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Dividing the first equation by the second gives

Sty — S(oo) Al = Al
5(0) - S(o0) (Al — [Aly,

or

S — S(o0)
(Al = (AL, . + (4], — (AL, ) 5D =2

CHAPTER

S{0) — S(o0)

Chemical Kinetics II: Reaction Mechanisms

PROBLEMS AND SOLUTIONS

291, Give the units of the rate constant for a unimolecular, bimolecular, and termolecular reaction.

Since v is in units of mol-dm 57!, the units of k are

B oy (mol-dm™ 57 (dm’ - mol ™) = §71
Kiimotecutas (mol-dm s )(dm* mol™)? = dm* mol *-s™"
k - (mol-dm3-s"1)(dm* mol™")* = dm®-mol 2.5 -

termolecular

29-2. Determine the rate law for the following reacticn
F(g) + D, (g) == FD(g) + D(g)

Give the units of k. Determine the molecularity of this reaction.

Because this is an elementary reaction, the rate law is

v = k[F][D,]

This is a bimolecular reaction, so the units of k are dm®-mol™-s™".

29-3, Determine the rate law for the reaction
(g) + L) + M(g) == L(g) + M(g)

where M is any molecule present in the reaction container. Give the units of . Determine the
molecularity of this reaction. Is this reaction identical to

I(g) + I(g) == L(®)

Explain.

Because this is an elementary reaction, the rate law is

v = k[MJ[IP

925
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This is a termolecular reaction, so the units of k are dm®-mol >.s™'. There is a difference between
the molecularity of the two reactions (the second one is bimolecular), so they are not identical.

29-4. For T <« 500K, the reaction

k b
NO,(g) + CO(g) == CO,(g) + NO(g)
has the rate law
4{CO.]
dt L= knhs[N02]2

Show that the following mechanism is consistent with the observed rate law

NO,(g) + NO,(g) é} NO,(g) + NO(g)  (rate determining)

NO,(g) + CO(g) =2 CO,(g) + NO,(g)

Express k. in terms of k; and k,.

If the first step of the mechanism is the rate-determining step, then the rate law is

d[CO,]
- Z = [NO,J

and k, = k,. The rate constant k, does not affect k.

29-5. Solve Equation 29.21 to obtain [A] = [A]Oe"‘l’, and substitute this result into Equation 29.22 to

obtain
dfl -
% + k1] = k, [A]e ™
This equation is of the form (see the CRC Handbook of Standard Mathematical Tables, for example)
dy(x)
2 TPEy) =4q0)
X

a linear, first-order differential equation whose general solution is

y(x)e"® = fq(x)e}‘(‘)dx +c

where h(x) = f p(x)dx and c is a constant. Show that this solution leads to Equation 25.25.

The solution to Equation 29.21 (letting the concentration of [A] att = O be [A] ) is [A] == [A] e ki
Substituting into Equation 29.22 gives
|
=k, [Al,e ™ — k(1]
dll]

o el =k AL

Chemical Kinetics II: Reaction Mechanisms

The solution to this differential equation is

(D% = k1Al f el 4 ¢

[l] — kl[A]O e—klt _+_ Ce—kzr
k, —k,
Atr=0,{I1 =0, so
Y
_ kz - kl
and we obtain
k [A
m= 2R et - e (29.25)
2 1

29-6. Verify that Equation 29.32 is obtained if Equation 29.30 is substituted into Equation 29.23 and
the resulting expression is integrated.

Start with Equations 29.23 and 29.30:

d[P]

W amd = Al
dt 2 k,~°

Substituting Equation 29.30 into Equation 29.23 gives

% =k [Al,e™*
and integrating gives
[P] = —[Al,e™ +¢
Att =0, [P] =0, and so ¢ == [A],. Thus
[P] = —[Alje ™ +[A], = [A],(1 — ™R

which is Equation 29.32.

29-7. Consider the reaction mechanism
k Ky
A=I1=7DP

where [A] = [A], and [I}, =[P], = 0 at time ¢ = 0. Use the exact solution to this kinetic scheme
(Equations 29.24 through 29.26) to plot the time dependence of [A]/[A],, [1]1/[Al,. and [P]/[A],
versus log k, ¢ for the case k, = 2k,. On the same graph, plot the time dependence of [A]/{A],,
{I1/{A],, and [P]/[A}, using the expressions for [A], [1}, and [P} obtained assuming the steady-state
approximation for [1]. Based on your results, can you use the steady-state approximation to model
the kinetics of this reaction mechanism when k, = 2&,?

927
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Letting x = k,t and k, = 2k,, Equations 29.24 through 29.26 become For the steady state approximation to apply, the concentration of O must be negligible. This means

that the rates of reaction of [0} must be greater than the rates of formation of [0). We examine each

[A] x
AT =e of the proposed conditions to determine whether this is true.
0
[I] k, a. Ifo_; »vandv_ > v, then very little O(g) can accumulate. When O(g) is generated, it
N = % (e —e )= ™™ reacts quickly back to reactants, and less often to the products.
[P]U ! [ A; m b, Ify, >‘> vy and v, 3> v,, then when O(g) is formed it quickly goes to product, and (once again)
7N =1- AL T =1 —2¢% — ¥ very little is accumulated.
_ _ ' 0 0 0 For the steady state in O, we have (Example 29-5)
Likewise, letting x = k,7 and k, = 2k, the steady-state approximations for [A], [I], and [P] 2
(Equations 29.24, 29.30, and 29.32) become dlo,] _ 2k KI0,1 M
dt Tk [0,1IM] + £,[0,]

w_ ., M _k , e [P

A, ¢ AL, % T2 A,

1—e™ Because all these reactions are elementary, we can write
In the plot, the dashed lines represent the steady state approximations and the solid lines represent
the exact values. Both give the same values for [A]/[A],, but the steady-state approximations
of [I1/[A], and [P]/[A], differ significantly from the exact solutions. We can conclude that the
steady-state approximation is not a good model for the kinetics of a reaction mechanism for which

u, = k,[O][O,] v, =k [M][O;] and v_ =k ,[C,][O]M]
Under the conditions given by {a),

k_,[O,]1O1M] > ,[O]{0;]

k, = 2k,.
k_[0,}IM] > k,[0;]
--- Steady-state approximation
o 1.0 — Exact solution Then .
é 08 d[0,] __ 2k, k[0, IM] o 2k, k,[0,1[M] _ 2k k, [03]2
g dt k_,[0,1IM] + k1G] k_,[0,lIM] ko [G,]
= 0.6
§ which is not consistent with the observed rate law. Under the conditions given by (b),
2 0.4
8 k,[01[0,] > k_,[0,1{O1M]
S 02 k,[0,1 > k_,[0,1M]
Then
d[0;] __ 2k,k,[0,1*[M] ~ _2k1k2[03}2[M] — 2% [0.1M]
dt k_,[0,1IM] + k,[0;] k,[O,] 13
which is consistent with the observed rate law.
29-8. Copsider the mechanism for the decomposition of ozone presented in Example 29-5. Explain 26_9. Consider th i hani
why either (a) v_, > v, and v_; > v, or(b) v, 3> v_, and v, > v, must be true for the steady-state -9, Consider the reaction mechamsm
approximation to apply. The rate law for the decomposition reaction is found to be d
A+BIZC ‘ (1)
dlC;] v k_,
4t - Dbs[03][M]
Is this rate law consistent with the conditions given by either (a) or (b) or both? C =P (2}

Write the expression for d[P]/dt, the rate of product formation. Assume equilibrium is established
in the first reaction before any appreciable amount of product is formed, and thereby show that
d[P] |
—— =k, K [A]IB
o , K JAIB]
where X _ is the equilibrium constant for step (1) of the reaction tnechanism. This assumption is
called the fast-equilibrivm approximation.

