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910 CRAPTER 35 Elementary Chemical Kinetics

FIGURE 35.1

Concentration s a funciion of time

for the conversion of reactant A inlo
product B. The concentration of A at

r = (s A}y, and the concentration

al B is 7ero. As the reaction procecds, the
loss of A results in the production of B,

A —» B
{Al "
[Big
8
g
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introduced in introductory chemisiry: the conversion of reactant “A™ into product “B.
The figure illustrates that, as the reaction proceeds, a decrease in reactant concentration
and a corresponding increase in product concentration are observed. One way to describe
this précess is to define the rate of concentration change with time, a guantity that is
referred to as the reaction rate.

The cventral idea behind chemical kinelics is that by monitoring the ralc at which
chemical reactions occur and determining the dependence of this rate on system
paramelers such as lemperature, concentration, and pressure, we can gain insight
tnto the mechanism of the reaction. Experimental chemical kinetics includes the
development of techniques that allow for the measurement and analysis of chemical
reactton dynamics. In addition 1o expertments, theoretical work has been performed
to understand reaction mechanisms and the undertying physics that govern the rates
of chemical reactions. The synergy between cxperimentul and theoretical chemical
kineties has provided for dramatic advances in this (ield.

3 5 2 Reaction Rates

Constder the following “generic” chemical reaction:

A+ B+ ... CHdD + (35.1)

In Equation (35.1), uppercase letters indicate a chemical species and lowercase letlers
represen; the stoichiometric coefficient for the species in the balanced reaction. The
number of moles of a species during any point of the reaction is given by

=0 + vt (35.2)

where n; is the number of moles of species 7 al any given time during the reaction, s is
the number of moles of species ¢ present before initiatton of the reaction, »; 1s related
to the stoichiomeltric coefficient of species i, and £ the extent or advancement of the
reaction equal to zero at the star of the reaction and one al completion. The advance-
ment variable allows us to quantify the rale of the reaction with respect 1o all species.
irrespective of stoichiometry (see the later discussion}. For the reaction depicted in
Equation (35.1), reactants will be eonsumed and products formed during the reaction.
To ensure that this behavior is reflected in Equation (35.2), v, is set equal to —1 times
the stoichtometric coefficient for reactants and is set equal to the stoichiometric coeffi-
cient for products.

The time evolution of the reactant and product concentrations is quantifted by
differentiating both sides of Equation (35.2) with respect to time:

dn,- d_g‘

; 35.3
ar U (35.3)
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TABLE 35.1 Relationship between Rate Law, Order, and the Rate Constant k'

Rate Law Order Units of &

R=+k
R = k[A]

Zero Ms™!
First order with respect to A 57!
First order overall

Second order with respect 1o A M5!

Second order overall

x
h

=
>

E

First order with respect 10 A Mg
First order with respect to B

Second order overall

=
||
:
>
‘@
a

First order with respect to A M5!
First order with respect to B
First order with respect 1o C

Third order overall

“In the units of &, M represents mol L™ or moles per liter.

The rate of this reaction in terms of [A[ is given by

R = d1A] 35.12
- dt (35.12)

Furthermore, suppose experiments demonstrate that at a certain temperature and pressure
the reaclion is first order in A, first order overall, and k = 40 5™ so that

R =k[A] = (405 H[A]

Equation (35.12) stutes that the rate of the reaction is equal to the negative of the time
derivative of [A]. Imagine that we perform an experiment in which {A] is measured as
a function of 1ime as shown in Figure 35.2. The derivative in Equation (35.12) is sim-
ply the slope of the tangent for the concentration curve at a specific time. Therefore,
the reaction rate will depend on the time at which the rute is determined. Figure 35.2
presents a measurement of the rate at two time points. + = Oms(1 ms = 107%s) and
1 = 30 ms. Atr = 0 ms, the reaction rate is given by the negative of the slope of the
line corresponding to the change in [A] with time, per Equation (35.12):

d[A] .
R1=[) = ——— =40 My
dt
However, when measured at 30 ms the rate is
d[A] -
Ri=yom. = — = 12 My
: dr

Notice that the reaction rale is decreasing with time. This behavior is a direct conse-
quence of the change of [A[ as a function of time, as expected from the rate law of
Equation (35.8). Specifically, at+ = 0,

Riog = 40571 [A),op = 4057 (I M) = 40 Ms™!
However, by ¢+ = 30 ms the concentration of A has decreased 1o (1.3 M so that the rate is
Ricaoms = 4057 [A]2qgme = 40 s7(0IM) = 12 M3

This difference in rates brings 10 the forefront an irmporiant issue in kinetics: how does
one define a reaction rate if the rate changes with time? One conventicon is to define the
rate before Lthe reactant concentrations have undergone any substantial change from
their initial values. The reaction rate obtained under such conditions is known as the
initial rate. The initial rate in the previous exumple is that determined at r = 0. [n the
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FIGURE 35.2

Meusurement of the reaclion rate. The
concentration of reactant A us a function
of 1ime is presented. The rate R is equal to
the slope ot the 1angent of this curve. This
slope depends on the Lime at which the
tangent is determined. The tangent deter-
mined 30 ms into the reaction is presented
as Lhe blue line, and the tangentat t = 0
is presented as the purple line.
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916 CHAPTER 35 Elementary Chemical Kinelics

for monitoring the pragress of a reaction. For example, consider the thermal decompo-
sition of PCls:

PClstg) = PChytgy + Claed

As the reaction procecds, for every gaseous PCls melecule that decays, twa giscous
product molecules are Tormed. Therelore, the (otal system pressure will increase as the
reaclion proceeds in o container with fixed volume. Measwrement ol this pressure
increase as a Junction of time provides information on the reaction kmetics.

More complex physical methads involve 1echnigues that are capable of monitoring the
concentration: of an individul species as o Tunction of time. Many of the spectroscopic
technigues deseribed inhis text are extremely useiud for such measureiments. For example,
clectronic absarption measurenients can be performed in which the concentration ol a

i
{ species is monitored using the electronic absomtion of o molecule and the Beer-Lambert
| law. Vibralional spectroscopic imeasturements using infrared absorption and Ramae scatter-
| ing cinr be employed to monitor vibeational transitious of reactants or products providing
| information on their consamption or production. Finally, NMR spectroscopy is o uselul
technique for folfowing the reaction kinelics of comples systens.

The challenge in chemical kinetios is w perfornm measurernents with sufficient time
reselution 1o monitor the clemistey of Tntesest. I the reaction is stow {seconds or
langer). then the chemical methods just described can be used 1o maonitor the Kinetics.
However, oy chemical reactions occur on tmescales as shorl as picoseconds
il (10717 %) and femtoseconds {10 '55). Reactions occurring on these shart limeseales

I are most casily studied using physical methods,

l For veactions that occur on thimescales as short as 1 ms (10 '3), stopped-Mow
technigues provide a convenient method by which 1o measure solution phase reactions.

i These rechnigues are exeeptionally popular for biochenical studies. A stapped-flow

experiment is illustrated in Figure 353, Two reactants (A and B) wre hebd in reservairs
connecled o o syringe pump. The reaction is initialed by depressing the reactant
syringes, and the reactants are mixed af the junction indicated in the figure. The reae-
tion is monitored by observing the change in absorbasee of the reaction niixture as i
function ol time. The temporal resolutions of stopped-flow reehiniques are gencrally
1 hintited by the e it takes for the reactints 1o mix.
Reactions that can be triggered by light are studied using flash photolysis technigues.
In Nash photolysis, the sample s exposed o o lemporal pulse of light that initiaes e
ceaction. Ulteafast light pulses as <hort as 10 Temtoseconds (1015 = 10 Y 8) i the visi-
hle region of the eleciromagaetic spectrum are avadlable such that reaction dyniumics on
{ this extreriely short or ultrafast fimeseale can e studied. For relerence, a 3000 cm
vibrational nixe has o period of roughly 10 fx: therefore, using short optical pulses
reactions can be initiated on the same limescale as vibrationa) molecalae motion, and s
capibility has opened up nwny exciting fields in chemical Kinetios, referred 10 as
femtochemistry. This capability has becrt used 1w determine the ultrafast chemical kinet-
ios associated with vision, photosynthesis, atmospheric processes, wid charge-carrice
dynamics in semiconductors. Very recently, fentochemiceal technigues have been extended
Lo the X-ruy region of the spectrunt, aflowing for the direct interrogation of photoinitiated
structural changes using time-resolved scattering echniques. Recent references to some
of this work are inctuded in the “For Further Reading™ section i the end of this chupter,

Light

f': v
Reactant A M . . ;

FIGURE 35.3
Schemate of a stopped-ow experiment.

r
!

Al
Two reactants are rapidly introduced ino ) ! !
cactants are rapidly introduced Mixing chamber et |
the mixing chamber by syringes. Afer . ; (e ¥ ,

- 1

miximg, the reaction kineles are moni- M3 k .
& . hine . Reactant B H . Stopping syringe
tored by observing the change in sample i . 4
. - . p
concentralion versus time. in this example k
by measuring te absomplion of light as a — Detector

function of 1ime alier mixing.
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FIGURE 35.4

Reactant concentration as a function of
time for a first-order chemical reaction as
given by Equation (35.27). (a) Plols off
fA] ax a function of (ine lor various rate
constants k. The rate constant of' a given
carve is provided n the figure. {(b) The
natural log of reactant concentration as a
function of time for a fin-order chemical
reaction ax given by Equation (35.28).

Equation (35.29) predicts that for a firsi-order reaction. a plot of the natural log of the
reactant concentration versus time will be o stratght line of slope —4& and vy intercepl
equal to the nalural log of the initial concentration. Figure 35.4 provides a comparison
of the cancentration dependences predicted by Equations (35.27) and (35.29) for first-
order reactions. 1t is important w note that the comparison of experimental data to an
integrated rate law expression requires that the varialion in concentralion with time be
aceurately known over a wide range of reaction times to delermine if the reaction
indeed follows a certain order dependence.

Half-Life and First-Order Reactions

The time it takes for the reactant concentration to decrease o ane-half” of ils initial
value is called the half-life of the reaction and is denuted us 1) 2. For a first-order reae-
tion, substitution of the definition (or I /2 inte Equation {35.29) results in the following:

A )2
—khy2 = ln(t{g]{) ) = -in2

in2
k
Notice that the half-life for a firsl-order reaction is independent of the initial concentra-
tion, and only the rate constant of the reaction influences 1 /2.

EXAMPLE PROBLEM 35.3

The decomposition of N2Oys is an important process in tropospheric chemistry. The
hulf-life for the first-order decomposition of this compound is 205 X 107 5. How long
will it take for a sample of N3Os 1o decay to 60% of its tnitial valuc?

o (35.30)

Solution
Using Equalion (35.29), the rate constant for the decay reaction is determined using
the hall-1tle as follows:

In2 In2

*2“()5 % l()T = A3 X T
BN 5

The tirne at which the sample has decayed (0 60% of its initiad value is then deter-
mined using Equation (35.27):

Yy

[N:Oq] = (].()[NgOﬁJ“ = [N'_uo_s](](‘_ﬂ 3100

0.6 = o 133X e N

~InfQ.6) 4
Slé v 10-5\:71 =7 =151 X Irs

-

Rudioactive decay of unstable nuclear isotopes is an importanl example of a
first-order process. The decay rale is usually stated as the hall-life. Example
Problem 35.4 demonstrates the use ol radicactive decay in determining the age of a
carbon-eontaining material.

’ EXAMPLE PROBLEM 35.4

Carbon-14 is a radioactive nucleus with a half-life of 5760 yeurs. Living matier
cxchanges carbon with its surroundings (for example, through CO4) so that a constant
level of MC is maintained, coresponding to 15.3 deeay events per minute. Once living
matter has died. carbon contained in the matter is not exchanged with the surround-
ings. and the amoun of 'C that remains in the dead material decreases with time due
to radiouclive decay. Consider a piece of [ossilized wood thul demonstrates 2.4 4C
decay events per minute. How old is the wood?
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FIGURE 35.5

Reactant concentration as a funclion of
tinne Jor a type b second-order chemical
reaction. (a) Plows of [A as o function of
time Tor viriows rale conslants, The rale
constant of' & given curyve is provided in
the figure. (b} The inverse of reuctant
concentration as a function of time as
piven by Equation (35.35).

Equation (35.35) demonstrates that for a second-order reaction, u plot of the inverse of
reactant concentration versus time will result in  straight line having a slope ol &
and v intercept of 1/{A]y. Figure 35.5 presents a comparison belween [A] versus time
for a second-order reaction and 1/[{A| versus time. The linear behavior predicied by
Equation (35.35) is evident.

Half-Life and Reactions of Second Order (Type 1)

Recall that “half-life” refers 10 when the concentration of a reactant is hall of its initial
value, With this definition, the half-life for a type | second-order reaction is

{35.36)
Ko A o

fo
In contrast to first-order reactions, the half-lite for a second-order reaction is dependent
on the initial concentration of reactant, with an increase in initial concentration result-
ing in a decrease in f; ;2. This hehavior is consisient with a first-order reaction occurring
through a unimolccular process, whereas the second-order reaction is a himolecular
process that involves the interaction of two species (for examiple, through collision). As
such, the concentration dependence of the reaction rate is expected.

