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Reaction Kinetics

Answers to worked examples

The rate of a reaction

For the reaction between nitrogen and hydrogen
N2 (g) + 3 Hz2 (g) — 2 NH3 (g)

the rate of formation of ammonia was measured as 10 mmol dm 3 s™1. What was

the rate of consumption of hydrogen?

Strategy

Use the stoichiometry of the reaction to determine the rate at which hydrogen is

consumed relative to that at which the ammonia is produced.

Solution
For every 2 mol of NH3 (g) produced, 1 mol of N2 (g) and 3 mol of Hz (g) are

consumed. Thus

Rate of consumption of hydrogen = 3/2 X rate of formation of ammonia
= 1.5 X 10 mmol dm3s7!

=15 mmol dm3s71

Writing differential rate equations for elementary reactions

The alkaline hydrolysis of bromomethane is an elementary reaction
CH3Br+ OH — CH30H + Br-

(a) Write a rate equation for the reaction in terms of the differential for
consumption of CH3Br.

(b) What is the overall order of the reaction?
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Strategy

Use Equation 9.5 (p.986) to express the rate of reaction in terms of the reactants.

Solution
(a)

d[CH;B
—% = k[CH5OH][Br™]

(b) The reaction is first order with respect to methanol, and first order with

respect to bromide ions, and is therefore second order overall.

Writing integrated rate equations

Write an integrated rate equation for reaction of two methyl radicals to form
ethane in Equation 9.3 (p.386). Explain how a value of the rate constant k can be
found from experimental measurements of concentration of the methyl radical at

different times during the course of the reaction:
2 CHs* — CzHe (9.3)

Strategy

Use Equation 9.4 (p.386) to express the rate of reaction in terms of the rate of
change of methyl radicals. Consider how the integrated rate equation, Equation

9.7b (p.389), may be tested graphically.

Solution

The reaction is a second order elementary reaction. Using Equation 9.4 for a

reactant
. 1d[A]
rate of reaction = ————
a dt
then
rate of reaction = —EM
dt
The differential rate equation is thus
_E d[CH3 ] - k[CHSQ]Z
2 dt

OXFORDHigherEducation
© Oxford University Press, 2017. All rights reserved.



WE 9.4

Solutions manual for Burrows et.al. Chemistry3 Third edition

which is equivalent to

d[CH,’]
dt

= —2k[CH,'T?

The integrated rate equation is given by Equation 9.7b

1 _ 1
[CH]  [CHS')

+ 2kt

This has the same form as a straight-line graph
y=mx+c
Thus a plot of y = 1/[CH3"]; against x =t is a straight line with a gradient equal to

m = +2k

Isomerization of cyclopropane
The reaction of methyl radicals to form ethane was investigated using the flash
photolysis technique described on p.398. The following results were obtained at

295 K.

t/10%s 0 3.00 6.00 10.0 15.0 20.0 25.0 30.0

[CH3*] /10 8moldm3 1.50 1.10 093 0.74 0.55 045 041 0.35

Show that the reaction is second order and find a value for the rate constant at

295 K.

Strategy

For a second order reaction, the integrated rate equation is given by Equation

9.7b (p.389):

1_ 1 I
[A_]I;_E-I_Zt

If the reaction is second order, a plot of 1/[CH3"]¢ against t will be a straight line

with a gradient equal to +2k.

Solution

Calculating values of 1/[CH3"]¢
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t/104s 0 3.00 6.00 10.0 15.0 20.0 25.0 30.0
[CH3"]¢/ 1078 mol dm 3 1.50 1.10 0.93 0.74 055 045 041 0.35

(1/[CH5"])/ 108 dm3 mol T 0.667 0.909 1.08 1.35 1.82 222 244 286

and plotting the values against t

3.5

2.5

15

o

(1/[CH5"1,)/ 10® dm® mol™

0 5 10 15 20 25 30 35
Time, t/10" s

The graph is a straight line.
Gradient = 2k = 7.43 x 10'® dm® mol ' s™*

so that k = 3.7x1010dm3mol 1s 1 (at295K)

WE 9.5 Using the initial rate method to investigate the reaction between bromate

ions and bromide ions

The acid-catalysed bromination of propanone was investigated using the initial

rate method at 298 K
CH3COCH3 (aq) + Brz (aq) —» CH3COCH2Br (aq) + Br™ (aq) + H* (aq)

The concentration of Brz was monitored in five separate experiments. By
inspection of the following data, determine the order of the reaction with respect

to each of the substances in the table.
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Initial Concentration / mol dm-3 Initial Rate
Experiment [CH3COCH3 (aq)] [Brz (aq)] [H* (aq)] / 10-> mol dm-3 s-1
1 0.30 0.05 0.05 5.60
2 0.30 0.10 0.05 5.60
3 0.30 0.05 0.10 11.1
4 0.40 0.05 0.20 30.5
5 0.40 0.05 0.05 7.55

Strategy

By inspecting the data, find out how the initial rate varies as the concentration of
each reactant is changed. To isolate the effect of each individual reactant,
compare experiments that differ in the concentration of only one substance at a

time.

Solution

Order with respect to Brz: Comparing experiments 1 and 2, [Brz] doubles, but the

rate stays the same, so the reaction is zero order with respect to Br».

Order with respect to H*: Comparing experiments 1 and 3, [H*] doubles and the

rate doubles; comparing experiments 4 and 5, [H*] decreases by a factor of 4 and
the rate decreases by a factor of 4, so the reaction is first order with respect to

H*.

Order with respect to CH3COCH3: Comparing experiments 1 and 5, [CH3COCH3]

increases by a third and the rate increases by a third, so the reaction is first order

with respect to CH3COCHs.

Using integrated rate equations to investigate the reaction of iodine with
hex-1-ene
Suggest an alternative way of showing that the reaction is not first order with

respect to I that would have saved you plotting In [I2] against time.
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Strategy
Use the first plot of [I2] against t to measure at least three half lives in different

areas of the curve. If these are not constant, the reaction is not first order.

Solution

For a first-order reaction, the half life is constant and is independent of the
concentration of the reactant. This is not true for other orders of reaction, where
the half life varies with concentration. For this reaction, it is clear that the half
life is not constant, but becomes longer as the concentration of iodine decreases.
The time taken for the concentration to drop from 10 x 10-3 mol dm-3 to

5 x 10-3 mol dm-3 is, for example, much longer than that for 20 x 10-3mol dm-3

to 10 x 10-3 mol dm-3.
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WE 9.7 The steady state approximation: deriving a rate equation to test a proposed
mechanism
(a) Show that the proposed mechanism is consistent with the overall equation
for the reaction.
(b) Give the molecularity of each of the three elementary reactions in the
proposed mechanism.
(c) Suggest why the reaction: 2NO + 02 — 2NO3 is unlikely to be an elementary

reaction.
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(d) An alternative mechanism that has been considered is
NO +NO —» NOz2+N slow
N+ 02 - NO2 fast

Explain why this mechanism can be discounted.

Strategy

(a) Check that the individual mechanistic steps combine to give the overall

stoichiometric equation for the reaction.

(b) Count the number of reactant molecules that come together to form the

transition state for each mechanistic step.
(c) Consider the likelihood of a three-body collision in the gas phase.

(d) Check whether the rate equation for the rate-determining step is consistent

with the observed kinetics.

Solution
(a) For areaction mechanism to be consistent with the overall reaction, the
individual steps should add up to give the overall stoichiometric equation.
2NO = N202
N202 + Oz — 2 NO: +

2 NO + Nz + 02 —> 2 NO; + N0

where the N202 appears as both a reactant and a product, so cancels to give

2NO+ 02 — 2NO:
(b) 2NO — N20: bimolecular (involves collision of two molecules)

N202 — 2NO unimolecular (one molecule decomposes)

N202 + Oz —> 2NO2 bimolecular (two molecules reactin a single step)

(c) A simultaneous collision between three molecules in the gas phase is
statistically very unlikely.
(d) The first step would be rate determining. The rate equation for this step

would thus be the rate equation for the overall reaction:
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rate of reaction = k[NO]?