The mechanism presented in Example 29-5 is

kl
M(g) + 0,(g) E 0,(g) + O(g) + M(g)

0(g) + 0,(g) =3 20,(g)
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Product is formed only in step (2) of the reaction mechanism, so the rate of product formation can

. 29_11. Consider the decomposition reaction of N,O.(g)
be written as

diP]
— =k][C
dt o[C]
If equilibrium is established in the first reaction before any appreciable amount of product is

formed, then

£ by,
2N,0.(g) — 4NO,(g) + O,(g)

A proposed mechanism for this reaction is

kl
N,O,(g) k@ NO,(g) + NO,(g)
—1

(koL@
k—l

¢ ~ [AlB] NO, (2) + NO, (g) == NO(g) + NO, (&) + O,(g)

Solving for [C] and substituting gives ",
4Pl NO,(g) + NO(g) = 2NO,(g)
i k, K [Al[B] Assume that the steady-state approximation applies to both the NO(g) and NO,(g) reaction

intermediates to show that this mechanism is consistent with the experimentally observed rate law
d{0,]
dt

Express &, in terms of the rate constants for the individual steps of the reaction mechanism.

29-10. The rate law for the reaction of para-hydrogen to ortho-hydrogen

= ko [N, 05

s,

K
para-H,(g) — ortho-H,{(g)

is

dlortho-
[Grdro HZ] — kcbs[para_HZ]BfZ

Show that the following mechanism is consistent with this rate law.

Under the steady state approximation for NO, we can write

d[NO
[Tt]' — &,[NO,][NO,] — k,INOJ[NO,] = 0

k Solving this equation for [NO] gives

para-H,(g) == 2H(2) (fast equilibrium) (D
k. k,INO,]
! [NO] = 2r T3 'S
k}
H(g) + para-H,(g) 22 ortho-H,(g) + H(g) (2) Using the steady state approximation for NO,, we can also write
. g . . d[NO,]
Express k , in terms of the rate constants for the individual steps of the reaction mechanism. — 3 — k,[N,04] — k_,[NOJ[NO, | - ,INO,]INO,] — k,[NO,J[NO] = 0
The rate law is Solving this equation for [NQ,] gives
- d[ortho-H,] — & [para-HL, ] [NO,1(k_,[NO,] + k,[NC,] -+ k,[NOJ) = &, [N,0;]
dt or
Because the first step achieves a fast equilibrium,we can write L IN.O.]
[NO ] o 125
x - 7 k_INO,} + &,INO,] -+ &,[NO]
¢ -H o .
[ para-H,) Substituting for [NO] from Equation 1, we find
where K_ is the equilibrium constant for step (1) of the reaction mechanism. Solving this equation
. k IN,O,]
for [H] gives [NO,] = (2)
k_,INO,] + k,[NO, ]} + k,[NO, ]
Hl = Kl/?. A 1/2 i
_ [H] [ para-H,) . Now, from step (2) of the reaction mechanism, we can express d[0,] /dt as
Substituting into the observed rate law, d[0.]
’ —Z =[N
dlortho ) _ g g 1 2 o = ,[NO,IINO, |
—_— = ara-
dr e Substituting for [NO,] from Equation 2, we find
and therefore
dl1o,] & [N.O.]
dt?, — kz[Noz] 1 275

k =LK\ =k (k_1)1/2 kz[Noz] + k:z[Noz] + kfl[Noz]
obs 2°%¢ - "2 k

~1

Kk,

= ——=—[N.O
: 2k2+k_1[ 2051
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and k= kk,/(2k, +k_,).

26-12. The rate law for the reaction between CO(g) and CL(g) to form phosgene (C1,CO)

k 1133
CL(g) + CO(g) —> CLTCO(g)
is
d[C1,CO]
dt

Show that the following mechanism is consistent with this rate law.

= k. [CL}/*[CO]

kl
CL(g) + M(g) ﬁ:—w; 2CHg) + M(g) (fast equilibrium)

kl
Cl(g) + CO(g) + M(g) 2 CICO(g) + M(g)  (fast equilibrium)
k_,

CICO(g) + Cl(g) =2 CLCO(E) +Cl(g)  (slow)

where M is any gas molecule present in the reaction container. Express k. in terms of the rate
constants for the individual steps of the reaction mechanism.

For the first two steps, the fast equilibrium allows us to write

ey [cp
<17 [CLIM] T~ [CL]

and .
. [CICO][M] _ [CICO]
<27 [CI)[COIM]  [CIICO]

From these equations, we can write

[C1] = K7 [CL ] _ )
and
[CICO] = K ,[CHICO] (2
Using the third step of the reaction mechanism to write d[C1,CO] /dt and Equations 1 and 2, we
have .
d{CLCO]
—d?t—- = k,[CICO][CL]
=k, K_,[CIICO][CL}

= kK, K ICLPPCO]
Using the principle of detailed balance (Equation 29.6), we find that
172
k - k3 ka}

obs " 172
k k)
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29-13. Nitramide (O,NNH, ) decomposes in water according to the chemical equation

k bs,

O,NNH,(aq} ~> N,O(g) + H,0()

The experimentally determined rate law for this reaction is
d[N,0] _ [O,NNH,]
dt obs [H+]

A proposed mechanism for this reaction is

kl

O,NNH, (aq) 2 O,NNH (aq) + H'(agq)  {fast equilibrium)
ky
k.
O,NNH™(aq) == N,0(g) + OH  (aq) (slow)

H* (aq) + OH- (aq) =2 H,O() (Fast)

Is this mechanism consistent with the observed rate law? If so, what is the relationship between L
and the rate constants for the individual steps of the mechanism?

From step (1) of the reaction mechanism, the fast equilibrium allows us to write

_ [O,NNH 1[H"]

K, =
¢ [O,NNH, ]
and so the rate equation for the second step of the reaction mechanism becomes
d[N,0] [O,NNH, ]
—2 — [ [ONNH"] =k K —2—*%
At 2[ 2 ] 2% [H+]
This is consistent with the observed rate law, and
kk
kobs = kZKc = %

29-14. What would you predict for the rate law for the reaction mechanism in Problem 29-13 if, instead
of a fast equilibrium followed by a slow step, you assumed that the concentration of O,NNH™(aq)
was such that the steady-state approximation could be applied to this reaction intermediate?

The rate equation for the sécond step of the reaction mechanism is still

dIN,0]
dt

Applying the steady-state approximation to find [O,NNH"], we find that

= k,[O,NNH"]

d[O,NNH"]

- =0 =k [O,NNH,] — k_ [O,NNH J[H"] — k,[O,NNH"}

This gives

[O,NNH"1(k_ [H*] + k,) = k,[O,NNH, ]
k,[O,NNH, |
k_ [HT+ &,

[G,NNH] =
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Then
d[N,0] B k,k [O,NNH, |
dt k| [H]+ k,

which differs from the experimentally observed rate law. Note that if k, < k_, [H*], the first step
essentially achieves a fast equilibrium and we find the rate law given in the previous problem.

29-15. The rate law for the hydrolysis of ethyl acetate by aqueous sodium hydroxide at 298 K

CH,COOCH,CH, (aq) + OH (aq) jﬂ» CH,CO; (aq) + CH,CH,0OH(aq)
is

d[CH,CH,OH
—[—361?-}1—2—] = k,, [OH"][CH,COOCH,CH,]

Despite the form of this rate law, this reaction is not an elementary reaction but is believed to occur
by the following mechanism

kl
CH,COOCH,CH, (aq) + OH (ag) == CH,CO™(OH)OCH,CH, (aq)
k_y

CH,CO~ (OI)OCH,CH, (ag) =% CH,CO,H(aq) + CH,CH,0 (aq)

CH,CO,H(aq) + CILCH,0™ (ag) = CH,CO; (aq) + CH,CILOH(aq)

Under what conditions does this mechanism give the observed rate law? For those conditions,
express k, _ in terms of the rate constants for the individual steps of the reaction mechanism.

From step (3) of the reaction mechanism, we can write

d[CH,CH,0H] - |
S = 4 [CHLCO,HJICH,CH,0) D

If we assume that equilibrium is quickly reached in step (1} of the reaction mechanism, we find that

« ko [CH,CO" (OH)OCH,CH,]

“l ™ k .~ [OH }[CH,COOCH,CH,]

1

[CHL,CO~(OH)OCH,CH,] = :—1[OH*][CH3COOCH2CHS] (2)

—i

We now use the steady-state approximation for CH,CO, to write

d{CH,CO,H] B _
— = kZ[CHSCO (OHYOCILCH,] — kE[CHSCOZH][CH3CH_lO j=20
Then
k, [CH3COZH][CHSCHZO'] = k,[CH,CO” (OH)OCILCH, ] 3)
and the rate law becomes
d[CH,.CH,OH]} _
_H,ﬁdtL = k,[CH,CO (OH)OCH,CH,]

klkl -
= >4 [OH"}[CH,CHOOCH,CH, |

-1
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where we have substituted Equations 2 and 3 into Equation 1. This will give the observed rate law,
withk = kk /k .

