0 



CH _j 

I 
IH3C- Si,- CH3 

I 
CH3 

te{ra,m.ethy1 s ~Ian e 

Figure 15.1 A nuclear ma·gneUc 
reso nance (NM,R] spectrom,eter 

'Value being on the right-hand side·. The chemical shift values are given in 
the Data Booklet provided ;,vith your exam papers. These are given belo,Vi.r; 

Table B Table c 
1 hi NM R chem ica I shi,ft data 13( NM R chemi ea I shift data 

Type of proton 6/ppm Type of carbon o/ppm 

ROH 0.5 - 5.0 I I 
5-40 -c-c-

RCH3 0.7 - 1.2 I I 
RNH2 ,.o - 4.5 I 
R2CH2 , .2 - 1 .4 

R-C - CI orBr 10 -70 

I 
R3CH 1.4-i.6 

R- c- c - 20 - '.50 
R-c-c - 2. i - 2.6 

11 I 
11 I 0 
0 H 

I I I 25-60 R-o-c- 3. T -3.9 R-C-N 

I I \ 
H 

I RCH2CI or Br 
alcohols, 

3. 1 - 4.2 - c- o- ethers or 50-90 

I I esters 

R-c - o- c - 3.7-4.1 \ I 
11 I 90 - 1S0 c= c 
0 H I \ 

R H R-C::N 11,0 - l25 
~ I 4.5- 6.0 c=c 

0 I \ 110 - 160 

0 
# 

R.......--C 9.0 - 1 O.·O R- C-
~sters or 

\ H acids 160- HIS II 
0 0 

I) aldehydes 190-220 R- C-R-C 10.0 - 112.0 
II or ketones \ 

0-H 0 

TI1ese chetnical shift aiv inform.a, ion about the environ1nent in which the C 
1H and 13C nuclei are found in the molecule. Those nuclei in the same 
.en,rironment appear al the same chemical shift on an NI\1R spectrum. A 
highe·r cl1ei-nic.al shift usually indicates that the 1H or 1~C nuclei are closer to 
an electronegative- group or aton1 or an electron withdrawing group such as 
a benzene Ting. 

All chen1ical shi(ts are measured relative to a standard.. The standard used 
in NMR spectroscopy is tetramethylsilane (ThfS), (CH3)4Si~ the structure of 
'Which is sho,vn on the le ft. 

Due to the higher electronegativity of carbon compared to silicon, the 
electrons in the four Si-C bonds are closer to the carbon a ton1.s. This 
causes a kn ock-on effect for tl1e electrons in the_ C-H bonds and hence 
the electrons are closer to a11y 13,C and 1H nuclei than they would be in 
any other organic molecule. TJ1e proi'd1nity of these electrons to the nuclei 

shields the spinning particles m the nuclei. 

Other 1H and 13C nuclei in organic 1nole,cules are said to be deshield d 
compared to those in IMS and as the chemical shift is higher they appear 
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to the left of the TMS p ak in the NMR spectrutn. The more ·electronegative 
the groups bonded to the nuclei (or even those attached to a carbon 
"'ith hydrogen(s) attached) are, the more deshielded a hydrogen nucleus 
becomes and the larger the cheinical shift. 

Tlu! solvent used for 1H NMR spectroscopy is tetrachlorometliane or any 
deute1~ted solvent such as 1CDC13, CD1

2Cl2 or C2D 6. These solvents do not 
contain 1H nuclei \Vhich would give peaks on the spectrum. 

1H NMR spectroscopy 
The spectrum below shows the lo\:v resolution 1 H NMR of ethanal> 
1CH3CHO. The three 1H nuclei in the ,CH3 group are all in the same 
m olecular environme11t in a molecule compared to a hydrogen nucleus 
attached to an o:x~gen atom in an 0-H bond. The spectrum sho,'-rs these 
peaks. The stnlCUlre of ethanal is shown. on the left : 

C 
.Q 
~ ... 
j 
<C 

Th is i,s the absorban ce peak for the 1 H 
n,udeus adjacent to the CeO group. It is 
high 1ly desh ie,ld e d by the CcO g,rou p and 
appears to the left in, the spectrum at a 
higher chem ical shift value in the range 
9.0-·1' 0.0 

CHO 

This is the absorbamce peak 
for the 1 H n1u cl ei bonded to a 
carbon i1n a CH3 group. As it is 
adjacent to a CcO it would be 

· expected its chemical shift is 
fn the rang~ 2. 1-2.6 

This 1is tn e abso rb a nee 
peak for t he 1 H nudei1 

TMS in the standard, 
(Reference)~ tetramethy1silane, f1MS 

---------- ___ ..,, ~ and appears at a. 

10 8 6 4 2 0 
chemical shift of O ppnn 

The lo,v resolution 1 H NMR spectrum is often drawn more simply as a 
series of spil{es. 

Sometimes the peak for TMS is 01nitted as sh own~ to make it clearer how 
n1any environmerrts of 1H nuclei a1~e present in the molecule. 

The chernical shift for 1H nuc]ei in a c·H2 group is not always the same as 
the other groups attached to the carbon may affect its degree of deshielding. 
The above spectru1n for ethana] sho\VS the 1CH3 peak at 2 .3 ppm atS would 
be expected for 1H adjacent to a~ in the range 2. l-2.6 from the table on 
page 2 93. The chemical shift of 1H nuclei vary depending on the adjacent 
groups. This is due to the oxygen atom attacl1ed to the carbon puHing the 
elecnuns in the C- H bonds away from the 1 H nuclei and so dleshielding the1n 
to a greater extent than would normally be expected. However> it is true to 

say that the peaJcs at ilie lowest chen1ical shift in an aliphatic organic 1nolecule 
would normally ·be those of 1H nuclei in a CH3 group, if they are pr,esent. 

Hydrogen atoms that appear at the same chemical shift on the spectra and 
are therefore in the same environm,ent ~ithin the m olecule ar,e said to be 
che1nicaUy equivalent hydrogen atoms. 

,Ch emically equivalent hydrogen atoms are not d istinguishable on. an 
NMR spectrun1. In the etharutl spectrum, there are two distinct types of 1H 
nuclei. The three CH3 lltt nuclei are chemically equivalent and the single CHO 
1H nucleus is another environ1nent. Two CH3 groups mayh.ave all their 1H 
nuclei in the same ,environment. for ,example in pro1:,anone, CH3C 10 1CH3, all 6 
1H nuclei are in the same enYiro,nment due to the symmetry of the molecule. 



10 

3 

8 6 4 
6/ppm 

Integration ratio 

2 0 

The 1H NMR spectrum .of propanone is shovtn below: 

Peak integration 
The ratio of die areas under the peaks in a 1H NMR spectn1-m indicates 
the ratio of the nu1nbers of chemically equivalent 1H nuclei or 
equivalent protons. 'This is often given in a table wi'th the chetnical shift 
value,. For example for the spectrun1 of ethanal~ the table would look 
like the one below. 

6/ppm 2.3 9.8 
Integration ratio 3 , 

The ratio is calculated by i1uegration of the area under the peaks as the 
spectrun1 is produced. It can also be given as a trace over the spectrum 
wl1ere the difference iu. the horizontal levels of the trace give the 
integration ratio. 

The mtio of the cHfference in heights (measured using a ruler) can giv·e the 
integ ation ratio. 

Spin..-spin splitting patterns 
Neighbouring 1H nuclei have an effect on e.ach other, which can be. .seen in 
a high re.solution 1H NMR spectrun1. Equivalent 1H nuclei will appear at the 
sa1ne chemical shift value on the spectrum, but the peak for these 1H nuclei 
will be split into a number af peaks depending on the number of non­
equivalent 1H nuclei bot1ded to the adjacent carbon atoms. 

This splitting of the peaks into a set of peaks is called the spin-spin splitting 
pattern. The splitting pattern follows the n + 1 rule. If there are 5 peaks 
(=n+l) on the spectrum, this is caused by 4 (~n) hydrogen nuclei on 
adjacent carbon atoms. The table sho\vs the names and the ratios of the 
heights of the peaks in the various splits. 

