Kinetic Mechanisms 1

Chapter 4 Problems

1. Consider the gas phase oxidation of HBr: 4 HBr + O — 2 H>O + 2 Br. The following
mechanism has been proposed:

ki

HBr + Oy - HOOBr
ko

HOOBr + HBr - 2 HOBr
ks

HOBr + HBr — H,O + Bn

Assume all unidirectional steps. Comment on the validity of this mechanism.

Answer: The forward steps in a mechanism must add to give the overall stoichiometry of the
reaction. To give the proper overall stoichiometry, the last step must be doubled.

HBr + Oy - HOOBr
HOOBr + HBr — 2 HOBr

2x (_HOBr + HBr —» HyO + Bry )
4HBr + O, — 2H,O+2Bn

The multiplier for a step in a mechanism is called the stoichiometric number. The stoichiometric
number for Step 3 is 2. The next issue is that this mechanism can only hold far from equilibrium.
Close to equilibrium a complete mechanism must include each step and its exact reverse.

2. For the H> + I reaction, H> + I, — 2 HI, the empirical rate law is

d[HI
L= % =k [H2][12]
The empirical rate law matches the stoichiometry of the reaction. Why can’t you conclude that
the mechanism is a simple single-step mechanism?

Answer: The reaction may occur by direct collisions of H> and I» molecules, but other
mechanisms that have lower overall activation energies or larger pre-exponential factors may
also be possible. The introductions to Chapters 3 and 4 discuss two alternate proposals. The
direct molecular and rapid pre-equilibrium proposals are kinetically equivalent and therefore
indistinguishable without additional experimental time course data for the concentrations of any
and all reactive intermediates.

3. The gas phase decomposition of acetic acid at 1189 K proceeds by way of two parallel
reactions:

(1) CH3COOH — CH4 + CO2 ki=3.74 5!

(2) CH;COOH — H,C=C=0 ko=4.655"!



What is the maximum ratio of HxC=C=0 to CH4 obtainable at this temperature?

Answer: The ratio of products during a parallel mechanism is always the same, Eq. 4.1.13:

[CH.] ki 3.745!

[H.C=C=0] ~ ko _ 4.65s"

4. The gas phase reaction, 2 NO + 2 H, — N + 2 H>0, is known to have the rate law:
v =k [NOJ*[H:]

Can this mechanism be a one-step mechanism? If not, suggest a possible two-step mechanism
and suggest the rate determining step. You can use unidirectional elementary steps.

Answer: The reaction cannot have a simple one-step mechanism because the empirical rate law
does not agree with the stoichiometry for the reaction. The rate law suggests (but does not
require) that the rate determining step may be termolecular:

2 NO + Hy - Nz + HyO» 1

The product H>O; is suggested by the difference: 2 NO + H, — N2 = H»2O». This reaction
produces stable products, which helps to justify the proposition. The hydrogen peroxide
produced must be an intermediate since it does not appear in the overall reaction. To suggest the
second step, we can “subtract” this first elementary step, Eq. 1, from the overall reaction, since
sum of the mechanistic steps should give the overall stoichiometry:

overall: 2NO +2H> —> N2 +2 H0O
first step: - (2NO+ Hz—> N;+H0)
remaining: H: + H202 —» 2 H20

This last step as an elementary process is a reasonable proposition for the second elementary
step. For this mechanism to agree with the given empirical rate law, the first step must be the
intrinsically slow step:

2 NO + Hz = N2 + H202 (slow)
H> + H2O02, = 2 HO (fast)

5. Use the finite difference approximation to integrate the rate law for a second order reaction,

A + B — P with a rate constant of 0.05 M™! s™!. Choose the initial concentrations [A]o = 1.00 M
and [B]o = 0.50 M. Integrate to at least 100 s. Use Excel for the integration. Compare to the exact
expression and the results from the Web based “Kinetics Mechanism Simulation” applet or
MathCad or MatLab.

Answer: Starting with the second-order rate law:
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dlA]_ d[B] _
a4t~ KI[AlB]

The finite-difference iteration formulas are:

[Al(t+ A0 = [A](H) -k [AI(D[BI(®) At

and

The spreadsheet for At =15 s is:

[BI(t + At) = [B](t) - k [A](D[BI(Y) At

A1 B C D E F

2

3 [Alo = 1| M

4 [Blo = 05| M

o) k= 0.05 | M's™!

6 dt= 5]|s

7 exact exact

8 t(s) [A] [B] extent [A]

9 0 1 0.5 0 1
10 5 0.875 0.375 0.105148 0.894852
11 10 0.792969 0.292969 0.181133 0.818867
12 15 0.73489 0.23489 0.238218 0.761782
13 20 0.691735 0.191735 0.282367 0.717633
14 25 0.658578 0.158578 0.317284 0.682716
15 30 0.632469 0.132469 0.345393 0.654607
16 35 0.611523 0.111523 0.368343 0.631657
17 40 0.594474 0.094474 0.3873 0.6127
18 45 0.580433 0.080433 0.403109 0.596891
19 50 0.568762 0.068762 0.416398 0.583602
20 55 0.558984 0.058984 0.427643 0.572357
21 60 0.550741 0.050741 0.437213 0.562787
22 65 0.543755 0.043755 0.445396 0.554604
23 70 0.537807 0.037807 0.452423 0.547577
24 75 0.532724 0.032724 0.458477 0.541523
25 80 0.528366 0.028366 0.463711 0.536289
26 85 0.524619 0.024619 0.468245 0.531755
27 90 0.52139 0.02139 0.472184 0.527816
28 95 0.518602 0.018602 0.475612 0.524388
29 100 0.51619 0.01619 0.4786 0.5214

The formula for C10 is: “=C9-$C$5*C9*D9*$C$6>

and for D10 is “=D9-§C$5*C9*D9*$C§6”.
The exact formula for the extent of the reaction is taken from the Chapter 3 Summary Table. The

“Kinetics Mechanism Simulation” applet setup is:

|,¢\ j+|El j+| j=||:> j+| j+| j kf-=|D-D5 k-fln

Bl ==

Initial Conditions:

AD:I1 EID:ID-5 Xﬂ:lD YD:ID PD:ID QD:ID 1‘\.'1:'1_

(Tl and M are constant concentration reservoirs, such a3 a barkground gas, the veszel walls, or a constant

PlotVariahles:IA "I IB 'l P i FBetterplot uality (requites Java)

Maxinum time: [150 Ti:nesteps:l?5ﬂ vl Initialize I Fuun Full | Stepl cl

and the applet result at 100 sis [A] =0.5213 M and [B] = 0.02134 M. The error for the simple
Excel version at 100 s is 2% and the error for the “Kinetics Mechanism Simulation” applet

compared to the exact analytical integral is 0.02%. The error for the very simple Excel version is
actually quite small given the simplicity of the approach. The error could be greatly decreased by
choosing a smaller At. The At for the Web applet version is At = max time/750 = 0.20 s, so it is




not surprising that the Web applet does better than the Excel version. However, the Web applet
also uses a better approximation technique, which is the “4" order Runge—Kutta” algorithm, to
further decrease errors. “Numerical Analysis” courses in Mathematics cover advanced methods
for integrating differential equations.

6. Use the finite difference approximation to integrate the rate law for the two step mechanism:

k1 kz
A+B—->X X—>P

with rate constants k; = 0.05 M s™! and ko = 0.2 s". Choose the initial concentrations [A]o = 1.00
and [B]o = 0.50 M. Use At =1 s for a maximum time of at least 50 s. Use Excel and compare to
the results from the Web based “Kinetics Mechanism Simulation” applet or MathCad or MatLab.
A useful comparison is to find the maximum concentration of the reactive intermediate.

