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“Talking of education, people have now a-days” (said he) “got a strange opinion
that every thing should be taught by lectures. Now, I cannot see that lectures can
do so much good as reading the books from which the lectures are taken. I know
nothing that can be best taught by lectures, except where experiments are to be
shewn. You may teach chymestry by lectures — You might teach making of
shoes by lectures!”

James Boswell: Life of Samuel Johnson, 1766
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PREFACE

This book contains many important topics in modern theoretical studies in chemical
kinetics, and discusses some of the advances in experimental techniques Wthh have
enabled these theories to be tested and validated.

As the title indicates the primary aim is to help students to understand modern thinking
about “how a chemical reaction occurs” by giving a slow, explanatory ‘student-friendly’
yet rigorous introduction to such thinking. Many students veer rapidly away from topics
which can be labelled theoretical or conceptual because of a near involuntary and
automatic assumption that they will be incapable of understanding. This book attempts
to allay these fears by guiding the student through these modern topics in a step-by-step
development which explains both the logic and the reasoning.

There are two major problems for students to overcome before they can understand a
theory: firstly, the concepts, and then the mathematics used to quantify them. In the
author’s experience students rarely manage to deduce the chemical concepts from the
mathematical development. These concepts need to be fully and explicitly explained
first before the student can start to understand ‘how chemical reaction occurs’. It is the
author’s firm belief, based on years of teaching, that students can gain a considerable
understanding and knowledge of what is involved in a theoretical discussion of chemical
reaction without delving into the mathematics first. Once the concepts have been
assimilated it is then time to move on to the mathematical presentation, which in this
book is developed with the same full explanatory detail.

It is unfair to expect students to work all this out for themselves, over and above the
very necessary learning of facts. It is the teacher’s duty to show them how to achieve
understanding and to explain how to think scientifically. The philosophy behind this
book is that this is best done by detailed explanation and guidance. It is understanding
and confidence which help to stimulate and sustain interest. This book attempts to do
precisely that.

For a subject so wide-ranging as chemical kinetics, and in a book of this length, it is
impossible to cover all theoretical topics, especially if explanation is the key aim. For
this reason, the book is not comprehensive, and only the more important topics are
covered.
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Introduction:
Historical Developments and Modern Kinetics

1.1 A historical development of concepts in kinetics

The history and development of chemical kinetics gives a fascinating insight into the way
in which theory and experiment can become mutually interdependent. Experimental work
has been steadily maintained since about 1850, interspersed with periods of intense
theoretical activity. Both aspects have become more and more important as fundamental
features of general chemistry, and both have progressed dramatically in techniques and in
power in the period since 1950.

Arrhenius laid the foundations of the subject as a rigorous science when he postulated
that not all molecules can react: only those reactant molecules which have a certain
minimum energy, called the activation energy, can react. The fraction of reactant
molecules which possess this critical energy is calculated from the Maxwell-Boltzmann
distribution which is the keystone of most theoretical approaches. These early theoretical
developments encouraged more experimental work which was then used as a testing
ground for the next major theoretical development, collision theory, proposed around the
early part of this century. This was worked out for a bimolecular reaction where it was
assumed that reaction could only occur when two reactant molecules collide. Kinetic
theory then enabled an expression for the rate of collision to be derived. When this was
compared with observed rates, the theoretical expression was generally found to be much
too high. However, a rate of reaction can still be calculated by making the assumption that
only a certain fraction of the molecules which collide will actually be able to react, and
this fraction is the number of molecules which have energy above the critical minimum
value. This modified collision theory met with considerable success for a large number of
reactions, though there were still some reactions where the calculated rate was too high.
To account for this the steric factor,"p’ was introduced. However, this remained an
empirical factor limiting the collision theory rate, and no theoretical status was given.

Unfortunately, collision theory appeared to be unable to account for unimolecular
reactions which showed first order behaviour at high pressures, and second order
behaviour at low pressures. If the determining factor in the rate is the rate at which
molecules collide, unimolecular reactions might be expected always to give second order
kinetics, which is not what is observed.

For some time there was considerable confusion about unimolecular reactions which
appeared to be emerging as a class on their own, and it was not until Lindemann
formulated growing speculation into the now famous Lindemann-Christiansen hypothesis



2 Historical developments and modern kinetics [Ch. 1

that a theoretical description of unimolecular reactions was developed. The mechanistic
framework used since then in all more sophisticated unimolecular theories is also
common to both bimolecular and termolecular reactions.

The crucial argument is that molecules which are activated and have the required
minimum activation energy do not have to react immediately they receive this energy by
collision. There is sufficient time after the final activating collision for the molecule either
to be deactivated in another collision, or to react in a unimolecular step.

It is the existence of this time lag between activation by collision and reaction which is
basic and crucial to the theory. This assumption leads inevitably to first order kinetics at
high pressures, and second order kinetics at low pressures.

Other elementary reactions can be handled in the same fundamental way; molecules can
be activated by a binary collision and then last long enough during the time lag for there
to be the same two fates open to them. The only difference lies in the molecularity of the
reaction step,

1) in a unimolecular reaction, only one molecule is involved in the moment of chemical
reaction

2) in a bimolecular reaction, two molecules are involved in this step

3) in a termolecular reaction, three molecules are now involved.

Meanwhile the idea of reaction being defined in terms of the spatial arrangement of all
the atoms in the reacting system was being explored, and in the late 1920's transition state
theory was finally presented. This theory was to. prove to be of fundamental importance.
Reaction is now defined as the acquisition of a certain critical configuration of all the
atoms involved in the reaction, and this critical configuration was shown to have a critical
maximum in potential energy with respect to the reactants and products.

The lowest potential energy pathway between reactant and product configurations
represents the changes which take place during reaction. The critical configuration lies on
this pathway at the configuration with the highest potential energy. It is called the
activated complex or transition state, and it must be attained before reaction can occur.
The rate of reaction is the rate of change of configuration through the critical
configuration. This theory will be developed in Chapters 2 and 3.

Transition state theory has proved to be a very powerful tool, vastly superior to collision
theory, and only recently challenged by the modern advances in molecular beams and
molecular dynamics which look at the microscopic details of a collision, and which can be
regarded as a modified collision theory. These topics are developed in Chapters 7 to 10.

The development of the experimental technique of molecular beams, and the
computational technique of molecular dynamics have revolutionised the science of
reaction rates. Kinetics has now moved to an even more fundamental level of study, where
it is probing at the very heart of the microscopic details of molecular behaviour and
reaction. There are now two branches of kinetics, conventional and microscopic studies,
each of which alone constitutes a major aspect of chemistry, but which fully complement
each other.

Experimental techniques have also made astounding advances throughout the latter
half of this century, and these are described in Chapter 7 to 10. Experimental techniques
have been forced to advance in order to meet the two complementary needs (a) of being a
tool with which to test theoretical advances, and (b) acting as an inspiration to develop
theory to account for the experimental results.
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For a long time chemists have used the term "mechanism" to refer to the chemical steps
which make up a reaction. There are some reactions which occur via one chemical step
only, and these are called elementary, but the vast majority of reactions proceed by two or
more steps. However, in the last decade or so there has been a vast upsurge of interest in
the physical mechanism of reaction. This is a description at an even more fundamental
microscopic level than the molecular level of the chemical mechanism. A whole new field
of kinetics has developed out of this interest, and the great advances in molecular beam
and molecular dynamic studies reflect this interest.

1.2 Concepts involved in modern state to state kinetics

State to state kinetics involves looking at the behaviour of individual molecules. These can
be characterised by their quantum states which summarise information about the
translational, rotational, vibrational and electronic energy of each molecule. Modern work
looks at the processes of energy transfer which put molecules into these quantum states. It
also looks at the details of reaction from these quantum states, and determines the
quantum states of the products. Rate constants for these energy transfer processes and for
reaction between reactants and products each in specific quantum states are determined,
and these are called state to state rate constants.

This modern work relies heavily on developments in two main areas. Molecular beam
experiments study the details of collisional energy transfer between specific quantum
states, and give rates of reaction between molecules in specific quantum states. They aim
at a complete physical description of what happens in a single collision, whether reactive
or non-reactive. This results in a very clear description of the physical processes and
mechanisms involved.

Laser-induced fluorescence developments have been a crucial factor in the study of state
to state processes. Laser induced fluorescence allows the quantum states and their
populations, even though very low, to be found for the molecules being studied in
molecular beam experiments. Without laser induced fluorescence many of the state to
state experiments could not be carried out.

Development of fast, large memory computers has enabled accurate quantum
calculations on many small molecules to be made. Quantum mechanical potential energy
surfaces result, and details of translational, rotational and vibrational energies can be
superimposed on these surfaces giving valuable information about reactive and non-
reactive collisions.

Trajectory calculations then allow predictions to be made about state to state processes of
non-reactive and reactive collisions. These calculations can then be compared with
observed behaviour in molecular beam experiments.

Details of these modern techniques are given in Chapters 7 to 10.
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1.3 Collision processes and a master mechanism describing elementary reactions
at the microscopic level

Once the molecular chemical mechanism is known for any reaction, a detailed
microscopic description can then be given to the moment of chemical transformation
and to the fundamental physical processes occurring during reaction. All reactions, no
matter how complex, are made up of a series of elementary processes, and it is
specifically these individual steps which must be described at the microscopic level.
There are three important features of the kinetic aspects.

Collisional processes are fundamental aspects of all reactions, and they play a dual
role in kinetics. They are the means whereby energy is exchanged between molecules,
and possibly also within the molecules themselves. Collisions are, therefore,
fundamental to all activation and deactivation steps. They may also be important in the
reaction step. A collision is necessary in bimolecular and termolecular reaction steps, but
is not needed in the spontaneous breakdown of a unimolecular reaction step.

Molecules can only react once they have acquired a certain critical minimum energy,
but they do not react immediately they get this energy. This requires that activated
molecules have a finite lifetime during which they can either be deactivated or react.

The reaction step is characterised by a series of configurational changes which involve
an internal rearrangement of the relative positions of all the atoms involved in the
reaction step.

These points are summarised in a mechanism common to all elementary reactions
irrespective of molecularity.

k,
A+A - A*+ A bimolecular activation by collision

k., _
A*+A —>  A+A  Dbimolecular deactivation by collision

ky
A+bA* o products: the reaction step which involves configuration changes
taking the molecule through the critical configuration of
the activated complex

A* is an activated molecule with enough energy to react.

b=0  defines spontaneous unimolecular breakdown of A*

b=1  defines bimolecular reaction involving the coming together of A* with A

b=2  defines termolecular reaction involving the coming together of A* with two
A's

1.3.1 Energy transfer processes in the master mechanism

The activation/deactivation steps in the master mechanism are simply energy transfer
processes, three aspects of which are of fundamental significance to the theoretical
kineticist,

i) the type of energy involved in the accumulation of energy,

i) the rate of accumulation of this energy,

iii) the physical mechanism of energy transfer.
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The total energy of a molecule has contributions from

i)  the translational energy of the molecule in space,
ii) the rotational and vibrational energies,
iii) the electronic energy,

and the total energy is distributed among these types of energy according to the
Maxwell-Boltzmann distribution. For a non-reacting gas at constant temperature, the
number of molecules possessing a given type of energy is fixed, as is the distribution of
these energies. But this is an overall situation. Although the overall distribution is fixed,
and the overall population of any state is fixed, the particular molecules possessing a
given energy are not fixed. Molecules can still exchange energy between each other, and
do so subject only to the condition that the amounts and kind of energy exchanged must
be such that the overall distribution of energy is kept fixed. And so translational energy
in one molecule can be converted to vibrational energy in another molecule, and vice-
versa, or electronic energy in one molecule can be converted into vibrational and
rotational energy in another.

1.3.2 Accumulation of energy in Kinetics
Three questions can be asked:

i) what types of energy can be counted towards accumulation of activation energy?

ii) are different types of energy required for different types of elementary reaction?

iii) once the activation energy has been accumulated, does there have to be a
redistribution of that energy?

These questions are normally only raised in the context of unimolecular reactions, but
all three are fundamental features in any discussion of reaction, irrespective of
molecularity. It is only modern work such as state to state kinetics which emphasises the
relevance of these quantities for all molecularities.

Accumulation of translational energy is the simplest energy transfer and is also the
easiest. However, it is rather naive to assume that the violence of a collision is the only
condition for activation. Molecules have internal motions corresponding to vibrations
and rotations, and these could contribute to producing conditions favourable to reaction.
A more violently vibrating molecule could be more likely to react than a molecule in its
ground vibrational state. Furthermore, the violence of a collision can affect the internal
states of the molecule, and by altering the vibrational or rotational energy of a molecule
can affect its chances of reacting in a subsequent collision.

Accumulation of vibrational energy is a much more complex situation. The number of
vibrational modes in a molecule increases rapidly as the number of atoms in the
molecule increases, Table 1.1. So even a simple molecule has a significant number of
modes, some or all of which could be utilised in activation.



6 Historical developments and modern kinetics [Ch. 1

Table 1.1 Total number of vibrational modes for non-linear molecules with

differing numbers of atoms
Number of Example of Total number of vibrational modes
Atoms Molecule possible for a non-linear molecule =
3N-6 where N is the number of atoms
in the molecule
2 Cl, (linear ) 1
4 CF;
5 CH,
6 CH2 = CH2 12
8 C,H, 18
11 C;H, 27
32 CoHy, 90

The contribution from rotational energy is likely to be small because the number of
modes is small. But this does not mean that rotational energy is unimportant and can be
ignored. Modern experimental results from ultrasonics, molecular beams, laser induced
fluorescence and chemiluminescence all suggest that rotational states as well as
vibrational states should be considered.

In unimolecular reactions the main emphasis has been on accumulation of vibrational
energy. The greater the vibrational energy of a molecule the more likely it is to break
down spontaneously into products. In principle, this could be checked with laser
experiments which place the molecule in specific high vibrational states from which
reaction can occur. The rate of reaction from these specific quantum states will show
whether there is a dependence on vibrational energy. Rotational energy is not normally
considered, but modern work suggests that contributions from rotational energy should
be included.

Accumulation of translational energy and the violence of a collision have been
considered to be the most important features for activation in bi and termolecular
reactions. Reaction occurs by a series of configurational changes involving internal
changes, and therefore vibration and rotation should be considered for these
molecularities. Modern developments allow for this possibility, and look at rates of
reaction from specific vibrational and rotational states. Molecular beam experiments
have shown that for some bimolecular reactions a critical minimum vibrational energy is
needed.

1.3.3 Redistribution of accumulated energy

Once molecules have acquired their critical energy, they are potential reacting systems.

However, it may be that redistribution of the critical energy has to occur after activation,

but before reaction. If this is so, details of intra molecular energy transfer will be

required, and these transfers will occur in the time interval between collisions.
Translational energy cannot be converted into vibrational or rotational energy in the

same molecule. In contrast, vibrational energy can be redistributed around the various
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normal modes in an intramolecular process. Alteration in rotational states often
accompanies such vibrational energy redistribution.

Unimolecular theory assumes that sufficient energy must be accumulated in the
required number of modes, but reaction cannot occur until this energy is suitably
distributed among the total number of vibrational modes. Such a critical redistribution of
vibrational energy is not considered in bimolecular reactions, but again molecular beam
experiments force a reassessment of this.

1.3.4 Rate and mechanism of accumulation of energy

Under certain conditions the rate of accumulation of energy could determine the rate of
reaction. The calculations involved are extremely difficult, and despite recent advances,
are still incomplete.

All conceivable energy transfers must be included in this calculation. This means that
rate constants are required for transfers such as vibrational to vibrational energy,
rotational to vibrational energy, rotational to rotational energy as well as transfer of
translational energy to translation, rotation and vibration. Transfers of electronic energy
are not considered when reaction occurs in the ground electronic state throughout.
Molecular beam experiments coupled with laser induced fluorescence are a major
source of information. v

The mechanism of energy transfer is also highly pertinent. Transfer of kinetic energy
is very easy and occurs on every collision. Transfer of translation to rotation is also
fairly easy, often requiring only a few collisions, but transfer to vibration is a very
difficult process sometimes requiring thousands of collisions. Transfers such as
vibration to vibration or rotation can be easy or difficult, and this depends on whether-
the transfer is resonant or not (Chapter 9).

Activation and deactivation are energy transfer processes. Activation could
progressively excite a molecule to higher vibrational or rotational states by single or
small quantum jumps such as

01,152,253 ..
0->1,1-52,2-54..

This is called ladder climbing, and only small amounts of energy are exchanged.
Energy exchanges could also occur by multi-quantum jumps such as

0>41->7,7—>18,18—>30..

This is called strong collisions, and large amounts of energy can be exchanged in this
way. These process are discussed in detail in Chapter 8.

1.3.5 Lifetimes, intervals between collisions, and their implications for kinetics
The time between acquisition of activation energy and the moment of chemical
transformation is the lifetime of an activated molecule, or the time lag.

The time taken to pass through the critical configuration is the lifetime of an activated
complex.

If the time between collisions is long compared with the time lag then activated

molecules will generally react before they can be deactivated. The slow steps are,
therefore, activation and deactivation, and the details of energy transfer will play a
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central role in determining the rate of reaction, and in the development of the theoretical
treatment.

If the time interval between collisions is short compared with the time lag then
activated molecules will generally be deactivated before they can react. The slow step is,
therefore, reaction and discussion will focus on the attainment of the critical
configuration of the activated complex, with the details of energy transfer occupying an
implicit role in the developing theory.

1.3.6 Possibility of equilibrium between reactants and activated molecules
In a non-reacting gas there is an equilibrium between activation and deactivation

(A%} _ A
KC“—([A]L k.

K. can be calculated from statistical mechanics using the Maxwell-Boltzmann
distribution.

In a reacting gas, activated molecules are also being removed by reaction,
ky
A+A >  A*+A

(1.1)

k.
A*+A o>  A+A

ky
A*+bA - products

so that equilibrium cannot be assumed and steady state, or still more general treatments,
have to be applied to the activated molecules.

When equilibrium is established a steady equilibrium concentration of A* is set up
where

d[A*]eq — O,
dt

that is, there is no overall change in the equilibrium concentration.
In contrast, when a steady state is set up there is a very low but steady concentration of
A* set up such that there is virtually no change in the stead)y state concentration of A*.

d[A*], _
dt

0.
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But it must be realised that this steady concentration is not am equilibrium
concentration.

i[élét*—] =k [AT -k [A*][A]- k,[A*][A] =0

k[A]
A¥]=— =
[A%] k_ +k,[A]""
(1.2)
and
[A*] _ k,
[A] Kk, +k AT
(1.3)

-If the time interval between collisions is short compared to the time lag between
activation and reaction, most A* molecules will be removed by collision rather than by
reaction, and so the reaction step will not severely disturb the equilibrium concentration
of activated molecules, and a Maxwell-Boltzmann distribution will probably be
maintained. This corresponds to '

b-1
k., >> k,[A] 0

k_ [A¥][A]>> k,[A*][A]. a5

Under these conditions a statistical mechanical calculation would give the equilibrium
constant for activation/deactivation, and this will be approximately equal to [A*]/[A].

_([A*]) _ A
Ke“‘([A]L K,

(1.6)

If, however, the time between collisions is long compared to the time lag between
activation and reaction, most A* molecules will be removed by reaction and this will
severely deplete the equilibrium concentration of A*, and a Maxwell-Boltzmann
distribution will certainly not be set up. This corresponds to

k_, <<k,[AT"” a7

k_[A*][A] << k,[A*][AT (1.8)
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and so the ratio [A*)/[A] will not be equal to either k//k., or K.

The postulate of a time lag raises the question, "what actually happens" during the
time lag? This focuses attention on to the need for reacting molecules with the required
critical energy to rearrange their configuration into the critical configuration required for
reaction.

As will be shown later the existence of a time lag requires a unimolecular reaction to
have first order kinetics at high pressures with a move to second order at low pressures.
The existence of a time lag also predicts that a termolecular reaction should show a
pressure dependence for the observed rate, but a bimolecular reaction should be second
order at all pressures. Although the postulate of a time lag is not essential to explain the
second order behaviour of bimolecular reactions, it is nonetheless a relevant feature of a
general treatment of all elementary reactions whether uni, bi or termolecular. Although
this point was glossed over in earlier theoretical treatments it has moved into
prominence in the microscopic nature of modern theoretical and experimental work.

1.4 Kinetics of uni-, bi-, and termolecular reactions using the master mechanism
The three mechanisms are analysed in Table 1.2 for the simple reactions:

A - products
A+A - products
A+A+A - products



Table 1.2

Unimolecular Mechanism
I
k,

A+A — A*+A
k.,

A*+ A — > A+ A
k

A* -—— products

Bimolecular Mechanism
I
ki

A+A —— A*+A
k.

A*+A — A+A
k,

A*+ A —— 5 products

Applying the steady state treatment to A*
in all three mechanisms:

Termolecular Mechanism
III

ky

A+A — A¥+ A

k.
A*+A —35 A+A

ky

A* + A + A ——) products

AR — (AP - K AMIAL - olA%] = 0 S = AP -k (A%I[A] - K[AYI[A] = O A2 = KIAT - K, AMIA] - KIAMIAT = 0
[A*] — kI[A]2 — kl[A] . [A*] - kl[A] . [A*] - kl[A]
k[A]+k, k_,+k, /[A] o ko +k, N k_+ky[A]
Rate of Reaction = k[A*] Rate of reaction = k,[A*][A] Rate of reaction = k,[A*] [A]2
_ KKIAP _ kk[A] kk,[A) _  _kk[AT
ki[Al+k, Kk +k, /[A] kytk, ki +ky[A]

sassadoad uoisijo) [¢1 298
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Order of reaction is neither
first order nor second

Order of reaction is strictly
second

Order of reaction is neither third
nor second

Rate of reaction = kg [A]
and
k — _kik[A]

o k\[AT+k,

Rate of reaction = o,,s[A]Z
and
k(, — klkz

k. tk,

Rate of reaction = km[A]3
and
kik
k = —af
o K+ ky[A]

The observed rate constant is
dependent on concentration

The observed rate constant is
independent of concentration

The observed rate constant is
dependent on concentration

A* molecules have two fates

They can be destroyed by deactivation
They can be destroyed by reaction

The partitioning of the activated molecules A* between their two possible fates is given by the ratio:

chance of deactivation (from A*)

X = chance of conversion to the activated complex (from A*)
X k. [A*][A] y = k,[A*][A] X kA [A*][A]
ky[A*] k[A*][A] k;[A*][A]
kAl .k I ¥
ky k, ky[A]

Cl
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x is necessarily concentration and
pressure dependent

¥ is a function of rate constants alone

(€1 998

X is necessarily concentration and
pressure dependent

Reaction is first order when
kAl >> Kk

ki[AlA*] >> k[A¥]

rate of deactivation > > rate of reaction

Reaction is always second order
kycanbe > or < k,

even if
rate of deactivation > rate of reaction

or
rate of deactivation < rate of reaction

Reaction is second order when
k4 << kJA]

kiAlA*] < < k[AF[A%]

rate of deactivation < < rate of
reaction

This happens when [A] is large i.e. at
high concentrations or pressures

This happens over all concentrations
and pressures

This happens when [A] is large i.e. at
high concentrations or pressures

$3ss320ad uoisijjo)

Corresponds physically to: the
interval between collisions is short
compared to the time lag

Corresponds physically to not knowing
whether the interval between collision
is short or long compared to the time lag

Corresponds physically to: the

.interval between collisions is long

compared to the time lag

And means that most A* are removed by
deactivation rather than reaction

And means most A* could be removed either by
deactivation or by reaction; observed kinetics

cannot distinguish these

And means that most A* are
removed by reaction rather than
deactivation

¢l



And hence reaction is rate-determining

And hence do not know which step, activation
or reaction, is rate-determining

And hence activation is rate-
determining

And a Maxwell-Boltzmann distribution is
probably set up

End up assuming a Maxwell-Boltzmann
distribution to be set up

And a Maxwell-Boltzmann
distribution is certainly not set up

And so the supply of activated molecules
will be adequate

It is assumed that the supply of activated
molecules is adequate

And so the supply of activated
molecules is inadequate

Reaction is second order when

kAl << Kk
k[A][A*] << klA¥]

rate of deactivation < < rate of reaction

Reaction is third order when

k.] >> kZ[A]
ki[Al[A%] >>  KklAF1AY

rate of deactivation > > rate of reaction

This happens when [A] is small, that is
at low concentrations and pressures

This happens when [A] is small,
that is at low concentrations or
pressures

Corresponds physically to: the interval
between collisions is long compared to
the time-lag

Corresponds physically to:
the interval between collisions is
short compared to the time-lag

14!
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And means that most A* are removed by
reaction rather than deactivation

And means that most A* are
removed by deactivation rather than
reaction

And hence activation is rate-determining

And hence reaction is
rate-determining

And a Maxwell-Boltzmann distribution is
certainly not set up

End up assuming a Maxwell-Boltzmann
distribution is set up

And a Maxwell-Boltzmann
distribution is probably set up

And so the supply of activated molecules
is inadequate

It is assumed that the supply of activated
molecule is adequate

And so the supply of activated
molecules will be adequate

A change in order with concentration or
pressure is observed experimentally

The rate constant is strictly second order, and
is independent of concentration or pressure

A change in order with concentration
or pressure is observed experimentally

And the reaction and deactivation steps
have different molecularities

And the reaction and deactivation steps have
the same molecularities

And the reaction and deactivation
steps have different molecularities

sassadoad uoisiyjo) [€1 098
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If the bimolecular reaction were
A+B - C+D

many more steps would need to be considered for activation, deactivation and reaction.
For instance, an activated A* molecule could also be formed by collisions with B, C and
D molecules.