2 3 [1 :2:1) Tri l~t 

3 4 [1 :3:3:1 J Quartet 

4 5 [1 :4:6 :4:11] ,Quintet 

15 6 [1 :5:10:10:5:1] Sextet 

If there is one non-equivalent proton bonded adjacent carbon atoms. th,e 
peak \vill be split into two peak of ,eq.ual height. These peaks \Vill .be sn1aUer, 
as the "number of peaks in the environment is unchanged so the integration 
must be the same. The.se two peaks together are called a doubl _ t . 
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_j_ 
T r~p'let ea used by 
2 non-equivalent 
protons bonded to 
adjacent ca rbon 
atoms 

The trfplet is often 
shown ·like this as 
a se ries of spikes 
in the spectrum 

The 1 H nuclei bo·nded to the 
ca rb on atoms in the peak on 
th ~ left have no hydrogen 
nuclei {protons) bonded to 
adjacent carbon atom(s) to 
spHt them. HO'Never, on the 
right the spectrum shows tvvo 
peaks of a pp roxi mately eq ua 1 
height (a doublet), which 
indi.cates one proton bonded 
to an adjacent carbon atom 

A doublet is ,often shown more simply as tv.ro spikes ,of ap·proximately equal 
height. 

If there are 1,vo equivalent 1H nuclei or protons bonded to tl1e ca.rbon 
a'tom(s) adjacent to the carbon a tom in question, the single peak we would 
have expected is split into three peaks> the l1eights of which are in the ratio 
I : 2: I . Again the total area under the three peaks is the same as the total 
area under the single unsplit peak so the ·peaks are. smaller. The three peaks 
tog ther are caHed a triplet. 

This splitting pattern is fhe result of th e interactions of the spins of the 
1H nuclei hence the name spin-spin coupling is used. It is the spin-spin 
coupling ·whicl1 gives rise to the spin.,.spin spli tting pattern obsenledl in 1H 
NMR spectra. 

1H NMR spectroscopy is a powerful tool to help detern1ine structure and is 
often used \Vith other analytical te,chniques such as infrared spectroscopy 
and mass spectrometry. 

The 1 H NM R spectrum for eh lorfna ted a lka n e is 
shown below: 

The peak 1s spl1t into a triplet, which indicates that it 
is spilt by 2 hydrog eri nuclei O.e. a neig hbouring CH2.J. 

6 5 4 3 

6/ppm 

2 0 

The fntegration, ta'ble 'is shown, below: 

8,/ppm 1. 2 3.4 
I nrtegratio n ra ti,o 3 2 

Tne peak at a chemica l shift va lue of 1.2 fn the 
spectrum, would suggest a CH3 group as ~t is within 
the range 0.7-1 .2. 

Tile integrat ion ratio for this peak is 3. whi1ch wo1uld, 
aga in suggiest a CH3 group. 

lihe peak at a chemi cat shift va lue of 3.4 wo uld be a 
R C H 2 C t o r 'B r a s it is i, n t h e ra, n g e 3. 1- 4. 2. Th is pea k 
is desh,ielded by the electronegative chloriine atom 
at tached to the ea rbon . 

The i'ntegration ratio for this peak is 2 w1hich cou ld' again 
suggest a CH2 group. 

l he peak is split into a quartet whic 1h ind :icates that it 
is split by 3 hydrogen nucle i (i.e . the CH3]. 

The evidence would suggest that the m·olecute is 
eh loroetha n e. 

These three protons are 
equ iva I e nit and sp.l it the 
CH 2 prot ons 

These m o p roto n,'.l a re 
equ1iva l.ent and split the 
signal for the C H2 protons 



The 1 H NM R spectrum of a, compound wit;h miotecular 
formula C6H120 2 ,is given below. 

I I 
I I I I I 

5 4 3 l 0 

6/ppm 

Ttle ,integration gave th e following da1ta : 

6/ppm 1.2 2.2 2.6 3.5 3.8 -
I ntegrati·on 3 3, 2 2 2 
ratio 

Spin-spin t r iplet 
sp[jtting 

Use Table B shown on page 2 93 and the [nfor·mati on 
above to answer the following questions : 

Explain wny this is not t,he spectr,um of a carboxy lic 
acid . 
Complete the table giv ing the spin-spin splitfing 
patter observed in the spectru,m. 

I Suggest which structurat part of the molecule gi,ves 
rise to the peaks at S = 1.2 and 3.5. 
Suggest which structural part of the molecule 91ves 
rise to the peak at o = 2.2. 
Suggest wh,c:h structural part of the molecule gifves 
rise to the peak at 6 ~ 2.6 ano 3.8. 

f I Deduce the structure of th1s compound. 

Answers 
No peak at 6;;.; 10.0-1: 2.0 for a CODH. 

bl 
o/pp m 1.2 2.2 2.6 
Integration ratio 3 3 2 

Sp1in-spin tr~plet s,i ng'let triplet 
splitting 

3.5 
2 

quartet 

3.8 
2 

triplet 

16 - 1.2 and1 an integration of 3 wou:ld suggest a CH 3 
group. 
The triplet would sugig est that there ~s a CH2 group 
adjacent. 
As the CH3 would cause the s~gnal for the CH2 
group to be a quartet. ft has to be the CH2 at S = 3.5 
which i;s adjacent to the CHl3. 

Tne che mical shift of the CH2 would s1LJgg-est rt is 
adjacent to an oxygen atom [in the ranig,e 3.1-3.9). 
The structurat part here is: 

'111 H 

I I 
H-C-C-0-

1 I 
HI H 

l o== 2.2 and an integration of 3 would aga1n suggest 
ai CH3 group. 
The si1ngtet would suggest that there a re no protons 
bonded to adjacent carbon atoms. 
The chemica l shi,ft would suggest a C=O g,ro up 
adjacent [2.1-2.61 which wou ld explain the Lack of 
s p l i: tti n g . 
The st ru ctu ra l pa rt here is: 

H 0 

I II 
H-c .......... c .......... 

I 
H 

6, ~ 2.6 and an i1ntegration of 2 would suggest a CH2 
group. 
The triplet wou ld suggest a CH2 group is adjacent. 
The che'mfcal sh~ft of 2.6 wou ld s uggest the CH2 
group 1s adjacent to a C=O giroup . 
o = 3.8 and an 'integration of 2 would suggest 
a n,other CH2 group. 
The triplet woutd1 agai,n su9gest a, CH2 group is 
adjacent. 
The chemica l shift would suggest an oxygen ato.m 
(3.1-3.91 or ~n ester group [3.7- 4.1] c1djacent. 
However the rest of the structure would suggest it 
is not an ester so the CH 2CH2 must com,e between 
the other parts so this structural part is: 

0 H H 
11 I I -c-c-c-o-

1 I 
!~ l..j 

f) The enHre compound has the stru ctu re: 

H O H H H H 
I II I I I I 

H-c-c-c-c-o-c-c-H 
I I I I I 
H, H H H1 H 

The absence of a peak in !a)! 
can 'be as much of a cl1Ue as its 
presence. This compo und must be 
ar, ester or a molecule contarn1ng' 
a C:!O and a C-0-C. It co 1uld also 
contain a c~c and two OH groups. 



>­:c 
0.. 
4 a:: 
(Di 
0 

!:i 
2 
0 
a:: 
:::c 
0 
C 
z 
<C 

t 
Q 
u 
(I) 
0 
a:: 
I­
C., 
UJ 
a.. 
In 
a:: 
z 
z 
ui -U) 
w 
:c 
1-z 
~ 
(J -z 
et 
(!) 

a:: 
0 

fa 

In another type of quest1on. you could be given the :molecule with the 
environments labelled and you have to match them to the peaks rn the 
spectrum , state the number of peak in the 1 H N'M R spectrum and/or 
expla,in the chemical shift, peak tinteg rati1on or spin-sp1in spUtting,. 

0 
11 

CHj-C- O- C142- C~2 - CH3 
a b C d 

11 d en t i fy the p rot ons w h r eh w H l have the h T g h est c h em i. c a. t shift i ri t h e 1 H 
NM R spectrum. 
Give the splitting pattern of the protons at d. 

~ Which protons would appear a.s a singlet on t1he spectrum,? 

Answers 
Protons a and ib are closest to the etectron egat,ive oxygen ato1ms. 
a shO'U ld g1ive a chemical sh ift in the range 2. 1' -2.6. 
b should gii,ve a chemical sh ift in the range 3.1-3.9 

The ariswer is b. 
2 The protons 1n d have 2 protons bonded to adjacent carbons 1[a CH 2 on 

one s~deL This means that the spUtHng ford is a tr1plet. 
., A singlet appears when protons have no protons bonded to adljiacent 

cairbon atoims. The only protons for wtiich thi s is the case is a. the CH3, 

with a c~o adjacent.. 

