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~ith respect to B
~ith respect to C

overall

liter.

tven by

d[A] ,
— (35.12)

ate that at a certain temperature and pressure
rall, and &k = 40 s~! o that

(40 s™)[A]

-eaction is equal to the negative of the time
ar ~xperiment in which [A] is measured as
The derivative in Equation (35.12) is sim-
tration curve at a specific time. Therefore,
t which the rate is determined. Figure 35.2
time points, 1 = O ms(1 ms = 10™°s) and
is given by the negative of the slope of the
h time, per Equation (35.12):

A
J = 40 Ms™!

is
A
[—] = 12 Ms™!
d,

with time. This behavior is a direct conse-
of time, as expected from the rate law of

40 s (1 M) = 40 Ms™!
f A has decreased to 0.3 M so that the rate is
= 405703 M) = 12Ms™!

dnt an important issue in kinetics: how does
s with time? One convention is to define the
ve undergone any substantial change from
ned under such conditions is known as the
example is that determined at ¢+ = 0. In the

Concentration/M

0 50 100
Time/ms

FIGURE 35.2

Measurement of the reaction rate. The
concentration of reactant A as a function
of time is presented. The rate R is equal to
the slope of the tangent of this curve. This
slope depends on the time at which the
tangent is determined. The tangent deter-
mined 30 ms into the reaction is presented
as the blue line, and the tangentat = 0
1s presented as the purple line.
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FIGURE 35.3

Schematic of a stopped-flow experiment.
Two reactants are rapidly introduced into
the mixing chamber by syringes. After
mixing, the reaction kinetics are moni-
tored by observing the change in sample
concentration versus time, in this example
by measuring the absorption of light as a
function of time after mixing.

>y11IRCs, dlU WIS [CACLAULS dTe ITIXed at tne juncuion indicated in the figure. The reac
tion is monitored by observing the change in absorbance of the reaction mixture as
function of time. The temporal resolutions of stopped-flow techniques are generall:
limited by the time it takes for the reactants to mix.

Reactions that can be triggered by light are studied using flash photolysis techniques
In flash photolysis, the sample is exposed to a temporal pulse of light that initiates th
reaction. Ultrafast light pulses as short as 10 femtoseconds (10 fs = 107! s) in the visi
ble region of the electromagnetic spectrum are available such that reaction dynamics o
this extremely short or ultrafast timescale can be studied. For reference, a 3000 cm
vibrational mode has a period of roughly 10 fs; therefore, using short optical pulse:
reactions can be initiated on the same timescale as vibrational molecular motion, and thi:
capability has opened up many exciting fields in chemical kinetics, referred to a:
femtochemistry. This capability has been used to determine the ultrafast chemical kinet
ics associated with vision, photosynthesis, atmospheric processes, and charge-carriel
dynamics in semiconductors. Very recently, femtochemical techniques have been extendec
to the X-ray region of the spectrum, allowing for the direct interrogation of photoinitiatec

-structural changes using time-resolved scattering techniques. Recent references to some

of this work are included in the “For Further Reading” section at the end of this chapter

w__...._\__mmmﬂm:ﬁ A

Mixing chamber

Detector
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920 CHAPTER 35 Elementary Chemical Kinetics

Equation (35.29) predicts that for a first-order
reactant concentration versus time will be a s
equal to the natural log of the initial concentra
of the concentration dependences predicted by
order reactions. It 1s important to note that the
integrated rate law expression requires that the
accurately known over a wide range of reac
indeed follows a certain order dependence.

[AYIA]y

35.5.2 Half-Life and First-Order F

The time it takes for the reactant concentrati
_ value 15 called the half-life of the reaction and
tion, substitution of the definition for ¢, into

0 50 100
Time/s _ ([A]O,
(A]

(a) —k.t']/z— n

In2
i

[

Notice that the half-life for a first-order reactio
tion, and only the rate constant of the reaction

l EXAMPLE PROBLEM 35.3

The decomposition of NoOs 1s an important pr
half-life for the first-order decomposition of tt

In([AJIA]y)
|
=)
:

-l

k(s will it take for a sample of N,Os to decay to 6l
-20 1 | Sol.ution
0 50 100 Using Equation (35.29), the rate constant for t
Time/s the half-life as follows:
®) L = In2 _ In2
FIGURE 35.4 ti, 205 %104
Reactant concentration as a function of The time at which the sample has decayed to (

time for a first-order chemical reaction as . . ) _
given by Equation (35.27). (a) Plots of mined using Equation (35.27):