These cases result in much more complex algebra than do the simple cases quoted, but
the general results and conclusions are the same as for the simplified cases. In the table
the rate expressions are given in terms of concentrations, even though the discussion is
given in terms of pressures. This is a typical description of the kinetics of gas phase
reactions for which

pV =nRT

pP= cRT. 1.9)

1.4.1 Comments on the table

From the table it can be seen that a bimolecular reaction is always second order, and that
the observed rate constant is independent of pressure. The partitioning of the activated
molecule between its two fates is also independent of pressure. It is impossible to tell
whether activation or reaction is rate determining, though most theories focus attention
on to the reaction step.

Uni and termolecular reactions show an order which varies with pressure, and the
partitioning of the activated molecule between its two fates is also pressure dependent.
For both reaction types, the time lag and the time between collisions swap over in
relative magnitude between low and high pressures, resulting in the rate determining
step being different at the two pressure limits.

In contrast to gas phase reactions, analogous transitions are never found for reactions in
solution. Reaction is always the rate determining step since solvent molecules are able to
maintain an adequate concentration of activated molecules. The only exceptions are
diffusion controlled reactions.

1.5 A generalisation of these ideas

All these ideas can be taken over to describe the details of even the most complex of
chemical reactions where there are several elementary individual steps, for example the
chain reaction between H, (g) and Br, (g) can be explained by the following mechanism.

ky
Br,+M — 2Br+M initiation
k,
Br+H, — HBr+H: )
ks ) propagation
H-+Br, — HBr+Br
ks
H-+HBr — H,+Br inhibition
ks
2Br+M - Br,+M termination

The overall kinetics are complex, and the rate is given by
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_ky(k, 7k, ) [H, ][Br, ¥
"1+ (k, /&, JHB)/[Br,]

rate
(1.10)

At the macroscopic level this reaction looks totally different from simple elementary
reactions such as

NOy(g) +Fy(g) — NOF(g)+F(g)

rate = k[NO, |[F, | (1.11)

or

2CIO-(g) — Cly(g) +Oxp)
rate=k[CIO -] (1.12)

However, at the microscopic level the H,/Br, reaction is simply a series of elementary
reactions as given in the reaction mechanism. Each of these steps can be described by
the general mechanism.

A+A —- A*+A
A*+bA —  products

with the same conclusions as were drawn in the Table 1.2.
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Basic Transition State Theory

It is usually accepted that molecules have to be suitably activated before they can react.
Transition state theory describes what happens to these activated molecules in terms of
the configurational changes which lead to reaction. Transition state theory has proved
to be very successful in the interpretation of experimental results, and has only recently
been challenged by modern developments in molecular dynamics. It gives a detailed
calculation of the absolute rate of a chemical reaction, and the statistical mechanical
derivation makes considerable use of the properties of potential energy surfaces.
Although fundamentally a gas phase theory, it can be applied to solutions. Here it is
less rigorous because the effect of the solvent is difficult to quantify.

Transition state theory is only applicable when the rate determining step is the
reaction step, and must never be used to discuss the activation step since energy
transfers are totally outside the remit of the theory.

2.1.1 Transition state theory and configuration

In the process of reaction the reacting molecules come sufficiently close together so
that interactions are set up between all the atoms involved. The reacting molecules and
products are described in terms of all the atoms in a single unit made up of all the
reacting species and products. For example the reaction

CH3‘ + C2H6 - CH4 + C2H5’

is described in terms of the unit

H
AN |
H——C-- - -C——C—— H
~ 7\ AN
H H

"reaction unit"
rather than as the independent species
CH;,, CH¢, CH,, CHs
2.1.2 Transition state theory and potential energy

When the configuration changes, the potential energy of the "reaction unit" also
changes, and a potential energy surface summarises these changes. A description of
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what happens during reaction rests on a knowledge of the potential energy surface, as
does the actual derivation of the theory.
The potential energy surface and its properties can be given for the general reaction

A+B - C+D

where A, B, C and D are polyatomic molecules. This would give an »n-dimensional
surface. Fortunately, all the properties of an #-dimensional surface which are relevant
to kinetics can be exemplified by a three dimensional surface which is much easier to
visualise and to describe. A three dimensional surface describes the reaction

X+YZ - XY+Z

where X, Y and Z are atoms, and a linear approach of X to YZ and recession of Z is
assumed, implying a linear configuration for the "reaction unit",

X-o-uY----2
“rn— «n-o
— rn —>

in which all configurations can be described by the distances r; and r,, with r; =r, + r,

There is no interaction between X and Y or between X and Z when X is at large
distances from YZ, and so the potential energy is simply that of YZ at its equilibrium
internuclear distance. When the distance between X and YZ decreases an attractive
interaction is set up, and this interaction is different at different distances. A quantum
mechanical calculation gives the potential energy at each distance apart, and shows
that the potential energy increases as the distance r; decreases.

Eventually the interactions between X and Y become comparable to those between Y
and Z, and this corresponds to configurations where r; and r, are comparable. The
potential energy for these configurations can be calculated.

Finally the interactions between X and Y become greater than those between Y and
Z. The configurations reached as Z recedes from XY and r, becomes greater than r,
result in progressively decreasing potential energies. When Z is at very large distances
from XY the potential energy of interaction between Z and XY is zero, and the
potential energy becomes virtually that for XY at its equilibrium internuclear distance.

These configurational changes take place at constant total energy so that there is an
interconversion of kinetic and potential energy resulting from the changes in
configuration.

The calculations involved can be summarised in the form of a table such as:

r ry PE
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and the values can be plotted on a three dimensional model generating the potential
energy surface.

most probable activated
complex or col

—— ——

potential energy

i d
" XY+2Z
products
Yz
a /LH' -
X+YZ reactants
Xy

Figure 2.1 A 3-dimensional potential energy surface for a reaction between X + YZ —
XY + Z, where X, Y and Z are all atoms.

The three-dimensional surface, Figure 2.1, shows the potential energy for all possible
configurations. The total energy is given as a plane through the surface, and the kinetic
energy for any configuration is the vertical distance between this plane and the point
representing the configuration.

2.2 Properties of the potential energy surface relevant to transition state theory:
Figure 2.1

1. The potential energy surface is unique to a given reaction. Units (X..Y..Z) with
the same configuration have the same potential energy, and are at the same point
on the surface, irrespective of their total energy. For instance, one point could
represent a unit (X..Y..Z) which has enough energy to react, or a unit (X..Y..Z)
which has not enough energy to react.

2. On the 3-dimensional model point @ represents reaction where X is at large

distances from Y-Z. The interaction energy between X and YZ is virtually zero,
and the side-view of the model shows the typical Morse potential energy curve
for a diatomic molecule. The corresponding point, d, represents products, and
gives the potential energy for molecule X-Y with Z at a large distance, and again
the side view gives the typical Morse curve.
To undergo reaction the unit (X..Y..Z) must go from configuration, a, to
configuration, d. Any continuous path linking point @ to point d, is a physically
possible route, and the route chosen by the vast majority of the units (X..Y..Z)
will be the most probable one.
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3.

Moving away from a or d in all directions results in an increase in potential
energy. For every geometrically possible route between @ and d, there is a point
on the surface which is at a maximum potential energy. On reaction, the unit
(X..Y..Z) must therefore pass through some configuration of maximum potential
energy with respect to the configurations a and d. For instance paths a, m, d or a,
n, d are possible routes.

The Maxwell-Boltzmann distribution defines the most probable route. Low lying
potential energy states are the most probable, and the probability decreases as the
potential energy increases.
Using this criterion, the two most probable states on the model are a the reactants,
and d the products, while the lowest lying potential energy maximum is the most
probable one. Reaction involves a series of configurational changes along the
most probable route which is the sequence of lowest lying configurations which
go through the lowest lying potential energy maximum, often called the
minimum energy route or path. Most "units" (X..Y..Z) follow this route.
However, the theory can allow for other routes through a weighting factor for
each route calculated by the Maxwell-Boltzmann distribution from the potential
energy for each configuration along the route.

The configuration of maximum potential energy is called

- the activated complex -
- the transition state -
- the critical configuration -

and the unit (X..Y..Z) must attain this configuration before reaction can take place.
Possessing the critical energy is not sufficient, the fundamental requirement is
attainment of this critical configuration.

"The pathway up the entrance valley, through the critical configuration of the
activated complex, and into the exit valley route a, b, ¢, d, is called the reaction
coordinate.

The total energy is given by a plane lying horizontally through the surface. If the
total energy is greater than the potential energy of the critical configuration, then
the plane lies above the potential energy maximum, but it lies below if the total
energy is less.

The vertical distance between a and the critical configuration gives the necessary
potential energy required for reaction. It also gives the minimum total energy for
reaction since the plane through the critical configuration gives the minimum
total energy which would allow the potential energy to rise to the value required
for the critical configuration.

Any change in the dimensions of the activated complex along the reaction
coordinate leads to a decrease in potential energy. This sort of behaviour is not
found in molecules, so the activated complex cannot be regarded as a molecule -
it is merely a critical configuration. However, changes in the dimensions of the
activated complex in all other directions result in an increase in potential energy,
behaviour typical of vibration about an equilibrium internuclear distance.

10. Values of r, and r, for configurations with the same potential energy can be used

to draw out a contour diagram of curves of constant potential energy, Figure 2.2.
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X...Y distance

activated complex

Y...Z distance

Figure 2.2 A contour diagram showing curves of constant potential energy for reaction
between X + YZ - XY + Z.

The activated complex is again at the col or the saddle point.
11. Following the reaction path on the 3-dimensional surface gives a potential energy
profile which shows how the potential energy changes as the reaction entity
(X..Y..Z) changes configuration along the reaction coordinate, Figure 2.3.

potential energy

Al

distance along reaction coordinate

Figure 2.3 The potential energy profile for reaction X + YZ —» XY + Z.
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The activated complex lies at the top of the potential energy profile. The vertical
distance, AB, gives the change in potential energy between reactants and
activated complex, and corresponds to the critical energy required for reaction.
The vertical distance, CD, gives the change in potential energy between products
and activated complex while AC gives the potential energy change between
reactants and products, approximately equal.to AU® of reaction.
The potential energy profile shows very clearly the decrease in potential energy
which results from any change in dimensions of the activated complex along the
reaction coordinate.

12. Anactivated intermediate can be formed at any stage along the reaction pathway.
It appears on the 3-dimensional surface as a well, on the contour diagram as a
series of contours, and on the profile as a minimum, Figures 2.4 and 2.5.

X+YZ
|
|

X...Y distance

activated complex

activated voomplex

activated.
intermediate

Y...Z distance

Figure 2.4 A contour diagram showing curves of constant potential energy for a reaction
involving an activated intermediate.
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potential energy

distance along reaction coordinate

Figure 2.5 A potential energy profile for a reaction involving an activated intermediate.

13.

14,

15,

The surface also shows clearly the distinction between an activated intermediate
and an activated complex. Displacements in all directions, even along the
reaction coordinate, give increases in potential energy for the activated
intermediate, in sharp contrast to the decrease along the reaction coordinate
found for the activated complex. An intermediate is, therefore, a normal but high
energy molecule, and is isolable in principle; the activated complex is not a
molecule, can never be isolable, and is only a critical arrangement of atoms.
Activated or energised molecules have energy equal to, or greater than, the critical
energy. They can be anywhere on the potential energy surface, but can only
become activated complexes by rearranging the relative positions of the atoms in
the reaction unit (X..Y..Z) until the critical configuration is reached.

Molecules with less than the critical energy also appear on the potential
energy surface, but these can only alter in a manner allowed by their total energy,
and the possibilities of alteration in configuration are limited to those with
potential energy equal to or less than the total energy. In particular, the critical
configuration can never be reached.

The process of reaction is often described as “moving over the potential energy
surface”. This is not a movement in space, but only an internal movement of
atoms with respect to each other. Likewise, phrases such as “surmounting a
potential energy barrier” or “getting over the energy hump” and “climbing up
and over the col or saddle point” are descriptive only, and the term “the rate of
passage through the critical configuration” simply means a rate of change of
configuration.

The critical configuration occupies a flat non-zero area, corresponding to a flat
non-zero length along the reaction coordinate. Since the maximum is flat, the
potential energy is virtually constant over that part of the surface defining the
activated complex, there will be no appreciable force acting on the critical
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configuration, and this results in a constant rate of change in configuration
through the critical configuration. This describes a free translation, and passage
through the critical configuration is treated as though it were a free translation
over the distance defining the extent of the critical configuration along the
reaction coordinate. Once the system reaches configurations with decreasing
potential energies, the motion ceases to be a free translation.

16. The concentration of activated complexes is the fofal number of units (X..Y..Z)
per unit volume which are in the critical configuration.

17. The rate of reaction is the total number of units (X..Y..Z) per unit volume which
pass through the critical configuration per unit time from reactant valley to
product valley.

Some units (X..Y..Z) do not pass through the critical configuration in the right
direction.

(a) They may have started as products and be moving to reactants.

(b) They may be passing through the critical configuration in the right direction,
but then return to the reactant valley.

(c) They may have reached the col from the reactant valley, but be deflected
from the wall of the surface in such a way that the product valley cannot be
reached.

(d) They may have passed over the col and then enter a well from which they
emerge after a few vibrations, and return to the reactant valley.

All these systems will contribute to the concentration of activated complexes,
but only those activated complexes coming from the reactant valley and

proceeding to products will contribute to the rate. These considerations apply

to any other route, though paths lying well up the sides or over the plateau

make insignificant contributions to the rate compared with the minimum

energy path a, b, ¢, d.

2.3 Major Assumptions of Transition State Theory

There are four basic assumptions of transition state theory and these are given below.
At this stage discussion will be left until the significance of these assumptions is more
obvious.

Assumption 1

When an activated complex crosses through the critical configuration it continues
changing configuration in the same direction, and cannot return back over the col in
the same direction. This assumption requires that there is a full Maxwell-Boltzmann
equilibrium distribution in reactants and activated complexes.

Assumption 2

There is a full Maxwell-Boltzmann equilibrium distribution of energy within each of
the reactants, activated complexes, and products, and, in particular, there is
equilibrium between reactants and activated complexes. This assumption is not
required if single crossings of the energy barrier are assumed, but there are difficulties
when multiple crossings are allowed.

Assumption 3
Motion through the critical configuration is treated as special and as though it were a
free translation, independent of the other internal movements of the activated complex.
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Assumption 4 '
Motion on the potential energy surface can be treated classically. Ideally the movement

should be described in quantum terms.

2.4 Derivation of the rate of reaction ‘ ' o
As the unit (X..Y..Z) moves along the reaction coordinate it spends time in each

configuration, and, in particular, it spends time 7 in the critical configuration which
extends over the length & on the reaction coordinate. The rate at which the unit changes
configuration over the length 6 is 5
—_—_ =V
T , @.1)
where v is often called "the rate of passage over the energy barrier", or "the velocity of
getting over the energy barrier”.
If N activated complexes pass through the critical configuration in time 7, then
N7 1 1 v
—=c'—=c"— 22)
V ot T )

pass through the critical configuration per unit volume per unit time, where ¢* is the
concentration of activated complexes.
However, not all units (X..Y..Z) which have reached the critical configuration and

become activated complexes may actually react. The transmission coefficient, x, which
is the fraction of activated complexes which actually do react, allows for this

L
Rate of reaction = xc™* — 2.3)

2.4.1 Calculation of vi6=1/7
Activated complexes can either spend the same time in the critical configuration, or
there can be a spread in values of this time. The latter is physically more realistic, and
implies a similar spread in the rate of passage through the critical configuration. The
Maxwell-Boltzmann distribution gives this rate.

Rates of passage through the critical configuration from left to right have positive
values from zero to infinity. Rates of motion in the opposite direction have negative

values from zero to minus infinity, and they do not contribute to the rate of reaction
because the change in configuration is from products to reactants.
The Maxwell-Boltzmann distribution gives the following expression

' 2
N* exp[— %f ]dv

@ 24
J‘exp _ﬂ_‘,}j_ d\/‘ ( )
2kT

—c0

for the number of activated complexes which have a rate of change of configuration, v,
in the range v — v + dv in one squared term and which pass through the critical
configuration in a time 7 in the range z — 7+ dz. One squared term is used because
only forward moving activated complexes contribute to the rate.
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The number of activated complexes which pass through the critical configuration per
unit time, and have a rate of change of configuration, v, in the range v — v+ dv is

2
N* exp(- ﬂ)dv

2kT
K mv’ .
07 dy (2.5)
o _{exp[ MJ
Substituting v/ for s gives
N7ve iadl dv
xp| —
Pl” %t
e mv? '
5 Iexp(— 5 kT)dv 26)

The total number of activated complexes with all possible rates of passage, v,
through the critical configuration in one direction from reactant valley to product
valley must now be calculated. This requires summing over all positive values of v
from zero to infinity. Negative values of v do not contribute to the rate.

The total number of activated complexes passing through the critical configuration
from left to right per unit time per unit volume

© 2
KN Ivexp[— my }dv

) 2kT
- 2 mvz)
VS |exp| ———— |dv
_L p( 2kT @7
c’( kT ]”
=K — -
&\ 2mu 2.8)

where 4 is the reduced mass along the reaction coordinate, and is calculable from the
potential energy surface.
The rate of reaction can also be expressed as

2.9
chcYZ ( )
where ¢y and ¢y are the numbers of molecules per unit volume.
],
¢ 1 kT &
k=« — — | . (2.10)
CxCy, O\ 2

2.4.2 Calculation of ¢* and c*/cxcyz
There is no easy way to calculate ¢”. Equilibrium statistical mechanics can calculate
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z

c

CxCyz eq

which is the quotient at equilibrium, but the expression appearing in transition state
theory is a quotient under non-equilibrium conditions.

However, for ease of calculation and to enable statistical mechanics to be used,
equilibrium is assumed to exist between reactants and activated complexes,
assumption 1.

X+YZ = activated complexes — XY +Z

with .

K=|-5

CxCyz )eq

@.11)

More complete calculations using non-equilibrium statistical mechanics give
agreement with this calculation, provided E, > T.

2.4.3 A statistical mechanical expression for the rate constant
The statistical mechanical equilibrium constant for the process

X +YZ = activated complexes

is z AU
ol
QX YZ RT

(2.12)

where K refers to the number of molecules per unit volume, Q" is a partition function
per unit volume for the activated complex, Oy and Qy; are partition functions per unit
volume for the reactants.

AU, is AU at absolute zero, and is equal to E,, the activation energy per mol of
reactants converted to activated complexes. It is normally found from the potential
energy surface

¢ = Q" exp(_ﬂo_)
cxCy,  OxOy, RT (2.13)

Y -
: kT E,
k = K-_l_ ,,_(:)____ - exp (— ——j
S Ox0y, \ 2mu

which is the basic equation of transition state theory in partition function form.

(2.14)

2.4.4 Statistical mechanical quantities used in transition state theory

Transition state theory uses the molecular partition function per unit volume Q. This is
related to the molecular partition function f, defined as a sum over all quantum states of
the molecule in volume V.
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gi
f= Zexp(— ;T_) (2.15)

where &; is the energy of the /'th state, and the sum is over all quantum states.
An analogous description can be given as a sum over all energies

£ .
=28, exp(— 7(17] (2.16)
J

where g is the energy of the j'th state, gj is the number of states with energy £ and the
sum is over all energies &.

The energy of a state is made up of translational, rotational, vibrational and
electronic energy, and to a first approximation these are assumed to be independent of
each other. The total energy of the /'th quantum state can then be written as a sum
& = gh'ans + grot + gvib + gel (2'17)

1

which implies that

S = Sows Jen Foo Jar- (2.18)

Table 2.1 gives the standard forms for each individual partition function.



Table 2.1 Statistical mechanical quantities relevant to kinetics

Type of partition Defining relation Standard expression Quantities involved other
function than universal constants
and temperature

translation Frans = Zcx (— 8—""’—") Qfm m = mass of molecule

T LT 7

sum over all quantum

states {

2
rotation: S = Zcxp(— EL’) §nIkT G = rotational symmetry number
. kT ch?

linear molecule

1
sum over all quantum
states i

I = moment of inertia found from
spectroscopic data

rotation:

non-linear molecule

sum over all quantum
states i

8n2@8n1,151.)"? (kT )*?

oh’

= rotational symmetry number

I, Iy, I are the three moments of inertia
about three axes found from spectroscopic
data

K103y} 3)8)s uonIsues) diseg 3

Z Yol



rotation:
internal

€
fmx ot = zexp(—"ﬁ.’_

i

sum over all quantum
states i

)

(8xn 31( kTv)ll2
c'h
if there is free rotation

o' = symmetry number for the internal
rotation. I’ is the moment of inertia
for the internal rotation found from
spectroscopic data

vibration for a
single mode

§ € vib)
vib = exp| — ——
flb : p( kT

sum over all quantum
states I

—hv
l-exp (——
p(kT)

v is the fundamental vibration frequency for
a given vibrational mode

vibration for
all modes of
a molecule

Number of vibrational modes for a linear molecule = 3N-5

€ w'b)
vib = eXpl —
Lo : z,: P( kT

sum over all quantum
states i

1

1-exp (_—ﬂ)
kT

all modes
J

I

Number of vibrational modes for a non-linear molecule = 3N-6

Number of vibrational modes for a non-linear molecule with x internal rotations = 3N-x -6

v; are the various fundamental

vibration frequencies for the
vibrational modes of the molecule

uondeIL o e AY) Jo UONBALIRQ bz 92§

Ie



electronic fa= Z exp( - 2—"’) &, if only the lowest energy
ground state i T level needs to be
sum over all quantum considered

states i

al
g8 exp( T ) +

the electronic energy levels must be known
explicitly and are found from a
spectroscopic analysis. Often f; = 1 for the
ground electronic state

g exp (:—i%) +--- where 1,2 ...

are the degeneracies of the first,
second ... excited levels

h = Planck's constant
k = Boltzmann's constant

V = volume
T = absolute temperature

K103y) 3yeys uopisueay disegq €
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2.4.5 Relation between the molecular partition function f, and the molecular
partition function per unit volume
The total molecular partition function, f; is

S = Lo frotfvibfcl 2.19)

and the translational partition function depends on the volume ¥

fo = (27mkT ) %
h’ (2.20)
(ankT)

V ‘frot fwb .fel (221)

where f/V is the molecular partition function per unit volume, Q, which appears in
transition state theory.

27zka
Q ( ) .frot f vib f el
(2.22)
=q [ 2.23)
where £, is the molecular partition for internal motion and
_ (2nka)%
T (2.24)

2.4.6 Contributions to the partition functions for polyatomic molecules and
radicals

Since most reactions occur in the ground electronic state, the discussion will be limited

to contributions from translation, rotation and vibration.

The total number of degrees of freedom for a polyatomic molecule containing N
atoms is 3N. Of these, three are taken up by translational motion, two by rotation when
the molecule is linear, and three by rotation when non-linear. Internal rotations, or
other types of motion contributing to the energy must be included before the number
of vibrational degrees of freedom allowable can be found. For instance, a molecule
could have three translations, three rotations and two internal rotations, and the number
of vibrations then is

3N - 3(trans) - 3(rot) - 2(introt) = 3N-8

If there are no internal rotations the number of vibrations which are possible are 3N-5
and 3N-6 for linear and non-linear molecules respectively, giving 3N-5 and 3N-6 terms
for the vibrational partition function.
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2.4.7 Contributions to the partition function for the activated complex

The activated complex has the unique feature of a free internal translation along the
reaction coordinate, and this must be included when the number of vibrational terms is
being considered. Of the total of 3N terms

(1) three are required for translation

(2) two or three are required for rotation

(3) one is required for the free translation over the length, &, of the critical
configuration.

The inclusion of the free translation when working out the terms other than vibrational
terms, means that an activated complex has always one degree of vibrational freedom
less than a molecule containing the same number of atoms, one of the vibrational
degrees of freedom having degenerated into the free translation along the reaction
coordinate.

The molecular partition function for this free translation along a length & is

A
2xu’ kT )*
fﬁ'ee trans = ( IL;) 5
(2.25)

2.4.8 Simplification of the statistical mechanical transition state theory expression
At this stage it is sensible to generalise to reaction between two molecules X and YZ,
remembering that this requires an n dimensional surface.

b
* E
k=rt 0 ( kTﬁ J exp(— —"—)
6 Ox Oy, 271 RT

The terms & and 4 can be rigorously defined in terms of the potential energy surface,
but use of the statistical mechanical formulation of the total molecular partition
function for the activated complex enables these to be cancelled out without
quantifying either S or 4.

Equation 2.22 gives the molecular partition function for any molecule

Q=9 f fur Ja 227
= qfint

(2.26)

where (2 mk T)%

9= (2.28)

The corresponding expression for the activated complex is

Q" =q" fi (2.29)
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The internal free translation, which is the special feature of an activated complex, can
be factorised out from /", giving

0% =4 foewas Son 2.30)

where /**,,, is the molecular partition function left over after the free translation has

been separated out.
P (an‘ka’ o
freetrans

h 2.31)

0 g s (2mukT)* 5

int h

. murkr)' s
=0 T h (232)

hence

where 0" is the molecular partition function for the activated complex where one term
for free translation has been removed, and where Q%" has, in consequence, one
vibrational term fewer than has a polyatomic molecule with the same numbers of
atoms. _

This expression can be substituted for Q" in Equation 2.14 giving

o 0 b))
0 0x0y, h 2mp’ RT 233)

kT Q” [ bo)
=K— ——exp| ——:
h OxQy, R1 (2.34)

where the awkward terms 4" and & have cancelled out.
The final step requires Q" for the activated complex, and the (J's for the reactants to
be calculated.