Answer: We can extend the spreadsheet from Problem 5. The additional rate laws are:

UX]_ [AYB] - kelX] Lo x

The corresponding iteration formulas are:

[A](t+ At = [A](H) - ki [AJ(O[B](1) At
[B](t+ At) = [B](t) — ki [A]()[B](1) At
[X](t + At) = [X](t) + ki [AJ(®[B](t) At — k2 [X](t) At
[P](t + At) = [P](t) + ka [X](t) At

The first part of the spreadsheet for At =1 s is:

A1 B C D E F G

2

3 [Alo = 1| M

4 [Blo = 05| M

5 k1= 0.05 | M's”

6 k2= 0.2 | s’

7 dt= 1]s

8 check

9 t(s) [A] [B] X] [P] [AI+[X]+[P]
10 0 1 0.5 0 0 1
11 1 0.975 0.475 0.025 0 1
12 2 0.951844 0.451844 0.043156 0.005 1
13 3 0.93034 0.43034 0.056029 0.013631 1
14 4 0.910321 0.410321 0.064841 0.024837 1
15 5 0.891645 0.391645 0.070549 0.037805 1
16 6 0.874185 0.374185 0.0739 0.051915 1
17 7 0.857829 0.357829 0.075475 0.066695 1
18 8 0.842482 0.342482 0.075728 0.08179 1
19 9 0.828055 0.328055 0.075009 0.096936 1
20 10 0.814473 0.314473 0.07359 0.111938 1
21 11 0.801666 0.301666 0.071678 0.126656 1
22 12 0.789574 0.289574 0.069434 0.140991 1
23 13 0.778142 0.278142 0.06698 0.154878 1
24 14 0.767321 0.267321 0.064405 0.168274 1
25 15 0.757065 0.257065 0.06178 0.181155 1
26 16 0.747334 0.247334 0.059155 0.193511 1
27 17 0.738092 0.238092 0.056566 0.205342 1
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The formula for [A] in C11 is: “=C10-$C$5*C10*D10*$C$7”
for [B] in D11 is “=D10-$C$5*C10*D10*$C$7”
for [X] in E11 is “=E10+$C$5*C10*D10*$CS$7-$CS6*E10*$CS$7”
and [P]in F11 is “=F10+$CS$6*E10*$C$7”.

We also added a column to act as an error check, [A]+[X]+[P], from the mass balance during
the reaction. This column should always give [A]o. The “Kinetics Mechanism Simulation” applet
setup is:

N A S i S L

|
Eac i R R s I

Initial Conditions:

AD:I1 BD:ID-5 XU:ID YD:ID PD:ID QD:ID I\-'I:h_

(1] and I are constant concentration reservoirs, such as a background gas, the vessel walls, or & constant £

PlotVariahles:IA 'l I>< 'l IP 'l [™ Better plot quality (requires Java)

Maximum time: | 75 7] Time stops: | 750 =] _Initislize |[ RunFull | Step | ¢
The initial part of the applet output is:

time A B X P

0 1 0.5 0 0

2.5 0.9428 0.4428 0.04416 0.01302
5 0.8948 0.3948 0.06388 0.04135
7.5 0.8539 0.3539 0.07029 0.07582
10 0.8187 0.3187 0.06975 0.1115
12.5 0.7883 0.2883 0.06582 0.1459
15 0.7617 0.2617 0.06047 0.1779
17.5 0.7382 0.2382 0.05476 0.207
20 0.7175 0.2175 0.04921 0.2333
22.5 0.6991 0.1991 0.04408 0.2568
25 0.6826 0.1826 0.03946 0.2779

The maximum concentration for the reactive intermediate from the simple Excel version is
0.0757 M at 8.0 s, while the more accurate applet version gives 0.0703 M at about the same time.
At 10 s, where we have data for both approaches, the error is 6%. So the At=1 s is too long and
the Excel simulation should be repeated with much shorter At. The Web applet used At =75
$/750 =0.10 s, so the result of the Web applet should be much more accurate.

7. The purpose of this exercise is to understand the statement: “the intrinsically slow step is the
rate determining step.” (a) Plot the integrated time course for the first-order mechanism:

Ka
A—>P

using k. = 0.05 s™' and 0.20 s!. Plot both [A] and [P] for each case. Use an initial concentration
of [A]o= 1. Use the Web based “Kinetics Mechanism Simulation” applet or MathCad or MatLab.
(b) Similarly find the integrated time course for the consecutive first-order mechanism:

ky k
A—-X->P



Useki = 0.2 s and k, =0.05 s™'. Predict the step that will be the rate determining step. Plot the
time course for A, X, and P. To which curve in part (a) does the disappearance of A correspond,
k=0.05 or k=0.20 s7'? To which curve in part (a) does the appearance of product correspond?
According to the plot, which step is the rate determining step? Is the intrinsically slow step the
rate determining step?

Answer: Using the Web based “Kinetics Mechanism Simulation,” the single-step first-order plots
are:

k1 =0.05s! ki =0.20s"
1 1
0.9 1 > 09 P
0.8 0.8
0.7 0.7
0.6 - 0.6 -
o o
—0.5 - ~0.5
04 Z04 |
0.3 | A 0.3 1 \ o
0.2 0.2 1
0.1 - 0.1
0 ‘ ‘ 0 ‘ : ‘
0 20 40 60 0 20 40 60
t(s) t(s)

(b) The “Kinetics Mechanism Simulation” applet setup is:
1 e e s e s e s S R

— [ ]
|>< j+| j+| j=|P j+| j+| j kf=|D.DE kflu
I
Imitial Conditions:
AD:I1 EID:IU Xﬂ:lU YD:I|J PD:IU QD:I|J I\u'1:|1_

(1] and M are constant concentration resetvoirs, such as a background zas, the vessel walls, or a constant £

PlntVari.a]iles:IA 'l Ix "l IP 'l I¥ Better plot quality (recuires Java)
Maximum time: |75 7] Time steps: | 750 7] _Initislize | PunFull |[Step] ©

The “reservoirs” (green rectangles) are shown for t = 10 s, showing a significant concentration of
the intermediate. The plot is shown below. The disappearance of A corresponds to the curve in
part (a) for k, = 0.2 5!, that is, the faster rate constant. However, the appearance of product
corresponds to the curve for k, = 0.05 s!, that is the slower rate constant. So the appearance of
product is given by the slower second step. So, the rate determining step for the appearance of
product is the intrinsically slower step. Since ki >> ko, this is as we expected and the
intermediate is a stable intermediate. The concentration of the intermediate builds to a significant
fraction of the initial concentration of A. Note that the steady-state approximation would not be
appropriate for this case.
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0 20 40 60

8. Consider the reaction: H,O, + 2H" + 2 I' — I, + 2 H0. The following mechanism has been
proposed:

H"+T 2 HI rapid equilibrium
HI + H,O2 — H20 + HOI slow

HOI+T — I, + OH" fast

OH +H" - H,0 fast

Show that this mechanism is consistent with the experimentally determined rate law:
v =k [H'][I][H202]

Answer: The rate law for the disappearance of H>O» is:

d[H20s]

4 = ke [HI[H0;]

If the first step is a rapid pre-equilibrium, that is ki and k.1 >> k> then we can obtain the HI
concentration from the equilibrium expression:

Ke = (@) giving [HI] =K. [H][T]
[HI] Jeq
Substituting this value for [HI] into the rate law for H>O; gives:
d[H20s]
- =k Ke [H[I][H:0:]
d[H>O
For the overall reaction, H;O2 + 2H" + 2T — I, + 2 H,O: v =— Jfl . Fast steps after the rate

determining step don’t have an effect on the rate law for the disappearance of a reactant in the
rate determining step.



9. A possible mechanism for 3" order reactions is:

ki
A+M 2 AM
&
ko
AM+A ->A+M

d[A2] kiko[A] M
Show that the rate law can be expressed as: [ q tz] = kl_lzJ[r k]z[[ A]]

Answer: The plan is to use the steady-state approximation for the concentration of the reactive
intermediate AM. Use the steps in the generalized scheme in Section 4.2. Step 1: The rate law for
the formation of product is:

d[A

% =k [AM][A]
Step 2: The rate law for the formation of the reactive intermediate is equal to zero by the steady-
state approximation:

d[AM
J?l =ki[A][M] — k.1 [AM] — k2 [AM][A] = 0 (ki <<ko)
Step 3: Solving for the concentration of the reactive intermediate, AM, gives:
. ki[A][M]
ki[A][M] =k.1 [AM] + k2 [AM][A] giving [AM]= k1+—k2[A]

Since there is only one reactive intermediate, we can skip step 4.
Step 5: Substituting the concentration of the reactive intermediate into the rate law for the
formation of product gives the final desired result:

dAdd _,  fAIM] kil AP[M]
&t R v (AT TG olA]

Step 6: If k.1 >> ko[ A], then this mechanism is a pre-equilibrium mechanism and is third-order
overall. On the other hand, if ko[A] >> k.1, this overall rate law reverts to a second-order process.

