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Rate Constants of
Elementary Reactions

2.1 I Elementary Reactions
Recall from the discussion of reaction networks in Chapter 1 that an elementary re
action must be written as it proceeds at the molecular level and represents an irre
ducible molecular event. An elementary reaction normally involves the breaking or
making of a single chemical bond, although more rarely, two bonds are broken and
two bonds are formed in what is denoted a four-center reaction. For example, the
reaction:

is a good candidate for possibly being an elementary reaction, while the reaction:

is not. Whether or not a reaction is elementary must be determined by experimentation.
As stated in Chapter 1, an elementary reaction cannot be written arbitrarily

and must be written the way it takes place. For example (see Table 1.4.3), the
reaction:

(2.1.1)

cannot be written as:

(2.1.2)

since clearly there is no such entity as half a molecule of dioxygen. It is important
to note the distinction between stoichiometric equations and elementary reactions
(see Chapter 1) is that for the stoichiometric relation:

(2.1.3)
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one can write (although not preferred):

NO + ~02 = N02 (2.1.4)

The remainder of this chapter describes methods to determine the rate and tem
perature dependence of the rate of elementary reactions. This information is used
to describe how reaction rates in general are appraised.

2.2 I Arrhenius Temperature Dependence
of the Rate Constant

The rate constant normally depends on the absolute temperature, and the functional
form of this relationship was first proposed by Arrhenius in 1889 (see Rule III in
Chapter 1) to be:

k = Ii exp[ -E/(RgT)J (2.2.1)

EXAMPLE 2.2.1 I

where the activation energy, E, and the pre-exponential factor, A, both do not de
pend on the absolute temperature. The Arrhenius form of the reaction rate constant
is an empirical relationship. However, transition-state theory provides a justification
for the Arrhenius formulation, as will be shown below. Note that the Arrhenius law
(Equation 2.2.1) gives a linear relationship between In k and T~ 1•

The decomposition reaction:

can proceed at temperatures below 100°C and the temperature dependence of the first-order
rate constant has been measured. The data are:

288
298
313
323
338

1.04 X 1O~5

3.38 X 1O~5

2.47 X 1O~4

7.59 X 1O~4

4.87 X 10 3

Suggest an experimental approach to obtain these rate constant data and calculate the acti
vation energy and pre-exponential factor. (Adapted from C. G. Hill, An Introduction to Chem

ical Engineering Kinetics & Reactor Design. Wiley, New York, 1977.)

• Answer
Note that the rate constants are for a first-order reaction. The material balance for a closed
system at constant temperature is:

dt
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where nN,o, is the number of moles of NzOs. If the system is at constant volume (a closed
vessel), then as the reaction proceeds the pressure will rise because there is a positive mole
change with reaction. That is to say that the pressure will increase as NzOs is reacted because
the molar expansion factor is equal to 0.5. An expression for the total moles in the closed
system can be written as:

where n is the total number of moles in the system. The material balance on the closed sys
tem can be formulated in terms of the fractional conversion and integrated (see Example
1.5.2) to give:

fN,o, = 1 - exp( -kt)

Since the closed system is at constant T and V (PV = nRgT):

P n
-=-=(1 +0.5fNo)
Po no 2 ,

and the pressure can therefore be written as:

P = Po[1.5 - 0.5exp(-kt)]

If the pressure rise in the closed system is monitored as a function of time, it is clear from
the above expression how the rate constant can be obtained at each temperature.