2.4.9 Formulation of Q for reactants .

Table 2.1 gives the expressions for the molecular partition functions. The quantities
involved can be calculated from spectroscopic data; moments of inertia appear in
rotational partition functions, and fundamental vibrational frequencies of each mode of
vibration are required for the vibrational partition functions. The number of terms
involved is given in Table 2.2. This is for reactions occurring in the ground electronic
state. If excited states are involved the contribution to Q) from the clectronic motion
must be considered before the number of vibrational terms are found. But this would
require motion over more than one potential energy surface.



Table 2.2 Contributions to the total molecular partition function per unit volume

(a) Reactant molecules
Type of Total number of Total number of Total number of Total number of Total number of
molecule  degrees of freedom  degrees of freedom  degrees of freedom degrees of freedom degrees of freedom
available available to available to available to left for vibration
translation rotation internal rotation
atom 3N 3 - -
linear 3N 3 2 X 3N-5-x
molecule
non-linear 3N 3 3 b 3N-6-x
molecule
b) Activated Complex
Type of Total number of Total number of Total number of Total number of Number of degrees  Total number
activated degrees of freedom  degrees of freedom degrees of freedom degrees of freedom  of freedom of degrees of
complex available to available to available to allocated to the freedom left
translation rotation internal rotation free translation for vibration
linear 3N 3 2 b 1 3N-6-x
non-linear 3N 3 3 x 1 3N-7-x

K103Y) 338)s uonisue) Ayseg 9¢
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2.4.10 Formulation of Q* " for the activated complex

The same formal expressions, Table 2.1 are required for translational, rotational and
vibrational partition functions for the activated complex. Table 2.2 gives the number of
vibrational terms open to the activated complex when one vibrational term is lost and
the free translation gained.

Q™" can be found provided the potential energy surface is known. The position of the
critical configuration gives the interatomic distances from which the moments of
inertia can be calculated, while the barrier curvature and the interatomic distances give
the frequencies of vibration for the normal modes of vibration. Unfortunately the
region of the critical configuration is the most difficult part of the potential energy
surface to detail rigorously, and this can be the limiting factor in the accuracy of a
purely theoretical calculation of Q".

Modifications in the expressions for the partition functions, are sometimes necessary
for both reactants and activated complexes. For instance, the expressions for
translation and rotation assume small spacings in the energy levels. This assumption is
always valid for translation, but is only valid for rotations at high enough temperatures.
The expression for vibrations assumes harmonic oscillators, valid only at low
temperatures. '

When the surface cannot be obtained, or cannot be obtained sufficiently accurately, it
is possible to estimate 0% by analogy with a stable molecule of similar structure.

Table 2.3 gives actual values of the quotient

T2
h QXQYZ‘

This shows the remarkably good predictions made by transition state theory, and can
be compared with the much poorer predictive value of collision theory as illustrated in
Table 2.4.

Table 2.3 Comparison of experimental A factors with pre-exponential factors
calculated from transition state theory

Reaction logA,, observed logA,, calculated
Afmol dm’s” Afmol ! dm’ ™
2CIO- - Cl,+0, 7.7 7.0
F, + ClO, - FCIO, + F» 7.5 7.9
NO, +CO - NO + CO, 10.1 9.8
2NO, - 2NO + O, 9.3 9.7
2NOCI - 2NO +Cl, 10.0 8.6
NO +Cl, - NOCI + Cl 9.6 9.1
NO, +F, - NO,F +F- 9.2 8.1
H-+H, - H, +H: 10.7 10.9
H-+CH, - CH; +H, 10.0 10.3
H- + C,Hy - C,Hs +H, 9.5 10.0
CH; + C,H, - CH, + C,Hy 9.3 8.0
Br, + H: - HBr+ Br- 10.5 11.0



38 Basic transition state theory [Ch.2

Table 2.4 Bimolecular reactions: comparison of experimental 4 factors with
collision numbers Z calculated from collision theory

Reaction log,4 log,0Z

A/mol” dm’ 5! Zimol" dm’s™
NO,+F, - NO,F +F- 9.2 10.8
2NO, - 2NO+ 0, 9.3 10.6
2NOCI - 2NO + Cly, 10.0 10.8
2ClO- - CL+0, 7.8 10.4
F, + ClO, - FCIO, + F- 7.5 10.7

2.5 Approximate calculations

Accurate calculations as given in Table 2.3 rely on spectroscopic analysis of the
reactants, and on the potential energy surface for specific reactions, and by assuming
that the experimental activation energy E, can be compared with the activation energy,
E,, calculated from the potential energy surface, then the above quotient can be
compared with the experimental A factor.

Qualitative comparisons can, however, be made using rough order of magnitude
partition functions for translation, rotation and vibration. This approximation is
acceptable because partition functions do not vary much with mass, moment of inertia
or vibrational frequency.

In transition state theory, the quotient

0"
h OxQyv,

can be compared with

1. The A factor in the Arrhenius equation

E,
k=A4 exp(— Ej (2.35)
2. The collision number Z in simple collision theory
k = pZ exp| — LA
= pZ exp| — RT | (2.36)

The molecular partition function has been defined as
Q=qfutfos .37

where g, £, /i, contain all the contributions from translation, rotation and vibration.
Each of these can in tum be expressed as a product of terms each of which refers to
single degrees of freedom for the motion invoivea,

q is a product of three factors, g,

Jeou 1s @ product of two or three factors, f,

Jun 18 @ product of factors, f,, with one for each mode of vibration
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and each of g, f; and £, is not expected to vary much from molecule to molecule.
Typical values for each g, £, and £, are

4, = 10°t0 10" dm™
f. = 10 to 10
£ = 1to 10

Table 2.4 shows that, unlike Z, the experimental 4 factor varies considerably from
reaction to reaction. These discrepancies are typical, and the conclusion is that simple
collision theory is inadequate, and any agreement found is fortuitous. This is not
surprising since simple collision theory assumes the reactants to be hard spheres which
is physically unrealistic. Also, the internal structures of the molecules are ignored.

Transition state theory considers the internal structures of the reactants and activated
complex explicitly, either in the accurate calculations given in Table 2.3, or in the
approximate calculations given for several reaction types, Table 2.5.



Table 2.5 Calculation of pre-exponential factors from transition state theory using approximate values for the partition functions;
x is the transmission coefficient

. .. . #* &I O7* 3
Reaction Partition Functions - Value/dm” sec
%%z h OxQyz
372 2
Two atoms A qf 9t 3f 3 % % 102 -10"
B’ 9t79t 9,
A +B—>AC. %
3
A.C. g, f,2
3,27 3N-3 2
Atom + linear Ag —%L—fzr—fgﬁ_—s—? —“?"TT —f-% 10" - 10™
molecule — M glrif v WIHNTT 0 %t
linear activated Qi tv
complex A.C. qff,zfvy‘“S
A+M->AC. where N = N + |
- AC gl
3,3,3N-4 2
: o) kT J, .15 14
Atom + non-linear A q3 A S ey 107 - 10
t qlSqt3fr3fv3N_6 h q(3

molecule — non-
linear activated
complex
A+M->AC.

M g f e
A.C. g N7

where N = N + 1
o AC g
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37373017 3
Two linear molecules — M ¢ N WSty ®T Sy 10" - 10"
4 372,372 ! h 3 7

non-linear activated 4 Scoa S N3N0 s
complex N g f3n

AC. gt N7

where N' =N+ N
M+ N->AC. o AC g NN

3/373N+3N' =7 5

Two non-linear M g f 1 Ne 3 q‘3 /'3 f‘; ; ﬁhl -%"—— 108 - 1077
molecules — afrac S fv3N+3N -12 9 fr3
non-linear N qlsfrsfvw«s
activated complex

AC. g7

where N =N+ N
M+ N->AC. o AC. g NNt

3¢373N-17
linear molecule Mg’ f,zfvms 21313‘[3"3‘;,‘:3 @hl —[’5 Value/s™!
— non-linear WSSy Jv
14 17
activated complex 13, N 107 -10
; A.C. ¢’ f°f.
M- A.C.
3,373N-7
. 3.3,3N6 eih xkT 1 13 14

non-linear M g1 f, W‘-" 5 Z 10°-10

— non-linear
activated complex

M -5 A.C.

AC.¢ 1N

OTHER EXAMPLES BEING CALCULATED SIMILARLY

(' 998
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2.5.1 Reaction of two atoms, A and B, to give a linear diatomic activated complex

A+Be= AB" - product
where
Oa = qtz
Os = 4 there are no rotations or vibrations for an atom
g° = g’ f*  adiatomic species has two rotations, and the
activated complex has one vibration less than the
corresponding diatomic molecule.
giving
AT 07
h 0.0; (2.38)
which is equal to
kT f2
K— 3.
h q,

(2.39)

Typical values of the quotient lie between 6x 10" and 6 x 10" mol” dm s whlch
compares well with the simple collision theory value of around 10" mol dm’ s, even
though the two theories are conceptually far apart. ‘

In this reaction, three degrees of freedom for translational motion are being replaced
by two degrees of freedom for rotational motion. Collision theory requires
consideration of translational motion, but does not recognise the relevance of rotational
motion, which will be shown later to be the dominant feature in determining the
magnitude of the A4 factor.

2.5.2 A more general reaction: two non-linear molecules, A and B, containing N,
and N atoms respectively, giving a non-linear activated complex which
contains N, + V3 atoms

Ou =4, 7

QB = th .fr3 fv3NB_6

Qaz* :qt3 f3 f3(NA+NB)‘7
r v

(Q" has one vibration fewer than the polyatomic molecule containing 3(N, + Ng)
atoms) giving

kT Q = — kT fv5
00 “harn ¢4
Typical values of the quotient li¢ in the range 6 x 10° — 6 x 10° mol” dm’ s™

which is considerably different from the collision theory value of around 10'' mol™
dm’s”.
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In this reaction three translational and three rotational degrees of freedom are lost
and are replaced by five vibrational degrees of freedom.

2.5.3 Approximate transition state theory pre-exponential factors for typical
reaction types
Tables 2.3 and 2.5 shows that the transition state theory pre-exponential factor varies
over several powers of ten, compared to the much smaller range 10" to 10” mol” dm’
5! given by collision theory, Table 2.4.
Collision theory can be brought into line with experiment via the p factor calculated
from

A=pZ

where p is a measure of the deviation of 4 from a simple collision number for two hard
spheres.

As shown earlier section (2.5.1) the transition state theory analogue of the collision
number is

2
ML
h g,

and so values of the quotient can be compared directly with experimental values of

&I Q° ek f}
h 00v./ h q

can be compared directly with experimental valies of "p”. Values of the quotient are
given in Table 2.6 and show that in this approximate analysis transition state theory gives
a satisfactory interpretation of the experimental “p” factors. As the complexity of the
reactants increases the value of the quotient becomes less, as does p



Table 2.6 Values of log A calculated from transition state theory showing the dependence of KT

o~
h Qreac tants

and comparison with experiment. Value of Iogl oZ calculated from collision theory is 11.2(Z is in units mol” dm® s'l)

Reaction

Br-+H, - HBr+Br-

H-+H, —» H,+H-

H-+CH,; - H,+CH;-

H-+C,H¢ —» H,+C,Hs

CH;-+H, - CH;+H-

CH; +C,Hy > CH,;+C,Hs:
CH;-+CH;COCH; — CH,+-CH,COCH;
F,+Cl0, —» FCIO,+F-

CH;- +HC(CH;3); - CH4+-C(CH;),

lo
g10 [dm3

11.1
10.7
10.3
10.1
9.2
8.0
8.0
7.9
6.8

A A
calc | 1} 10810 ( 3 obs_.l =
mol™ s~ dm” mol ™" s

104t011.4
10.7 to 11.1
8.5t011.5
9.5t 11.1
8.7109.5
7.81t09.3
8.4108.8
7.1t107.6
7.0 t0 8.5

J

Pcac

8x10™
3x10"
1.3x10"
8x107
1.0x10”
6x10™
6x10™
5x10™
4x10°

on molecular complexity,

Paps (average)

5x10"

3x10"

6x10?
13x10?
8x10°
2x10°
3x10°
2x10™
3.5x10™*

S
b

suonsnd|ed yeuxoiddy

')
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The observed A factors can therefore be interpreted in terms of the replacement of
the internal vibrations in the reactants by others in the activated complex, and the loss
of translational terms, g,, and rotational terms, f. Since the magnitude of f, can lie
anywhere in the range 10 to 100 whereas that for f, lies between 1 and 10, the
dominant effect is loss of rotations. There is also loss of translational degrees of
freedom, but as this is the same throughout any series of reactions, loss of translational
degrees of freedom will not be responsible for the trend in the quotient,

h QXQYZ

and in the "calculated p" with complexity of reaction type. Table 2.6 shows that the "p"
factor becomes smaller as the complexity increases.

The translational and rotational motion is motion in space, and the internal structure
of the reactants or activated complex will not have a major effect on the actual
magnitudes of g, or f. The approximation that g, or £ have the same values for all
reaction types seems to be reasonable. However, vibrational motion is internal and is
characteristic of the molecule in question. Furthermore "bond breaking and bond
making" could have a significant effect on the magnitude of the fundamental
vibrational frequencies for the activated complex, leading to different values for the
various f, terms.

To carry these arguments any further, it would be necessary to move to the exact
calculation of all the partition functions involved, such as is summarised in Table 2.3.

2.5.4 Temperature dependence of partition functions and 4 factors
Table 2.1 gives the expressions for the partition functions for translation, rotation and
vibration, from which the temperature dependence can be found.

(i) the translational partition function for each degree of freedom depends on T'?
(ii) the rotational partition function for each degree of freedom depends on ™
(iii) the vibrational partition function for each degree of freedom is independent of

temperature at low temperatures but depends on 7" at high temperatures.

This can be used to calculate the temperature dependence of the A factors for specific
reaction types. For instance, for reaction of two non-linear molecules 4 and B to give a
non-linear activated complex, Section 2.5.2, the pre-exponential factor is given by

kT f,
Sy
q. /.
with the temperature dependence at low temperatures being

I
T%T% =T
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and at high temperatures being
I _p
T% T% ’

Other reaction types can be worked out similarly. When there is a dependence of the
pre-exponential factor on temperature, it would be expected to correspond to a non-
linear Arrhenius plot. However, the range of temperatures studied, and the accuracy
with which the experimental determinations are made are such that the temperature
dependence is slight and the curvature of the Arrhenius plot is not easily picked up.

2.6 Thermodynamic formulations of transition state theory
There are some situations, such as reactions in solution, where the partition function
form is not immediately useful, whereas a thermodynamic formulation is more
immediately applicable.

The equilibrium constant for formation of the activated complex from reactants is

. = E
K* 0 exp(—— —"—j

Ox0Oy; RT (242)
This can be substituted into Equationb 2.34 giving
KT o
k=—K". ‘
h (2.43)

By applying standard thermodz/namic func‘tions to the equilibrium, an expression for
the rate constant in terms of AG™ , AH” , AS” can be given

AG* =-RTWn K™ - (2.44)
AG* = AH™ ~TAS™
(2.45)
k——’di]iex —AG’H
=T P\ T TRr
(2.46)
k—r(g—ex —AH:‘ ex AS™
=K P TR TR
(.47

where  AG™ is the free energy of activation
AH is the enthalpy of activation
AS™ is the entropy of activation.
The dependence of the rate constant on pressure allows AV*", the volume change on
activation to be found.
K, AG”, AH”, AS”', AV*" all have one term missing in comparison with K, AG,
AH® s AS° , AV describing equilibrium in a chemical reaction.
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The thermodynamic functions for activation are standard values, with the standard
state normally taken to be unit concentration.

2.6.1 Determination of thermodynamic functions for activation
Detailed calculations using partition functions calculated from spectroscopic data for
reactants and the potential energy surface for the activated complex allow the quotient

AT 0
h QXQYZ

to be calculated, and from this K, AG™", AH”", AS*" and AV*' can be found.
Experimental data can be manipulated to give experimental values to compare direct
with the theoretical ones.

k= Kﬂexp[— AR jexp(AS:‘]
n - k AS*™ AH™
"TTRTTR O RT 249)

andsoa plot of In &/T against 1/T has

P

R

slope = -

AS™

. k
intercept = In x 7 +

AG™ =-RTInK™

and AG*™ = AH*" —TAS™". (2.50)

Similarly the effect of pressure on the rate constant gives AV*" to compare direct
with the theoretical value.

kT ..
k=x—K~
K A 2.51)
Ink=1In K‘-k-T—— AG
' h RT (2.52)
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dink _ 1 (0AG*

dp T RT p . (2.53)
-
~ RT (2.54)

And so a plot of In & against p has

Pl

RT

slope = -

An alternative procedure relates the observed activation energy E,, with AH*", rather
than obtammg AH* from a plot of In k/T against 1/T.
Since K** is a standard value with the standard state being unit concentration, then

dinK= AU

==
dr RT 2:55)
But
k= KEK"
h
(2.56)
and dlnk_l+dan"
a7 T dr
(2.57)
E., 1 AU™
=—+ .
RT® T RT?
(2.58)
AU* =AH*" - pAV™"
(2.59)
E, =AH* — pAV*" +RT.
(2.60)

The explicit relation of E, with AH” depends on the type of reaction involved, since
this determines the value of the pAV For gas phase reactions

pAV* = An*RT (.61)

where An™ is the change in the number of molecules in going from reactants to
activated complexes.
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For unimolecular reactions An” = 0

pAV” =0 (2.62)
so that E, =AH* +RT (2.63a)
kT E, AS*™
and k=ex— .
oK h exP( RT)CXP( R J (2.64)

For bimolecular reactions An” = -1

and pAV™ =-RT (2.62b)
so that E, =AH™ +2RT (2.63b)
and . kT E _ (as*
k=e‘x—exp| - exp .
h RT R (2.65)

2.6.2 Comparison and interpretations of the partition function form and the
thermodynamic form of transition state theory with experimental data
The transition state theory expression given in terms of the experimental activation
energy allows a direct comparison of the theoretical pre-exponential factor with the
experimental pre-exponential factor, 4.
The general form of the equation is

kT [ E, J (AS]
k=e" kx=—exp| — =2 |exp
h RT R (2.66)

where 1 - An” is unity for unimolecular reactions, is two for bimolecular reactions and
can be related to the molecularity of the reaction. The pre-exponential term is therefore

el—A,,*K_/_cI_exp AS™ ‘
h R

This product corresponds directly to the 4 factor in the Arrhenius equation, and allows
a theoretical calculation of the A factor once AS* has been found using partition
functions derived from spectroscopic data and the potential energy surface for reaction.

A= e"A"‘K%exp(Ai j

(2.67)
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Table 2.7 Values of 4 and AS™ calculated from transition state theory showing
dependence on molecular complexity

Reaction logiodcuc ‘AS";IC
(dm’mols™) JK ol
atom + diatomic molecule
H-+H, -» H,+H: 10.7 -57
Br-+H, - HBr +H- 1.1 -49
atomic + polyatomic molecule
H-+CH, - H, + CH, 10.3 -64
H-+C,H;, > H, + CHy 10.1 -68
small molecule + small molecule
NO +Cl, » CINO + Cl- 9.1 -87
2CIO- »Cl, + 0, 7.5 -118
NO, +CO - NO + CO, 9.8 -74
CH;- +H, » CH, + H- 9.2 -85

small molecule + larger molecule
CH; + CH,COCH; —» CH, + -CH,COCH; 8.0 -108

larger molecule + larger molecule
C,H¢ +C,H, — cyclo CH,, 7.8 -112

The A factor, therefore, exPlicitly reflects any trend in AS” * with reaction type. Table
2.7 tabulates values of AS™ for several bimolecular gas phase reactions. For these
reactions AS™ is taken to reflect the complexity of the reacting molecules and activated
complexes. Log A and AS” ’ parallel each other, and decrease as the complexity of the
reacting molecules increases. This is particularly so with the Diels-Alder reactions
where the discrepancy with collision theory is large, and the "p" factor is of the order
of 10° to 10°.

This is an alternative, but equivalent, procedure to that discussed in Section 2.5
where the experimental A factor corresponded to the quotient

T 0
h OxOv,

if E, found from the potential energy surface is taken to correspond to the experimental
activation energy, E,.

The A factor found from Equation 2.67 involving AS™ corresponds to the data given
in Table 2.3 where the very good agreement between experiment and theory is
demonstrated.

An experimental AS™ can be found from the graph of In &/T against 1/T, and gives a
direct comparison with the theoretical value of AS*'. Again good agreement is found
between theory and experiment, Table 2.8. But this would be expected to be the case.
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If there is good agreement between theoretical and experimental 4 factors, then there
must also be good agreement between the theoretical and experimental AS™ values.

Table 2.8 Comparison of AS” * values calculated from transition state theory with
experimental AS™ values

AS** AS™"
Reaction ; cale - ——lﬂ—l -

JK "'mol JK 'mol
NO, + CO - NO + CO, -74 -93 to -68
NO+0; > NO, +0, -97 -97 to -87
2CI0- -»CL, + 0, -118 -120to -110
C4Hg + C,Hy — cycloCH g -112 -118
2cyclopentadiene — dimer -120 -160to -145

The "p" factor calculated from experiment can be compared with theory using AS” '
values. "p" gives the deviation of the observed A4 factor from the collision number, Z,
and experiment shows that the magnitude of p decreases with increasing complexity of
reaction type, Tables 2.7 and 2.8. As shown earlier, Section 2.5.1 the transition state
theory analogue of the collision number is given by

2
PLI I
h q,

The deviation of the A factor from Z can be translated into transition state theory terms.
The "p" factor is then given by the quotient

T 0" /Kﬂfi.
h OOv | h 4

Q eI—An‘ exp( AS J

It can be shown that

Ox0y, R (2.68)
for reaction between molecules X and YZ. It can also be shown that
2 . ASY
.fr3 - el~An exp£ IQ—A j
t (2.69)

for reaction between two atoms. It then follows that the "p" factor is given by the

quotient
AS™ AST LY [ASTOAST,
exp —7?— exp| - R - | = exp R R (2.70)
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The "p" factor for any reaction can be expressed in terms of the difference between the
calculated AS* for the given reaction and AS* . a calculated for the specific reaction of
two atoms. Since the term, AS™ A-A» IS @ constant whatever reaction is being studied, it
also follows that trends in the observed "p" factor with complexity of reaction type can
be compared directly with AS™ * for the vanous reactions.

The comparisons between predicted behaviour and experimental observations

A factors reflect trends in 0 /Qvaz
A factors reflect trends in AS'
p factors reflect trends in Q” /Q,(QYZ
p factors reflect trends in AS*

are all alternative, but equivalent, ways at looking at the implications of comparison of
theory with experiment.

The inadequacy of collision theory lies in the neglect of the internal structure of
reactants and activated complex, and in particular the lack of recognition of the fact
that there is loss of rotational degrees of freedom in forming the activated complex.
Transition state theory considers this explicitly.

The trend in A factors or p factors with complexity can be given as an entropy effect.
For reaction between two complex molecules giving a non-linear activated complex
there is a loss of three translational and three rotational degrees of freedom, and a gain
of three vibrational degrees of freedom. The entropy associated with vibration is much
less than that for rotation (f, < £), consequently AS” " is expected to be more negative
the more complex the molecule, Table 2.9.

Table 2.9 Typical approximate values of contributions entering into a AS™ *

(i) Translational terms are based on a standard concentration taken to be 1 mol dm™
(i) All values depend somewhat on temperature. Translational terms depend
somewhat on temperature, and rotational terms on moments of inertia.

Translation: ca 125to 175 Jmol” K
ca 40 to 60 J mol” K™ per degree of freedom

Rotation: ca 50 to 100 J mol™ K ™' for linear molecules
ca 75 to 150 J mol™ K ' for non-linear molecules
ca25t0 50 Jmol' K ™! per degree of freedom

Vibration: per normal mode
from nearly zero, for high frequencies at normal temperatures, up to
ca 15 Jmol™ K ™ for low frequencies at higher temperatures.

The examples given in Tables 2.3 to 2.9 are all for gas phase bimolecular reactions.
Transition state theory is also applicable to the high pressure first order region of a
unimolecular reaction, Table 2.10, and to the low pressure third order region of a
termolecular reaction.



Sec. 2.7} Transition state theory 53

Table 2.10 Unimolecular decompositions

Reaction log,?A E,
Als k Jmol

cyclobutane - 2CH, 15.6 261
CoH - 2CH; 174 384
(CH;);COOC(CHs3), — 2(CH3),CO- 15.6 156
N,Os — NO, + NO; 14.8 88
cyclopropane — propene 16.4 272
CH;NC — CH,CN 13.6 160
C,Hs - CH,+H: 13.0 167
2.7.1 Transition state theory applied to unimolecular reactions
The transition state theory expression for the first order region is

kT O* E

k=K'—Q exp| - —= | @.71)
h 0, RT :

The pre-exponentiai factor 4 is given by the terms

i Q"

K
h 0,
if E, and E_ are taken to be equal.

The calculation of Q, for the reactant A is a straightforward statistical mechanical
calculation, but, as for bimolecular reactions, the structure of the activated complex
must be found from the potential energy surface; or if this is not known sufficiently
accurately, then the structure has to be guessed at or inferred from a comparison with
molecules of comparable structure.

As before, the partition functions are split up into terms for translation, vibration and
rotation. If the translational terms are taken to be similar for reactant and activated
complex, these can be cancelled out leaving Q"/QA as a ratio of partition functions for
rotation and vibration.

2.7.2 Pre-exponential factors for reaction where the activated complex resembles
molecule A

In a unimolecular reaction the activated complex has the same number of atoms as the
reactant, and if the activated complex resembles the reactant molecule then the bond
lengths in both are similar giving comparable moments of inertia. Both 4” and A4 will
then have comparable rotational partition functions, and these will cancel out in the
ratio Q*‘/QA, leaving the ratio to be made up of vibrational partition functions for
activated complex and reactant.