This does not match the observed kinetics, so the mechanism is not plausible.

Finding an activation energy

The decomposition of a drug in humans was found to be a first-order process.
The activation energy for the decomposition is +95 k] mol-1 and A =5 x 1010 s-1,
(a) What is the rate constant for the decomposition at 310 K?

(b) How long will it take the concentration of the drug in the blood to fall to half

its initial value?

Strategy

(a) Substitute the values for the activation energy and the pre-exponential factor
into the Arrhenius equation. You can use either Equation 9.24a or Equation
9.24b (p.421).

(b) Use Equation 9.9 (p.392), which expresses how the half life for a first order

reaction depends upon the rate constant.

Solution

(a) Using the Arrhenius equation, Equation 9.24a
k = Ae_(Ea/RT)

— 5 x 101051 x o—(95x10Y ot /8.314f K 1pet™' x 310 K)
=5x107%s"!

Using the Arrhenius equation, Equation 9.24b

Nk = InA — 5[1)
RAT

(+95><103,<3’m014)

Ink = 24.635 —
(8.3140 K" met™) x 310K
= 24.635 — 36.860 = —12.225
k = 5x10°%s! (at310K)

(Units of k for first order reaction are s 1.)

(b) From Equation 9.9, for a first order reaction,
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ty, =In2 /k =0.693/5x 107¢s™! = 141000s = 40 hr

Comparing rate constants at different temperatures

Sucrose is hydrolysed in the digestive system to form glucose and fructose. The
activation energy for the reaction is +108 k] mol 1. At 298 K, the rate constant is
1.85 x 107* dm3 mol 1 s™L Calculate the rate constant for the reaction at body

temperature, 37 °C (310 K).

Strategy
Use Equation 9.25, which relates the values of the rate constant for a reaction at

two different temperatures to the activation energy.

Solution

Using Equation 9.25

|nk_2 = 5 i_i
k, RIT, T,
ket (+108x10* J mol™! y ( 11 J
Koos 8.314 J K" mol™’ 298 K 310K
3
_ (+108x10 1"/ pel . (1.299x107* )
8.3140K"" pet™
= 12990 x (1.229 x 107*) = 1.687
K0~ 5408
k298

At 298 K, kogg = 1.85 x 10~ dm® mol™ s, so
kso = 9.999 x 107* dm® mol™ s = 1.00 x 102 dm® mol™ s™* (to 3 sig. fig.)
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Answers to boxes

Atmospheric lifetime of methane
Calculate a value for the half life (in years) of methane under the conditions in

the troposphere.

Strategy
Use Equation 9.9 (p.392) to determine the half life from the pseudo-first order

rate constant.

Solution
Using Equation 9.9, ty, = InTZ
In2 In2

For methane, t, = — =
k k[OH]constant

k = 3.9x10°dm®*mol?s™

0.693

(3.9x10° g met™ s71) x (1x107Y ool dar™®)

1.78 x 108 s

[ r777x10® .
60x 60 x 24 x 365

= 5.6 a (6 years to 1sig. fig.)

So ty, =

Using flash photolysis to monitor ClO° radicals
Write a differential rate equation and an integrated rate equation for the

formation of the Cl0* dimer from ClO°.

Strategy

Use Equation 9.4 (p.386) to define the rate of reaction in terms of the rate of
change of the CIO® radical concentration. The integrated rate equation is given

by Equation 9.7b (p.389).

Solution

Differential rate equation
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From Equation 9.4

rate of reaction = —1 41971 _ k [CIO*]?
2 dt
So dIC1IO7] _ 5k [cio?
dt

Integrated rate equation
From Equation 9.7b

L = L + 2kt

[Al,  [Aly
So ! Lo

[CI0°],  [CI0°],

Box 9.7 Pharmacokinetics
The breakdown in the body of the chemotherapy drug, cisplatin, is found to
follow first-order kinetics. The rate constant at body temperature is
1.87 x 1073 min .. The concentration of the drug in the body of a cancer patient is

5.16 x 1074 mol dm™ 3. What will the concentration be after 24 hours?

Strategy

Write an integrated rate equation for a first order reaction that shows how the
concentration of the reactant varies with time. By substituting the values for the
rate constant and the initial concentration of the drug, determine its

concentration after 24 hours.

Solution
Use Equation 9.6a (p.388) for a first order reaction
In[A]; = In[A]o — kt (9.6a)

and rearrange to give Equation 9.6b

|n[[A—]t = _kt (9.6b)

Al

For cisplatin, [A]; is the cisplatin concentration after 24 hr (1440 min)
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[C.'Spl—at.m]‘ = —kt = (-1.87x107° ™) x 1440 pifi = —2.693
[cisplatin],

[eisplatink _ 4 56769

[cisplatin],

[cisplatin]; = 0.06769 x (5.16 x 10~* mol dm )

3.49 x 10° mol dm™® (where t = 1440 min)
(A quick check using Equation 9.9, shows that for this reaction, the half life is
t, =In2 /k = 0.693/1.87 X 103min~! = 371 min = 6.2 hr

so that 24 hr corresponds to about four half lives. You might therefore expect
the concentration to have dropped by a factor of (0.5)* to 3.23 x 10> mol dm,

which is consistent with the concentration calculated using Equation 9.9b above.

[cisplatin], ~ (¥2)* X [cisplatin],
~ 0.0625 x 5.16 X 10™* mol dm ™3
~ 3.23 X 107° mol dm™?)

The Michaelis-Menten mechanism
The following results were obtained for the enzyme-catalysed hydrolysis of ATP at

20°C. The initial concentration of the enzyme, ATPase, was 1.5 x 107 mol dm >,

[ATP]o / umol dm™ 0.5 1.0 2.0 4.0

Initial rate / pmol dm s 0.54 0.82 1.11 1.36

Determine the maximum rate, (rate)max, and the Michaelis constant, Ky, for the

reaction.

Strategy
Use Equation 9.32 to draw a Lineweaver-Burk plot. This should be a straight

line. Use values of the gradient and intercept of the line to determine (rate)max

and the Michaelis constant, Km.
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Solution

Using Equation 9.32 (p.437)

ate  kg[E],  ko[E],[S] 9.32)

(rate) . (rate) [S] where the maximum rate, (rate)ma = Ko[Elo

Tabulate values for 1/initial rate and 1/[ATP]o.

U[ATP]o/ dm? umol™* 2 1 0.5 0.25

1/initial rate / dm® s pmol ™ 1.85 1.22 0.90 0.74

A plot of 1/initial rate (y-axis) against 1/[ATP], (x-axis) (Lineweaver-Burk plot) is a
straight line. The intercept on the y axis (where 1/[ATP]o = 0) is 1/(rate)max and the

gradient of the line is Ky/(rate)max.
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Intercept on y-axis (when 1/[ATP], = 0) is 0.580 dm® pmol ™ s

(rate)max

Km

1/intercept
1.7 umoldm3s™*
gradient x (rate)mex = 0.637% x 1.72 pmol dm ™ ¢

1.1 pmol dm™
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Answers to end of chapter questions

The energy profiles A-D represent four different reactions. All the diagrams are

drawn to the same scale.
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Which of the energy profiles A-D represents:

(a) the most exothermic reaction;
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(b) the most endothermic reaction;
(c) the reaction with the largest activation energy;

(d) the reaction with the smallest activation energy?

Strategy

(a) and (b) Consider the difference in the potential energy of the reactants and
products. Assume that the difference in potential energy is indicative of the

difference in enthalpy.

(c) and (d) Consider the height of the potential-energy barrier, which represents

the activation energy for the reaction.

Solution

(a) Cisthe most exothermic, because the potential energy of the products is so
much lower than the potential energy of the reactants.

(b) Aisthe most endothermic, because the potential energy of the products is
much higher than the potential energy of the reactants.

(c) A has the largest activation energy, because the barrier between the
reactants and products is highest.