29-16. The decomposition of perbenzoic acid in water
2 C H.CO,H(aq) = 2 CH,CO,H(aq) + O, (g}

is proposed to occur by the following mechanism

kl
C,H,CO,H(aq) = C,H,C0; (ag) + H (ag)
- k-l

k.
C,H,CO,H(aq) + CH,CO; (aq) == CH,CO,H(aq)
+C,H,CO; (ag) + O,(g)

C,H,CO; (ag) + H* (ag) =% CH,CO,H(aq)

Derive an expression for the rate of formation of O, in terms of the reactant concentration and [H'].

From step (2) of the reaction mechanism, we write
d[0,]
dt

Assuming that the first step reaches equilibrium rapidly, we have

k, _ [HYICH,CO5]

= k,IC,H,COHJ[C,H,CO;

K =1 =
<k, [CHCOH
k [CH.CO.H]
CHCO |= L6353 -
[ 6775 3 ] k_] [H+]

Substituting into the above rate law gives

dl0,] Kk, [CH,COHP

.2
-1

dt % . [EBY]

29-17. The rate law for the reaction described by

k

2H,(g) + 2NO(g) —> Ny(g) + 2H,0(g)
is
d[N,]
dr

Below is a proposed mechanism for this reaction

= li'cobs [HZ] [NO]2

H,(g) + NO(g) + NO(g) == N,0 + H,0(g)

H,(g) + N,0(2) = N,(g) + H,0(2)

Under what conditions does this mechanism give the observed rate law? Express k. in terms of
the rate constants for the individual steps of the mechanism.
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29_18. A second proposed mechanism for the reaction discussed in Problem 27-17 is

From step (2) of the reaction mechanism,

am,l _ k N, O Q1
df' - 2[!_12][ 2 ] ( )
We assume we can use the steady-state approximation for N,O. Then
dN, 0]
di = k, [H,JINOT — k,[H,][N,0] =0

or
k
[N,0] = -L[NOF*
kZ

Substituting into Equation 1, we find that
diN,]
dt

If this mechanism is followed, then k, = k.

= k [H,]INOJ*

K
NO(g) + NO{(g) <=: N,0,(g)
L

H,(g) + N,0,(g) == N,0(g) + H,0(g)

H,(g) + N,0(g) = N, (g) + H,0(g)

Under what conditions does this mechanism give the observed rate law? Express k. interms of
the rate constants for the individual steps of the mechanism. Do you favor this mechanism or that
given in Problem 27-17? Explain your reasoning.

From step (3) of the reaction mechanism, we can write (as in the previous problem)

d[N,]
y tz = k,[H,]IN,O] : ey
If we use the steady-state approximation for N, O,
d{N,0]

kl
[N,0] = 2[N,0,]
3

and Equation 1 becomes

d[N,] L
I LHLIIN,O, | (2)
Now, if we assume that the first step establishes a fast equilibrinm, we can write
b _ N0,

el = k,] - [NO]2
koot =
SLINOP = [N,0;]

-1
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Substituting into Equation 2 then gives

AN kk, ,
—F = N0

-1

which would give an observed raie constant of k,k, /k_, . It scems more probable that this mechanism
is followed, because cach step of this mechanism is a bimolecular reaction. The mechanism of
Problem 29-17 requires a termolecular reaction to occur.

2619, An alternative mechanism for the chemical reaction

’ k s,
Cl,(g) + CO(g) — C1,CO(g)

(see Problem 29-12) is

k

CL(g) + M(g) = 2Cl(») + M(®) (fast equilibrium)
k#
1 kl
Cl(g) + c12(g)4—;’"—;> Cl,(g) (fast equilibrium)
-2

Cl(g) + CO(E) =% CLLO(g) + Cl(g)

where M is any molecule present in the reaction chamber. Show that this mechanism also gives the
observed rate law. How would you go about determining whether this mechanism or the one given
in Problem 29-12 is correct?

The observed rate law is (from Problem 29-12)
dICLCO]

dt = kubs[Clz]S/Z[CO]
From step (3) of the reaction mechanism, we write
d[CLCO]
— = k,|CL][CO] : (H
t
Because steps (2) and (1) establish fast equilibria, we write
k.ol L
2k, [CHICL]
which gives
‘ .
[CL}= k—""—[Cll[Clz] (2}
)
Also,
(ko _lc
ok [CLIMI
.and so

k 1/2
[Cl] = (k_l) (1]

-1
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Substituting this expression for [Cl] into Equation 2 gives

k, { kg \"?
[CLI=—* (—1> [CL,I7*
3 k k_l 2

-2

and substituting this expression into Equation 1 gives

d[CLCO]  kyk k"
dt kK2

—27—1

[CL,1**[CO]

which corresponds to the observed rate law. To determine whether this mechanism occurs or that
in Problem 29-12, we might check to see whether CI, is produced during the reaction.

29-20. The Lindemann reaction mechanism for the isomerization reaction
CH,NC(g) — CH,CN(g)
is

k

CH,NC(g) + M(g) <?=> CH,NC"() + M(g)

CH,NC" (g) =2 CH,CN(g)

Under what conditions does the steady-state approximation apply to CH,NC"?

The steady-state approximation will apply if d[CH,NC*]/dr = 0. This will be true if v_, > v,
when k_ [CH,NC"] > k, [CH,NC], otif v, » v,, when k,[CH,NC'] > k, [CH,NC][M]. In both
cases, the CH,NC” is slowly formed and quickly reacted, and the concentration of CH,NC” at any
given time is very small. ‘

29-21. In Section 29-6 we examined the unimolecular reaction
CH,NC(g) = CH,CN(g)

Consider this reaction carried out in the presence of a helium buffer gas. The collision of a CH,NC
molecule with either another CH;NC molecule or a helium atom can energize the molecule, thereby
leading to reaction. If the energizing reactions involving a CH,NC molecule and a He atom occur
with different rates, the reaction mechanism would be given by

k

CH,NC(g) + CH,NC(g) == CH,NC*(g) + CH,NC(g)
ook

f‘z
CH,NC(g) + He(g) = CH,NC*(g) + He(g)
k~2

CH,NC'(g) = CH,CN
Apply the steady-state approximation to the intermediate species, CH,NC*(g), to show that

d[CH,CN] _ k,(k,[CH,NCT + k,[CH,NC]{He])
dt k_[CHNC]+k_,[He] + £,

Show that this equation is equivalent to Equation 29.55 when [He] = 0.

Chemical Kinetics Il: Reaction Mechanisms

Applying the steady-state approximation gives

d[CH,NC"] 3 .
— = 0 =k [CH,NC]* — k_ [CELNC*][CH,NC] + k,[CH,NC]{He]
—k_,[CH,NC*][He] — k,{CH,NC"]
Then
(kkz_[He]. +ht+k [CHsNC])[CI-IBNC*] =k, [CH3NC]2 + k,[CH,NC][He]
and
k fCH.NC]* + k,[CH,NC][H:
[CHENC*] — fl[ 3 ] + 2[ 3 ][ ‘3]
k ,[He] + &, 4- k_;[CH,NC}
From step (3), we have
d CN
—[Clj‘; ] = k3[CH.3NC*]

ke (k, [CH,NCT + &,[CH,NC][He])
T k_[Hel +k, +k_[CILNC]

If [He] = 0, then

k CF .
d[CH,CN] _ kK [CILNC] _ k_[CHNC]
dt ky +k_[CHNC] — "

which is Equation 29.55.

29-22. Consider the reaction and mechanism given in Problem 29-10. The activation energy for the
dissociation of H,(g) [step (1)] is given by D, the dissociation energy. If the activation energy of
step (2) of the mechanism is E,, show that £ the experimentally determined activation energy,
is given by

a,0bs?
E_ =E + Dy
a,0bs 2 2
Also show that A , the experimentally determined Arrhenius pre-exponential factor, is given by
Al 1/2
= (7)

where A, is the Arrhenius pre-exponential factor corresponding to the rate constant k,.

