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ABOUT THIS BOOK

ABOUT THIS BOOK

This book is written for students following the Pearson Edexcel International Advanced Level (IAL)
Chemistry specification. This book covers the full International Advanced Subsidiary (IAS) course and the
first year of the International A Level (IAL) course.

The book contains full coverage of IAL units (or exam papers) 4 and 5. Each unit has five To
match the titles and order of those in the specification. You can refer to the Assessment O

pages xii—xiii for further information. Students can prepare for the written Practical Pap
Chemistry Lab Book (see pages x—xi of this book).

Each Topic is divided into chapters and sections to break the content down into ma
section features a mix of learning and activities supported by the features e

Learning objectives Specification reference Learning tips Worked examples

Each chapter starts with a list of The exact specification Worked examples show you

key learning objectives. points covered in the how to work through questions,
section are provided. and set out calculations.

SPECIFCAD 16A.2 ELECTROCHEMICAL CELLS

1 6A 2 ELEcTROcHEMIcAL cELLs 167 | 1 BREAKING THE CELL CONVENTION

P12 Chernists allow themselves to break the rules if it st their

purpose. This is exactly what we do when we write cell diagrams

o to represent the measurement of a standard electrode potential,

aq) i Cu?*(aq) | Cu(s) In this case, the standard hydrogen electrode is always written on
E°=+034V the left-hand side.

B d LEARNING OBJECTIVES

M Beable to calculate a standard emf, Egy, by combining two standard electrode potentials.
W Beable to write cell di ing th i ion of half-cells.

nce between these two numbers is 1.10, so the emf
ellis 1.10 V. To indicate that the right-hand electrode, i.e.
fopper, is the positive electrode of the cell, the emf is given a
positive (+) sign.

The cell diagrams for the set-up used when measuring the
standard electrode potentials of the Zn?*(aq) | Zn(s) and the
Cu?*(aq) | Cu(s) half-cells are therefore:

PU(s) | 3Hy(g) | H'(aq) § Zn**(aq) | Znls)  E°y = ~0.76V

So, the complete cell diagram is: . 5
‘The reactions taking pla % PU(s) | $Hy(g) | HY(aq) i Cut*(ag) | Culs)  E®uy =+034V
ELECTROCHEMICAL CELLS g Pl : Z06) | Z0a) § C(ac) | Culf) By = 4110V (5) | 3Ha(g) | H'(aq) i Cu**(aq) | Cu(s) '
As before, the sign of £ indicates the polarity of the right-
LEARNING TIP hand electrode. Zinc is the negative electrode of the cell formed
Note that the sign for the E° of the Zn? | Zn half-cell is stil given as in combination with the standard hydrogen electrode. Copper is
negative, despite the half-cell being written in reverse. As mentioned  the positive electrode of the cell formed in combination with the
in Section 16A.1, the sign of a standard electrode potential remains  standard hydrogen electrode.
the same no matter how the half-cell s represented.

a diagram of the full apparatus
#5 use a shorthand notation to —@ | o vou know?

An electrochemical cell is a device for producing an electric
current from chemical reactions. It is constructed from two
half-cells. Fig A shows the apparatus used to construct an
electrochemical cell from a Zn?* | Zn half-cell and a Cu?* | Cu
half-cell under standard conditions.

flow of electrons

esent ha ade from zinc ions and zine Itis also possible to caloulate the emf of the cell from a cell EID e cne
salt bridge g as: diagram by subtracting the E” value of the left-hand half-cell from 1. (2) Draw a labelled diagram of the apparatus that can be used
o that of the right-hand half-cell: to construct a cell, under standard conditions, from a
zine Eu=ESe—Etn 20| Zn half-cell and a Fe*,Fe* [Pt half-cell
Bundary,in this case - 3
i TV S0kt shose, 240 Itis important to remember, however, that you must not change (b) The standard electrode potentials for the hlf-cells are:
? . the sign of the £° value of the left-hand half-cell, even though the *|zn  E=-076V
reaction is written as an oxidation and not a reduction. Fet Fe [Pt B0 = 4077V
E®=-231V Explain the direction of electron flow in the external circuit
E°=+034V WHAT IS MEANT BY THE ‘DIFFERENCE’ BETWEEN TWO when this cell i nuse.
P o STANDARD ELECTRODE POTENTIALS? (c) Write the cell diagram for this cell and calculate the emf
(E° es) of the cell.
- Fe= 4080V ‘The easiest way to explain this is to represent the two values on a Bl oftreie
[Zn**(aq)] = 1moldm~ +(ag)] = 1moldm™ i number scale, such as the one shown in fig B. 2. Chlorine may be prepared in the laboratory by reacting dilute

hen the electrode, ie. the electrical connection between the +100 hydrochloric acid with potassium manganate(VI1). The standard

. ) tempera ion and the external circuit, is a piece of platinum foil, the electrode potentials that relate to this reaction are:
A [BgA Ansectmchemica) g g convention is used: ot 1Ch(g) + e = Cifaq) E°=+136V
Pt(s) | Fe**(aq), Fe?*(aq) E°=+0.77V MnO; (aq) + 8H(aq) + Se” = Mn?(aq) + 4H,0(1) E*=+151V
Itis important that you can desc a nefehare 10 otice that because there is no phase boundary between Fe**(ag) 000 difference = 1.10 @ f::\:lztel?r::mf‘ E”ca of a cell constructed from these two
lectrochemical cell (such as the of i and Fe?*(aq), a comma is used to separate them, not a solid YS!
it i the ions that fl vertical line. - o6 (b) Explain the direction of electron flow that would take place
100 in the external circuit of this cell when in use.

‘The standard hydrogen electrode is represented as follows:

(ag) [ 4
H'(aq) | 3Hy(g) | Pi(s)
These shorthand be used " To move from one number to the other on the number scale
ese shorthand notations can now be used to represent a cel it M

comprising two half-cells. Convention dictates two things SUBJECT VOCABULARY
1 The two reduced forms of the species are shown on the
outside of the cell diagram.
lue for the Zn* | Zs 2 The positive electrode is shown on the right-hand side of the
the zinc electrode will be the cell diagram.

fowards the zinc half-cel. L —— (c) Wite the celldiagram for this cell

r the redox systems

thermodynamically feasible reaction a reaction that should take
place without any intervention by us, if we consider the enthalpy and
entropy changes involved

kinetically stable the reaction does not take place, or is very slow,
Applying these conventions produces the following cell diagram e R A T 1 s e S el

for a cell formed by combining the Zn**(aq) | Zn(s) and the
Cu?*(aq) | Cu(s) half-cells
Zn(s) | Zn*'(aq) § Cu?*(aq) | Cu(s)

disproportionation a reaction in which an element s both oxidised
and reduced at the same time

Exam hints Did you know? Checkpoint Subject Vocabulary

Tips on how to answer exam- Interesting facts help you Questions at the end of each Key terms are highlighted

style questions and guidance remember the key concepts. section check understanding of in blue in the text. Clear

for exam preparation, including the key learning points in each definitions are provided at

requirements indicated by chapter. Certain questions allow the end of each section for

particular command words. you to develop skills that will be easy reference, and are also
valuable for further study and in collated in a glossary at the
the workplace. back of the book.




You should be able to put every stage
of your learning in context, chapter
by chapter.

e Links to other areas of Chemistry
include previous knowledge

that is built on in the topic, and
future areas of knowledge and
application that you will cover later
in your course.

Maths knowledge required is
detailed in a handy checklist. If you
need to practise the maths you
need, you can use the Maths Skills
reference at the back of the book as
a starting point.

13 THINKING BIGGER

CATASTROPHE FOR CORAL"

ABOUT THIS BOOK

KINETICS

A FURTHER KINETICS

your bod

right time.

ics. The term ‘kinetics'

rates of

the ancient

 which is

In Topi 1:18S), d

In this topic

whatis happemn( during chemical reactions:

. 8
chemical reactions?

" produce hydrogen fodide?
Ithas been

pain. In
In this

y y i y

MATHS SKILLS FOR THIS TOPIC

- Use calculators to find and use power functions
* Use an appropriate number of significant figures
- Change the subject of an equation

+ Solve algebraic expressions

- Plot two variables from experimental or other data
- Determine the slope and intercept of alinear graph

relationship.

EI) gmoanmo,
WTERPRETATION

the impact of
onlife i our oceans

OCEANS ABSORB HUMAN CARBON POLLUTION

As humans burn fossil fues and release greenhouse gases,

those gases enter the atmosphere where they cause increases

in global temperatures and climate consequences such as more
heat waves, droughts, changes (o rainfall

g seas. But for many years sci
known that not all of the carbon dioxide we cmit ends up in
the atmosphere. About 40% actually gets absorbed in the ocean

fentists have

process in the climate. Our carbon dioxide
the oceans

ally going into

“The process of absorption is not simple - the amount of
carbon dioxide that the ocean can hold depends on the ocean
tempernars, Coldrwaer canabor e con dioide;
warmer waters can absorb less Scientiss believe that

oceans warm, they will become less and less camb}c kg K

up carbon dioxide. As a resull, more of ey

willtay slobal varming. But rescarch. In
it clear tha,at least for now, watching the oce cif their
favour by absorbing large amounts of carbon pollution. over time.

From an srtce n The Guardia, by John Abraham, 16 Fbruary 2017,

Exam Practice

the exams (see the command
words glossary at the back of
this book).

You can also refer to the
Preparing for Your Exams
section at the back of the book,
for sample exam answers with
commentary.

CHEMISTRY IN DETAIL L
2

1 You

THINKING BIGGER

SCIENGE COMMUNICATION
7=

(eg photos or f
climate change. Add a short caption o each ofthe images you choose.

issues n

represented by the equation:
€O,(g) = CO(aq)

Suggestthe impac
the concentration of disoived carbon dioxde n the ocg

3 Once disslved, carbon dioxide reacts with water as i
COfaq)+ HOl) =

studied Topic 14 ber®
answeing questions 2and 3

notincluded in the expression for K,
(6) A sample of seavater is shown to.

0) Assuming that the value for K. in (a)is 4
State any assumptions you have made.