Figure 15.2 Nuclear ma,gn&tic resona,nce, has been ·developed into th,e medical 
scanning1 tech1nfque known as magnetic resonance im age MRI . The photo,graph 
shows a patient moving into a fuU body M1Rl1 sca,nnlng ma,c1h1n e 

13C NMR spectroscopy 
13 C NMR spectroscopy is much shnpler than 1H NMR spectroscop)~ 

13C aton1s occur as about 1 % of all carbon atoms . 13C NMR spectroscopy 
relies on the n1.agnetlc properties of the nuclei of these atoms. 

TMS is again used as a standard for 13C NMR spectroscopy and the solvent 
used is nften CDC13. CDC13 ·wiU give a peak ,on a 13C NMR spectrum, but 



H H H 
I a I b le 

Cl-C- C- C-H 

I I I 
H OH H 

~ a ~ 

I II I 
H- C- C- C- H 

I I 
H H 

this is easily identified and renioved from the final spectru1n. The peak at 6 
= 0 ppm for IMS is often removed as ·we!L 

There is no spin-spin splitting to worry about in 13C NMR spectroscopy 
and. you are shnply looking for chemical shift and the number of types o[ 
equivalent 131C nuclei in the molecule. 

A speclrum is sin1ply a number of peaks. Each peak coi~esponds to an 
environment of equivalent 13C nuclei. 

A 13C NMR spectrum for l -chloropropan .. 2-ol is sh0Vv11 below. 

75 50 

6/ppm 

25 0 

There are three peaks in the spectrum ~·l,ich corr,espond to the three 
13C nuclei. 

The structure of l-chloropropan-2-ol is shown below with rhe ~'lrhon 
atoms labeUed a) band c. 

Using Table C from the Data Booklet (see page 293 of this chapter): 

• The peak at o = 20 is caused by c (range 5~40) 
• The peak at 6 = 51 is caus,ed by a (range 10-7 0) 
• The peak at o = 67 is caused by b (range 50-90) 

There may be some confusion with a and bas rhey are. hoth in the range, 
but the oxygen atom is more. electronegative than the chlorine atom and so 
it 1nore likely t'hat the CH(OH) 13C is the peak at 67 . 

Deterrninin.g tl1e nun1ber of peaks 
The number of peaks expected in a 13C NMR spectrun1 is a con.1mon 
question. This can be applied to aliphatic as well as aromatic tnolecules. 
Again tbe environments are determined based 011 the structural symmetry 
of the molecule. 

Two CH3 groups bonded to the same carbon in a symmetrica1 molecule 
such as propanone. 

The C in the t,vo CH3 groups are equivalent and so propanone \Vill shovv 
two peaks on its 13C NMR spectru1n. 

Propana l is showt1 below: 

HI H 
I I 11° 

H ........... c- c- c 
I I \ ", 
HI H n 

U1e.re arc tlrree peaks in the De NMR spectrum of propanal. CH 3, CH2 and 
the 1CHO will all give individual p eaks. 

Benzene gives a single peak as all the 13C are. in the sanl'.e environment The 
sam is true of cyclohexane. 

Substituted benzene compounds are treattd differently. 
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me t!hylb en ze n e 
(toluene] 

5 

methyl lb enz,ene 

Methyl b nzen (or toluene) shows 5 pea.ks in i.ts t 3c NMR spectrum. This 
can be explained by examining the molecule. 

The nunllbers represent the carbon atoms ihat are equivalent; ie. both 
labelled 3 are equivalent and both labelled 4 are equivalent. The 1CH3 group 
breaks the sy1nmeny of the benzene ring so 2 and. 5 are no longer equivalent. 

However, l ,4-din1ethylbenzene (shown belo,v) has 3 peaks on its i 3c NMR 
spectrun1. The carbon at,oms are labelled as before. The presence ,of 2 1CH3 
groups gives the molecule n~ore syrrunetry so the top and bottom carbon 
atom in benzene are no,v equivalent and the other carbon atorns in the 
benzene ring are all ·equivalent (being equaUy re1noved from the ,CH1 groups. 

1,2-Dimethylbenzene {sl1own belov,l) has 4 peaks in its 13C NNIR spectrum. 

1 
CH3 

CH3 , 
1 • 4-diimethyi benzene· 

1 
CH;a 

4 

1, 2-dime-th~ benzene 

Oed·uce the number of peaks in the 13C NMR spectrum 
of the followi1ng molecules. 

Answers 
5 , 

2 

3 

CH.3 

0 'N 2 

N02 

CH3COOC H ~ CH312 

CH .3 

:o .. 2 
. . 3 

4 1 CH3 

Answer is 2 a,s every C H3 carbon atom is equivalent 
andl all the carbon a,toms irr benzene are equivalent. 

~ 5 

1 2 3 4 

CH3COOC H!CH3b- the two carbon atoms in CH3 
grou1ps are equ iva lent. The answer rs 4. 
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: TEST YOURSELF 3 
• 
~ 1 Na,m:e u, e standa rd reference used for N M1 R sp ect rosco py. 
i 2 Desc r ~ibe the spr, n-sp in spUtti n 9 pattern for ethanol, CH 3C H 20 H in i, ts 
! h~gh reso luH011 1H NMR spectrum. 
• 
; 3 How many peaks would be pr,esent in t he 13C NM R spectr u·m of 
• 
: propan-2- ot CH3CHi[OHl CH3? 
• i 4. For the following co m pou nds: 

i CH3CH2COC H3 CH3CH2COC H2C H3 
! al Name all t!he com,pounds. 
• : bi Which one would g,ive the least r,um,ber of peaks in a 13C NM R .. 
: spectn .J m? 
• 

!!I 
I .. 
: • • • • • • • • • • • • • • • • • • • • • • • • 
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o~~~~~~~-
C h r o mat o graph y 
Chro,matography is a method of s,eparating soluble substances by their 
partition between ti..vo different phases. This was also studied on page 277 . 

All types of chromatogTaphy have a rnobik phase and a stationary ·phase. 
The substances to be sep arated are initially in the 1nobik p·hase, but as 
they n1ove througl1 the chrornatogran1 they may partitio11- thetnselves into a 
liquid stationary phase or adsorb onto a solid stationary phase. 

We '"ill exan1ine three differ,ent types of cluotnatography: thin-
layer ,chron1atography (nC), colun1n chro111atography (CC) and gas 
chromato·graphy (GC). 

The thre,e. methods of chromatography we are looking at are described as 
having a liquid mobile phase (TLC or CC) or a gas mobile phase ( GC). The 

stationary phase for paper and TLC and CC can be considered to be solid. 
The, stationary phase for GC is a liquid. 

The time the substances stay in the stationary phase depends on: 

l Siz,e/mass of the so]ute m,o,lecules/ions. 

2 Solubility in the mobile phase vs solubility in liquid stationary phase 
(partition) 

3 Binding to the solid stationary phase (caused by adsorption). 

• Particles that have a greater attraction to a solul st.atioriary phase in TLC 
and ,cc \vill adso1~b mon? onto this phase and MH n1ove n1ore slowly 
through the chrotnatogran-i. 

• Particles that are more soluble in t11e ljqu:fd stationary phase 'in GC mll 
partition themselves into this phase a-nd move a.long the chromatogra1n 
more slnwly. 

• larger panicles pass along a chromatogram more slowly loo. 
• Par ticles that are very soluble in the mobile phase compared to the liquid 

stationary phase i.viU move quickly through the cl1_romatogram. 
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Figure 15 .. 3 Thin- layer chromatography 
plate ,of black ink. 

The mobile and siationary phases of the three types of chromatography are 
shown in the table belo;,v, 

- phase Stationary: p_hase 
Tlh ,in-la¥er Liq,u id solvent SoUd smtica gel paste on 
chromatography e.g. water or a 1microscope slide or 

organic solve,nts plastk plate or so lvent/ 
water in the, gel 

Column Liq u,id solvent Solid si,li ca gel 
chrom atogra,phy e.g:. water or 

organic solvents 
Gas Inert ea rrter gi;s. Microscopi c fi lm of Uquid 
chroma tog ra phy e.g:. N2• Ne on a so lid sup por t 

Thin-layer chromatography (TLC) 
Thin-layer chromatography is carried out in ahnost an identical fashion to 
paper chromatograph)~ The thin-layer plates are prepared from silica geL Silica 
gel is a polymer form ,of sUicic acid thal has many --OH groups, making the 
surface. of the geVpaste v,ery polar. This alloi,,,.s polar substances to be held by 
the gel malting their movement much slower than for non-polar substanc,es. 