[A] as a function of time for various. rate N,Os] = 0.6]N,0s]o = [!
constants k. The rate constant of a given
curve i8 provided in the figure. (b) The 0.6 = ¢

natural log of reactant concentration as a
function of time for a first-order chemical —In(0.6) _,
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922 CHAPTER 35 Elementary Chemical Kinetics

1 i, I _:' s

15T

=

<

<

0 50 100
Time/s
(a)
20 1
koM~ 's™T) |

PR

=}

L 10

<

1= ] |

0 50 100
Time/s

(b)

FIGURE 35.5

Reactant concentration as a function of
time for a type I second-order chemical
reaction. (a) Plots of [A] as a function of
time for various rate constants. The rate
constant of a given curve is provided in
the figure. (b} The inverse of reactant
concentration as a function of time as
given by Equation (35.35)-

Equation (35.35) demonstrates that for a secor
reactant concentration versus time will result
and y intercept of 1/[A]y. Figure 35.5 present:
for a second-order reaction and 1/[A] versus
Equation (35.35) is evident.

35.5.4 Half-Life and Reactions of

Recall that “half-life” refers to when the conce
value. With this definition, the half-life for a ty

2 = fo

In contrast to first-order reactions, the half-life
on the initial concentration of reactant, with a;
ing in a decrease in 71 5. This behavior is consit
through a unimolecular process, whereas the
process that involves the interaction of two spe
_such, the concentration dependence of the reac

35.5.5 Second-Order Reaction (T

Second-order reactions of type II involve two (

h
A+ B-

Assuming that the reaction is first order in botl
R = k[A
In addition, the rate with respect to the time de

o _dA]
dt
The loss rate for the reactants is equal, so
[Alo — [A]
[Blo — [Alo + [A]
A+ [A]

Equation (35.40) provides a definition for [B] iy
concentration, [B Jo—[A]g, denoted as A. Begi
the imtial concentrations of A and B are not

(35.39) equal results in the following expressio
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roaches

preceding section, an integrated rate law
/ever, there 1s a wide variety of kinetic prob-
pression cannot be obtained. How can one
in the absence of an integrated rate Jaw? In
nother approach by which to determine the
ted by a kinetic model. To illustrate this

'r reaction:

k
— P (35.42)
action 1s
= —k[A] (35.43)

iange in [A] for a time duration that is infini-
. state that for a finite time duration A¢, the

= —k[A]
= —Ar(k[A]) (35.44)

ation of [A] at a specific time. Therefore, we
iange in the concentration of A, or A[A], over
n._..on change to determine the concentration
v concentration can be used to determine the
iime period, and this process is continued until

7

Al + AfA]
Al — kAI[A] (35.45)

ration at the beginning of the time interval, and
f the time interval. This process is illustrated in
ncentration is used to determine A[A] over the
his next time point, [A];, i1s used to determine

1
=
<
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&
1=
@
O
c
o)
O
0 —— =
0 50 100
Time/ms
FIGURE 35.6

Schematic representation of the numerical
evaluation of a rate law.
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Comparison of the numerical approxima-
tion method to the integrated rate law
expression for a first-order reaction. The
rate constant 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. Comparison to three
numerical approximations is given, and the
size of the time step (in ms) employed for
each approximation is indicated. Notice the
improvement in the numerical approxima-
tion as the time step is decreased.

CHAPTER 35 Elementary Chemical Kinetics

A[A] over the next time interval, resulting
tinued until the entire concentration profile

The specific example discussed here 1
numerically integrating differential equatio
of Euler’s method requires some knowledge
tion of a time interval Az that is sufficiently
tion. Figure 35.7 presents a comparison of 1
the integrated rate law expression for a firs
cally for three different choices for At. Th
method is highly dependent on an appropri
of the numerical model 1s demonstrated by r
evolution in concentrations does not change

The numerical method can be applied t
rate expressions can be prescribed. Euler’s
way by which to predict how reactant and
cific kinetic scheme. However, this method
time step must be chosen to accurately cap
time steps may be quite small, requiring a 1
duce the full time course of the reaction. As
ally demanding. More elegant approaches, :
allow for larger time steps to be performed
reader is encouraged to investigate these apj

357 Sequential Firsi

Many chemical reactions occur in a series
into products through multiple sequential el
sider the following sequential reaction sch
k4

A

In this scheme, the reactant A decays to
undergoes subsequent decay resulting in the
as an intermediate. The sequential react
involves a series of elementary first-order
rate expressions for each species can be wrj

diA]
dt

am_,
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undergoes exponential decay result’ ; in the production of 1. The inte. iediate in
turn undergoes subsequent decay to form the product. The temporal evolution of [I]
is extremely dependent on the relative rate constants for the production k4 and decay
k;. Figure 35.8b presents the case where k, > k;. Here, the maximum intermediate
concentration 1s greater than in the first case. The opposite limit is illustrated in
Figure 35.8¢c, where k4 < k; and the maximum in intermediate concentration is sig-
nificantly reduced. This behavior is consistent with intuition: 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.