In the formation of the activated complex one of the normal modes of vibration
degenerates into a free translation in the activated complex, leaving the activated
complex with one normal mode of vibration less than the reactant molecule. If the
activated complex resembles the reactant then the frequencies for the normal modes of
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vibration in the activated complex will resemble those in the reactant, and the partition
functions for these normal modes will be comparable, and will cancel each other out
when the ratio 0*'/Q, is formulated. This leaves the normal mode of vibration in the
reactant which degenerates into the free translation in the activated complex still
unaccounted for, and this partition function will remain uncancelled in the
denominator of Q*‘/QA. The corresponding free translation in the activated complex
does not contribute to Q”' since it has already been incorporated at the earlier stage in
the derivation of the working equation of transition state theory. This leaves

predicted A4 = K%Z L

I (2.72)

Using typical values for f, gives predicted values of A lying in the range 105" to 10"
-1

s .

Many reactions have pre-exponential terms of these magnitudes, Table 2.10.

2.7.3 Pre-exponential factors for reaction where the activated complex differs
considerably from reactant 4

When the structure of the activated complex is very much altered from that of the

reactant molecule 4, the situation is now very different. For instance in a dissociation

reaction such as:

C2H6 - CH3'+CH3‘

the C-C bond in the activated complex is likely to be considerably altered from what it
was in the reactant, resulting in very different vibrational and rotational structures for
the activated complex and reactant. There is likely to be an extension in the C-C bond
so that

r > I
and hence ff > Jea
giving
the partition function the partition function
for rotation in the > for rotation in the
activated complex reactant

Vibrations in the activated complex are "looser" than in reactant C,H,, and some may
even become so distorted that they approximate to free rotations. These altered modes
cause

v, < Va
so that
#*
s > Sia
giving
the partition function the partition function
for vibration in the for vibration in the

activated complex reactant
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Wlllzen typ}ts:al lvalues for f; and f, are taken, the values of A are found to lie in the range
10°to 107 s™.

These high values have also been found experimentally, see Table 2.10, and in the
example chosen

C2H6 - CH3' + CH3

the value of 4 is 10" ™.

High values of the pre-exponential factor in the high pressure region of a
unimolecular decomposition can be used to infer a very "loose" structure for the
activated complex, and low values imply a more "rigid" structure.

2.7.4 Transition state theory applied to termolecular reactions
The reactions of nitric oxide are thought to have a termolecular mechanism, for
example

2NO +Cl, - 2NOCl

Transition state theory gives

k= KI—CZ ——Q———exp( E, )

h Q%Q, \ RT @.73)

An approximate calculation using the same values for each molecular partition
function contributing to each O allows cancellation of partition functions between
activated complex and reactants. An order of magnitude value for the pre-exponential
term can be found by substituting typical values for the molecular partition functions
left in the ratio 0™"/Q%\o Oq,, after cancellation. Doing this gives

kT Q7
K— -
h QNQQCI2

to be in the range 10’ to 10° mol™” dm®s™.

Agreement with experiment is good considering how crude the treatment is. The
calculation is really only valid if partition functions for the reactants and activated
complex are similar, and this is not likely. For instance, the molecular partition
function for vibrations in the activated complex is likely to be different from those in
the reactants.

A collision theory calculation of the pre-exponential factor is out by a factor of 10°
when compared with the observed value, so even the simplified transition state theory
expression is superior to collision theory for reactions similar to the NO/CI, reaction.

One of the most interesting feature of suspected termolecular reactions is their zero
or negative activation energies. Yet again transition state theory is superior, since there
is no way in which collision theory can explain negative activation energies.

The dependence on temperature of each type of partition function is known. For the
nitric oxide reactions, three linear molecules give a non-linear activated complex, and
the dependence of the pre-exponential factor on temperature is 77?2,
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The partition functions can be expressed in terms of a temperature independent, and
a temperature dependent term giving

E
k=CT" exp(—-k—% .
2.74)
In this expression C is the temperature independent part of the pre-exponential factor,
and n = -3.5 for the reactions of nitric oxide.

This can be used to demonstrate that negative activation energies follow as a
direct consequence of the temperature dependencies of the partition functions.

lnk:lnC+nlnT———E—°—
RT

(2.75)
dlnk n K
=+
dT T RT?
— EA
RT? (2.76)
E, =nRT+E, @17

where E, is the experimental activation energy, and E, is the value found from the
potential energy surface.

If E, is small and » is negative, then E, can be negative. For instance, at 300 K, and
forn=-3.5.

E, =-87+E,

and so if E, is small E, can be negative.
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Advanced Transition State Theory

3.1 The assumptions of transition state theory reassessed

3.1.1 Assumption 1
The assumption is that once the unit (X..Y..Z) enters into the critical configuration it
must continue on in the same direction (Figure 3.1).

PE
PN

|

|

|

| corresponds to a barrier movement over
| representing the critical —_— the barrier from
| configuration left to right

|

|

|

|

|

A reaction coordinate the barrier A..B

Figure 3.1 A potential energy profile for reaction in which there is a single crossing of the
potential energy barrier.

However, if the unit did recross the barrier and moved back down into the entrance
valley the situation would be given by Figure 3.2.

A

corresponds to a barrier movement over the barrier

|

|

' .

| representing the critical 2 from left to right and
| configuration ] back again

|

|

|

|

|

N the barrier A...B

reaction coordinate
Figure 3.2 A potential energy profile for reaction in which there is a recrossing back across
the potential energy barrier.
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The net effect of recrossing the barrier in the opposite direction is zero passage
through the critical configuration, but transition state theory would count this as one

crossing from left to right, with the result that the calculated rate would be too high.
Similarly Figure 3.3 gives other situations.

Figure 3.3 A diagram showing several recrossings of the potential energy barrier.

These diagrams show that if multiple crossings occur then transition state theory

gives too high a rate. This can be taken care of by the transmission coefficient x, or by
variational transition state theory, see later.

3.1.2 Assumption 2

This relates to the assumption of equilibrium between reactants and activated
complexes. Two situations can be discussed.

A. Single crossings through the critical configuration
Here reactants form activated complexes which can only move on to products. A

forward moving complex is #;, and one which started as products, and hence is a
backward moving complex, is #,.

k, k,
X+YZ > % > XY+2Z

ky ky
XY+Z > % - X+YZ

These are part of a single scheme

#
o7 N
Y+2
,N y
#

X+YZ
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which itself is a more detailed description . for the reversible reaction sequence.

ki k,
X+YZ — = XY +Z

\

kq ks

in which the activated complexes # are not distinguished as forward moving, #; and
backward moving, #,, complexes.

Situation 1: Equilibrium is assumed for single crossings

At equilibrium all concentrations must remain constant. In particular, the forward
moving and backward moving complexes are at constant concentration, and define an
equilibrium constant

=] 3.0

K must have a value of unity, a conclusion easiest seen by considering the statistical
mechanical expression for the equilibrium constant

th RT

Since the only distinction between the activated complexes is that one is moving
forward along the reaction coordinate and the other moving backward, the partition
functions must be the same, and AU, is zero.

]
el

(3.2)

and since [ ]+ [ ]=[] (3.3)
then [ )=l 1= %[ (34
and at equilibrium
dl=]., o (3.5)
dr '
Since
dl#

[ f]eq - kl [X][YZ]__ kz [¢r ]eq =0 (3.6)

then

hL=%Rmﬂ o
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Likewise k
[=]., = k—3[XY][21 3.9
4
and since [¢f Lq - [:'tb Lq (3.9)
then K [xllvz)= 2 [xv]iz]
k, k, (3.10)
Situation 2: A steady state is assumed for single crossings
Now
d[¢f]ss =0 (3.11)
dr
. k
giving =LIX||YZ
e L =2 Ixv2) .
Likewise d[, Ls
L bls
P | (3.13)
k3
giving [%.]. = k—[XY][Z] (3.13)
. 4
But, for single crossings at equilibrium
k
], = - xlivzl (3.15)
2
and k
oL, = 2 xv]iz)
4 (3.16)
and so [ L = [ ]eq (3.17)
=L =[], (3.18)

from which it can be argued that the steady state situation can be treated as though it
were an equilibrium situation, provided the crossings are single. And so the equilibrium
assumption of transition state theory is valid, provided the crossings are single.

B. Multiple crossings through the critical configuration

The situation now is entirely altered. Forward moving complexes can turn into
backward moving complexes, and vice-versa. And so the splitting up of the activated
complexes into the two types of "forward moving only" and "backward moving only"
is no longer possible, and a single type of activated complex must be considered.
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k, k,
X +YZ ‘_.——.__-—) # r—: XY +Z
k, k,

where # covers all types of activated complexes. In this scheme

P pitvzl-# -k iovlizl=o

and so

AR [xllyz]+ k., [xYllz]
k, +k,

and these equations hold for both the equilibrium and steady state situations.

Situation 1: Equilibrium is assumed for multiple crossings
The equilibrium constant, X, for the overall reaction

X+YZ=—=XY+Z
is

_xyliz]

~[X]lvz]

Since AR [xllyz]+ &, [xY][z]
e k., +k,
X][YZ] [
Bl "Rve g
[x][yz] ky+k,
_ k +k K
k., +k,

_ k +k_ K
~ L =—,;_I—J;—[X][Yll

The steady state expression for [#]; is

], < AXIZ] k. xv]iz]
Cok+k,  k, 4k,

L = =L
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(3.19)

(3.20)

(3.21)

3.22)

(3.23)

3.24)

(3.25)

(3.26)

(3.27)
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This argument shows that for multiple crossings the steady state concentration of
activated complexes is no longer equal to the equilibrium concentration, and this is
totally different from the result when single crossings only are allowed.

Situation 2: A steady state is assumed for multiple crossings
The differential equation is

Al vzl k- sl £ xYliz] =0
dt (3.28)

As shown above equilibrium is not set up for multiple crossings and only a steady state
situation is allowed. Hence the transition state theory given previously will not hold if
multiple crossings are allowed.
The argument can be taken further, and the total forward rate calculated for various
situations. :
1. If k, and k, are zero, the forward rate is equal to the rate at equilibrium. This case
corresponds to no recrossings allowed.
2. If k, and k, are very small, the forward rate is only slightly less than the value
calculated on the assumption of equilibrium.
3. For all other values of k., and k,, the equilibrium assumption is invalid.

Therefore, in general the equilibrium assumption of transition state theory is invalid-
if there are multiple crossings.

3.1.3 Assumption 3

In transition state theory, motion through the critical configuration is singled out as
special, and treated as though it were a free translation independent of the other
internal movements of the activated complex. This is an approximation, for instance
motion along the reaction coordinate can be affected by components normal to the
reaction coordinate.

However, since this is a classical treatment the approximations are likely to be valid,
but in exact treatments motion over the potential energy surface is quantised, and for
such a situation it is not legitimate to consider motion over the barrier as independent
of the other motions of the activated complex.

3.1.4 Assumption 4

Quantum effects manifest themselves in other ways. Reaction treated classically
requires the unit (X..Y..Z) to pass over the top of the col. However, if movement on
the surface is quantised, there is a finite probability that the unit (X..Y..Z) can move
from one point on the reactant side of the barrier to another point on the product side
without passing over the barrier. This is tunnelling, and reaction has occurred without
the reactants having the critical energy, resulting in a transmission coefficient of
greater than unity. Tunnelling is more likely when the barrier is thin and low, and for
reactions of light mass species such as H, H, H™or electrons.
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At present there is no complete purely quantum theory, and the difficulties in
producing one are considerable. In a quantum version, classical ideas will no longer be
valid. For instance, motion over the potential energy surface must be quantised which
requires that motion along the reaction coordinate cannot be separated from other
internal motions. The partition function for the activated complex must be quantised,
and so the partition function cannot be split into a free translation plus other partition
functions. Quantisation of the partition function is vital for vibration, though a classical
version for translation and rotation may sometimes be adequate, but only if the
temperature and moments of inertia are both numerically high enough.

3.2 Symmetry Numbers and Statistical Factors

3.2.1 Symmetry Numbers

Rotational symmetry requires the partition function to be divided by a symmetry
number, found by counting up the number of different, but equivalent, ways of
arranging the molecule on rotation. For example, there are two ways of arranging each
of Cl,, H, and H,O giving a symmetry number of two for each

1 2 2 1

Cl — Cl cl — C
linear

1 2 2 1

H — H H — H
linear

0 0
H/ \H H/ \H bent
1 2 2 1

The shape of the molecule is also important. For instance NH, is non planar with a
symmetry number of three.

N N N
/N s /|\; 2/ N
H H H H H H

2 1 3 pyramidal
H H H

Turning over non-planar molecules such as NH; does not generate any more distinct
arrangements.

CH;- is planar with a symmetry number of six. Turning over the following three
arrangements
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1 3 2

Il{ H H

C l C

/ / /
2 3 1, 2 3 1
H H H H H H
planar

generates three more distinct arrangements

1 2

H H

aO—m w

| l

C
N, e I\,
H H H H H H

These symmetry numbers must be taken into account when formulating statistical
mechanical equilibrium constants.
The equilibrium constant for the reaction
A+B —= C+D

can be written as

AU
K — QCQD exp(_ 0)

0.0, RT (3.29)
or as
(-mm 0O )
0.0 Qi0s RT (3.30)

where the symmetry numbers have been removed from the standard partition function,
Q, to give a partition function Q° which has no symmetry number, o, in the rotational
partition function.

3.2.2 Statistical factors

An alternative procedure is to use statistical factors, ! for the forward reaction and r
for the back reaction.

I Q0 AU

ONOH RT



Sec. 3.2] Symmetry numbers and statistical factors 65

Expressions using / and r are simpler to handle and less likely to lead to error than
those using symmetry numbers. However, these statistical factors have to be defined
separately for reactions between unlike molecules and those between like molecules.

Unlike molecules A+B

The statistical factor is equal to the number of distinct sets of products which would
result if all like atoms were distinguishable and were labelled.

For instance, reaction between H, and Cl-, between H, and H- and between N, and
O, leads to two sets of products in each case
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two distinct sets of products ../=2
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Like molecules A + A

The statistical factor is now given by the number of distinct sets of products which
would result if all like atoms were distinguishable and labelled, divided by two.

For instance, reaction between two N = O molecules gives one set of products only

1 2 3 4 1 3 2 4
N =0 +N =0 - N =N 4+40 =0
but the statistical factor is now the number of sets of products divided by two
=%
3.2.3 Equilibrium constants using statistical factors
The statistical factors, [ and r, for a reaction coming to equilibrium must first be
worked out. For example, in the reaction

H2 + Iz —_" 2HI

the statistical factor for the forward reaction is two

1 3 2
sH — 1 +H —1
1 2 3 4
H —H +1 — 1
1 4 2
H — 1 + H —1

There are two distinct sets of products, and reaction is between unlike reactants
s=2

However, the back reaction is between like molecules, and gives one set of products

1 3 2 4 1 2 3 4
H — 1 + H — 1 N H — H +1 — 1

sr=40

The equilibrium constant expression

(o) exp(_ AUOJ

Ou, 0 RT
2
_4 (On) ex _‘_320_) (3.32)
01,0, RT
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The decomposition of O,
03 - 02 + O

illustrates one other important point.
Both the forward and back reaction give three sets of products so that both / and r
are equal to three.

\/_—.
0 \

Il
own
+
Qo

o w
+
o}

o-—-
I
QW
+
@)

\2/"
} \/
\/

In the forward direction the products O = O + O- are included, while in the back
reaction the product with the middle oxygen atom labelled 3 is included because a
likely transition state is

\

Breakdown of this transition state is as likely to proceed by splitting of

1 2 2 3
O — Obond and the O — O bonds



68 Advanced transition state theory [Ch. 3

as by splitting of
1 2 1 3
the O — O bond and the O — O bonds
or by splitting of
1 3 2 3

the O — O bond and the O — O bonds

Formation of the transition state also occurs by three equally probable ways.
The equilibrium constant expression is

3000 oxp - AUO}
30 RT

0 0

QOZ QO AUO
—exp| — .
0o RT
Reactions involving molecules with very high symmetry can have very large

statistical factors.
Pcls —_— PC]3 + Cl2

S -

K

(3.33)

Here [ = 20 and » = 20 so that

Qgcx, lez ( AU, J
=———Texp| - .
Orar, RT

Special care must be taken when formulating statistical factors for reactions
producing enantiomers. If reaction produces two enantiomers as in

K

(3.34)

H- + CICFBr- == CHCIFBr

then the statistical mechanical expression using symmetry numbers gives an
equilibrium constant which corresponds to formation of one enantiomer only. The
expression using statistical factors, / and r, gives an equilibrium constant for formation
of the two enantiomers where [ = 2 and r = 1. Hence the two equilibrium constant
formulations will differ by a factor of two.

3.2.4 Rate constants in terms of statistical factors
Rates are also handled much more safely using statistical factors rather than symmetry
numbers. Reaction is treated similarly to equilibrium, only now equilibrium is between
reactants and activated complex, and between products and activated complex.

For the reaction

A+B —-» C+D
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the activated complex is AB” and the two equilibria which must be considered are

A+B =/ AB°

C+D;::—‘_AB*

Each equilibrium has statistical factors for the forward and back reactions, and the
directions of these steps are always defined in terms of formation of AB” being the
Jforward step.
In the equilibrium
r
#
A+B —= AB

r

I’, represents the statistical factor for the forward direction of forming the activated
complex AB”, and 7", is the statistical factor for removal of AB” reforming A and B.
In the equilibrium
r, :
C+D \—*—é AB*
g

I, represents the statistical factor for the forward direction of forming AB* while r”
is the statistical factor for removal of AB* forming C and D.

In the overall reaction of converting A and B into C and D, the statistical factors
appear as follows

fl r‘,

A +B —=AF" *C+D
-2 \
r f_'

In transition state theory only one set of products and one set of reactants can be
formed from the activated complex, otherwise there would be more than one entrance
valley and more than one exit valley. This means that the statistical factors for
removing AB” to products, and for removing AB” to reactants must both be unity so
that

ro =1 and ry, =1

In structural terms this restriction implies that the activated complex must be of
sufficiently low symmetry that there are only two routes away from the activated
complex. This results in a scheme

f‘ I't_l:l
A+B — AB" == C+D

r*,=1 f—l

When this is the case the equilibrium constant for formation of AB” from A and B is
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i 0z*
K;e* S B ll Q p(__ _l;_()] (3'35)
giving =1 QAQB RT
. QO:‘ Eo
=K 1 _Zo |
k 0200 “P\"RT (3.36)

Since the rate expression deals with the forward steps only, the equilibrium
involving formation of AB” from C and D does not enter into the procedure.
The statistical factor /*; must be found, and this is done by counting the number of
activated complexes formed if similar atoms in the reactants and activated complexes
are labelled. This will be explained by describing several cases.

1. In the reaction
H, + Cl- - HCl+H

formation of the activated complex from the reactants gives two distinct activated
complexes

1 2 *

1 . /(H-—-H-~—-c1)

\2 . .
H- --H- - -C)

which results in a statistical factor [, = 2 so that
0:“‘ E
ol )
h QH Q(‘I RT (3.37)

HO-+H, — HO+H

2. In the reaction

two activated complexes can again be formed from the reactants.

1 2 37

(H---0---H- = -H)
H——O0+ H —H
\ 1 3 27

“H- --0- - -H—— -H)
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#
giving a statistical factor / ; = 2, and rate constant
kT 0z* E
k=x— ——%——O'CXP -2
h o Oy, 0On RT
(3.38)
3. However, in the H. abstraction reaction
H' + CH4 "'—") H2 + CH3‘
four activated complexes can be found
1 3 *
(H- --H- - - CH,)
2
H
1 4 ’
l / (H”- - -H-- 'CHg)
1
H C
, \ 1 5 #
-(H- --H — - -CH,)
3 4 5
H H H
1 2 *
(H- — -H- - -CH,)
giving a statistical factor /] = 4, and rate constant
kT 0z* E
k = ]('——4—0—Q—0—exp -2 -
h QH~ CH, RT
(3.39)
4. If the activated complex is chiral then the forward rate must include a

statistical factor which reflects this.

3.2.5 Use of statistical factors in the prediction of possible structures for the

activated complex

Statistical factors are very useful in excluding certain structures for an activated
complex. Since the potential energy surface must have only one entrance and one exit
valley, the structure of the activated complex must be such that this restriction can be
satisfied. This, as mentioned earlier, implies that r’, and r’; must both be unity and

this in turn, means that the activated complex must have low symmetry.
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1. In the reaction
H- + DOH ——D: + H,0
a possible structure for the activated complex might be a pyramidal DOH,

#
/"O S
P4 ~
H- . H

D

For this structure to be acceptable only one set of products can be formed from the
activated complex, so that 7, equals unity. The pyramidal activated complex satisfies

this condition.
(o)
/ \ + D
2 1
H H

Oat
/i \
//\
2// \1
H H -
/
D

Return of the activated complex must also result in one set of reactants H- + DOH
so that 7*| equals unity. However, the pyramidal structure would lead to two sets of

reactants giving 7, = 2, and so a pyramidal DOH,” is not an acceptable structure for
the activated complex in this reaction

0
1/\ 2
H D +

H.
/,O\ /
,l
1 /

\\2

H H\ o}
o} 2/ "\l 1
H D + H

A planar activated complex could also be considered. Here one set of products

would be formed satisfying the criterion that ", =1
1
H
i
o - D+ 0
/
\
2/ 1 / \2
, \
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However, the planar activated complex is ruled out because 7’| = 2.

1
: 1 2
5 H +  DOH
O /
/ N\
\
2,/ O\ \ 2 3
H D H + DOH

The highly unsymmetrical planar activated complex has one long OH bond and one
short OH bond.
,O*

.

/
’,

H N\

(N

[}

i \
| H
]

D

These can be labelled differently so that two activated complexes can be formed from
the reactants giving [/, = 2.

RN
N~
1/ N L2
H D H
1
H + (0]
2/\
H D
OS
//\\\
2/ \ \\\1
H \ H
D

However, it is 7., and 7] which are decisive in determining whether these
unsymmetrical planar activated complexes are acceptable structures.

Since formation of product involves breaking of the O-D bond, only one set of
products can be formed from either of the activated complexes. This will give r*, = 1
for either activated complex.

Return of the activated complex to reactants involves breaking an O-H bond, and
here the long O-H bond will break preferentially. This means that onlv one set of
reactants can be formed from the activated complex, giving ri = 1. Hence an
unsymmetrical planar activated complex satisfies both conditions 7, = land r{ = 1.
and so will be an acceptable structure in contrast to the planar or pyramidal structures
where each OH bond has an equal chance of breaking.
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2. The isomerisation of cyclopropane is a well-documented reaction,
CH,
\
C 2 CH2 —> CH3CH = CH2

and statistical factors have again been of use in helping to pinpoint possible structures
for the activated complex.
For example, a planar symmetrical structure can be proposed.

H H H H
\ / Nt ~N. _ 7
* v Y C=C
C 1 | C’ | r¢l C/
H H ——— H ! / | H —_— / N
< N \,// \I / N H ’ H
\c c/ " C---C r H
/ \ H H
H H

and is ruled out on the grounds that ", = 2 even although r| = 1.

The structure which has to be proposed is one which can produce propene in one
way only. The non-planar activated complex where the three carbon atoms lie in a
planar triangle with one hydrogen out of the plane has very low symmetry, and gives
both r”; and ri equal to unity. It is, therefore, a possible acceptable structure.

) _ _CH

H\’\ / \\ /H
c- - -=cl

H H H

His the hydrogen atom which is out of the plane of the three planar triangular
carbons, and is the hydrogen atom which migrates from one of the carbons forming
the double bond to the carbon atom which ends up with three hydrogen atoms.

3.3 Advances in transition state theory

At present this is a very active field with developments being pursued in several
directions. Generalised transition state theory is one major area, and this looks at
points along the reaction coordinate, other than at the col. In conventional transition
state theory the transition state is at the col or saddle point on the potential energy
surface, and the rate of reaction is calculated as the rate of passage through this col. At
low temperatures Or energies, reactive trajectories pass through the col and rarely
return, but at high temperatures or energies the col may no longer determine the rate,
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and generalised transition state theory becomes important. Other points along the
reaction coordinate are now looked at in detail, and generalised transition state theory
focuses on these regions. The terminology is now no longer "passage over the col”,
instead, "crossing a dividing surface" is used.

The dividing surface straddles the reaction coordinate at right angles, and is defined
by a curve joining two equal potential energies, one on each side of the reaction
coordinate. The dividing surface cuts across the valley, and so the curve is concave
upward giving a potential well across the reaction coordinate, Figure 3.4.

The simplest representation of a dividing surface is a plane through the surface at
right angles to the reaction path, though sometimes it is simply drawn as a line,
Figures 3.5(i), 3.5(ii).

PE

reaction coordinate

Figure 3.4 A dividing surface.

PE PE

reaction coordinate reaction coordinate

Figure 3.5(i), (i) A dividing surface at the col.

In Figures 3.5(i), 3.5(ii),the dividing surface is placed at the col, but it can be placed at
any position along the reaction coordinate, Figure 3.6(i), 3.6(ii).
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PE

i rdinate . "
reaction coo! reaction coordinate

Figure 3.6(i), (ii) Dividing surfaces along the reaction coordinate.

Regions of the reaction coordinate at which a dividing surface is placed are called
"generalised transition states”, and these are always displaced from the col, and from
now on the term transition state is reserved for a dividing surface at the col. Some of
these generalised transition states will be of no significance to rate theory, but others
will be of considerable importance, and may even be found to control the rate.