In order to determine the pre-exponential factor and the activation energy, the In k is
plotted against as shown below:

From a linear regression analysis of the data, the slope and intercept can be obtained, and
they are 1.21 X 104 and 30.4, respectively. Thus,

slope = -EjRg

intercept = In A

E = 24 kcal/ mol
A 1.54 X 1013 S-1
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Consider the following elementary reaction:

k j

A+B( )S+W
k2

At equilibrium,

and

(2.2.2)

(2.2.3)

(2.2.4)

(2.2.5)

k1 (CsCw )
Kc = k

2
= CACB eq

If the Arrhenius law is used for the reaction rate constants, Equation (2.2.4) can be
written:

Kc= k2= (~Jexp(E2R~/I) = (~:~:)eq

It is easy to see from Equation (2.2.5) that if (E2 - E1) > 0 then the reaction is
exothermic and likewise if (E2 - E1) < 0 it is endothermic (refer to Appendix A
for temperature dependence of Kc). In a typical situation, the highest yields of prod
ucts are desired. That is, the ratio (CSCW/CACB)eq will be as large as possible. If the
reaction is endothermic, Equation (2.2.5) suggests that in order to maximize the
product yield, the reaction should be accomplished at the highest possible temper
ature. To do so, it is necessary to make exp[ (E2 - E1)/(Rg T) ] as large as possible
by maximizing (RgT), since (E2 - E 1) is negative. Note that as the temperature in
creases, so do both the rates (forward and reverse). Thus, for endothermic reactions,
the rate and yield must both increase with temperature. For exothermic reactions,
there is always a trade-off between the equilibrium yield of products and the reac
tion rate. Therefore, a balance between rate and yield is used and the T chosen is
dependent upon the situation.

2.3 I Transition-State Theory
For most elementary reactions, the rearrangement of atoms in going from reactants
to products via a transition state (see, for example, Figure 1.1.1) proceeds through
the movements of atomic nuclei that experience a potential energy field that is gen
erated by the rapid motions of the electrons in the system. On this potential energy
surface there will be a path of minimum energy expenditure for the reaction to pro
ceed from reactants to products (reaction coordinate). The low energy positions of
reactants and products on the potential energy surface will be separated by a higher
energy region. The highest energy along the minimum energy pathway in going
from reactants to products defines the transition state. As stated in Chapter I, the
transition state is not a reaction intermediate but rather a high energy configuration
of a system in transit from one state to another.
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Transition state

s+w

A+f"i""~ \
Energy difference
related to tJ.H,.

Transition state

VIGNETTE 2.3.1

Reaction coordinate Reaction coordinate

(a) (b)

Figure 2.3.1 I
Potential energy profiles for the elementary reaction A + B -+ S + W for (a) an
endothermic reaction and (b) an exothermic reaction.

The difference in energies of the reactants and products is related to the heat
of reaction-a thermodynamic quantity. Figure 2.3.1 shows potential energy profiles
for endothermic and exothermic elementary reactions.

Transition-state theory is used to calculate an elementary reaction that con
forms to the energetic picture illustrated in Figure 2.3.1. How this is done is de
scribed next.



58 C H A PT E R 2 Rate Constants oLElemen1a.yrYLJRU'ewa",c.u..til\.lollns~ ~

8

'"i
0

I'
E
~
>, 4

W
<U

-;,;
';5

2<U
'0

""
0

light
ICN--I+CN

: I
• :C

' ••••~~ femtoseconds (;): N

!hV
·····.O.... ·.0 0 .0

hCN

Consider again the reaction given by Equation (2.2.2). At thermodynamic equi
librium, Equation (2.2.3) is satisfied. In the equilibrated system, there must also exist
an equilibrium concentration of transition states: CTS' The rates of the forward and the
reverse reactions are equal, implying that there is an equivalent number of species tra
versing the activation barrier from either the reactant side or the product side. Thus,

(2.3.1)

where A is a frequency. Since CTS is a thermodynamic quantity, it can be calculated
from statistical thermodynamics. A fundamental assumption of transition-state theory
is that if the system is perturbed from equilibrium by product removal, the rate of the
forward reaction remains:

(2.3.2)

where CTS is the concentration of transition-states in equilibrium with reactants A
and B. The fictitious equilibrium:

A + B :::@: TS

allows for the formulation of an equilibrium constant as shown below:

Crs

CACB

where

(2.3.3)

(2.3.4)

R~TlnK'f' (2.3.5)
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and LlGt is the change in the standard Gibbs function for the reaction given in
Equation (2.3.3) and LlHt and LlSt are the corresponding changes in standard en
thalpy and entropy, respectively. The subscript 0 is used to denote the standard state
while the superscript =1= denotes quantities pertaining to the transition state. By com
bining Equations (2.3.5) and (2.3.4), CTS can be written as:

(2.3.6)

Using this formulation for CTS in Equation (2.3.2) allows the reaction rate to be of
the form:

(2.3.7)

A fundamental assumption of transition-state theory is that A is a universal fre
quency and does not depend upon the nature of the reaction being considered. It
can be proven that (see, for example, M. Boudart, Kinetics of Chemical Processes,
Butterworth-Heinemann, 1991, pp. 41-45):

kT
A=-

h
(2.3.8)

where h is Planck's constant and k is Boltzmann's constant. Using Equation (2.3.8)
in Equation (2.3.7) gives:

(2.3.9)

This is the general equation of transition-state theory in its thermodynamic form.
Equation (2.3.9) helps in the comprehension of how reactions proceed. In or

der for a reaction to occur, it is necessary to overcome not just an energy barrier but
a free energy barrier. That is to say, a reaction involves not only energy but also re
quires reaching a favorable configuration associated with a change in entropy. These
two effects can often compensate each other. For example, McKenzie et al. [1. Catal.,
138 (1992) 547] investigated the reaction:

OH 0
I II

CH3CHCH3 ==> CH3CCH3 + H2

over a series of solid catalysts called hydrotalcites, and obtained the following data:

1
2
3
4

4.3 X 1012

2.3 X 1011
2.2 X 1010

1.6 X 109

172
159
146
134
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If Equation (2.3.9) is compared to Equation (2.2.1), then:

A= (~) exp [ A:gt ]

E= AHt

(2.3.10)

(2.3.11)

The data of McKenzie et al. clearly show that as the energy barrier increases (higher
E), the entropy of activation becomes more positive (larger ASt implies more
favorable configurational driving force for the reaction, since entropy will always
attempt to be maximized). Thus, energy and entropy compensateJn this example.

The Arrhenius form of the rate constant specifies that both A and E are inde
pendent of T. Note that when the formulation derived from transition-state theorx
is compared to the Arrhenius formulation [Equations (2.3.10) and (2.3.11)], both A
and Edo have some dependence on T. However, AHt is very weakly dependent
on T and the temperature dependence of:

.(kT) [ASt]- exp--
h Rg

(2.3.12)

can normally be neglected as compared to the strong exponential dependence of:

[
-AHt]

exp R T
g

(2.3.13)

Thus, the Arrhenius form is an excellent approximation to that obtained from
transition-state theory, provided the temperature range does not become too large.

Previously, the concentration CTS was expressed in simple terms assuming ideal
conditions. However, for nonideal systems, K4" must be written as:

(2.3.14)

(2.3.15)

where ai is the activity of species i. If activity coefficients, 'Yi' are used such that
ai = YiCi, then Equation (2.3.14) can be formulated as:

K4" - [~~J [~~J
Following the substitutions and equation rearrangements used for ideal conditions,
the nonideal system yields:

k = (kT) Y~YB K4"
h 'Yrs

(2.3.16)

At infinite dilution where the activity coefficients are one (ideal conditions), ko can
be written as:

(2.3.17)
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Thus, the rate constant at nonideal conditions relative to the ideal system is:

61

EXAMPLE 2.3.1 I

k YAYS-=--

Predict how the rate constant of the reaction:

A+B--+S

(2.3.18)

would vary as a function of ionic strength, J, if A and B are both ions in aqueous solutions

at 25°C. The Debye-Hlickel theory predicts that:

-log(Yi) = 0.5z1VI

where Zi is the charge of species i and

- 12:-21=- Zc
2 i I I

(i=A,B,S)

where Ci is the concentration of species i in units of molality.