From Problem 29-10, k= k,k}"*/ k™. If cach step of the reaction mechanism shows Arrhenius

behavior, we can write (as in Example 29--7)
=A

—-D./RT — —E,/RT
k =A™ k k, = Aje ™/

~1 -1

{Note that the activation energy for the formation of H, is 0.) Substituting into an Arrhenius
equation for the reaction rate constant gives

172
R
obs k1/12.

/RT

= Aobse*EMm

1/2
AA
24 —E,/RT ,~D,2RT _ A & Cuon/ KT

172 of
AL
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1/2
A ( 1 ) e~ Bt Dy/DIRT _ 4 ,=E, /BT
2 obs

50

o

A 1/2
E =E2+7° and AQbS=A2(—*)

29-23. The thermal decomposition of ethylene oxide occurs by the mechanism

H,COCH, () =% H,COCH(g) -+ H(g)
H,COCH(g) =% CH,(g) + CO(g)

CH,(g) + H,COCH, (g) = H,COCH(g) + CH, (g)
CH,(g) -+ H,COCH(g) =% products

Which of these reaction(s) are the initiation, propagation, and termination step(s) of the reaction
mechanism? Show that if the intermediates CH, and H,COCH are treated by the steady-state
approximation, the rate law, d[products]/d¢, is first order in ethylene oxide concentration.

Initiation step: (1)

Propagation steps: (2), (3)
Termination step: (4)

From the termination step we have

d[products}
dt

Treating CH, and H,COCH by the steady-state approximation gives

= k,[CH,{IL,COCH]

d[CH,]
dr

= 0 = k,[H,COCH] — k,JCH,]J[H,COCH, ] — k,[CH,][H,COCH]

and
d[H,COCH]
dt

Adding these two expressions together gives

= 0 = —k,[IL,COCH] + k,[CH,][H,COCH, ] — &,{CH, ][H,COOH] + k, [H,COCH,]

0 = —2k,[CH,J[H,COCH] + k,[H,COCH, ]
[CH,)[H,COCH] = ;TI[HZCOCHZ}
4

SO

d[products] kz[ COCH
PP 2!

which is first-order in [H,COCH,].

The next six problems examine the kinetics of the thermal decomposition of acetaldehyde.

29-24. A proposed mechanism for the thermal decomposition of acetaldehyde

k
CH,CHO(g) — CH,(g) + CO(g)

Chemical Kinetics Il: Reaction Mechanisms 941
is
CH,CHO(g) =5 CIHL(g) + CHO(g) )
CH, (g) + CH,CHO(g) =% CH,(g) + CELCO(g) @
CH,CO(g) = CH,(g) + CO(g) 3)
2CH, (g) =% C,H, | (@)

Is this reaction a chain reaction? If so, identify the initiation, propagation, inhibition, and termination
step(s). Determine the rate laws for CI, (g), CH,{(g}, and CH,CO(g). Show that if you assume the
steady-state approximation for the intermediate species, CH,(g) and CH,CO(g), the rate law for
methane formation is given by

e )
—1) k,[CH,CHOP”

k,

d|CH,] _ (
dt

This is a chain reaction.
Initiation step: (1)
Propagation steps: (2), (3)
Termination step: (4)
The rate laws for CH, (g), CH, (g}, and CH,CO(g) are

d[CH,]
= * = k,[CH,][CH,CHO]
d[CH,] 2
= k,[CH,CHO] — k&, [CIL}[CH,CHO] + &, [CH,CO] — &, [CH,]
d[CH,CO
% = k,[CH,J[CH,CHO] - k;[CH,CO]
Assuming the steady-staie approximation for the appropriate intermediates, we find
d[CH,CO
% = 0 = k,[CH,)J[CH,CHO] - &,[CH,CO]
k.
[CH,CO] = k—ZECH3][CH3CHO] N
3
and (using Equation 1 to express [CH,CO])
d[CH,] 2
PP k,[CH,CHO] — &,[CH,][CH,CHO] + k,[CH,CO] — £,[CH,]

0 = k,[CH,CHO] — &,[CH,}[CH,CHO] + k,[CH,][CH,CHO] — £,[CH, *

k 1/2
[CH,] = (k_l) [CH,CHO'?
4

Substituting this expression into the rate law for methane gives

d[CH,]
dt

k 1/2
=k, (k—‘) [CH,CHOJ”

4

29-25, Suppose that we replace the termination step (Equation 4) of the mechanism in Problcm 29-24
with the termination reaction

2 CH,CO(g) =% CH,COCOCH,
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Determine the rate laws for CO(g), CH,(g), and CH,CO(g). Once again, assume that the steady-state
approximation can be applied to the intermediates CH, (g) and CH,CO(g), and show that in this
case the rate of formation of CO is given by

d[Cco} N\ ,
={2} k[CHCHOI"
dt (k4 s{CH,CHO
The rate laws are
d[CO]
— = k,[CH,CO]
d[CIL]
- 3 = & [CH,CHO] — k,[CH,J[CH,CHO] + k;[CH,CO]
d[CH,CO]
""[d_;— = k,[CH,J[CH,CHO] — k;[CH,CO] — k,[CH,CHOJ*

Using the steady-state approximation gives

0 = k,[CH,CHO] —k,[CH, |[CH,CHO] +k,[CH,CO]
+0= +k,[CH, ][CH,CHO] —k,[CH,CO] —,[CH,CHO}*

0 = k,[CH,CHO] ‘ —k, [CH3CHO]2
We can then write

k,[CH,CHOT® = ,[CH,CHO]

k 1/2
[CH,CHO] = (k_l) [CIL,CHO]'?

4

Finally, substituting into the rate law for CO gives

d[Co] _
dr

2 : ,
1 1
(}2_) k,[CH,CHOJ

4

29-26. The chain length y of a chain reaction is defined as the rate of the overall reaction divided by
the rate of the initiation step. Give a physical interpretation of the chain length. Show that y for the
reaction mechanism and rate law given in Problem 29-25 is

1 172
y=k|— [CH,CHO] '
3 k1k4 3

The chain length y is the average number of times the propagation steps are repeated before a
termination step occurs. For a decomposition reaction, it is the number of molecules decomposed by
a single carrier molecule. (A carrier molecule is an intermediate responsible for chain propagation. )
For the reaction mechanism given in Preblem 29-25,

A 1/2
211 k[CH,CHO]'Y
k4 3 3 1 1/2 i
k[CILCHO] (ﬁ) & ICH,CHO

174
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29-27. Show that the chain length ¥ (see Problem 29-26) for the reaction mechanism and the rate law
given in Problem 2924 is

1 172
y =k {— ) [CH,CHOI”
k,k,

For the reaction mechanism given in Problem 29-24,

k 1/2
(k—l) kz[CHBCHO]m 1
4 =) k[CHCHD]?
k,[CH,CHO] (kk) LCH, ]

1%

29_28. Consider the mechanism for the therma! decomposition of acetaldehyde given in Problem 29—

24. Show that E , the measured Arrhenius activation energy for the overall reaction, is given
by

By =E,+ Ji(El - £)

where E, is the activation energy of the ith step of the reaction mechanism. How is A, the
measured Arrhenius pre-exponential factor for the overall reaction, related to the Arthenius
pre-exponential factors for the individual steps of the reaction mechanism?

The rate law is

dICH,] (k" ,
— 4+ ={1} k[CHCHOP”
dt (k4 [CH, 1

50

Using the Arrhenius equation, we can write
— —E, /RT — -E,/RT _ -E_/RT
k=A™ ko= A k,=A,e™™

Then

12 12
A e EadBT — ) — ky ko= A Ay o (E\—E)/2RT—E,/RT
obs obs k 2 2 A ‘

"From this, we find

29-29, Consider the mechanism for the thermal decomposition of acetaldehyde given in Problem 29—
25. Show that E_ , the measured Arrhenius activation energy for the overall reaction, is given
by

Eubs = E3 + %(El - E4)

943
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where E, is the activation energy of the ith step of the reaction mechanism. How is 4, the
measured Arthenins pre-exponential factor for the overall reaction, related to the Arrhenius
pre-exponential factors for the individual steps of the reaction mechanism?

The rate law is

d[CO] kN .
={21| k[CHCHO]'
dt (k) s[CH, 1

50

1/2
X —(.’i) k
obs k4 .3

This is identical to k ,_ in the previous problem, except that &, has been replaced by &,. Thus

A 172 1
Ags = Ay A and Eys = Ey+ E(El —E)

4

29-30. Consider the reaction between H,(g) and Br,(g) discussed in Section 29-7. Justify why we
ignored the H,(g) dissociation reaction in favor of the Br,(g) dissociation reaction as being the
initiating step of the reacticn mechanism.