Second-Order Reaction {Type Il)

Second-order reactions of type H involve two different reactants, A and B. as follows:

A+B —A'- P {35.37)

Assuming that the reaction is first order in both A and B, the reaction rate is
R = \[A][B] (35.38)
In addition. the rate wilh respect to the tinse derivative of the reactant concentrations is
R=- d%?] = - dE[[:] (35.39)

The loss rate for (be reactants is equal, so
[AJo = [A] = [B]o — (B]
[Blo — [Ao + [A] = [B]
A+ [A] = [B] {35.40)

I

Equation (35.40) provides a definition tor [B] in terms of |A] and the difference in initial
concentration, {BJo—[Aly. denoted as A. Beginning wilh the case where A # (3 (that is.
the initial concenurations of A and B are nol the same) setting Equations (35.38) and
{35.39) equal resulis in the following expression:

dE:] = ~KAJ[B] = ~[AJ(D + [A])
(Ala + {A]
{Aln 0

Next, the solution 1o an integral of the previous form is given by

/ dx [ (c + .r)
———— = -—1In
Joxlce+ X 5 X

Using this solution, the integrated rate law expression becomes

_é—ln<£‘_{AgA])

[A]

= —kt
{AIO
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0 (isys
Blo — LAJ(,l (lAJ/\_A!u)

Equation (35.41) is applicable when [B]y # [Alg. For the case where [B]y = [Alg,
the concentrations of |A] and [B] reduce to the expression for a second-order reaction
of type | with k. = k. The time‘evolution in reactant concentrations depends on Lhe
amount of each reactant present. Finally, the concept of half-life does not apply to
second-order reactions of type I1. Unless the reactants are mixed in stoichiometnic pro-
portions (F:1 for the case discussed in this section), the concentrations of both species
will not be 1/2 their initial concentrations at the 1dentical time.

356 Numerical Approaches

For the simple reactions ouilined in the preceding section, an integrated rate law s
expression can be readily determined. However, there is a wide vanety of kinetic prob-
tems for which an integrated rate law expression cannot be obtained. How can one
compare a kinetic model with experiment in the absence of an integrated rate law? In
such cases, numerical methods provide another approach by which (o determine the
time evolution in concenirations predicted by a kinetic model. To illusirate this
approach, consider the following first-order reaction:

k
A—P {35.42)
The differential rate expression for this reaction is
d(A]
'—(“— = *k[A] (35.43)

The time derivalive correspands o the change in [A] for a time duration that is infini-
tesimally small. Using this idea, we can state that for a finite time duration Ar, the

. ; T At
change in [A] is given by 1 (Al
AfA) WA AlA]
A - A [Al,
A[A] = —Ark[A]) (3544 5 (Al .
<
In Equation {35.44). [A] is the concentration of [A] at a specific time. Therefore, we % —— (Al
can use this equation to determine the change in the concentration of A, or A[A], over 2
a time period Ar and then use this concentration change to determine the concentration §
at the end of the time period. This new concentration can be used to determine the 8 [A]
subsequent change in [A] over the next time period, and this process is continued until
the reaction is compiete. Mathematicalty,
[Alear = [A] + A[A] .
- T f
= [A], ~ kar[A], (35.45) 0 50 100
In Equatton (35.45). | A, is the concentration at the beginning of the time interval, and Time/ms

[A];+a is the coneentration at the end of the time interval. This process is itllustrated in = FyGURE 35.6
Figure 35.6. In the figure, the initial concentration is used to determine A{A] over the  Schematic representation of the numerical
time interval Ar. The concentration at this next time point, [A];, is used to determine  evaiuation of a rate law.
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FIGURE 35.7

Cormparisen of the numerical approxima-
tion method to the integrated rate law
expression for a first-order reaction. The
rate constanl for the reaction is 0.1 M s~
The time evolution in reactant concentra-
tion determined by the integrated rate law
expression of Equation (35.27) is shown as
the solid red line. Companson 1o three
numerical approximations is given, and the
size of the tiine step {in ms) employed for
cach approximation is indicaicd. Notice the
improvement in the numerical approxima-
tior as the lime step is decreased.

A[A] over the next time interval, resulting in concentration | Als. This process is con
tinued until the entire concentration profile is evaluated.

The specitic example discussed here is representative of the general approach
numerically integrating differential equations, known as Euler’s methed. Application
of Euler’s method requires some knowledge of the timescale of interest. and then selec-
tion of 4 time interval Ar that is sufficiently small o caprure the evolution in concentra
tion. Figure 35.7 presents a eomparison of the reaclant concentration delermined using
the integrated rate law expression for a firsi-order reaction to that determined numeri-
cally for three different choices for Ar. The figure illustrates that the accuracy of this
method is highly dependent on an appropriate choice for Ar. In practice, convergence
of the numerical model is demonstrated by reducing Af und observing that the predicted
evolution in concentrations docs not change,

The numerical method can be applied to any kinetic process for which differential
rale expressions can be prescribed. Euler’s method provides the most straightforward
way by which to predict how reactant and product concentrations will vary for a spe-
cific kinetic scheme. However, this method is "brule force™ in that a sufficiently small
time step must be chosen to accurately capture the slope of the concentration, and the
time steps may be quite small, requiring a targe number of ilerations i order to repro-
duce the full time course of the reaction. As such, Euler’s method can be computation-
ally demunding. More elegant approaches, such as the Runge—Kutta method, exist that
allow for larger time steps to be performed in numerical evaluations, and the interested
reader is encouraged to investigate these approaches.

357 Sequential First-Order Reactions

Many chemical reactions occur in a series of steps in which reactants are transformed
into products through multiple sequential elemenlary reaction sleps. For example, con-
sider the lollowing sequential reaction scheme:
by by

A—]—P (35.46)
In this scheme, the reactant A decays 1o form intermediule 1. and this intermediale
undergoes subsequent deeay resulttng in the formation of product P. Species | is known
as an intermediate. The sequential reaction scheme illustrated in Equation (35.46)
involves a series of elementary first-order reaclions. Recognizing this, the differential
rate expressions for each species can be written as follows:

d[A]

i ~ka{A] (35.47)
dfl]

7 = ka[A] = K1) (35.48)
diP]

s k1] (35.49)

These expressions follow naturally from the elementary reaction steps in which a
given species participates. For example. the decay of A occurs in the first step of the
reaction. The decay is a first-order process, consistent with the differential rate expres-
sion in Equation (35.47). The formation of product P is also a first-order proccss per
Equation {35.49). The expression of Equation (35.48) for intermediate [ reflects the
fact that I is involved in both elementary reaction steps, the decay of A (ka[A]), and
the formation of P (—#,([1]). Correspondingly, the differentiat rate expression for [1} is
the sum of the rates associated with these two reaction steps. To delermine the concen-
trations of each species as a function of time, we begin with Equation (35.47), which
can be readily integrated given a set of initial concentrations, Let only the reaclant A
be present at + = () such that

[A]() # 0O “]0 =0 [P]() =10 (35.50)
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35.7 SEQUENTIAL FIRST-ORDER REACTIONS

With these initial conditions, the expression for [A] is exactly that derived previously:
(AT = [Alge * (35.51)

The expression for [A] given by Equation (35.51) can be substituted into the differen-
tial rale expression for [ resulting in

dfl]

dt

Il

kalA] = k(1]

=k {Alge™ — k(1] (35.52)

Equation (35.52) is a differential equation that when solved yields the following
expression for [I]:

Rt TR A (35.53)
Finally, the expression for {P] is readily determined using the initial conditions of the

reaction, with the initial concentration of A, [A]p, equal to the sum of all concentrations
forr > O

(Ao =[A] + [1] + [P]
(P] =[Al - {a]l - [1]

Substituting Equations (35.51) and {35.53) into Equation (35.34) results in the follow-
ing expression for [Pl:
ko7 = ket )
pl= = + 1A
[ ( E="%, [Alg

Although the expressions for [1] and [P] look complicated, the temporal evolution in
concentration predicted by these equations is intuitive as shown in Figure 35.8,
Figure 35.8a presents the evolution in concentration when &, = 24;. Notice that A
undergoes exponential decay resulting in the production of I. The intermediate in
turn undergoes subsequent decay to form the product. The temporal evoluation of [I]
is extremely dependent on the relative rate constants for the production &4 and decay
k;. Figure 35.8b presents the case where k4 > ;. Here, the maximum intermediate
conceniration is greater than in the first case. The opposite limit is illustrated in
Figure 35.8c, where k, < &, and the maximum in intermediate concentration is sig-
nificantly reduced. This behavior is consistent with intition: if the intermediate
undergoes decay at a faster rate than the rate at which it is being formed, then the
intermediate concentration will be small. Of course, the opposite logic holds as evi-
denced by the k4 > k; example presented in the Figure 35.8b.

(35.54)

(35.55)

A
IP] N

ka=2k ky=8k,

A

[XMAl
[XMAly

< U

0 100 0 100
Time/s

Timels

[(XM(Aln

925

FIGURE 35.8

Concentration profiles for a sequential
reaction in which the reactant (A. blue
line} forms an intermediate (1, purple
line) that undergoes subsequent decay
to form the product (P, red line)

where (a) k4 = 2k; = 0.15 'and

(b} k4 = 8k, = 0.457". Notice that
both the maximal amount of I in addi-
tion to the time for the maximum is
changed relative 1o the first panel.

(c} ky = 0.025k; = 0.0125s™". In this
case. very little intermediate is formed,
and the maximum in {I] is delayed rela-
tive Lo the first (wo examples.

14 k4=0.25k,
[A]
{P]
U]
0
0 100
Time/s
(c)
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357 SEQUENTIAL FIRST-ORDER REACTIONS

When is the rate-determining step approximation appropriate” For the two-step
reaction under consideration. 20-fold differences between rate constants are sufficient
to ensure that the smalter rate constant will be rate determining. Figure 35.9 presenls
a comparison for P} determined using the exact result from Equation (35.55) and the
rate-limited prediction of Eguations (35.58) and (35.59) for (he case where
ka = 20k, = 1 57" and where &k, = 0.04k, = 0.02 57", In Figure 35.94, decay of the
intermediate is the rate-limiting step in product formation. Notice the rapid reactant
decay. resulting in an appreciable intermediate concentration, with the subsequent
decay of the intermediate reflected by a corresponding increase in | P]. The similarity of
the exact and rate-limiting curves for [P| demonstrates the validity of the rate-limiting
approximation for this ratio of rate constants. The opposite limit is presented in
Figure 35.9b. In this case. decay of the reactant is the rate-limiting step in product for-
mation. When reactant decay is the rate-limiting step, very little intermediate is pro-
duced. [n this case, the loss of [A] is mirrored by an increase in (Pl Again, the
agrecment between he exact und rate-limiting descriptions of |P| demonstrates the
validily of the rate-limiting approximation when a substantial difference in rate con-
stants for intermediate produclion and decay exists.

15.7 3 The Steady-State Approximation

Consider the following sequential reaction scheme:

LY L)
A—1 “’]2—"[)

(35.60)

In this reaction, product tormation resulis from the formation and decay of two interime-
diate species. 1y and 1. The ditferential rute expressions for this scheme are as follows:

{[A

([l ] = —k[A] (35.61)
[t

i _ [A] - ki[1] (35.62)
di A (L N
iz

([fn-] = -"(|[l|] - kz[lg] (35.63)
71

d[P]

= ka[ 1] (35.64)

A determination of the time-dependent concentrations for the specics involved in this reuc-
tion by integration of the ditferential rate expressions is not trivial; therefore. how can the
concentrations be determined? One upproach is (o use Euler’s method (Section 35.6) and
numerically determine the concentrations as a function of time. The result of this upproach
Jorkay = 0025 and k) = &, = 0.2 is presented in Figure 35.10. Notice that the rel-

ative magnitude of the rate constants results in only modest intermediale concentrations,
Inspection of Figure 3510 tllustrates that [1,] and [l2) undergo litile change with
time. As such, the time derivative of these concentrations is approxiinately equal to zero:
4l 1 1 o

el
Equation (35.65} is known as the steady-state approximation. This upproximation is
used to evaluate the differential rate expressions by simply setting the time derivative of
all intermediates to zero. This approximation is particularly good when the decay rate
of the intermediate is greater thun the rate of production so that the intermediates are
present at very small concentrations during the rcaction (as in the case illustrated in
Figure 35.10). Applying the steady-state approximation to 1; in our example reaction
results in the following expression for {1 ]:

dly],

et

(33.65)

(35.66)

i

927

1

=
<
S
0T i
0 100
Time/s
(2
1 -
(A] k4=0.04k,
’_Q
<
=
=
[ —
0 100
Time/s
(b)

FIGURE 35.9

Rate-limiting step behavior in sequential
reactions. (a) &, = 20k, = 157" such
thitt the rute-limiting step is the decay of
intcrmediate 1. In this case, the reduction in
[1) 15 reflected by (he appearance of [P].
The time evolution of |P) predicied by the
sequential mechanism is given by the
purple line. nnd the corresponding evolu-
tion assuming rate-himiting siep behavior,
|Pls. is given by the red curve. (b) The
opposite case fram part (a) in which

ky = 004k, = 0.02 s such that the
rate-limiting step is the decay ot reactant A,
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928 CHAPTER 35 Elemeniary Chemical Kinetics

{P]

[A]

[XMAln

[12}
[ty

¢ 200
Time/s

FIGURE 35.10

Concentrations determined by numerical
evaluation of the sequential reaction
scheme presented in Equation (35.60)
where k4 = 0.025 ' and

ki =&y =025

[XMAk

0 200
Time/s

FIGURE 35.11

Comparison of the numerical and steady-
state concentration profiles for the
sequential reaction scheme presented in
Equation (35.44) where k4 = 0.02 5™
and &, = k> = 0.2 5%, Curves correspon-
ding 1o the steady-state approximation are
indicated by the subseripl ss.

where the subscript ss indicates that the concentration is that predicted using the
steady-stale approximation. The final equality in Equation (35.66) results from integra-
tion of the differential rate expression for {A] with the initial conditions that {A]g # 0
and all other initial concentrations are zero. The corresponding expression for [[5]
under the steady-state approximation is

(I[lg]n
d =0= kl[ll].\‘.\ - k'.?[]l].\'.\'
k k
(L) = =L = 2 [Alge™* (35.67)
Finally, the differential expression for P is
d[P]\\ _k f
o = ka[lz] = kp[AJpe™" (35.68)
Integration of Equation (35.68) results in the now familiar expression for [P]:
[Pl = [Aln(t = ™) (35.69)

Equation (35.69) demonstrates that within the steady-slate approximation, [P] is pre-
dicted 10 demonstrate appearance kinetics consistent with the first-order decay of A.