“The hydrogen carbonate
ion (HCO;) s sometimes
referred to.as the
bicarbonate ion.

predicted that CO leves will
fisetoa record 415 ppm in

14 EXAM PRACTICE

1 Inan acid-base ttration, a0.10 mol dm solution of a base s

added to 25 cm of 010 mol dm * slution of an acid.
“The diagram shows the pH value of the solution ploted
againstthe volume, ¥, of base added

“This diagram could represent attration between:

A CH,COOH{(aq) and NH,(aq)

B CH,COOH(ag) and KOH(aq)

© HCl(ag) and NH(aq)

D HCl(ag) and KOH(aq) w
(Total for Question 1 = 1 mark)

6

2 Hardness n water can be determined by titrating a sample:

3

against a reagent fons

4 The ollowing equilbrium exists in & mixture of concentrated

it acd and concenratd sulfric acid:
HNO, + 2HS0, = NO; + 2HSO; + H,O*
Which statement is correct?
A HINO, and NO; are a corjugae acid-base pair
B The itic acd acts as an axidising agent
C The sulfrc acid acts as  dehycrating agen.
D The sulfrc acid acts as a base
o ..
A sales eafet cams that‘applicatios of asolution of
ammonium sulate, which s acidic, improve the growth of acid
loving thododendron bushes b incrasing the availabily of
vitrogen and also by increasing the pH of the sof
What is wrong with tis satement?
A Aqueous ammorium sulfae is not acidic
B Ammorium slfate does ot disslve in water:
C Tobe a fertiiser itogen s needd n s cvidised form
(nitrte) and no n s recuced form (smmoriur),
D The pH o the ol will e decreased, notincreased. (1]
(Totalfor Question 5 = 1 mark)
A it jice contains a monobasic acid HA.
19 To i s dogenonconcention of
o Clcaate the pH f th . 2]
25058 el f U i s
2670 cm?of 00100 moldm™ sodium hydroxide

0 o taking place.
State symbols are not required. m

) C: inmoldm-?,of HAin
atabout 10, the fruitjuice. ®
Which of these, Jd be used to do this? )C your answer

A ammoni and ammonium hlorke

B ammonium chorde and hydrochoric acid

€ sodium ethanoate and ethancic acid

D sodium hydroxide and sodium ethanoate. m
(Total for Question 2 = 1 mark)

A 10 10 mol i aqueous solton o te ek

monoprotic acd HA has & p of 40.

Wha i th approimate pK,value forthe acid?

Aa0 c60 c70 D80 m
(Total for Question 3 = 1 mark)

ydrogen on concentaton. Then, make a deduction
about the strengthof the acd, HA.n the i jice. (2]
(©) () Wiite an equaton o represent the disociation o
HAintots ion i aqueous solution. m
(i) Witean expression fo the acd dissociaton constan,
HA(sq) 0]
(i) The value of &, for HA(aq) is 600 x 10"*mold™
Calclate the concentration of the undsociated acid
under these conditons. @
(Totalfor Question 6 = 12 marks)

I,

Thinking Bigger

At the end of each topic there
is an opportunity to read and
work with real-life research and
writing about science.

The activities help you to read
real-life material that’s relevant
to your course, analyse how
scientists write, think critically
and consider how different
aspects of your learning piece
together.

These Thinking Bigger activities
focus on key transferable skills,

which are an important basis for
key academic qualities.

TOPIC 14

7 A mixture of ethanoic acid, CH,COOH, and its sodium salt
"OON, can act as a buffer solution

(2) State what is meant by the term ‘ufer solution’ @
(b) Explain how a mixture of ethanoic acid and
sodium ethanoate acts as a buffer: “

(©) Abufer soluton s made by ading  soluion of |
sodium hydraxide,of concentration .00 moldim
sample of 100moldm ethanoic acid uni haf of the
amount of acd pesent ha reacted. Calulte the pH of
this buffer solution.
[K, of ethanoic acid a the temperaure used s
170 x 105 moldm] @)
(Total for Question 7 = 9 marks)

8 T e e ni product o waes K.
00 X 10" moltcm's 298 and 548 x 10" moldm-®
a3k
2) Calculate the pH of water at each of these two
temperatures. “
o) Using your answers to (a) comment on the validity of the
following statement
Pure water s neutral because it has a pH of 7 @
c) Show that the data supplied can be used to deduce the sign
of AH for the dissociation of water into fons. o]
(Total for Question 8 = 8 marks)
9 In 1923, Johannes Bronsted and Thomas Lowry proposed
independently a theory that when an acid reacts with a base
the acid forms i conjugate base. The theory is known s the
‘Bransted-Lowry’ theory.
() State what is meant by the term conjugate base. (1]
) () In each of the two equations, identiy the species on
the lefi-hand side of the equation that is behaving as
a Bronsted-Lowry acid e}
Equation 1: C;H,C00" + HF = C,H,COOH + F
Equation 2: C;H,COOH + CN" = GH,CO0" + HCN
(i) Explai the reative strengths of the three acids involved
wo I

EXAM PRACTICE 105

10 Sulfr dioxide reacts with water o produce sulfurous aci,

50, which s a wesk dbasc acid.
“The equation forthe s disociationnt fons i
H,;SO,(aq) = H*(aq) + HSO;(aq)
K.3(298K) = 1.20 x 10" moldm™*
@ Calculte the vaue of pi for iSO, i
b) Use Kyt calculatethe approximte pH of an aqueous
soluion of 0500moldm?H,S0, t 298K 5
) The measured pH of 0500 mol - H,SO, i sighty
Iower than that caleulatd n art (), Comment on &
possible reason for this difference. m
@) The constant K, has a value of 100 1074mof: ém at

() Give the name of the constant K., m
(i) Write the expression for ;. 1
(€) Potassium hydroxide, KOH, is a srong base in aqueous
solution. Calculte the pH of 0.500moldm-KOH. (3]
(Total for Question 10 = 10 marks)
“The graph shows the change in pH when dilute hydrochloric
acid s ttrted with sodium carbonate soluton,

el o the right-hand side ] “
(€) Ligud ammonia, ke water undergoes sefonisaton,

according to thefollowing equation:

NH, + NH, = NH; + NH

For cach o the two substanceslsted, explain whether

asolution in lquid ammonia would be ‘acdc’, basic”or

neural

) Ammonium chloride, NHICI

(i) Sodium amide, Na“NH;

o R

T T T R % % % f0 4 %0 5 8
‘olumo of s s
“The overal equation for the reaction i
N,COy(aq) + 2HCl(aq) — 2NaClag) + CO4(g) + HO()
(8) Suggest sitable indicators to detect the changes at

@
(%) Explain why the change at A would be more diffcult
o detect than the change at B @
(©) Suggest equations for the reactions taking place at
each sage. ]

(Total for Question 11 = 6 marks)




X PRACTICAL SKILLS

PRACTICAL SKILLS

Practical work is central to the study of chemistry. The second year of the Pearson Edexcel International Advanced
Level (IAL) Chemistry course includes eight Core Practicals that link theoretical knowledge and understanding to
practical scenarios.

Your knowledge and understanding of practical skills and activities will be assessed in all examination papers for the IAL
Chemistry qualification.

e Papers 4 and 5 will include questions based on practical activities, including novel scenarios

e Paper 6 will test your ability to plan practical work, including risk management and sele

O
In order to develop practical skills, you should carry out a range of practical experiments re Igi O the topics covered
in your course. Further suggestions in addition to the Core Practicals are included g
online.

STUDENT BOOK TOPIC IAL CORE PRACTICALS

TOPIC 11 Following the rate
KINETICS method

CP9b
CP10

TOPIC 14 CP11
ACID-BASE EQUILIBRIA

TOPIC 16

¢ .
REDOX EQUILIBRIA 1
3b titrations with sodium thiosulfate and iodine
TOPIC 17 P14  Preparation of a transition metal complex
TRANSITION METALS AND THEIR C R

TOPIC 19 CP15 Analysis of some inorganic and organic unknowns
ORGANIC NITROGEN COMP ;

AMIDES, AMINO ACIDS AND P {

TOPIC 20
ORGANIC SYNTHESI

CP16  Preparation of aspirin



17B 1 DIFFERENT TYPES OF REACTIONS

LEARNING OBJECTIVES

M Understand that colour changes in transition metal ions
may arise as a result of changes in:
(i)~ oxidation number of the ion
(i) ligand
(i) coordination number of the complex.
Understand that ligand exchange, and an accompanying
colour change, occurs in the formation of:
(1) [Cu(NH3),(H;0);F* from [Cu(H,0).F* via
Cu(OH),(H;0);
(i) [CuClF~ from [Cu(H; 0.
W Be able to write ionic equations to show the meaning of
i jour, ion and ligand exchange

reactions.
TYPES OF REACTIONS

So far, we have considered the origin of colour n transition metal
fons. We can now consider why there are often colour changes

when transition metal ions take part in reactions. Four main types

of reactions can occur:

+ redox — the oxidation number of the transition metal ion changes

+ deprotonation - one or more of the ligands gains or loses a
hydrogen ion (proton)

ligand exchange — one or more of the ligands around the
transition metal ion is replaced by a different ligand
+ coordination number change - the number of ligands changes.

Any one of these types of reactions can cause a change in the
colour of the
these types of reactions.

GHANGE IN OXIDATION NUMBER

An aqueous solution containing Fe?*(ag) ions is pale gre
when it is exposed to air it gradually turns yellow or broy
oxidation number of iron increases from +2 to +3. The type and
number of ligands remain unchanged in this oxidation reaction,
50 the formulae of the two complexes are [Fe(H,0),)**a
[Fe(H,O)}*. Colour changes such as the one in this reaction are
best illustrated using solid samples containing the ions (see Fig A)

mplex. Some reactions involve more than one of

Equations are not usually written for oxidation reactions in which
the only change is the oxidation number of the transition metal ion.

SPECIFICATION

REFERENCE

17.11 | 17.240)
17.24(i) CP14

iron(l) sulp 0 onl

lphate )
figA Solid samples clearly show colour differences between ions.

F [Cu(NHy).(H,0),12*: AND
LIGAND EXCHANGE REACTIONS
Consider the reaction that occurs when aqueous sodium
hydroxide is added to copper(ll) sulfate solution. The observation
is that a pale blue solution forms a blue precipitate. The equation
for this reaction is

[Cu(H;0)gf** + 20H" — [Cu(H;0)(OH),] + 2H,0
You might think that this is a ligand substitution reaction — that
two hydroxide ions have replaced two water molecules. In fact, it

is a deprotonation reaction ~ the two hydroxide ions have removed
hydrogen ions from two of the water ligands and converted
them into water molecules. The two water ligands that have lost

hydrogen ions are now hydroxide ligands.

PRACTICAL SKILLS

In the Student Book, the
Core Practical specifications
are supplied in the relevant
sections.

PRACTICAL SKILLS cria [ g
Tetramminecopper(ll) sulfate-1-water, [Cu(NH,),.SO,}H,0, can be
prepared by adding aqueous ammonia to an aqueous solution of
copper(ll) sulfate.
The overall equation forthe reaction i
[Cu(H,0)P* + 4NH, + SOF [CU(NH,),JSO, H,0 + 5H,0
This is an example of a ligand exchange reaction. This is the reaction
you might ig P14: i
‘metal complex.

Exactly the same observations can be made during the careful
addition of aqueous ammonia instead of aqueous sodium
hydroxide. The equation for this reaction is

[Cu(H,0)6** + 2NH, — [Cu(H,0),(OH),] + 2NH,*

DID YOU KNOW?