The bond strength of the H, bond is much greater than that of the Br, bond. From Table 18.2, we
can see that D, for H, is 432 kJ -mol™", while D, for Br, is only 190 kJ-mol™". It is therefore more
likely that the Br, bond will dissociate than that the H, bond will dissociate.

29-31. In Section 2%-7, we considered the chain reaction between 11, (g) and Br,(g). Consider the
related chain reaction between H,(g) and CL,(g).

CL,(g) + H,(g) — 2HCI(g)

The mechanism for this reaction is

Cl,(2) + M(2) == 2CI(g) + M(g) €)
Cli(g) + H,(g) =2 HCI(g) + H(g) @
H(g) + C1,(g) = HCl(g) + Cl(g) 3)
2CI(g) + M(g) =% Cl,(g) + M(g) @)

Label the initiation, propagation, and termination step(s). Use the following bond dissociation data
to explain why it is reasonable not to include the analogous inhibition steps in this mechanism that
are included in the mechanism for the chain reaction involving Br,(g) .

Molecule D, /kJ-mol™!

H, 432
HBr 363
HCl 428
Br, 190
cL, 239

Chemical Kinetics II: Reaction Mechanisms

Initiation step: (1)

Propagation steps: (2), (3)

Termination step: (4)

The inhibition steps for the chain reaction between H, (g} and Br,(g) are (Section 29-7)

HBr(g) + H(g) == Br(g) + I (g) (da)
HBr(g) + Br(g) == H(g) + Br,(g) | (5a)

These reaction steps have molar enthalpies of
A, o H = —Dy(H,) + Dy(HBr) = —69 kJ-mol ™"
Ar,SaE = —Dg(Brz) + DO(HBI) = 173 kJ'mol_l

We neglected the contribution of step (5a) because this reaction is so much more endothermic than
Reaction 4a. The corresponding inhibition steps for the chain reaction between H,(g) and Cl,(g)

would be
HCI(g) + H(g) = Cl(g) + H, () o)
HCI(g) + Br(g) =% H(g) + CL(g) (if)

with corresponding molar enthalpies

A, H = —D,(H,) + D,(HCD = —4 kI-mol”!
A, ;H = —D,(CL,) + Dy(HCD = 189 kJ - mol ™"

“Again, the contribution of the second step shown here is highly endothermic, and so we disregard
this reaction. We also see that the first step shown is only slightly exothermic (in contrast with the
corresponding step in the bromine reaction), so we can also neglect this step when describing the
chain reaction involving CL,.

29-32. Derive the rate law for v = (1/2)(d[HCI]/d¢) for the mechanism of the

CL(g) + H,(g) — 2HCl(g)

reaction given in Problem 29-31.

From steps (2) and (3), we write

d[HCl :
[ o I K, [CI[H, ] + £, {H][CL,] (1)
Applying the steady-state approximation to Cl and H gives
d[C1
% = () = 2k, [CL,]{M] —2k,[C1]*[M] —K,[CI][H,] +4,{HI{CL,]
dlH
—i;l =0= +k,[Cl][H,] —&,[H][CL,]

0 = 2k, [CL}[M] —2k,[CIP[M]

50

k 1/2
[Cl] = (_1) [CL1'*
k4
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Substituting this back into the steady-state approximation for H gives

y k [COE] & (5 )”2 [CLI[H,) _ &, (5 )”’2 [H,]
H] = k, [CL] K \k, [CL] & \k/ [CLY?
Then Equation 1 becomes
d[HC]
H;t I K, [CHIH, ] + &, [H]ICL]

k k

4 4

2 /2 k 1/2
=k, (—') [CLIY*[H,] + &, (—1) [H,][CL,]"*

k 1/2
= 2k, (k—l) [H,]iCL]"?

4

or

1 d[HCI kNP

4

29-33. It is possible to initiate chain reactions using photochemical reactions. For example, in place

of the thermal initiation reaction for the Br, (g) + H,(g) chain reaction

k
Br,(g) + M == 2Br(g) + M
we could have the photochemical initiation reaction

Br,(g) + hv = 2Br(g)

If we assume that all the incident light is absorbed by the Br, molecules and that the quantum
yield for photodissociation is 1.00, then how does the photochemical rate of dissociation of Br,
the number of photons per unit time per unit volume? How does d[Br]/dt, the rate
of formation of Br, depend on I ? If you assume that the chain reaction is initiated only by the

depend on I,

bs?

photochemical generation of Br, then how does d[HBr]/dr depend on [, 7

The quantum yield is the number of Br, molecules that react for each photon absorbed. The quantity

I, tis the concentration of photons available, so

d[Br,]  d(I, ®)
dt ~  dr s

The rate of formation of Br in this step would be twice the rate of dissociation of Br,, s¢

d[B
[ r] =213bs
dt

The expressions for d[HBr]/dt and d[H]/d¢ that were found in Section 29-7 (Equations 29.61 and
29.62) still apply, but now applying the steady-state approximation to Br and H gives

d[ir] =0 = 21 —k,IBrI[H,] +k_,[HBr[H] —&_, [Br]* -+k,(H][Br,]
% =0= k,[Bri[tL,] —k ,[HBr][H] —k,[H][Br,]

0=21I

abs

—k_,[BiP?

Chemical Kinetics |I: Reaction Mechanisms

50

20\
[Br] — ( ahs)
ky
Substituting this back into the steady-state approximation for H gives

)= B (ZIabs)” k1)
k_,[HBr] + k,[Br,] k k_,[HBr] + k,[Br,]

-1
Then Equation 29.61 becomes

d[HBx]
dt

= kz[Br][Hz] - k_z[:HBr]EH:] + k3 D:_I][Brzj

k,[H,)
k_,[HB1] + k,[Br, ]

21, \'"? 21, '
=k, (—k ) [HZ]—(k_Z[HBr}—k3[Br2])(k )
-1

—1
2r, \"* k,{Br,] — k_,[HBr]
L) mal e e

k(ﬂm)‘”[ 2(H,) ]
2 kfl (kfz/k3)[HBr]/[Br2]—|—1

|

29-34. InSection 29-9, we derived the Michaelis-Menton rate law for enzyme catalysis. The derivation

presented there is limited to the case in which only the rate of the initial reaction is measured so
that [S] = [S], and [P] = 0. We will now determine the Michaelis-Menton rate law by a different
approach. Recall that the Michaelis-Menton mechanism is

lkl
E+SZZES
k

BS =% E 4P

The rate law for this reaction is v = k,[ES]. Write the rate expression for [ES]. Show that if you
apply the steady-state approximation to this intermediate, then
[EI[S]
ES] = 1
[ES] = = | )

m

where K is the Michaelis constant. Now show that

[B)S]
= @)

H

{E}, = [E] +

(Hint: The enzyme is not consumed.) Solve Equation 2 for [E] and substitute the result into
Equation 1 and thereby show that
k,[E][S
__ LIEL[S] -
K, +15]

If the rate is measured during a time period when only a small amount of substrate is consumed,
then [S] = [S], and Equation 3 reduces to the Michaelis-Menton rate law given by Equation 29.78.