1 Prepare a TLC plate using silica gel p aste or use a comm.ercial one. 

2 1vlark a fine pencil line about 0 .5 cn1 fron1 one end. Put a cross in the 
centre of tl1e line. This H.ne is called the origin. 

3 Using a. capillary tube, lift some of the san1ple disso]ved in the 
appro·priate solvent and spot onto the cross. 

4 P]ace the thin-hayer chromatogram in the same solve,n t (the end \~ith the 

spot just dipping in). 

5 Allow to run for about 20 30 minutes as solvent moves up. 

6 Check every few minutes to ensure that the solvent has not run off the 
top end of the chron1atogram. 

7 As the solvent moves, the substances in the spot also n1ove up and 
separate. 

8 Oince finished, dra\v a pencil line to show vlhere the solvent has reached 
on the chromatogram. This is the 50l vent front. 

9 The distance the solvent has moved in centimelres is called the~ value. 

lO R . = distance inoved by spot (to centre of spot) 
f distance n1oved by solvent (!\) 

11 Within a solvent systen1, a, substanc,e should ahvays have ihe san1,e Rr 
value1 hence allowing con1parison. 

D v _ loping cl1romatogran1s 
1vlost chro1natogram.s .are not visible unless they are developed. The 
process of developing for an1ino .acids vrith ni:nh.ydrin has been described 
previously. Some spots on chroniatogranlS are only visible under UV light 
and can be 111arked Vvith a pen cil for vie\ving in n orm.al light. Others require 
a solu tion of iodine to tnark aromatic compounds. 



Figure 15.4 Two bands of a red/brown 
colour can he seen in the co lumn. These 
are different components of a mixture 
that is being sepa raited - the d!iffe rent 
substances travel down the col,umn of 
gel at different rates. The technique ca n 
be used to purify and isolate a requi:red 
pll"od uct. 

Column chromatography ICC) 
In this method~ a solid such as silica gel is placed in. a glass column ,vith 
glass ,voo] at the bottom to prevent the silica gel from blocking the column 
or ,corning out of the bottom. Glass wool is used as it is non-absorbent. 

The- silica gel is a polar solid stationary phase for the column 
chron1.atograpl1y. The so]vent that ,viU carry the suhstances to b e sep arated 
·is chosen to minimise time. Often s1nall-scale tests are can-ied Vilith TLC as it 
uses the same solid s,upport to find the most appropriate s,olv~n't or tnixtur.e 
of S·olvents. 

The solvent is run through the silica gel an d from this point the column 
1nust not dry out. 

The sample lo be separated is dissolved in a solvent such as hexane. Hexane 
is a non~polar solvent and so polar substances ai-e n1ore like]y to stay in 
the colun111 longer as they will be tnore attracted to the polar silica geL 
Non-polar substances will! n1ove ,quickly through the colutnn as they Vtill 
be m,o,re likely to remain in the non-polar solv nt. 

Th eluent is the liquid that leaves the column <1 t the bottom; and samples 
of the eluent may be taken for further analysis. The amount of time that a 
substance remains in. the colui-nn is called lhe retention time. 

The colun1n is prepared and saturated ·\Vi.th solvent. The 1:nixture 10 be 
separated is dissolved in the solvent and placed on the top of the column. 
Fresh solvent is added to the ,column to .stop it from drying ,ou t. The 
so]v,ent moves through th colun1n a11d the substances i11 the mixture 
s parate based on their solubility in the solvent (m,obile phase) and their 
retention by the silica gel (s tationary phase). The liquid leaving the column 
is called. the eluent. su·bstances are de.scribed as being eluted when they 
leave the colu1nn. 

[ So~vent [ ~ I 

.,,._-I 

Co!umn packed 
\\li11th si11i ea gel 
and sa1urate d 
\vifu solvent 

G~ass wool ~s no ni­

absorb ~nt and 
- - p rev~nts the s U, ea 

g ell bai ng lost 
from tli e col um ni 

If the samples b ,eing eluted from the column are colouTed> it is easy to 
see then1 being eluted. Ho\vever many substanc,es being used are not 
coloured and separate containers air,e used to collect l cm3 ,or 5 cm3 

samples of eluent. The samples containing the sepa~ted substanc,es may 
be analysed using TLC and developed using chemical developing agents 
or under UV light to determine which samples contained the individual 
substances. 
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A s€.lmple of ethanot was co11ta1miinated with ethanaL The sample was 
separated using co lumn chromatography. The sa1mptewas dissolved in hexane 
and add'ed to the column. Hexane continued to be added to the colu mn. 

Explarn why ethanal was found, to be present in samples of eluent 
co llected first. whereas et iha no l was co llected la,te r. 

Answer 
Etha rial is less polar trha n ethanol so it has a lower affinity for the polar 
stat•onary phase than ethanol. Ethano'l 'being 1more potar remained bonded' 
t o the polar stattonary phase long.er and so stays longer 111 the column. 
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D PRACTICAL 12 
Thin-layer chromatography of amino acids in myoglobin 
Myoglob i,n and1 haemog lob,in are globular prote ins 
th at serve to bind and deliver oxygen in the body. 
Haem,o .. globiri is the pri1ma.ry oxyg,en-carrying p:rotei,n 
and ~s found i1n red btoodl cells. It consrsts of four 
connected poly peptide chains. each of which contains 
a non-protein haem giroup, the site at wh,ich oxygen 1s 
known to bind L 

Myog;lob in is the mai1n oxygen-binding protein found 
i,n muscle cells. Myoglobi n is only fou n,d 1in the 
bloodstrea,m after muscle injury. M,yog lob~n atso 
contains a halem group. but 1t cons ist s of on~y o,ne 
polypepUde c:ha,in containing 153 amino acid residues. 

Myog,lob1n can be hydrolysed into i,ts constituent 
amtno acids , using acid hydroLysJs. Thin-layer 
chrom,atog;ra:phy {TLC) can tnen be carri,ed out on the 
resulting mixture and the RF va lue calculated for each 
of the spots obta~ned on the chromatogra m,. 

1 Why ts it n,,ecessary to wear pla stic gloves. when 
hotding a TLC plate? 

2 Why is it necessary to draw a pencH base Une 
1.5 cm from the bottom of the plate. 

3 How 1s a very tiny co ncentrated drop of amino acid 
soilution added to the TLC plate? 

4 Exp la in why the deve'LO·pingi tank the sotvent i,s at a 
depth of only 1 cm. 

5 Exp lain why the developing ta,nk i,s sealed with a lid 
w:hen the TLC plate is pllaced 1n it. 

6 Expla:in wtiy the TLC plate ~s altowed to dry in a 
fume cupboard . 

7 Th-e substance used to develop, the spots on the 
chromatogTa m is ninhydr]n. State one saf ety 
precaution specif~c to the use of this substance; 
apart from the use of gaggles. 

B The fig:ure shows a devetoped chromatogra·m with 
tihree spots. The dotted line t1hrough each sp·ot 
indicates its mid -point which is used to measure 

the d~stance it has travelled. Using the fjgure~ 
1dent1fy a1m1no acid X on the chromatogram. 

Solvent front 

• 
6 cm 

Table Hi.1 The Rf value of som,e amino acids 

Alanine 0.38 
Ar inine 0.20 
Asparagine 0.50 

Gluta,mic acld 0.30 

Leucine 0.73 

Lysine 0.14 

9 Expta fn why d:rfferent amino acids have different R1 
values. 

High concentrat ions of myoglobi1n in muscle cells 
allow orga nisms to hold their breath for a longer 
perjod of ti.me. Divjng mammals sucn as wha les 
and sea ls have muscles with particularly h~gh 
abundance of m1yoglob,in. Miuscle ceUs use myogtobiri 
to accelerat e oxygen d.iffusion and act as Loca1Used 
oxygen reserves for t1i1m,es of ,intense respiration. 