The formula for the copper(l)-ammine complex in aqueous
solution is sometimes given as [Cu(NH.)J%*. This is not correct.
The correct formuia is shown in the text. The confusion arose
because the bonds from the Cu?* ion to the water ligands are
longer than the bonds from the Cu?* ion to the ammona ligands.
This is the result of something called the Jahn-Teller effect. The
explanation for this effect is beyond the aims of this book.

CORE PRACTICAL 14:
PREPARATION OF A TRANSITION METAL COMPLEX

Procedure

1 Weigh between 1.4g and 1.6g of copper(l) sulfate. To do this, you should:
weigha test tube and record its mass. Then add the copper() sulfate to
the test tube, reweigh and record the mass. The mass of the copper(l)

sulfate is the difference between the two masses.

2 Add 4cm? of water to the test tube using a graduated pipette.

3 Prepare a water bath by pouring hot water from a kettle into a 100cm?
beaker, Stand the test tube in the water bath, Stir gently to dissolve the
copper() sulfate.

4 Pipette 6cm? of ethanol into a beaker.

5 Remove the test tube containing the copper(l) sulfate solution from the
‘water bath.

6 Perform this step in the fume cupboard, wearing gloves. Stirring all the
time, add 2cm? of concentrated ammonia solution tojhe copperl)
sulfate solution.

7 Pour the contents of the test tube into the beakd
Mix well and then cool the mixture in an ice bath.

8
with cold ethanol and add the washings to the Biichner ful
tinse the crystals with cold ethanol.

9 Carefully scrape the crystals of

paper. Cover the crystals with
the paper to dry the crystals.

10 Once the crystals are dry, measu

SPECIICATI CORE PRACTICAL 14:
PREPARATION OF A TRANSITION i\ - TAL COMPLEX

REFERENCE
17.33

Objectives

Practical Skills
Practical skills boxes explain
techniques used in the Core
Practicals, and also detaj

other related investiga

‘SPECIFICATION

17.33

2 Record the yield of dry tetraamminecopper(l) sulfate-1-water obtained.

Questions
1 Write the equation for this reaction.

2 Calculate the relative formula masses of CuSO,+5H;0 and Cu(NH;),S0,-H,0.

mass balance (2 d;p) and
weighing boat
@ access to a kettle

A safety

© Wear eye protection.

3 Calculate the number of moles of copper(l) sulfate used in the reaction,

 The ammonia solution should
only be used in a working
fume cupboard while wearing
suitable chemical resistant
gloves.

 The water bath must not be
heated with a Bunsen burer

as ethanol is highly flammable.

4 Use your answer to question 3 to calculate the theoretical yield of tetraamminecopper(l)
sulfate-1-water that your reaction should have produced.

This Student Book is
accompanied by a Lab
Book, which includes
instructions and writing
frames for the Core
Practicals for you to record
your results and reflect on
your work. Practical skills
practice questions and
answers are also provided.
The Lab Book records can
be used as preparation for
the Practical Skills Paper.



Xii ASSESSMENT OVERVIEW

ASSESSMENT OVERVIEW

The following tables give an overview of the assessment for Pearson Edexcel International Advanced Level course

in Chemistry. You should study this information closely to help ensure that you are fully prepared for this gourse and
know exactly what to expect in each part of the examinations. More information about this qualification, @ad about the
question types in the different papers, can be found in Preparing for your exams on page 286 of this book

PERCENTAGE | PERCENTAGE J7L L
PAPER / UNIT 4 OF IA2 OF IAL m AVAILABILITY

RATES, EQUILIBRIA AND FURTHER  40% 20% 90 1 hour V une and October
ORGANIC CHEMISTRY 45 mingies 8

issessment: January 2020
Written exam paper

Paper code WCH14/01

Externally set and marked by Pearson
Edexcel

Single tier of entry

PAPER / UNIT 5 I(’"EF:E\ENTAGE PERCENTAGE AVAILABILITY

TRANSITION METALS AND ORGANIC 40%
NITROGEN CHEMISTRY

Written exam paper
Paper code WCH15/01

Externally set and marked by Pearson
Edexcel

Single tier of entry

k. GF’ .AGE | PERCENTAGE
PAPER / UNIT 6 | OF I OF IAL m TIME AVAILABILITY

PRACTICAL SKILLS IN CHEMISTRY II ) 10% 50 1 hour January, June and October

20 minutes

1 hour January, June and October

45 minutes g o 2ccessment: June 2020

Written exam paper
Paper / Unit code WCH16/01

Externally set and

First assessment: June 2020

Pearson Edexcel

Single ti try



ASSESSMENT OVERVIEW Xiii

ASSESSMENT OBJECTIVES AND WEIGHTINGS

ASSESSMENT OBJECTIVE | DESCRIPTION % INIAS | % INIA2 | % IN IAL

Demonstrate knowledge and understanding of science. 34-36 29-31 32-34
(a) Application of knowledge and understanding of science in 34-36 33-36 33-36
A02 familiar and unfamiliar contexts.
(b) Analysis and evaluation of scientific information to make 9-11 14- 11-14
judgements and reach conclusions.
A03 Experimental skills in science, including analysis and evaluation 20 20

of data and methods.

RELATIONSHIP OF ASSESSMENT OBJECTIVES TO UNITS ’

ASSESSMF .1 0Bu' TIVE %)

UNIT NUMBER
UNIT 1 17-18 -5.5 0.0
UNIT 2 17-18 17-18 4.5-5.5 0.0
UNIT 3 0.0 0.0 0.0 20

TOTAL FOR INTERNATIONAL ADVANCED SUBSIDIARY

A02(A) A02(B)

8.5-9.0 2.2-2.8 0.0

8.5-9.0 2.2-2.8 0.0

0.0 0.0 10

8.4-8.9 3.6-4.0 0.0

8.4-8.9 3.6-4.0 0.0

0.0 0.0 10

TOTAL FOR INTE 32-34 33-36 11-14 20



TOPIC 11 KINETICS

A FURTHER KINETICS

Your health depends on a complex interplay of a large number of chemical reactions taking place in
your body. In a healthy body, these reactions will take place at the correct rate, in the right place and
right time. These reactions are controlled by enzymes. The branch of chemistry concerned witF
chemical reactions is called chemical kinetics. The term ‘kinetics’ implies motion and co

Greek word for movement, kinesis. We can use the information obtained from the stu

understand the body’s metabolism (the chemical processes in the body)

model the effects of pollutants in the Earth’s atmosphere
develop new catalysts, which is of great importance to the chemical indu

In Topic 9 (Book 1: 1AS), we used a qualitative approach to the unde
we will develop this further by adopting a quantitative approach.
what is happening during chemical reactions:

rates. In this topic
6 begin to understand

We know how atoms can bond together to form molecules, but
chemical reactions?

toms change partners during

What exactly happens when a hydrogen molecule iodine molecule and they subsequently react to
produce hydrogen iodide?

used for c ies to cure diseases and to relieve pain. In
ol ther.

depression. Herbs and plant extracts have
many cases they are effective because th

Translate inf

tion between graphical, numerical and algebraic forms
Plot two variables from experimental or other data

Determine the slope and intercept of a linear graph

Calculate the rate of change for a graph showing a linear relationship

Draw and use the slope of a tangent to a curve as a measure of the rate of change



What prior knowledge do | need? <4 | What will 1 study in this topic?
Topic 9 (Book 1: 1AS) :

. Order of reaction and rate equations
The concept of activation energy

. : Selection of an appropriate tecUique to follow the
The Maxwell-Boltzmann model of distribution of ; rate offa reaction

molecular energies - : .
Initial rate and continuous rate tecUiques for

The role of catalysts in increasing the rate of P AL following reactions

chemical reactions ? \
Reaction mechanisms

Reaction profiles for both uncatalysed and catalysed

: Homogeneous and heterogeneous catalysis
reactions ¥

1Y
ill I study iater? ey

Ja
| e R h%
How pharmaceutical companies invest heavily in ' B
research and development to design new medicines
to treat a wide range of medical problems and
illnesses

Z
%

How biocatalysts based on natural enzymes allow
some reactions to occur at lower temperatures and
pressures than other catalysts

How scientists are developing superconductors
(materials with no electrical resistance that offer
enormous energy savings in electricity transmission)
based on organic compounds rather than metals




THE RATE OF REACTION

LEARNING OBJECTIVES

B Understand the term ‘rate of reaction’.

B Select and justify a suitable experimental tecUique to
obtain rate data for a given reaction, including:
(i) titration
(ii) colorimetry
(iii) mass change
(
(

iv) volume of gas evolved
v) other suitable tecUique(s) for a given reaction.

RATE OF REACTION

The rate of a reaction can be expressed in two ways:

(1) How the concentration of a product increases with time.
change in concentration of product
time
(2) How the concentration of a reactant decreases with time.
change in concentration of reactant

rate =

rate = — .
time

The negative sign in the second expression shows that the
concentration of the reactant is decreasing and therefgre gives a
positive value for the rate.

Rate is measured in units of concentration per ,a
most common units are mol dm™ s™1,

The expressions in calculus notation ar

d[product]
rate = ———
dt
d[reactant]
rate = ———
dt
This rate of reactio ‘overall rate of
reaction’.
TECHNIQ SURING THE RATE OF

e of a particular reaction, it is
erall equation, including state symbols,
we can decide what technique to use to

necessary to know th
for the reaction
follow the reaction.

There are various techniques available to use, such as:
1 measuring the volume of a gas evolved

2 measuring the change in mass of a reaction mixture

3 monitoring the change in intensity of colour of a reaction
mixture (colorimetry)

4 measuring the change in concentration of a reactant or
product using titration

SPECIFICATION

11A 1 TECHNIQUES FOR MEASURING .o 0 3w

11.3(Gi) 11.3Gv) 11.3(v)

5 measuring the change in pH of a solution

6 measuring the change in electrical conductivity of a reaction
mixture.

end on the
onditions

The technique chosen to follow the reaction will
nature of the reactants and products, as
under which the reaction is carried out.

hydrochloric acid,
CaCOs4(s) + 2HCl(ag

 intervals, or by measuring
xture with time (technique 2).

le, however, to follow the reaction by monitoring the
imjintensity of colour of the reaction mixture, since I,(aq)

ECHNIQUE 1: MEASURING THE VOLUME OF A GAS EVOLVED
he two most common techniques for collecting and measuring
the volume of a gas evolved during a reaction are:

1 collection over water into a measuring cylinder (fig A), and

2 collection using a gas syringe (fig B).

The technique chosen will depend partly on the level of precision
required. The gas syringe has a greater degree of precision, but

if alarge volume of gas is being measured, the difference in the
degree of measurement uncertainty becomes so small that either
instrument is sufficiently precise.

measuring
cylinder

gas evolved

conical flask
o water

reaction mixture

fig A Collecting a gas over water.