10. Use the steady-state approximation to determine the rate law for the following mechanism:

k1 k3
A2B B+C —D
k>

Answer: The plan is to treat B as a reactive intermediate using the steady-state approximation.
Step 1: The rate law for the production of product is:

d[D
2Ly ey
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Step 2: The rate law for the formation of the reactive intermediate is equal to zero by the steady-
state approximation:

% =ki[A] - k2 [B] — k3 [B][C] = 0 (k1 << ks)

Step 3: Solving this last equation for the steady-state concentration of B gives:

ki[A]

ki[A]=k: [B] + ks [B][C] giving [B]=1-"7 "

Since there is only one reactive intermediate, we can skip step 4.
Step 5: Substitution into the rate law for the formation of product gives:

d[D] kiks[A][C]
dt ko +ks[C]

Step 6: If ko>> k3[C], is a pre-equilibrium mechanism, with Ke¢q = ki/kz, and then the process is
second order overall. If k3[C] >> ka, then the first step is the rate determining step making the
reaction first-order overall.

11. Determine the overall rate law for the proposed H> + I» mechanism:

ki
L(g 221

ki

k>

Hz (g) +1(g) = HI(g) +H(g)
ko'

H(g)+ L2 (g) > HI(g) +1(g)

Answer: The plan is to use the steady-sate approximation on both H and I atoms, as reactive
intermediates. Step 1 is to write the rate law for the formation of product:

d[HI

% = ko [H2][1] + ko' [H][12] 1

Step 2 for the steady-state mechanistic scheme is to find the rate law for the formation of the
reactive intermediates:

% = 2k [] -2 ka1 [1]? — k2 [H2][1] + k2 [H][I2] =0 b
% = ko [Ha][1] - ko' [H][2] =0 3

Step 3: To solve for the concentration of the reactive intermediate, I, add Egs. 2 and 3:
(2+3): 2k [L] -2k [I]* =0 4

and solve for [I]:
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(1= G:_IJ/ [L]" 5

We have two reactive intermediates in this problem. Note, however, if we add Eq. 3 to Eq. 1 that
the rate law for formation of product becomes:

d[HI
(1+3): %221(2 [Ho][1] 6
So only [I] is needed, which eliminates one of the unknowns. We can now proceed to Step 5 and
find the overall rate law by substituting the steady-state I concentration from Eq. 5 back into the
rate law for the formation of product, Eq. 6:

d[HI ki)” 1
I 0 () 7

This mechanism does not agree with the empirical rate law, and may contribute only at high
temperatures.

12. The decomposition of HI is given by the reaction 2 HI — Hz+ I». One proposed mechanism
is:

ki
HI->H+I

ko
H+HI—-H;+1

ks
21+ M->0L+M

Use the steady-state approximation to find the rate law for this mechanism. Show that this
mechanism does not agree with the experimentally determined rate law:

H
ﬂ(flz k [HI]?

Answer: The rate law for the production of H> from the second elementary step is:

d[H
[ dt2] =k, [H][HI]

This rate law is dependent on a reactive intermediate, so it is not in a form that would be
typically found from an experimental study. We need to use the steady-state approximation to
find the concentration of the reactive intermediate. To do this we need to assume that k<< ka.
Step 1 in the general scheme for the steady-state approximation is to write the rate law for the
formation of products, which we have already done, above. Step 2 is to write the rate laws for the
formation of any reactive intermediates. For the H atom:

ﬂd%l = ki[HI] — k2 [H][HI] = 0
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This rate law will allow us to solve for the H atom concentration in terms of the reactant, so we
don’t need to consider the formation of the other reactive intermediate, which is the I atom. Step
3 is to apply the steady-state approximation to the last equation by setting the rate of formation
of H atoms equal to zero. Then solving for [H] gives:

[H] =ki/kz

Step 5 is to substitute this value for the reactive intermediate back into the rate law for the
formation of products:

d[Ho] _

S = ke [HI[HI] = ki [HI]

Notice that to apply the steady-state approximation, we assumed that the first step was slower
than the second step. In other words, the slow step is the first step, which is unimolecular in HI.
This result does not agree with the experimentally determined rate law.

13. (a) Determine the integrated rate law for the Michaelis-Menten mechanism. Note that during
the portion of the reaction where the steady-state approximation applies, — d[S]/dt = d[P]/dt so
that Eq. 4.2.31 becomes:

d[S] ki [EJo[S]
dt (kM +[S)

[E]o([S]o + 1) ki
kn t

(b) Show that for short times, [S] is a linear function of time: [S] — [S]o =—

[Hint: you can approximate In(x) = x — 1, when x is close to 1.]

Answer: (a). Separating variables by cross multiplying:

kM—[JrS]E1 d[S]=-[E]o k1 dt

which simplifies to:

kwm

(E +1) d[S]=—[E]o k1 dt

The integration limits start at t= 0, [S] = [S]o:

[ () arsr——f v

The sum in the first integral can be split into two terms:
[S] [S]
km ln([S]\[S]O + [S]\[S]O =—[Elokit

Ko It (1S] ~ [S}e) =~ [Elokit
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(b). At the beginning of the reaction [S] = [S], and [S]/[S]o = 1 in the logarithmic term.
Remembering that the Taylor series for In x = x — 1, expanded about x =1, then:

S
km (ﬁ—l) + ([S]—[Slo) =—[E]o ki t

Factoring 1/[S], out of the first term in parentheses gives:

kv _ (kv _
(81 1810+ (8] - [S1) = (fe+ 1) (81 - S = - [Elekt

EJo[S]o k
Solving for the concentration difference gives: [S]—[S]o=— [kl\]/['[" []S] 1

which is a linear function of time.

14. Use the “Kinetic Mechanism Simulation” applet to numerically integrate the rate laws for the
Michaelis-Menten enzyme mechanism, Eq. 4.2.22. Set ko =0.40 M''s™! k.1 =0.1 s}, and ki=
0.10 s™'. Use the initial conditions [S]o = 1.0 M and [E], = 0.1 M. Such a large enzyme
concentration will make the plot scaling more convenient. (a). Plot [S], [ES], and [P] for a
maximum of 300 s to verify the linear time course for short times. (b). To observe the pre-
induction lag, using the same conditions, plot [ES] and [P] for a maximum time of 15 s.

Answer: In our Michaelis-Menten simulation, we will use the symbols:

A+B=X

X=P+B
where B is the enzyme, A is the substrate, X is the enzyme substrate complex, and P is the
product. The set-up for the “Kinetic Mechanism Simulation™ applet is:

2 =+[5 =+ ==K =+ =+ = x4 k01
H —
[x E+[ HE-+[ H-[> H-+[c H+[ B s il

Imitial Conditions:

gl By l01 w0 vy [0 Py /0 10 b
(1] and I are constant concentration reservoits, such as & barkground gas, the vessel walls, or a constant b

PlntVaria]iles:IA 'l IX 'l IP 'l rBetterplot juality (recuites Java)

Maxinoum time: | 300 - Timsmps:l?m vl Initialize I Fuun Full | Stepl Cle

The requested plots are:
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0.9 - 0.09
0.8 0.08 - /
0.7 0.07
_ P
o 06 | _0.06 - [
505 - £0.05 -
04 - 0.04 -
£03 | 0.03 IX]
0.2 0.02 -
0.1 1 0.01 -
0 T 0 = .
0 100 200 300 0 5 10 15

t(s)

A straight line is included for the shorter time scale plot to show the pre-induction lag. The linear
portion of the time course is offset from the origin.

15. Consider the Lindemann-Henshelwood Mechanism for first-order reactions. Compare the net
rate of the pre-equilibrium step to the rate of the unimolecular step during the majority of the
time course of the reaction. Look at the rate dependence after any induction period.