When is the steady-state approximation valid? The approximation requires that
the concentration of intermediate be constant as a function of time. Consider the con-
centration of the first intermediate under the steady-state approximation. The time
derivative of [1;],, is

dLi]y  d(ka ) ) Q2
- = -l A = 2 ey
dr dt (k, [Aloe X, [Aloe (35.70)

The steady-state approximation is valid when Equation (35.70) is equal to zero, which is
true when &, > k3[A]y. In olher words, &, must be sufficiently large such that [I}]
is small al all times. Similar logic applies 10 I; for which the sieady-state approximation is
valid when &5 > k3[A]p.

Figure 35.11 presents a comparison belween the numerically determined concentrations
and those predicled using lhe steady-state approximation for the two-intermediate sequen-
tial reaction where &, = 0.02 5" and k; = k3 = 0.2 s™'. Natice that even for these con-
ditions where the steady-state approximation is expected to be valid, the discrepancy
between [P] determined by numerical evaluation versus the steady-state approximation
value, [P],,. is evident. For the examples presented here, the steady-state approximation is
relatively easy to implement; however, for many reactions the approximation of constant
intermediate concentration with time is not appropriate. In addition, the steady-state approx-
imation is difficult to implement if the intermediate concentrations are not isolated to one or
two of the differential rate expressions derived from the mechanism of interest.

EXAMPLE PROBLEM 35.6

Consider the following sequential reaction scheme:
LRy
A—1—P

Assuming that only reaclant A is present at ¢+ = 0. what is the expected time depend-
ence of [P] using the steady-state approximation?

Solution

The differential rate expressions for this reaction were provided in Equations (35.47),
(35.48), and (35.49):

di,?] = —ka[A]

d[1

UL Al = w1
ari_,

P
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CHAPTER 35 Elementary Chermical Kinetics

Figure 35.12 provides an illustration of the reactant and product concentrations fos this
branching reaction where kg = 2k = 0.1 57" A few general trends demonstrated by
branching reactions are evident in the figure. First, notice that the decay of A occurs with
an apparent rate constant equal to kg + k¢, the sum of rate constants for each reaction
branch. Second, the ratio of product concentrations is independent of time. That is, at any
time point the ratio[ B]/[C] is identical. This behavior is consistent with Equations (35.76)
and {35.77) where this ratio of product concentrations is predicied to be

(8] _ %

(€] 4
Equation (35.78) is a very interesting result. The equation states that as the rale con-
stant for one of the reaction branches increases relative 10 the other, the final concentra-
tion of the corresponding product increases as well. Furthermore, notice that the ratio
of the product concentrations in Equation (35.78) contains no time dependence; there-
fore, the product ratio will be the same throughout the course of the reaction.

Equation (35.78) demonstrates that the extent of product formation in a parallel
reaction is dependenl on the rate constants. Another way o view this behavior is with
respect 10 probability; the larger the rate constant for a given process, the more likely
that producl will be formed. The yield & is defined as the probability that a given prod-
uct will be formed by decay of the reactant:

(35.78)

Al

(IJ’ e
2k
"

In Equation (35.79), &, is the rate constant for the reaction leading to formation of the
product of interest indicated by the subscript i. The denominalor is the sum over all rate
constants for the reaction branches, The total yield is the sum of the yields for forming
each product, and it is normalized such that

Zd)f= [

In the example reaction depicted in Figure 35.12 where kg = 2k¢. the yield tor the for-
mation of product C is

(35.79)

(35.80)

_ ke ke oL

kg + ke (2ke) + ke B
Because there are only two branches in this reaction.®, = 2/3. Inspection of
Figure 35.12 reveals that [B] = 2[C], which is consistent with the calculated yields.

EXAMPLE PROBLEM 35.7

In acidic conditions, benzy] penicillin (BP) undergoes the following parallel reaction:

b (35.81)

BP P,
o COCH Ae COCH
S B e
S }/Ls
H
“‘1/ ' &3 HOOC
0
o)
R2—<
N N H HOOC o
N
COOH cr7 T 4 co,
HS HoN SH
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FIGURE 35,13

A schematic drawing of the energy profile
{or a chemical reaction. Reactants must
acquire sufficient energy lo overcome the
activation energy £, for the reaction to
occur. The reaction coordinate represents
the bonding and geometry changes that
accur in the transformation of reactants
into products. Shown here are Boltzmann
distributions of melecular transtational
energy {£,q,,) al 200 and 500 K. Natice
that the fraction of molecules with transla-
uonal energy greater than £, increase
with (emperature.

Solution

A plot of In(k,) versus 7" is shown here;

—-B

In(kis™ ")

.

I 1 1
0.0032 0.0033 0.0034
UT K™Y

The data are indicated by the points, and the solid line corresponds to the lingar leust-
squares fit to the data. The equation for the line is

!
In(k) = (6300 K)o + 141
As shown tn Equation {35.83), the slope of the line is equal 1o — E,/R such that
E, _ -
6300 K = 7‘: E, = 52,400 ) mol™ = 52.4 kJ mol™

The y intercept is equal to In(A) such that

The origin of the energy term in the Arrhenius expression can be understood as fol-
lows. The activation energy corresponds to the energy needed for the chemical reaction
to occur. Conceplually, we envision a chemical reaction as occurring along an energy
profile as illusirated in Figure 35.13. If the energy content of the reactants is greater than
the activation energy, the reaction can proceed. In Figure 35.13 Boltzmann distributions

A=¢e" =133 x 105!

— 200K

Energy

Reactants Products

Fraction of molecules with a
specific Bz

Reaction Coordinale
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of translational energy at 200 K and 500 K are presented. Notice that the number of mol-
ecules with translational energy greater than £, increases with temperature. This behav-
ior is captured in the exponential dependence on the activation energy, given by
exp(— £,/ RT). At fixed temperature, as the activation energy for a reaction increases the
fraction of molecules with sufficient energy to react will decrease, and this will be
reflected as a decrease in the reaction rate.

Not all chemical reactions demonstrate Arrhenius behavior. Specifically, the inher-
ent assumiption in Eguation {35.83) is that both £, and A are temperature-independent
quantities. There are many reactions for which a plot of In (k) versus T does not yield
a straight line, consistent with the temperature dependence of one or both of the
Arrhenius parameters. Modern theories of reaction rates predict that the rate constant
will demonstrate the following behavior:

k= aTme-E'/RT

where o and E' are temperature-independent quantities, and m <an assume values
such as [, 1/2, and —1/2 depending on the details of the theory used to predict the
rate constant. For example, in the upcoming section on activated compicx theory
{Section 35.14), a value of m = 1 is predicled. With this value for m., a plot of In(k/T)
versus 77! should yield a straight line with slope equal to —E'/R and the y intercept
equal to In{a). Although the [imitations of thc Arrhenius expression are well known,
this relationship still provides an adequate description of the temperature dependence
of rcaction rate constants for a wide variety of reactions.

35 ’I Reversible Reactions and
. Equilibrium

In the kinetic models discussed in earlier sections, it was assumed that once reactants
form products, the opposite or “back” reaction does not occur. However, the reaction
coordinate presented in Figure 35.14 suggests that, depending on the energetics of the
reaction, such reactions can indeed occur, Specifically, the figure illustrates that reuc-
tants form products if they have sufficient energy to overcome the activation energy for
the reaction. But what if the reaction coordinate is viewed from the product’s perspec-
tive? Can the coordinate be followed in reverse, wilh products returning to reactants by
overcoming the activation energy barrier from the product side £, of the coordinate?
Such reversible reactions are discussed in this section.

Consider the following reaction in which the forward reaction is first order in A,
and the back reaction is first order in B:

ka
AT——8 (35.84)
".’l

Energy

Reactants

FIGURE 35.14

Reaction coordinate demenstrating the
activation energy for reactants to form
products £, and the back reaction in

Products

Reaction cocrdinate which products form reacrants E.
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35.10 REVERSIBLE REACTIONS AND EQUILBRIUM 935

product concentrations are sufficiently close to equilibrium, and the change in these
concentrations with time is so modest that approximating the system as having
reached equilibrium is reasonable. This time is indicaied by 1., in Figure 35.15,
where inspection of the figure demonstrates that the concentrations are at their equi-
librium values for times > /,,. After equilibrium has been established, the reactant
and product concentrations are time independent such that
d[AL,  d[Bl,
o T 0 (35.93)

The subscripts in Equation (35.93) indicate that equality applies only after equilibrium
has been established. A common misconception is that Equation (35.93) states that at
equilibrium the forward and back reaction rates are zero, Instead, at equilibrium the
torward and back reaction rates are equal, but not zero, such that the macroscopic con-
centration of reactant or product does not evolve with time, That is, tbe forward and
back reactions still occur, but they occur with equal rates at equilibrium. Using
Equation (35.93) in combination with the differential rate expressions for the reactant
|Equation (35.85)], we arrive at what is hopefully a famtliar relationship:

dlA], d(B).

A 2Bl 0= —ka[Alg + k5{Bley

dr di
hy  [Bley
- =K, (35.94)
ki LA |t'q

In this equalion, K. is the equilibrium constant defined in terms of concentrations. This
guanfity is identical to that first encountered in thermodynamics (Chapter 6) and statis-
tical mechanics (Chapter 32). We now have a definition of equilibrium from the kinetic
perspective; therefore, Equation (35.94) is a remarkable result in which the concept of
cquilibrium us described by these three different perspectives is connected into one
deceptively simple equation. From the kinetic standpoint, X, is related 10 the ratio of
forward and backward rate constants for the reaction. The greater the forward rate
canstant relative 1o that for the back reaction, the mere equilibriem will favor products
over reactants.

Figure 35.16 itlustrates the methodology by wbich forward and backward rate con-
stants cin be determined. Specifically, measurement of the reactant decay kinetics (or
equivalently the product formation kinetics) provides a measure of the apparent rate con-
stant, k4 + kg The measurement of K, or the reactant and product concentrations at
equilibrium, provides a measure of the ratio of the forward and backward rate constants.

]

[Aloe—(h U kel

@
< ) Bl ks
E © [A)aq kB
0 J T — B
0 50 hog 100

Time/s

p -j ——————————————— e

1
1
]
:
B ]
1
v—\c ]
=9 '
% 1
1
|
A ]
|
1
‘.

0 | 1

0 50 g 100
Tima/ls

FIGURE 35.15

Time-dependent concentrations in which
both forward and back reactions exist
between reactant A and product B. In this
example, ky = 2kg = 0.06 57", Note that
the concentralions reach a constant value at
longer limes (¢ = 1,.,,) ut which point the
reaction reaches equilibrium.

FIGURE 35.16

Methodology for determining forward and
buckward rate constanls. The apparent
rate constanl for reactant decay is equal to
the sum of forward k4 and backward &g
rate constanis. The equilibrium constant 15
cqual to &,/ kg. These iwo measurements
provide a system of two equations and
two unknowns that can be readily
evalualed to produce k4 and kg.
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Together, these measurements represent a system of two equations and two unknowns
that can be readily solved to determine k4 and k.

EXAMPLE PROBLEM 35.9

Consider the interconversion of the “boat™ and “chair” conformalions of cyclohexane:
Y

Boat Chair

The reaction is first order in each direction, with an equilibrium constant of 107,

The activation energy for the conversion ol the chuir conformer to the boal conformer
is 42 kJ/mol. Assuming an Arthenius preexpanential factor of 12 £, what is the
expecled observed reaction rute constant w 298 K if one were Lo initiate this reaction
starting with only the boat conformer?

Solution
Using the Arrhenivs expression of Equation (35.82), &4 1s given by

.- —42.000 3 mol™
AeTERT = 1012 ¢Tlexp| - “_“E —=—
(8.314 ) mol™ K™')(298 K)

Il

ky

i

4.34 x 10757
Using the equilibrium constanl, £, can be determined as (ollows:

ka

197 =
kH

i

K,

ko= 100k, = 107434 X 107"y = 434 » 107!

Finally, the apparent rate constant is simply the sum of k4 and kg:

ku,up = kl\ + kB = 434 x l(}” Sﬁl ‘

Vo s

351 1 Perturbation-Relaxation Methods

The previous section demonstrated thut for reactions with appreciable forward and
backward rate constants, concentrations approaching those at equilibrium will be estab-
lished at some later time after initiation of the reaction. The forward and backward rate
constants for such reactions can be determined by monitoring the evolution in reactant
or product concentrations as equilibrium is approached and by measuring the concen-
trations at equilibrium. But what if the initial conditions for the reaction cannot be
conirolled? For example, what if it is impossible to sequester the reactants such that ini-
tiation of the reaction at a specified time is impossible? In such sitnations, application
of the methodology described in the preceding section to determine forward and back-
ward rate constants is not possible. However, if one can perturb the system by changing
temperature, pressure, or concentration, the system will no longer be at equilibrium and
will evolve until a new equilibrium is established. If the perrbation occurs on a
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FIGURE 35.17

Example of a temperalure-jump experi-
ment for u reaction in which the forward
and buckward rate processes are first
order. The orange and light green portions
of the graph indicate times beforc und
after the temperature jumnp, respectively.
After the temperature jump, (A} decreases
with a time conslant refaled o the sum of
the forward and backward rate constants.
The ¢hange belween the pre-jump and
post-jump equilibrium concentralions is
given by &,

[Alpq, pre-fump —

4 T={ka" + kg') !

[A]sq 1T

[Bleg -

Concentration

[Bleg, Pre~jump —

Time

Employing the relaxation time, Equation (35.100) ix readily evalualed:

e _ ¢
dr T
¢ .
dE' ] )
?,' = 7 dt
fo Q
£=¢ e (35.102)

Equation (35.102) demonstrates that for this reaction the concentrations will change
exponentially, and the relaxation time is the time it takes for the coefficient of reaction
advancement to decay to ¢ ' of its initial value. The timescale for relaxation afler the
ternperature jump is related to the sum of the forward and backward rate constants.
This information in combination wilh the equilibrium constant (given by measurement
of [Al, and [B],,) can be used to determine the tndividual values for the rale
constants. Figure 35.17 presents a schematic of this process.