1. 1 e
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[XVIAlo

reaction in which the reactant (A, bl
line) forms an intermediate (I, purple
line) that undergoes subsequent deca
to form the product (P, red line)
where (a) k4 = 2k; = 0.1 s 'and

(b) k4 = 8k, = 0.4s™*. Notice that
both the maximal amount of [ in add;
tion to the time for the maximum is
changed relative to the first panel.
(€) k4 = 0.025k; = 0.0125s7). In thi
case, very little intermediate is forme
and the maximum in {I] is delayed re
tive to the first two examples.
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vhen a substantial difference in rate con-
ex1sts.

timation

heme:

ko

I,—>P (35.60)

n the formation and decay of two interme-
(pressions for this scheme are as follows:

Al (35.61)
| = ki[14] (35.62)
1 kofL) (35.63)
] (35.64)

rations for the species involved in this reac-
:ssions is not trivial; therefore, how can the
s to use Euler’s method (Section 35.6) and
unction of time. The result of this approach
esented in Figure 35.10. Notice that the rel-
only modest intermediate concentrations.

t [1] and [I;] undergo little change with
centrations is approximately equal to zero:

=0 (35.65)

te approximation. This approximation is
ns by simply setting the time derivative of
. 1s particularly good when the decay rate
[ production so that the intermediates are
the reaction (as in the case illustrated in
iroximation to I, in our example reaction

(35.66)

Time/s

XAl

0 100
Time/s

(b)

FIGURE 35.9

Rate-limiting step behavior in sequential
reactions. (a) ky = 20k, = 1 57! such
that the rate-limiting step is the decay of
intermediate 1. In this case, the reduction in
[1] is reflected by the appearance of [P).
The time evolution of [P] predicted by the
sequential mechanism is given by the
purple line, and the corresponding evolu-
tion assuming rate-limiting step behavior,
(P],s, is gtven by the red curve. (b) The
opposite case from part (a) in which

k4 = 0.04k; = 0.02 s™" such that the
rate-limiting step is the decay of reactant A,
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FIGURE 35.10

Concentrations determined by numerical
evaluation of the sequential reaction
scheme presented in Equation (35.60)
where k4 = 0.02 57! and

ki =k, =025\
1 -
(A}
[Plss
(P

=
s
=3

where the subscript ss indicates that the
steady-state approximation. The final equalit
tion of the differential rate expression for [A
and all other initial concentrations are zer
under the steady-state approximation is

d[b.]ss _
dt

[IZ]ss = 5 [Il]s:

Finally, the differential expression for P is

d[P]SS
= ky |1

di 2[12]

Integration of Equation (35.68) results in the

[Plss = [Alo!

Equation (35.69) demonstrates that within t

dicted to demonstrate appearance kinetics co

When is the steady-state approximatior

the concentration of intermediate be constar

centration of the first intermediate under t
derivative of {I;], 1s

d[ll]ss d ( k A

E‘[A]oe_

i di

The steady-state approximation is valid when
true when k; >> k%[Alg. In other words, &
1s small at all times. Similar logic applies to I,
valid when k, >> k5[Alq.

Figure 35.11 presents a comparison betwee!
and those predicted using the steady-state appr
tial reaction where k4 = 0.02 s and k; = k-
ditions where the steady-state approximation
between [P] determined by numerical evalua
value, [Pl 18 evident. For the examples prese
relatively easy to implement; however, for ma
intermediate concentration with time is not appr
imation is difficult to implement if the intermed
two of the differential rate expressions derived 1
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FIGURE 35%5.11
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; = k, = 0.2 571, Curves correspon-
ding to the steady-state approximation are
indicated by the subscript ss.

vanl wiicit K9 )

Figure 35.11 pre

and those predicted
tial reaction where 4
ditions where the ¢
between [P] determ
value, [Pl is evide
relatively easy to i
intermediate concent
imation is difficult tc
two of the differentia

l EXAMPLE PROEL

Consider the follow.