947
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Applying the steady-state approximation to the rate law for ES gives E where K, = [EI]/[E]{I] is the equilibrium constant for step (2) of the above reaction mechanism.
d[ES] i Use this result to show that the initial reaction rate is given by
-———= =0 = k [E][S] — k_,[ES] — &,[E5] _ i
dt : L 4P _ k,{E],[S] _ kB8],
(Bs = IS _ [BUS] - - ar T K, FSI+EEN K+, @
E +k K ‘ ; ' )
1T A where K, = K (1 + K [I]). Note that the second expression in Equation 4 has the same functional
Now using Equation 29.74 gives form as the Michaelis-Menton equation. Does Equation 4 reduce to the expected result when
' [f] — 07 _ .
_ [EI[S] _
[E], = [ES]+ [E] = i [E] _
5] . d[s]
~[El (1 321 S5 = K [ENS] + k[ES]
) ) B8] [BIS) — k_ [BS] — k,[ES
[E] = [E]o = dt ™M —1[ I 3[E ]
K +1[8] ‘ A[EL]
. . e -
Substituting into Equation 1 gives : dr L[EI0] — &_, [Ei]
' d[P
) = EWS] - o =k ims)
K_ +13] )
k,[E],[S] : Applying the steady-state assumption to ES gives
v =k[ES] = ——
K +[5] 0 = K [E][S] — (k_y + & )[ES]
= i i 8. k ElS
If [S] = [S],, this reduces to Equation 29 [ES] = L (E)[S] = (EHS]
. k—: + ka Km :
29-35. The ability of enzymes to catalyze reactions can be hindered by inhibitor molecules. One of Summing the concentrations of all components containing E gives
the mechanisms by which an inhibitor molecule works is by competing with the substrate molecule EIS] [N
for binding to the active site of the enzyme. We can include this inhibition reaction in a modified ! [E], = [E] +1ES] + [El] = [E] + A m[E][I}
Michaelis-Menton mechanism for enzyme catalysis. _ (EJ[S] m
. . = [Bl+ - + [EJIK,
E-+S— ES (0 £ m
k., : : = [E] (Km il s [I]Km KI
. . g K,
kl '. d .
E+1=EI @ : anaso
Iy K
2 : [B] = LBl
: K, +IS]+ 11K, K,
k. v
ES = E+ P (3) ': The rate of formation of product (the reaction rate) is given by v = k,[ES], so
In Equation 2, 1 is the inhibitor molecule and EI is the enzyme-inhibitor complex. We will consider b — d{P] — k[ES] =k [E1[S]
the case where reaction (2) is always in equilibrium. Determine the rate laws for [S1, [ES], [El], dt 3 -3 K,
and [P]. Show that if the steady-state assumption is applied to ES, then ; [E],[S]
[ES] = [E][S] ' T K, +[S1+ K, K (T
=% KELS, &IELIS),
where K is the Michaelis constant, K = (k_ +k;)/k. Now show that material balance for the
enzyme gives

TK,0+KmD+(8l, K, +[S],
: If [I] — O, then K, — K, andso '
[E], = [E] + ° Il[ 1 mimk,

m

_, K[ELIS],

K _--IS],
as we would expect.
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29-36. Antibiotic-resistant bacteria have an enzyme, penicillinase, that catalyzes the decomposition
of the antibiotic. The molecular mass of penicillinase is 30000 g-mol™". The turnover number of
the enzyme at 28°C is 2000 s~ If 6.4 ug of penicillinase catalyzes the destruction of 3.11 mg of
amoxicillin, an antibiotic with a molecular mass of 364 g-mol’, in 20 seconds at 28°C, how many
active sites does the enzyme have?

6.4 x 106 '
ﬁoog—“% = 2.13 x 107" mol penicillinase
g-mo
3.11 x 1077
ﬁ = 8.54 x 107° mol amoxicillin
g-mo

“This is the amount of amoxicillin catalyzed in twenty seconds. Since the catalyst is not destroyedin

the reaction, the same amount of penicillinase will destroy 2.56 x 107 mol of amoxicillin in one
minute. Now

2.56 x 107% mol-min "’
2.13 % 107*% mol
2000 s~! x # active sites = 1.20 x 10° min™
200x10°s™!

#active sites = ————— =
2000 57!

turnover mumber X # active sites =

29-37. Show that the inverse of Equation 29.78 is

1_1 K 1 W
v B vmnx vmax [S]O

This equation is called the Lineweaver-Burk equation. In Example 29-9, we examined the reaction
for the hydration of CO, that is catalyzed by the enzyme carbonic anhydrase. For a total enzyme
concentration of 2.32 x 10" mol-dm™, the following data were obtained.

v/mol-dm*-s'  [CO,],/107 mol-dm~ N
2.78 x 107° 1.25
5.00 x 1077 2.50
8.33 x 107 5.00
1.66 x 107* 20.00

Plot these data according to Equation 1, and determine the values of K, the Michaelis constant,
and k,, the rate constant for product formation from the enzyme-substrate complex from the slope
and intercept of the best-fit line to the plotted data.

Recall that v__ = k,[E],, so we find

L _ kaISIE,

K, +15],
1 K, 1
- = +
v KISLIEL,  ALE]
L K, 1
v 'Umﬂx[S]G Umax

Chemical Kinetics II: Reaction Mechanisms

y=4023.9 +39.934x

mol-dm 2.5 1/10%p

| | P L
200 400 600 800
mol.dm*/ [CO,]1,

We can now solveforv . and X :
max "

1 3 -1
— =4020 dm’ -s-mol

v =249 x 107* mol-dm~3¥.s7!

K
—2 =1399s

ol

K, =994 x 107* mol-dm ™
Because we are given that [E], = 2.32 x 1077 mol-dm™?, we find

Ve 2-49 % 107 mol-dm™-s™"

max

|, = 1.07 x 10° ¢!
: [E], 2.32 % 107° mol-dm™3 Tx 107 s

29-38. Carbonic anhydrase catalyzes the reaction
H,0() + CO,(g) == H,CO,{aq)

Data for the reverse dehydration reaction using a total enzyme concentration of 2.32 x
107" mol-dm™ are given below

v/mol-dm™*-s™'  [H,CO,},/107° mol-dm™

1.05 x 1073 2.00
222 x 1073 5.00
3.45 % 107 10.00
4.17 x 1077 15.00

Use the approach discussed in Problem 29--37 to determine the values of K;ﬂ, the Michaelis
constant, and &,, the rate of product formation from the enzyme substrate complex.

We use the method developed in Problem 29-37, and plot 1/v versus 1/[H,CQO, ]

. y=125354+1065.04x

et
~

10

mol.dm3.s71/10%

1 1 | \
200 400 GO0 800

mol.dm™?/ [H,CO,],

951
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As before, 29-41. The presence of 4.8 x 107® mol-dm™ of a competitive inhibitor decreases the initial rate
calculated in Problem 29-40 by a factor of 3.6. Calculate K, the equilibrium constant for the

_1__ =12 600 dm*-s-mol™ - ' binding reaction between the enzyme and the inhibitor. (Hins: See Problem 29-35.)

vmax

v, = 7.94 x 107 mol-dm™.s7"
K The inital rate is now given by (from Problem 29-35)
o~ 15s | LIEL[SY, v, 18],

max

K_ =131 x 10~ mol-dm~ VTR, O+ KM+ 181 K, (1t KD +1S]

(recall that, in this case, k,[E], = v ). The maximum rate is the same for this problem as the
previous problem, and v can be found by dividing the initial rate found in Problem 29-40 by 3.6, so

Because we are given [E], = 2.32 x 107 mol-dm ™3, we find

L= =2 =343 x 1057 : | _5 (0.64)(4.32 x 1079
[El, 3.08 x 107° = - " —
(25 x 10791 + K;(4.8 x 107° mol-dm™)] + 4.32 x 10
(0.64)(4.32 x 107%) — (4.32 x 107°)(3.08 x 107
(3.08 x 107°)(25 x 107%)

K, =5.4x 10° dm*.mol™

—6 -3y __
- 29-39. Show that the Michaelis-Menton mechanism for enzyme catalysis gives v = (1/2)v,__ when . 1+ K;(4.8 > 107" mol-dm ™) =

[Sl, = K,,.

- The Michaelis-Menton mechanism gives the rate expression

k,[ST,LE], : : 2942, The turnover number for acetylcholinesterase, an enzyme with a single active site that
S+ [S] . (29.78) B metabolizes acetylcholine, is 1.4 x 10 s™'. How many grams of acetylcholine can2.16 x 107° g
" ° : ' of acetylcholinesterase metabolize in one hour? (Take the molecular mass of the enzyme to be
If [S], = K, then this becomes ' 4.2 x 10* g-mol™; acetylcholine has the molecular formula C,NO,H.)
k?. Km [E]O kZ ['E]U Uma‘x
fumg = -= — . —f
2K, 2 2 216> 1078 5.1 x 107" mol acetocholinesterase

4.2 % 10* g-mol™!