As defined earlier, the dividing surface is a plane perpendicular to the reaction
coordinate, and the generalised transition state lies beneath the dividing surface. For
the generalised transition states, the potential energy increases in both directions at
right angles to the reaction coordinate, and so it is in a potential well in this direction.
Along the reaction coordinate , displacement of the generalised transition state to
lower positions on the reaction coordinate results in a decrease in potential energy,
while displacement to higher positions results in an increase in potential energy. In
consequence, the generalised transition state is only a particular configuration, but it is
still radically different from the transition state at the critical configuration which sits
at a potential energy maximum along the reaction coordinate.

Conventional transition state theory deals exclusively with the dividing surface at the
col, while modern extensions deal mainly with generalised transition states. Further
differences in terminology now appear. In transition state theory the minimum energy
for reaction to occur is called the critical energy, in the modern developments it is the
threshold energy which is often used. In conventional rate theory, the rate of reaction
is the number of units (X..Y..Z) passing through the critical configuration, or col, per
unit volume per unit time, but in generalised transition state theory what is considered
is the number of units (X..Y..Z) which pass through some other dividing surface per
unit volume per unit time. The total energy associated with a generalised transition
state includes the kinetic energy of motion along the reaction coordinate. The flux
through the generalised transition state is proportional to the number of states for
which the rest of the energy'is less than the total energy E. For reaction to occur the
total energy E has to be at least equal to the critical.

The theory calculates these quantities at various positions along the reaction
coordinate where the dividing surfaces have been placed.

The generalised transition state which has the lowest number of states with the rest
of the energy less than E, is associated with a flux minimum, and this corresponds to a

I'i.e. the total energy minus the kinetic energy of motion along the reaction coordinate.
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barrier or bottleneck to reaction. This arises because the rate of passage through the
generalised transition state is proportional to this number of states, hence low rates
correspond to barriers or bottlenecks which themselves correspond to flux minima.
The lowest flux thus corresponds to the lowest rate of passage through a generalised
transition state. Generalised transition states which have very large numbers of states
are associated with flux maxima which can be thought of as wells. If the flux is
calculated at every point along the reaction coordinate a sequence of barriers and wells
may be found, in contrast to the smooth passage of conventional transition state theory.
The bottleneck or barrier corresponding to the lowest flux thus controls the rate of
reaction, and this barrier can be anywhere along the reaction coordinate between the
reactants and the activated complex. However, to achieve reaction the “reaction
entity” must also reach and pass through the critical configuration.
The essential difference between traditional tramsition theory and generalised
transition state theory can be summarised in the two statements:

a) In traditional transition state theory thecritical configuration must be reached for
reaction to occur, and the rate of passage through this critical configuration lying at
the col defines the rate of reaction.

b) In generalised transition state theory the critical configuration at the col must be
reached and passed through for reaction to occur, but now the rate is controlled by
the rate of passage through the configuration associated with the flux minimum.

This type of calculation can be informative. If there is only one barrier to reaction
and no wells, then reaction occurs by a "direct mechanism", but if there is a flux
maximum bounded by two flux minima this corresponds to a well bounded by two
barriers, and reaction then occurs by a "complex reaction”. Predictions about the
existence of wells can now be tested directly by molecular beam experiments,
Chapters 10 and 13.

The simplest "complex" mechanism corresponds to two barriers with a well in
between. The trajectory of an-(X..Y..Z) unit can pass over the first barrier, enter the
well, and possibly cross and recross the well many times before leaving it via either
barrier. This will give an upper limit to the rate. The lower limit corresponds to a
single or double crossing of the well, and this is equivalent to a direct mechanism.
Here the entrance and exit barriers have flux minima almost equal to that for the flux
maximum of the well. Entry from one barrier into the well is followed by exit through
the other. Since the three fluxes are virtually coincident the difference from "direct”
reaction is minimal.

One study carried out at various energies gave interesting results. For a particular
potential energy surface and for energies near the threshold, the classical number of
states showed a minimum near the col, indicating direct reaction with a barrier near
the saddle point. As the energy increased, progressive changes were observed, until, at
high energies, the flux minimum had changed to a flux maximum bounded by two flux
minima on each side, indicating that there is a well with two barriers on each side.
These properties correspond to a collision complex. This prediction has been picked up
in molecular beam studies of some reactions.

Generalised transition states are also used in variational microcanonical and
canonical transition state theory.
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3.31 Variational transition state theory
Dividing surfaces are placed at various positions along the reaction coordinate, and the
rate of passage through each dividing surface, or generalised transition state, is
calculated. The dividing surface which gives the lowest rate is the nearest to the truth,
provided tunnelling is negligible, and this rate is either equal to or greater than the true
rate of reaction. In contrast, conventional transition state theory will only give an
upper limit to the rate. Since the position of the dividing surface is varied, and the rate
minimised, this technique is called variational transition state theory.

Multiple crossings through the transition state at the col have been shown to result in
too high a rate, and the dividing surface gives a means of minimising this effect,
Figure 3.7.
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Figure 3.7 Use of movement of dividing surfaces to minimise the effect of multiple
recrossings.

The dividing surface a-b cuts the reaction coordinate at the col, and the trajectory has
many crossings. These can be minimised by moving the surface to c-d. Because there
are now considerably fewer crossings than at a-b, the rate calculated at c-d will be less
than that at a-b. Variational transition state theory actually minimises the rate itself,
and, in doing so, automatically chooses a dividing surface with a minimum in the
number of multiple crossings. The minimum rate gives the best estimate of the actual
rate.

Variational transition state theory is a tool to enable the optimum dividing surface to
be picked. Microcanonical and canonical transition state theory then utilise the result of
the variational procedure to calculate the rate of reaction.

3.3.2 Microcanonical transition state theory v

This is a theory which calculates the rate of reaction and the rate constant at one single
energy. The reaction rate is found at energy E where E is greater than the threshold
energy. But in the process of getting to this rate all energies up to E have to be
considered. Energy will be distributed among all the various (X..Y..Z) units by a
Maxwell-Boltzmann distribution if the equilibrium assumption holds, giving a spread
in the values of the total energies of the various (X..Y..Z) units from zero upwards.
These energies are given by horizontal planes through potential energy surfaces. The
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extent to which an (X..Y..Z) unit can move along the reaction coordinate is
determined by its total energy, low energy units cannot get very far along the reaction
coordinate while the ones with higher energy, though still below the threshold, can get
much nearer the col. Only units (X..Y..Z) with total energy at least equal to the
threshold can ever reach the col.

Microcanonical transition state theory is interested in what happens to all the
dividing surfaces displaced from the col. All units (X..Y..Z) which are in a given
reference generalised transition state have a total energy at least as great as the
minimum energy which they must have to enter the generalised transition state. This
total energy is given by a horizontal plane through the reference generalised transition
state. However, units with energies above this minimum can still be resident in the
generalised transition state. Energies below the horizontal plane are not possible for
units (X..Y..Z) actually in the reference generalised transition state.

Attainment of the configuration of the reference generalised transition state
automatically means possession of at least the minimum energy corresponding to the
horizontal plane through the generalised transition state. Units (X..Y..Z) which have
less total energy will lie in lower generalised transition states, but units (X..Y..Z)
which have a greater total energy than that of the reference generalised transition state
will either lie in the reference state, or in higher ones. So, a particular generalised
transition state will contain units (X..Y..Z) which have energy equal to the minimum
total energy associated with entry to the generalised transition state and which cannot
‘move any further along the reaction coordinate, or units (X..Y..Z) with higher total
energy which are just passing through, en route to higher generalised transition states.
Units (X..Y..Z) with a given total energy will eventually pass through all the dividing
surfaces up to the generalised transition state with a minimum energy entrance
requirement equal to that of the unit (X..Y..Z). When a count is made of the units
(X..Y..Z) in a particular generalised transition state, this will be made up of:

1. All units (X..Y..Z) which are actually in the generalised transition state and have
just the minimum energy to get into it. There will be other units (X..Y..Z) with the
appropriate energy which have not got to the appropriate configuration, but are still
passing through the lower generalised transition states.

2. There are units (X.Y..Z) which are temporarily resident in the parucular
generalised transition state, but have enough energy to take them eventually to'
higher generalised transition states.
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total energy
X
|
|
E |
a -» a | r
: units (X..Y..Z) here can have
energics between Ep, and Eyoga]
By -* b
Ec =] (3 Eyp

reaction coordinate

Ey, Ep, E are energies which represent the minimum
energy which a unit (X...Y...Z) must have before it can
enter the generalised transition states a, b,c respectively.

At b have units (X...Y...Z) with energy Ep, and units
(X...Y...Z) with energy >E}, which are en route to
positions further along the reaction coordinate. Units

(X...Y...Z) with energy <E}, cannot get to the generalised
transition state b. :

Figure 3.8 The use of dividing surfaces in generalised transition state theory.

Dividing surfaces are placed along the reaction coordinate, Figure 3.8, and the
classical number of states in each generalised transition state is calculated for each
energy equal to, or greater than, the minimum energy for entry into the particular
generalised transition state, and up to the value E of the total energy for which the
calculations are being made, that is, all units (X..Y..Z) lying in the range r in the
diagram above, Figure 3.8. This is so that the calculations include units (X..Y..Z)
with higher energies, but which are only passing through en route to higher generalised
transition states. This calculation is repeated at every dividing surface, and the dividing
surface which gives a minimum value to the number of states is identified. This then
pinpoints the region of the reaction coordinate which corresponds to a bottleneck or
barrier to reaction, so that passage through this generalised transition state will control
the rate of reaction. This is the dividing surface which will also give a minimum to the
rate and the rate constant, and this minimum rate is taken to be the best estimate to the
true rate of reaction.

Not all units (X..Y..Z) which contribute to this rate will actually attain reaction. Of
the units (X..Y..Z) which pass through the bottleneck at the critical dividing surface,
only those which have an energy which is greater than the threshold will actually be

able to go on to reaction. And so the theory will, in fact, over-estimate the rate of
reaction.
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The rate and rate constant for the critical dividing surface has been found for
reaction at one total energy E. This cannot give an overall rate for which all energies
would have to be considered. But integration over all energies, assuming a Maxwell-
Boltzmann distribution will give the overall or thermal rate constant.

TOE)
k=[G ( RT] (E)E

where @(E) is the number of states per unit range of energy per unit volume for
reactants. k(E) is the microcanonical rate constant for one energy (E). Q(T) is the
partition function(s) for reactants.

Micro-canonical transition state theory is equivalent to vibrationally adiabatic theory
where the initial quantum states of the unit (X..Y..Z) are chosen, and the system
remains in these states throughout, but where motion along the reaction coordinate is
treated classically , see Quack and Troe, Chapter 5 pp128-143.

(3.40)

3.3 Canonical transition state theory
The thermal rate constant k(7)

o) - (2B

dE
2 O(T) ( RT) * (3.41)

is a rate constant averaged over all energies using a Maxwell-Boltzmann distribution,
and is therefore, by definition, a canonical rate constant, in contrast to k(E) which is a
rate constant for one energy only, and so is, by definition, a microcanonical rate
constant.

In canonical transition state theory k(E) is worked out for one dividing surface just as
in the microcanonical theory. From this, &(7) is found by integration, as above, for
that particular dividing surface. k(E) is then worked out for a further series of dividing
surfaces and the corresponding k(7) values found. The minimum (7) is then found,
and this is taken as the best estimate to the true rate.

It is not immediately clear from a verbal account just where and how the two
minimising procedures differ. The following sets down this difference explicitly.

Both procedures start by providing values of k(E) for a variety of dividing surfaces.

(a) Microcanonical theory:
This compares k(E) for various dividing surfaces, and then minimises by taking the
minimum value k'(E) as the best k(E). From this

0= I (T) ( RT) (e

when k'(E) may relate to different dividing surfaces for different values of E.

(3.42)
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(b) Canonical theory:
This works out various k(T) for a variety of dividing surfaces, and the minimum value

of k'(T) is taken
_[2E), ( )k(E)dE
or ) RT

(3.43)

where this involves a k(E) which is not necessarily k'(E). All k(E) in this integral relate
to the same dividing surface.

Both the micro and canonical theories include units (X..Y..Z) which do not have the
threshold energy, and so can never move through the col and thence to products.
These contribute to k(E), but since they do not result in reaction cause k(7) to be:
overestimated. They must therefore be omitted from the calculation. They are best
eliminated by integrating over all energies from E, (the threshold) to o rather than
from O to oo, that is including only units which can react.

k(T)improved = IQETie p(— ﬁ) (E)AE

This is called improved canonical theory.
It has been shown that canonical theory is equivalent to placing the transition state at
a Gibbs free energy maximum, in contrast to placing it at the col.

(3.44)

3.4 Quantum Transition State Theory

Quantum transition state theory puts classical theory into quantum terms, for instance
classical partition functions are replaced by quantum versions, the calculation of the
classical number of states of microcanonical theory becomes a quantum number of
states, and the transmission coefficient x is now made to depend on either temperature
or energy in an attempt to correct for classical motion along the reaction coordinate.
The tunnelling corrections which must be made to classical transition state theory
become an integral part of a fully quantum treatment. Likewise, a fully quantum
treatment of motion along the reaction coordinate automatically removes the
separability of motion problems of classical theory.

3.4.1 Fully Quantum theories

These attempt to:

1. Calculate the quantum number of states at any point along the reaction coordinate.

2. Calculate the rate of movement along the reaction coordinate in a quantum manner.
This replaces the classical internal translational rate of motion on the reaction
coordinate, by a quantised rate, and this quantised rate does not assume that the

internal translational motion must be separated from all the other motions of the
(X..Y..Z) unit.

These are attempts at a totally quantum theory, but the calculations are extremely
difficult, and most approaches have concentrated on particular aspects of classical
transition state theory, and quantised these.
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3.4.2 Variational quantum theory

One very successful approach is to formulate quantum analogues of microcanonical,
canonical and improved canonical calculations. One version retains the approximation
of separability of motion along the reaction coordinate, and therefore relies on a
classical calculation of this motion.

Variational procedures are used to find the best dividing surface and the best
generalised transition state. The calculations are similar to the classical version, only
the number of quantum vibrational states is now calculated at each point along the
reaction coordinate at which a dividing surface is placed. This is the number of
quantum states with energies less than E which lie in the region of the potential energy
surface cut by the dividing surface. The minimum number of states gives the
generalised transition state at which there is a bottleneck to progress along the reaction
coordinate. The rate of passage through the dividing surface, and the rate constant,
both at constant total energy E, are then calculated classically.

Quantum canonical transition state theory looks for a dividing surface that minimises
the thermal rate constant calculated from the "approximate" quantum microcanonical
rate constant discussed above, and using a quantised distribution of energies. Improved
quantum canonical theory suppresses the contribution to the rate constant from units
with total energy below the threshold.

Attempts must now be made to correct for quantum effects on motion along the
reaction coordinate, since in these approximate treatments this motion is treated
classically. Quantisation shows that separability of motion along the reaction
coordinate is invalid, and it also allows tunnelling to be possible. If classical motion
along the reaction coordinate is used, as above, then tunnelling corrections must
always be made.

Tunnelling corrections are simpler to make than corrections for "non separability”,
and several treatments have been proposed. One method of approximate solution is to
consider trajectories on the "upside down" potential energy surface where values of the
negative of the potential energy are plotted. This surface is the mirror image of the
standard 3-dimensional potential energy surface, Figure 3.9. These trajectories are
tunnelling paths for energies below the threshold. At an energy just below the
threshold the trajectory goes through the col, but at lower energies the tunnelling path
cuts the corner increasingly as the energy decreases.

PE upside-down profile

)
v

reaction coordinate

Figure 3.9 An “upside-down” potential energy profile for use in corrections for non-
separability of motion along the reaction coordinate.
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Corrections for tunnelling are even more important in variational transition state theory
than in conventional theory. Any calculation which ignores tunnelling will
underestimate the exact rate constants, and this is especially so at low temperatures.
Variational minimisation displaces the barrier to reaction to energies lower than the
col, and results in an even higher underestimate. One solution is to assign a
transmission coefficient to each internal state; however, approximate values are
generally used.

The reaction coordinate is the most likely path across the potential energy surface
which also goes through the col. However, it is not the only path which can be used,
and there are many possible paths all displaced from the reaction coordinate. The
curvature of a path is a measure of its displacement from the reaction coordinate,
Figure 3.10.

X...Y distance

increasing difference in curvature
from the classical reaction coordinate

<« — reaction coordinate

Y...Z distance

X+YZ - XY+Z

Figure 3.10 Reaction paths showing increasing difference in curvature from the classical
reaction coordinate.

Quantum calculations show that tunnelling is an inevitable feature of motion over the
potential energy surface, and if corrections for tunnelling are to be made on classical
motion across the surface, the path which gives the highest degree of tunnelling is the
best. The shape of the barrier depends crucially on the curvature as well as
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determining the extent of tunnelling, and so the path giving the thinnest barrier should

optimise the chance of tunnelling occurring.
Three paths are given in the following contour diagram:

X...Y distance

Y...Z distance

X+YZ - XY+2Z

Figure 3.11 A contour diagram showing three possible paths.

abc represents the classical reaction coordinate, mnp which is curved from the reaction
coordinate gives the shortest route across the surface, and xyz displaced to the other
side of the reaction coordinate gives the longest route of the three paths. Study of these
paths shows that for the two outermost paths the distance to a given potential energy is
shorter than the corresponding distance for the classical reaction coordinate. When it
comes to the region of maximum potential energy, the distance between two equal
potential energy contours is now shortest, x'- X' for path mnp, and longest, x' - x', for
path xyz, with the classical reaction coordinate being intermediate. Furthermore, both
these paths can reach higher potential energies than can the classical reaction
coordinate. This is seen very easily on the corresponding potential energy profiles,
Figure 3.12 (i), (ii), (iii).
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@ (ii)

PE
PE y
b
z
x
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a

wide flat topped barrier: classical reaction coordinate
not favourable for
turnelling (iii)

n

PE

high thin barrier:
well suited for
tunnelling

Figure 3.12 Potential energy profile for each of the paths given in Figure 3.11.

Figure (iii) gives a path which is well suited to tunnelling. However, there are many
others which could also be well suited for tunnelling, and a decision has to be made as
to which is the best path. Full calculations considering all possible paths are lengthy,
and approximate methods are used.

Sometimes a parameter is chosen which depends on curvature as a way of specifying
departure from the reaction coordinate. A variational procedure is carried out and
allows the path to be chosen which minimises the rate, and so maximises the
contributions from tunnelling.

A path which is often chosen as being nearest to the truth is one defined by the
outermost turning points of the stretching vibration perpendicular to the reaction
coordinate for the unit (X..Y..Z), Figure 3.13. This is a tunnelling path which is
shorter than the classical path and which gives the thin, high barrier which promotes
tunnelling, Figure 3.14.
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X...Y distance

tunnelling path

classical path

Y...Z distance

X+YZ - XY+Z

Figure 3.13 A tunnelling path defined by the outermost turning points of the stretching
vibration perpendicular to the reaction coordinate.

PE .
" tunnelling path

~
// \\(/

/ \

classic.al path

reaction coordinate

Figure 3.14 Potential energy profile showing the classical and tunnelling paths of Figure
3.13.
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This has been shown to be very satisfactory for surfaces where any displacement from
the classical reaction coordinate is small.



4

Basic Unimolecular Theory

Chapter 1 Section 1.3 gives a master mechanism for uni, bi and termolecular elementary
reactions, and Table 1.2 gives a kinetic analysis of the three mechanisms. The
mechanism of interest to this chapter is

ky

A+A -  A*+A activation
k.

A*+A > A+A deactivation
k,

A* —  products reaction

The crucial step in the development of unimolecular theory was the postulate of a time
lag between activation and reaction, during which time an activated molecule can either
be deactivated in an energy-transferring collision or it can alter configuration to reach
the critical configuration and react. Table 1.2 discusses conditions in which each of
these steps can be rate-determining, and where the rates of these steps are comparable.

The Marcus theory (Section '5.1) and extensions of it (Section 5.2), is the theory
now currently used. But many concepts from earlier theories are implicitly incorporated
into Marcus' theory, and these aspects will be discussed first. Unimolecular theory
demonstrates clearly that each new development requires an increasingly more precise
and detailed description of the activated molecule, the process of activation and the
process of reaction.

4.1 Experimental observations and manipulation of experimental data
Within any given experiment, unimolecular reactions are strictly first order irrespective
of the initial concentration or pressure. At high pressures the observed first order rate
constant is strictly independent of pressure, but if experiments are carried out at low
pressures or at intermediate pressures then the observed first order rate constants are
found to depend on pressure.

Table 1.2 shows that, in general, for a unimolecular reaction

W kk[A]

obs -m~ “4.1)
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At high pressures where kg, ™ is strictly constant and independent of pressure, the
equation becomes

2 D s = = ko @2

At low pressures k,,,”™ becomes dependent on pressure, so that

k2 =k [A] 4.3)

Values of k,, &, and k, can be found from experimental data as follows:

1. When the rate of deactivation equals the rate of reaction

k,[A*]=k_ [A*][A] @“.4)
k2 — k_,[A] 4.5
then k' :1‘_152_
obs
2k 4.6)
_ka
T2 C)

Hence &, can be found from the pressure at which kobs"' = k, has fallen to k/2,
provided the value of £, is known. This is generally taken to be a collision number, or
the collision number Z modified by a collision efficiency ).

k, = AZ[A].,;- (4.8)
Once k, is known, then £, can be found from &,
k
k= AZ==
k, (4.9)

2. The experimental results can be given in the form of a graph of

against

1 —
ki [A]

obs

Rearrangement of Equation 4.1 gives

L _ k1
k2 kk,  Kk[A]

obs

(4.10)
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If k,, k., and k, are constants then the graph should be linear with

slope 1 and intercept = —

1 172

which provides an alternative route to k,, again provided k_, is known.

If, however, k, and k, are not single valued then the graph will be a curve.
Experiments, in fact, demonstrate that graphs of l/kobsISt against 1/[A] are decidedly
curved, from which it follows that k, and &, cannot take unique values for any given
reaction.

4.2 Significance and physical interpretation of the three rate constants in the
general mechanism

1. The rate constant k_;
In the theories to be discussed, k., takes a unique value and describes deactivation
from all energies above the critical to any level below the critical. The magnitude is
often taken to be AZ, where Z is the collision number, and A the collision efficiency
which lies between zero and unity.

2. The rate constant k,
k, is the rate constant for activation. There are two models for activation, a simple
one and a complex one. To make the differences between the models more obvious,
these will be treated in parallel.

The simple model The complex model

In this model £, is unique for In this model £, is not a constant

a particular reaction at a given but is allowed to take different values
temperature. There is, therefore, dependent on how much energy above
one k, describing activation to all the critical energy, &, the activated
levels above the critical energy molecule possesses. It is easier to

&, so there is no discrimination produce an activated molecule with
between these high energy levels. energy slightly above the critical

This assumption is used by energy, &,than to produce an activated
Lindemann and Hinshelwood. molecule with energy far in excess of

&. The k, for the first instance would thus
be larger than &, for the second situation.
This model is used in

1. Kassel's theory

2. Marcus' theory

3. Quack and Troe's theory

4. Slater's theory.

Once it has been postulated that a critical energy is required to define an activated
molecule, it becomes pertinent to ask "how is this activation energy accumulated, and to
what does it correspond physically?" Again there are two basic models.
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The simple model

1. An activated molecule, A*, is one
which has accumulated the critical
energy &, in 2 squared terms. For the
high pressure region, statistical
mechanics can calculate the fraction of
molecules which can have an energy
at least £, in 2 squared terms, and this
Sraction is equal to

&
exp| ——= |

kT
2. Energy in 2 squared terms could
correspond to
(i) kinetic energy of relative translational
motion along the line of centres of the
two colliding molecules involved in an
energy transforming collision, giving a
contribution to the critical energy of
v4mv’ from each molecule
(ii) rotational energy with two rotational
modes each contributing 7 squared term

(iii) vibrational energy with one normal
mode contributing 2 squared terms.

[Ch. 4

The complex model .

1. An activated molecule, A*, is one
which has accumulated the critical
energy, &,, in 2s squared terms, the
value of s being unspecified. For the
high pressure region, statistical
mechanics can calculate the fraction of
molecules which can have an energy
at least &, in 2s squared terms, and this
Sfraction is approximately equal to

e

(s-1)! 7

2. Energy in 2s squared terms could
correspond to any combination of
relative translational motion, rotational
motion and vibration, such as would
add up to 2s squared terms. If s is large,
then vibrational modes will inevitably
make the major contribution.

For unimolecular reactions, it is generally assumed that vibrational energy is what

contributes to the activation process, and so

For the simplest model, activation energy at

least &, is accumulated in one vibrational

mode or oscillator, that is in 2 squared terms.

This criterion is relevant only to the most

primitive unimolecular theory as postulated

by Lindemann.

3. The rate constant k,

For the more complex model,
energy at least ¢, is accumulated in
2s squared terms. This criterion is
relevant to

1) Hinshelwood's theory

2) Kassel's theory

3) Marcus' theory

4) Quack and Troe's theory

5) Slater's theory.

k, is a rate constant for reaction. This is related to the time lag which is the mean time
interval between the activating collision and the moment of reaction, and is thus the

mean lifetime of an A* molecule.
For a first order process
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where 7is the mean life time.

1 @.11)

N

There are two assumptions which can be made about z, and hence about %, in
unimolecular theories, and again they can be classified as simple and complex.

The simple assumption

The mean time lag is independent
of how much energy the activated
molecule A* has above the critical
energy, &, This means that, on
average, a very highly activated
molecule lasts as long as one

with energy only just above the
critical energy, &,, before reaction
occurs. And so there is one k,
which describes reaction from all
energy levels above the critical
energy &,

A unique value of 7 independent
of energy is used in

The complex assumption

The mean time lag depends on how
much energy the activated molecule A*
has above the critical energy ¢&,.