EXAM HINT

Reactions producing gases that are very soluble in water, such as
sulfur dioxide, cannot use the gas collection over water tecUique.



TOPIC 11 11A.1 MEASURING THE RATE OF REACTION

— :
IHHHHH

_IH/HH

gas syringe
gas evolved

conical flask

reaction mixture

fig B Collecting a gas in a gas syringe.

TECHNIQUE 2: MEASURING THE CHANGE IN MASS OF A REACTION MIXTURE
This is another technique applicable to reactions in which a gas is evolved.

The reaction flask and contents are placed on a digital balance and the decrease in mass is mea

as the reaction proceeds (fig C). fig C Cotton wool is placed in

e neck of the flask to prevent
This technique is most precise when the gas given off has a relatively high density, suc e loss of liquid spray.
carbon dioxide. With a low-density (i.e. low relative molecular mass) gas such as hydroge

changes are so small that the measurement uncertainties become significant.

TECHNIQUE 3: MONITORING A COLOUR CHANGE (COLORIMETRY)

Colour change can sometimes be monitored using observation only. Howev

g a pipette to remove small samples (aliquots) from a reaction mixture
action in the aliquot can either be stopped by adding another substance

For example, if the reaction involves an acid, the aliquot, after quenching, could be titrated against a
standard solution of sodium hydroxide to determine the concentration of the acid. This technique is
used to investigate the reaction between iodine and propanone, which is catalysed by acid. Sodium
hydrogen carbonate is added to the aliquot to remove the acid catalyst and, as a result, effectively
stops the reaction. The remaining iodine is then titrated against a standard solution of sodium
thiosulfate (fig E).

CH;COCH;(aq) + I,(aq) — CH;COCH,l(aq) + H*(aq) + [*(aq)
I(aq) + 25,03 (aq) — 2I7(aq) + S,0¢"(aq)

fig E Titrating iodine against
sodium thiosulfate.
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TECHNIQUE 5: MEASURING THE ELECTRICAL CONDUCTIVITY

If the total number, or type, of ions in solution changes during a reaction, it might be possible to
follow the reaction by measuring changes in the electrical conductivity of the solution using a
conductivity meter. For example, it could be used to follow this reaction:

5Br7(aq) + BrO3(aq) + 6H*(aq) — 3Bry(aq) + 3H,O(1)

TECHNIQUE 6: MEASURING ANY OTHER PHYSICAL PROPERTY THAT SHOWS A SIGNIFICANT
CHANGE

Possible physical properties that have not already been mentioned include changes iffthe volume of
liquid (‘dilatometry’), chirality and refractive index.

CHECKPOINT
1.

State suitable tecUiques to collect rate data for each of the followj
(a) Magnesium with dilute sulfuric acid:
Mg(s) + 2H*(aq) — Mg?*(aq) + Ha(g)
(b) Ethyl ethanoate with sodium hydroxide:
CH3;COOCH,CHs(l) + OH-(aq) — CH;COO(aq)
(c) Hydrogen gas with iodine gas:
Ha(g) + 1,(g) — 2HI(g)

(S HEJ CREATIVITY 2.» Why would the tecUique of measuring th@€hange in m
work well in the reaction between magne

of a reaction vessel and contents not
Ifuric acid?

3.]) The reaction between calcium carbonate an chloric acid can be followed by collecting
and measuring the volume o produced. The uld be collected over water in a measuring
cylinder or in a gas syringe, ich tecUique would be the more suitable for this reaction? Explain
your answer.

SUBJECT VOCAP'ILARY



SPECIFICATION

11A 2 RATE EQUATIONS, RATE CONSTANTS . 11160

AND ORDERS OF REACT'ON 14G) 11.4@w)  1.1(vii

LEARNING OBJECTIVES

B Understand the terms:
(i) rate equation, rate = k[A]™[B]", where m and n are O, 1 or 2
(i) order with respect to a substance in a rate equation
(iii) overall order of a reaction
(iv) rate constant
(v) rate-determining step.

RATE EQUATION
WHAT IS A RATE EQUATION?

The usual relationship between the rate of reaction and the concentration of a reactant
rate of reaction is directly proportional to the concentration. In other words, as
doubled, the rate of reaction doubles.

Unfortunately, this is not always the case. Sometimes the rate will double, b
increase by a factor of four. In some cases, the rate of reaction does not incr
in an unexpected way.

Let us consider the simple relationship where the rate is direc
a reactant, say A. We can represent this by the expression:

rate o [A]

roportional to the concentration of

or:

rate = k[A]

Table A shows the units for rate constants, using mol dm™ as the unit of concentration and seconds
as the unit of time. You find the units by rearranging the rate equation.

ORDER UNIT

Zero mol dm= s
st 1 EXAM HINT
irs s
g The values for orders of
Second dm? mol™ s reaction in rate equations will
Third dmé mol? 7! only ever be 0, 1 or 2 at

table A International A Level.
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The units are obtained by rearranging the rate equation. For If, however, this is not the case, and changes in [C] really do not have
example, for a second order reaction: any effect on the overall rate of reaction, then a different explanation
‘ rate must be sought for why [C] does not appear in the rate equation.
[A) In this case, there must be a step involving a reaction between A
Inserting the units we obtain: and B that has an effect on the rate of reaction. There must also be
mol dm=3 -1 another step in which C reacts, but this reaction has no effect on the

overall rate of reaction. This could be explained by assuming that
the reaction between A and B takes place before Caas a chance

This cancels down to: to react, and that the reaction between A and B is

gl slower than the reaction involving C. If this were th@tase, then the

mol dm=3 mechanism for the reaction could be:

moldm= X moldm=

which equates to dm® mol™' s™1. Stepl: A+B—Z

The majority of reactions involve two or more reactants. If we call Step2: Z+C—D+E

the reactants A, B and C, then the reaction may be first order with  Since only Step 1 is rate-deter
respect to A, first order with respect to B and second order with and [B] will affect the ovese
respect to C. The overall rate equation will be: at which Step 2 occur:

rate = K[A][BJ[C? Important points to r
and the overall order of the reaction is four (1 + 1 + 2). Note « The slowest n a
that you are adding the powers. reaction,

en only changes in [A]
tion. Changes in the rate
in [C], will be negligible.

For a general reaction in which the orders are m, n and p, we have:
rate = k[A]"[B]"[C]?

The overall order of the reactionis m + n + p.

REACTION MECHANISMS
Many reactions can be represented by a stoichiometric equation w

. . . vay of visualising the idea of a rate-determining step is to
containing many reactant particles. For example, the reaction y & g step

between manganate(VII) ions and iron(Il) ions in aci lution
can be represented by:

MnQO, (aq) + 8H*(aq) + 5Fe?*(aq) — Mn?*(aq)

giPe that three students are arranging some sheets of notes into
s (fig A).

Step 1: the notes are arranged into ten piles and the first student
collects a sheet from each of the piles.

If this reaction actually proceeded in a single the Step 2: the second student takes the set of ten papers and shuffles
reaction would be very slow indeed. T yof 14 them so that they are tidy and ready for stapling.
particles simultaneously colliding, all wr : orientation Step 3: the third student staples the set of notes together.

and energy, is so small that We, can say 1t The overall rate of this process (i.e. the rate at which the final sets of

notes are prepared) depends on the rate of Step 1, the collecting of

 all of which the sheets of notes, since this is by far the slowest step.

. ant to recognise
that a reaction involvin ision of more than two
particles is very rare.

The orders
suggest a
cannot be

It does not matter, within reason, how quickly the tidying up for
stapling is done. For most of the time the second and third students
will be doing nothing while they wait for the first student to collect
individual reactants can help us to the sheets. The mechanism of the process is therefore:

for a reaction. The mechanism Step 1: Student 1 collects sheets SLOW

, ichiometric equation, because the Step 2: Student 2 tidies set of sheets ~ FAST
mathematic etween the rate of reaction and the
Step 3: Student 3 staples set of sheets  FAST

concentration o ts (i.e. the orders of reaction) can only be
determined through experiments.

Consider the reaction:
A+B+C—-D+E

for which the experimentally determined rate equation is:
rate = k[A][B]

This could mean that C was present in such a large excess that
changes in its concentration were negligible and therefore had no
measurable effect on the rate of reaction.

fig A Analogy for rate-determining step.



TOPIC 11 11A.2 RATE EQUATIONS 9

LEARNING TIP

All reactant species involved either in, or before, the rate-determining step have an effect on the rate of the
reaction and will appear in the rate equation.

CHECKPOINT

1. The rate equation for the reaction between peroxydisulfate ions and iodide ions is:
rate = k[S,037][I"]
(a) What is the order of reaction with respect to (i) peroxydisulfate ions and (ii) iodide ions?
(b) What is the overall order of reaction?
2. The rate equation for the reaction between P and Q is:
rate = k[P][QJ?
What will be the increase in rate if:
(a) [P] is doubled, while [Q] is kept constant?
(b) [Q] is doubled, while [P] is kept constant?
(c) [Pl and [Q] are both doubled?
3. Inthereaction between R, Sand T:
+ when the concentration of R is doubled, the rate increases by four times
+ when the concentration of S is doubled, the rate does not change
when the concentration of T is doubled, the rate doubles.
P (a) Deduce the orders of reaction with respect to R, Sand T. m PROBLEM-SOLVING
(b) Write the rate equation for the reaction.
(c) What is the overall order of reaction?

SUBJECT VOCABULARY

rate equation an equation expressing the mathemati

concentrations of the reactants

order (of a reactant species) the power to whi
equation

overall order (of a reaction) the sum of al a
rate-determining step (of a reaction ep in the mechanism for the reaction



11A 3 DETERMINING ORDERS

OF REACTION

B Understand the terms:
(i) rate equation, rate = k[A]™[B]", where m and n
are O, 1 or 2
(i) half-life.
B Be able to calculate the half-life of a reaction, using
data from a suitable graph, and identify a reaction
with a constant half-life as being first order.

B Understand experiments that can be used to
investigate reaction rates by:
(i) an initial-rate method
(ii) a continuous monitoring method.

B Be able to deduce the order (O, 1 or 2) with respect
to a substance in a rate equation, using data from:
(i) a concentration—time graph
(ii) a rate—concentration graph
(iii) an initial-rate method.

HOW CAN WE DETERMINE THE RATE EQUATION?

This question can equally be phrased ‘How can we de
order of reaction with respect to each reactant?;

N
the reaction mixture are

le is ped, if necessary, by quenching.
tant is then determined by an

e The first

e The second find out the half-life for the reaction at
different concentrations.

If the half-life has a constant value, then the reaction is first order
with respect to the reactant.

The 1st half-life, for the change in concentration from 120 to 60
units, is 100 s (fig A).

SPECIFICATION
REFERENCE

11.4())
11.5(jii)

11.2
11.5(i)

11.1G)  11.1(vi)
11.4G)  11.5()

Concentration of 1203
reactant/arbitrary units

)

300
| | Time/s

| 3rd |
half-life

2lf-life

ect to the concentration of the reactant plotted.

f the half-life doubles as the reaction proceeds, then the reaction
second order.

