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FIGURE 35.12

Concentrations for a parallel reaction
where kg = 2ke = 0157

Scan Figure 12 here

EXAMPLE 35.7
In acidic conditions, benzyl penicillin (BP) undergoes the following

parellal reaction;

BP P,
COOH iz COOH
0 / :
%?—N/\/if ko N/ TIJ\>(
R)—LS Ne——g
k 1
% ‘/1,/ \k:-l HOOC
R, \/\ =0
N~<\ H HOOGC .
N N 0
\,_-COOH /\__é, + FhM - CO,
/ ;
HS,7£\ HoN SH
P, P,

In the molecular structures, R1 and RZ2 indicate alkyl substituents. In

a solution where PH=3, the rate constants for the processes at 22T
are k, =7.0x10 %k, =4.1x10"% Landk; =5.7x10 s L.
What is the yield for P1 formation?



Solution
Using Eq(35.79)

k 0x104
o, 1 7.0 <10

= = =0.067
vk thaths 7.0x10704+4.1x10 % +5.7x107°

Of the BP that undergoes acid-catarlyzed dissiciation, 6.7% will result

in the formation of P1.

35.9 Temperature Dependence of Rate Constant

k= Ae H/ET (Arrhenius eq) (82)
FE
In(k)=In(4)— RiT (83)

A=Frequency factor or preexponential factor

E.=Activation energy of reaction

Reaction proceeds as the energy is greater than the activation energy

(See Figure 13).

|
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Energy

Reactants

FIGLRE 35.13

A schematic drawing of the energy profile
for a chemical reaction. Reactants musi
Products acquire sufficient energy to overcome the
activation energy, E,, for the reaction. The
reacticn coordinate represents the bonding
und geometry changes that oceur in the
Reaction coordinate transformation of reactants into products.

Scan Figure 13 here.

EXAMPLE 35.8
The temperature dependence of the acid—-catalyzed hydrolysis of
penicillin (illustrated in Example problem 35.7) is invetigated, and the



dependence of k; on temperature is given in the following table. What
1s the activation energy and Arrhenius preexponential factor for this
branch of the hydrolysis reaction?

Temperature (C) k(s h)
22.2 7.0x10 %
27.2 9.8 10 *
33.7 1.6x10°
38.0 2.0x10°

Solution

A plot of In(kl) versus 1/T is shown here;

In(k/s™ M

~J

0.0032 0.0033 0.0034
UT(K™Y

The data are indicated the points, and the solid line corresponds to
the linear least—squares fit to the data. The equation for the line is

In(k)=(— 6306.3K)LT+ 14.1

As shown in Eq (83), the slope of the line is equal to —Ea/R
such that



a

== B, = 52,400Jmol ' = 52.4kJmol "

6306.3A =

The y intercept is equal to In(A) such that
A=e"'=1.33x10%""!

35.10 Reversible Reactions and Equilibrium
So far for irreversible reactions.

However, reversible reaction 1is also possible depending on the

energies of the reaction (See Figure 14).

Energy

Reactants

FIGURE 35.14

Products

Reaction coordinate demonstrating the ac-
tivation energy for reactants to form prod-
ucts, E,, and the back reaction in which

products form reactants, E,. Reaction cocrdinate

Scan Figure 14 here.

Consider reverse reaction (84).
Forward reaction: 1st order in A

Backward reaction: 1st order in B

kA
A—/RB (84)
kB

Differential rate equations for the reactant and product are

dlA]
o k4 [Al+ kBl (85)



g Fa [A] = k4 B] (86)
IC's;

@ t=0, [Al=[Alo, [B]=0 and

for t>0,

[A], = [A] +[B] (87)

Using the two IC's, (85) is integrated as

dlA] _
= =klA] kB (88)
==k [A]+kp([4], - [4])

=—[Al(k 4+ kp) + kAl

(4] d[A] _ t
f o AN, k) — Ryl AL, / [t

0

To evaluate the integral (88), Use the following integration formula;

f(d4$2 lln(OL—H):z:)

a+bxr) b
Then
—(k, +ky)t
kgtke 77
[A] =[A], e (89)
—(k, k)t
kpt+kue 47
(B =[], (1~ =) (90)
AT Rp

[A] decays exponentially with an apparent rate constant, (ka+ kg).



Eqgs (89) and (90) are plotted in Figure 15 with ka=2ks=0.06s".