Highly activated molecules will last,
on average, for a much shorter length
of time than would an A* molecule
which has energy just above the critical
energy &,. And so, there are a series of
k, values which describe reaction from
all the various energy levels above the
critical energy &,.

A series of 7 values and a series

of k, values are used in
1) Kassel's theory

1) the Lindemann treatment 2) Marcus' theory
2) Hinshelwood's theory. 3) Quack and Troe's theory
4) Slater's theory.

If there is a time lag between activation and reaction, it becomes pertinent to ask, "what
happens to an activated molecule A* during the time lag?"

This is a very important question. The activated molecule has to alter configuration
until it reaches the critical configuration, and can react. The physical processes involving
possible configurational changes and possible energy redistributions are specific to each
theory, and will be discussed in detail when each theory is dealt with in turn.

4.3 Aims of any theory of unimolecular reactions

Any theory of unimolecular reactions must include the following points.

1. A model for the activation process must be given, and a value for &, then calculated.
A single value for &, implies that no discrimination of the energy levels above the
critical is being made, while a set of values depending on energy, k,(¢’), where o>
£ > g,, implies that the rate constant for activation depends on the energy level to
which activation is occurring.

2. A model for the reaction process must be given, and a value of , then calculated.
As in the activation process, a unique value of &, implies that no discrimination of
the energy levels from which reaction is occurring is being made, while a set of
rate constants depending on energy, &, (&), where o> & > g, implies that the rate
of reaction depends on how much energy in excess of &, the activated molecule
possesses.

3. A value for the rate constant for deactivation, k., must be found. The rate of
deactivation is taken to be independent of the energy level from which deactivation
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occurs, and so k_, takes a unique value. This model of deactivation is assumed in
all the theories to be discussed, and &, is simply the collision number for the
decomposing molecule. There is, however, no need to restrict deactivation in this
way. It would be possible to consider that the rate of deactivation from high energy
activated molecules A* might be dependent on the energy above the critical
energy, &, which A* possesses, that is, a collision with a high energy A* would be
more likely to remove energy than a collision with a low energy A*. The
calculation of k; could be then modified to account for this, giving a value of £
).
4.  Once k, and k, and k, have been calculated the value of &, can be predicted

_kk,

k.,
k., 4.12)

5. Any theory must be able to reproduce the experimental variation of kps™ with
pressure. This is by far the most difficult aspect of the theoretical treatment, and,
for all the theories to be discussed, this section is easily the weakest part.

6. Once the theoretical development is complete, the theory is tested against
experiment, to see whether the model needs to be modified or approximations
removed.

4.4 Aspects of vibrations used in unimolecular theory
The vibrations in a molecule can be regarded as harmonic or anharmonic oscillators.

4.4.1 Harmonic vibrations

If the vibrations are harmonic, the overall movements of the atoms in the molecule can
be broken down into normal modes of vibration, each of which can be regarded as a
harmonic oscillator and talked about as vibrational degrees of freedom. Each oscillator
is made up of kinetic energy and potential energy, and the vibrational energy can be
referred to as energy in 2 squared terms.

If the vibrations are regarded as harmonic, then there cannot be any flow of energy
between the normal modes of vibration. Hence the distribution of energies between the
normal modes of vibration must remain fixed, and can only be altered by a collision, or
by interaction with radiation.

4.4.2 Anharmonic vibrations

If vibrations are anharmonic, the overall motion of the atoms in the molecule can only
approximately be broken down into normal modes. When vibrations are anharmonic,
energy is allowed to flow between the normal modes of vibration, and so the distribution
of energy between the normal modes of vibration can alter between collisions.
Vibrations are generally found to be anharmonic, though many theoretical calculations
assume harmonicity, simply because of the mathematical complexity of allowing for
possible flows of energy around the molecule.

4.4.3 Energies in oscillators, and energy in bonds
It is vital to distinguish between energy in an oscillator, and energy in a bond.

More than one oscillator, or normal mode of vibration, may contribute to the overall
motion of the atoms in a bond, or only some may contribute, depending on the structure
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of the molecule. The oscillator must not be taken to mean an interatomic bond, or to
represent bonds. Likewise the requirement of energy at least &, in one oscillator must not
be confused with energy in a bond, and a flow of energy into an oscillator is not the
same as energy flowing into a bond. These distinctions must be appreciated before a
detailed discussion of unimolecular theories is given.

Also when energy in s oscillators, s normal modes of vibration or in 2s squared terms
is discussed, it must be remembered that discussion is centred around that part of the
total energy which is associated with the 2s squared terms, and is not a discussion about
the total energy.

4.5 Mathematical tools used in unimolecular theory v
An outline of the mathematical tools common to all the theories is given below.

4.5.1 Equilibrium statistical mechanics
The use of equilibrium statistical mechanics is limited to the high pressure region where
the equilibrium
ky
A+A T A*+A

k.

is likely to be set up. Equilibrium statistical mechanics must not be used for the low
pressure region.

Before outlining the use of the Maxwell-Boltzmann distribution in unimolecular
theory, several points should be made.

4.5.2 Calculation of k,/k_
This uses the Maxwell-Boltzmann distribution to calculate the quantity

N

£ oe'+8e

N 4.13)

which is the equilibrium ratio for the molecules with energy £ lying in the short range
J¢, where © > ¢ > g,. This can also be expressed as a fraction, where the numerator is
the number of activated molecules which have energy £, which is at least &, in the short
range O¢ where © > ¢ > g. The denominator is the total number of all molecules
present, activated and otherwise. Statement 4.13 is in effect a calculation of the ratio

[A*]s'—n#&:
(A*]+[A]) e

so that

[A*]e’—m’wﬂ: — N
(A*1+[ADow Nuw

&' &'+

(4.14)
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But what is required is the ratio of rate constants, k,/k_, again in this short range £ — &
+ J¢. This ratio is

(_]_(I__J — [A*]s’—>8'+&'
ki) 1Al @.15)
If the approximation is made that [A*] <<[A] then
[A*]S'—’E'*'& - Ne’—)s’+&s
[A] N 4.16)

from which (k\/k.,)¢ _, ¢+ & can be found.

However, what is actually required finally in the calculations is an expression for ke ™
and for k.

Equation 4.1 can be rearranged to the form

ks = M__
14k, k [A] 4.17)
The procedure to be followed in obtaining an expression for ky, * depends on the model
assumed for the reaction step.

1. If all activated molecules last, on average, for the same length of time then k,, the
rate constant for the reaction step, will be a constant. If &, is also assumed to be a
constant, and equal to the collision number for the reacting molecule then equation
4.17 becomes

Ist = ‘———k2—-— k_l
( obs )e'ﬁgu&s - [1 +k, /k_l[A])(k-l ]

and so when (kobs's')g _ ¢+ & i1s summed over all energies from g, — o it is only the
term (k,/k.,). _, - +& Which will be summed.

kl
=aconstant| —
o k—l &'+
&'+ (4‘ 1 8)

An explicit formulation of &, will not be needed before summation occurs. This
argument is applicable to the Lindemann treatment and the Hinshelwood theory.

2. If activated molecules have lifetimes which depend on the amount of energy which
they possess in excess of the critical energy &, then k, will no longer be a constant,
but will depend on the value of £'. Under these conditions

(k,) (k_xj
2/e' €'+ 8¢ k
( lst) -1 /g &'+
£'—>e'+36

obs =

1+ glc_Z )s’—->£’+5c
k~| [A] (4.19)

and this must be totally formulated before summation is carried out.
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An explicit formulation of the dependence of &, on energy must be found before
the summation can be carried out. This argument is applicable to the theories of
Kassel, Marcus and its extensions by Troe.

4.5.3 Summations and integrals

When classical theories are used this .means that the energy is continuously variable.
This means that in summing an expression over a range in energy, the summations can
be replaced by an integral. In quantum theories a direct summation must be made over
all quantum states.

4.5.4 Probability theory

In Kassel's theory probability theory is used. This is because the equation requires
calculation of quantities like, "the chance that one oscillator has an energy at least &,
while all of a total of s oscillators have between them an energy, £ "

4.5.5 The actual Maxwell-Boltzmann calculations
The quantity , N -, ., 5:/Nia is the fraction of molecules which have energy & in the
short range Je where o« > £ > g,, and this can give the fraction of molecules with energy

at least &, in 2 squared terms, or, more generally, in 2s squared terms. When the energy
is in 2s squared terms, that is in s oscillators, there need be no explicit statement as to
how the energy is distributed among the 2s squared terms.

The results of the calculations are:

(i) The fraction of molecules which have energy & which is at least & in 2 squared
terms, and where £ lies in the short range - ¢is

Ng'—)g'*-&‘ — __1___ exp(__ _f_jag
N kT kT

total

(4.20)

(i) The fraction of molecules which have energy & which is at least g, in 2s squared
terms, and where & lies in the short range J¢ is

r\s! ’
o & &
Ng —&'+de - T 1 1 '(ﬁ) exp(_ ﬁ)é&
Nia  KT(s =D 421)
These expressions must now be summed over all energies from &, to .
(a) For case (i) immediately above the summation becomes
*N. . > 1 g
S ek = N — exp(— —-——j €.
T New ST kT 4.22)

Making the approximation that [A*] <<[A] given in equation 4.16, then

e,
PR I Y (423)
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The summation must now be carried out. A direct summation over all quantum states is
required in the quantum form. Provided the spacings of the levels are not too large the
quantum expression after direct summation can be taken to be approximately equal to
the classical form.

In the classical form the summation is replaced by an integral between the same limits

& and . P e ,
Jh B [_l\_l - J‘Lexp(.— _g.__)dg
k, [A] kT kT
0 4.24)
v
=exp| —— |
kT (4.25)

(b) For case (ii) above the summation becomes

e B 5]
Z N_ ZkT(s—l)!\kT L 7 O

g
£'=g

Again making the assumption that [A*] << [A] then

b 1 LJ (_i')”‘
K, Al L) U %

£'=¢gy

“4.27)

As in the simple case, direction summation over all quantum states is required for the
quantum version, but integration can be carried out for a classical version.

koA T 1 (f;)"‘ (__)
k. [A] _jkT(s—l)!KkT P\ =47 )9

-1 £

(4.28)

If & >> (s - 1) kT, then

ko _[AY 1 [ao ] ( soj
—_= = e eXp| —— |}
k, [Al (s-W)kT kT (4.29)

4.6 Unimolecular theories
Several unimolecular theories have been proposed. They are

Lindemann's treatment

Hinshelwood's theory

Kassel's theory

Rice, Ramsperger, Kassel and Marcus theory
Quack and Troe theory (Adiabatic Channel Theory)
Slater's theory.

AN b
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All these theories have a model describing activation and reaction. Taken
chronologically these models become more detailed, precise and complex. Each theory
will be taken in turn, starting with
@) a general statement of the problems involved,

(ii) the models for activation and reaction,
(iii) the calculation,
(iv) comparison of theory with experiment.

4.7 The simple Lindemann treatment
This is a very primitive treatment using the simplest model.

4.7.1 Criterion of activation

Energy at least &, must be accumulated in 2 squared terms before a molecule can be
activated. The criterion is general, with no enquiry being made as to what this energy
corresponds.

4.7.2 Criterion of reaction

A molecule with an energy &, will react, but there is no enquiry into how the activated
molecule A* gets into the critical configuration.

4.7.3 The Lindemann calculation

The rate of collision modified to take account of the fact that not all molecules react is
calculated. Molecules which have energy in excess of the critical can react, and if this
energy is in 2 squared terms the fraction of molecules having this energy is given by
Equation 4.20 so that

k] 80
;— =€Xp| — 'ﬁ: R
-1 (4.30)

If k_, is a constant and equal to a collision number Z, then

2
k] = Zexp _-ﬁ
4.31)

and has the physical significance that, no matter how much energy in excess of ¢, the
activated molecule possesses, one collision will be sufficient to remove this energy.

The value of k,, which is the rate constant for reaction, can be found from the value of
k/k_, and the high pressure first order rate constant ..

kiky
k., (432)

ko=l )=
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If ky, k., and &, are constants then the graph of

1 1

klst V—;
obs [ ]

should be linear with

~1

1 :
slope = — and intercept =
k 1 172

and this should give an alternative route to k,.

4.7.4 Comparison of theory and experiment for the Lindemann treatment
(i) A comparison of the theoretical k, with the observed &, shows that

k, (observed) >>  k; (calculated)

implying that accumulation of energy cannot be as described. Energy must be in
more than two squared terms, since this is the only way in which &, could be
increased in the drastic way needed to bring agreement with experiment.

(ii) A comparison of the pressure at which a falling off in the observed first order rate
constant becomes apparent, shows that the observed values are much lower than
those predicted. The decreasing value of the observed rate constant as the pressure
is lowered is a result of the failure of collisions to maintain the adequate supply of
A* found at high pressures. However, if inert gases are added to increase the
collision rate, then the observed first order rate constant can be brought up to its
high pressure value. This is in keeping with prediction.

(iii) The graph of ) ]

V —
klsl [ A]

obs

is quite decidedly curved, in direct contradiction of the linear graph which should
result if , takes a single unique value.

These experimental observations imply that the simple Lindemann model must be
modified to allow a more efficient activation process, and to allow &, and &, to take
different values dependent on the energy level above the critical o which activation is
taking place, and from which reaction is occurring.

Hinshelwood's theory incorporates the more efficient activation process, but
maintains a unique k,. Kassel, Marcus and Slater consider the more efficient activation
process and allow £, to take values which depend on energy.

4.8 Hinshelwood's Theory
Energy can now be accumulated in 2s squared terms so that internal modes can be
utilised.

Details of how the internal modes are involved, specification of how many modes are
utilised and the process of distribution of the energy into the normal modes are not
discussed. But if the number of modes is large then the energy must be accumulated
predominantly in vibration. The theory does not discuss how the activated molecule
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moves into an activated complex, it merely states that once the necessary energy has
been accumulated, then the critical configuration can be attained.

Unique values for &, and k, are assumed, hence both are independent of how much
energy greater than the critical energy, &, the molecule has. These high energies are not
discriminated. '

4.8.1 Criterion of activation
A molecule is activated if it has an energy at least &, in 2s squared terms. The value of s
is unspecified, and identification of the modes involved is not made.

4.82 Criterion of reaction

The activated molecule lasts until, by an internal distribution of energy among the s
normal modes, the relevant geometrical arrangement of the various atoms in the
molecule is that corresponding to the critical configuration. This is a very vague
statement, and is a consequence of the fact that the theory does not enquire into how this
internal redistribution occurs, or how the critical configuration is attained.

4.8.3 The Hinshelwood calculation

Since energy is accumulated in s oscillators, or 2s squared terms, then the appropriate
Maxwell-Boltzmann equations for 2s squared terms must be used. The statement (4.13)
is the starting point from which Equations 4.21 and 4.26 to 4.29 follow. Summation of
(ky/k.))¢ _, & + 5 can be carried out independently of the rate constant for the reaction step.
This is because &, is a constant and does not depend upon the energy above the critical
from which any given activated molecule reacts. Equation 4.29 gives the expression for
ky/k.,, and if the collision number Z is used for k_;, then Equation 4.33 follows.

(4.33)

The next step is a calculation of the dependence of k™ as a function of pressure.
Equation 4.17 taken in conjunction with 4.33 gives

w__ k 1 (_@)s"ex %
1k, kL [A] (s & PUar (4.34)

where £, is a constant. This equation requires explicit values of k,, k., k,, & and s.

A first approximate value of , can be found from the pressure at which the observed
first order rate constant has fallen to half its constant high pressure value, (Section 4.1).
At this pressure

k, =k [A] (4.35)

and if k, is identified with the collision number for the reactant molecule then

k, =AZ[A] . (4.36)
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Once this first approximate value of k, is found, a first approximate value for k; can be
found as

k.
k=42 T (4.37)

2

Thereafter, determination of k,, &, and s is made from a best fit of experiment with
theory, and a best fit k, value is then found by substitution of the best fit values for &,
and s into Equation 4.33.

Equation 4.2 allows £, to be calculated

g =l @“38)
© k_1
s-1
1 & EOJ
k :k _— exp| ——
» = (s—l)!(kT) p( kT @9

where best fit values for k,, &, and s are again used.

4.8.4 Results from the Hinshelwood treatment

(i) For a given T and &, k, in the Hinshelwood expression (4.33) increases as §
increases, which is what is required. It is found that the best fit with experiment is
often obtained when about one half of the internal modes are utilised.

(ii) In the simple Lindemann treatment Equations 4.2 and 4.25 give

&
k,=k exp(— —°—j
: kT (4.40)

where £, is a constant. Because of this, strict Arrhenius behaviour is predicted in
which the graph of log £, against 1/7 is linear.
However in the Hinshelwood treatment &/, is now given by Equation 4.29 and so

k P £
k=" [ & _%o |
- (s~1)!(kT) ex"( kT) (4.41)

The pre-exponential term has in it the term (g/k7)"", and this will vary with
temperature, so that a curve now is predicted for the graph of log ., against 1/7.
Non-Arrhenius behaviour is predicted, but linear plots are found.

4.8.5 Comparison of theory with experiment

(i) Allowing activation into s internal modes gives a calculated &, more in line with
experiment, and results in a considerable improvement in predicting the pressure at
which a fall off in the values of &y, is found.
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(ii) Best fit values of k,, k, & and s are found. When curve fitting techniques are used
there may be more than one set of k,, k,, & and s which could give agreement, and
a final choice must be made from these.

(iii) The major criticism comes on two counts.
(a) Hinshelwood's theory predicts a curved Arrhenius plot, whereas experimental
data give linear plots. But, if s is small, then the predicted curvature would be
sufficiently slight so that only highly accurate data could detect the expected
curvature.
(b) The most damaging criticism is that the theory does not account for the very
decided curvature observed in the plots of

. 1
against —.
P TN

The prediction of linearity is the most serious defect of the theory.

4.8.6 Areas of the Hinshelwood theory which need to be improved

The activation step

It is physically more realistic to think of a series of energies all lying above ¢,, with

separate independent values of &, each describing activation to each different energy.
“Activation to a high energy above the critical would be more difficult (a small £,) than

activation to a level just above the critical (a larger k).

It is also more realistic to think of a series of energies all lying below the critical
energy &, rather than an indiscriminate situation of undifferentiated levels below the
critical. This would require a series of k, values describing activation from specific
energies below the critical to specific energies above the critical. The magnitude of £,
would then depend on the change in energy involved, with small energy jumps having
larger k, values, and larger energy jumps having smaller k, values. This possibility has
not been considered in the theories which will be discussed.

The reaction step

Hinshelwood assumes that k, is a constant which is independent of the value of the
energy above the critical energy ¢, from which reaction is taking place. This then
assumes that a very highly activated molecule A* will last as long as an A* molecule
with energy only just above the critical. However, it is more likely that highly activated
molecules have shorter lifetimes than those which are just activated. And so, a series of
k, values should be assumed, with the magnitude of each &, depending on the energy
value from which reaction is taking place.

4.8.7 A modified mechanism and calculation
k(&)
A+A - A*+A

k.
A*+A > A+A

ky(€)
A* - products
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where  k,(€) represents a whole series of k; values
k(&) represents a whole series of k, values
but k., is still taken to be a constant equal to the collision number.

The calculation then becomes

Total rate of reaction = Z rate of reaction from any particular &’ (4.42)

£

= Zk2 (eN[A*]

(4.43)

5 k@ AT
2k Al (&) s

st k,(e)k,()[A]

k'S =
o ; k_l[A]+k2(€') (4.45)
b= p B

’ " (4.46)

To be able to proceed further requires being more explicit about the physical details of
the model assumed. Doing this leads naturally to the theories of Kassel and Marcus, and
Marcus extensions.

4.9 Kassel's Theory

The Hinshelwood theory was primarily interested in considering the effect of allowing
internal modes to contribute to the accumulation of activation energy, and did not
consider what happened to the activated molecule when it reacted. The Kassel theory is
very much concerned with this process of getting from the activated molecule to the
activated complex. Energy is allowed to flow around the molecule until conditions are
just right for reaction. Kassel's original theory was a classical theory which was later put
in quantum terms, and this quantum version is vastly superior to the classical version for
fitting experiment with theory. The classical theory is the one which has generally been
used, and which will, therefore, be developed here, but it will be pointed out where
changes are needed to convert it to a quantum version.
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4.9.1 The criterion for activation

(a) Vibrational energy is involved in activation.

(b) All the normal modes of vibration are assumed to be harmonic oscillators and have
the same frequency.

(c) For a molecule to be activated, it must have energy, ¢, and of that energy & an
amount which is at least ¢ must be found in s oscillators, that is in 2s squared
terms. £ can be specified by the summary statement 0> £ > ¢,. '

4.9.2 The criterion for reaction

(a) Before the activated molecule can react there must be a flow of energy at least &,
into one critical harmonic oscillator. Once this has happened the activated
molecule will have the correct distribution of vibrational energy for it to be able to
react.

(b) The time taken for this redistribution of energy to occur is the time lag.

4.9.3 The Kassel mechanism
ky(€)
A+A — A*+A

k(€
A*+A o A+A
ky(€)
A* > A®
ks
A® - products

(a) In this mechanism A* is an activated molecule which has energy &, of which an
amount at least &, is in s harmonic oscillators.

b) A% is the special activated molecule which must be formed before the critical
configuration can be attained, and the A® molecule must also have energy at least
&, in one critical harmonic oscillator.

(c) k(&) and k() represent a series of rate constants which depend on how much
larger £ is than &,.

4.9.4 The Kassel calculation
This calculation can be split up into stages, each dealing with a particular physical
situation.

Step 1. Calculation of (ky/k.)s _ o + s which is required for substitution into the
equation which describes the dependence of k,,,,x"“ on pressure:

klst — Z k2(8’)kl (8,)/k—\ :
L4k, (g /k_[A] (4.47)
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This requires calculation of the fraction of molecules which have an energy & which is

at least &,, and which has this energy in 2s squared terms in the short range Je. This has
already been calculated in Section 4.5.5 , Equation 4.21, and allows a calculation of

k,/k_, for energies in the given short range £ — & + d¢, where 0 > ¢ > g,

: ) =)
_— =—| — eXp| —— oc
k—l P kT(S - 1)' kT kT (4.48)

It is at this stage that the calculation diverges from that in the Hinshelwood treatment,
where in Equation 4.18 £, is a constant, and it is only the term (k//k_,), _, » + & Which has
to be summed.

But if &, is allowed to depend on the value of the energy & which is above the critical,
as it does in the Kassel treatment, then Equation 4.19 must be used, and before this
expression can be summed an explicit expression for the dependence of &, on energy
must be formulated.

In the Kassel theory once a molecule has energy which is at least &, in s harmonic
oscillators, reaction can occur in due course, but will not occur until a flow of energy
results in there being energy at least €, in one critical harmonic oscillator.

Step 2. The problem here is to rephrase the statement immediately above into
mathematical terms, that is to obtain an expression for k(<)

What is required is a calculation of the probability that one oscillator has an energy at
least &,, while all the total s oscillators have between them, on average, an energy &,
where © > ¢ 2 g,.

This probability can be shown to be

W = (8' ~ % )H
g (4.49)

This probability has to be related to the concentration of A* and A® so that # can be
defined in terms of [A*] and [A®)].
The probability W is equal to the fraction of molecules which have energy at least &, in

one oscillator, that is A® molecules, out of all the molecules which have energy & in s
oscillators, that is A* molecules.

&

[A°]  [A°] :(e'—so )

[A*]+[A®] [A%] ' (4.50)

where the assumption that [A®] << [A*] is made.
This result is required for a theoretical expression for k,(£) and the link is the steady
state expression which relates k,(&') to [A®]/[A*].
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Step 3. Steady state equations for [A*] and [A%]

For any particular ¢ the steady state treatment gives a set of equations relevant to that
one particular energy £. If all possible energies £ are then considered a whole series of
sets of steady state equations will be needed for all &, where & represents all energies
equal to or greater than the critical energy &,.

One set of steady states using the Kassel mechanism given in Section 4.9.3

- dc[i?*—] =k (A -k, [A¥][A]-k,(e)A*]=0 44

kl(g')[A]Z
A¥]=——F—"——.
(A7) k_[A]+k, (&) (4.52)

:_Ei_[i\_ﬁ_ ’ *7_ ®1 _
© =k,(e"[A*]-k,[A°]=0 (4.53)

k(AT

0. —
[A]= k, (4.54)

From Equation 4.54 and adding the subscript &€ — ¢ + J¢ to emphasise that these
equations are for one value of £ ‘in a given short range £ — £ + &z, then

: _, (1A%
kz (‘9 )s’——»s’+&- - k3 ([—Aﬁ et b4 (4'55)
P
k() .5 =k . ) :
2( )e &'+ 3( 8’ s (456)
The rate for any given £ in the short range £ — £ + J¢
Rate (&), 4 =k[A%), s @.57)
= k2 (g,)z'—)e’+5£ [A*] (4.58)
, k
k2 (8 )g’—)s'ﬂis [A](k_l—)
_ -1 /g >g'+8€
kz (8,)5’45#55
k-] [A] (4.59)

This is the rate of reaction for A® molecules lying in one short range of energies £ — &
+ o¢.
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Step 4. The rate for one energy € given in step 3 must now be summed to give the
total rate and an expression for the dependence of k., on pressure, and to

give an expression for k,

Expression 4.59 must now be summed over all €. The total rate = k l;ts [A]

= rate for each particular &’ in the short range &' — &'+ ¢ (4.60)

L ACYLEY Y

T 1+k, /k [A] @4.61)
, k
k2 (8 )s'—-»:'+6€ (;C_I_J
k:}st — 2 -1 /& 5e'+8e
” ; 1+ k2 (8 )e’—»e’ﬂi‘:
k[A] (4.62)
1 PN & g-g\"
meniin) ekl
Z kT(s—D'\ kT kT £
’ s-1 :
&-¢ /
1+k3( = 0) /k_,[A] (4.63)

Since the theory is a classical one, the energy is continuously variable, and so the
summation can be replaced by an integral between the same limits, £ ranges from &, to

o0,
o) w515
ol 7 - &
klsl _ k3 J' kT P kT 8,

obs , , s . 464)
kT(s—1)! _ ! (
(s—Dt7 - k3(8 ’50) /k~l (A]
&

The final stage of the derivation is to formulate &,

kc,, = Z kl (8')8"’51 re k2 (g')s’—»s'ﬁg

¢ k. (4.65)

A\ ' o s-1
= z—————l (i) exp(- —g—)k3 (i ,g" j 8€.
— kT (s — 1)1\ kT kT &

(4.66)
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Again the sum can be replaced by an integral over the range &, — .