If the graph is a straight line with a negative gradient, then the
rate of reaction is constant no matter what the concentration of
the reactant (fig B). In other words, the reaction is zero order with
respect to the reactant.

Concentration &
of reactant

Time
fig B A graph of concentration against time for a zero order reaction.

A typical set of results is shown in table A for the reaction:
2N,05(g) — 4NO,(g) + Oa(g)
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TIME/min 0 10 20 30 40 50 60 70 80 90
[N,051/10-3 mol dm-3 2290 11627 11229 | 935 | 689 | 488 | 368 | 274 | 216 | 1.85

table A

If you plot a graph of [N,Os] against time using the above data, you will find that the line is curved
and the half-life is constant; as a result, the reaction is first order with respect to N,Os.

CALCULATING RATE FROM A CONCENTRATION-TIME GRAPH

The rate of reaction at any given time can be determined from a concentration—time or volume—time
graph by drawing a tangent to the curve at the given time and calculating the gradient of the tangent.

Fig C shows the change in concentration of a reactant with time.

Concentration 2,00
of reactant/mol dm~2

of reactant against time.

To find the rate at this time point, draw as le and then measure x and y.

x=1470s and y = —1.60 mol dm™3,
change in concentra

rate = — -
time
B —1.60 mol dma dm3 sl
CALCULATING RATEFROM A Y E GRAPH
The procedure is e Qha volume—time graph for a gas evolved (Section 11A.1).
This time the curve ds not downwards (fig D).
Volume
gas evolved

t Time

fig D Determining an instantaneous rate of reaction from a graph of volume of gas evolved against time.

The rate of reaction obtained in this way is sometimes called the instantaneous reaction rate.

11
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THE INITIAL-RATE METHOD FOR DETERMINING THE RATE EQUATION

In this method, several reaction mixtures are made up and the initial rate (i.e. the time taken for a
fixed amount of reactant to be used up or for a fixed amount of product to be formed) is measured.
From these times, it is then possible to calculate the mathematical relationship between the rate of
the reaction and the concentration of the reactant.

A typical set of results is shown in table B for the reaction:
A+B—C

EXPERIMENT [Al/mol dm™3 [B]/mol dm™3 INITIAL RATE OF FORMATION OF /mol dm=3 s~

1 0.1 0.1

2 0.1 0.2

3 0.2 0.1

4 0.2 0.2
table B

B] has remained
éreaction is first order with

If we now look at experiments 1 and 3, we can see that
constant. The rate of reaction has also doubled. This ind
respect to A and, as a result, we can write:

rate o [A]

4, we can see that [B] has doubled
as also doubled. This indicates that the

If we now look at experiments 1 and 2, or e
while [A] has remained constant. The initial r
rate of reaction is directly proportignal to [B].
As aresult, we can write:

rate o [B]

The overall order of the react
rate = k[A][B

iDER FROM A RATE-CONCENTRATION GRAPH

ibed above to determine initial rates, with changing concentrations, results in
velues for the initial rates. However, since most orders of reaction with respect to
ts have integer values, this approximation is usually acceptable.

, is kept constant, the initial rate of reaction is proportional to the reciprocal of the time, ¢,
sured. That is:

1
rate oc —

This assumes that the rate is constant for the whole time period, ¢. However, this is not true because
as soon as the reaction starts the rate begins to decrease. The rate calculated from the expression
is, therefore, the mean (average) rate over time, ¢, and not the true initial rate of reaction. The
approximation becomes poorer with larger values of z. However, the approximation is good enough
to determine integer order.

[t might be possible to determine orders of reaction from just a few measurements. However, it is

1. .
usual to record a range of results and plot a graph of - against concentration of reactant.

The shape of the graph in table C indicates the order of reaction.
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ZERO ORDER WITH RESPECTTOA | FIRST ORDER WITH RESPECTTOA | SECOND ORDER WITH RESPECTTOA [l EXAM HINT
1/t (RATE) = K[A]®

1/t (<RATE) = k{A]" 1/t (o<RATE) = K[AJ2

Be careful to check the units on
the axes of graphs. Graphs with
the same shape will have
different meanings if there are
different units on the axes!

(Al (Al (A
table C
[t is impossible to determine directly by sight from a rate—concentration graph that the reaction is
1

second order. If the graph is a curve as shown, then it is necessary to then plot 7 against [A]% If this

produces a straight line passing through the origin, then the reaction is second order with respect to

O

(AP
fig E A graph of% against the square of the concentration of a reactant for,

second ord

(Y (N3 INTERPRETATION

1.]» A compound P decomposes when heated. The graph shows
sample of P is heated.

61

@]
1

N
1

Concentration of P in arbitrary units
w

1000 1200 1400 1600 1800
Time/s

by the term half-life of reaction.

the rate constant, k, for this reaction using the following expression:
_ 0693
~ half-life

Include units in your answer.

(e) Write the rate equation for this reaction.
(f) (i) Use the graph to determine the concentration of P at 800s.

(i) Use the rate equation from (e) and your answers to (d) and (f)(i) to calculate the rate of
reaction at 800s. Include units in your answer.

(g) Describe how could you determine the reaction rate at 800 s directly from the graph.
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£ ({153 INTERPRETATION 2.]) The equation for the reaction between bromide ions and bromate(V) ions in acidified aqueous solution is:
5Br-(aq) + BrOs3(aq) + 6H*(aq) — 3Br,(aq) + 3H,0(I)

The table shows the results of four experiments carried out using different concentrations of the
three reactants.

EXPERIMENT ‘ [Br-(aq)]/ [Br0,-(aq)]/ [H*(aq))/ ‘ INITIAL RATE/

mol dm-3 mol dm= mol dm-3

mol dm-3 s

1 0.10 0.10 0.10
2 0.10 0.20 0.10
3 0.30 0.10 0.10
4 0.10 0.20 0.20
(a) Deduce the order of reaction with respect to:

(i) Br

(i) BrO3

(iii) H*

(b) Write the rate equation for the reaction.

(c) Using the results from experiment 1, calculate the ra r the reaction. Include units
in your answer.

SUBJECT VOCABULARY

half-life (of a reaction) the time taken for the conc@ BtrationdPthe reactant to fall to one-half of its initial
value

instantaneous reaction rate t|
against time. The instantane

a tangent drawn to the line of the graph of concentration
as the reaction proceeds (except for a zero order reaction)



SPECIFICATION

11A 4 RATE EQUATIONS AND 3 AT

MECHANISMS e oan  crap

LEARNING OBJECTIVES

B Deduce the rate-determining step from a rate equation and vice versa.
B Deduce a reaction mechanism, using knowledge of the rate equation and the stoichiometric equati
B Understand that knowledge of the rate equations for the hydrolysis of halogenoalkanes can
evidence for Sy1 or Sy2 mechanisms for tertiary and primary halogenoalkane hydrolysis.
B Understand how to:
(i) obtain data to calculate the order with respect to the reactants (and the hydrogg e acid-catalysed
iodination of propanone
(ii) use these data to make predictions about species involved in the rate-d
(iii) deduce a possible mechanism for the reaction.

for a reaction.
provide

REACTION MECHANISMS

You will remember from Book 1 that the basic view as to how a reaction ta
level is that particles (atoms, molecules, ions or radicals) first have to collide
and with sufficient energy for products to be formed.

For the following reaction:
P + Q — products

we expect the rate law to be:
rate = A[P][Q]

In other words, we might expect the reaction to b t order with 1 t to each reactant and
second order overall.

ELEMENTARY REACTIONS

A reaction taking place in this mann
described as being elementary.

For example mposition of dinitrogen pentoxide into nitrogen dioxide and oxygen is first
order with res to dinitrogen pentoxide, not second.

2N;05(g) — 4NO,(g) + O,(g)

The experimentally determined rate equation is:
rate = k[N,Os]

A reaction that is not elementary takes place via a series of interconnected elementary reactions that
are collectively called the mechanism for the reaction. You will have already come across a number of
such mechanisms in your study of organic chemistry. For example, the radical substitution reaction
between methane and chlorine to form chloromethane (CH;Cl) is thought to have the following
mechanism:
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Step 1:  Cl, — 2Cl-
Step 2. Cle + CH, — HCl + *CHj,
Step 3:  Cl, + «CH; — Cle + CH;Cl

The overall stoichiometric equation for the reaction is:
CH, + Cl, — CH;3Cl + HCI

The species Cle and *CHyj are called intermediates. They do not
appear in the overall equation for the reaction, but are involved in
reactions that ultimately result in the reactants being converted
into the products.

If the experimentally determined rate equation does not match
the overall stoichiometry, then it is almost certain that the reaction
is not elementary. For example, the rate equation for the following
reaction:

NO,(g) + CO(g) — NO(g) + CO,(g)
is:

rate = k[NO,]?

This suggests that only molecules of NO, are involved in the
rate-determining step, and that two molecules of NO, are involved
in this step.
The order indicates the number
of molecules involved in the
rate-determining step.

rate = K[NO,]?
\Indicates that only molecules
of NO, are involved in the rate-
determining step.
fig A Molecules involved in the rate-determining step.
Using our knowledge of molecules that do exist 0s
rate-determining steps are:
]. NOZ + NOZ — N204, or
2 N02 + N02 — ZNO + 02

Both of these reactions are equally vali
knowing, without carrying out i

ed in the remaining
he steps must add up to

possible rate-determining steps, the
stent with the data:

This shows how the particles in the proposed mechanism cancel
to produce the overall equation:

NO, + NoT — Mg + NO + of
CO +92 — CO, + &
MO g et
NO, + CO — NO + CO,

TOPIC 11

As it happens, further investigations into this reaction have
identified the mechanism as:

NO, + NO, — NO; + NO  SLOW
This is not what we would immediately suspect as the mechanism

because the existence of NOj is not something with which we
would be familiar.

is simple, it
sin a single
the following

Even if the experimentally determined rate equat
does not necessarily follow that the reaction proc
elementary step. For example, the rate e i
gas-phase reaction:

2N,05(g) — 4NO,(g) + O
is:
rate = k[N,Os]

Yet, the reaction is thg
of intermediates.

e several steps and a number

oalkanes by hydroxide ions is a reaction
(Book 1: IAS). The hydroxide ion acts

CHj;);CCl + OH™ — (CH;);COH + CI™
e experimentally determined rate equation for this reaction is:
rate = A[(CH;);CCl]

The reaction is first order with respect to 2-chloromethylpropane,
but zero order with respect to the hydroxide ion.

The sensible conclusion to reach is that the 2-chloromethylpropane
undergoes slow ionisation as the rate-determining step. This is then
followed by a very fast step involving attack by the hydroxide ion on
the carbocation formed in Step 1.