(d) Chas the smallest activation energy, because there is only a very low barrier

between the reactants and products.

The oxidation of ammonia in air is catalysed by platinum metal
4 NH3 (g) +502(g) > 4NO (g) + 6 H20 (g)

Write an expression for the rate of reaction in terms of differentials for the

consumption of the reactants and formation of the products.

Strategy

Define the rate of reaction in terms of each reactant and product in same way as

in Equation 9.4, noting the stoichiometric coefficients for the particular reaction.

Solution

From Equation 9.4,

o ofrenction — _ LAINHs] _ 1d[0] _ 1d[NO] _ 1d[H,0]
rateotreacion = =y—4% T "5 dat 4 dt 6 dt
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Under certain experimental conditions, the rate of the following reaction is

586 x10¢moldm3st
2N20(g) > 2Nz2(g) +02(g)

d[N,O] d[N,] and d[O,]
dt ~  dt dt

Calculate values for under these conditions.

Strategy

Define the rate of reaction in terms of each reactant and product in same way as
in Equation 9.4, noting the stoichiometric coefficients for the particular reaction.
Rearrange the equation, using the value for the rate of reaction to determine the

rate of change of concentration for the various species.

Solution

From Equation 9.4,

1d[N,O 1d[N d[o
rate of reaction = — = [N ]=— [N-] = [02] = 586 xX10°moldm3s?!
2 dt 2 dt dt

Thus,
d[ljlio] = —2x(5.86 % 10~ mol dm 3s~!) = —1.17 x 10~5 mol dm~3 s~ ¢
d[dl\iZ] =2x(586%x10°moldm3s ') =1.17x 10> moldm 3 s~ !
dEd(:,“Z] =5.86x 10" moldm3s!

Write the rate equation for the following elementary reactions and give the
molecularity for each reaction.

(@) CI'+03 — CIO*+ 0

(b) CH3N:CH3 — 2 CH3"+N:

() 2CI" > Clz

(d) NO2°+F2 — NOzF +F
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Strategy

Since these are elementary reactions, the rate equation for each reaction can be
written from the stoichiometric equation. Consider the order of reaction with

respect to each of the reactants.

Count the number of reactant molecules which come together to from the

transition state for the reaction to determine the molecularity.

Solution

(a) Rateofreaction = k[CI*][03]; bimolecular

(b) Rateofreaction = k[CH3N2CH3]; unimolecular

(c) Rateofreaction = Kk[CI’]% bimolecular
[

(d) Rateofreaction = k[NO:][F2]; bimolecular

For the complex reaction of NO and H
2NO (g) +2Hz(g) - Nz2(g)+2H20(g)
the rate equation is given by
rate of reaction = k[NO]2[Hz]
(a) What are the orders of the reaction with respect to NO and H;?
(b) What is the overall order of the reaction?

(c) What would happen to the rate of reaction if:
(i) [Hz] is doubled;
(i) [Hz] is halved;
(iii) [NO] is doubled;
(v) [
Strategy

Use the rate equation to determine how the rate of reaction changes when the

NO] is increased by a factor of three?

concentration is varied.

Solution

(a) The rate equation is of the form

rate of reaction = k[A]%[B]? ...
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where a is the order of the reaction with respect to A, b is the order with respect
to B, and so on. Thus, examining the rate equation for the given reaction, the
order with respect to NO is 2 and with respect to Hz is 1.

(b) The overall order is the sum of the orders with respect to the individual
components. Thus, the overall orderis 1+ 2 = 3.

(c) (i) Rate would double. (ii) Rate would halve. (iii) Rate would quadruple.

(iv) Rate would increase by a factor of 9.

The gas phase decomposition of dinitrogen pentoxide (N20s)
N20s — NO2"+ NOs3*

was studied in a large stainless steel cell, at 294 K and a pressure of 1 bar. The
concentration of N2Os was monitored using infrared spectroscopy. The following

results were obtained.

t/s 0 10 20 30 40 50 |60 |70 |80 |90 |100

[N20s] 34.0 | 27.0 | 195 | 15.0 | 115 |87 | 6.6 |51 |39 |29 |22

/107° mol dm 3

Show that the reaction is first order and find a value for the rate constant at

294 K.

Strategy

Use the integrated rate equation for a first order reaction (Equation 9.6a, p.388):

and plot In[A]¢ against t. If the plot is a straight line, the reaction is first order
and the gradient is equal to -k.

Solution
From Equation 9.6a,
In[N;05]; = In[N;05]o — kt

Draw up a table with values of In[N20s]:

t/s 0 10 20 30 40 50 60 70 80 90 100
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[N20s] 340 270 195 150 115 87 66 51 39 29 22
/1079 mol dm3
In ([N20s] 3.53 3.30 297 2.71 244 216 189 1.63 136 1.06 0.79
/107 mol dm 3)

and plot a graph of In[N20s] against .

4

3.5 5 \L

25 e

In([N,05]/10° mol dm)

0.5

0 10 20 30 40 50 60 70 80 90
Time, t/s

The plot is a straight line, showing that the reaction is first order with respect to

N»Os.
Gradient = —k = —0.0274 s !

So, k=274x102s 1 at294 K.

The data below were obtained for the decomposition of difluorine oxide (F20) at

298 K.
2F20 (g) —» 2F2(g) + 02(g)

t/s 0 60 120 180 240 300 360 420

[F20]/ 1073 mol dm™3 72 55 46 38 33 29 26 24

Verify that this is a second order reaction and determine the rate constant at 298 K.
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Strategy
Use the integrated rate equation for a second-order reaction (Equation 9.7b,
p.389):

1 1

= T 4okt (9.7b)
[Al  [Al

and plot a graph of 1/[A]: against t. If the plotis a straight line, the reaction is

second order and the gradient is equal to 2k.

Solution

From Equation 9.7b

1

= + 2kt
[F20]¢  [F20lo

Draw up a table with values of 1/[F20]:

t/s 0 60 120 180 240 300 360 420
[F20]/ 1073 mol dm 3 72 55 46 38 33 29 26 24

(1/[F20]) / 103 dm3 mol*  0.139 0.182 0.217 0.263 0.303 0.345 0.385 0.417

and plot a graph of 1/[F20] against t.
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The plot is a straight line, showing that the reaction is second order with respect to
F20.
Gradient = 2k = 6.71 x 107*/10%3 dm® mol™'s™! = 0.671 dm® mol~1s™!
so that, at 298 K,
k = 0.34 dm® mol™ 1 s7?
From the data provided in the table, deduce the rate law and the value of the rate

constant for the following reaction
CHsCOCH3 + Br, + H® — CH3COCH.Br + 2H" + Br

Initial Initial Initial Initial rate of
concentration of | concentration of | concentration of reaction
CH3COCH3 Br2 H* / moldm-3s-1
/ mol dm-3 / mol dm-3 / mol dm-3
1 1.00 1.00 1.00 4.0x103
2 2.00 1.00 1.00 8.0 x 103
3 2.00 2.00 1.00 8.0 x103
4 1.00 1.00 2.00 8.0 x 103

Strategy

You can write the general form of the rate equation for the reaction. By
considering how the overall rate changes when the concentrations of each
species change then the order with respect to each can be found.

Solution

The rate law has the form:  Rate = k [CH3COCH3]2 [Br2]° [H*]¢

From the data:

The rate doubles when [CH3COCH3z] doubles at constant [Brz] and [H*] (lines 1
and 2). Hencea = 1.

The rate stays constant when [Brz] doubles at constant [H*] and [CH3COCH3]
(lines 2 and 3). Henceb =0

The rate doubles when [H*] doubles at constant [CH3COCH3] and [Brz] (lines 1

and 4). Hencec=1
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Therefore, the rate equation is: Rate = k [CH3COCH3z]! [Brz]° [H*]! or
Rate = k [CH3COCH3] [H*]

From the data in line 1

4.0 x 103mol dm=3s-1 =k (1.00 mol dm-) (1.00 mol dm-3)
Sok=4.0x103dm3mol1s-1

And the rate equation is

Rate = 4.0 x 10-3dm3 mol-! s-1 [CH3COCH3] [H*]

For a first order reaction, half of the reactant is used up after 15 s. What fraction

of the reactant will remain after 1 min?