. 
~ 
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Figure 15 .. 5 A gas chromeatogT~p hy 
machine {Leftl connected to a mass 
spectromet er (irightl in a forensic 
laboratory. Th,is equip,ment is sensrtive 
enough to detect minute quantitie,s of 
illegal drugis in the ha ir of a s uspect -
weeks after any drugs we,re taiken. 

Gas c h -- --at - - -- -hy ( G C) _ _ _ rom _ ograp __ 
Gas chromatography (or sometim.es called gas-liquid chromatography­
GLC) is carried ou t using a coiled tube containing a solid support that has a 
coating of liquid on its surface. The coiled tube is contained 'Within an oven, 
,vl1icl1 ensures that 1]1e san1ple \vhen injected into the column ,vill remain as 
a gas. 

This type ,of chron1atography ,vorks by partition. The substances in th,e 

gaseous n1,obile phase n1ary dissolve in the stationary liquid phase and this 
retards their pr,ogr,ess through the colu1nn. The more soluble the substances 
are in the liquid stationary phase, the more time they spend in the column. 

The sample to be separated is heated to ·make it a gas and then mixed ,vith 
an inen carrier gas such as nitrogen or l1elium. The sample tl1en enters into 
the colutnn and is allowed to pass th1~ough it. 

hea,terto 
vaporise sa mp!e 

,inert carrier gas 

waste 

oven 

coiled 

computer 
anatysis 

eh romatog,rap ny 
column 

The. computer detects substances being lut d from the. column. A substance 
is eluted when it leaves the chromatography column. The rime. that each 
substance spends in the column is called its retention thne. The computer 
analysis plots detector signal against '.retention time as shown below. 

5 10 1 5 20 

Retention time/minutes 

There are five components to the above sa1nple as there are five separate 
peaks. The peaks a t 5 and 7 mi11.utes arc close together so thei1· p,roperties 
n1ust be siniilar. The peak at 20 minutes represents a substance that ,vas 
very soluble in the Hquid stationary phase as it was the last to elute fr,om the 
colum_n and therefore had th highest retention tim . 

GC is al.so u seful as the area un.der the peak give5 a measure of the 
relative amounts of each substance present in the sample.. This a.llo\vs 
percentage composition of the tnixture to be calculated. This can be useful 
in n1onitoring an equilibrium reaction. T-he reaction can be sampled 

and analysed u sing GC and the relative proportions of the reactants and 
products calculated fron1 the area under the peaks. 
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GC is usually linked \Vith mass spectro.inetry ,vhich will enable each peak to 
be identified . This combined technique is very po\verful as it will identify e-ach 

component of a mixture and calculate how much of each component is present 

lf a non-destructive detector is used ) GC can be used to separate. the 
components of the mixture as they can be condensed. 

The numbers above th e peaks indi·cate the relative 
area under the peak whk h altows us to work out 
percentage co m positt.o n. 

Answer 
Total of all areas = 1. 7 + 0.1 + 1. 2 + 0 .4 + 2.3 = 5. 7 

IIJ 
C 
.9' 
VII 

1.7 

0 

2.3 

1.0 20 

Retention time/minutes 

Peak at 7 m1rnutes 

Peak at 9 minutes 

Peak at 14 minutes 
30 

percentage co mposa1o n1 
= 

1·7 
X 100 = 29.8°/o 

5.7 

perce ntage co m·posjt ion 
~ o., X 1 Q() - 1.8°/o 

5.7 

percen tage co m1pos,it ion 
; gx 100.; 21 QO/o 5.7 . . 

The total of the areas under trhe peaks should be P·eak at 1'7 minutes percen tage comiposH1on 
= 0.4 

X 1 Q{J = 7.0°/o ea lcu la ted and then percentage corn pos1t10 n ea n be 
wo rked ,out. 

5.7 

Pea k at 20 m i,nutes percen tage co m1pos~t1on 
e 

2·3 
X 100 e 40.4°/o 

5.7 

~ -··························································································: 
: TEST YOURSELF, : 
• • f 1 Name a com mon sta tionary phase used in column chromatography. j 
. 2 . ; Which one of ethanol, etha nal and ethanojc acid wou ld yo u expect to : 
• • : be etuted hrst fro .m sHtca g,el column chromatography usi,n9 a riexane : 
• t 

: solvent? : • • • • i 3 Na1me one way ~n wh ich a TLC plate may be developed. i 
: ••••• .••••••. ••• •.••.•.••••••..••• i••······················· · ···················••••'lillllllllllllllllllllllllllllllli 

Practice questions 
I Which one of the following does n ot Teact 

with KCN? 

3 \Vhich one of the follomng is the correct 

splitting pattern in the 1H NMR spectrun1 
from lo\Vest to highest chemical shift value for 
propanoic acid? 

A 1-bromopropme B prop-anal 

1C propanon D propanoic acid 

l Which one of the following has 2 peaks on 
its ·13C NMR spectrum? 

A 1~2-dibromobenzene 

8 1 >3-dibro1nobenzene 

C 1,213-tribron"lobenzene 

D 1 J3 ,5-uibromobenzene 

(1) 

(l) 

A quartet, triplet, singlet 

B singlet, q_uartet 1 triplet 

C triplet, quartet ) singlet 

D singlet, triplet, quartet (1 ) 



4 11ethoxym·e.thane (CH3,QCH3) and ethano] 
(CH3CH20 H) are isomers. The 1H NMR 
spectrum are sho'"rn below. 

7654321 0 765432.1 0 

Chemical shift &/ppm Chemical shift &'ppm 
Spec:trum A, Spectrum B 

a) Explain why spectrum A is the spectnn11 of 
methoxyn1,ethan e. (2) 

b) Complete the table below giving the spin-
spin splitting for spec trutn B. (2) 

6/ppm 1.0 3.2 5.0 
Integration r-ati o 3 3 , 
Spi n-spin 
splitti ng 

c) Ethanol contains an ethyl group > CH3CH2. 

Explain this from spectrum B. (2) 

.5 4-Methylpentan-2-one has the structure: 

CH3 
I a b 

H3C - C - CJ.112 - C - CH3 

I ~ 
H 0 

a) How rnany peaks are in the 13c NMR 
spectru1n of tl1is compound? (1) 

b) Ho,v nu1ny types of equivalent protons 
are in the 1H NJ\1R spectrum of this 
spectrum? (1) 

c) Give the 1U.PAC name for this compound. 
(1) 

d) What is the spin-spin splitting pattern for 
the protons labelled a? (1) 

e) Wnat is the spin-spin splitting patten-. for 
the protons labelled b? (1) 

0 Draw the structure of the compound 
formed on r,eaction of 4-methy]pentan-2-
on e ,vith NaBH4. (1) 

6 A keton may be conv ned into a primary 
alcohol by a four-step p~ocess. 

Step 1: C4H 80 is reduced to co1npound A. 

Step 2 : Con1pound A is converted into 

co1npound B. 

Step 3: Compound B is converted into 
compound C. 

Step 4 : Co1npound C is converted into a 
primary alcohol, D. 

a) Give the structures and lUPAC na1ne of A, 
B) Cand D . 

b) Name the r,eagents required for each step. 
(12) 

7 The thin-layer chro-matography plate sho·wn 
below show:; the separation of a mixture of 
orga11ic compounds. Silica gel is the support 
and the solvent use.ell was hexane. The mixture 
contained propan-2-ol, propanone and ,ethy] 
propanoate . 