Answer: This portion of the time course is adequately approximated using the steady-state
approximation. The rate law for the formation of the activated molecule is:

% = ko[A]2 - ko [A*][A] - ki[A*] =0

Applying the steady-state approximation corresponds to setting this rate equal to zero. We can

rearrange this equation to place the rate terms for the appearance and disappearance of reactant
on the left and the rate terms for the appearance of product from the activated molecule on the

right:

k[AP? - k2[A¥][A] = ki[A*]
L+ — L. = L2
forward rate reverse rate
first step second step

In accordance with the results from Eq. 4.2.19, the terms on the left give the net rate of the
reversible first step and the term on the right gives the rate of the second step. As expected, these
rates are equal during the majority of the time course for the reaction.

16. The following mechanism has been proposed for an enzyme reaction with two substrates, A
and B:

K
E+A C EA
K1
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ko
FA+B—->EAB+Y

ks
EAB > E+P

where EA and EAB are enzyme substrate complexes. Assuming that k, and k3 are large
compared to ki, show that the mechanism gives the rate law:

d[P] ki ko [E][A][B]
dt  ki+k2[B]

Answer: The plan is to use the steady state approximation for both reactive intermediates EA
and EAB. Since the overall rate law is written in terms of the formation of product, we start with
the rate law for the formation of products.
The rate law for the formation of products is a function of the reactive intermediate EAB:
dpP
T ks [EAB] 1
The rate laws for the formation of EA and EAB are equal to zero by the steady state
approximation:

d[EA
% = ki[E][A] - k.1 [EA] —ko[EA][B] = 0 ?
d[EAB
—La—l=kﬂEAHB]—kﬂEAB]=O .
ki[E][A
Solving Eq. 2 for [EA] gives: [EA] = k_f% )
k
Solving Eq. 3. for [EAB] gives: [EAB] = k_j [EA][B] >
kiko [E]J[A][B
Substituting Eq. 4 into EQ. 5 gives: [EAB] = 11(32 (1£_I]J[r k]z[[B]]) 6

Substituting the concentration of the reactive intermediate from Eq. 6 into the rate law for the
formation of product, Eq. 1, gives the final rate law:

dP _ kiko[E][A][B]
dt = (ki + ko[B])

17. Consider the following proposed mechanism for the decomposition of ozone. M is an
unreactive gas molecule that collides with the ozone to break the ozone apart:

ko k"
O +tM20+0+M O0+03-5202
ko

Assume k'>>> k». Show that the rate law that corresponds to this mechanism is:
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d[O,] _3k%k [03]2[M]
dt  ko[O2][M] + k'2[O3]

Answer: The plan is to use the steady state approximation for the reactive intermediate O atoms.
Since the rate law is written in terms of the formation of the product Oz, we start with the rate
law for the formation of Ox.

For the formation of product:

d[Os] _

m ko [O3][M] — k2 [O2][O][M] + 2 k"2 [O][Os5] 1
Use the steady-state approximation for the reactive intermediate, [O]:
d[O] ,
a0 = k2[0s][M] - k2 [02][0][M] - K2 [O][03] = 0 2
Subtracting Eq. 2 from Eq. 1 cancels terms, eliminating the explicit dependence on [M]:
d[O
% =3 k2[0][0s] 3

Solving Eq. 2 for the concentration of the reactive intermediate gives:

__ k[0s)M]
ko [02] [M] +k'2[03]

[O]

d[Os] 3k ke [03]2[M]
dt  k2[02][M]+k"2[0s]

Substitute this result for [O] into Eq. 3:

18. Report all six of the rate constants for the kinetics of proton exchange in aqueous solution of
acetic acid, Figure 4.5.1. The reaction was studied at pH = 4.74 with the acetic acid and acetate
concentrations both 0.100 M. The rate constants determined from temperature jump kinetics
studies are k31 = 4.5x10'"° M s and ko3 = 1.8x10'° M! s'..! Use the data from Example 3.6.1 for
the auto-protolysis constants for water. The K. for acetic acid is:

_[H[OAC] _ s

Answer: Because of the cyclic mechanism, the number of independent rate constants is five. The
specification of the acid dissociation constant, K. = ki3/k31, relates ki3 and kzi. The auto-
protolysis equilibrium constant for water is K¢ = ko1/ki2, with water explicitly in the equilibrium
expression, Example 3.6.1. The auto-protolysis equilibrium constant for water relates k12 and ka;
giving three independent rate constants left to be to determined (Example 4.5.1). With the given
rate constant for the recombination of the proton and the conjugate base of the weak acid, k31 =
4.5x10" M 57!, and the K. we can find the weak acid dissociation rate constant:

ki3 = Ka k31 = 1.75x10° M (4.5x10"" M! sy = 7.9x10° 5! 1
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At equilibrium, the forward and reverse rates for the hydrolysis of acetate, (2)(3), are equal and
given by:

k32 [OAc][H20] = ko3 [OH][HOAC] 2

with the concentration of water explicitly given in the rate law. Since pH = 4.74, [H"] = 1074,
giving [OH] = 1026 = 5.50x107'° M. With the given rate constant for proton transfer from the
weak acid to hydroxide, kos:

k32 (0.100 M)(55.33 M) = 1.8x10'° M"! 57(5.50x 101 M)(0.100 M)
k32 =0.181 M 5! 3

with water explicitly in the rate expression. Alternatively, if the concentration of water is
combined with the k3> rate constant then Eq. 2 is written:

k32 [OAc] = ko3 [OH][HOACc]
k32 (0.100 M) = 1.8x10'° M! s (5.50x107'° M)(0.100 M)
k»=9.95"! 4

Instead of working with the rate laws directly, Eq. 2 and 4, we could have done this problem
equivalently using the equilibrium constant for the hydrolysis. Remembering from General
Chemistry that:

Kw [OH][HOACc]

— — -10
Ky = Ko [OAc] 5.76x107"' M 5

Then Ky = k3o/koz and from the given kos:

k32 =5.76x10"" M (1.8x10'"°M' s)=10.4 5! 6

where Eq. 4 and 6 differ because of round-off error.

Just a note on uncertainty; the relaxation times and rate constants are uncertain to about 30%,
so the number of significant figures is really only 1 for each result. The rate constants for the
auto-protolysis of water are given in Example 3.6.1:

ko1=1.35x10" Mg
ki2 = k21/Ke =2.45x107 s7!

19. The following mechanism has been proposed for the oxidation of HBr to Bra:

ki

HBr + O - HOOBr
ko

HOOBr + HBr - 2 HOBr
ks

HOBr + HBr — H,O + Bnp

To give the proper overall stoichiometry, this last step must be doubled. All the steps are
unidirectional. Show that the corresponding rate law can be expressed as:

d[Br]

it k1 [HBr][O2]
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Answer: There are two reactive intermediates in this mechanism, HOOBr and HOBr. The way to
determine that these are reactive intermediates is to note that neither HOOBr nor HOBr are
reactants or products. We will need to apply the steady-state approximation to both. Step 1: The
rate law for the production of product is:

d[Brs] _

at ks [HOBr][HBr] 1

Step 2: The rate laws for the formation of the reactive intermediates are equal to zero by the
steady-state approximation:

d[HOOB
% = ki [HBr][O2] - k2 [HOOBr][HBr] ~ 0 2
% = 2 ka [HOOBr][HBr] -2 ks [HOBr][HBr] = 0 3

The 2 k3 is required to give the proper overall stoichiometry. Step 3: Multiplying Eq. 2 by two
and adding to Eq. 3 gives:

2 ki [HBr][O2] — 2 k3 [HOBr][HBr] =0 4
and solving for [HOBr]:

ki [HBr][O2]

ks [HBr] >

[HOBr] =
Step 5: Substitution of this last equation into the rate law for the production of products, Eq. 1,
gives:

d[Br] _ ki [HBr][O2]
— K3

dt ks [HBr] [HBr] = ki [HBr][O2] 6

20. For some oscillating mechanisms the same cycle results, after a short initial period, no
matter the starting conditions. For such cases the plot of the oscillating concentrations is called a
limit cycle. Does the Lotka-Volterra mechanism give a limit cycle? [Hint: repeat Example 4.4.1
but with initial conditions [A]o =1 M and [B]o = 0.5 M. Does the same cycle result as in Figure
4.4.2b7]

Answer: The settings specified in Example 4.4.1 were used for the “Kinetics Mechanism
Simulation,” except with the new starting conditions. The new starting conditions give
the cycle shown below:
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2.00 +
1.75 ~
1.50 ~
1.25 ~
[B] 1.00 ~
0.75 4
0.50 -+
0.25 4
0.00

0 025 05 075 1 125 15 175
[A] (M)

The cycle concentration ranges are larger than Example 4.4.2b. The Lotka-Volterra mechanism
does not give a limit cycle. Similarly, Example 4.4.1 showed that no time dependence resulted
when the steady state concentrations were used as the initial conditions.