Assuming that only
ence of [P] using the

Solution

The differential rate
(35.48), and (35.49):




bt yelorivel> (arse errer 5y @"‘é
vy

%(MY 7’6‘7-@(2/(/"\0#_; 05 A 7?‘-"#1/{_-4/7 L/}?w&:—j

‘-SSA VY, a/./o Zp( c//#/hc‘,ﬁf/{ 7{0 et S &

£ o %z
A—~] , T —=p @;4/‘//4{2/,4@2&_:6

154/4:17( I, //0\] s €A ?

ALLT), .
——— ¢ = J- - — .

AT TR ka iz frye ka

] f’ (), e AT
— L P]
LSk [) = kg (a), e T
[P) .
JAr) = 023= Ly a0, fé"" e

N AN R
=/La), (/- e"k"{)

fﬁl} /lJ JAane e L’L/é &7 Gé,;//’//r'(/ /yﬁ?ﬂ

’)/‘a?é;:, /(Lm(l‘((lo/& J?ZC’/D ("’/@(cﬁ:)’ c'.//{zj
=) ok



= Seeyee lled  Reec Fresr ¢ @ -/
-7 “{"70‘;"‘704%?7%‘ o]z 7?:&?(6 CCrr7 3 7(62-,-1 ba¥)

/- ,
T Wn oy Lo el s

e / /cf’c-?c/(’(c:e'-ﬁf y'fc'/agﬁ TE iy P
/ < 7 et

/@@fef-((e,é’ Vé:czc--/é;l(iﬂj : M/hfé,&c:ré?ﬂ//é; ]Z(,VMJ
/0;»064(57’5/ 8 7

6‘4%7’@/? lélCc.( 7/527é cg/;)(/gyc’_;_r/r‘bﬁ\f.,
LA ,
——;@—J— s kg [A) = ke [A) == (Lyrk )/a)
!9.:, T% {()MJr_ufﬂ/) ?Cr‘a/,

ALR)
Tl ke () 0([) = [efA) S Ao
with [A), #0, [B),=(cJ = °
Ja) = [A), é,*d‘fs‘* Dt
Lk
—y AlB) ke Chep t e )

Tl

[ntesration:

[B)= X [ 1- o= etk )

bept ke

Sl T [Q){., /')

jf‘fq v - [A'g"‘ /“/g )( )



> ' ) &L
7—’;@7’!/ s (/U,-ésj,{é) V3 'K‘ ]Cor éfb: ZZQ = (L /

6&/}&7’&// 7/5_(2'7[&’4’50 o/ /;;(44 L?rma/;}y 7’:‘,’4(74'0;,in
}) DC—Y&-/ a/ A w;zLA f’_/é[c"c:?‘(r'“wc 'yc:z?Z( Fom ) )'(Z&n/(égﬁéc)

- Y,
2/ 7he .747‘/'9%. 07L ]Wcaﬁé»f&%f é:) /r Fhe [etrrt €

;M ﬂ[/ Yéllfﬂwf/f/ a/yg/; }7{,)’L C’-?’)c:’/ﬂ}y '{Z/\J;Ve‘
[k,

f?’b{ﬁ/f&}? i [(] = 7(; /@(.J?L /@754(-(

fk'f /h (?% /c)/‘ the éym&/zr}flj '?’5'52'('?4‘0/7 /‘/7(/’((-'/¢)C-7/
‘/%.f/n the /)V&ﬁé{(-% (,5/[?/9] (z/ z‘%aa:?‘i bvctme 4

}‘Mrf/é-((/(// cﬁr./(Jd)

The extent ofF /D/m/,,,ffz\aa Oé/:fmﬂ/J o 27 FAC
’V@?élb g / ry@fé‘ OO d %aw '{(J"

779'5 [m/cy e palT f‘-”-‘ﬁ“f”/ f"/“’ =
broped éé("ﬁ”ﬂ’lw/ Che meome ///f(}/ A
/)yo(/c/c.# ﬁ/ ff ﬁ/?’! é}’wfay{ fq/// / éC /érmc.(/

P

yiddd G prebatlit, that prochedt < g
-{m*mzc/ R N S AN 4 Aeras |

ke
A 2 ki
J

[ “ﬁl’/?{ %;ﬁm W/Z‘{/ A’B:»Z/Cc_ y e 7/&(0/@/(’

PR . kc _ jf¢
fep e 2k +k

all /D }’ﬂ"‘ré/c 74

; Ao z \
SN e TZ'Z/ / - d :-'*3 /:;a;-c/wc /3)“:: Z[C”)



930  CHAPTER 35 Elementary Chemical Kinetics

Figure 35.12 provides an illustration of the rea
T branching reaction where kg = 2kc = 0.1s™
branching reactions are evident in the figure. Fu

[A] an apparent rate constant equal to kg + k¢, th
[B] branch. Second, the ratio of product concentrati

time point the ratio[ B ]/[C] is identical. This bel
and (35.77) where this ratio of product concentr:

B] .