© , \s-1 ' ' -1
remlir) L))
KT(s— D)3 (kT k) & (467)

which eventually comes to

- _ %
k,=k, exp( kT)' 468)

4.9.5 Comparison of theory with experiment
In contrast to Hinshelwood's theory, the Kassel theory predicts that a plot of

should be a curve, as is observed experimentally, and the corresponding calculated
curve gives a relatively good fit to the experimental plot. This confirms that the
assumption that the rate of decomposition of an activated molecule depends on how
much energy the molecule has above the critical must be an essential feature of any
theory.

The theory also predicts a linear Arrhenius plot, which is what is found
experimentally. '

Unfortunately there is no theoretical prediction of the value of sy and s, &, and &; are
found by curve fitting to the fall off region, bringing with it all the ambiguities of curve-
fitting.

The value of &, is often found to be around 10" 5™, but there are some reactions where
k3 is much larger, and no satisfactory explanation is available. The value of s is often
around one half of the total normal modes of vibration leaving the question, "Why does
energy in some modes not contribute to the activation energy?"

The problems really lie in the fact that classical theories simply are not valid. The
classical version is the limiting form of the quantum version if, and only if, hv << kT
where v is the fundamental vibration frequency for the critical oscillator.

4.10 Kassel's Quantum Theory
The criteria of activation and reaction have to be given in quantum terms, and a direct
summation must be carried out.

4.10.1 Criterion of activation

1. Vibrational energy is involved in activation.

2. Each normal mode of vibration is assumed to be a harmonic oscillator, all having the
same frequency.

3. The energies are now expressed in quanta, the critical number of quanta being m =
&/hv

4. For a molecule to be activated it must have » quanta, n= ¢/hv where n is at least as
great as m quanta, m = £,/hv in s harmonic oscillators.
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4.10.2 Criterion of reaction
Before a molecule can react there must be a flow of energy such that a number at least m

quanta, m = g,/hv, is found in one critical harmonic oscillator. If this has happened, the
molecule will have the correct distribution of vibrational energy for reaction to occur.

4.10.3 The Kassel quantum calculation

Step 1. This requires calculation of the fraction of molecules which have n quanta
corresponding to an energy £'=nhv

k, ( hv)}s (n+s-1)! nhy
— =<l-exp| -— |} ———= -
(k_l )m { "% )] mis—D) e"p( kT) @9)

which is the quantum analogue of Equation4.48.

Step 2. This calculates the probability that a particular oscillator has at least m
quanta, where &, = mhv while all of the s oscillators have between them n
quanta where £'=nhv

_ nl(n-m+s-1)
(n-ml(n+s-1)! (4.70)

which is the quantum analogue of Equation 4.49.

Step 3. This formulates the steady state treatment of the classical form (Section
4.9.4) in quantum form

_ n(n-m+s-1)!
2(e'=nhv) 3 (n — m)'(n +5— 1)’

4.71)

This is the quantum analogue of Equation 4.56.

Step 4. This calculates the quantum versions of k,,,,s"" and k,

In the classical version the total rate was found by summing the rates for each particular
energy £ in the range £ — & + J¢, and the sum was then replaced by an integral over
all energies &, to . In the quantum version, the final summation is over all quantum
states n, where n = £/hv in the range m quanta to o, where m = g/hv.

klst

| (n+s-1)! _nhy nl(n—m+s-1)! ]
e {l—e’(p(gﬁ)} (s 1)l CXP( kT )k3{(n—m)!(n+s—l)!J
o *n:m(zzso/hv) 1+ k, { n(n—-m+s-1)! } 4.72)
k [A]|(n-m)l(n+s—1)!
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This is the quantum analogue of Equations 4.63 and 4.64.

= A" (n+s-D! [ nhv nl(n-m+s-1)
= 2 {l_e"p(_ﬁ)} A1) ex‘)( kT)k3{(n—m)!(n+s-l)!}

n=m(=g£,/ hv)

4.73)
which is the quantum analogue of Equations 4.65, 4.66.
The summation gives
mhy
k, =k, exp(— -——-——)
kT 4.74)

Since &, = mhv this can be written as

€,
k. =k, exp| -~
® 3exP( kT) (4.75)

which is identical with the classical value, Equation 4.68.

4.104 Comparison of the quantum theory with experiment
1. The values of m and v are chosen so that &, = E,, the experimental activation energy,

where &, = mhv. Having chosen one of m and v, the other is fixed by the observed
value of E,. The value of v is taken to be the mean value of all the vibrational
frequencies.

2. sistaken to be the total number of vibrational modes.

3. There is no explicit value of k;, and it is taken to be equal to the experimental 4
factor found from the dependence of k,, on temperature.

4. However, despite points 1, 2 and 3 the quantum version gives a very good fit with
experiment, and is a vast improvement on the classical version.

5. Like the classical theory it predicts that the plot

1
klst

obs

. 1
against —
g (A

should be a curve, and that the plot

1
log k' against —
g obs g T

should be linear. Both these predictions are verified by experiment.

4.10.5 Points in Kassel's theory which need to be reassessed

1. There is a fundamental inconsistency in the assumption that vibrations are harmonic

oscillators:

(a) the calculation requires harmonic oscillators which means that there can be no
flow of energy between the oscillators.

(b) the mechanism requires sufficient anharmonicity so that a flow of energy into the
critical oscillator can take place.
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2. The same frequency is used for all the oscillators. This is physically unrealistic
especially as the activated molecule A*, and the special activated molecule A®
must have different distributions of energy.
3.

A complete theory would calculate g, and &; explicitly. &, is the rate constant for
passage through the critical configuration of the activated complex, and is as
fundamental a quantity as ,(£').
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5.1 Marcus' theory, or Rice, Ramsperger, Kassel, Marcus (RRKM) theory

This theory is a major extension of Kassel's theory. It is a quantum theory which is
physically more realistic than Kassel's theory, and it considers the vibrational behaviour
of reactant A, of activated molecule A* and of the activated complex A” in detail. It
deals explicitly with the rate of passage through the critical configuration, and is very
interested in what happens physically as an activated molecule A* passes into the
activated complex A", It also incorporates a quantum version of transition state theory.

5.1.1 New concepts and terminology used in RRKM theory
Two processes are referred to explicitly in the theory

(a) Firstly, there is transfer of energy by collision from translation in one molecule to
specific degrees of freedom in the molecule being activated to A*. The theory
distinguishes between two types of energy transfer,

(i) transfer to some degrees of freedom does not contribute to activation,
(ii) transfer to other degrees of freedom can count towards activation energy.

(b) Once A* is formed, energy flows around the molecule until A* has the correct
distribution of energy to be able to pass into the critical configuration. The energy
flow has restrictions placed on it - only some degrees of freedom can redistribute
their energy, and only some can accept such redistributed energy.

(c) The energy involved in processes (a) and (b) must be precisely defined.

Fixed energy

This is energy which does not contribute to accumulation of activation energy, and is
not able to be redistributed around the activated molecule A*. The degrees of freedom
associated with this type of energy are adiabatic (where the term adiabatic is used, not in
the thermodynamic sense, but in the quantum sense of meaning that the quantum states
remain unchanged in an adiabatic process). Fixed energy can be:

1. Zero-point energy must always be present, and at the same value, and so can neither
be accumulated nor redistributed,

2. Overall translational movement in space cannot be transferred to other modes within
the same molecule,
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3. If arotational degree of freedom stays in the same quantum state, as a consequence
of the conservation of angular momentum during an exchange of energy or during
redistribution of energy, then energy in this mode cannot be counted towards
accumulation of activation energy, and cannot be redistributed around the molecule.

Non-fixed energy

This is the energy which does count to the accumulation of activation energy, and which
can be redistributed around the molecule in the process taking the activated molecule A*
into the activated complex A”. Non-fixed energy can be:

1. Vibrational energy (other than zero point energy),

2. Rotational energy (other than that which stays in the same quantum state during the
particular process),

3. Internal rotations,

4. The free internal translation along the reaction coordinate at the critical configuration.

This corresponds to passage through the critical configuration at the moment of
chemical transformation.

The degrees of freedom corresponding to non-fixed energy are called "active".

The following diagram refers to non-fixed energy only, Figure 5.1, and describes the
energy relations between an activated molecule A* and the activated complex A" A* is
an activated molecule with total non-fixed energy &, and the ground state of A is taken
to be the zero of energy.

The following quantities are specified in Figure 5.1.
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Figure 5.1 Relations between various non-fixed energies for molecule A, where A has total
non-fixed energy €. The ground state of A is the zero of energy.

1.

[ '
g=¢€ +¢.

& is the difference in energy between the ground state energies of A and A (closely
related to the experimental activation energy).
£ is the total non-fixed energy of A* where ¢ > ¢,. £ is made up of vibrational and
rotational non-fixed energy. This energy is in active modes of A*, and has
contributed to activation energy, and can be redistributed around A*.

6.1

£ is the total non-fixed energy which the activated complex A has in excess of &,.
This energy is made up of vibrational and rotational non-fixed energy, and
includes non-fixed energy x which corresponds to the internal translation along
the reaction coordinate at the critical configuration
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& =g, +g +x (5.2)

4. Since the ground state of A is the common zero of energy
e=¢g+¢" or g,=¢"-¢". (5.3)

5.1.2 Important new features appearing in RRKM theory

1. The theory is very interested in what happens as the activated molecule A* changes
configuration into the critical configuration corresponding to the activated complex
I\

2. The theory looks very closely at the internal free translation along the reaction
coordinate at the critical configuration. At this stage of the theory it is useful to have
a good working knowledge of transition state theory.

3. The theory examines in detail the redistribution of energy which converts A* into
A”. The different possible distributions of energy between non-fixed rotations,
vibrations and the internal translation along the reaction coordinate are an important
factor in determining the number of quantum states corresponding to & and £, and
hence to the equilibrium concentrations of A* and A”.

4. Non-fixed energy of active vibrations and rotations is subject to rapid statistical
redistribution which occurs in times of 10™"'s or less.

5. Collisions are assumed to be "strong". This means that large amounts of energy, at
least 20 kJ mol'l, are transferred in molecular collisions, and hence activation and
deactivation are regarded as single step processes.

6. For the high pressure region the theory assumes equilibrium between activated
complexes, A, and reactants, A. This is a transition state theory assumption, likely
to be justified when g, >> kT, which is generally the case.

7. The theory rests very heavily on being able to calculate the number of ways of
distributing energy among the various degrees of freedom of the molecule.

8. The theory has been modified to allow inactive modes to have their energy
redistributed at random among the inactive modes. This energy cannot contribute to
accumulation of critical energy, or to conversion of A* to A”. But it can affect the
rate of reaction by altering the number of quantum states available to A* and A" at a
given energy.

5.1.3 The RRKM mechanism
This mechanism explicitly considers two important features of reaction. Firstly, the
process of changing an activated molecule A* into the activated complex A” is
described, and this is followed by explicit reference to the rate of passage through the
critical configuration as A% is converted to products
k(&)
A+A - A*+A
k.
A*+A > A+A
k()
A* N A"
k¢
A* - products
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There is one sequence of these four steps for each value of the energy &, so that a whole

series of such steps are required when all energies ¢ from &, to « are considered.
The rate constants are defined in the following ways.

1. k(&) is a function of energy, and is explicitly a quantum statistical mechanical
quantity.

2.k, is single valued and independent of energy, and is equal to AZ as in previous
theories.

3. ky(£) is the rate constant for formation of the activated complex. It is a quantum
statistical mechanical quantity and is a function of energy.

4. K is the rate constant for passage through the critical configuration, and is
calculated on a transition state theory basis.

5.1.4 The RRKM model
Again this is best described in terms of criteria for activation and reaction. However, in
this theory a statement as to the nature of the activated complex is also given.

5.1.5 Criterion of activation
An activated molecule A* has a non-fixed energy £ in its active modes, where £ 2 ¢,.

5.1.6 Criterion of reaction

This energy ¢ is redistributed around the active modes of the molecule, until the correct
distribution of energy in the correct quantum states is attained, and the critical
configuration and energy distribution of the activated complex is formed.

It is unlikely that the initial energy distribution and quantum states of A* immediately
after activation will be precisely the energy distribution and quantum states of the
critical configuration. Even if this relatively rare quantum state were initially formed,
reaction would not be instantaneous since the vibrational modes would have to be
correctly phased. A* molecules have lifetimes much greater than the period of vibration
(10"35). They are in the range 10%t0 107"%s.

5.1.7 The activated complex

In earlier theories this did not have to be defined. However, in RRKM theory the
activated complex is explicitly considered. The activated complex sits at the minimum
maximum potential energy on the potential energy surface, and has all the properties of
the activated complex of transition state theory. In particular, movement through the
critical configuration corresponds to an internal free translation along the flat portion of
the reaction coordinate. Marcus' activated complex is, however, a more refined concept
and its energy distributions and quantum states have to be very precisely defined.

5.1.8 The RRKM calculation
Again this calculation can be described in distinct stages.



118 Advanced unimolecular theory [Ch. 5

Step 1. The values of k,(¢')/k_, for the range £ — & + ¢ are calculated.
The activation/deactivation process is

ki(£)
A+ A — A+ A
k.

and the equilibrium ratio ([A*)/[A] for activation to a given short range of energies de
must be found, for the case where £ is non-fixed energy and has the possible values oo >
g2g,

Equilibrium statistical mechanics is again used, but this time the expressions are all
given in terms of partition functions, £, which are expressible in terms of an exponential
energy term and degeneracies g; and where g; is the number of quantum states for the
given £.

8i
f= Zgi exP(‘ —j (5.4)

kT

where the sum is over all energies &;.

This is in contrast to transition state theory where the molecular partition function, Q =
SV is used, and where explicit algebraic expressions for fof the type given in Table 2.1
are used. Each of the expressions for f'is equal to the corresponding expression (5.4)
which involves degeneracies and an exponential energy term.

A common zero of energy is used for A, A* and A", and this sometimes results in

cancellation of the exponential terms. The common zero is the ground state of A, Figure
5.1.

These considerations give

k(e > +de) _OA* ) (5.5)
k. O(A)

where both of the O's are that part of the partition function which corresponds to non-
fixed energy. Each Q is a molecular partition function per unit volume, f/V. This is
discussed more fully in Chapter 2, Sections 2.4.4 - 2.4.10.

There is no exponential term here since a common zero of energy is used, giving

cancellation ,
, &
Sexpl — ——
k(¢ — &' +0€) 2 & p( kT)

&' >e'+de

k, 0(A) 56)

where O (A*e — £ + J¢) is given in terms of degeneracies and an exponential energy
term rather than the explicit algebraic expressions given in Table 2.1
and where

(1) g'jis the number of possible quantum states for A* in the range
£+ 0e
(2) O(A) is the total partition function per unit volume for reactant A.
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Step 2. This step involves a calculation of ,(¢).
This also can be split up into several steps.

(a) The rate constant for formation of the activated complex from the activated
molecule must be found.

(b) Firstly, an expression for k,(¢) and k” is obtained from a steady state treatment on
the RKKM mechanism.

(c) This is then converted to an expression involving the equilibrium ratio [A*]/[A*].

(d) The non-fixed energy of A™ is made up of contributions from vibrational and
rotational modes, and from the internal free translation along the reaction
coordinate at the critical configuration. All possible ways of making up this total
non-fixed energy of A from internal translational energy and vibrational-rotational
energy must be considered.

The steady state treatment

d[_dp;*_l =k, (&)[AT ~k_[A*][A]-k,(¢)[A*]=0
(ax) = L EAL
k [Al+k, (&) 57
dATT k,(eN[A*]-k[A"]=0
dt
s A1 (5.8)

These general equations are made more explicit by referring to the range of energy
involved, & — & + ¢

' ([A7]
k?. (8 )g'—>£’+&‘ = k [ [A*]
steady state

£' &'+ e

_ E([A‘l)
2 [A*] equilibrium state

The factor 2 comes in because equilibrium is assumed between

£ e'+8

(5.9

A*=—2 A"
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and because only those A” which are moving from left to right through the critical
configuration are included.

The expression given above for k,(&’) holds for energy in the given short range & — ¢
+ J¢. But the Marcus theory considers all possible distributions of energy £ in the range
£ >¢ + e

It is at this stage that the essential features of Marcus' theory start to show themselves.
Marcus is very interested in the precise physical properties of the activated molecule and
the activated complex, and his theory was developed in a manner calculated to find out
just how these precise details affect the final rate expressions. The Marcus theory is
interested in much more than the total energy which the activated complex possesses,
and is particularly concerned with the flow of energy around the internal modes of the
activated molecule. This energy is passed around until the distribution of energy is
precisely that corresponding to the activated complex. This means that the calculation of
ky(€)e , ¢ + & has to be carried out in such a manner as will recognise the need to allow
for consideration of the distribution of non-fixed energy ¢ in the activated molecule A*,
and of the distribution of the non-fixed energy ¢ of the activated complex A™ between
vibrational-rotational energy and the energy associated with the internal free translation
along the reaction coordinate. It also means considering the quantum states of the
activated molecule and the activated complex.

kx(€)e -, ¢ + & therefore covers all possible distributions of energy from one limiting
situation, £, = 0, when all of the energy of the activated complex is in the internal free
translation, to the other limiting situation when all of the energy of the activated
complex is vibrational-rotational, with a zero contribution from the internal free
translation. This latter situation makes a zero contribution to 4,(¢'), and is simply the
upper limit. A very small, but non-zero energy from the internal translation will
correspond to the maximum possible value of £, below £. If all possible distributions
of energy £’ in the range & — £ + J¢ are now considered, this means summing over all
distributions from £, =0to g, = £

& 2 A;: )
k(&) rn = Z;(,k 2(x){ [ [ A]:]Wx

equilibrium (5.10)
where
(i) the sum holds for energies in the range & — & + d¢
(i) &=&+s,
(iiiy &= ¢, +x, where x is the energy associated with the internal translation and
equals % " v* in transition state theory,
(iv) k” depends only on x, but [A"] &=, depends on €%, x and 8¢
v) each value of [A"]¢",,, in the summation is an equilibrium concentration for a

given value of vibrational-rotational energy, and thus for a given value of x in a
range of extent Je. There is thus a whole range of all possible combinations of

vibrational-rotational energy, and energy associated with the internal free
translation.
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Step 3. This step calculates k™ which appeared in step 2.

K" is a rate constant describing passage through the critical configuration. The derivation
is exactly as in transition state theory, Chapter 2, which should now be referred to as
only the result of the calculation is quoted

o= 2 1 (Y
@) 6 \us (5.11)

where x:%,u“v2 and k*(x)=v/8

where 4 is the reduced mass for motion along the reaction coordinate,
and Jis the length along the reaction coordinate defining the critical configuration.

Step 4. This completes the calculation of ky(c) and involves finding [A7],..../[A*] .

This is found in terms of partition functions which can be expressed in terms of
exponential energy terms and degeneracies, where these degeneracies correspond to
numbers of quantum states. The arguments leading up to the final expression are
complex, algebraic forms for the quantities appearing are specially chosen to allow for
cancellation of terms, and the final summation of degeneracies for A does not include all
the terms which normally would appear in a straightforward equilibrium expression.

The theory assumes equilibrium between

#*
A¥ —= A

which means that equilibrium quantum statistical mechanics can be used to calculate the
required equilibrium quotient [A*}/]A*] in the short range.

[A*] such that &7 takes Q¥ such that &3, takes a
a particular value and x lies particular value and x lies (5.12)
in the short range x — x +J¢ in the short range x — x +0¢

[A*] such that £’ lies in *
{ Qe > &'+ e }

the short range &' — &' + d¢
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'Q* such that Etr takes a sum of degeneracies calculated in a special way for all ]’
a particular value and x lies 'A% for which gtr takes a particular value and x lies in the
inthe shortrangex - x +0¢ ) _ | shortrange x - x + J¢

o Q; IR Y a sum of degeneracies for A* lying in

the given short range \

The exponential energy terms, exp (-£/kT) for each partition function Q" and Q* have
cancelled out because they relate to the same energy.

The denominator:
This is a sum of degeneracies for A* in the short range J¢ and can be written as:

gl

all i in the range &' —>&'+0¢

and this summation is a summation over numbers of quantum states for A* in the range
£ —>¢€+oe

Z ' _total number of quantum states for
&, A* inthe range & —> & + ¢ (5.13)

alliin the range £'—>&'+8¢

To carry out this calculation requires a complete vibrational analysis for the activated
molecule A*.

The numerator
This is much more difficult to formulate, and to put in a precise verbal way just what the
sum of degeneracies corresponds to physically.

One of the essential features of Marcus' theory is an explicit consideration of the
distribution of non-fixed energy between vibration-rotation and the internal free
translation. Each quantum state for each & in a range of extent &¢ corresponds to a

particular value of &, from which the value for x becomes automatically determined
since

r _ . *
& =é, X (5.14)

If £, is an explicit value then the resulting value of x must lie in the short range Je.
The numerator thus becomes:
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( .
a sum of degeneracies over ) )
a sum of degeneracies for x where X

. . ¢
all i for which &7 takes the %

takes a value £* - r

in a range of

< particular value in the range ¢ x .
extent ¢, . this being the term

but degeneracies so far
as x is concerned are not missed out: in term A
‘included 7

Term (A) Term (B)

Expressions for (A) and (B) must now be given

1. (A) can be written as

e
2.8,
i for the particular

value of &,

with the physical meaning of this sum as given in the brackets (A), and where the
symbol * means that the quantity g;"* is not the total degeneracy which would appear in
the total partition function for the activated complex, but is a quantity with a term struck
out. This term relates to the internal translation, and appears in the brackets (B). And so

.+ thetotal number of vibrational-rotational
Z & states for which £7 takes this particular value

»

A =
i for the particular

value of £,

2. (B) is the number of x states for which x (the energy associated with the internal

translational energy) is in the range & — & + s The calculation of this quantity is
based on a fundamental axiomatic statement of statistical mechanics which allows
translation between the formalism of classical mechanics, energy continuously variable,
and quantum mechanics, energy discrete. This states that:

“when there are states so closely spaced in energy that their relevant

quantities can be thought of as continuously variable, then the number of
states for which a momentum, p, and a corresponding coordinate of

position, g, lie in given short ranges is equal to opdq

In this context:

p=HY (5.15)

Tou (5.16)
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so that
de _»p (.17
dp u
and
p
de=-"—dp
z 5.18
U (5.18)
/j *
dp=—de. (5.19)
p
se="L &y
For short ranges = ,Uz (5.20)
é) - E_ o€
)4 (5.21)
Hence
. 2
the number of states for the given short range of energy = —é’iﬁ (5.22)
where the factor 2 arises because +p and -p correspond to the same value of &
.. the number of states for the given short range of energy = gﬂh—mi (5.23)
p

p is the momentum corresponding to the internal translation with internal translational
energy, x, and since

— LAY

p=Que" (5.24)
then N

p=Qu'x)" (5.25)

q is a coordinate of position and so &g corresponds to & of transition state theory.

the number of x states 2u°6
for which x is in the ST %
short range of energy, d¢ h(2u”x) (5.26)

b
2u°5?
:( pEm ] 0€.

‘2 252 % (5.27)
Terthhusz( a j o¢.

hx
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Equation5.10 can now be written as

I
o [2u76?
g x o€
& alli;me ( h*x )

k2 (8’)51_"::4_& - Z k;t (x) ) particular value £},

£5=0 2 Zg,,

all i in the range
&'e'+ e (5.28)

where g'i relates to A*.

J (5.29)
2.8
. JA * o2 u all i for the particular
’ < 1 2x 2 M o value of £}
k2 (8 )s'—->s'+&s = Z< E[ﬂadzj ( hzx J Zgr 58 }
=0 i
alli in the range (53())
£'>£'+86

Cancellation removes both 4" and 8. A similar cancellation happens in the derivation of
transition state theory. As in transition state theory, this is fortunate because each of
these terms includes 6” where & is the length along the reaction coordinate occupied by
the critical configuration. Cancellation means that an explicit value to J does not need to
be given.

The final expression for 4,(£') (Equation 5.30) eventually becomes, after cancellation
and summation as specified,

3 g (for A")és

1 £5=0

by () e = -
2(8 )5 &'+ h th’(for A*)

all i in range (53 1)

£'e'+de

Step S  This is the calculation of k.,

k (£)k,(£)
o ;‘_k_lz_ (5.32)

Substitution for k,(¢')/k., and for k,(¢') followed by cancellation, finally gives

L (_e_o)Q%forA")
" h kT ) O(for A) (5.33)
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where Q‘” is the partition function for the activated complex for non-fixed energy,
comprising vibrational-rotational energy, but with the term for the internal translation
missed out. Since this motion in the reaction coordinate has been singled out for special
treatment, the activated complex has one degree of vibrational freedom less than a
normal molecule. There is a direct parallel here with transition state theory, and the only
difference is in the manner in which Q" " is calculated.