21. The Lotka-Volterra mechanism with all irreversible steps, Eqgs. 4.4.6, are unrealistic in
several ways. One result is that oscillations occur for too wide a range of rate constants and
starting conditions. In addition, the system does not evolve towards a steady state. Modify the
mechanism to include reversible reactions for the formation of A and B (steps 1 and 2), but leave
the formation of products as irreversible. Run a simulation with the same conditions as in
Example 4.4.1, except set the equilibrium constants for the formation of A and of B at 20.
Comment on the results.

Answer: The “Kinetic Mechanism Simulation” applet was set up as in Example 4.4.1, but with
the reverse rate constants for steps 1 and 2 set to 0.005, since Keq = ki/ks = 0.1/0.005 = 20.

I R 8 s s o s L 2

—_— .

[AEl+[e H+[ E=[ E+[6=]+[ = 101 k0005
-

[6 El+[ =+ E=[p E+[ =+ = kA0 k=0

Agh B! X, [0 Y, [0 P[0 Q10 M1

Plot Variables: IA "I IB 'l I 'l ¥ Better plot quality (requires Java)

Maximum time: [300 ] Time steps: [1500 | itialize | RunFull | Step | Clear

The resulting simulation is shown below.
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s 1 -----\\---,------\-_-,-’----\--—-’-:-- [B] 1.00 - start
= 08 - ~7 (M) 0.75 A
< 06 \ 1A o~ 050 1

0.4 + 0.25 -

0-2 1 0.00

0 0 02505075 1 1.25 1.5 1.75
0 100 200 300 [A] (M)

t(s)

The oscillations now last for a limited time and the system approaches the steady state. Choosing
an even smaller equilibrium constant for the first two steps damps out the oscillations. One of the
reasons that the reversible processes inhibit oscillations is that the initial conditions are not as far
from equilibrium. Notice also that the steady-state shifts slightly for the case with irreversible
reactions.

22. The “Brusselator” or “trimolecular” mechanism is a more realistic model for oscillating
systems than the Lotka-Volterra mechanism. The Brusselator displays most of the complex
phenomena associated with reactions far from equilibrium and is centrally important in the
development of non-equilibrium thermodynamics. The mechanism is:?

ki
M- A

ko
N+A-—> B+P

ks
2A +B = 3A

ks
A - Q

where M and N are held constant by running the reaction in a flowing system. A convenient set
of conditions for simulation is to set all the rate constants to 0.10, [M], = 1.00 M and

[N]o = 3.00 M. Run kinetics simulations using MatLab, Mathematica, or the “Kinetic Mechanism
Simulation” applet for three sets of initial conditions: (a) [A]o = [B]o = 1.00 M;

(b) [A]lo=1.00 M, [B]o =2.00 M; and (c) [A]o = 1.00 M, [B]o = 3.00 M, which are the steady
state concentrations. Run the simulation for 300 s. Because the concentrations change rapidly
over the time interval, you will need to choose a large number of time steps to ensure numerical
accuracy, choose 15000 time steps. Plot the concentrations of A and B.

Answer: The set-up for the “Kinetics Mechanism Simulation” applet is shown below. Notice the
large number of time steps to insure better accuracy for the numerical integration.
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Plot Variables: IA 'l IB 'l I 'l ¥ Better plot quality (requires Java)

Maximum time: |3DD vl Time steps: |‘|5000 vl Initialize | Run Full | Stepl Clearl

The output for the three runs is shown below:

6 - 6 -
5 4 5
— 4 4 -
>
= 3 [B]
= m)°
I 2 2 -
1 1 A
0 . : . 0 r . . .
0 100 t(s) 200 300 0 [A]Z(m)
Figure P22.1: [A]o = [B]o = 1.00 M Figure P22.2: [A]o = [B]o = 1.00 M
6 q 6 A
5 4 5
4 4
(8]
3 A [B] 3
M) M)
2 A 2 4
1 A 1 4
O T T T 1 0 T T T 1
0 Al (m) : 0 Vo 3 4
Figure P22.3: [A]o = 1.00, [B]o = 2.00 M Figure P22.4: [A]o = 1.00, [B]o = 3.00 M

In Figure P22.1, the concentration maximum at 220 s should be comparable to the previous
maxima; the appearance of the time course is distorted by the large time interval used for
plotting. Notice the similarity between Figures P22.2 and P22.3 at long times. Notice also that
when the reaction is started with the steady state conditions, [A]o = 1.00 M, [B]o = 3.00 M, the
reactions also oscillate, Figure P22.4. When run for longer time intervals, all initial conditions
result in the same cycle; the Brusselator gives a limit cycle (see Problem 20). See the next
problem for the derivation of the steady-state conditions.
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23. The Brusselator mechanism is given in the previous problem. (a). Find relationships for the
steady state concentrations of A and B in terms of the rate constants. (b). Find the steady state
concentrations for the conditions given in the previous problem: that is, all the rate constants
equal to 0.10, [M], = 1.00 M, and [N], = 3.00 M.

Answer: The plan is to use the steady-state approximation for the intermediates A and B.
The rate laws for the appearance of A and B are set to zero, according to the steady-state
approximation. For intermediate B:

d[B
Jd?l =ka[N][A] - ks[A[B] =0 1
k Alss
Solving for [B]ss gives:  [Blss = _zlqm[]i]_z]_ ’

The rate law for the appearance of [A] is:

d[A
% =ki[M] — ka2 [N][A] — 2ks[A]*[B] + 3ks[A]*[B] — ka[A] = 0
= ki[M] — ko [N][A] + ks[A][B] — ka[A] = 0 4

Substituting the equation for [B]ss into this last equation gives:

ki[M] — ko [N][A] + k2 [N][A] — ka[A] =ki[M] — ks[A] =0 5

k
Solving for [Alss gives: [Alss = k—l [M] 6
L . . _ koka[N]

Substitution of Eq. 6 into Eq. 2 gives: [B]s = Kk [M] 7

(b). Egs. 6 and 7 give the steady-state conditions as:

~ (0.1)(0.1)[3.00 M]
= (0.1)(0.1)[1.00 M]

0.1
[Als =57 [1.00M] = 1.00 M and [Bss =3.00M

as given in the previous problem.