(CH3)3CC1 — (CH3)3C+ + Cl_ SLOW
(CH.),C* + OH- — (CH.),COH FAST

Step 1:
Step 2:

This type of mechanism is named Sy1, i.e. Substitution
Nucleophilic unimolecular.

The rate-determining step is said to be unimolecular because
there is only one reactant particle present, (CH;);CCl.

The carbocation, (CH;);C*, formed in Step 1 is an intermediate
(see Section 11A.6).

HYDROLYSIS OF A PRIMARY HALOGENOALKANE
The equation for the alkaline hydrolysis of 1-chlorobutane is:
CH,;CH,CH,CH,Cl + OH™ — CH;CH,CH,CH,OH + CI~

The experimentally determined rate equation for this reaction is:
rate = k{CH;CH,CH,CH,CIJ[OH"]
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This time the reaction is first order with respect to each reactant, so it is reasonable to suggest that
one particle of each reactant is present in the rate-determining step of the mechanism.

The accepted mechanism for the reaction is:

CH,CH,CH, CH,CH,CH, CH,CH,CH,
C—Cl + OH" ————> | HO---C---Cl —> HO—C_ + CI-
ny N
H H E H

transition state
fig B S\2 mechanism of the alkaline hydrolysis of T-chlorobutane.

This type of mechanism is named Sy2, i.e. Substitution Nucleophilic bimolecular.
The rate-determining step is bimolecular because there are two reactant particles present.

[t is a continuous single one-step reaction. The complex shown in square brackets is not an intepmediat
(like the carbocation formed in the Sy1 mechanism), but is a transition state (see Section 114

PRACTICAL SKILLS

A study of the acid-catalysed iodination of propanone
The reaction between propanone and iodine in aqueous solution may be acid cat

I,(aq) + CH;COCHj;(aq) + H*(ag) — CH3;COCH,l(aq) + 2H*(aq) + 17(aq)
The influence of the iodine on the reaction rate may be studied if the concentrati

1 Mix 25 cm? of T mol dm=3 aqueous propanone with 25 cm?3 of 1
2 Start the stop clock the moment you add 50 cm® o

sk. Stop the reaction by adding a
e at which the sodium hydrogen

3 Using a pipette, withdraw a 10 cm?®sample an

EXAM HINT

Examiners may ask you to
evaluate different methods for
investigating rates of reaction.
One limitation of the method
tervals (approx. 5 to 7 minutes) and treat them described here is the time delay
between withdrawing a reaction
sample by pipette and
quenching it with sodium
hydrogen carbonate.

carbonate is added.

4 Titrate the remaining iodine present i with 0.01 mol dm=3 sodium thiosulfate(VI) solution,
using starch indicator.

5 Withdraw further 10 cm® samples a
similarly, always noting t

The gr. w5 that the reaction is zero order with respect to iodine.
w that the reaction is first order with respect to both propanone and hydrogen ions.
This gives us the following rate equation:
rate = k[CH;COCH,][H"]
This would suggest the following reaction as the first step of the reaction:
CH,—C—CH, + H* — CH,—C—CH,

“0—H

Similar reactions in other mechanisms are very fast, so this reaction is unlikely to be the rate-determining
step of this reaction.
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The second step probably controls the rate of the reaction and
produces H* that, being a catalyst, is not used up in the reaction:

CHECKPOINT

CH—G—CH, — CH—C—CH e SLOW 1. The equation for the reaction between ethanal, CH;CHO, and
3 3 3 =Oh, + hydrogen cyanide, HCN, is:
+O—H O—H CH;CHO + HCN — CH3CH(OH)CN
This rearrangement is likely to be very slow and hence is probably the Two mthanlsms that have been proposed for this reaction are:
rate-determining step of the reaction. Mechanism 1
. . . Step 1: CH;CHO + H* — [CH;CHOH]*
lodine can now react in a fast step as follows:
Step 2:  [CH;CHOH]* + CN™ — CH5CH(OH)
CHS_CZCH2 + |2 - CHS,_C_CHZI + I+ HT FAST Mechanism 2
o Step 1: CH;CHO + CN~ — [CH,
Step 2. [CH;CHOCN] + H* —,

Testing the mechanism The rate equation for the reacti
We have a prgposed mechanlsm for the rgactlon th.at. is consistent rate = {CH,CHOJ[CN-[
with the kinetic data obtained from experiment. This is not the same . .

. L . (a) Explain which of the two
as saying that the mechanism is the correct one, or indeed the most .
. rate equation.
likely one. ) .

) ) (b) Which step in

We now need to carry out further experiments to confirm, or deny, .
our proposed mechanism. Here are three tecUiques that can be 2. The equation fo

employed in this case.
« Use a wider range of concentrations

The experimentally determined rate equation may hold over only
a limited range of concentrations. For example, the mechanism
we have proposed for the iodination of propanone predicts that,
at very low concentrations of iodine, the order of reaction with
respect to iodine will change from zero to first. This is because the
rate of the final step in the mechanism is given by the expression

Rate = K[I,]JCH;C(OH)=CH,)

and so the rate of the step will decrease as [I,] decreases. This has
been shown to be the case, so supports the proposed mechanism.

Use instrumental analysis
This may be able to detect the presence of integ

show that acidified propanone contains abh
million in the form CH;C(OH)=CH,. Thi,i

Deuterium 7H (or simply D

hydrogen 1H (or simply H).

A C—D bond is sligh harder to break,
j breaks in the

A pro sm for this reaction is:
Step T¢ — N,0,(g) FAST
Step 2. N,0,(g) + Ha(g) — H,0(g) + N,O(g)  SLOW
FAST

Step 3: N,O(g) + Hy(g) — Ny(g) + H,O(g)

echanism consistent with the rate equation?
ain your answer.

ssume the following proposed reaction mechanism is correct:

Cl, — 2Cl SLOW
H, + Cle — HCl + H- FAST
He + Cls — HCl FAST

(a) Write the overall equation for the reaction.

(b) Write a rate equation for the reaction that is consistent with
the mechanism.

(c) What would be the effect on the rate of reaction of doubling
the concentration of Cl,?

(d) What would be the effect on the rate of reaction of doubling
the concentration of H,?

rate-determining step ur proposed mechanism, 4. The nl.JFIeophiIic substitution.reaction between equimolar .
then the iodination of be slower than that of quantities of CH;Cl and OH" is second order overall. However, if
CH,CO is found the reaction is carried out using a large excess of OH~, the reaction
becomes first order overall. Suggest an explanation for these
observations.
5. Bromine can be formed by the oxidation of hydrogen bromide

with oxygen.
A proposed mechanism for this reaction is:

Step1:  HBr+ O, — HBrO,

Step2:  HBrO, + HBr — 2HBrO

Step3:  HBrO + HBr — Br, + H,0O

Step 4:  HBrO + HBr — Br, + H,0 (a repeat of Step 3)

The rate equation for this reaction is:
rate = k[HBr][O,]

(a) Explain which of the above four steps is the rate-determing
step for this reaction.

(b) Write the overall equation for the reaction.
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CATALYSIS it opio

LEARNING OBJECTIVES

B Understand the terms:
(i) activation energy
(ii) heterogeneous and homogeneous catalyst
(iii) autocatalysis.
B Understand the use of a solid (heterogeneous) catalyst for industrial reactions, in the e, in ter f
providing a surface for the reaction.

ACTIVATION ENERGY, E,

In Topic 9 (Book 1: IAS), we defined activation energy, £, as the minimum energy tha
particles must possess for a reaction to occur.

The activation energy represents the energy that the colliding particles must o
the energy level of the transition state (see Section 11A.6 for more details).
the transition state has been reached, the particles can react to form the pro
as they do so. The energy profile diagram for an exothermic reaction is shown

Energy

transition state

reactants

and that this alt€Tnative route has a lower activation energy than the original route. Although the
original route is still available for the reactants, most collisions resulting in reaction will occur by the
alternative route, since the fraction of particles possessing this lower activation energy will be greater.

Catalysts can be divided into two groups:
« homogeneous catalysts
» heterogeneous catalysts.

HOMOGENEQUS CATALYSTS
A homogeneous catalyst is in the same phase (solid, liquid, solution or gas) as the reactants.
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Many reactions in aqueous solution are catalysed by the hydrogen
ion, H*(aq). An example is the iodination of propanone, a reaction
we discussed in detail in Section 11A.4:

CH;COCH;(aq) + Iy(ag) — CH3;COCH,l(aqg) + H*(ag) + 1 (aq)

The production of chlorine radicals from chlorofluorocarbons
(CFCs) is responsible for the destruction of ozone in the upper
atmosphere. Ultraviolet radiation from the Sun produces chlorine
radicals, Cle, from CFCs such as dichlorodifluoromethane, CCl,F,:

*CCIF (g) + Cl*(g)

The chlorine radicals then take part in a chain reaction with ozone:
Cl+(g) + Os(g) — ClO+(g) + Oy(g)
ClO=(g) + Os(g) — 20,(g) + Cl+(g)
The chlorine radical is regenerated and so is acting as a catalyst.
Since the catalyst is in the same phase, i.e. the gas phase, as the
reacting species, it is classified as a homogeneous catalyst.
The overall reaction is:
205(g) — 30,(g)

Another reaction involving a homogeneous catalyst is the one
between peroxydisulfate ions and iodide ions in aqueous solution:

S,05"(aq) + 21"(aq) — 2507 (aq) + I,(aq)
This reaction is catalysed by either Fe?*(aq) or Fe3*(aq).
With Fe?*(aq), the reaction mechanism is:

Step 1: S,0% (aq) + 2Fe**(aq) — 2503 (aq) + 2Fe’*(aq)
Step 2: 2Fe’*(aq) + 217 (aq) — 2Fe**(aq) + I,(a

With Fe®*(aq) as the catalyst, Steps 1 and 2 occua
order

LEARNING TIP

the kinetics. The reaso
of either Fe?* or Fe3* is tl
and 2 are lower than the a

HETEROGRIEOU

A heterogen
reactants.

atalyst j8in a different phase to that of the

Two important uses of heterogeneous catalysts in industry are
in the Haber process and the Contact process. The use of solid
vanadium(V) oxide (V,0s), in which the vanadium changes its
oxidation number, in the Contact process is described in the
section on transition elements (Topic 17).

We will now describe the action of solid iron as a catalyst in the
reaction between nitrogen gas and hydrogen gas to form ammonia
gas in the Haber process.

TOPIC 11

The equation for the formation of ammonia in the Haber process is:
Ny(g) + 3H,(g) = 2NH;(g)

[ron is able to act as a catalyst because it can form an interstitial
hydride with hydrogen molecules. In this hydride, hydrogen atoms
are held in spaces between the metal ions in the lattice. The atoms
are then able to react with nitrogen molecules that are adsorbed
onto the metal surface nearby. There are three stages in catalysis
involving surface adsorption. These are:

1. Adsorption — the reactants are first adsorbed ofto the surface

of the catalyst.