. . The enzyme has a single active site, so
29-40, The protein catalase catalyzes the reaction

v_ = (turnover number){mol acetocholinesterase)

2H,0,(aq) — 2H,0(0) + 0,(g) : 3600 hr™!
= b

§

= (1.4 x 10* 79 (5.1 x 107! mol) ( ) = 2.6 x 10 mol-hr?

and has a Michaelis constantof K =25 x 107 mol-dm™ and a turnover number of 4.0 x 10757,
Calculate the initial rate of this reaction if the total enzyme concentration is 0.016 x 10~® mol-dm™

and the initial substrate concentration is 4.32 x 107% mol.dm™. Calculate v__ for this enzyme. The molecular mass of acetylcholine is 146.21 g-mol ™", so 0.38 g of acetylcholine are metabolized
Catalase has a single agtive site. ' in one hour.
The Michaelis-Menton equation is ;' 29-43. Consider the following mechanism for the recombination of bromine atoms to form molecular
k,[S],[E] [S] E bromine
v .
=K B, KA (29.78) g :
w T8, K, (8] | 2Br(g) & Bri(g)
k

. . . . —1
The turnover number for a single active site catalyst is equal to v__/[E],, s0 : ,

Vax = (4.0 107 s773(0.016 x 107 mol-dm ™)

k
Bry(g) + M(g) = Br,(g) + M(g)
= 0.64 mol-dm*.s~!
The first step results in formation of an energized bromine molecule. This excess energy is then

removed by a collision with a molecule M in the sample. Show that if the steady-state approximation
(0.64 mol-dm—-57")(4.32 x 10~* mol-dm™>) _ is applied to Bry(g), then

v = = 11 —4 . _3. -1 8
(25 % 10~ mol-dm?) + (4.32 x 10 ° mol-dm ?) 1> 107 mol-dm™s = d[Br] 2k [BrlPIM]

dt —  k_ +k[M]

and
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Determine the limiting expression for d{Br}/df when v, > v_
for d{Br]/dt when v, < v_.

1

We can write the rate laws for Br and Br} as

. Determine the limiting expression

Chemical Kinetics |I: Reaction Mechanisms

CCl, is the better catalyst for this reaction. There is a difference in the catalytic behavior of the
gases because CCl, has vibrational and rotational energy levels, which make it more effective in
absorbing energy from the excited bromine molecule.

29-45. The standard Gibbs energy change of reaction for

d1Br]
= —2k [Br]* + 2k [Br —
5 [B1]* + 2k_,[Br}] 2H,(g) + O,(g) 2H,0(g)
" d[Br’] ) . ‘ i
== k, [Br]* — k_,[Br;] — k,[Br;j[M] is —457.4 kJ at 298 K. At room temperature, however, this reaction does not occur and mixtures
dt g

Using the steady-state approximation for Br; gives

of gaseous hydrogen and oxygen are stable. Explain why this is so. Is such a mixture indefinitely
stable?

k. [Br]?
[Bri] = ———— o N
’ ko) + kM Although the reaction is spontaneous, it has a very high energy of activation, and so it is very
Then unlikely that the reactants will have enough energy tc create water vapor. This mixture will be
indefinitely stable as long as no external catalysts are present to lower the activation energy and
d[B1] — —2k [Br] + 2k1k_1[Br}2 facilitate the reaction. (It will eventually react even in the absence of catalysts, however, as the
dr ! k_, kM| reaction is spontanecus).
—~2kk_,[Br]* — 2k, [BrPk,[M] + 2k_ .k [Br)?
ko kM 29-46. The HF(g) chemical laser is based on the reaction
—2k k,[Br] [M]
= -~ I F —> 2HF
k| +k[M] ,(8) +Fy(2) (2
If v, 3> v_, then k,[Br}][M] >> &k [Br3] and so k,[M] > k_,. The rate equation then becomes The mechanism for this reaction mvelves the elementary steps
El . =1
diBr] 2k [BrP k _ A H°/kI-mol™ at 298K
= -2k, 1
@ (1) Ey(e) +M(@) 2= 2F() + M(@) 4150
If v, € v_,, then k,[M] « k_,. The rate equation then becomes :-1
2
dBr] 2%k, (2) F(g)+ H,(g) == HF(g) + H(g) —134
o = % BrrM] x,
T (3) H( +F,(p) = HE(g) + F(g) —alt

Comment on why the reaction I, (g) -+ M(g) — 2H(g) + M(g) is not included in the mechanism

955

29-44, A mechanism for the recombination of bromine atoms to form molecular bromine is given
in Problem 29-43. When this reaction occurs in the presence of a large excess of buffer gas, a
negative activation energy is measured. Because M(g), the buffer gas molecule, is responsible for
the deactivation of Br;(g) but is not consumed itself by the reaction, we can consider it tc be
a catalyst. Below are the measured rate constants for this reaction in the presence of the same

of the HF(g) laser even though it produces a reactant that could participate in step (3) of the
reaction mechanism. Derive the rate law for d[HF]/d¢ for the above mechanism assuming that the
steady-state approximation can be applied to both intermediate species, F(g) and H(g).

concentration of excess Ne(g) and CCl, (g) buffer gases at several temperatures. Which gas is the

better catalyst for this reaction?

Ne CCl,
T/K k. /mol *-dm®-s™' g /mol™.dm®.s7!
367 1.07 x 10° 1.01 x 10'°
349 1.15 x 107 1.21 x 10'°
322 1.31 % 10° 1.64 x 10
297 1.50 x 10° 2.28 x 10Y

Why do you think there is a difference in the “catalytic” behavior of these two buffer gases?

The reaction H,(g) + M(g) — 2H(g) + M(g) is notincluded in the.mechanism of the laser because
a very large energy would be needed to break the H, bond (= 432 kI -mol™). Now we can write the
rate laws for HE, F, and H:

% = k,[FI[H,] — k_,[HFI[H] + &,[H][F,]
% = 2](5 [FZ]{M] - 2];71 [F}Z[M] — ksz][Hzl + k_z[HF][H] + k3 [H][Fz]
% = k,[FJ{H,] — k_,[HF][H] — k,[H][F,]
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Applying the steady-state approximation gives

0 = 2k, [F,1M] —2k_, [F*[M] —k,[F][H,] +k_,[HFI[H] -k, [HI[F, ]
+0= +k,[FI[H,] —k_,[HF][H] —k,[HI[F, ]

0 = 2k, [F,]IM] —2k_, [FP’[M]
S0
AR /2
[F] = %

-1
Substituting into the steady-state approximation for H gives

KPR 2
0= 2% k_,[HF][H] - &,[H][F,]
1

k 1/2
k, (k—l) [F,1"7[H,]

H] = -1
[H] k_,THF] + k,[F,]

Finally, substitute into the rate equation for HF to get

d
[ff] = &, [FI[E,] ~ k _,[HF|[H] + k, [H][F, ]
kl 1/2 "
k 1/2 y kg (k_i> [Fz] [H2]
N R Y 2 — —
- (k ) A PIEL) + (5 ] = HED — e
x, k,[F,] — k_,[HF]
L R E)H( 1 22
(kl) S 2]( " 4[HFJ+k3[F;])
k, ) 172 2ky[F,]
“L) k[F
(kl S
TdiHF] _ (k_) k,[F,1/2[H,] 1 =
2 dt k_, 1+ (k_,/k,)[HF][F,]

29-47. A mechanism for ozone creation and destruction in the stratosphere is

0,(8) +hv = O(g) + O(g)
O(g) + 0, (8) + M(g) =2 O, () + M(g)
0,(2) +hv = 0,(2) + O(g)
0(g) +0,(8) =% 0,(g) + 0,(g)

where we have used the symbol j to indicate that the rate constant is for a photochemical reaction.
Determine the rate expressions for [0Q]/dr and d [0,1/dt. Assume that both intermediate species,
O(g) and O,(g), can be treated by the steady-state approximation and thereby show that

2j10,] + j,[0,]
k,[0,1IM] +- £,{O,]

O] =

and

k, 1010, 1[M]

0,]=
ot J3 + k0]

Chemical Kinetics |I: Reaction Mechanisms

Now substitute Equation 1 into Bquation 2 and solve the resulting quadratic formula for [O,] to

obtain
: . 12
2 J3 Ky
0. ]1=10,]— (1+4f—[M}> -1
Y { Ik,

Typical values for these parameters at an altitude of 30 km are j, = 2.51 x 1072 5!
J, =316 % 107" 57", k, =1.99 x 107" cm® molecule ?-s7!, &, = 1.26 x 107" cm?
molecule™ 7!, [0,] =3.16 x 10" molecule-cm™, and [M] = 3.98 x 10"
molecule-cm™, Find [0,] and {O] at an altitude of 30 km using Equations 1 and 2. Was the

use of the steady-state assumption justified?