24. The Belousov-Zhabotinsky reaction is an oscillating reaction based on the oxidation of
malonic acid with KBrOs, which is catalyzed by Ce(IV):

3 CH2(COz2H)2 +4 BrO3; — 4 Br + 9 CO2 + 6 H2O

The BZ reaction played a central role in the development of techniques to study oscillating
reactions and in the theory of non-equilibrium thermodynamics.?* The initiation step is the
generation of HBrO», the key reactive intermediate, from BrO3:

BrO3 + Br + 2H" — HBrO, + HOBr 1
The bulk of the HBrO, is produced auto-catalytically:
BrO3 + HBrO; + 2 Ce** + 3 H" — 2 HBrO; + 2 Ce*' + H,0O 2
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The intermediate HBrO; is consumed in the reactions:
HBrO; + Br + H" — 2 HOBr 3
2 HBrO, — BrO3 + HBrO + H* 4

The oxidation of malonic acid is complex, but a simplified version includes first the bromination
of malonic acid:

HOBr + Br + H" — Br, + H20 5
Br; + CH2(CO2H); — BrCH(CO2H), + H" + Br’ 6

and the oxidation of malonic acid and bromomalonic acid by Ce*':
Ce*" + 14 [CH2(CO2H), + BrCH(CO,H):] — V2 Br + Ce*" + products 7

The products include CO», H>O, and a mixture of organic acids. For modeling purposes, the
oxidation of the malonic acid by Ce(IV) is represented by the net Ce(IV) to Br~ stoichiometry
using:

CH»(COH), + Ce*" + HOBr — Ce*" + Br  + H' + products net 5-7

Field, Koros, and Noyes have developed a mechanism for the reaction that displays oscillations.
With steps numbered according to the mechanistic steps listed above, the FKN mechanism is:*?

ki
B+M—>A+P ki=1.28 mol Ls! 1
ko
A+M—-o2A+2C ko=8.0mol ! Ls’! 2
k3
A+B—-2Q k3= 8.0x10° mol! L s™! 3
ks
2A->Q+M ks =2.0x10° mol'L s™! 4
ks
C+N->B ks=1.0mol!'Ls"! net 5-7

with A = HBrO2, B =Br, C =Ce*", M =BrO3, N = malonic acid, Q = HOBr

The H" and Ce*" concentrations are roughly constant and are included through pseudo-rate
constants. M and N are held constant by a flowing reactor. This mechanism is also called the
“Oregonator.”

Do a numerical simulation of the FKN mechanism using MatLab, Mathematica, or the
“Kinetics Mechanism Simulation™ applet on the companion CD or the textbook Web site with the
following conditions:

[M] =[BrO3] =0.06 M, [N]= [malonic acid] =0.02 M
[A]o = [HBrO2] =2.0x10'M, [B]o=[Br]=2.0x10"M, [C],=[Ce*']=1.0x10"* M.

Run the simulation for 750 s. Because the rate constants span almost six orders of magnitude,
you will need to choose a large number of time steps to ensure numerical accuracy, choose 7500
or more total time steps. Plot the concentrations of A and B.
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Answer: The set-up for the “Kinetics Mechanism Simulation” applet is shown below. Notice the
large number of time steps which insure better accuracy for the numerical integration.

[ S+ E+m = =[a=+[ El+[P = k128 k=0
[A =+ =l+[m = =[a=]+[c =+ = K-8 k=0
[A=l+[6 El+[ =1=[ =l+[2a]+[ =] k8es k=0
ARl +[ =+ El=[a = +M = +[ = K200 k=0
[E+lc H+NE-[ EH+FE =H+F 3 & ko

Ay [2e-7 ¥ o pD;lD Qy o M 006 | 002

Plot Variables: IA 'l IB 'l I 'I [V Better plot quality (requires Java)

Maximumtime:l?m 'lT'Lme steps:|15DDD vl Initialize | Run Full | Stepl Clearl
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25. Consider a reaction A 2 B at equilibrium that can occur via a catalyzed path and an
uncatalyzed path, with C the catalyst:

kac ka
A+C2B+C and A 2B
ksc ks

Show that if 10% of the forward process at equilibrium occurs by the uncatalyzed path that 10%
of the reverse process will also occur by the uncatalyzed path.

Answer: The overall rate law is given by:

L= did%l =—kac [A][C] — ka[A] + ksc[B][C] + ks[B] 1

At equilibrium the rate with respect to A is zero and then the overall forward rate is equal to the
overall reverse rate, L+ = v_:

kac [A][C] +ka[A] = ksc[B][C] + k[B] 2
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By detailed balance, the forward rate must be equal to the reverse rate for each elementary step
and then for the uncatalyzed path:

ka [A] =ks [B] 3
Dividing Eq. 3 by Eq. 2 gives the ratio of the uncatalyzed to the overall rate:
ka [A] _ kg [B] .
kac [A][C] + ka[A]  ksc[B][C] + ks[B]

The term on the left of the equality is the fraction of the forward reaction that proceeds by the
uncatalyzed path. The term on the right is the fraction of the reverse reaction that proceeds by the
uncatalyzed path. The fractions are then shown to be equal.

26. A random bi-substrate enzyme mechanism requires two substrates, but the substrates can
bind to the enzyme in either order. One example is an enzyme that phosphorylates a protein
using ATP as the phosphate source; ATP and the protein target are the two substrates. The

mechanistic steps are:
E+A 2 [EA]
E+B 2 [EB]
[EA]+ B 2 [EAB]
[EB] + A 2 [EAB]

all of which are assumed to be in quasi-equilibrium (in the same sense as the pre-equilibrium
mechanism). The production of product is assumed to be essentially irreversible:

[EAB] — E + products

Draw the quasi-equilibrium mechanistic steps as a four-state cyclic process, and give the
relationship among the corresponding rate constants.

Answer: The four states for the cycle are (1) E, (2) [EA], (3) [EAB], and (4) [EB]:
) ki () ki2

E+A+B |2 | [EA]+B E+A & [EA]
ka1 +B Ky +B
kia VT kay k™ ko Kia 47T kay ko™ ks
ka3 kp ks kp
[EB] + A 2 | [EAB] |— | E+ products [EB]+A & [EAB] - E+P
@ kas ©) kst
(a) Box model style (b) Conventional depiction
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The relationship of the rate constants around the cycle is the product of all the forward rate
constants divided by the product of all the reverse rate constants:

k12 ko3 k3s kai _
ka1 k32 ka3 ki

27. Consider the bidirectional reaction:
A 2B 2 C
The initial rate law for the reaction, starting with A only, is experimentally determined to be:

d[A
% = kobs,f [A]o

If the reverse reaction is run starting with C only, the initial rate law is determined to be:

d[C]
T =-= kobs,r [C]O
Why isn’t the equilibrium constant for the overall reaction given by the ratio of the initial

forward to the initial reverse rate constants, Kobs,/Kobs.r?

Answer: The given experimentally determined rate laws are for the system away from
equilibrium. Detailed balance only applies to reactions at equilibrium. For the reaction at
equilibrium, applying detailed balance:

ki ke
A 2B 2C
ki ko

Comparing to the given experimental initial rate laws we find that kobs,r = k1 and kobs,r = koo.
Rather, at equilibrium detailed balance gives:
_ kiko

koiko

See the next problem for a detailed analysis of the rate laws for the complete mechanism.

28. This problem is an example of finding the relationship among the rate constants in a
mechanism and the overall equilibrium constant, based on detailed balance. For the mechanism:

ki ke
A 2B 2C
ki ko

determine the rate law for the overall forward process, v+, and the rate law for the overall reverse
process, v., at equilibrium. Show that the ratio of the resulting rate constants gives the overall
equilibrium constant.
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Answer: The plan is to note that this problem is essentially like a steady-state approximation
derivation, but the steady state approximation is exact at equilibrium. The flow of the problem is
to formulate the overall rate law for A and then determine the portion that applies for the forward
reaction and the portion that applies for the reverse reaction.

The rate laws with respect to A, B, and C are:

dlA]_

a — ki [A] +ka[B] 1
L= KIAT - KB - Ka[B] + k() 2
% — ko[B] - k[C] :

At equilibrium, the change of the concentration of B with time is zero and the second rate law
equals zero:

ki[A] —ka[B] —ko[B] + k2[C] =0 4
Solving for [B] gives:

ki[A] + ko[C]
[B] = ki+k

Substitution into the rate law for A and taking a common denominator gives:

d[A] ki [A] + k-l(kl[A] + k-z[C]j _ (klk-l + k1k2) A+ (klk-l[A] + k-lk-Z[C]j

dt ki1+ko ki +ka k1 +ka
6
Cancelling terms gives:
dlA] _kiks k.1k
dt  Tki+k AT O !
The overall rate is given by:
_1de_ d[A] .
PTvdt T dt

In terms of the overall process A — C, near equilibrium we would write the overall rate law in
terms of the initial reactant and the final product:

d[A

Comparing Egs. 7 and 9, the first term in Eq. 7 is the rate law for the overall forward process and
the second term is the rate law for the overall reverse process at equilibrium:

kika  kako
V= g A V=1 115 [C] 10

The effective rate constants for the forward and reverse processes are:
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~_kiko ~ kiko
ke= itk and k= Ki+ko 11
and the ratio should give the overall equilibrium constant:
ki kiko
Ke =k "k 12

This result agrees with Eq. 4.5.12, which is required by detailed balance.