3512

In the autoionization of water, the equilibrium of interest is the foltowing:

") The Autoionization of Water:
Z_ A Temperature-Jump Example

k
H;0(aq} .T_L H*(aq) + OH (agq) (35.103)
The reaction is first order in the forward direction and second order in the reverse direc-

tion. The differential rate expressions that describe the temporal evolution of H,0 and
H* concentrations are as follows:

d[l:ij] = —k;(H0] + & [H"][OH"] (35.104)
d[; - kg[H0) = & [H")[OH"] (35.105)

Following a temperature jump to 298 K, the measured relaxation time constant was 37 ps.
In addition, the pH of the solutton is 7. Given this information, the forward and back rate
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CHAPTER 35 Efementary Chernical Kinetics

FIGURE 35.18
Definition of geometric coordinaies for
the AB -+ C — A + BC reaction.

Notice the substantial difference between the forward and backward rale constants,
consistent with the modest amount of autoionized species in water. In addition, the for-
ward and reverse rate constants are temperature dependent, and the auloionization con-
stant also demonstrates temperature dependence.

' Potential Energy Surfaces

In the discussion of the Arrhenius equation. the energetics of the reaction were identi-
fied as an important factor determining the rate of a reaction. This connection between
reaction kinetics and energetics is central o the concept of the potential energy surface.
To illustrate this concept, consider the foltowing bimolecular reaction:

AB + C—A + BC (35.112)

The diatomic species AB and BC are stahle, bui we will assume that the irtatomic
species ABC and the diatomic species AC are not formed during the course of the reac-
tien, This reaction can be viewed ax the interaction of three atoms, and the potential
energy of this collection of atoms ¢an he defined with respect 10 the relative positions in
space. The geometric relationship hetween these species is generally defined with
respect 1o the disiance belween two of the three atoms (R and Rye) and the angle
formed between these two distances, as illustrated in Figure 3518,

The potential energy of the system can he expressed as a function of these coordi-
nates. The variation of the potential energy with a change along these coordinates can
then be presentcd as a graph or surface referred 1o as a potential energy surface.
Formally, for our cxample reaction this surface would be four-dimensional (the threc
geometric coordinates and energy). The dimensionality of the prohlem can be reduced
by considering the ent ‘getics of the reaction at a fixed value tor one of the geometric
coordinales. In our example reaction, the centers of A, B. and C must he aligned during
the reaction such that 8 = 180°. With this constraint, the potential energy is reduced to
a three-dimensional problem as shown in Figure 35.19. The praphs represent the varia-
tion in energy with displacement along R4y and Ry with the arrows indicating the
direction of increased separation.

Figures 35.19a and 35.19b illustrate the three-dimensional potential energy surfuce.
and the two minima in this surface corresponding to the stable diatomic molecutes AB
and BC. A more convenient way to view the potential energy surface is 10 use a two-
dimensional contour plot, as illustrated in Figure 35.19¢. One can think of this plot as a
view straight down onio the three-dimensional surface presented in Figure 35.19. The
lines on the contour plot connect regions of equal potential energy. On the lower lcfi-
hund region of the surface is a broad energetic plateau that corresponds to the energy
when the three atoms are separated or the dissociated state A + B + C. The pathway
corresponding to the reaction of B + C to form BC is indicated by the dashed line
between points @ and a’. The cross section of the potential energy surface along thix line is
presented in Figure 35.19d, and this contour is simply the potential energy diagram for the
diatomic molecule BC. The depth of the potential is equal Lo the dissociation energy of the
diatemic, D BC), and thc minimum along Rg¢ corresponds to the equilibrium bond
length of the diatomic. Figure 35.]9¢ presents the corresponding diagram for the diatomic
molecule AB, as indicated by the dashed line between points & and &” in Figure 35.19c¢.

The dashed line between points ¢ and d in Figure 35.19¢ represents the system
energy as C approaches AB and reacts (o form BC and A under the constraint that
& = 180°. This pathway represents the AB + C — A + BC reaction. The maximuin
in energy along this pathway is referred to as the transition state and is indicated by
the double dugger symbol, f. The variation in energy as une proceeds from reactanis to
products along this reactive pathway can be plotied to construct a reaction coordinate
diagram as presented in Figure 35.20. Note thal the transition state corresponds (0 a
maximum along the reaction coordinate; therefore, the activated complex is not a stable
species (i.e.. an intermediate) along the reaction coordinate.
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R4(BC) —

Aac

b
b
D,(AB)
i d
T 1 | T
A,(BC) Aag Ry(AB) Aag
(d) (e)

The discussion of potential energy surfaces just presented suggests that the kinetics
and product yields will depend on the energy content of the reactants and the relative
orientation of reactants. This sensitivity can be explored using technigues of crossed-
molecular beams. In this approach, reactants with well-defined energies are seeded into
a molecular beam that intersects another beam of reactants at well-defined beam
geomeltries, The products formed in the reaction can be analyzed in terms of their ener-
getics, spatial distribution of the products, and beam geometry. This experimental
information is then used to construct a potential energy surface {following a substantial
amount of analysis}. Crossed-molecular beam techniques have provided much insight
into the nature of reactive pathways, and detailed, introductory references to this
important area of research are provided at the end of this chapter.

FIGURE 35.19

MMustration of a potential energy surface
for the AB + C reaction at a colinear
geometry (8 = [80° in Figure 35.18).

(a, b} Three-dimensional views of the sur-
face. (¢) Contour plot of the surface with
contours of equipotential energy.

The curved dashed line represents one
possible path of a reactive event, corre-
sponding te its reaction coordinate.

The iransition state for this coordinate is
indicated by the symbol 1. (d, e} Cross
sections of the potential energy surface
along the lines ¢’ —a and &' —b, respec-
lively. These two graphs correspond to the
potential for two-body interactions of

B with C, and A with B. [Adapled from
J. H. Noggle, Physical Chemistry, 3rd
Edition, © 1996. Reprinted and electroni-
cally repreduced by permission of
Pearson Education, Inc., Upper Saddle
River, New lersey.]
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FIGURE 35.20

Reaction coordinale diagram involving
an activated complex and a reactive
intermediale. The graph correspends to
the reaction-coordinate derived from the
dashed line between points ¢ and « un

the contour plot of Figure 35.19%¢. The
maximum in energy along this coordinate
corresponds 1o the transilion state, and the
species at this maximum is referred 10 as
an activated complex.

Aclivated complex

(ABCH

Energy

AB+C

A+BC

Reaclion coordinate

35 1 4 Activated Complex Theory

The concept of equilibrium is central to a theoretical description of reaction rates
developed principally by Henry Eyring in the 1930s. This theory, known as activated
complex theory or transition state theory, provides a theoretical description of reac-
tion rates. To illustrate the conceptual ideas behind activated complex theory, consider
the following bimvlecular reaction;

b
A+B—P 35.113)

Figure 35.21 illustrates the reaction coordinate for this process, where A and B reacl
1o form an activated complex that undergoes decay, resulting in product formation.
The activated complex represents the system at the transition state. This complex is
not stable and has a lifetime on the order of one 1o a few vibrational periods (~107" 5).
When this theory was first proposed, experiments were incapable of following reaction
dynamics on such short timescales such that evidence for an activated complex
corresponding to the ransition state was not available. However, recent developments
in experimental kinetics have allowed for the investigation of these transient species.
and a few references 1o this work are provided at the end of this chapter.

Activated complex theory involves a few major assumptions, The primary assump-
tion is that an equilibrium exists between the reactants and the activaled complex. It is
also assumed that the reaction coordinate describing decomposition of the activaled
complex can be mapped onto a single energetic degree of freedom of the activated
complex. For example, if product formation involves the breaking of a bond, then the
vibrational degree of freedom corresponding to bond stretching is taken to be the
reactive coordinate,

With these approximations in mind, we can take the kinetic methods derived earlier
in this chapter and develop an expression for the rate of product formation. For the
example of the bimolecular reaction from Equation (35.113), the kinetic mechanism
corresponding to the activated complex model described earlier is

k
A+B ._*—A—'—* AB* (35.114)
Yy
ka
ABf—P (35.115)

Equation (35.114) represents the equilibrium between reactants and the activated complex,
and Equation (35.115) represents the decay of the activated complex to form product, With
the assumption of an equilibrium between the reactants and the activated complex, the
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AB?
Transition
state

Energy

A+B
Reactants

P
Products

Reaction coordinate

differential rate expression for one of the reactants (A in this case) is set equal to zero con-
sistent with equilibrium, and an expression for [AB*] is obtained as follows:

d[A] ;
—— = 0= —k[A])[B] + k- [AB!]
[AB] = ZL[A][B] = “L{A][B] (3s.116)

-
In Equation (35.116), Kk} is the equilibrium constant involving the reactants and the
activated complex, and it can be expressed in terms of the molecular partitign functions
of these species as described in Chapter 31. In addition, ¢® is the standard state concen-
tration (typically 1 M), which appears in the following definition for K

_ [AB*ljee [ABH)eC
‘ T ((A)eXB)e  [A][B]

The rate of the reaction is equal to the rate of product formation, which by
Equation (35.113) is equal to

d[P]
R=—a

= ko[ AB*] (35.117)

Substitution into Equation (35.117) of the expression for [ABY] provided in
Equation (35.116) yields the following expression for the reaction rate:
d[P] koKt

R = i o [A][B] (35.118)
Further evaluation of the reaction rate expression requires that &, be defined. This rate con-
stant is associated with the rate of activated complex decay. Imagine that product forma-
tion requires the dissociation of a weak bond in the activated complex (since this bond
evenlually breaks, resulting in product formation). The activated complex is not stable, and
the complex dissociates with motion along the corresponding bond-stretching coordinate.
Therefore, &, is related to the vibrational frequency associated with bond stretching, ». The
rate constant is exactly equal to » only if every time an activated complex is formed, it dis-
sociates, resulting in product formation. However, it is possible that the activated complex
will instead revert back to reactants in which case only a fraction of the activated com-
plexes formed will result in product formation. To account for this possibility, a term
referred to as the transmission coefficient « is included in the definition of k;:

ky = Ky (35.119)
With this definition of &, the reaction rate becomes
Kt
R = “ZC1A][B) (35.120)
C

One can express Kf. in terms of the partition function of reactants and the activated com-
plex using the techniques outlined in Chapter 32. In addition, the partition function for the

FIGURE 35.21

[llustration of transition state theory.
Similar to reaction coordinates depicted
previously, the reactants (A and B) and
products (P} are separated by an energy
barrier. The transition state is an activated
reaclant complex envisioned to exist at
the free-energy maximum along the
reaction coordinate.
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FIGURE 35.22

Top: Reactanis A and B approach each
other and collide in the pas phase. Botlom:
In solution, the reactants undergo a series
of collisions with the solveal. In this case,
the approach of the reactants is dependent
on the rate of reactant diffusion in solution.

CHAPTER 35 Elementary Chermical Kinetics

EXAMPLE PROBLEM 35.10

The thermal decomposition reaction of nitrosyl halides is imporlant in tropospheric
chemistry. For example, consider the decomposition of NOCI:

2NOCl(g) = 2 NO{(g) + Cly(g)

The Arrhenius parameters for this reaction are A = 1.00 X 10" M s and
E, = 1040 K mol™". Calculate AH* and AS? for this reaction with T = 300. K.

Solution

This is a bimolecular reaction such that

AH* = E, — 2RT = 104 kIl mol™ = 2(8314 ) mol™ K™")(300.K)
1kl
= 104. - 4.99 x N —— 1 = 99.0k} mol™
104.0 kJ mot™" — (4.99 x 107 J mol™ )(IOOOJ) 99.0 kJ mol
he®
ASt = Rln(A;( )
ekT

il

(8314 ! K_])l ((1.00 X 1013M‘|5_5)(6_626 5% IOfMJS)(I M))
. mo n

(138 x 1072 1K) (300.K)
= —127Jmol™ K™

One of the utilities of this calculation is that the sign and magnitude of AS¥ provide
information on the structure of the activated complex at the transition state relative to the
reactants. The negative value in this example illustrates that the activated complex has a
lower entropy (or is m yre ordered) than the reactants. This observation is consistent with
a mechanism in which the two NOCI reacrants form a complex that eventually decays

1o produce NO and CL J

2L

3.

L

-} Diffusion Controlled Reactions

For bimolecular chemicai reactions in solution, the presence of solvent molecules can
result in reaction dynamics thal differ significantly from those in the gas phase. For exam-
ple, the activation energy and relative orientation of reacting species were identified as
being key factors in defining the rate constant for the reaction in the previous section.
Imagine a reaction occurring in solution as illustrated in Figure 35.22. Since the average
kinetic energy of the reactants is 3/2 RT, the average translational velocity is the same as
in the gas phase. However, in solution the presence of the solvent molecules results in a
number of solvent—solute collisions before the reactants collide. Subsequently, the unin-
terrupted approach of the reactants characteristic of a gas-phase reaction is replaced by
the reactants undergoing diffusion in solution until they encounter each other. In this case,
the rate of diffusion can determine the rate of reaction.

The role of diffusion in solution-phase chemistry can be described using the follow-
ing kinetic scheme:

5,
A + B AB (35.134)

i
AB=>A + B (35.135)

L,
AB— P (35.136)

In this scheme, reactants A and B diffuse with rate constant 4, until they make contact
and form the intermediate complex AB. Once this complex is formed, dissociation can
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FIGURE 36.1

Pressure dependence of the observed rate
constant for the unimolecular isomeriza-
tion of methyl isccyanide.