2

The rate expressions for the intermediate species O and O, are

dafo

_fgl = 2j[0,] + 7,01 — &TONO,1MI — k,[O][0,]
d[O

Ef 3] = k,[0][O,][M] — j,10,] — £,[O][0,]

Applying the steady-state approximation gives (Equation 1)

kJONO,] + &,[0][0,)IM] = 2,[0,] + 15[0,]
21101+ £,105]
k,[O,] + £,[O,]IM]

[O)=

and (Equation 2)

FALON + k,[O][0,] = £,[0][0,]M]
(0,] = kQFOJ[OZJ[M]
I3 + K, [O]

Substituting Equation 1 into Equation 2 gives

[0,1(J, -+ &,[01) = k,[O1[0,][M]
210,14+ j;10,] 2410,1+ 1,10,)
k,[0,] + £,[0,1[M] k[O;]1 + k,[O,1IM]

531051 + £,[0,] = k,{0,][M]
Joky [O1L0,HIM] + k, 1,10, F + 21k, [0, {0, ] + k, 7510, = 2k, j, [0, *[M]
+j3k, [0, 110, 1IM]

This equation can be written as

0 = 2k, 10, F + 2,k,10,10,] — 2k, ,10,1'M]

0=[0,]+ %[02][03] 000,y
. 3 3

4

__L l ﬁ 2 ky 4, 2
[0,]= 2j3[02]i2\/(j) [G,] +4k Jz[O][M]

3 4
=- ) {G,]+ ("ﬁw)z[o ]2+l~clj—][0 Ml
2J, ? 2y ’ ky Iy :

I I 4k, Iy
——10,]1+ —=[0,]./1 + —==[M]
2y : 2, : k, 7,

957



Chapter 29

We must have a positive value of [0,], so we have

Ji i [ 4k
[O,] = ——[0,] + —[0,]. /1 + ——=[M]
’ 2j, : 2j; ? k, 7

jl jl’rk?, )1/2
=[0,]— 1+4T—M —1
10,15+ {( T

For the given parameters,

2,51 x 10712571
2(3.16 x 107%™
E[l 4(3.16 x 107* 571(1.99 x 107 cm® molecule2-57%)
(2.51 x 1072 571)(1.26 x 10" cm® - molecnle™-s™1)

x(3.98 x 10" molecule-cm ] — 1}

[0,] = (3.16 x 10" molecule-cm™3)

= (1.25 x 10° molecule-cm %) (1.78 x 10%)

= 2.23 x 10" molecule-em™

This value is about 10* less than the value of [M]. Using this value for [O,]in Equation 1 gives (we
drop the units for convenience)

|
2(2.51 x 107%)(3.16 x 10') + (3.16 x 107 (2.23 x 10™) ‘

T (1.99 x 1077)(3.16 x 107)(3.98 x 107 + (1.26 x 1071%)(2.23 x 101

3

(O]

= 2.82 x 107 molecules-cm™

s0 the use of the steady-state approximation is justified.

In the next four problems we shall examine the explosive reaction

2H,(g) + O,(g) = 2H,0(g)

29-48. A simplified mechanism for this reaction is

electric spark + H, (g) == 2H(g) ' (1

H(g) + 0,(g) == OH(g) + O(g) @)
O(®) + H,() = OH(g) + H(z) 3)
H,(g) + OH(g) == H,0(g) + H(g) “)
H(g) + 0,(2) + M(g) =% HO,(g) + M(g) )

A reaction that produces more molecules that can participate in chain-propagation steps than it
consumes is called a branching chain reaction. Label the branching chain reaction(s), inititation
reaction(s), propagation reaction(s), and termination reaction(s) for this mechanism. Use the
fellowing bond dissociation energies to evaluate the energy change for steps (2) and (3).

Molecule D, /kJ-mol™

1, 432
0, 493
OH 424

Chemical Kinetics II: Reaction Mechanisms

Branching chain: (2}, (3)
Initiation: (1D
Propagation: (4)
Termination: (5)

Using the bond dissocation energies, we find that

A Energy = — D (OH) + D,(0,) =69kJ mol™!
AEnergy = — D (OH) + D,(H,) = 8 kJ-mol ™!

2949, Using the mechanism given in Problem 2948, determine the rate expression for [H] when the
initiation step involves an electric spark that gives rise to a rate f, of the hydrogen atom production.
Determine the rate expresions for [OH] and [O]. Assume that [O] ~ [OH] « [H], so now we can
apply the steady-state approximation to the intermediate species, O(g) and OH(g). Show that this
use of the steady-state approximation gives

_ K[HJ[O,]

[0] = and [OH] = 2k, [H][O,]

k,[H, ] ky[H, ]
Use these results and your rate expression for [H] to show that

drF]

== I, + (2k,[0,] — k,[O,]IMD[H]

We must add the rate /; to the rate expression for [H] we would find without the electric spark, so

JH

% == Iy — & [H][0,] + k,[O][H,] + k,[OHI[H,] — &,[HIO,][M]
4o
% — k,[H][0,] -+ k,[O][H,] ~ k,[OH][IL,]

d[o ' ' |

T2 — K HIO,] - KOl

Using the steady-state approximation for O and OH gives

0 =k [H][O,] — &,{O1[H,]
k [H][O,]
O — 1 2
(O] _kz H,]
0 = & [H][O,] + k,[OJtH, ] — &,[OH][H,]
k, [H][O,] + &,[O][H,]

[OH] =
k,(H ]
_ 2k, [H][O,]
k3 [H,]
Substituting into the rate expression for [H] gives
d[H
% = I, — k,[H][O,] + &,[O1[H,] + k,fOH][H, ] — £,[H][O,}[M]

k k,[HIH, O, 2k & [H J[HI[O,]
=1 — EFTHI[O 12 2 2 13 2 2
o — & H][O,] + L] + AN

= I, — &, [H]{O,] + &, [H][O,] + 2k [H][O,] — k,[H][C,][M]
= 1,2k [0,] - k,[O, JIMD)[H] '

— k,(H][O,][M]
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29-58. Consider the result of Problem 25-49. The rate of hydrogen atom production has a functional
dependence of

diH]

a5 = I, + (¢ — B)[H] )

Which step(s) of the chemical reaction are responsible for the magnitudes of o and 8? We can
envision two solutions to this rate law, one for o > 8 and one for @ < B. For o < § show that the
solution to Equation 1 becomes

[H] = (1~ e™#™0)

f
g—a
Plot [H] as a function of time. Determine the slope of the plot at short times. Determine the final
steady-state value of [H].

Write the rate expression for [H] as

d[H] _,
—; TE-oH =1,

This is of the form discussed in Problem 29-5, so

[H]=eﬂﬂmm[fefmdw%dr

(B-a) 1
— p(8-on [“3 I — &y

B—a® B—ua]
_ Iy _ Iy o~ _ I [1 _ e—(ﬁ—m)t]
-a p-a B-ua
We plot [H](8 — o) versus f below.
1.0
"-qo |
? 0.6
e L
0.2
L | | | |
)] 2 4 6
t 1 (B-a)

At short times the slope of the plot is /¢ and the final steady-state value of [H] is I,/(f — ).

29-51. We now consider the solution to the equation (Problem 29-50)

dH]
= {, + (¢ — B)[H]

when « > §. Show that the soluticn to this differential equation is given by

— IU (a—p)t
[H] = (e — 1)

Chemical Kinetics Il: Reaction Mechanisms

Plot [H] as a function of time. Describe the differences observed between this plot and that obtained
in Problem 29-50. Which case do you think is characteristic of a chemical explosion?

The solution is the same as in the previous problem, since the relative magnitudes of @ and 8
were not considered when solving the differential cquation. However, since o > 8, to make their
difference positive we can express the solution above in terms of & — B, instead of 8 — «. Then

[H] = -2 [1 — g=-or]

B—a
—1I
— 0 {o—f)
- o — .6 [1 —¢ l‘]
ID
— e—pr
R[]
We plot [H](« — B) versus ¢:
= 50F
2 L
i 30
6 —
T 1o}
| | f
0 1 2 3 4

ti{o- )

In this case the concentration of H does not converge as ¢+ — 00, and so this case is characteristic
of a chemical explosion.
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