29. Using the Principle of Detailed Balance, show that the following mechanism generates the
expected overall equilibrium ratio when the reaction is at equilibrium:

ki
HIZH+I1
k.

ks _
H+ HI (—_> H2 +1 overall:

-l
ks “ [HI]? eq
2I1+MZ2L+M

ks

Derive the relationship between the rate constants and the overall equilibrium constant, starting

from the rate laws for each mechanistic step.

Answer: Detailed balance requires that each mechanistic step and its exact reverse must be at
equilibrium:

ki - _ -
S v =k [HI] -k [H][T] =0
K K _ﬁ_(@lﬂl}
<! "k, \ [HI] eq
ko vz = ko [H][HI] - ko [H2][1] =
H+HIZ2H,+1 2 > [H]HI 2 [HA1] =0
ko K _ﬁ_( H2 1 j
€2 " ko \[H][HI])eq
ks v3 =ks [I[M] — ks [L][M] =0
21+ MZ2L+M
ks K 3:£:(E1[M1)
ks \[IF[M]eq

The overall equilibrium constant is then

Keq = Keg,1 Keg2 Keg = (%jeq([%z[]gl]])eq&ﬁ;%Deq B (%)eq
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and the relationship to the rate constants give the ratio of the forward rate constants to the reverse
rate constants:

k1 k2 k3
Keq = Keq,l Keq,2 Keq,3 - k-lk-2k'3

30. The reaction A + B 2 D is proposed to have the following mechanism:
ki
A+B2C
k.
ko
C+MZ2D+M
ko

where C is a reactive intermediate and M is an inert gas in large concentration. (a). Show that
with appropriate approximations that the rate law is:

d[D] (k1k2[A] [B][M] — k.ik- [D] [M]j
dt k.1 + k2[M]

(b). In terms of the overall process, A + B — D, near equilibrium, the overall rate law in terms of
the initial reactant and the final product is:
d[D
L= chl =k [A][B] — k. [D]
Show that the equation in part (a) reduces to this last overall equation and find the relationship
between the overall equilibrium constant and the four rate constants for the mechanistic steps
from this equation. Discuss any approximations that you make for parts (a) and (b).

Answer: (a). The rate law for the formation of D is given as:

d[D

% =k> [C][M] — k-2 [D][M] 1
The rate law for the intermediate is:

= 1 [AYB] - ki [C] -k [CIM] + ke [DIM] =0 2

We apply the steady-state approximation to find the steady-state concentration of C. Note that
this approximation holds before the system reaches equilibrium, if C is a reactive intermediate:

ki [A][B] + k2 [D][M]

=" e M] 3
Substitution into Eq. 1 to gives:
2
d[D] _kiks [A][B][M] + ko ko [D][M]" k2 [D][M] 4

dt k.1 + k2[M]
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Taking a common denominator:

d[D] ki ks [A][B][M] + ko ko [D][M]* - k-1 k-2 [D][M] — ka k> [D][M]? 5
de k.1 + ko[M]

Canceling common terms:

d[D] kiks [A][B][M] — k.1 k2 [D][M]
de k.1 + ko[M]

(b). If M is a buffer gas in large concentration, then ko[ M] >> k. is reasonable in the
denominator, which gives:

d[D] kik ki k.

which is in the form:

ozd{%zkf[A][B]—kr [D] 8

forward  reverse
rate rate

At equilibrium, Eq. 7 is equal to zero giving:

ki ko ki ko e
o [A][B] — o [D]=0 (equilibrium)

O

and solving for the equilibrium concentration ratio gives:

_(_ID] Ckik
Ko™ ([A][B])eq‘k-l ks 10

as expected from detailed balance.

31. The reaction 2 A 2 C is proposed to have the following mechanism:
ki
AZB
k.

(a). Show that near equilibrium:

1d[A] _d[C] _ kik1[A] + k ik [C]
27t T dt —kl[A]‘( kot + ko[ A] )

(b). In terms of the overall process, 2A — C, at equilibrium we would write the overall rate law
in terms of the initial reactant and the final product:

_ 1dA]
VTTo gt

=ke[A] -k [C]
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Show that the equation in part (a) reduces to this last overall equation and find the relationship
between the overall equilibrium constant and the four rate constants for the mechanistic steps.

Answer: This problem can be done in several ways. For this answer, we will make the least
restrictive assumptions at each step to give the most general interpretation of the final result and
to give intermediate results that are as broadly applicable as possible.

(a). The rate law for the formation of A is given as:

% =—ki [A] + k1 [B] - k2 [A][B] + k2 [C] 1
The rate law for the intermediate is:
% = ki [A] =k [B] - k2 [A][B] + k2 [C] =0 )

We will apply the steady-state approximation to find the steady-state concentration of B. Note
that this approximation holds before the system reaches equilibrium. The steady-state
approximation becomes exact when the system reaches equilibrium. Applying the steady-state
approximation gives for [B]:

ki [A] + ko [C]
ki +ko[A]

[B] = 3

At steady state we can simplify Eq. 1 by subtracting Eq. 2 from Eq. 1 to give:
d[A
%=—2k1[A]+2k-1[B] 4

which holds away from equilibrium, as long as the steady-state approximation is valid.
Substituting in the concentration of the reactive intermediate then gives:

did%l =2k [A]+2k. klk[ﬂiig[]c] 5
rearrangement gives:
L (S :
(b). Taking a common denominator gives:
B 1d[A] _ (k1k_1[A] + kiko[A]? — kik [A] — k. ik [C]) .
2 dt k.1 +ko[A]

or cancelling terms:

1d[A] [ kiks k.ik
2 dr (k-l n kz[A]) [A) - (k-l n kz[A]) [C] 8

If B is a reactive intermediate, the equilibrium between A and B must favor A, such that
ki <<k.1. In other words, the reverse reaction for step one is rapid, with k.; a large number
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compared to ki. As the reaction proceeds, the concentration of A drops. When k.;>> ko[ A] this
last equation reduces to:

lM_(m) ) (k.lk_z)
2 dt Uk, )A€ 9
which is in the form:
1 d[A]
=5~ =k [AP -k [C] 0
forward  reverse
rate rate

At equilibrium, Eq. 9 is equal to zero giving:

(klkli_lA Z) [AT* - (kliljzj [C]=0 (equilibrium) 11

and solving for the equilibrium concentration ratio gives:

~ [C]) kik
Keq - ([A]2 eq_ k—l k_2 12

as expected from detailed balance.

Notice also, that at equilibrium Eq. 8 would also be equal to zero giving the same equilibrium
constant. In other words, the assumption that k.1>> ko[ A] is not necessary to find the
thermodynamic equilibrium constant.

32. For the reaction:

ki ks
Lo 21 H,+21—>2HI
k1

find the relationship of the experimentally determined, overall activation energy to the activation
energies for the individual mechanistic steps. Assume the rate law is:

d[HI] kik
=50 [y

Answer: The plan is to follow Example 4.4.2. However, we can also consider another method

based directly on the Arrhenius Law in the form k = A g FaRT,
Method 1 (based on Eq. 4.5.25): Taking the logarithm of the effective rate constant k = kiks/k.;
gives:

Ink=Inki+1Inks—1Ink,

The terms in the derivatives, at constant volume, are given by the corresponding activation
energies for each mechanistic step:

dink _dink; dinks dink; Eu Es Ew_Eu
dT ~ dT ' dT = dT RT 'RT RT RT
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Comparison with the overall activation energy gives: Ea = Ea1 + Ea3 — Ea-1

Method 2 (based on k = A ¢ ““RT): The overall reaction rate constant with activation energy Ea is
k = A e B/RT_ This form of the Arrhenius equation can also be applied to each individual
elementary step. For the individual elementary steps, for step 1: k1 = A € ®/RT, for the reverse
of step 1: k.1 = A.; € BRT and for the formation of product: ks = A3 € RT, Finding the ratio of
the individual rate constants in Arrhenius form gives:

- ki ks ~ A; e EaRT A, @ E/RT ~ A1 As
T Al ¢ Eal/RT A,

e_(Eal + Ea3 - Ea-l)/RT

k

The overall activation energy is again E; = Ea1 + Ea3 — Ea-1. The method based on Eq. 4.5.25 is
less susceptible to errors for complex rate laws if there are non-integer rate exponents.