N

. Reaction — the reactant molecules are he ions that

enable them to react together.
3. Desorption — the product mq,

in Topic 9 (Book 1:
with molecules, there
the pressure

geneous catalyst depends on the surface
lar, the efficiency of the catalyst can be
y poisoning and by the use of promoters.

r impurities. This is one reason why nickel is preferred to
um as a catalyst in the hydrogenation of alkenes. Nickel is
elatively inexpensive, so a large quantity can be used. If some of
it is deactivated by poisoning, enough will remain for it still to be
effective. On the other hand, platinum is expensive, and so small
quantities would have to be used. In this case, it is possible for all
of the catalyst to become poisoned.

PROMOTERS

The spacing on the surface of the catalyst is important. For
example, only some surfaces of the iron crystals act as effective
catalysts in the Haber process. The addition of traces of potassium
oxide and aluminium oxide act as promoters by producing active
sites where the reaction takes place most readily.

DID YOU KNOW?

An interstitial hydride, sometimes called a metallic hydride, is

not strictly a compound. It is more like an alloy than a compound.
The hydrogen absorbs into the metal and can exist in the form

of either atoms or diatomic molecules. For example, palladium
absorbs up to 900 times its own volume of hydrogen at room
temperature, and forms palladium hydride. This material has been
considered as a method to carry hydrogen in fuel cells for use in
vehicles (see Section 14.2.1).

A heterogeneous catalyst is used in a three-way catalytic
converter, which is employed in the exhaust of cars. This converts
unburned hydrocarbons into water and carbon dioxide, and
carbon and carbon monoxide into carbon dioxide. It also converts
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oxides of nitrogen into oxygen and nitrogen. The reactions You can show this effect by plotting the concentration of one
involved are discussed in more detail in Topic 17. of the reactants against time. The graph obtained is unlike the
normal rate curve for a reaction.

DID YOU KNOW?
The electrophilic addition reaction between ethene and bromine Concentration
vapour (Topic 5 (Book 1: 1AS)) was once thought to be entirely a of reactant
homogeneous process in which the molecules collided in the gas
phase and reacted.

It is now known that the reaction takes place almost entirely on
the surface of the walls of the reaction vessel. The reaction takes
place very quickly on a glass surface and even more quickly when
the surface of the vessel is covered with a polar substance such
as cetyl alcohol (hexadecan-1-ol, CH;(CH,)5;0H). It takes place
even more quickly still on a surface of stearic acid (octadecanoic
acid, CH;(CH,),,CO0H), presumably because stearic acid
molecules are more polar than molecules of cetyl alcohol.

However, if the walls of the reaction vessel are coated with a
non-polar substance such as paraffin wax, very little reaction, if
any, occurs. So, a process once thought to be a homogeneous gas
phase reaction is now known to be heterogeneously catalysed.

It is sometimes stated that a catalyst does not change the
products of a reaction, but only increases the rate at which the
reaction takes place. This is not entirely true, as demonstrated by
the different products obtained when hot ethanol vapour is passed
over different solid catalysts.

With copper or nickel as the catalyst, at 400 °C, a dehydroge
reaction takes place in which the products are ethanal and Do not assume that a rate curve similar to the curve in fig B always
hydrogen:

CH;CH,0H(g) — CH;CHO(g) + H(9)

/ the reaction starts off slowly

/

the reaction then speeds up

gets faster and faster as more and more
ntually, the rate decreases in the normal

or example, if the reaction involves a solid reacting with a liquid,

- . ’ liquid might have to penetrate a substance on the surface of the solid
catalyst, the more familiar dehydration reac 8 before the expected reaction can happen.

Another possibility is that the reaction is strongly exothermic and the
CH3CH,0H(g) — CH,=CH,(g) + H,0(g temperature is not being controlled. The heat evolved during the

It is interesting to note that the deh! reaction speeds up the reaction.

copper and nickel, adsorb hydrogen
CHECKPOINT

the dehydration catalyst, al
1. Explain why only a small quantity of a homogeneous catalyst is

preference.
These two examples illustrate
is required in order for it to be effective.

heterogeneous ca
2. Carsinsome parts of the world still run on leaded petrol. Leaded

the topic and learn e it it. petrol contains a compound called tetraethyl lead, (CH5CH,),Pb.
Tetraethyl lead reacts in the engine with oxygen and forms lead
oXIDAMON OF and lead(l1) oxide. These substances remove radical
o ) intermediates in the combustion reactions, thus increasing the
In aut . eaction is catalysed by one of its octane rating of the petrol. Excess lead and lead(ll) oxide is
products. One of théimplest examples of this is the oxidation removed by adding 1,2-dibromoethane. This forms volatile
of ethanedi y acidified potassium manganate(VH). The lead(ll) bromide that escapes through the exhaust.
equation for the reaction is: Suggest why a catalytic converter could not be used in a car
5(COOH),(aq) + 2MnQOj(aq) + 6H*(aq) running on leaded petrol.

— 10CO,(g) + 2Mn?**(aq) + 8H,0(1)

The reaction is very slow at room temperature, but is catalysed by — ES1[:H] e R'[0]o:\:11] W:\:4'%
manganese(Il) ions, Mn?*. The Mn?* ions are not present initially,
so the reaction starts off extremely slowly at room temperature. of a solid

s . o
However, Mn 15a p.roduct of the reacthn. As soon as 1tis autocatalysis when a reaction product acts as a catalyst for the
produced in a catalytic amount, the reaction rate increases. R

adsorption the adhesion of atoms, molecules or ions to the surface



SPECIFICATION

11A 6 EFFECT OF TEMPERATURE ON T

THE RATE CONSTANT

B Use the Arrhenius equation to explain the effect of temperature on the rate constant of a reaction.
B Use calculations and graphical methods to find the activation energy for a reaction from experimental

RELATIONSHIP BETWEEN TEMPERATURE AND RATE 0

There are two reasons for this:
» anincrease in the fraction of molecules with energy equal to or g
for the reaction

» an overall increase in the frequency of collisions betwg ecules.

The second effect is considerably less significant than t s that we can effectively
ignore the overall increase in the frequency of collisions.

THE ARRHENIUS EQUATION

EXAM HINT In 1889, Svante Arrhenius, a Swedish chemi
temperature and the rate constant, , for a rea
usually expressed in the form:

antitative relationship between
escribed by the Arrhenius equation and is

You will always be given the
Arrhenius equation if it is .
needed in an exam question. k= Ae(fﬁ)

where:

£
is plotted against %, a straight line is obtained with a gradient of 7

s an experimental method for determining the activation energy of a reaction.

WORKED EXAMPLE

Table A shows some data related to the reaction between peroxydisulfate and iodide ions in aqueous
solution:

5,05 (aq) + 2I(aq) — 250,*(aq) + I(aq)

TEMPERATURE/K ‘ MAGNITUDE OF RATE ‘ Ink 1/T/K-
CONSTANT, k

300 0.00513 -5.27 0.00333

310 0.00833 -4.79 0.00323

320 0.0128 -4.36 0.00313

330 0.0201 -3.91 0.00303

340 0.0301 -3.50 0.00294

table A
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Fig A shows Ink plotted against lT

0.0029 0.003 0.0031 0.0032 0.0033 0.0034
—3.00 | | | | |

InA
—3.50 1

—4.00
Ink

—4.50 1

—5.00 1

—5.50 -
T
fig A A graph of Ink against 1/T.

Ea

The gradient of the line, - A

(-3.50 - -5.27)
(0.00333 - 0.00294)
- 4538
[R=831)mol" K]
E, = —(-4538 x 8.31) = 37700) mol™! = +37.7k mol™ (to 3 sf)

DID YOU KNOW? 1
When we state that the relationship between Ink and —— is line
remain constant over a range of temperatures. This i

E, and A with temperature are insignificant compared erature on the rate constant,
and so can be ignored.

DID YOU KNOW?

The significance of the factor e-

The factor e ~a represents the fractio at have energy equal to or greater than the
activation energy, E,. For i ith an E, of 60 kJ mol-" gives a fraction, at 298 K, of:

o-(60000/8.31 x 298) _

So, only one colli suffiCient energy to react.

It is often assumed collisions with energy equal to or greater than E, is the same as
the fraction of molec nergy. This is not strictly true, but the difference is insignificant at
highe raction is very small.

Itis, to draw the molecular energy distribution curve, instead of the collision

(Book 1: IAS).

LEARNING TIP

The effect of E, on reaction rate:
« reactions with a large E, are slow, but the rate increases rapidly with an increase in temperature

 reactions with a small E, are fast, but the rate does not increase as rapidly with an increase in
temperature

« catalysed reactions have small values of E,.
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DID YOU KNOW?

Reaction profiles

When drawing reaction profile diagrams for multi-step reactions, it is important to distinguish between
an intermediate and a transition state:

e an intermediate has an energy minimum

e a transition state occurs at the top of the energy curve and therefore has an energy maximum.

An intermediate is a definite chemical species that exists for a finite length of time. By gomparison, a
transition state has no significant permanent lifetime of its own: it exists for a period o
10-5 seconds, when the molecules are in contact with one another. Even a very react| ntermediate,
with a lifetime of only 10-6 seconds, has a long lifetime in comparison with th colliding

molecules are in contact with one another.

maximum energy. The reaction profile for the hydrolysis of a primal
RHal, is therefore:

Enthalpy, H (transition state)

RHal + OH~

RC™ +Ha\
+ OH-

(intermediate)

R,COH + Hal-

Progress of reaction

fig C The reaction profile diagram for the hydrolysis of a tertiary halogenoalkane.

LEARNING TIP

In the Sy1 hydrolysis of a tertiary halogenoalkane, the first step of the mechanism is the rate-determining
step of the reaction, and it therefore has the higher activation energy. That is, E,(1) > E,(2).

If the second step in a reaction mechanism is rate-determining, E,(1) < E,(2).
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DID YOU KNOW?

The relative rates of Sy1 and S,2 reactions depend on structure

You learned in Book 1 that alkyl groups donate electrons by the inductive effect. This means that the
stability of carbocations increases in the order 1° < 2° < 3°, as the number of alkyl groups donating
electrons towards the positive carbon atom increases.

R%—C"' R%—C“’ R%—/(f:\*
H H R
1° 2° 3°

As the stability of the carbocation increases, the activation energy for the reaction leading to its
formation also decreases.

Energy

1° carbocation

3° carbocation

halogenoalkane

4t
OH~

alchohol

n + .
halide ion
Progress of reaction

We therefore expect the rate of the Sy 1 reaction to
No carbocations are formed during the S,2 reacti

Alkyl groups are much larger than
central carbon atom, the more cro
energy for its formation.