(XAl

Timefs

FIGURE 35.15

Time-dependent concentrations in which
both forward and back reactions exist
between reactant A and product B. In this
example, k4 = 2kg = 0.06 5. Note that
the concentrations reach a constant value
at longer times (¢ = ¢,,} at which point
the reaction reaches equilibrium.

Scan Figure 15

If the backward reaction were not present, [A] would decay to O.

Equilibrium concentrations of A and B are obtained as t—o.

— 14 — kB
[A]eq—gg?o [A]= [A]o—kA %, (91)
— 11 — _ kB

Note the two equilibrium concentrations depend on the forward and

backward rate constants.

For t=teq reactant and product concentrations are no longer changed;



dl4l,, dlB,,
= - =0 (93)
Note the rates are not zero but are the same.
Subing differential rate equation into (93) gives
dl4l,, dlB],
dt "= dt qzoz_kA[A]eq+kB[B]eq
kA [B]F([
—= —=K (94)
kB [AL’,(] ‘

where Kc is the equilibrium constant in terms of concentration.

Figure 16: Method to determine forward and backward rate constants.

i) Measure the apparent decay constant for the reactant: (ka+kg)

i1) Measure Kc

— 2 Eqgs and 2 unknown; Solved

1

XJAl

FIGURE 35.16

Methodology for determining forward and
back rate constants. The apparent rate
constant for reactant decay is equal to the
sum of forward, &y, and back, kg, rate
constants. The equilibrivm constant is
equal to ky/kg. These two measurements

\

\ [Algetha + kalt
\ / '
\ . B

\

\|

provide a system of two equations and
two unknowns that can be readily evalvat-
ed to produce k4 and kg.

Scan Figure 16 here.

Scan Example 35.9 here.
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EXAMPLE PROBLEM 35.9

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

Boat Chair

The reaction is first order in each direction, with an equilibrium constant of 10,
The activation energy for the conversion of the chair conformer to the boat con-
former is 42 kJ/mol. Assuming an Arrhenius preexponential factor of 10'% 57!,
what is the expected observed reaction rate constant at 298 K if one were to
initiate this reaction starting with only the boat conformer?
Solution
Using the Arrhenius expression of Equation (35.82), kg is given by

—42,000 J mol
8314 Jmol ' K1) (298 K)

kg = Ae E/RT = 1012 s"'exp[(

=434 X 10%s7!

Using the equilibrium constant, k4 can be determined as follows:

k
K,=10*= -2
kg

ki =10ky = 104434 x 10%s71) = 434 x 10857
Finally, the apparent rate constant 1s simply the sum of k4 and kg:

kapp = ka + kp = 4.34 X 10°57!



35.11Perturbation—Relaxation Methods

k
P (95)

kp

k+
A==pB (96)

kp

A
dl dt]6q=0=—kA[A] +hkylBl,, 97)
kalAl, =kzlBl,,
Al—¢=4], (98)
(Bl +¢=8],, (99)
d
B la) k5l
& kje+ Al + Ry +1B,) (100)

:—kA[A] + kB, — &k +kp)

= 5(/€A+k+)
= (ki +ky) ! (101)

&£ (102)
/5 i§ / G

E=ge

35.12 The Autoioniation of Water: A T-Jump Example
k

HQO(aq)k:’fﬁ(aq)%— OH (aq) (103)
d[il]io] =—k;[H,0) + k. [H'[OH] (104)
d[g]:kf[ﬂp]—kr[}[ﬂm}r] (105)

ki lH'lom],

ST e g 1
e T g (106)



%:— ki [H,0)+ & [H)[OH] (107)
=—kf (e+1m,0l,,) +k (¢ H7,,)(¢—[oH],,)

e+ Jorr, ) +4 i, e Tom],)
f
==k k(A +[0H],)+OE)

& e+ (11, +0m,) (108)

~— Gk} + 8 (1, + [0F,,) (109)
6k, o,) (110)
3.7x10 °s 1 1

ki [HTJO0H )., (1x10 TM)(1x107 M)

— —16
ko 10, 55407 =181x10 "M  (111)

eq
Substitution of Equation (35.111) into Equation (35.110) vyields the

following value for the reverse rate constant:
1

————=(kf +k ((H,,+OH

37 % 105 (kf +k (7], +[OH],,))

= (1.81 < 10" "M (k") + £ (2.00 X 107 "))
1 _ g+

(3.7 10 %)(2.0x 10" 7M)
1.35x 10" M 's7 =k

r

Finally, the forward rate constant is
ki = (k/)1.83 107 10/=(1.35x 10" 's71)(1.83 < 10 M1)
=247x10 %!