Strategy

You could use Equation 9.9 to determine the rate constant from the half life but
in this case it is straightforward to find how many half-lives occur in 1 min and to
calculate the fraction remaining since half the reactant will react in each 15 s
period.

Solution

After 15 s, half the reactant will remain.

After 30 s half of the remaining reactant will remain i.e. one quarter of the
original

After 45 s half of the remaining reactant will remain i.e. one eighth of the original
After 60 s (1 min) half of the remaining reactant will remain i.e. one sixteenth of

the original

Cyclobutane decomposes to form ethane according to:
C4H8 (g) -2 C2H4 (g)

OXFORDHigherEducation
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A quantity of cyclobutane was sealed in a container and exerted a pressure of 53.30
kPa at 700 K. The pressure changed during the reaction as follows. At the end of the
reaction, the pressure was 106.60 kPa.

Time/s Total pressure / kPa

0 53.30
2000 64.53
4000 73.59
6000 80.53
8000 85.99

10000 90.39

Assuming the gases behave ideally, show graphically that the reaction is first order
with respect to cyclobutane. Calculate the rate constant and the half life for the

reaction

Strategy

You can use the stoichiometry to find out how the number of moles and hence
(since the gases behave ideally) the pressure changes through the reaction. You
can then find the pressure of CB and plot a graph of the data in a first order
reaction form to find the rate constant. The half-life can be found from equation
9.9.

Solution

From the stoichiometry, for every CB molecule that decomposes, two molecules of
ethane form. Hence, the increase in total pressure is equivalent to the pressure of CB
that has reacted (for an ideal gas, pressure oc number of moles). The pressure of CB at
each time can be found and, if the reaction is first order, a plot of In peyciobutane VErsus

time should be linear with a slope equivalent to —k.

Time | Total pressure | Pressure increase | Pressure CB / kPa | Ln (P(CB))

/s / kPa / kPa

0 53.3 0 53.3 3.98
2000 64.53 11.23 42.07 3.74
4000 73.59 20.29 33.01 3.50
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6000 80.53 27.23 26.07 3.26
8000 85.99 32.69 20.61 3.03
10000 90.39 37.09 16.21 2.79

Which gives a graph

4.50
__4.00
©
2 350
S~
< 3.00
§ 550 | V=-0.0001x+3.9756
g ' R2=1
§ 2.00
o
3 150
2 100
s

0.50

0.00

0 2000 4000 6000 8000 10000 12000

Time /s

From linear regression, the slope is -0.00012 s so k = 0.00012 s

In2 0693

= =5775s
k  0.00012s*

For a first order reaction, t,, =
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The rate constant for the decomposition of a compound in solution is 2.0 x 10 s™. If
the initial concentration is 0.02 mol dm™, what will the concentration of the

compound be after 10 min?

Strategy

From the units of the rate constant, you can tell that the reaction follows first
order kinetics. The integrated form of the first order rate equation can therefore
be used to directly find the concentration after a certain time.
Solution
The integrated form of a first order rate equation is:
In [A]: = In [A]o — kt
Substituting the data.
In [A]0 min = In [0.02 mol dm™®] — (2.0 x 10 s™) x (10 min x 60 s min™)
[Aliomin = 0.018 mol dm™
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The reaction of methyl radicals to form ethane was investigated in a laser flash

photolysis experiment at 300 K.
CHz* + CH3* —» C2Hs

The rate constant for this reaction at 300 K is 3.7 x 1010 dm3 mol ' s"1. The
concentration of methyl radicals, [CH3*], at time ¢t = 0 was 1.70 x 1078 mol dm 3.

Calculate a value for [CH3*] att = 1.00 x 1073 s.

Strategy

The reaction is a second order elementary process. Use the integrated rate

equation, Equation 9.7b (p.389):

B (9.7b)

[Al  [Al
and substitute the values for [A]o, k and t given in the question.
Solution

From Equation 9.7b

1 _ 1
[CHS)  [CHS')

+ 2kt

[C:l 1 170 1081 Ldm=2 (2 x (3.7 x10%° dm?® mol ™t 1) x (1.00 x 1073,¢])
3 70x mol dm

(5.88 x 107 dm3 mol 1) + (7.40 x 107 dm3 mol 1)

13.3 x 107 dm3 mol ™!

[CH3°] 7.5%x 1072 mol dm3

The acid-catalysed hydrolysis of sucrose shows first order kinetics. The half life
of the reaction at room temperature was found to be 190 min. Calculate the rate

constant for the reaction under these conditions.

Strategy
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Use Equation 9.9 (p.392), which gives an expression for the half life of a first

order reaction.

Solution

In2
ty, = — 9.9.
7 " (9.9
k=2 o 088 500050

ty 190 x 60s

2

The reaction between H2PO4 and OH™ was investigated at 298 K using the initial

rate method.
H2PO4 (aq) + OH (aq) —» HPO42™ (aq) + H20 (aq)

The following results were obtained.

Initial rate / [OH-]o / [H2PO4 Jo /
10-3 mol dm-3 min-1 10-3 mol dm-3 10-3 mol dm-3
Experiment 1 2.0 0.40 3.0
Experiment 2 3.7 0.55 3.0
Experiment 3 7.1 0.75 3.0

(a) Plotalog-log graph to determine the order of reaction with respect to
OH™(aq).
(b) What further experiments would you need to do to find the order with

respect to H2PO4?

Strategy
Use Equation 9.12 (p.404) and plot the log of the rate against the log of the

concentration of A.
log (rate) = mlog [A] + log k' (9.12)

The gradient of the graph gives m, the order of the reaction with respect to A.
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Solution

(a) The initial concentration of H2PO4™ is the same in each experiment, so the

rate equation for the reaction can be written as

initial rate of reaction = k' [OH Jo™
where k’is an effective rate constant for the reaction of OH".
Taking logs of each side of the equation gives

log (initial rate)o = log [OH Jom + logk’ = mlog [OH ]o + logk’

Draw up a table with values of log [OH ]o and log (initial rate)o

log1o ([OH Jo/ 1073 mol dm 3) ~0.398 ~0.260 ~0.125

logio (initial rate / 1073 mol dm ™3 min 1) 0.301 0.568 0.851

and plot a graph of log (initial rate)o against log [OH ]o.

0.9

0.8

0.7

0.6

0.4

0.3

0.2

logy, (initial rate / 10 mol dm™ min™)

0.1

05 045 04 035 03 025 02 -015 -01  -005
log;o([OH]/10 mol dm?)

Gradient = 2. So the reaction is second order with respect to OH™
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(b) Repeat the series of experiments for different initial concentrations of
[H2PO4 ]o, with constant values of [OH ]o, and use the same initial rate method to
determine the order with respect to H2PO4 ™. A plot of log (initial rate) against
log [H2PO4 ]o will be a straight line with a gradient that is the order with respect
to H2PO4 .

The addition of bromine to propene is an elementary reaction with a rate

constant, k
CH2=CHCH3 + Br; —» CHzBI‘CHBI‘CH3

Kinetic studies were carried out at 298 K using excess Brz. For
[Brz]o = 0.20 mol dm 3, the pseudo-first order rate constant, k', for the reaction

was found to be 900 s 1. What is the value of k at 298 K?

Strategy

The reaction is an elementary process, so you can use the stoichiometric
equation to write a rate equation in terms of the concentrations of propene and
bromine. Re-write this as a pseudo-first order rate equation, for which the
concentration of bromine is assumed to be constant because the reagent is
present in excess. Hence derive an expression for the pseudo-first order rate
constant, k. Substitute the concentration of bromine and the measured value of

k' to determine the true second order rate constant, k.