33. Consider the Sn1 mechanism as a typical multi-step mechanism. For the case given in
Eq. 4.2.17, the rate law has the form:
d[P] . [RX][Nuc:]

a KT X

(k-1 [X-] >> ko[Nuc: ])

with the effective rate constant, k = k> ki/k.1. From Eq. 3.5.1, for the overall reaction with
activation energy E.: k = A € B/RT. This form of the Arrhenius equation can also be applied to
each individual elementary step. For the individual elementary steps, for step 1: k1 = A; € F«/RT,

for the reverse of step 1: k.1 = A1 € %/RT and for the formation of product: k = A, e F2RT,
Using these Arrhenius expressions, find the relationship between the overall pre-exponential
factor and activation energy and the pre-exponential factors and activation energies for the
individual elementary steps.

Answer: Finding the ratio of the individual rate constants in Arrhenius form gives:

ek A e ERT A | g Ea/RT CAA
Tk A e Eal/RT T AL

k e*(EaZ + Eal - Ea»l)/RT

We could also use the method in Example 4.5.2, based on Eq. 4.5.25, but we wouldn’t have
gotten the expression for the overall pre-exponential factor. The method based on Eq. 4.5.25 is
easier for complex rate laws.

34. The connection between detailed balance and forward and reverse reaction rates for a multi-
step mechanism is illustrated in Eqgs. 4.5.3-4.5.10. The rate laws are written for each individual
step in the mechanism, rather than the rate of appearance or disappearance of a particular
species. Symbolize the net rates of the individual mechanistic steps as v1, L2, and v3:

_1dg _1d&% _1dg
VITYV gt VEY g and VTR
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(a). Write the rate law for the appearance of intermediate A», the rate law for the appearance of
intermediate X, and the rate law for the appearance of product D in terms of v1, L2, and v3. The
purpose is to show the relationship between the species specific and step specific methods of
writing rate laws.

(b). For a multi-step mechanism at steady state, the rates of the individual steps are equal, Sec.
4.2. Use the results of part (a) for intermediates A and X to prove this statement for this example
mechanism. [Hint: apply the steady-state approximation].

Answer: (a). The rates of appearance for A>, X, and D written in the conventional manner is:

A2l WATIM] - ka[As]IM] — kas[A][B] + kxa[AT[X]

dt
d[X]
T ka[A2][B] — kxa[A][X] — kx[X] + kpc[C][D]
d[D
L2 1 X) ~ kel CIID)
Comparing these conventional rate laws to Egs. 4.5.7-4.5.9 gives:
d[A d[X d[D
Jd_tzlzln—l)z %1202—03 and Jdleln

(b). At steady-state, the rate of formation of the reactive intermediates is zero:

d[As] _ diX] _ _
dt = —-v2=0 d =v,-v3=0

Solving for the rates of the individual steps gives v1 = L2 = v3. At steady-state the net rate of
each mechanistic step is identical. There is no “slow” or “fast” step.

35. Consider the Sn1 mechanism, Eqgs. 4.2.6-4.2.7. The first mechanistic step is reversible and
the second is uni-directional. Symbolize the net rates of the two mechanistic steps as v1 and v2:

_1d& _1d&
V1=V gt and V2= g

(a). Write the rate law for the appearance of intermediate R* and the rate law for the appearance
of product R-Nuc in terms of v1 and v2. The purpose is to show the relationship between the
species specific and step specific methods of writing rate laws.

(b). For a multi-step mechanism at steady state, the rates of the individual steps are equal. Use
the result of part (a) for intermediate R to prove this statement for this example mechanism.
[Hint: apply the steady-state approximation].

Answer: The plan is to use Eqgs. 4.5.3-4.5.9 as a template for writing the step-specific rate laws.
(a). The rates of appearance for R" and product R-Nuc written in the conventional manner is:

: cl; = ki[RX] - ka[R"][X7] — ko[R"][Nuc:] 1
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ﬂdgl = ko[R*][Nuc:] 2

The step-specific rate laws are:

L1 =%%= ki[RX] - k. [RT][X] 3
V2 = % % =ka[R"][Nuc:] 4

Comparing the conventional rate laws, Egs. 1-2, to the step specific rate laws, Egs. 3-4, gives:

d[R7] _ g 4P
g —Li—L an, g = L2

(b). At steady-state, the rate of formation of the reactive intermediate is zero:

d[R"]
dt =v;—-v2=0 or VI=UV2

At steady-state the net rate of each mechanistic step is equal. There is no “slow” or “fast” step.
See also Eq. 4.2.19 for an alternate proof.

36. After a perturbation, the three unidirectional reactions in Eq. 4.5.1 approach a steady state
very differently than a reversible process approaches equilibrium; the approach of the
unidirectional steps to a steady state shows oscillatory behavior, but a reversible system
approaches equilibrium in an exponential process.*> (a) Use the Web based “Kinetic Mechanism
Simulation” applet or MatLab, Maple, or Mathematica to numerically integrate the rate laws for
the mechanism in Eq. 4.5.1. Set kag = 0.1, kac = kca = 0.05, and [A]o = 1 while [B], =[C], = 0.
Plot the approach to the steady state and verify the appearance of oscillations. (b) Change the
rate law to match Eq. 4.5.2. Set the forward rate constants as in part (a) and the reverse rate
constants to give the equilibrium constant for A 2 B as 2 and for B 2 C as 2. Compare the
approach to equilibrium with part (a).

Answer: (a) Using the “Kinetics Mechanism Simulation,” and [X] for [C], the model is set up as:

g s B s o P R e

IE+I_L,+|__,=IH+I_L,+I_L, k.f=|D-D5 kflu

m+|_;,+|__,=|,d\_;l+l_;,+l_;, kf=|D.DE kflu

Titial Conditions:

Agih BDZID Z>(.'.D:|D '!{'D:ID PD:ID QD:ID I\-'I:|1_

(Il and I are constant concentration reservoirs, such as abackground gas, the vessel walls, or a constant

PlntVari.ahles:IA 'l IB 'l I>< 'l FBetterplot quality (recpuires Java)
Maximum time: | 150 7 Tmsteps:l?m vl Initialize | Fun Full | Stepl Cl
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The resulting plot and a plot with the scale expanded in the vertical direction to show the
oscillations at longer times better are:

[Al, [B], [C] (M)

1.2 0.406
1 0.404 -
0.8 4\ [Al S 0.402
o
0.6 1 = 0.4 -
[B] =
0.4 1 [C] = 0.398 1
0.2 1 0.396 -
0 . . . 0.394
0 20 40 60 0

t(s)

50 100 150

(b) For A 2 B, given Kas = kt/k: = 2, then k; = 0.05. For B 2 C, given Kgc = kek; = 2, then k; =
0.025. Since this is a cyclic mechanism, from Eq. 4.5.16, w1th kca =0.05, then kac =0.2. The
setup with reversible steps is:

l__l [ E+[ E- l_;[+|8_;[+|__[ 501 o
FE - l__l—lEH—_l (5 T
TR o e

Inmitial Conditions:

AD:|W BD:ID }t:D:|D i |D PD:ID QD:ID M:h_

(] and M are constant concentration reservoirs, such as a background gas, the vessel walls, or a constant |

Plot Variahles: | # ¥ IB 'l X I™ Better plot quality (requires Java)
Maximutime: |75 7] Time steps: [750 =] _nitialize |[ PunFull | Step| c

The concentrations approach equilibrium smoothly, unlike the unphysical unidirectional case:

1.2
1 i
< 0.8
2 06 - [C]
o
= 0.4 -
< [B]
0.2 - [A]
0

0 20 40 60
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