[Data from Schneider and Rabinovitch,
“Thermal Unimolecular [somerization of
Methyl 1socyanide - Fall-Off Behavior.”
J. American Chemical Society 84

(1962): 4225
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FIGURE 36.2

Plot of k! versus [M]™' for the unimale-
cular isomerization of methyl isocyanide
at 230.4°C. The solid line is the best fit to
the data.

CHAPTER 36 Complex Reaction Mechanisms

Substituting Equation (36.27) into Equation (36.26) results in the final differential rate
expression for [P]:

P ks AP

= e 36.28
di A A+ A (36.28)

Equation (36.28) is the central result of the Lindemann mechanism. It states that the
observed order dependence on |A] depends on the relative magnitude of k_j[A] versus
ky. At high reactant concentrations, k_;[A] > &5 and Equation (36.28) reduces 1o

A7) _ kit

b [A] (36.29)

Equation (36.29) demonstrates that at high reactant concentrations or pressures {recall
that Po/RT = n4/V = [A]) the rate of product formation will be first order in [A],
consistent with experiment. Mechanislically, at high pressures activaled molecules will
be produced faster than decomposition occurs such that the rate of decomposition is the
rate-limiting step in product formation. At low reactant concentrations kg > £_|[A]
and Equation (36.28) becomes

d[P) )

—— = kA]

36.30
& ( )

Equation (36.30) demonsirates that at low pressures the formation of activaled complex
becomes the rate-limiting step in the reaction and the rate of product formation is second
order in [A].

The Lindemann mechanism can be generalized o describe a variety of unimolecu-
lar reactions through the following generic scheme:

ky

A+M*-.:‘A*+ M (36.31)
-
* k2

AT —— (36.32)

In this mechanism, M is a eollisional partner that can be the reactant itself (A) or some
other species such as a nonreactive buffer gas added to the reaction. The rate of product
formation can be written as follows:

diP} kA M)

36.33
i k"l’,M: + r'\g ( )

A'lflJ’n‘ [A }

In Equation (36.33), k,,,; is the apparent rate constant for the reaction defined as

kika[M]
= ———— 36.34
ko [M] + ky ¢ )

weni

In the limit of high M concentrations, k_|[M] =2 kj and k,,, = k k;/k_;, resulling in
an apparent rate constant that is independent of [M]. As [M] decreases. &, will
deerease until k, > k_;[M], at which point k,, = k[M] and the apparent rate
demonstrates first-order dependence on M. Figure 36.1 presents a plot of the observed
rate constant for the isomerization of methyl isocyanide versus pressure measured at
230.4°C by Schneider and Rabinovitch. The figure demonstrates that the predicted lin-
ear relationship between ,,; and pressure at low pressure, which is consisient with the
corresponding limiting behavior of Equation (36.34), is observed for this reaction. In
addition, at high pressure &,,,, reaches a eonstant value, which is also consistent with the
limiting behavior of Equation {36.34).

The Lindemann mechanism provides a detailed prediction of how the rate constant
for a unimolecular reaction will vary with pressure or concentration. Inverting
Equation (36.34), the relationship between ,,,; and reactan( concentration becomes

1 k_y ( 1 ) 1
—_— = + | —
kum’ klk2 kl [M]

(36.35)
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Equation (36.35) predicts that a plot of k., versus [M]™' should yield a straight line with
slope 1/k; and y intercept of k_,/k k. A plot of the data presented in Figure 36.1 employ-
ing Equation {36.35) is presented in Figure 36.2. The figure demonstrates that the expected
linear relationship between ku',,',- and [M]_] that is observed for this reaction is consistent
with the Lindemann mechanism. The solid line in the figure is the best fit to the data by a
straight line. The slope of this line provides a value for k| of 4.16 X 10°M7' 571 and the
v intercept in combination with the value for &, dictates that k_/k, = 1L.76 X 10°M7.

Catalysis

A catalyst is a substance that participates in chemical reactions by increasing the reaction
rate, yet the catalyst itself remains intact after the reaction is complete. The general func-
tion of a calalyst is to provide an additional mechanism by which reactants are converted to
products. The presence of a new reaction mechanism involving the catalyst results in a sec-
ond reaction coordinate that connects reactants und products. The activation energy along
this second reaction coordinate will be lower in comparison to the uncatalyzed reaction;
therefore, the overall reaction rate will increase. For example, consider Figure 36.3 in
which a reaction involving the conversion of reactant A o product B with and without a
catalyst is depicted. In the absence of a catalyst, the rate of product formation is given by
rate = ry. In the presence of the catalyst, a second palthway is created, and the reaction
rate is now the sum of the original rate plus the rate for the catalyzed reaction, or rg + r.

An apalogy for a catalyzed reaction is found in the electrical circuits depicted
in Figure 36.3. In the “catalyzed” electrical circuit, a second, paraltel pathway for
current flow has been added, allowing for increased total current when compared to the
“uncatalyzed” circuit. By analogy, the addition of the second. parallel pathway is
equivalent to the alternative reaction mechanism involving the catalyst.

To be etfective, a catalyst must combine with one or more of the reactants or with
an intermediate species involved in the reaction. After the reaction has taken place, the
catalyst is freed and can combine with another reactant or intermediate in a subsequent
reaction. The catalyst is not consumed during the reaction, so a small amount of cata-
lyst can participate in numerous reactions. The simplest mechanism describing a cat-
alytic process is as follows:

k
S+C — SC (36.36)
V-
Ky
SC —> P+ C (36.37)

where S represents the reactant or substrate, C is the catalyst, and P is the product. The
substrate—catalyst complex is represented by SC and is an intermediate species in this
mechanism. The differential rate expression for product formation is

d[P]

—— = ksC] (36.38)

Given that SC is an intermediate, we write the differential rate expression for this
species and apply the steady-state approximation:

d(SC]
ot

i

K[SIIC] = &-4[SC] — ko[SC] =0

[$C] = :'_Esl[ii = [S‘,]{[C] (36.39)

i

In Equation (36.39), K|, is referred to as the composite constant and is defined as

key + ko
m = k—]

(36.40)
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FIGURE 36.3

[Nustration of catalysis. In the uncatalyzed
reaction, the rate of reaction s given by
rp. In the calalyzed case, a new pathway is
crealed by the presence of the catatyst
with comresponding rate r,.. The total rate
of reaction for the catalyzed case is

ro + r.. The analogous electrical circuits
are also presented for comparison.
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For substrate concentrations where [Sly << K. the reaction rate should increase
linearly with substrate concentration, with a slope equal to &;(C]o/K,,. Parameters
such as &, and K, can be obtained by comparing experimental reaction rates to
Equation (36.49). An alternative approach to determining these parameters is to
invert Equation (36.49) to obtain the foliowing relationship between the reaction rate
and initial substrate concentration:

l Klll ) ! l
_ = (36.50)
Ry (kz[c]o [Slo  kClo

Equation (36.50) demonstrates that a plot of the inverse of the initial reaction rate ver-
sus [S], ™", reterred to as a reciprocal plot, should yield a siraight line. The y intercept
and slope of this line provide a measure of K, and k,, assuming {Cl is known,

Al elevated concentrations of substrate where [$]; => K, the denominator in
Equation (36.49) cun be approximated as [S]y, resulling in the following expression for
the reaction rate:

R() = kZ[C]() = Rmu.\ (36'51)

In other words. the rate of reaction will reach a limiting value where the rate becomes
zero order in substrate concentration. In this limit, the reaction rate can only be
enhanced by increasing the amount of catalyst. An illustration of the variation in the
reaction rate with initial substrate concentration predicted by Equations (36.49)
and {36.50) is provided in Figure 36.4,

36.4.2 Case 2:[Cl, - [Slg

In this limit Equation {36.48) becomes

ka[S]o[Clo

Rn =
T Ch + K

(36.52)

In this concentration limit, the reaction rate is first veder in [S]; but can be first or zero
order in [C]y depending on the magnitude of [C], relative to K, In catalysis studies,
this limit is generally avoided because the insight 10 be gained regarding the rate con-
stants for the various reaction steps are more easily evaluated for the previously dis-
cussed Case 1. In addition, geod catalysts can be expensive; therefore, employing
excess catalyst in a reaction is not cost effective.

36.4.3 Michaelis-Menten Enzyme Kinetics

Enzymes are protein molecules that serve as catalysts in a wide variety of chemical
reactions. Enzymes are noted for their reaction specificity, with nature having devel-
oped specific catalysts wo facilitate the vast majority of biological reactions required for
organism survival. An illustration enzyme with associated substrate is presented in
Figure 36.5. The figure presents a space-{illing model derived from a crystal structure
of phospholipase A, (white) containing a bound substrate analogue (red). This enzyme
catalyzes the hydrolysis of esters in phospholipids. The substrate analogue contains a
stable phosphonate group in place of the enzyme-susceptible ester. The substrate ana-
logue is resistant to enzymatic hydrolysis so that it does not suffer chemical breakdown
during the structure determination process. With reactive substrate, ester hydrolysis
occurs and the products of the reaction are released from the enzyme, resuliing in
regeneration of the free enzyme.

The kinetic mechanism of phospholipase A, catulysis can be described using the
Michaelis—Menten mechanism of enzyme activity illustrated in Figure 36.6. The fig-
ure depicts the “lock-and-key” model for enzyme reactivity in which the substrate is
bound to the active site of the enzyme where the reaction is catalyzed. The enzyme and
substrale form the enzyme-substrate complex, which dissociates into product and
uncomplexed enzyme. The interactions involved in creation of the enzyme—substrate
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1/Rate (M~ s)
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FIGURE 36.4

Hlustration of the vanation in the reaction
rate with substrate concentration under
Cuase | conditions as described i the text.
(a} Plot of the inttial reaction rate with
respect to substrate coneentralion
(Equarion {36.49)]. At low substrule
concentrations, the reaction rate increases
linearly with substrale concentration. At
high substrate eoncentrations. a maximum
reaction rale of ky[C)y 15 reached.,

(b) Reciprocal plot where the inverse of
Lhe reaction rate is plotted with respect to
Lhe inverse of substrate concentration
[Equation {36.50)]. The y intercept of this
fine is equal to the inverse of the maxi-
ium reaction rate, ar (ko[ Clg) ™" The
slope of the line is equal Lo K, (k2[Cly) ™"
therefore, with the slope and y intercept,
K., cun be determined.
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FIGURE 36.5

Space-filling model of the enzyme phos-
pholipase A; (while) conieining & bound
subsirate analogue (red). The substrate
analogue contains a slable phosphonate
group in piace of the enzyme-susceptible
ester: therefore, the substrate analogue is
resistant to enzymatic hydrolysis and the
enzyme-substrate complex remains stable
in the complex during the X-ray diffrac-
tion structure determination process.
[Structural data from Scott, White,
Browning, Rosa. Gelb, and Sigler.
“Structures of Free Inhibited Human
Secretory Phosphotipase A, from
Inflammatory Exudate.” Science 5034
(1990 10073

€ ¢

Enzyme (E) Substrate (S)

Enzyme—substrate complax (ES)

€¢

Product {F)

FIGURE 36.6
Schematic of enzyme caralysis.

complex are enzyme specific. For example, the active site may bind the subsirate in
more than one location, thereby creating geometric strain that promotes product forma-
tion. The enzyme may orient thc substrate so that the reaction geomeltry is optimized.
In summary, the details of enzyme-mediated chemistry are highly dependent on the
reaction of interest. Rather than an exhaustive presentation of enzyme kinetics, our
motivation here is to describe enzyme kinetics within the peneral framework of
catalyzed reactions.
A schematic description of the mechanism iliustrated in Figure 36.6 is as follows:

k ks
E+S == ES——E +P (36.53)

koy

In this mechanism, E is enzyme, S is substrate, ES is the complex, and P is produci.
Comparison of the mechanism of Equation (36.53) 1o the general catalytic mechanism
described earlier in Equations (36.36) and (36.37) demonstrates that this mechanism is
identical to the general catalysis mechanism except thal the caralyst C is now thc
enzyme E. In the limit where the initial substrate concentration is substantially greater
than that of the enzyme ([S]o >> [E]j or Case i conditions as described previously),
the rate of product formation is given by

kil S)olE
o = DASLIED (36.54)
[SJ() + Km

In enzyme kinetics the composite constant K,,, in Equation (36.54) is referred 10 as the
Michaelis constant in enzyme kinetics, and Equation (36.54) is referved (o as the
Michaelis-Menten rate law. When {S]y >> K, the Michaelis constant can be neg-
lected, resulting in the following expression for the rate:

RH = kE[E]H = Rum.\ (36'55)

Equation (36.55) demonstrates that the rate of product formation will plateau ar some
maximum value equal to the product of initial enzyme concentration and 45, the rate
constant for product formation, consistent with the behavior depicted in Figure 36.4.
A reciprocal plot of the reaction rate can also be constructed by inverting
Equation (36.54), which results in the Lineweaver—Burk equation:

Ko

| | |
el e e (36.56)
RU Rmm Rmu\ {S]()

For the Michaelis-Menten mechanism to be consistent with experiment, a plot of the
inverse of the initial rate with respect 10 [S]g ' should yield a straight line from which
the y intercept and slope can be used to determine the maximum reaction rate and the
Michaelis constant. This reciprocal plot is referred to as the Lineweaver-Burk plot.
In addition, because [Ely is readily determined experimenially, the maximum rate
can be used Lo determine k3, referred to as the turmover number of the enzyme
[Equation {36.55)]. The turnover number can be thought of as the maximum number of
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36.4 CATALYSIS

substrate molecules per unit ime that can be converted into product. Most enzymes
demonstrate turnover numbers between 1 and (0% s™! under physiological conditions.

EXAMPLE PROBLEM 36.1

DeVoe and Kistiakowsky [J. American Chemical Society 83 (1961): 274] studied the
kinetics of CO; hydration catalyzed by the enzyme carbonic anhydrase:

CO, + Hy0 == HCOj + H*

In this reaction, CO4 is converted to bicarbonate 1on. Bicarbonate is transported in
the bloodstream and converted back to CO; in the lungs, a reaction that is also cat-
alyzed by carbonic anhydrase. The following initial reaction rates for the hydration
reaction were obtained for an initial enzyme concentration of 2.3 nM and tempera-

tare of 0.5°C:
Rate (M s™!) [CO,] (mM)
278 x 1073 1.25
500 x 1073 25
8.33 x 1073 5.0
167 x 107 20.0

Determine K, and &, for the enzyme at this temperature.