35.13 Potential Energy Surfaces
AB+ C— A+ BC (112)

35.14 Diffusion Controlled Reactions

kd
A+B— AB (113)

k
AB— A+ B (114)



AB2P (115)

R=Fk,[AB (116)

d[gtB] = 0=k [AllB—k.[4B]— K [4B (117)

kK lAllB)
l45] = k. +k,
Ky
= m[A][B] (118)
R=k,[A][B] (119)
ky=4nN,(r +rz) D,y (120)

p= L (121)
6mnr

_ khy

[A][B] (122)

T

35.15 Activated Complex Theory

A+B—11P (123)
ky
A+Bk<:*AB* (124)
ky
AB*—=p (125)
A =k LB+ 45 (126)
+

[ABﬂ=k—11[AHB]= Cf [A][B)
Ko [ABﬂ/c" _ [ABi]CO

© ([Al/e)(Bl/c")  [AllB]

_dlp
R=—"=k (4B (127)

a

R:%z kZK [4][B) (128)



/w](f

R= = [A][B] (130)
K'=q, K=K (131)
kT —
k=ro K (132)
hc
AG =—RTInK* (133)
kT
k=2 AGHRT (134)
he
AGH = AH — TAS* (135)
kT
e e (136)
he
o 2 dlnk
E,=RT (—dT ) (137)
A
e d KT , dIn K
E“_RT(dTln(—hco K;))—RT—FRT( a7 )
E,=RT+ AU
AU = AH*— A(PV)? (138)
EGZAHi-l-RT(solutions) (139)
ek,T
= %eﬂs /R (solutions, bimolecular) (140)
ek,T
= TBeAS /R(solutions, unimolecular)
ek,T .
gas, uni B, =AH*+RT AzTBeAS /R
2
ekl
gas, bi B =AH'+2RT A:hC—BOeAS”R
3
e’kpT
gas, tri B =AH'+3RT A=—2_¢*/"

hice)?

(141)

(142)

(143)

(144)



EXAMPLE PROBLEM 35.10

In aqueous solution at 25°C and pH 7.4 the diffusion coefficient for hemoglobin
(radius = 35 A}is 7.6 X 1077 cm? ™!, and the diffusion coefficient for O,
(radius = 2.0 A)is 2.2 X 107 em? 57", The rate constant for the binding of O,
to hemoglobin is 4 X 10" M~ s7!. Is this a diffusion-controlled reaction?

Seclution
Assuming the reaction is diffusion controlled, the rate constant is expected to be
kg = 4wNy(ry + rg)Dyg
= 4w N4(35 X 10 % em + 2.0 X 1078 cm)
(7.6 X 10 7em?s ™ + 22 X 107 em?s™ 1)
= 6.4 X 10°M 157!

The diffusion-controlled rate constant is significantly greater than the experi-
mentally measured rate constant; therefore, the binding of O, to hemoglobin is
not diffusion controlled.



EXAMPLE PROBLEM 35.11

The thermal decomposition reaction of nitrosyl halides is important in tropo-
spheric chemistry. For example, consider the decomposition of NOCI:

2NOCI(g) — 2NO(g) + Cly(g)

The Arrhenius parameters for this reaction are A = 1.00 X 109 M~ s and
E, = 104 kI mol™ L. Calculate AH? and AS* for this reaction with T = 300 K.

Solution
This 1s a bimolecular reaction such that

CAHY = E, — 2RT = 104 ki mol™! — 2(8.314 Jmol ' K™1)(300K)

: 1 kI
= 104 kI mol™" ~ (4.99 x 10° I mol™ (—) = 99.0 kJ mol ™!
mo ( 07 Jmol™") 10007 I mo
Ahc®
Rlin )
e kT

(8314 Tmol ' K™ ln((

ASH

100 X 10°M™'s71)(6.626 x 10715)(1 M)
e*(1.38 X 1072 1K 1)(300K)

il

= —12.7 Jmol ™' K™!

One of the utilities of this calculation is that the sign and magnitude of AS* pro-
vide 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 more ordered) than the reactants.
This observation is consistent with a mechanism in which the two NOC| reac-
tants form a complex that eventually decays to produce NO and CI.