Solution

The reaction is elementary, so you can write
rate of reaction = k[Br,][propene]
Using excess Brz, so that the concentration remains at its initial value
rate of reaction = k[Br,],[propene] = k'[propene]
where k' = k[Br;],
So,
k = k'/[Bry], = 9005s71/0.20 moldm™3 = 4500 dm?® mol~!s™*
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The elementary reaction between ethanal (CH3CHO) and *OH radicals
CH3CHO + *OH — CH3CO* + H20

was studied at 298 K, by laser flash photolysis, using laser-induced fluorescence
to detect *OH as a function of time. The ethanal concentration was

3.3 x 1077 mol dm 3 and this concentration was much higher than the
concentration of *OH radicals. The following data for the concentration of *OH

radicals, relative to their concentration at zero time, were obtained.

t/103s 0 0.2 0.4 0.6 0.8 1.0 1.2 1.5

[FOH]/[OH]p 1 055 031 0.16 009 005 003 0.01

(a) Write a rate equation for the reaction.
(b) Show that, under the above conditions, the reaction follows pseudo-first
order kinetics.

(c) Determine the pseudo-first order rate constant, k'.

Strategy

(a) The reaction is an elementary process, so you can use the stoichiometric
equation to write a rate equation in terms of the concentrations of ethanol and

*OH radicals.

(b) and (c) The concentration of ethanal was much higher than the
concentration of “OH radicals, so you can rewrite the rate equation for a pseudo-

first order process.
Use the integrated rate equation for a first order reaction (Equation 9.6a, p.388):
In[A]; = In[A], — kt (9.6a)

and plot the log of the relative concentration of *OH radicals against time. If the

plot is a straight line, the reaction is first order and the gradient is equal to -k’

Solution

(a) Rate of reaction = k [CH3CHO] [*OH]
(b) Using excess CH3CHO,

rate of reaction = k[CH3CHO]o ['OH] = K [*OH]
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where k' = k [CH3CHO]o

Using Equation 9.6a for the pseudo-first order reaction
In["OH]: = In['OH]o — k't

This may be rearranged as

In ([*OH]: /['OH]0) = - K't

so that a graph of In ([*OH]: /[°OH]o ) will be a straight line with a gradient of
-k.

Draw up a table with values of In ([*OH]: /[*OH]o)

t/1073s 0 02 04 06 08 10 12 15
[*OH]¢/[*OH]o 1 055 031 0.16 0.09 005 003 0.01
In ([*OH]/[*OH]o) 0.00 —0.60 -1.17 -1.83 —2.41 —3.00 —3.51 —4.61

and plot In (["OH]¢ /[°OH]o ) against time.

00 0{2 0i4 0i6 08 110 12 114 116 118

0.5

N
\ Time, t/10%s

-1
-1.5 \

In([OH]./[OH],)

2.5

3.5

-4.5 J\

The plot is a straight line, showing that the reaction is pseudo-first order with
respect to “OH.
(c) Gradient = -k’ = -3.02 x 103s’!
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sothat ¥ = 3.0x103s 1 at298 K.

The investigation described in Question 16 was repeated a number of times, each

time using a different concentration of ethanal, [CH3CHO]o. A value for k' was

found in each case. The following results were obtained.

[ethanal]o / 10-7 mol dm-3 1.2 2.4 4.0 5.1

k' /10351 1.12 2.10 3.65 4.50

Confirm that the reaction is first order with respect to ethanal and determine the
second order rate constant for the reaction. (Incorporate the value of k'

determined in Problem 12 into your analysis.)

Strategy
From Problem 12, using excess CH3CHO,

rate of reaction = k[CH3CHO]o ["OH] = K [*OH]
where k' = k [CH3CHO]o

So, a plot of k" against [CH3CHO]o will be a straight line. The gradient of the line

will be equal to k, the true second-order rate constant for the reaction.

Solution

In the presence of excess CH3CHO,
k, = k[CH3CHO]0

Plot a graph of k' against [CH3CHO]o and measure the gradient.
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45 L

35

K /10%s*

2.5
2 e
15

0.5

0.0 1.0 2.0 3.0 4.0 5.0 6.0
[CH;CHO],/ 107 mol dm™
The gradient of the line is 0.897 x 1019 dm3 mol s 1.

So,k = 9.0x10°dm3 mol 1s™1L

The decomposition of ammonia on a platinum surface at 856°C

2NHz (g) —> Nz (g) +3 Hz2(g)

shows the following dependence of the concentration of ammonia gas on time.

t/s 0 200 400 600 800 1000 1200

[NH3]/ 103 moldm™3 210 1.85 147 123 086 057 0.34

Find the order of the reaction and a value for the rate constant at 856°C. Suggest

an explanation for the order you obtain.

Strategy
Test the data against the integrated rate equations expected for zero, first and

second order reactions, Equations 9.13 (p.407), 9.6a (p.388) and 9.7b (p.389),
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respectively. By plotting appropriate graphs, determine which model the data

fits and hence decide the order of the reaction.

Solution

For a zero order reaction, the rate equation has the form

d[A]
dr

The integrated rate equation for a zero order reaction is given by Equation 9.13
[Ale = [A]o —kt (9.13)
So, if the reaction has zero order with repect to ammonia
[NH3]: = [NH3s]o —kt

and a plot of [NHz] against t will be a straight line with a gradient equal to —k.

2.5

2.0 [

=
v

[NH;]/10 mol dm3s-
iy
o

[t

0.5 T

0.0

0 200 400 600 800 1000 1200 1400
Time, t/ s

The gradient of the line is —1.48 x 10 ® mol dm 3 s 1, so that

k = 15%x106moldm3s?
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Plots of In[NH3] against time and 1/[NH3] against time are both curves, showing

that the reaction is neither first order nor second order with respect to NHs.

The decomposition takes place on the surface of the catalyst, so the rate of
reaction depends on the concentration of ammonia adsorbed to the surface,
rather than the concentration of gaseous ammonia. If the surface of the catalyst
is saturated with ammonia, the concentration of adsorbed ammonia is constant.
The rate of the reaction will then be constant and independent of the

concentration of gaseous ammonia.

Rate constants at a series of temperatures were obtained for the decomposition

of azomethane
CH3N,CHz — 2CH3"+N;

Use the data in the table to find the activation energy, E,, for the reaction.

T/K 523 541 560 576 593
k/106s1 1.8 15 60 160 950
Strategy

Use the Arrhenius equation in the form of Equation 9.24b (p.421) and plot a
graph of In k against 1/T. You can determine the activation energy from the

gradient of the graph.

Solution

From the Arrhenius equation, Equation 9.24b

Ink = InA — E(Ej (9.24b)
RT

A graph of In k against 1/T will be a straight line with a gradient equal to
— Ea/R. (The intercept (when 1/T =0) gives a value for In 4.)

Draw up a table with values for 1/T and In k.
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T/K 523 541 560 576 593
(1/T)/ 103K 1 1.912 1.848 1.786 1.736 1.686
k /10651 1.8 15 60 160 950
In (k /1065 1) 0.59 2.71 4.09 5.08 6.86

and plot a graph of In k against 1/T.

In (k /10°s™)

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

1.60 1.65 1.70 1.75 10 1.85 1.90 1.95 2.00

(1/n103K*

E

Gradient = —26.45x 103K = _Fa

So, Ea = (26.45x103K) x 8.314]JK *mol ! = +220kJ mol!

The hydrolysis of hydrogencarbonate ions in water at a high pH:

HCOs + OH — COz% + H,0

follows the rate law: Rate = k [HCO3] where k=0.01s" at 25 °C.

@ What is the overall order of the reaction?

(b) What is the half-life of HCOj3' if the initial concentration of HCO3', [HCO3],
=0.001mol dm™?

(© What is the rate constant of the above reaction at 350 K if the activation

energy is 10.0 kJ mol™?
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(d) The hydrolysis reaction is exothermic. Sketch a curve to show how the
energy of the system changes in going from reactants to products. Indicate
the activation energy for the forward and reverse reactions and the overall

change in energy for the reaction.