Solution

The Lineweaver-Burk plot of the rate™ versus [CO,]™' is shown here:

40000 - -
w1

n

; 20000 —

‘CD

3

T

0 T T
0 0.4 0.8
[CO,)~ /mM!

The y intercept for the best fit line to the data is 4000 M~ s corresponding (o
Ry = 2.5 X 107" M 57!, Using this value and [E]y = 2.3 nM, k is

o Boae 253107 M 105 &)
2T E 23X 107" M ’ '

Notice that the units ot k5, the turnover number, are consistent with a first-order
process, in agreement with the Michuelis-Menten mechanism. The slope of the best fit
line is 40 s such that, per Equation (36.56), K, is given by

K, = slope X R, = (405)(2.5 X 107*Ms™)

10 mM I
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966 CHAPTER 36 Complex Reaction Mechanisms

FIGURE 36.7

Determination of K, for the carbonic-
anhydrase catalyzed hydration of CO,.
The substrate concentration at which the
rate of reaction is equal 1o half thal of the
maximum rate is equal to X,

In addition to the Lineweaver—Burk plot, K, can be estimated if the maximum rate
is known. Specifically, if the initial rate is equal 10 one-hall the maximum rate,
Equation (36.54) reduces (o

kQIS]U[E]U anxls}l)

[S]U + Km - [S]() + Km
an\ an(l\'[S]U

2

2 [S]U + Km
[Slo + Ku = 2[STy
Ky =[Sl (36.57)

Equation (36.57) demonstrates thal when the initial rate is balf the maximum rate, K, is
equal to the initial substrate ¢concentration. Therefore, K, can be determined by viewing a
substrate saturation curve, as illusirated in Figure 36.7 for the carbonic-anhydrase catalyzed
hydration of CO, discussed in Example Problem 30.1. The figure demonstrates that the ini-
tial rate is equal to half the maxinmum rate when {S]; = 10 mM. Therefore, the value of X,,,
determined in this relatively simple approach is in excellent agreement with that determined
from the Lineweaver-Burk plot. Notice in Figure 36.7 that the maximum rate depicted was
that employed using the Lineweaver-Burk analysis as shown in the example problem.
When employing this method to determine K,,,, the high-substrate-concentration fimit must
be carefully explored to ensure that the reaction rate is indeed al a maximum.

36.4.4 Competitive Inhibition in Enzyme Catalysis

The activity of an enzyme can be affected by the introduction of species that strue-
turally resemble the substrate and that can occupy the enzyme uctive site; however,
once bound to the active site the molecules are nonreactive. Such molecules are
referred to as compeitive inhibitors. The phosphonated substrale bound to phospholi-
pase A; in Figure 36.5 is an example of a competitive inhibitor. Competilive inhibition
can be described using the following mechanism:

i

E+S = ES (36.58)
-1
L$S
ES —> E+P (36.59)
by
E+1==E (36.60)

=

In this mechanism, [ is the inhibitor, EI is the enzyme—inhibitor complex, and the other
species are identical to those employed in the standard enzyme kinetic seheme of
Equation (36.53). How does the rate of reaction differ from the noninhibited case dis-
cussed earlie: ? To answer this question, we first define the initial enzyme concentration:

[E]o = [E] + [E1] + [ES] (36.61)
0.0003 —
FalBmay [ - - o o o e -
£ 000015
2 Brateng | oo T L
o
[ L
0 10 20
[CO,lmM



/s
ZFIJ = CEJ[I) /\/m[‘f—jj
=) (£) KK, (ES) )
0 [E]/T)
25 =
pa e
/5) o . TEY
= [£5) L . Ko (T)
5 Kk
[E),
= , =
[£5) 1+ Koo K, (T)
(s) [s) #x
/2 — O{[/D) _ - 3 kz £F)b
af T RE) = )
[3) [$) Ky
k, [S)LE]

kz [$), L€,

Ro = —
CJo [+ 22
(o Kon (14 )

=) |n ,‘,«,‘[,/"L)'fl:“on ew, Qfo/@((,ﬁ?/ M{‘cl»a.&-/e[/'/

_)L
ez éf’ M'J/é/f

m /([/‘f’_{_l_:_j

con Stant s ,A(

- R = }?Ma,( [5.)4.
/s, K,

/201 l~ 9 = 'ézfgjé



NCE

/;rnc vufea.,VC/Y’ BLL//( /)/af

i e v"(’,fﬂ Ol

y ‘_,‘.A!“é, )'71—07] 74«_; o é;a;.f‘IQ:Vf&;( / Gt 2 bt

H o6 < '—[\O}"/(/HZ /fj — P /\:V?O é £ 2‘_“;.‘»)\(‘__ o N ,Nt.-// n

‘Qéc[OHLVQ?% a—/ o(yt[';/o/ya/o%& ’)’gzc:«f?ﬁ' 5’7”1%:7%(&
o /D}Qjoé,&(‘g_ %m,/a,zée WZ;CA éﬂé?[f///\q e el o

fllé 7 s

. S0, P@/ - |
Cory L feck eneyme —1 PO folote = R

F‘Cf:ﬂ[‘ —y 7[0/4/74 S ancthes wel. SO

Scté//n/c/ﬁfm;o/ /'tf’ 72071-—“&%&1(’( 749,/ /ggc—.«/f& éu\é

ol y oy looeters

-~

J

1/\5’;14070?] cgaouS [@7424/{5% "!:57/:7 P '-/LA( AJJ//}??C FAJ{J’»E -

e s

‘ ‘ p: O 747(0;4 =
’fA{ jwéjﬁaffé’/), #ﬂewpé’ all ) n I Lo 4

fﬁ; MT)L‘/Z@"(/) | - %
heterogencons catalis! for eram ple st freen ¢
Soé‘of*‘"

) A



Next, assurning that &, k_;, k3, and k_; = k, the preequilibnum approximation is
applied using Equations (36.58) and (36.60), yielding

_ [Ells}
T psT < K (36.62)
_ [E](T]
Ki = T (36.63)

In Equation (36.62), the constant describing the enzyme and substrate is written as K,,,

(Equation 36.40) when &_; => k. With these relationships, Equation (36.61) can be

written as

K,(ES] | [E][1]
(5] K;

N K .[ES] R (K,”[ES})[I]
] [S]

K
[Es](% + E(s}{g + 1) (36.64)

Solving Equation (36.64) for [ES] yields

I

[Elo

(ES} = B (36.65)

Finally. the rate of product formation is given by

d[P] kalElo ko SI[E]o

R = = kQ{ES] = =
ot ﬁ Km[ll -/ El
s s, SIS K.)
R = ) A;[ﬁ\n\ Ely
. (36.66)

[
[S]y + K,,,(I +| |)
K,

In Equation (36.66), the assumption that |ES] and |P] << |§] has been employed so
that [S] = [S]y, consistent with the previous treatment of uninhibited catalysis.
Comparison of Equation (36.60) to the corresponding expression for the uninhibited
case of Equation (36.54) illustrates that with competitive inhihition, a new apparent
Michaelis constant can be defined:

. (1]

K,=K, I +— (36.67)
K,

Notice that K, reduces 1o K, in the absence of inhibiwor ([1] = 0). Nexi, using the

definition of maximum reaction rate defined earlier in Equation (36.55), the reaction

rate in the case of competitive inhibition can be written as

Rmrrr[s]()

= (36.68)
[S](J + Km

In the presence of inhibiter, K:, = K,,, and more substrate is required to reach half the

maximum rate in comparison to the uninhibited case. The effect of inhibition can also

be observed in a Lineweaver—-Burk plot of the following form:

E

] | Koo
—_— = b+ —
R[l anl Rum\ [S](]

(36.69)

Because K,:, > K, tbe slope of the Lineweaver—Burk plot will be greater with inhibitor
compared to the slope without inhibitor. Figure 36.8 presents an illustration of this effect.
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FIGURE 36.8

Companisen of enzymatic reaclion rates in
the presence and absence of a competitive
inhibilor. (a) Plot of rate versus initial
substrate concentration. The location of
K, and &, is indicaled. (b) Reciprocal
plots {1/R versus 1/[S]p). Notice that
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NH,

T
NH,

Sulfanllamlde

NH,

CO,H
p-Aminobenzolc acid

FIGURE 36.9

Structurad comparison of the antihaeterial
drug sullanilamide, 4 competive inhibitor
of the enryme dihydropteroate synthetasc.
and the active substrale, p-aminobensoie
acid. The change i functonal group

from —CO-H to — S(,NH» s such

thal sulfanilamide cannot be used by
bacteria W synthesize Tofate, and the
bucterium starves.

Competitive inhibition has heen used in drug design for antiviral, antibacterial,
and antitumor applications. Many drugs are molecules thal serve as compelitive
inhibilors for enzymes required for viral, bucterial. or cellular replication. For exam-
ple sulfunifamide {Figure 36.9) is a powertul antibacterial drug. This compound is
similar to p-aminobenzoic acid, the substrate for the enzyme dihydropteroate syn-
thetase that participates in the production of [olate. When present, the enzyme in
bacteria cannot produce folate, and the bacteria die. However, humans do not pos-
sess this enzyme; they obtain folate from other sources. Therelore, sutfanilarnide is
not toxic.

1645 Homogeneous and Heterogeneous Catalysis

A homogeneous catalyst is a catalysl thal exisis in the same phuse as the species
involved in the reaction, and u hetlerogeneous catalyst exists in a different phase.
Enzymes serve as an example of a homageneous catalyst: they exist in solution and cat-
alyze reaclions that oceur in selution. A famous example of gas-phase catatysis is the
catalytic depletion ol stritospheric osone by atomic chlorine. In the mid-1970s,
F. Sherwood Rowland and Marie Molina propesed that C1 atoms catalyze the deeom-
pasition of stratespheric orone hy the following mechanism:

L
Cl+ Oy —= ClIO + O, (36.70)
k2
CIO + O —= Cl + O, (36.71)
Oy + 0—20, (36.72)

I this mechanism, Ci reacts with ovone (o produce chlorine monoxide (ClO) and
molecular oxygen. The ClIO undergoes a second reaction with alomic oxygen, largely
formed by Oy phololysis, resulting in the reformation of Cl and the product of Oa. The
sum ol these reactions leads o the net conversion of Oy and O o 2 O,. Notice that the
Clis not consumed 1 the net reaction.

The calalytic efficiency ol Cl can he determined using standard techniques in kinelt-
ies. The experimentally delermined rate law expression for the uncalulyzed reaction of
Equation {36.72) is

Ru = Ao [OJIO4) {36.73)

The stratospheric temperature where this reaction occurs is roughly 220 K, at
which temperature &, has a value of 3.30 X (0°M ™'+ For the CI catalyzed
decomposition  of  osonc, the rale  constants  at  this  lemperature  are
ky =156 % 10"M ™ s and ks = 2.44 X 10" M7 W7 Te employ these rates in
determining the overall rale of reaction, the rate luw expression for the catalytic
mechanisin must be determined. Notice that both Cl and ClO are intermediates in
this mechanism. Applying the steady-stule approximation, the concentration of
intermediates is taken to be a constant such that ’

[Cler = [C1] + [C1O] (36.74)

where {Cll,,,.s 1s defined as the sum of reaction internediate concentrations, a definition
Lthat will prove usetul in deriving the rate law, In addition, the steady-state approximation
is upplied in evaluating the differential rate expression for [Cl] as lollows:

d{dcf'] = 0= =k [CO5] + A[CIO]O]
k[C1][04] = ky[Cl0][0]
LCI0)]
oy Y (36.75)



(GD-¢

(/-(%(e/ iohieT Oy i swtyq,%/y/lm‘ by octemic “r

ﬁﬂ)’fﬂ [Jto-s[ o [;) IR

k
o, = o+ o,

ko
@ZO—(-O ——ﬂég{’-fﬁt

ovenr all %Ta ﬂ 202"

17 %07’1’? Cé /)Aa?éizyj')\S

KZZ 776’?( (f":}fl/c.{m(cj _:—_) 654_&(/7".1%

P et Cmteel v teed e /

e < 7 fFC‘f"? :  C

Roe = ko lol/o)]

’)fc’;czc‘ll/foﬂ 4,57/&14 J Q/[L CENE Lty a/ 20 L=

/
A1 5

Chen k, = 3,3 107

B 2 7
[<I = /,_Eb'ch /)—?Z’}—‘/ A

£ '
- = l,Lf[f * /O MJ

sz"/na/ @0 Y

75 Tew i of, e = JEA

2l Let) ¢ [ao) ~ conits (csad

Alet] o,
A€ T O ==k [w]lo,] Lk, [ew)lo)
k, [ee] [0,] = &, (eco) (o]
k [et)ces)
[ - : —
“o) L o]

klat), oo 107
kl [@] -+ —2?/ /V7

=) [fc’[b) =

-




@+

k(g )+ £, J0)
S‘é)"ﬂ.}éb_f}ﬂéc/)”(‘_f [%:( > Jo) (, -(?7(,14{(4/ o U lece, c,[

1’(\ 5‘4440/ /Z;, 0 1(1[03 1A a&/rzo%r‘}(aév C ez bf;
meglectest s k,loy) > k()

—7 Ya%" of cajéa,/y éfJ yeczcﬁ'vns

R, = kL[%]&,M ()

= Rt hfee),

R, .
l(hL[OB ]
. , 3
S"ttmrJ%J‘/n Ac—;ﬁcg [%j /—é:"//& [Cffjéatgb/
= fi‘f’}f:/g 2.9 15
R — 0= A5 =3
he k,. P20 gt ',g: BN SR N 4