[C] [C]
Equation (35.78) is a very interesting resuit. ’
stant for one of the reaction branches increases

. tion of the corresponding product increases as

0 of the product concentrations in Equation (35.

0 100 fore, the product ratio will be the same througt

Time/s Equation (35.78) demonstrates that the e
reaction is dependent on the rate constants. A

FIGURE 35.12 respect to probability; the larger the rate cons

Concentrations for a parallel reaction _that product will be formed. The yield & is de

where kp = 2k = 0.1 s . “uct will be formed by decay of the reactant:
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t

(I)z'z —

2

n

In Equation (35.79), k; is the rate constant for
product of interest indicated by the subscript ¢.
constants for the reaction branches. The total
each product, and it is normalized such that

S-

In the example reaction depicted in Figure 35.
mation of product C 1s

_ ke
kg t+ ke |

Because there are only two branches in ¢
Figure 35.12 reveals that [B] = 2[C], which

| EXAMPLE PROBLEM 35.7

In acidic conditions, benzy! penicillin (BP) un

dc
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938 CHAPTER 35 Elementary Chemical Kinetics

FIGURE 35.17

Example of a temperature-jump experi-
ment for a reaction in which the forward
and backward rate processes are first
order. The orange and light green portions
of the graph indicate times before and
after the temperature jump, respectively.
After the temperature jump, [A] decreases
with a time constant related to the sum of
the forward and backward rate constants.
The change between the pre-jump and
post-jump equilibrium concentrations 18

given by £.

(A] eq, pre-jump

7= (ko* + kg*)

[Alag ===t 4o T

[Bleg g

Concentration

[Bleg, pre-jump

Time

Employing the relaxation time, Equation (35.100) 1s readily evaluated:

d_ ¢
dt T

£ g5 t
IM| — |H QH__
&' T u
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940 CHAPTER 35 Elementary Chemical Kinetics

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

Notice the substantial difference between the

consistent with the modest amount of autoionize
ward and reverse rate constants are temperature
stant also demonstrates temperature dependence

Potential Energ

In the discussion of the Arrhenius equation, the
fied as an important factor determining the rate «
reaction kinetics and energetics is central to the «
To 1llustrate this concept, consider the following

AB+ C—A

The diatomic species AB and BC are stable, |
species ABC and the diatomic species AC are nc
tion. This reaction can be viewed as the interac
energy of this collection of atoms can be defined
space. The geometric relationship between the
respect to the distance between two of the thre
formed between these two distances, as illustrate
The potential energy of the system can be e:
nates. The vanation of the potential energy with
then be presented as a graph or surface referr
Formally, for our example reaction this surface
geometric coordinates and energy). The dimens:
by considering the enar~-si- 77 n at
ters
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FIGURE 35.22

Top: Reactants A and B approach each
other and collide in the gas phase. Bottom:
In solution, the reactants undergo a senes
of collisions with the solvent. In this case,
the approach of the reactants is dependent
on the rate of reactant diffusion in solution.
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One of the utilities of this calculation 1s that the si
information on the structure of the activated comp
reactants. The negative value in this example iltus
lower entropy (or is more ordered) than the reacta
a mechanism in which the two NOCI] reactants fo
to produce NO and CL

5 Diffusion Contr

For bimolecular chemical reactions in solution,

“ result in reaction dynamics that differ significantl

ple, the activation energy and relative orientatio
being key factors in defining the rate constant :
Imagine a reaction occurring in solution as illus
kinetic energy of the reactants is 3/2 R7, the ave
in the gas phase. However, in solution the prese
number of solvent—solute collisions before the
terrupted approach of the reactants characterist;
the reactants undergoing diffusion in solution un
the rate of diffusion can determine the rate of re:

The role of diffusion in solution-phase cher
ing kinetic scheme:

ky
A+B—¢
k,
AB — ¢
kp
AB —1
In this scheme, reactants A and B diffuse wit}
and form the intermediate complex AB. Once
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