Strategy
From the units of the rate constant, you can tell that the reaction follows first

order kinetics and so you can find the half-life from the value of the rate
constant. Finding the rate constant at a higher temperature involves using the
Arrhenius equation.

Solution

@) Rate = k [HCO3]" so FIRST order — also apparent from the units of s™.

. . In2  0.693
b For a first order reaction, t,, =—=
®) 2= 001

(© Applying the Arrhenius equation at two temperatures,

=69.3s

k, E, (1 1], K, +10.0x10°J mol™ (1 1
In—=%=—=2 —-— In =

k R\T, T, 0.01s'  8314JK'mol’ | 298K 350K
k2
In—2 = +0.5997
01s
k2 — — e0.5997 :1.822
0.01s

k,=1.822x0.01s" =0.18s"

E.  Activation energy for the forward

reaction

Potential energy ——— 9 —»
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Ea (r)  Activation energy for the reverse reaction

AE  Overall energy change for the reaction

Calculate the activation energy for a reaction where the rate constant is 5 times faster
at 50 °C than at 20 °C?

Strategy

You have the ratio of two rate constants at two temperatures and so can use the
Arrhenius equation.

Solution

From the Arrhenius equation,
In ﬁ = 5 1 _ i
k, RI(T, T,

5 _ E, ( 11 j
8.314 Jmol*K* (293K 323K
In5=E, x3.813x10° J mol™
E, = 42212 Jmol™ = 42.2 kJ mol*

E, = 42212 J mol™ =42.2 kJ mol™

The A factor for the reaction of methane with hydroxyl radicals is
1.11 x 10° dm3 mol 1 s,
CHs + "OH — CH3" + H20
The activation energy for the reaction is +14.1 k] mol .
(a) Calculate the rate constant for the reaction at 220 K, which corresponds to a
region close to the top of the troposphere.
(b) Compare the value you obtain in (a) with the value for the rate constant at

300 K, when k =3.9 x 106 dm3 mol ! s"1. This corresponds to a region nearer the
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Earth’s surface, see Box 9.3 (p.396). Comment on the difference between the

values for the rate constant at the two temperatures.

Strategy

(a) Use the Arrhenius equation, Equation 9.24a (p.421)

Ea

k = Ae 7 (9.24a)

and substitute values for 4, E,, R and T, to find a value for the rate constant

at 220 K.

(b) Think about the relative rates of removal of methane from the atmosphere

at the two altitudes.
Solution

(a) Using Equation 9.24a for the reaction at 220 K

4141 x 103 ) mol 2

k = 111x109dm3mol 1s ! x e 8314JK *mol*x220K
= 1.11x10°dm3mol 151 x e "™
= 1.11x10°dm? mol *s™! x (4.489 x 107%)

k = 5.0x105dm3mol s (at 220 K)

(b) The rate constant is higher at the higher temperature, so that, for a given
[*OH], the reaction of methane with hydroxyl radicals in faster nearer the
surface of the Earth than at the top of the troposphere. The removal of

methane from the atmosphere takes place more quickly at lower altitudes.

23. The following mechanism has been suggested for the gas phase oxidation of

hydrogen bromide
HBr + 02 - HOOBr
HOOBr + HBr —» 2HOBr
HOBr + HBr — H20 + Br2
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No HOBr is found in the final products. Experimentally, the reaction is found to

be first order in HBr and in O-.

(a) Write a balanced stoichiometric equation for the reaction

(b)  Why is the equation in (a) unlikely to represent the reaction mechanism?

() Show that the above mechanism is consistent with the observed orders of
reaction

(d)  Which step is likely to be the rate determining step?

Strategy

(a) Consider the reactants and products and write a balanced equation. (b)

Think about what factors affect whether a reaction takes place and how they

apply here (c) You can apply a steady state treatment since HOOBr and HOBr is a

reactive intermediate (d) Consider which is likely to be the slowest step on the

basis of the reactivity of the species involved.

Solution

(a) The reactants are HBr and Oz while the products are H20 and Br.

4 HBr+0; — 2H20+2Br;

(b) The equation in (a) requires five species to collide at the same time
- which is so unlikely as to be practically impossible.
(c) Consider the consumption of HBr. From the above mechanism,

HBr + O - HOOBr Rate constant = k1
HOOBr + HBr — 2HOBr Rate constant = k2

HOBr + HBr —» H20 + Br; Rate constant = k3

_ d[HBr]
dt

=k,[HBr][O,] + k,[HOOBr][HBI] + k,[HOBr][HBr]
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But we do not know [HOOBr] and [HOBr]. Applying the steady state to these

intermediate species,

d[Intermediate]

0
dt
AHOEE o~ kB[O, -k [HOOBAHE ()
% =0= 2k,[HOOBI][HBI] - k,[HOBr][HBI] @)
From (1),

0=k,[HBr][O,] - k,[HOOBI][HBr]

k,[HBr][O,] = k,[HOOBI][HBr]

k,[O,] = k,[HOOBI]

S0 [HOOBr]= :_1[02] 3

2
From (2)

0= 2k,[HOOBTr][HBIr] - k,[HOBr][HBr]
2k,[HOOBI][HBr] = k,[HOBr][HBr]
2k,[HOOBI] = k,[HOBr]

2%

S0 [HOBr]= " [HOOBI] 4)

3

Substituting (3) into (4)

[HOBr]=2k—k2[HOOBr] but [HOOBr]=%[OZ]
3 2
so [HOBr =22 S10,1= 0, ©)
k3 k2 k3

Now, substitute (5) and (3) into the original rate equation for HBr,
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_ d[:l'tBr] = k,[HBI][0,] + k,[HOOBI][HB] + k,[HOBI][HBI]
_% =k [HBM[O0,] + k, (:—l[OZ]J[HBr] +k, (ZK—T[OZ]][HBF]
_ d[';tBr] — k[HBr][O,] + k,[0,][HBr] + 2k,[0,][HB]

S0 _HBr]_ 4k,[HBr][O,]

Hence the mechanism predicts that the decomposition of HBr is first order in

both HBr and O

(d) The rate limiting step will be the slowest step. Since the second and
third steps involve reactive intermediates, they will probably be
fast. It is therefore likely that the reaction of HBr with Oz will be

rate limiting.

The mechanism for the formation of a DNA double helix from two strands A and

B is as follows

strand A + strand B = unstable helix fast

unstable helix — stable double helix slow

(a) Write the equation for the overall reaction.

(b) Experiments show that the overall reaction is first order with respect to
strand A and first order with respect to strand B. Write the rate equation for the
overall reaction using k for the overall rate constant.

(c) Assuming the processes involved are elementary reactions, derive an
expression for the rate constant for the overall reaction in terms of the rate

constants for the individual steps.
Strategy

(a) Add the two steps to give the overall equation for the reaction.
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(c) Insert rate constants into the mechanism for the reaction.
k1

strand A + strand B T unstable helix
1

k2
unstable helix —> stable double helix

The second step is slow, so you can assume that the first step comes to a rapid

pre-equilibrium, which is undisturbed by the second step.

Write an expression for K. for the pre-equilibrium in terms of the concentrations
of the reactants and product. This is equal to the ratio of the rate constants for

the forward and backward processes, as in Equation 9.14 (p.414).

Hence, find an expression for [unstable helix] in terms of the rate constants for

the individual steps and the concentrations of strand A and strand B.

Rate of forming the stable double helix = k; [unstable helix], which equals the
overall rate of reaction given in (b). Hence find an expression for k in terms of kj,

k,1 and kz_

Solution

(a) The overall equation for the reaction is
strand A + strand B — stable double helix
(b) The rate equation for the overall reaction is
rate of reaction = k [strand A] [strand B]
(c) Rate of forming the stable double helix = k> [unstable helix]
Using Equation 9.14 (p.414),

ko K = [unstable helix]
k_, ¢ [strand A][strand B]

Rearranging the equation to give an expression for [unstable helix]

[unstable helix] = K [strand A][strand B] = kk—l [strand A][strand B]
-1

Rate of forming the stable double helix = k2 [unstable helix]
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= % [strand A][strand B]
-1

Rate of overall reaction = k[strand A][strand B]

so, k = =

Koky
K-y

The reaction of methane with hydrogen atoms is an elementary process.
CHs + H® = CHs® + H

The rate constant for the forward reaction at 1000 Kis 1.6 x 108 dm3 mol ts™ 1.