Solvent - ........ .--------t!!!!.o--CO 

front 

a) Calculate the~ values for spots l , 2 
and 3. (3) 

b) Which spot represents which substances in 
the mixture? (2) 

~) Why is it iinportant to wear gloves when 
preparing a TLC plate?· (1) 
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8 Th 1 H NtiR spectru1n belo~ .. is fo,r an organic 

compound which has the formula. C4H80 2 is 
shown below. The substance did not react with 
sodium carbon.ate. The integration ratios are 
given in the table belovi,,: 

J 
I I I I I I 

6 s 4 3 2 1: 0 

6/ppm 

o/ppm 0.9 2.4 3.8 

lrnteg ration ratio 3 2 3 

a) Suggesl a fragment of the tnolecule which 
could be re.sponsible for the peak at 
,6 = 3.8. (1) 

b ) Suggest a fragment of the molecule which 
could be responsible for the peaks at 
,6 = 0.9 and 2.4. (1) 

) Draw a possib]e structure of the molecule. 
(1) 

d) Na1ne a suitable solvent used in 1H NMR 
spectroscopy. (1) 

9 For the f o lloVving organic con1pounds: 

a) Vlhich one of the compounds wot.dd give 2 
peaks on a l 3,c NMR spectrum? (1) 

b ) \,,lhich of the compounds would react with 
acidified potassium dichromate giving an. 
orange to green colour change? (1) 

c) VVhich of the compounds would react '"ith 
sodium hydroxide?' (1) 

d) vVhich one of the compounds has the 
empirical forn1ula CH3? (I) 

e) Vvhich of th.e substances can be reduced 
using NaBH4 or LiAlH4} (1) 

0 CH3CH=CH2 can be converted to 

CH3CH2CH2NH1 in a two-step process. 

i) 1Give. the lUPAC name for CH3CH=CH2 

ii) 

and CH3CH2CH2NH2. (2) 

Give the reagent required to convert 
CH2CH=CH2 into C.H3

1CH2CH2NH2 
in a t,vo-.step process. State any 
conditions required and name the 
mechanism. (7) 

Stretch and challenge 

II 10 There are several isomers with the molecular 
formula C5H 100. 

a ) Draw the structure of one isomer ,vhich 
exhibits optical iso111erism. 1Give the lUPAC 
name of the compound and label the chiral 
centre vtith an. asterisk (*) . (3) 

b) Draw the structure of one isomer which 
exhibits E-Z isomerism. Draw the structure 
of the t"\vo stereoisomers and label them as 
EandZ. W 

c) Draw the structure of one isotner ,vl1ich 
wou]d react with water fom1ing pentane-
1,S~diol. (1) 

d) Give the lUPAC name for the isomer \v~hich 
could be oxidised, to 3-methylbutanoic acid 
using acidified potassium dichro1nate. (1) 
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Maths for chemistry 

. 
• 

In ca ~culat .ion work you must be ebte to use an appropriate number of ; 
• significant figures. t.f the raw data given fS quoted to varying num1bers : 
• 

of significant figures. the catcu lated result can only be reported to the : 
• Li mits of the least accurate measu r ement. 

Standard form expre sses nu mb·ers i,n th e form Ax 1 on. where A is a 
number between 1 and 10 and n is the number of places the dec~mat 
point moves. When co nver ting between numbers in o rd i nai ry and 
standard form~ tne same n,umber of significant figures m,ust be kept. 
You must also be aibte to present your answers in calcula ti1ons to a 
number of decimal places and to state the correct units. Conversi1on 
between unit s~ e.g. cm 3 to dm 3 or kg t o gf is a lso expected. 

• • • • • • • • Ill 
• • + • I 
I • • • • • • . 
~ • 
f • • • 
Ill • • 

The arithmetJ'c m ea.n rs found by a did i ng tog etih er all va Lu es and d iv 1i di nigi i 
• 

by the tota l number of va lu es. Outliers m1.ust be i1dentjfied .and rgnored : 
• 

w hen ea lcu Latin g a mean. : 
• 

Per cen t means ·out of 1100· and is r epresented by th e symbol o/o. : 
• 

Percenta9e error is fourid usin1g the equation : .. 
' 

Percentage error - error>< 1100/quantity measured. ~ 
.. 
Ill 

I - To determ1ine the percentag1e error when two b'urette reading,s are ' • • • • • 
: used to ca tcutate a tiitreva lue~ the error must be 1m ulti p l ied' by two. : 
• • : You must be able to rearra nge the subj ec t of an equati or\ for example : 
• • • • : mass mass : 
: ,m o Les ==- . and so Mr = . : 
: Mr motes : • • • • 
: The ~ndependent variab le is th e variab le for Wh1icih values are changied : 
• • i by tne rnvestigator. Tne dependent varia,b'le i1s the variable of which the ~ 
= value is meas1u red for each chan1ge i111 th e independent. The controlled : - . ! variable ·is one which must be kept constant to prevent it affecting t:he i 
: outcome of the investigation. Wnen plotting graphs the i1ndepend ent : 
• • 
: variable is ptaced on the x axi1s and the dependent variabte 1is on the : 
• • : y axis. Appropriate scales 1must be devrs.ed for the ax1s. making th e : 
• • 
: mos t effecti1ve use of the graph paper. Axes shou ld be labelled w ith : 
• • 
: the name of the var1ab'le foUowed by a so lidus U! an d: ttie unit of : 
• • 
: measurement. A best- f it l ine or curve ca n be drawn by judgi1ng the : 
• • i appr oximate posi ton of tne lin e so that t1h1ere are app r oxi1mately the : 
! same number of data points on each side of the line or curve. ~ 

Alge ra 
Changing the subject of an equation and substituting 
values 
Book 1 out1ine.d ho\i\'~ to change the subject of a snnple equation· however, 
you must now be· able to change the subject of more complicated equations 
involving rates and equilibrium. 



Rearra ngie tne rate eq uat io:n rate = k'[N o]2 [02] to make k the sub j:ect 

Answer 
Switch srd es ta g.et the new subject on the left: 

k[NOP![o2] ~ rate 

Yo 1u require k by itsetf on1 the left-hand side~ hence [NOJ2i[o2] ,must be 
moved to the right-ha.nd side. Remember tnat k is multiplied by [N0]2[02} 

so when [N0]2Io2] moves to the ri1ght it is divided. 

EX PLE 2 

k = rate 
fN0]21m2J 

Rearrange tih,e equat 1ion to make [H+] the subject. 

[H·]2 
Ka=----

[weak ac1d] 

Answer 
Sw itc'h sii des to get the new subject on the left. 

[H,..]2 . 
----= Ka 
[weak a,c i dJ1 

On the left-han·d side [weak acid] ~s divided so 
moving; 'it to the ri1ght, i1t is multiplied, the inverse 
ope ra,t:i on 

[H+F = Ka x [weak acid] 

To remove the power of two on the left -hand srde, 
you must take the square root of the ri1g·ht-hand side. 

[H+] = .JK. X rwea k aci,d]I 

IRearra nge the equ1U:brium expression to make [CJ the 
subject 

Answer 
Switch sides to get the new subject on the left 

rcJ2 lDl --= K 
[A] [BJ2 C 

• llf a quantity is divided on one side of the express ion, 
i1t will be multiplied on the other side w1he11 moved: 

l[C}2[D] - Kc [AJ [BJ2 

To find [H+] S1imply substitute th,e vatues 1into thii1s 
equat ion,. If Ka 1is 1'.74 x 1 o-5 moldm-3 and it is a, 
0.20 mot drm-3 soilut ion af ethanoic a,cidi then: 

[H+l = ~K. x [weak acid)= .J1 .74x rn-5 x0.20 

= ·~3.48x 10~ 

1 .87 x ,, o-3 :mat dm-3 

To rearrangie an equation with a 
squared power use the 1inverse 
operat,ion. which is a square root. 
For exam pile 32 = 9~ ,./9 = 3. lln 
general a2 ~ b so a !!!!! .Jb. 

Both [A] and [ B12 were d1v ided. so when m1oved. to the 
other side they are multip'lieci . 

If a1 qua1ntity is 1muttiplied on on1e side of the 
expression, it will be di1vided on the other si'de when 
m:oved: 

[C]2 = Kc [AJ [812 

[D] 

To re imove th e power of two on the left- hand side, 
you must take the square root of the r f gtht-hand 
s ide. 

,-------,.,. 

[C I = K~ [A][BJ2 
[D] 



Units 
For A2 you must be able 10 work out units for rate constants and equilibrium 
constan.ltS . T:o help with this it is useful to understand the laws of indices. 

~lul tip lication 
When multiplying numbers that have indices, add the po\l.rers: 

x2 x x-1 = x0.+3) = x5 

PlE 

1mo L d1m-3 x mat dm-3 

Renie,m be r m,o l is really 1mol 1 

1mo l x ·mol x dm-3 x dm-3 = mot(1+1l d:rn l-3+-31 = mot2 dm-6 

The units mol d1m-J are concentrat ion un its~ so a stmp ler method is to 
replace the un:it 1moldm1-3 by the wo,rd concentrati1on . 

mol d.m-3 x ·motdm-3 - concentration x concentrat ion 

= (co.ncentrat ionJ11 + ·n = (cor,centre1tion] 2 

Thts ca n theri be converted back to units [mol dm-3J 2 = mol2 dm-6 

'Division 

W11en dividing nun1bers ,vith indices, subtract tl1e indices: 

x4 t , ~ _ X 4-31 _ X1 .. X 

X 

Re1nember when dividing it is possible to c-ancel tern1JS if the sat11e tem1 is 
on the top and bottom of the fraction . 