213

e TLOL(V%CJ /YC/UC( - % g Oze'fjéﬁoa?‘ )5 m‘é&tqf ZL
2 GJ'L'J!:’/VJ (Mﬁ;—-r %th OZ/OW‘C(;,T(MC«/r *c*&r.?é( /y ‘Qcﬂ:‘// Sl

in dvetosphire (0 opme from phote boits of SFE,
and CE ul,
previsusly (ommonlc icdl n T2 ff’@f?‘o“\f S S
[.dé[lrnj gealt Théy ar( Vv y st Gl

When veleased 4hey yiic fy fhe It obos pliore
W/mr/%o 1o (;w“:f setr in and pro Aoc e (A

""") ’féc/rc ?ércf cA[oVG ‘([["(O"G cerv brom 5 W fﬂr éfc,-jmfm

— Lt(w(/(_ 6 A[/’?C'Wf v /[m)m J‘owfz//;-é'ﬁ



-7

coliol hetorve §eneow ceetaly by are v
impirten - i olestory
g MHy synthesi™ 7@@:« W, tH, i1 cataly 2ed by fe&5)
mportant step?  eclsorption (binding) of vem Tarts Fo
the solict IW‘[frcc
nd  adioy bed veadtrnts o yea:c-r[,/

a&(?w,/gﬁ@ﬂ wf‘/[mm/‘ éllcz/r(j(_ o7£ cé(.mr‘ca,[
boreling s callecd phyiicorp ez
) 575(7[;‘4”/“&(”7 bctween ffree a—/n%fwﬂ.(a, bocer A
- adior bate
adlrorbate s chemical hat becomer wolsorbeol
ﬂ/JaréMt‘)‘- ﬂ/,iarév'ﬂj J‘U[fa/
7[’)”&2./,7(:"0;1;(( coverage Y
Q = V1 cem ber a/ Ao/Jﬁf/aﬁ'On J;’%(J ”faf//'c'g/
it bey of:ﬁc(/ﬁas_uhélz Qd/_},,,/j;(;a” v

Fg’ﬁ‘ 36,10 e strates aea/J.ar/é}Z/ory £ e =¥ Jr:cf;f%f(oe

@ — Vaa/:
\/m
\/.4/25/5 s alsorbed voleme a/jauc

\/Im ‘ V’G'[OV}"H( 0/?5&1 ﬂd?l ?ﬂ&rJ/éc" aa@g;ézd é
cover The s’wryézcz srne TFenc /am/bé/é[)/

/m@i’fo /ﬁ)« er Jo U(/f&‘/f’y

vecdecd for sty to measecore O @5 {(P) st conent
’ltzmpf/fmﬂbve< af.pé"or/@?[fﬂﬁ Y7 %Awm %9{// M‘g
T = const,



970 CHAPTER 36 Complex Reaction Mechanisms

9 o
o
@ 9
S85882233%2
80080000
OO0 OCOC
SOO0OOOD
SCOO0OOOOHD
O@ROOOOAD
COOCAOOO

FIGURE 36.10

[llustration of fractional coverage 6. The
surface {orange parallelogram) conmias a
series of adsorption sites (while circles).
The reactant (blue spheres) exisls in an
equilibrium between free reactants and
adsorbates. The fractional coverage is the
aumber of occupied adsorplion sites
divided by the to1al number of sites on

" the surface,

0 T T
0 20 40
FPlatm

FIGURE 36.11
Langmuir isotherms for a range of k /4 ;.

Studies of adsorption invoive measuring the extent of adsorption or € as a function
of reactant-gas pressure at a specific temperature. The variation in 6 with pressure at
fixed temperature is called an adsorption isotherm. The simplest kinelic model
describing the adsorption process is known as the Langmuir model, where adsorption
is described by the following mechanism:

R{g) + M (surface) _‘“‘-—:— RM (surfuce)

1
In Equation {36.80), R is reagent, M (surface) is an unoccupied adsorption site on the
surface of the catalysi, RM (surface) is an occupied adsorption site, &, is the rate con-
stani for adsorption, and &, is the rate constant for desorption. Three approximations
are employed in the Langmuir modet:

k
(36.80)

1. Adsorption is complete once monolayer coverage has been reached.
2. All adsorption sites are equivalent. and the surface is uniform.

3. Adsorption and desorption are uncooperative processes. The occupancy state of
the adsorption site will not affect the probability of adsorption or desorption for
adjacent sites.

With these approximations, the rate of change in & will depend on the rate constant for
adsorption k,, reagent pressure P, and the number of vacant sites, which is equal 1o
N(1 — 8) or the total number of adsorption sites N times the fraction of sites Lhat are
open (I — #):

db
- = P — §
(d[ )! k,PN(1 — ) (36.81)

The corresponding change in 8 due to desorption is relaled to the rate constant for
desorption &, and the number of occupied adsorption sites M# as follows:

48
- = —k N8O 36.82
( di ) des ¢ ( )
At equilibrium, the change in fractional coverage with time is equal to zero so we can write
a6
= =0= k,PN(L ~ 8) — kN8
(ko PN + kgN)O = k, PN
9 = kP
KP
0=——— 36.83
KP+ 1 ( )

where K is the equilibrium constant defined as ,/k ;. Equation (36.83) is the equation
for the Langmuir isotherm. Figure 36.11 presenis Langmuir isotherms for various
values of k,/ky. Notice that as the rate constant for desorption increases relative to
adsorption, higher pressures must be employed to reach 8 = 1, and this behavior can
be understood based on the competition between the kinetics for adsorption and des-
orption. Correspondingly, if the rate constant for desorption is small, the coverage
becomes independent of pressure for lower values of pressure.

In many instances adsorption is accompanied by dissociation of the adsorbate, a
process that is referred to as chemisorption and described by the following mechanism:

A
Ro(g) + 2M (surface) T—r‘— 2RM (surface)

of
Kinetic analysis of this mechanism (see the end-of-chapter problems) yields the follow-
ing expression for 8:

I+ (kP)'=
Inspection of Equation (36.84) reveals that the extent of surface coverage should demon-
strate weaker pressure dependence compared to physisorption. Figure 36.12 provides a

(36.84)



\ ~+9
S'?\M/)[&SFJ ch'/njmw;/ MocMr @ H

ka
?(}) t M(j‘wr{czce_) "{e [QM /f%-’)’?@?((’)

,’2[7/ fyea, yecr ¢ FanT

M (SWV‘IL‘Y‘C) %7’6_’6 fo(/;/;[a(c_ 5‘)“7£C

RM[J’M{qcc) ymcf‘c&ﬂf‘ cz(o/Jor’éC(/ oA 5&&{,/74((( J/',(C

L(as /T‘Jc'l/'f [an.}?f‘m?‘ {—c:V aza//éfyﬂ)(fa@
L(/; 1/047‘(( f&wJ?l?/M?(' 7497’ o&far/wirram /WA//}’J '//(
a J’C?Véﬁc/ "0’:'6(.:,7/%7( é,r‘_aﬁ/j 7[71&5’:" 7[;,0”7 714(

5&/}’7[44@ )
Lc?:xnjmaf‘”/’)fnaaﬁjf 3 ‘%/VC))‘/\?W"L%‘PCJM/ ’nc:ec/e.g/ \

{, qaff@yﬁ%’((lm /s dom/oén[c w’A(/m /Wzano[a ACV auy
{ayu&l?( A (> aa/f(?r/)[/‘gn ah /A gfﬂ[ymégy

dﬂ{Joréc c/ ’rezzcﬁ%ff /—ﬁﬁ:—éé#éc‘;«é-%%

10 }nop.éé/‘é;/c/ agc/ro//:ﬂéfdw,
'2‘ Ql/ .f):‘/é7 e & eiuq// SZ,W7£=(C£ IN| M/k][o"w
3, &Z&ZJ&)?/‘;Z/GT} S e rfﬁ[( ’f ;",,,D@WG&,Z{%V@M
C’#[’(/V S)~7ZC<S.
/7L¢’t molececlo 7 iy bepd oy ol 67 o gite 75

;}’10&7)544'/ 07[ 7[‘/!( O(CO(/J@;«?C},/ a/w@{f%éoyzhf
5’)--{%5,

5 cean W@% cPC)s:c(ffeO/ J{—céc—; s . AE
Neewm ey 07[ fﬁi/ sites AYT— @)
/‘/5 ’V?w*mét‘/f 07£ %[/ﬂ%/af/ﬂﬁ&ﬂ S/“AM

de | =0 becacic meliorpto77
(;—Z adls ﬂ‘/é&"( P[ (1=8) Sy /'jc)&.}')‘é[? i 7[77_4(

ﬁ)?((




G306

AP
;/;)M =L PN[1-6)

C[Ic?/;??( cp/ 9 bLeceecic 07[ O&I&’T/%/blﬂ /’_))’0/0/79‘“077@4
’ZLC:»AD( &/m&/ M&(méw o/d(‘ca/g)r.ga/ g;'-/e!f
Ao
{dz’ =k e

Ae

gfwlr//'é)’/rum § jz{;—éy =6

L Pl L, we
dt = o & =6

(LLP~+470(A/)9:1<¢7;V

S i = '{3#(&/1{6()/’)
kP+k, ’
( /ko(J P+
adse tlon e v
VP*— ! //éwum €027 4 Fersy - K = JZCL/
= p 4P Zzo{
k/D'P/‘

éa”’f’jmwf('/»a‘-"qa/!o )7)%;0;7 )yo 71}16/1/&;7
Fia 36,4 20
2 P T O



A Ao @"W
’m&my Cer gy | Q:JJOV/’%"O” Leacls

di(_g ’a/ﬁ,‘ / f!fr( Vda(‘l(a?/nfif %(m;f(é‘wﬁ(ﬁ/f
IfS0ct oM o
k

——Ci-i Z,/Q/W/ffc,/ cc
R lg)t 20 (serfice) ~ feec/
= B = ___i(i__ W = k}/k
Jrp + 1 o

Cmparion of e 2 cese, I 3617 ) 7R

méaeeyead £ AT e £

— V"M’ll /“/c;[}é/g/g})( 07/ %/( VI7‘:/‘

d'ﬁqe‘ﬁle //szc
@é J/O Z = - dyq‘/J

/ So f'[lc/v‘mj

R
—) L;gqf o?ﬁ ﬂ(d.rc:'y/o 7(70/1 AHQ@&
M KY’ & Ja/rca’ac( ot /GBYK
-3 —
\réﬂ/_g (C’Wi /g) / //Ort’)
o9z 245
Y 22
2
— iy
e =
Poas 3&9—“
2
' v({j Moy
5 o5 i
19 32 /l{L ¢




O veleted 4 Y, % )22
/D[olc 07[ 'écu vs /-
7 Ssotheyn,

/E/tj. oM /Dr ﬁ'?'/

K7 :
/(P'f‘/ —7 //MCM/)/a?f

inverse of & =

v v 7)“ [[‘},(a-//
olJ :
“ /‘éf‘/t’c:c// r = \;/_“
. 7
Ste = (
/¢ XV
Y »
7 = v /ﬁ_{e: étﬁ/d/
m
\/ﬁxa& ~ K P
V. kP
Y _ Kr,
R KPPt/

{ /
Vi v t[=—1. ]
At s l/m (K\/m) F
/o-f 2 M , 970
plet on p

?h‘(&/caﬁf: o ©2 93 %/%3 gé/p(;: 0,_9”.?

3 + Y
Cayy W/ L4l
f/ ;B%L( - _._/
v, /éz 5 K=$35 10 T



comparison of the isotherms predicted using nondissociative and dissociative mechanisms
corresponding to the same ratio of &, /k,. Finally, different Langmuir isotherms can be col-
lected and evaluated over a range of temperatures to determine K as a function of T, With
this information, a van’t Hoff plot of InK versus |/T should provide a straight line of slope
—AH 4./ R. Through this analysis, the enthalpy of adsorption A H 4, can be determined.

The assumptions employed in the Langmuir model may not be rigorously obeyed in
real heterogeneous systems. First, surfaces are generally not uniform, resulting in the
presence of more than one type of adsorption site. Second, the rate of adsorption and
desorption may depend on the occupation state of nearby adsorption sites. Finally, it
has been established that adsorbed molecules can diffuse on the surface and then
adsorb corresponding to a kinetic process of adsorptlion that is more complicated than
the Langmuir mechanism envisions.

EXAMPLE PROBLEM 36.2

The following data were obtained for the adsorption of Kr on charcoal at 193.5 K.
Using the Langmuir model, construct the adsorption isotherm, and determine V,, and
the equilibrium constant for adsorption/desorption.

vads (ch g— l) P (Torr)
5.98 2.45
7.76 35
10.1 52
12.35 7.2
16.45 1.2
18.05 12.8
19.72 14.6
21.1 16.1

Solution

The fractional coverage is related 1o the experimentally measured V4. The adsorption
isotherm is given by a plot of V., versus P, which can be compared to the behavior
predicted by Equation {36.83) as illustrated here:

" /’
‘La/ngmuir isotherm

‘O’)

L]

£ /
o

"é 10 -

=

I T I
0 5 10 15

PiTorr

Although the comparison of the adsorption isotherm to Equation (36.83} illustrates
that the Langmuir model is consistent with the adsorption of Kr on charcoal, determi-
nation of the Langmuir parameters is difficult because parameters such as ¥, are
unknown. This information is more readily determined by using the reciprocal of
Equation (36.83):

Y L VS
vcra'.r Kvm P vm

36.4 CaTayss 971

Nondissociative

Dissociative

o T T
Q 20 40
Plaim

FIGURE 36.12
Comparisen ef Langmuir isetherms
for nondissociative and dissociative

adsorption with k,/k, = 0.5atm ™",

£ g W—
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This equation demonstrates that a plot of (V,4.)”" versus (P)™! should yield a straight
line with slope equal to (KV,,,)"" and y intercept equal to (V,,)™". A plot of the data in
reciprocal form with the best fit line is shown next:

1/V g5/ cm 2

o T T
0 0.2 0.4
1/PMory !