The equilibrium constant, K, at the same temperature is 19.8. Calculate the rate

constant for the reverse reaction at 1000 K.

Strategy

Use the expression for K. in Equation 9.14 (p.414) and substitute data given in
the problem.

Solution

Assume the rate constant for the forward reaction is k1 and the rate constant for

the reverse reaction is k_1.

Using Equation 9.14
k

1 = K
kg

c

8 3 -1 -1
SO,  Keeyerse = 16 x 10 f;nS MOI™S ™~ g1 x10°dm? mol*s™

Molecules move much more slowly in solution than in the gas phase. The
progress of a molecule is frequently stopped, and the direction of motion

changed, on collision with solvent molecules.

A reaction in solution between two reactants, A and B, can be described by a

model involving three processes. In the first, the reactants diffuse towards one
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another (rate constant, kq). When they encounter one another they form AB,
called an encounter complex, and stay together for ~10710 s, trapped in a solvent
cage. The separation of A and B by leaving the solvent cage is described by a rate
constant k_q. Alternatively, the encounter complex can react, to form the

products, with a rate constant k. The overall mechanism is
kd kr
A+ B= AB = products

k.« encounter

complex

The individual steps can be treated as elementary reactions, and the steady state
approximation can be applied to AB, since it is so short-lived.

(a) What is the order of each of the three steps in the mechanism and what are
the units of the rate constants for each step?

(b) Show that the rate of forming the products is given by

kdkr

rate of reaction = ——
k_q+k;

[A][B]

and write down an expression for the overall rate constant, k.

(c) Simplify this expression for a case in which:

(i) reaction to form the products is much faster than diffusion of A and B

from the solvent cage;

(ii) diffusion of A and B from the solvent cage is much faster than reaction to

form the products.

In each case, state which is the rate-determining step.

Strategy

(b) and (c) Apply the steady-state approximation to the concentration of the
encounter complex, AB, using Equation 9.15 (p.416). Derive an expression for
the rate constant in terms of the rate constants for the individual elementary
steps. Consider how the expression for the rate constant may be simplified if the

rate constant for either diffusion or reaction is negligibly small.

Solution

(a) The initial step is second order so that the units of kq are dm? mol ™' s™1. The
other two steps are first order so that the units of k_q and kr are s 1.
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(b) The encounter complex AB is very short lived, so you can use the steady

state approximation, Equation 9.15 (p.416)

d[AB]
dt

= rate of formation of AB — rate of consumption of AB = 0
= kqlAl[B] — (k_q[AB] + k:[AB]) = 0
So,

kq[Al[B] = k_4[AB] + k.]AB] = (k_q+ k) [AB]
Rearranging to give an expression for [AB]

kq

[AB] = Ktk [A][B]
Rate of forming products = kr [AB] = %[A][B]
d T Ky

Overall rate of reaction = k [A] [B]

so that the overall rate constant, k, is given by

k = kdkr
(k_q + ky)
(c) (i) If kris much greater than k_q, then
k_g < ki,

and k_q can be omitted from the bottom line of the equation for k, giving

_ kdkr kdkr
(k—d + kr) kr

k =kd

The rate-determining step is the diffusion of A and B to form the complex. Once
the encounter complex is formed, it reacts before separation can occur.

(ii) If, however, k_q is much greater than k.
k_g > k.
then k: can be omitted from the bottom line of the equation for k, giving

k = kdkr kdkr
T o(k_qt k) kg

= Kqk;
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where Kq is the equilibrium constant for the formation of the encounter complex
AB. In this case, the rate-determining step is the reaction of AB to form the

products.

An exothermic reaction proceeds by the following three-step mechanism
A=B-C-D

The first step occurs rapidly and a pre-equilibrium is established. The second
step is slow and is the rate-determining step.

(a) Draw the shape of the Gibbs energy profile for the reaction.

(b) How would the Gibbs energy profile differ if the third step were the rate-

determining step of the reaction?

Strategy

Extend the arguments used to construct Figures 9.29 and 9.30 to a three-step
reaction such as this. Remember that steps with a high Gibbs energy of

activation are slow.

Solution

(a) The Gibbs energy profile shows three maxima corresponding to transition
states for each of the three steps. There are two minima, corresponding to the
intermediates, B and C. The second step (B — C) has the highest Gibbs energy of

activation.

For example
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TS2%

Gibbs energy, G

Progress of reaction

(b) The third step would have the highest Gibbs energy of activation.

After intravenous injection of a drug to treat hypertension (high blood pressure),

the blood plasma of the patient was analysed for the remaining drug at various

times after the injection.

t / min 50 100 150 200 250 300 400 500

[drug]/ 10°gcm 3 650 445 304 208 142 97 45 21

(a) Isthe removal of the drug in the body a first or second order process?
OXFORDHigherEducation
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(b) Calculate the rate constant, k, and the half life, t1/2, for the process.
(c) An essential part of drug development is achieving an optimum value of t1/2
for effective operation and elimination of the drug from the bloodstream. What

would be the possible problems if t1/2 were too short or too long?

Strategy

(a) Test whether the data is consistent with either a first order or second order
rate equation using the integrated rate equations, Equation 9.6a (p.388) and 9.7b
(p-389). For a first order reaction, a plot of In[drug] against t should be a straight
line, whereas for a second order reaction, a plot of 1/[drug] against t will be a

straight line.

Solution

(a) Using Equation 9.64, if the reaction is first order, then
In[drug]; = In[drug], — kt

Draw up a table with values of In [drug]

t / min 50 100 150 200 250 300 400 500
[drug]/ 1079 g cm 3 650 445 304 208 142 97 45 21
In ([drug]/ 107 g cm™3) 648 6.10 572 534 4.96 458 3.82 3.04

and plot a graph of In [drug] against t.
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The plot is a straight line.
Gradient = —k = —0.0076 min~!

Use Equation 9.7b to confirm that the reaction is not second order.

1
[drugl,  [drug],

+ 2kt

Draw up a table with values of 1/[drug]

t / min 50 100 150 200 250 300 400 500

[drug]/ 107 g cm 3 650 445 304 208 142 97 45 21

*1000/([drug] /109 g cm3) 154 2.25 329 4.81 7.03 10.3 22.0 47.6

* The values have been multiplied by 1000 to give manageable numbers to plot.

and plot a graph of 1000/[drug]against t.
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The plot is a curve, not a straight line, demonstrating that the process is not
second order with respect to the drug.
(b) From the gradient of the first order plot, k = 0.0076 min' ! = 1.27 x 1074s™!
Using Equation 9.9, p.392

b= M2 - 0639 5u606 = 91 min (15 hn)

k  1.27x107%s™

(c) If the halflife is too short, the drug may not remain long enough in the body
to reach its target and be effective. If, however, the half life is too long, there is
increased risk of side effects. If the drug is taken in doses, it will accumulate in

the body.

The reaction between hydrogen and iodine is a complex reaction.
Hz + I —» 2HI

Kinetics experiments show that the reaction is first order with respect to Hz and

first order with respect to I>. The following mechanism has been proposed
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k
1 I, = 2"  Equilibrium constant K,
—1
k2
2 Hy, +I° k‘: H,I"  Equilibrium constant K,

-2

k3
3 HyI'+I" = 2HI

where each step is an elementary reaction. Reaction 3 is the rate-determining
step and both reactions 1 and 2 form pre-equilibria.

(a) Assuming reaction 1 is at equilibrium, obtain an expression for [I°] in terms
of [I2] and the rate constants k1 and k_1.