• Answer
Although the structure of the transition state is not given, it must have a charge of ZA + ZB'
Using the Debye-Hlickel equation in Equation (2.3.18) gives:

(k) (YAYB)
log k

o
= log YTS

or

After simplification, the above equation reduces to:

This relationship has been experimentally verified. Note that if one of the reactants is un

charged, for example, B, then ZB = 0 and k = ko. If the rate is mistakenly written:

application of the Debye-Hlickel equation gives:

10g(~) IOgeO~:YB) = -0.5[Z~ + Z~]VI

Note that this relationship gives the wrong slope of IOg(: ) versus VI, and if ZB 0, it
does not reduce to k ko. 0
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It is expected that the transition state for a unimolecular reaction may have a struc
ture similar to that of the reactant except for bond elongation prior to breakage. If this
is the case, then List == 0 and

(2.3.19)

It has been experimentally verified that numerous unimolecular reactions have rate
constants with pre-exponential factors on the order of 1013 S-I. However, the pre
exponential factor can be either larger or smaller than 1013 s-I depending on the details
of the transition state.

Although it is clear that transition-state theory provides a molecular perspec
tive on the reaction and how to calculate the rate, it is difficult to apply since List,
LiH(;, and YTS are usually not known a priori. Therefore, it is not surprising that
the Arrhenius rate equation has been used to systemize the vast majority of exper
imental data.

Exercises for Chapter 2
1. For a series of similar reactions, there is often a trend in the equilibrium constants

that can be predicted from the rate constants. For example, the reaction coordi
nate diagrams of two similar reactions are given below. If the difference in free
energy of formation of the transition state is proportional to the difference in the
free energy change upon reaction, that is, LiGi LiGf = a(LiG1 - LiG1),

derive the relationship between the rate constants k] and k1 and the equilibrium
constants (K] and K1).

Reaction coordinate

Schematic diagram of two similar reactions.
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2. The decomposition of gaseous 2-propanol over a mixed oxide catalyst of
magnesia and alumina produces both acetone and propene according to the fol
lowing equations:

OH 0

~ ===>~ +Hz

2-propanol acetone

OH

~ ===>~ +HzO

2-propanol propene

From the data presented below, calculate the activation energy for each reaction
(A. L. McKenzie, M.S. Thesis, Univ. of Virginia, 1992). Assume the concentra
tion of 2-propanol is constant for each experiment. Selectivity to acetone is
defined with respect to the products acetone and propene.

Temperature (K) 573 583 594 603 612
Rate of acetone 4.1 X 10 7 7.0 X 10-7 1.4 X 10-6 2.2 X 10-6 3.6 X 10-6

formation
(mol gcat- I 5- 1)

Selectivity to 92 86 81 81 81
acetone (%)

3,4-Dimethyl-~3

tetrahydro-benzaldehyde
Acrolein

+

3. Use the data in Exercise 7 at the end of Chapter 1 to determine the activation
energy and pre-exponential factor of the rate constant for the Diels-Alder
reaction of 2,3-dimethyl-l,3-butadiene (DMB) and acrolein to produce 3,4
dimethyl- Li 3-tetrahydro-benzaldehyde.

o 0

~H ===>H3C~H
H3C~

4. Explain how the pre-exponential factor of a unimolecular reaction can be greater
than 1013 S-I.

5. Discuss the strengths and weaknesses of transition-state theory.

6. Irradiation of water solutions with gamma rays can produce a very active
intermediate known as a hydrated electron. This species can react with many
different neutral and ionic species in solution. Devise an experiment to check
the electrical charge of the hydrated electron. (Problem adapted from M.
Boudart, Kinetics of Chemical Processes, Prentice Hall, Englewood Cliffs,
NJ, 1968, p. 55.)