The y intercept obtained from the best fit Iine 15 0.0293 g em ™ such that
V. = 34.0 cm® g™, The slope of the best fil linc is 0.3449 Torr g cm™. Using V,,
determined from the y intercept, X is found to be 8.38 X 1072 Torr ™.

365 Radical-Chain Reactions

Radicals are chemical species that contain an unpaired electron. Due to the presence of
the unpaired electron, radicals tend to be extremely reactive. in (934, Rice and
Herzfeld were able to demonstraie that the kinetic behavior of many organic reactions
was consistent with the presence of radicals in the reaction mechanism. An example of
a radical-mediated reaction is the thermal decompaosition of ethane:

CoHg(g) — CoHa(g) + Halg) (36.85)

Small amounts of methane (CHy) are also produced in this decomposition. The decom-
position mechanism proposed by Rice and Herzfeld is as follows:

Initiation C;Hg ——L'—> 2 CHy: (36.86)
Propagation CHy- + CyHg —-!f-* CH4 + CyHsr {36.87)
C,Hs —h—> C,Hy + H- (36.88)
H' + CyHg —2—’ CyHs + Hs (36.89)
Termtnation H+ + C,H;5- i* CyHg (36.90)

In this section, we include a dot {+) in the formula of a compound to indicate that the
species is a radical. The first elementary step in the mechanism involves the creation of two
methyl radicals, referred to as an Initiation step [(Equation (36.86)]. In an initiation step,
radicals are produced from a precursor species. The next three steps in the mechanism
[Equations (36.87) through (36.89)] are referred to as propagation steps in which a radi-
cal reacts with another species to produce radical and nonradical products, and the radical
products go on to participate in subsequent reactions. The finat step in the mechanism is a
termination step in which two radicals recombine to produce a nonradical preduct.
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36 9 PHOTOCHEMISTRY 983

where A represents the number of molecules of reactant and &, is Avogadro’s number. G
Integrating Equation (36.155), we obtain '

A= Aoe—f()(23036/.‘\',1).' — ADe—qu',‘r (36-156)

where o 4 is known as the absorption cross section and the rate constant for excitation
k, 1s equal to fyo 4 with £ i units of photons em 257!,

The absorption of light may occur when the photon energy is equal to the energy dif-
ference between two energy states of the molecule. A schematic of the processes that occur 1
following photon absorption resulting in an electronic energy-level transition (or “elec-

onic transition™) is given in Figure 36.17. Such diagrams are referred to as Jablonski ‘
grams after Aleksander Jablonski, a Polish physicist who developed these diagrams for |

cribing kinetic processes initiated by electronic transitions. In a Jablonski diagram, the *

tical axis represents increasing energy. The electronic states depicted are the ground-

ite singlet Sy, first excited singlet S, and triplet 7. In the singlet states, the electrons are
”‘)in paired such that the spin multiplicity is one {i.e., a “singlet™), and in the triplet state r_*
Ywo electrons are unpaired such that the spin multiplicity is three {a “triplet”). The sub-
scripts indicate the energy ordering of the states. Because triplets are generallv formed by :
electronic excitation, the lowest energy triplet state is labeled T, as opposed to Ty (the low- }
est energy spin contiguration of molecular oxygen is a triplet, a famous exception to this
generality). Finally, the lowest vibrational level for each electronic state is indicated by
dark horizontal lines, with higher vibrational levels indicated by the lighter horizontal
lines. In addition, a manifold of rotational states will exist for each vibrational level; how-
ever, he rotational energy levels have been suppressed for clarity in Figure 36.17.

5

A
]

Energy

FIGURE 36.17

A Jablonski diagram depicting varicus
photophysical processes, where 8y is

the ground electronic singlet state, § is
the first excited singlet state, and 7 is the
first exciled triplet state. Radiative
-+———  Absorption processes are indicated by the straight
lines. The nonradiative processes of inter-
system crossing (ISC), internal conversion
Phosphorescence (IC), and vibrational relaxation (VR) are
indicated by the wavy lines.

- —  Flucrescence
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CHAPTER 36 Complex Reaction Mechanisms

The solid and wavy lines in Figure 36.17 represent a variety of processes that couplc
the electronic states. These processes, including the absorption of light and subsequent
energetic relaxation pathways, are referred 1o as photophysical processes because the
structure of the molecule remains unchanged. In fact, muny of the processes of interest
in “photochemistry” do not involve photochemical transformation of the reactant at all
but are instead photophysical in nature. The absorption of light decreases the population
in the lowest energy singlet state Sy, referred 10 as a depletion. Correspondingly. the pop-
ulation in the first excited singlet 8| is increased. The absorption transition depicted in
Figure 36.17 is to a higher vibrational level in §,, with the probability of transition to a
specific vibrational level determined by the Franck—Condon factor between the lowest
energy vibrational level in S, and the vibrational states in ).

After populating §|, thermal equilibration of the vibrational energy will occur, a
process referred to as vibrational relaxation. Vibrational relaxation is extremely rapid
(~ 100 fs), and when complele, the vibrational state population in § will be governed
by the Boltzmann distribution. The vibrational energy-level spacings are assumed to be
sufficiently large such that only the lowest vibralional level of 8, is populated 1o a sig-
nificant extent after equilibration. Decay of §| resulting in repopulation of Sy can oceur
through one of three paths:

1. Path I. Loss of excess electronic energy through the emission of a photon. Such
processes are referred 1o as radiative transitions. The process by which photons are
emitled in the radiative transittons between 5; and S is referred to as fluorescence.
This process is equivalent to spontaneous emission.

2. Path 2: Intersystem crossing (ISC in Figure 36.14) resulting in population of 7.
This process involves a change in spin state, a process that is forbidden by quantum
mechanics. As such, intersystem crossing is significantly slower than vibrational
relaxation, but it js competitive with fluorescence in systems where the triplel state
is populated to a significant extenl. Following intersystem crossing. vibrational
relaxation in the triplet vibrational manifold occurs, resulting in population of the
lowest energy vibrational level. From this level. a second radiative transilion can
occur where S is populated and the excess energy is released as a photon. This
process is referred to as phosphorescence. Because the 7, — 5§, transition also
involves a change in spin, it is also forbidden by spin selection rules. Therefore, the
rate for this process is slow, and phosphorescence occurs over longer limescales
(1075 s to seconds) as compared 1o fluorescence {(~107%5).

3. Path 3: Rather than undergoing a radiative transition, decay from §; to a high vibrational
fevel of 5 can occur followed by rapid vibrational relaxation. This process is referred to
as internal conversion or nonradiative decay. Nonradiative decay can also occur
through the triplet state by intersystem crossing to Sy, followed by vibrational relaxation.

From the viewpoint of kinetics, the absorption of light and subsequent relaxation
processes can be viewed as a collection of reactions with corresponding rates.
Figure 36.18 presents a modified version of the Jablonski diagram that focuses on these
processes and corresponding rate constants. The individual processes, reactions, and
notation for the reaction rates are provided in Table 36.].

TABLE 36.1 Photophysical Reactions and Corresponding Rate Expressions

Process Reaction Rate
Absorption/cxcitation Sg + hw—§ ko[Sol {ko = 1o04)
Fluorescence S =S8y + by ki(84)

Internal Gonversion 8 —S8, k(8]

Intersysiem crossing $—T, k5[5
Phosphorescence Ty =Sy + hv k,[T)]

Intersystem crossing T, — S 0TI
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Fluorescence and Fluorescence Quenching

The photophysical processes oullined in Table 36.1 are present for any molecular
system. To study excited state lifetimes, another photophysical process is introduced:
collisional quenching. [n this process, a collision occurs between a species Q and a
molecule populating an excited electronic state. The result of the coliision is the
removal of energy from the molecule with the accompanying conversion of the mole-
cule from S, to §g:

LY
SI+Q =8 +Q (36.157)
The rate expression for this process is

R, = k,[8][Q] (36.158)

By studying the rate of collisional quenching as a function of [Q], it is possible 1o
determine the k. To demonstrate this procedure, we begin by recognizing that in the
kinetic scheme illustrated in Figure 36.18, §, can be considered an intermediate
species. Under constant tllumination, the concentration of this intermediate will not
change. Therefore, we can write the differential rate expression for Sy and apply the
steady-stale approximation:

dis))
dr

0 = k[So] = &S] = &[St] = KLISI] = k[S][Q]  (36.159)

The Muorescence lifetime 7/ is defined as

|
o= ky + ki + ki + K [Q] (36.160)
Using this definition of 7, Equation (36.159) becomes

dsi _ (Si]
S0 ks - (36.161)

Equation (36.161) is readily solved for [S):

[S1] = k4[So]ry (36.162)

36.9 PHOTOCHEMISTRY 985

FIGURE 36.18

Kinetic description of photophysical
processes. Rate constants are indicated for
absorption (k). fluorescence (&), internal
conversion ¢k, ), intersystem crossing from
S0 Ty (K5, intersystem crossing from
T oS, (kr,‘r,_‘). and phosphorescence (k).
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Slope = kky
1
o}
o
@l

FIGURE 36.19

A Stern~Velmer plot. Intensity of fluores-
cence as a function of quencher eoncentra-
tiun 15 plotted relative to the intensity in the
absence of quencher. The slope of the line
provides a measure of the quenching rate
constant relative to the rate constant for
fluoreseence.

CHAPTER 36 Complex Reaction Mechanisms

The fluorescence intensity /; depends on the rate of fluorescence given by

Iy = ki8] (36.163)
Substituting Equation (36.162) into Equation (36.163) results in
l'f = “‘(”[SO]A'[T]‘ (36-164)

Inspection of the last two factors in Equation (36.164) illustrates the following
relationship:
ky + ket ke + k,[Q]

kyrs =®; (36.165)
The product of the fluorescence rate constant and fluarescence lifetime is equivalent 1o
the radiative rate constant divided by the sum of ratc constants for all processes leading
1o the decay of 5;. In effect, S decay can be viewed as a branching reaction, and the
ratio of rate constants contained in Equation (36.165) can be rewritlen as the quantum
yield for fluorescence &, similar (o the definition of reaction yield provided in
Section 33.8. The fluorescence quantwm yield is also defined as the number of photons
emitted as fluorescence divided by the number of photons absorbed. Comparison of
this definition 1o Equation {36.165) demonstrates that the fluorescence quantum yield
will be large for molecuies in which kyis significantly greater than other rate constants
corresponding to S, decay. Inverting Equation (36.164) and using the definition of T,
the following expression is obtained:

K, + kS, ey
+ K >+ ! (36.166)

I 1 (
= 1
Iy ky[Se) kp kol Solk,

For a fluorophore with a quantum yield approaching unity, k; 2> k. and &5, 1n fluo-
rescence quenching experiments, fluorescence intensity is measured as a function of
[Q). Measurements are generally performed by referencing to the fluorescence inten-
sity observed in the absence of quencher IE,’» such that

1} kq

— =1+ —[Q] (36.167)
Iy ky

Equation (36.167) reveals that u plot of the fluorescence intensity ratio as a function of
{Q] will yield a straight line, with slope equal to &,/k;. Such plots are referred to as
Stern—Volmer plots, an example of which is shown in Figure 36.19.

36.9.3 Measurement of 1,

In the development presented in the preceding subsection, it was assumed that the
system of interest was subjected to continuous irradiation so that the steady-state
approximation could be applied to [S]. However, it is often more convenient to pho-
toexcite the system with a temporally short burst of photons or pulse of light. If the
temporal duration of the pulse is short compared o the rate of S| decay, the decay of
this state can be measured directly by monitoring the fluorescence intensity as a func-
tion of lime. Optical pulses as short as 4 fs (4 % 1077 5) can be produced that provide
excitation on a timescale that is significantly shorter than the decay time of S,.

After excitation by a temporally short optical pulse, the concentration of molecules
in [S] will be finite. In addition, the raie constant for excitation is zero becausc fo = O:
therefore, the differential rale expression for §) becomes

v dlS
[dI,] R '_kf[sl] - kir[sl} - k;'yv('[si] - krf[Q][Sl]
s8] __[s]

I (36.168)
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Equation (36.168) can be solved for [S,] resulting in

[S1] = [Si)oe™/™ (36.169)

Because the fluorescence intensity is linearly proportional to [S,] per Equation (36.163),
Equation (36.169) predicts that the fluorescence intensity will undergo exponential
decay with time constant 7. In the limit where k; >> k;. and &, >> ki T, can be
approximated as follows:

I
lim =— 36.170
boobers ™ kv kQ] (36:170)
In this limit, measurement of the fluorescence lifetime at a known quencher concentra-
tion combined with the slope from a Stern—Yolmer plot is sufficient 1o uniquely deter-
mine kyand k.. Taking the reciprocal of Equation (36.170), we obtain

= kr+ 4,[Q] (36.171)
/
Equation {36.171) demonstrates that a plot of (-rf)_I versus [Q] will yield a straight
line with y intercept equal Lo &, and slope equal to &,

EXAMPLE PROBLEM 36.4

Thomaz and Stevens {in Molecular Luminescence, New York: W. A, Benjamin Inc,
1969) siudied the fluorescence quenching of pyrene in solution. Using the following
information, determine kyand k, for pyrene in the presence of the quencher BreCs.

[BrgCe) (M) 77 (8)
0.0005 2.66 % 1077
0.001 187 x 1077
0.002 117 % 1077
0.003 8.50 x 107°
0.003 551 x 1078

Solution

Using Equation (36.171), a plot of (rf)_' versus | Q) for this system is as follows:

-
|

(g~ Mix107 71

T T
0 0.002 0.004
(BrsGelM

The best fit 1o the data by a straight line corresponds to a slope of 3.00 X 10%s™',
which is equal 10 &, by Equation {36.171), and a y intercept of 1.98 X 10867 w

hich
is equal to ky.
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