(b) Assuming reaction 2 is at equilibrium, obtain an expression for [H2I’] in
terms of [Hz], [I'] and the rate constants k; and k_».

(c) Write down the rate equation for reaction 3 and substitute in this the
expressions for [I°] and [H2I°] you obtained in (a) and (b).

(d) Compare the rate equation you have derived from the reaction mechanism
with that found experimentally and write an expression for the rate constant, k,

for the overall reaction.

Strategy

(a) and (b) Write rate equations for the forward and backward reaction. When
the reaction comes to equilibrium, the rates of the forward and backward

reactions are equal. Alternatively, you can use Equation 9.14 (p.414)

K:k

K 9.14
=, (9.14)

Solution
(a) Reaction 1 is a dynamic equilibrium. The rate of the forward reaction must

therefore be the same as the rate of the backward reaction
ki[l2] = k_1[l.]2

Rearranging to give an expression for [I°]

1
k 2
[I'] = [—1 [IZ]J
k—l
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(You can arrive at the same expression using Equation 9.14:

2
I.
K.(Reaction 1) = [ ] = :—1 )
-1

[1.]

(b) Inthe same way for Reaction 2

[Har]

K.(Reaction2) = ———= = ll:—z SO
-2

[H,1[ 1]
[H,1"] = & [H,101]

(c) For Reaction 3

rate of reaction= ks [H2I"][I°]
K, k
—[H —LI
K, [H.] x k,l[ 2]

K x S [HIIT < O] = K, x
kfz
. K, Kk
So, rate of reaction = k, o [H,101,]
2 B
(d) The rate equation derived from the reaction mechanism is first order with

respect to Hz and first order with respect to Iz, so agrees with the

experimentally determined kinetics:

rate of reaction = k [H2][I2]
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. k, k
The rate constant for the overall reaction, k = k, k—z k—l
—2 -1

30*. The dissociation of propane in which a C—C bond breaks to form a methyl radical

and an ethyl radical is a unimolecular reaction.
C3Hs — CH3z* + CzHs®

The rate of formation of CHs* (and of C2Hs*) is given by

d[CH,’]

dt = Koverall [C3H8]

where Koverall is the unimolecular rate constant for the reaction.

The propane molecules obtain sufficient energy to dissociate by colliding with
other molecules, M, where M may be an unreactive gas such as nitrogen. The
mechanism for this process can be written as

ki
Cz3Hg + M = C3Hg" + M
ka1

k>
C3Hg* — CHj3* + CyHse

where C3Hs" is a propane molecule in a high energy state, which has sufficient

energy to dissociate.
(a) Explain what is meant by the term unimolecular.

(b) By applying the steady state approximation to CsHs", derive an expression
for [C3Hs"]. Since the rate of formation of CH3" is equal to k2[C3Hs"], show
that

_ _kiky[M]
overall — k_l[M] N k2
Kik,

(c) Showthat (i) when [M]is verylarge, koveran ~-—%
-1

(ii) when [M] is very small, koveran = ki1[M]
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(d) What are the rate-determining stages in the mechanism under each of the
conditions in (c)(i) and (c)(ii)? Sketch a graph to show the dependence of
Koveran on [M]

(e) Itisalways better to find a linear expression to analyse experimental data.

Show that
1 _ kg, 1
koverall k1k2 kl [ M ]

A plot of 1/koveran (y-axis) against 1/[M] (x-axis) is a straight line. What are
the gradient and the intercept on the y-axis at 1/[M] = 07

Strategy

The high energy propane molecule, C3Hs", is very short lived. so you can use the
steady state approximation, Equation 9.15 (p.416). Work through the parts in
the problem using the general approach in Section 9.6 (p.415-419).

Solution

(a) Inaunimolecular reaction, the transition state involves just one molecule

of the reactant in a high energy state.

(b) Using Equation 9.15 to apply the steady state approximation

% = (rate of formation of C3Hg") — (rate of consumption of CsHg") = 0
% = ki1[CsHs][M] — k_1[CsHs'][M] + k2[C3Hs]

= k1[C3Hg][M] — (k.1[M] + k2)[CsHs"] = 0
Rearranging the equation to obtain an expression for [C3Hg']
ki[CsHg][M] = (k-1[M] + k2)[CsHs']

w1 _ K[C3Hg]IM]
(Catte ] = k_1[M] +k,

Rate of formation CHs* = kz[C3Hs']
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_ klkz[chS][M] = Koveran [C3Hs]
k,l[M] + k2

kik,[M]
k_1[M] + k;

SO; koverall

(c) (i) When [M]isverylarge, k_1[M] >> k2

kik,[M] ~ Kik,

k4[M] K.y

Koveranl =

(ii) When [M] is very small, k2 >> k_1[M]

(d) (i) The overall rate of reaction is independent of [M] and proportional to

[C3Hs], so the second stage, the dissociation of [C3Hg'], is rate-

determining.

(ii) The overall rate of reaction is proportional to both [M] and [C3Hs], so
the first stage, the collision of C3Hg and M, is the rate-determining

stage in the mechanism.

At high [M],
Koveran 1S independent of [M]

_xg
At low [M],
Koveran IS pProportional to [M]
0
M]
(e) koverall = M
k_1[M] + k;

Taking a reciprocal of each side

1 kuMI+k,

overall klkz [M]

k
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_ kM, K
k1k2[|\/|] klk2[M]
_ky o, 1
klk2 kl[M]

This corresponds to the equation for a straight line: y = mx+c¢

So a plot of 1/koveran against 1/[M] is a straight line.

Intercept on y-axis (at 1/[M] = 0) is Ky

1K2
: 1
Gradient = —
ki
e
D
3
S
Intercept (when 1 0) = s
[M] Kik;
0
1/[M]
31. At low substrate concentrations, the initial rate of an enzyme-catalysed reaction

was found to be directly proportional to the initial substrate concentration, [S]o,

and directly proportional to the initial enzyme concentration, [E]o.

(a) Outline the series of experiments that led to these results.
(b) Write a rate equation for the reaction under these conditions and explain
the observed kinetics in terms of the mechanism for the reaction. What is

the rate-determining step under these conditions?

At much higher substrate concentrations, the initial rate was found to be constant
and independent of the initial substrate concentrations. The initial enzyme

concentration was the same in each experiment.
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(c) Write a rate equation for the reaction under these conditions and explain
the observed kinetics in terms of the mechanism for the reaction. What is

the rate-determining step under these conditions?

Strategy

(a) Use the initial rate method. You will need two series of experiments. Think
about which concentrations are kept constant and which varied in each
series.

(b) and (c) Use the reaction mechanism for an enzyme catalysed reaction on
p.435. Think about the consequences of all the active sites of the enzyme
being filled by substrate molecules.

Solution

(a) Ineach experiment, the concentrations of the substrate (or the product)
are measured at different times in the reaction and a kinetic profile plotted.
The initial rate in each experiment is found from the gradient of a tangent
drawn to the curve at t = 0. A series of experiments is carried out for
different initial values of [S]o, for a constant value of [E]o. In a second series

of experiments, [E]o is varied and [S]o is kept constant.
(b) Atlow substrate concentrations, rate of reaction = k[S][E].

The mechanism of the reaction is
E+S = ES — E + P

If the substrate concentration is low enough, not all the enzyme active sites
will have a substrate molecule bound to them. The reaction of E + S to form
the complex ES is the rate determining step. The overall rate of reaction
depends on how frequently the substrate molecules encounter active sites,
which depends on both the concentration of the substrate and the
concentration of the enzyme. The reaction is then first order with respect

to the substrate and first order with respect to the free enzyme.

(c) Athigh substrate concentrations, rate of reaction = constant.
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When the maximum rate is reached, all the active sites on the enzyme
molecules have substrates attached. The rate determining step is now the
conversion of ES to form E + P and the overall rate of reaction is
independent of [S]. The reaction is zero order with respect to the

substrate.
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