.,;ei x x4 
4 

/' =x 

[m o l d m-3 f [1:!W l-ch11-3 t 1 
1 

_ ----= = motdm 3 

[ m o l d' m-3
] lm* ttm-3 l 

mol dm-3 is on t he top andr bottom of t he firact:ion so 1t cancels 

Or a Lternativety th,is can be wrltten: 

(concentrat ion)2 t . 12 1l · ------ - concen ration - - co.ncentrat1on moldm-3 
concentration 



If the numerator [numbers on the 
to,pJ increases and den o m rnato r 
[numbers on the bottom] 
decreases t1hen Kc in creases. 

[1mol dm-3J2 - [mntcfm-3]2 no unirts 
[1mol dm-3 )2 - [motam-3 )i2 

as the u.r~1ts top and bottom are the same; they ea ncel eac h other out. 

U -~ (concentrat ion]
2 

t t· [2 21 t t· o ·t n111..S - .~ concen ra 10n - - coricen ra, ran .~ no un1s 
(con cen tra t i o nJ2 

Remember x0 
I.I 1 

Brackets 
When taking the power of a number already raised to a power, multiply the 
powers. 

(x2) 3 = x(2x3) = x6 

PLE 7 
[mold,m-3)2 = motl1 x 2) x dm(-3 ;,,; 2);;; ,mol2dm-6 

Reciprocal 
-1 1 X ~ -

x 

[m o l d rrr3
)1
2 

_ IL'Ae-refrri912 
_ 1 [ 'l d -3)-2 _ · l-2 d 6 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!- - - = mo, m - mo m 
[mol d'm-3)4 !~arrr1 J# 2 [mol dm,-3 ]2 

mol d1m--3s-1 metum~.s-1 s-1 s-1 s-1 

[mo l dm-3 J3 = '(mol-am....3·f 2 = Imel dm-a ~2 = moti2x1i d m(-3x2r = mol2 dm-' 

= mol-2 ci1m0 s-1 

Estimating results 
Sotnethnes changing different experiinental conditions has an effect on 
measureable values. Ush1g m athe1n.atics) it is p ossible to estimate this effect. 

For ex.ainple, temperature is the only factor that affects the value of Kc 
for an equilibrium. This is because temperature affects the position ,of 
equHibrium and the concentrations ,of reactants and products ~i.U change. 

An increase in the concentration of the products (and decrease in the 
concentration of the- reactants) ·wi.H increase the value of Kc. This is because 
the numerator of th e I(c expression gets larger and the denominator gets 
sniaUer, giving a larger value of I<c. 
For a reaction: 

,aA -r bB #. cC ~ dD 

a decrease in the concentration of the products (and increase in the 
concentration of the reactants) will decrease the value of I<c when 
temperature is changed. 



p 10. 
Far the equ iUb riiu m: 

If more ammonia is produced the numerator of 
the fractiion gets bigger. and the de,nom1 n~tor gets 
smalle r; as there is a sm.aHer co ncentration of 

N2[g~ + 3H2[g] ~ 2N H3[g,j flH = - 92 kJ miol-1 n itroge:n and hydrogen. and so the value of Kc w ill 
1 Flcrrease. From your 'knowledge of l e Cha teUer"s p ri nci1p le from 

Book 1, the fo rwa rd reaction ~s exot'hermi1c l~H is 
negat;ive] and so a decrease in temperature shifts the 
eq u i U b ri U:m1 posiiti on ri.g:ht in the for\Na rd exothermic 
d~rection wn~clh means more ammon,ia is prod,ucecL Rem·ember that the equiUbrium 

canstdnt is affected in t his wa1y 
by changes in, temperature only; 
it does not change when the 
p..ressu re or co rice nt ration of the 
system changes - see page 75. 

, n the equat,io n for Kc 

K _ i(NHG]2 
c - lN2J [H2 F 

o~~~~~~~-
G rap h 
The equation of a straig1ht line graph 
Every straight line can be repre-sented by an equation: y = mx + c. The 
coordinates of every pou.11 on the line -will solve. the equation if you 
substitute them in the equation for x andy. 

y-mx+c 

the gradient they intercept 

They inte rcept is the point ,vhere the graph crosses the y-axis. It is the 
value for y when x = 0 . 

LE 11 
For th e graph shown below. th e equat,ion of th e line is: 

Y= 2x+ 1 

X 

__ , __ 
-6 



G1radient 
1Gradient is another w,ord for 'slope,. The. higher the gradient of a graph at a 
point, the s teeper the line is at that point. A positive gradient means the Hne 
slopes up from left to right. A negative gradiei-1t n1eans that the Hne slopes 
downwards fron1 left to right. A zero gradient graph is a horizontal line. For 
a straight line graph the gradient is a constant value. 

positive g rad ie nt 
lower I eft to top right. 

X 

y 

negative gradient 
top left to lower tight. 

To find the. gradient (m) of a s'traight line graph: 

l Choose any two points on the line. 

2 At one end of the line chose a point and call it (x1; y 1) . 

3 At the other end of the line chose another point and call it (.xi)yi.). 

4 A more accurate ans,ver is obtaiu.ed ,vhen the points (x1 ) y1) and (x2 ,y2) 

are as far apart as possible. 

5 Substitule your values into the equa.tion: 

m.= Yi - y1 
X2 -X1 

v,rhe1-e 1he numerator represents the vertical distance betw,e,e11 the two 
points (the rise) and the denominator Teprese.nts £he horizontal distan.ce 
beti;Neen two points (the run). 

A simpler equation to use nlay be gJadient (m) = :~ 
change in y 

or even gradient (m) -- . 
change ln x 

For thrs giraph y= mx + c y 

They fn terce pt(c} is 1 

The grad 1ient [m) is calculated' as: 

m= Y2 - Y1 = 3- 1= ~ = 2 
X.2 - X1 1-0 1 

or 

'm, = r1se = I = 2 
ruin 1i 0 

1 

X 

1. l 

The equat,ion for the li,ne is: 