We therefore expect the r

The two effects reinforce one Y 1 reaction is fastest with tertiary halides and slowest with

primary halides, whilg i st with primary halides and slowest with tertiary halides.
Overall, primary halige tly via the Sy2 mechanism and tertiary halides react predominantly
glides tend to react via a mixture of the two mechanisms. CREATIVITY

1.]) Use the Arrhenius
equation to explain why
an increase in
temperature results in an
increase in the rate of
reaction.

5. Therefore, the more alkyl groups around the
e transition state, and the higher the activation

Relative
rat

2. The rate constant, k, for a
reaction increases from
10.057"to 100.0s™" when

sS2 the temperature is

increased from 300 K

to 400 K.

T T T Calculate the activation
1° 2° 3 energy, E,, for this reaction.
fig E S\1 and S\2 hydrolysis reactions for primary, secondary and tertiary halogenoalkanes. [R=8.31) mol K].




11 THINKING BIGGER

CATALYST CRAFT

In this article you will look at an example of how an engineered metalloenzyme can improve both the kinetics and spedificity of a
reaction. The extract is from Chemistry World, the print and online magazine of the Royal Society of Chemistry.

S

FRIEDEL-CRAFTS REACTION

Reprogramming the genetic code of from our perspective, with a relative
bacteria to include an unnatural amino acid  limited set of reactions,’ explains
has allowed scientists in the Netherlands Roelfes from the University of G
to create a new metalloenzyme capable of in the Netherlands, who led the s
catalysing an enantioselective reaction.

es combine the flexibility
atalysts with the high activity

d selectivity of enzymes. Artificial
talloenzymes are produced by inserting
catalytically active transition metal
complex into a biomolecular scaffold, like
a protein.

‘Nature is extremely good at catalysing
reactions with very high rate accelerations

and very high selectivity. But it does so Roelfes’ team engineered Escherichia coli

cells to include a copper-binding amino
acid into one of its proteins. This method
requires no further chemical modification
or purification steps, giving it an advantage
over existing methods. The resulting
metalloenzyme was tested on a catalytic
asymmetric Friedel-Crafts alkylation
reaction, achieving an enantiomeric excess
of up to 83%.

Takafumi Ueno, who researches the
mechanisms of chemical reactions in living
cells at the Tokyo Institute of Technology
in Japan, is impressed by the work.

‘It could be applied not only for rapid
screening of artificial metalloenzymes but
also for in vivo use of them to govern cell
fate in future’.

bacterial expression
using
‘expanded genetig,code

v -

The group are now looking to develop
new artificial metalloenzymes with the

up to 83% ee capability to perform chemistry that

= R traditional transition metal catalysts cannot.
fig A The artificial metalloenzymes were applied in a catalytic asymmetric Friedel-Crafts alkylation Ultimately, they hope to integrate these
reaction. enzymes into biosynthetic pathways.

Adapted (with permission) from ‘Engineered Metalloenzyme Catalyses Friedal-Crafts Reaction” by Debbie Houghton, Chemistry World,
3 November 2014
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SCIENCE COMMUNICATION

1 (a) After reading the article for the first time, write a one-paragraph summary of what you think You may fin'd that it is easier
the article is about. than you think to get an

overall understanding of
what a detailed scientific
article is about. You do
not need to understand
i word to

ing new and

(b) Now write down a list of any words from the article of which you do not know the meaning.
Do some research into what they mean. Is there anything about your summary from (a) that
you would change?

CHEMISTRY IN DETAIL

Assuming the reaction is exothermic, sketch an energy profile for the catalysed reaction showi

n you are asked to draw

(a) the overall reaction enthalpy change ething, make sure you

(b) the activation energy for the formation of the enzyme—substrate complex.

3 Under certain conditions the rate equation for an enzyme-catalysed reaction takes t
Rate = k[E]", where [E] is the enzyme concentration and k and n are experimentally dé
constants. What does this rate equation suggest about the reaction mechanj
conditions?

and use a ruler if you are
drawing straight lines.

4 Name the type of bond that is formed between the copper ion and the
the metalloenzyme shown in fig A.

5 Suggest why the use of a metalloenzyme of this type might be
traditional Friedel-Crafts methods for alkylation.

reactions’in organisms. Most of these can be
(alternatively, the PDBe).

Choose one of the following metals$ : o, Co.

« Find out what the protel

« Find out how muygh of the tin a typical healthy adult.

chosen metal, featuring no more than five slides. You will have

copper has diS@Strous effects. For example, the inability to excrete excess copper from the body
(Wilson’s disease) can be fatal if left untreated. Menkes’ syndrome manifests itself if the body is
unable to retain (hold on to) copper. Although not fatal, it can lead to developmental delay and
neurological problems.




11 EXAM PRACTICE

1 An experiment is set up to measure the rate of hydrolysis of
methyl ethanoate, CH;COOCH;.

CH;COOCH; + H,0 = CH;COOH + CH,;0H
The hydrolysis is very slow in neutral aqueous solution. When
dilute hydrochloric acid is added, the reaction is faster.
What is the function of the hydrochloric acid?
A toincrease the reaction rate by acting as a catalyst
B to make sure that the reaction reaches equilibrium
C to maintain a constant pH during the reaction

D to dissolve the methyl ethanoate (1]
(Total for Question 1 = 1 mark)

2 For the gaseous reaction 2X(g) + Y(g) —
equation is
rate = k [X]{[Y]°
If the pressure in the reaction vessel is doubled but the
temperature remains constant, by what factor does the rate of
reaction increase?
A2 B 3

Z(g), the rate

C4 D 8

(Total for Question 2 = 1 m

3 The alkaline hydrolysis of RBr, where RBr = (CH;);Br, takes
place in two steps:

RBr — R* + Br- SLOW
R* + OH- — ROH FAST
Which of the following rate equations is @

scheme?
A rate = k[OH"]
B rate = k[RBr]
C rate = k[RBr][OH]
D rate = k[R*]JOH" (1]
r Question 3 = 1 mark)
4 The table eaction between X and Y at

constan

[Y1/ Initial rate /
mol dm™3 mol dm=3s!
. 0.2 4.0x 10
2 0.6 0.4 1.6 x 107
3 0.6 0.8 6.4 x 1073
What is the rate equation for the reaction?
A rate = k[X][Y]?
B rate = k [X]{[Y]
C rate = k[X]?
D rate = k[Y]? [1]

(Total for Question 4 = 1 mark)

5 The reaction of acidified aqueous potassium iodide with

aqueous hydrogen peroxide
2I(aq) + H,0,(aq) + 2H"(aq) — I,(aq)

is thought to involve three steps:
H,0, + I — H,0 + OI
OI' + H* — HOI
HOI + H* + I — I, +

Which of the following con

this information?

A The acid is a catalys

B The reaction is fis

C The rate deter

react in aqueous acidic solution
ing overall equation:

ction was 1.43 X 10 5moldm™3s7".

Initial concentration/mol dm™3
CH,COCH, 0.400
H* 0.200
I, 4.00 x 1074

Calculate a value for the rate constant, &, for the reaction. [3]

(b) Explain the effect on the rate of reaction of doubling the
concentration of iodine, but keeping the concentrations of

propanone and hydrogen ions constant. [2]
(c) The proposed mechanism for the overall reaction is:
H
Step1  CHCOCH, + H' —> CH—C—C—H
H OH H
H
- Ve
Step2 CH,—C—C—H —> CH—C=C_ + H*
SH
OH H OH
H
~
Step3 CH—C=C_  + |, —> CH—C—CHJ + I
N
H
OH ?+
H
Step4 CH;—C—CH,] —> CH;/—C—CH,] + H*
T ’
H
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Explain which of the four steps could be the rate-determing (@) (i) Use the graph to predict the rate of reaction after 20
step. [3] minutes and after 90 minutes. [3]
(Total for Question 6 = 8 marks) (ii) Deduce the rate of production of oxygen after
20 minutes? [1]
7 Most chemical reactions involve two or more steps. The (b) (i) Plot on the graph two successive half-lives for this

experimentally determined rate equation indicates which species

) ) ‘ - reaction. [2]
are involved either before or in the rate-determining step.

(i) Deduce the order of reaction with respect to N,Os.

(a) State what is meant by the term rate-determining step. [1] Justify your answer

(b) Hydroggn reacts Wi.th iodine monoghloride ina two-step (i) Write a rate equation for the reacti [1]
mechanism according to the following overall equation: (c) (i) Calculate a value for the r k for this
Hy(g) + 21Cl(g) — 2HCl(g) + I(g) reaction. (3]

The experimentally determined rate equation for this (ii)
reaction is: concentration of 4 50 mol dm™3. Assume the
rate = k [H,(2)][1CL(g)] the same conditions of

The rate-determining step is the first step in the mechanism
for the reaction.

(2]
Question 8 = 14 marks)
(i) Write an equation for the rate-determining step. [1]
9 Nitrogen dioxid ,1 posed on heating into nitrogen

ii) Write an equation for the second step. 1 ) )
(i) d P 1) mono , aNe e proposed mechanism for this

(c) A series of experiments were carried out on the reaction
A + B + C — products. The results are shown in the table.

0,+NO SLOW
Experiment | Initial concentrations/ | Initial rate/ FAST
moldm™ moldm™s™! (a) overall equation for the decomposition of
[A] [B] € nitrogen dioxide. [1]
0.100 | 0.100 | 0.100 (ii) Write a rate equation for the reaction. [1]
0.100 | 0200 | 0.100 e rate constant, k, for the decomposition was determined

t several different temperatures. The results obtained were
used to plot the graph shown below.

0.200 0.100 0.100

1
2
3 0.100 0.100 0.200
4

(i) Determine the order of reaction with 93
and C. Show how you obtain yo 8
(i) Write the rate equation for t 7
(iii) Which reactant is unlikelito Dejin ate determining 6
step? [1] 5 e
n 7 = 8 marks) ke,
8 Nitrogen pentoxide dec form nitrogen 3
tetroxide and oxygen. The e reaction is: 2
N,0s(g) — 1
The progress of followed by measuring the 0

1.0 1.1 1.2 1.3 1.4 1.5

concentration of 1TH0-2K-

he graph shows the results

obtai n expeRiment conducted at constant temperature.
20 (i) Use the graph and the expression
T E 1
1.8 H _ a
f H b =2
164N nk=-%pthna
‘T’E 1.4 to calculate the activation energy, £, for the thermal
S 1.2 decomposition of nitrogen dioxide. Give your answer
g 1.0 to an appropriate number of significant figures. [4]
o008 (i) A vessel of volume 2.00 dm? s filled with 4.00 mol of
Z.08 ntitrogen dioxide at a temperature of 650 K. The initial
04 rate of reaction was found to be 12.64 moldm=3s7".
0.2 .
0 Calculate a value for the rate constant, k, at this
0 10 20 30 40 50 60 70 80 90 100 temperature. [3]

Time/minutes (Total for Question 9 = 9 marks)
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