y - 2x + 1 
~~~~~~~~~~~~~~~~~_.. .................... ..... 
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The rate equation for a zero order reaction is: 

rate = hIAJ 0. 

The graph above is a concentration ~gainst thne grapl1 for a zero order 
reaction (see page 59) Tl~e gradien't of this graph is e,qual to the rate 
constant. Gradients can have units . For the concentration against time 
graph the gradient does have units. This is becaus 

G ·d· t I( J Y2 - y1 concentrat 1ion ra uen· 1m 1= =------
x2 -x1 ti1me 

hence the units of the gradient of this graph are: 

mo l dm-3 = mol dm-3 s-1 
s 

Tangent 
The word tangent means ~touching1 in Latin. The tangent is a straight line 
that just touches the curve at a gii.ven point and. does not cross the cu rve. 

To draw a tangent at a point (x Jl) : 

l Place your ruler th1~ough 1he point (x,y) on the cu.Tve. 

2 Make sure your ruler d.oe:s not touch the curve at any other point. 

3 D,raw a ruled pencil line passing thr,ough point (xJ). 

I 
The ruler passes through point 
'1c, y) on the curve1 but no other 
point 

- tangen,t 



What is the gradi,ent of the curve at point A? 

5 y 

m = Y2 - Y1 = 2 - 1 = 2. = a. 5 
X2 - X1 3 -1 2 

The gradi.ent of the curve at point A is i· or Q,.5. 

4 

3 

tan,gent 
.2 

1 

X 
O-+-~--.--~--.-~---.-~----.-~--.-~-----.~ 

0 1 2 3 4 5 6 

Answer 

s Jf 

4 

3 

2. 

1 

o-~ 
0 1 2 3 

d. rise gira ·1ent :::! ~ 
run 

Rise= 2 -1 = 1 

4 5 

1 0 5 ~2~ · Ii 

X 

6 

D ra,w a tangent to tne curve at point A. 
To find the slope of the curve at any other point. you 
would need to draw a tang e n.t line at that po1i nt a,nd 
then determi n1e the slope of that tangent tine. Thi1s is 
the method used to fin d the order of a. reaction using 
th,e initial rates meth,odis, see page 58. 

B has coord ina tes [x1, y1] [1.1] and C has coo rdinates 
[x2• y2J l3.2l. The gradrent of the curve at po Jnt A is 
equal to the s lope of the strai1g1ht Un.e BC. 

Calculate the grad1ient of BC: 

m 
I 

0.1 

0.08 -

~ 0.06 
0 
f 0.04 
:::c ..... 

0.02 
0 

0-+---~-----~----,-~ 

Rate;;;; - 0.00025 mol dm-3 s-1 

0 50 100 1 so 200 250 300 
Time/s 

Figure 16.1 The graph shows how the rate of .reacti,on at time 100 secon,ds is 
ca.Lcuilated, by drawing a tangent to the curve and ca lculati.ng the gradient of the 
tangent. 

()~l_g_b-ra~~~~~~~~~~-

Logarithms 
large numbers are often complicated to deal with. By \Vriting larger numbers 
in terms of their p ower to base ten, a smaUer scale] called a log scale is 
generated which is often easier to comprehend. In chemistry; pH is defined in 
tenns of a logarithmic scale . Long before ca]culators were invented ) logarithm 

tables were used to simplify n1athen1ati.cal calculations. John Napier, a 
Scottish 1nathematician published the first logaritb111 tab]es h1 164 l. 

Logarithms) or 1ogs; , express one number in terms of a base nun1ber, that is 
r-aised to a pow,er. 



There a,re two di,fferent blJttons to calculate 'logarithms on m·ost 
ca lculators. The 'log' button calcutates log:s to base ten and ~s the button 
w h1ch you should use. Tile ' ln' button ca~cu lates natural togs; do not use 
thls button. 

This 1is the 
I ogi b Lftto n ._ 
yo,u should 
use 

For .example, in the ,expression 

100 = 102 

'Don't use 
this button 
- it does not 
ca lculate 
Jog10 

10 is the. base and 2 is the p,ower or index. This expression can be ,vritten 
in an alternative "ray. In terms of lo,gs it is ,vritten 

logu,]00 = 2 

This can be read as the 'log to base 10 of 100 is 2>. The relationship between 
the t\vo expressions is sho,vn below. 

Index or power 

Base 

The base can be any positive nu1nber apart from 1 ) but in _A..-level ,Chemisny 
,ve will be using logs to base 10. Logaritluns to base 10) log10, ,vill be 
written siinply as 'log'> e.g. loglOO = 2 . You will use your calculator to 
find logs. 

P 14 
Check that you ca n use you r ca lcutator correctly iby verifyi,ng that 

tog 93, is 11.97 

lo gi OJJ3 is -1 .52 

log 1.1 X 1 [)3 j 5 3 .04 



Two common equations involving Logs which are used in chemistry are: 

pH= - log[H+] 

and 

pl\i = - log~ 

PLE 15 
If a so lution has [H ·] a 0.50 mol d m-3 fin,d the pH of the solution using the 
equation pH - - log~H""] 

Answer 
pH= -log to. 5o): 

To calculate this on your calculator. type in ·-·, thefl ' log-·. then ·o. 5[J" . 

Th is sh,ould giive ari answer of 0.30 

LE 16, 

The Ka for etha noic acf d 
CH3COOH is 1. 74 x 1 o-5 moldm-3. Use the equation 

pKd = -logKa 

to find the value of pKa 

Answer 
pKa - - log{ 1,. 74 x 1 o-5) 

Type in · ~ '. t h en · ilo g ·. the n 
'L 7 4 x l 0-5•. 

The answer should be 4. 76 

You Vvill find many exan1ples ,of pli and ·pKa calculations in Chapt,er 6. 

An ilogs 
You must be able to use your calculator to find logs of any positive number. 
In additio1~ so1netimes you may be given the log of a nu1nber and must 
work backwards to find the number itself. This is called finding die antilog 
of tl1.e nun1ber. An antilog is the opposite of a log. To find the antilog on 

·most sitnple scientific calculators: 

1 pr.ess the s cond function (2ndF) inverse (inv) or shift button, then 

2 type in. the number, then 

3 press the log button. It might also be labelled the 1ox button. 

Press ·tne shift 
{or 2ndF) button 
and t:h em the I og 
button to access 
the antifog1 f u ncbo n. 
The antilog function 
i,s 1 ox as shown 

~

~;:::--· 
,IJI ~ al\"_ II ,"$1A I ~ ri:::··.• 
~ µ ........ ' -·,. -

• ' I ' : .. ~ ' ! • -



P 17 
If logx = 2.3 . What is x? 

Answer 
To fiind x you r1eed to f ind t!he a ntilo.g of 2.3. 

On you r calculator type tn 'shift' [or ·inv· or ·2ndF"L then 'log· , t 'h:en ·2.3· 

The a,nswer should be 199.5. 

18 

If logib = - 0.2. w hat ,is b? 

Answer 
On your ca lcu lator find the anti ilog of - 0.2. It should lbe 0.6 sob - 0.6 

An ant.Hog 'undoes' logs by raising the base to the log number. 

For exan1.p]e: 

loglOO = 2, antilog2 = 100 

In finding 'the antilog, the calculator is perfo,nning the calculation 102. 

Determ~ne th e co ncentration; in m.ol dim-3, nt nitric acid 
that has a pH of 0.65. 

On your catcu lator, type ,n "sniff [or ·2nd F' or "inv'L 
then ' log·; then · -0. 6 5·. 

This shou Ld 9ive the va lue of fH +] = 0.22 mol dm-3 

An atternabve way of answering this is to use th e 
equat ion : 

Answer 
pH • - log[H+] 

0.65 - - logi [H""] 

-0.65 = log [H+] 

Ca lculate thie Ka of a,n ac id wh ich 1has a pKa value of 
2.89 

Answer 
pK.1 = - logKa 

2.89 = - logKa 

- 2.89 ~ log,Ka 

[H•] ~ 1 o- pH 

[H ... ] = 1 0 - D.65 

Th fs ts calcuila ted in the same way on your catcu lator. 

On your ea lcu lator~ typ e ~n ·sniff [or ·2ndF or "inv'L 
then 'tog· . th en · - 2 .89'. This shou ld give trie value of 
Ka of 1 . 2 9 >< l o-3 

An atterina t,ve way of answering this questJon 1is by 
using the equation: 

K = 1 o- ?Ka a 

K = 1 o-2.89 
a 



Logarithmic scales 
Logs are a po'f,Nerful way to reduce a set of numbers that range over many 
orders of magnitude lo a smaller more manageable scale. pH is a logarithmic 
scale. The table below sho"'rs how taking the log of the ·hydrogen ion 
concentration reduces the range of numbers being dealt ,vith. If values for (H+] 
range .frotn 0.1 to 0.00000000000010 the pH can fit in the range l to 14! 

. 

pH 1 7 13, ,, 4 

[H+]/mol .;:tri,· 3 · 10-1 10-1 , 0-13 1:0-14 

Presentation of data on a logarithmi,c scale can be helpful when drawing 
graphs. Logarithmic scales are used when the data: 

• covers a large range of values; tl1e use of logs reduces a lVide range to a 
more 1nanageable size which is easier to plot. 

• may contain exponential or power la\vs since these vnU show up as 
s traight lines. F o·r example, for .a second order reaction rate = h [A] 2, th,e 
graph of rate against c,oncentration ·would giv-e a curve (see page 59) . If 
logs are taken of both sides, this gives: 

log(rate.) = logh + 2log [A] 

This has the same form as a straight line graphy = nix+ c. ·Consequently~ 
a plot of log rate agah1st log[AJ gives a straight line graph whose intercept 
is the value for logk and the gradient is equal to the order of the reaction. 
This treatn1ent is valid fo-r any ord.er values. The gradient (slope) of the 
graph line is alVla}'S equal lo the order. 

yc:::i mx+ C 

log(rate) i.. 2109,[A] + logk 

log[A] 

Sometimes you 1nay be asked tto p lot a graph by calculating lhe log of some 
values, and then plotting the logs. Sin1p]y calculate the log values on your 
calculator and record then1 before. plotting. An exa1.nple o-f this t11:,e of 
graph is included with the activity in the kinetics chapter on page 62. 

The Richter scale is used to me21Jsure the strength of earthquakes by taking 
the log of the amount of energy they release. It is a logarithmic scale. The 
largest earthqtlake ever recorded was in 1960 in Chile and reached 9.5 on 
the Richter scale. 
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