In RRKM theory Q% is given as

o £
= e -
0 gog, XP( kT)

where =0 l is defined as previously, and is found by direct summing of
quantum states for the relevant energy levels. This requires a complete vibrational
analysis for the activated complex.

Step 6. This is the final step, and is a calculation of

(klst )calc _ z k,(e)k,(e)[A]

o £ k—l[A]+k2 (8’) (534)

=3 ky (£Yk (£)/k.,
B P 1+k2(8')/k4[A].

(5.35)

Substitution gives a complex expression involving an integral which can be evaluated
numerically if the distribution of vibrational-rotational energy levels of reactant,
activated molecule and activated complex are known, and this includes the number of
vibrational-rotational states for reactant, activated molecule and activated complex.
Derivation of these quantities requires a complete vibrational analysis for reactant,
activated molecule and also for the activated complex. Obtaining the values for the
activated complex is difficult, and depends critically on an assumed structure and
configuration for the activated complex. The whole procedure is laborious, even with
computer facilities.

5.1.9 Modifications needed

1. It was stated earlier that rotational modes which stayed in the same quantum state
when A* changed into A™ could not contribute to activation energy, or to the
redistribution of energy after activation has occurred. However, the moments of
inertia, /* for A* and I” for A”, are often different because the dimensions of A* and
A” are different, and hence these modes suffer a change in energy as A* changes to
A”. This energy is usually released into other degrees of freedom, and this can affect
k,(€). An approximate modified treatment corrects k,(¢') by multiplying it by £~ and
Ji* which are partition functions for these adiabatic rotational modes in the activated
complex and activated molecule. A more detailed treatment is required.
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2. Reaction can proceed via several paths which are kinetically equivalent, and the
. o e + I

number of such paths gives the statistical factor l, , see chapter 3. If this is included
the symmetry number must be omitted from the rotational partition function.

If the modifications in (1) and (2) are developed, a more refined calculation of k,(£')
gives

I" f7 > g (for A")de

k g, o - ig=0
2 ( )g—>e+&: hfl* Zg,-'(fo" A*)
£'>e'+8
(5.36)
leading to a more refined formulation of &,
k z * ¥ =
- l@exp(_ fp.jQ_(_M,

h f kT ) Q(A) (537)

which in tun leads to a more refined calculation of k™.

5.1.10 Consequences of Marcus' theory

1. There is a vastly improved fit to the fall-off region of k'™ v [Al, though there are
still problems associated with the low pressure region which arise from the
approximate nature of the treatment of ‘adiabatic rotations. Marcus has produced
further modifications, and his final theory and extensions by Quack and Troe are
currently regarded as the best ones available. Certainly they are the main ones used
nowadays to analyse unimolecular reactions. The nearest rival is Slater's theory
which will be discussed in Section 5.3.

2. The theory implies that 1/k,,"™ v 1/[A] is curved.

3. The form for £, allows non-Arrhenius behaviour for the high pressure region.
Variation of the pre-exponential term with temperature is possible because of the
temperature dependence of the partition functions.

4.  For the high pressure region, Marcus' theory and transition state theory give
identical expressions, except for the inclusion of the transmission coefficient in
transition state theory.

5.1.11 Emphasis of the theory

Marcus' theory focuses attention on to the details of activation, and in particular, on to
the rearrangements and redistributions of energy involved in converting the activated
molecule into the activated complex. The theory requires that a detailed formulation of
the vibrational states is known for molecule A, and for the activated molecule A* since
the number of quantum states for A and A* appear explicitly in the expression for kobsm.
These calculations should be a standard procedure. However, the theory also requires a

detailed vibrational analysis for the activated complex since the number of quantum
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states for A” must be known to calculate k. This is much more tricky, and requires a
model for the activated complex structure.

The theory can be formulated in terms of degeneracies or numbers of quantum states Z
gj, or in terms of partition functions Q. These are merely different formulations of the
same thing, and both ways require the vibrational states to be known and summed.

5.2 Adiabatic channel theory: Quack and Troe

This theory extends the Marcus theory by incorporating ways to allow fully for
conservation of angular momentum, and these improved versions are special cases of
the adiabatic channel theory of Quack and Troe. The version given here makes
considerable use of the concepts of generalised transition state theory, microcanonical
transition state theory and Marcus’ theory. These concepts and their extensions will be
highlighted before discussing adiabatic channel theory.

5.2.1 Previous concepts which are inherent in adiabatic channel theory

The potential energy surface gives the potential energies for all conceivable
configurations of the “reaction unit”, where the potential energy is as defined in Section
6.1.1 and where the potential energy is calculated for a system of atoms at rest. This
means that each configuration must be thought of as an instantaneously “static”
arrangement of atoms which have no vibrational or rotational motion. Obviously the
atoms in these arrangements do have these motions. However, rotational motion only
includes kinetic energy and so will not contribute. Vibrational motion has both potential
and kinetic energy; this potential energy is included in the calculation because potential
energy is a property of position not of motion. The kinetic energy of vibration is,
however, a property of the motions of the atoms which occur during a vibration. Since
the kinetic energy of the nuclei is not included in the calculation because the atoms are
assumed to be at rest for each configuration, then this motion, like the rotational motion,
is not of interest to the calculation of the potential energy of transition state theory. Of
course, both the movement of a vibration and of a rotation can still be considered, and
can be superimposed on the potential energy surface, Chapter 6, but this is an extra
added feature not an integral property of the surface. Change of configuration then
results from alteration of position under the influence of forces corresponding to the
potential energy of the configuration.

Each configuration can represent “reaction units” with different total energies where
the total energy is given by a horizontal plane through the surface. For every
configuration there is, therefore, a distribution of total energy over all “reaction units”
with the given configuration. And for a given “reaction unit” with a given total energy
there will be a distribution of vibrational, rotational and internal translational energy
corresponding to change of configuration over the surface. As this “reaction unit”
changes configuration it does so at constant fotal energy, but it will do so giving
different distributions of vibrational, rotational and internal translational energy. As the
configuration changes the “reaction unit” will consequently have open to it different
possible combinations of quantum states all corresponding to the same total energy but
different distributions of internal energy. Each configuration, therefore, has open to it a
distribution of quantum states, and these will change as configuration changes over the
potential energy surface.
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The surface could be modified so that for each configuration all the possible quantum
states open to that configuration for a given total energy could be listed, and this
repeated for all possible total energies.

Basic transition state theory does not enquire explicitly into these quantum states -
they only appear implicitly via the partition functions in the final rate expression. In
basic transition state theory all possible states are simply a series of interlinking
configurations which connect reactant and product configurations in a continuous path.
All such paths are possible, but the most likely path is that going via the sequence of
lowest lying potential energies changing via the lowest lying potential energy maximum
- the minimum energy path or reaction coordinate. To achieve reaction the critical
configuration must be reached, and the rate of change of configuration over this
critical configuration defines the rate of reaction.

In generalised transition state theory changes of configuration along the minimum
energy path are considered in more detail. These configurations are called generalised
transition states or generalised activated complexes, with the term transition state or
activated complex being reserved for the critical configuration at the col. The theory
calculates the number of quantum states associated with each configuration. It does not
need to enquire explicitly into what quantum states are open to a given configuration,
though this is implicit in the calculation of the total number open to that configuration.
The total number of quantum states is calculated for each configuration along the
minimum energy path. Where there are low numbers of quantum states there will be a
barrier to change of configuration, and the rate of change of configuration through the
given generalised transition state will be low. The lowest rate will, therefore, be
associated with the lowest number of quantum states and this will define the rate of
reaction. However, to achieve reaction the “reaction unit” must also pass through the
critical configuration.

Marcus’ theory considers the quantum states open to an activated molecule, i.e. a
reactant molecule with energy & > &,. It also considers in detail the quantum states open
to the activated complex and in particular, looks at all possible distributions of
vibrational, rotational and internal translational energies for all activated complexes, and
does so over all energies & > &, To do this requires carrying out a complete vibrational
analysis for the reactant molecule and for the activated complex. This adds a
considerable degree of complexity but, nevertheless, the theory does restrict the
calculation of the quantum states to two configurations only, and to movement along the
minimum energy path.

However, it is possible to consider a much more detailed and complex series of
continuous paths over the surface linking configurations in the same quantum state, i.e.
with the same quantum numbers. If one specific quantum state is chosen and all
configurations on the potential energy surface which have that particular quantum state
within their own distribution of quantum states are specified, then it is possible that there
are many continuous pathways over the surface which can link configurations which
conform to that specification. All these pathways can be compiled. This is then carried
out for all possible quantum states on the surface.

Such pathways have a special name, adiabatic channels - adiabatic because they link
configurations where the quantum state does not change, and channel is now a new
terminology instead of path.
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As in conventional transition state theory an “effective potential energy” for each
configuration must be found and the change of configuration resulting from forces
arising from this effective potential energy found. Along the minimum energy path of
conventional transition state theory the vibrational potential energy of the “reaction unit”
is zero, but at configurations displaced from the minimum energy path the vibrational
potential energy is always greater than zero. This is not immediately obvious, but arises
in the following way. Along the reaction coordinate the “reaction unit” undergoes a non-
free internal translation, except at the col when it becomes a free internal translation, but
movement at right angles to the reaction coordinate corresponds to a vibration, the
minimum of which vibration occurs on the reaction coordinate and which, therefore,
corresponds to zero vibrational potential energy. This is also the case for all vibrations
which occur on the n-dimensional surface of polyatomic “reaction units”.

This is best seen by taking the 3-dimensional surface as represented in Figure 2.2 and
taking slices down through the surface at right angles to the reaction coordinate. These
correspond to dividing planes of generalised transition state theory (Section 3.10 and
Figures 3.9-3.11). Each slice will correspond to a Morse-type curve for the vibrational
mode in the same way as the sides of the surface at the ends of the entrance and exit
valleys (Figure 2.2) show the Morse curve for the symmetric stretch of the reactant and
product molecules respectively. As stated earlier the minimum for any vibration
occurring on the reaction coordinate corresponds to zero vibrational potential energy,
and so any point on the sides of the Morse curve corresponds to non-zero vibrational
potential energy; the higher up the sides of the surface, i.e. the greater the displacement
from the reaction coordinate, the greater the potential energy. And so configurations
lying above the minimum energy path or reaction coordinate will correspond to
potential energies which are higher than those at the point on the reaction coordinate
corresponding to the minimum in the particular vibration. These configurations also
possess kinetic energy associated with the relevant vibrational mode, along with kinetic
energy of rotation corresponding to the particular rotational quantum state being
considered. The adiabatic channel potential for a given configuration is defined to be
the sum of the potential energy of conventional transition state theory, plus the
vibrational and rotational energies. It is thus equal to the total energy of the
configurations minus the internal translational energy along the adiabatic channel. This
separation out of the internal translational motion and consequent independent
consideration of this motion is analogous to the separation out in transition state theory
of the internal translational motion along the reaction coordinate.

The configuration of the “reaction unit” then alters under the action of the forces set
up by the adiabatic channel potential, and adiabatic channels can be constructed as
described earlier.

These adiabatic channels running over the potential energy surface, each of which
links configurations in the same quantum state can be classified as open or closed. A
channel which is open is one which allows reaction to occur. Along such channels the
“reaction unit” has total energy greater than the highest adiabatic channel potential and
hence all configurations can be reached. A closed channel is one where the adiabatic
channel potential can exceed the total energy and hence some configurations are
inaccessible.

This is analogous to the situation in conventional transition state theory where all
configurations on the surface are not necessarily attainable by the “reaction unit”. Here
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only “reaction units” which have total energy equal to or greater than the critical energy
can ever reach the critical configuration and react.

5.2.2 Adiabatic channels
The instantaneous state of the “reaction unit", or arrangement of all the atoms involved
in the reaction, is described completely by
(i) a distance along the adiabatic channel which is equal to a distance g along the
reaction coordinate
(i) a set of quantum numbers relating to all other aspects of the set of atoms in
question.

As discussed in Section 5.2.1 an adiabatic channel corresponds to a conceivable
sequence of changes throughout which all of these quantum numbers remain constant.
The total energy, &, is then expressed as a sum of
(i) aterm, &(g), which is what the energy would be for a given value of q. This term is
called the adiabatic channel potential and is an effective potential energy for the
particular distance ¢ along the particular adiabatic channel being considered
(i) and a term for motion corresponding to change of ¢ under the action of this

effective potential energy &(g).

For the reasons given in Section 5.2.4 below this effective potential energy £,(g) will
depend on g in a manner which qualitatively resembles the behaviour of £gq), the
potential energy along the minimum energy path.

5.2.3 Potential energy profiles of conventional transition state theory
The potential energy s(q), along the minimum energy path is given in Figures 5.2 ,5.3
54 and 5.5,

Figure 5.2 shows the standard simple profile for reaction between A and BC where the
left-hand side corresponds to the system where A is at large distances from BC and the
interaction energy is zero, and so the potential energy approaches an asymptote as the
distance along the reaction coordinate approaches zero. Likewise, at the right-hand side
of the profile the interaction energy approaches zero since this represents the system
where AB is now at large distances from C, and so again the potential energy
approaches an asymptote.
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£(q)

<«

asymptote

Figure 5.2 A potential energy profile for a bimolecular reaction

Figure 5.3 shows a typical potential energy profile for the unimolecular reaction of
isomerisation where one molecule changes into its isomer. The situation is now rather
different from that of Figure 5.2 which relates to a bimolecular reaction between two
molecules. The left-hand portion of the profile shows the potential energy curve for
various configurations of the reactant molecule. Here the left-hand upward part of the
curve represents the “squeezing” together of the atoms in the molecule, the first
minimum corresponds to g = g, (reactants), the equilibrium set of internuclear distances
for the reactant molecule and the second minimum corresponds to ¢ = g, (products)
found as g increases. g.’s are, therefore, values of ¢ for the reactant and product
molecules each in its configuration of lowest potential energy. The potential energies
lying between these two minima represent the changes in potential energy as reactant
changes into its isomer. Again the extreme right-hand upward part of the curve
represents “squeezing” together the atoms in the product isomer.

Figure 5.4 shows a typical decomposition of a reactant molecule into product
molecules. Here there is only one minimum, and this corresponds to the reactant
molecule. As ¢ — o, &(g) tends to an asymptote which corresponds to the complete
recession of the product molecules from each other, and is very similar to the right-hand
part of the profile for a bimolecular reaction, Figure 5.2.
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Some decomposition's’, such as the decomposition of molecules into radicals, for
example

C,H, — CH, + CH;

do not give a maximum in &gq) along the minimum energy path but go straight to a
plateau, Figure 5.5.

asymptote

q
Figure 5.5 A potential energy profile for a decomposition into radicals

This is a consequence of the zero or near zero activation energy observed for the
recombination of most radicals. The two CH;' radicals end up with approximately the
same potential energy as the activated complex on the minimum energy path, proved by
finding that the activation energy for decomposition of the molecule is approximately
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equal to the dissociation energy, D,. This has the consequence that for a decomposition
into radicals it is impossible to place the activated complex on the path, since there is no
maximum along the minimum energy path.

5.2.4 Adiabatic channel potential profiles
For a decomposition, the adiabatic channel potential &,(¢), can depend on g as illustrated

in Figure 5.6 where (q) for two different adiabatic channels are compared with &g) for
the minimum energy path for a decomposition of a molecule into two product
molecules.

& (q)

&, (q) for two different
4"7 adiabatic channels

£(q)

Figure 5.6 Dependence of the adiabatic channel potential on ¢

Often the general shape is similar, but £(q) always lies above £(g) because it includes
vibrational and rotational energy corresponding to the specific quantum state involved
(Section 5.2.1). However, the maximum in g{g) is not necessarily at the same value of ¢
as the maximum in &q) because the adiabatic channel normally will not coincide with
the minimum energy path, but can be a path over any part of the surface. Furthermore,
the adiabatic channel potential depends on the detailed shape of the surface over which
the channel occurs. As the configuration changes, the frequency of the vibration can
change even though the vibrational quantum number does not, and this will result in
corresponding variations in the vibrational potential energy. However, £(g) will not
depart drastically from the general shape for &(g) unless the vibrational frequencies for
the configurations are strongly dependent on q.

For decompositions into radicals, Figure 5.5 the minimum energy path &(g) does not
show a maximum and the activated complex cannot be placed on the path. The adiabatic
channel potential £,(g) can, however, show a maximum, Figure 5.7.
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possible behaviour of &, (¢}

£(g)

Figure 5.7 A potential energy profile for a decomposition into radicals

This again is a consequence of the fact that an adiabatic channel will link configurations
on the surface displaced from the minimum energy path and these may involve
configurations where the vibrational frequency and hence the vibrational energy could
be high resulting in a maximum for g,(g). If this happens then it will allow the activated
complex to be placed along the adiabatic channel in contrast to the impossibility of
doing this on the minimum energy path.

5.2.5 Open and closed adiabatic channels

Adiabatic channels are classed as open or closed (Section 5.2.1) in terms of whether a
reactant molecule with ¢ initially close to g, can pass over classically into product
without leaving the channel or not. This depends on the total energy, &, as well as on
the channel, Figures 5.8 and 5.9.

& (g)

—_—— - — — e —_——_—— - _—— e —— ———— - €—— ¢ =g :channel open

—_———— —_—— — — — — &—— &= ¢ :channel closed

Figure 5.8 Open and closed channels: dependence on total energy
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& (q)

—— «&— at this value of chosen & (a) is open
but channels (b) and (c) are closed

(a)

Figure 5.9 Open and closed channels at constant total energy: dependence on channel

In Figure 5.8 when the total energy is greater than the value of the adiabatic channel
potential £(qg) at the maximum, the channel will be termed open. If it is less, then the
channel is closed.

In Figure 5.9 whether a channel is open or closed will depend on the particular

channel. For a given value of the total energy, &, as marked, channel a will be open,
but channels b and ¢ are closed.

5.2.6 A microcanonical, but non adiabatic, derivation of a general rate constant for

passage through a generalised transition state
This derivation relies heavily on the concept of the generalised transition state as well as
on the algebraic and statistical mechanical formalism of Marcus. The essence of the
Marcus theory is the explicit consideration of the distribution of energy between the
vibrational and rotational states and the internal translation along the reaction coordinate
at the critical configuration. Quack and Troe's arguments are based on concepts and
reasoning used in nuclear physics. Both lines of approach lead essentially to the same
conclusions, but the Marcus approach is developed here because it is much more
directly linked to the arguments used in previous sections of this chapter and in Section
3.10 of Chapter 3.

The derivation of a general rate constant assumes that only conditions relating to the
energy need to be considered. Reactant molecules with energy in the short range £ —» ¢
+ O enter a particular generalised transition state which covers a short range ¢ — g + &g
along the reaction coordinate.

The state of the molecule depends on the internal translational energy for movement
along the reaction coordinate as well as on all other contributions to the energy.
Attention is focused on the generalised activated complexes which are in the generalised
transition state under scrutiny.

The total energy, £= &, + &py wans 1 In the given short range £ — £+ Je. If one specific
quantum state corresponding to &, is considered, because &, takes a unique value, then

the range Je will be equal to the range O&,, . If this one specific quantum state
corresponding to the given values of the quantum numbers v and J is considered, then
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the number of quantum states open to a generalised activated complex with this set of
quantum numbers and with energy in the range ¢ —» £ + J¢ will correspond to the
number of quantum states resulting from the range J&,, g These will, of course, refer
only to the forward moving generalised activated complexes. For these generalised
activated complexes the momentum p = 4’v, for movement over a short range of
distances along the reaction coordinate ¢ — g + g will be restricted to a short range p +
dp, corresponding to the short range in energy £ — & + 8¢ The number of quantum
states in respect of internal translation will then be dpdg/h.

This is an axiomatic statement and comes from fundamental propositions of statistical
mechanics which allow conversion between classical mechanics and quantum
mechanics formalism (Section 5.1.8, Step 4). And so,

the number of generalised the number of quantum states
activated complexes which have o resulting from the range &, yrans
the given set of quantum numbers

v and J, and have total energy in

the range £ > £+ o¢

P

" h

(5.38)
It then follows, provided there is a local Maxwell-Boltzmann equilibrium, that
the number of these generalised the number of quantum states
activated complexes which have resulting from the range in the
the given set of quantum numbers internal translational energy
v and J, and have total energy Eintrans —> Eintrans T O
in the range £ > £+ d¢
the number, N, _, ., &, of the number of quantum states of the
reactant molecules which have reactant molecules for which the total
total energy in the range energy lies in the range £ > £+ d¢
> et O¢

_px 1
h p(e)oe
(5.39)

The term p (£)de is the quantity appearing in the right-hand side of Equation5.13, and is
equal to the sum of degeneracies for the generalised activated complexes lying in the
range Jg; and this in turn is equal to the number of quantum states lying in the short
range of energy S p(€), on the other hand, is called the “density of states” of the
reactant molecule, and is a standard quantity of statistical mechanics. Physically it
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corresponds to the number of quantum states per unit range of energy, in contrast to
A(€)6e which is the number of quantum states lying in a short range of energy. In the
Marcus theory the “sum of degeneracies” in the short range Je is used throughout
without p(£)de or p(e) necessarily being formally stated. However, in adiabatic channel
theory the quantity which appears in the final equations is the “density of states” p(¢)
rather than the “sum of degeneracies”, p(&)de.

And so, by rearrangement of Equation 5.39

The number of these

generalised activated

complexes which have the

given set of quantum = Qﬁ
numbers and have total h p(g)&

energy in the range

E> et e (5.40)

£E+5E

It is now possible to calculate the rate at which these particular generalised activated
complexes will pass on into another particular generalised transition state.

The probability per unit time

that a generalised activated _ the velocity of passing on
complex will pass on into another o
generalised transition state
- P |
u &1 (5.41)

where 4 is the relevant reduced mass for movement along the reaction coordinate, and p
= uv, giving v=p/u.

The number of these the number of those

generalised activated generalised activated

complexes passing on _P | x complexes which have

per unit time into uoq the given set of quantum

another generalised numbers v and J, and have

transition state energy in the range £to
£+ e

and by substitution of Equation 5.40.

P @&N8—95+5€
u&y  hp(e)de

— ﬁ@i _Ns~>s+6g
1 ohp(s)de 642



Sec. 5.2] Adiabatic channel theory 139

The range of momentum dp is controlled by the condition that the total energy must lie
in the range ¢ > £+ de.

The totalenergy £ = &, + &, e (543)
2
= gvr + %_p_

" (5.44)

since £=Yuv* and v* = p*/47. If the total energy ranges from £ — £+ 0s, then &, + &,
will range from :

2 2
PN N AL 2
2u 2u

and provided that dpdy is small then e corresponds to pdp/u, from which it follows
that, by substitution of pdp/u for e,

the number of generalised

activated complexes which N

have the given set of quantum o ,

numbers v and J, and have hp(e)

total energy in the range

£—> £+ d¢and which pass on

per unit time into another

generalised transition state. (5.45)

and this equation refers to all the generalised activated complexes which have the
specified quantum numbers v and J. Equation 5.45 must, therefore, be multiplied by the

number of generalised activated complexes with all possible v and J in the range ¢ — ¢
+ Jg, giving

the number of generalised

activated complexes at the

particular generalised transition = G

state with total energy in the hp(¢)

range £ — &£+ ¢ which pass on

per unit time (5.46)

where w(¢) is the number of states in respect of features other than internal translation
for which, at the generalised transition state in question, the energy is < &, Each of the
states w(&) makes the same contribution
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N

£—>E+0€
hp(e)

to the total number of generalised activated complexes which pass on to the next
generalised transition state per unit time.

The total numl?er.which w( g) NE_)H&
pass on per unit time =
per unit volume hp(e)V (5.47)
— k (S)N £—>&6+8E
V (5.48)

_ w(®)
k(e)= hp(e) (5.49)

where k(&) is a general rate constant for the generalised activated complexes with total
energy &.

5.2.7 A microcanonical derivation of the rate constant for passage through a
generalised transition state along an adiabatic channel

The previous section (5.2.6) dealt with the application of generalised transition state
theory to a unimolecular reaction where movement along the minimum energy path
was considered, and this path linked configurations where the quantum numbers can
change. If, however, change of configuration is only allowed along an adiabatic
channel this will severely limit the treatment since only channels linking configurations
with the same quantum number will be allowed. This is taken care of in the theory
where imposition of the condition is described by condition L.

In this derivation the state of the “reaction unit" depends not just on the distance ¢
along an adiabatic channel, but specifically on the particular set of quantum numbers
possessed by the reactant molecules.

If passage through some generalised transition state is considered where the original
molecules meet some condition, L, such as having one or more quantum numbers
prescribed, then a modification of the above treatment leads to the result

the total number of generalised activated

complexes at the particular generalised w, ()N,
transition state in question, having total = _.—————h ;;‘“9‘
energy in the range £ > £+ deand o, (&) (5.50)

meeting some condition L, which pass
on to another generalised transition state
per unit time per unit volume

£E+86

~ k ()N,
- % (5.51)
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k W (&)
(%) hp, (¢) (5.52)

where N, .. & is the number of reactant molecules having total energy in the range &
— £+ deand meeting condition L.

wy(€) is the number of states in respect of features other than internal translation for
which, at the generalised transition state in question, the energy other than internal
translation energy < &, and condition L is met.

pL(e)d¢ is the number of states of reactant molecules for which the total energy is in
the range £ — £+ J¢ and condition L is met and py (¢) is the number of states per unit
range of energy for which condition L is met.

k(&) is an "ultra specific" rate constant for reactant molecules of a given energy ¢ and
which meet condition L.

In these expressions p; () is a property purely of the reactant. It is entirely independent
of the part of the surface near the col. wi(¢) in contrast does depend on this region and,
in particular, will vary from one generalised transition state to another.

5.2.8 A microcanonical derivation of the rate of reaction along an adiabatic
channel

Section 5.2.7 deduced the rate expression for passage through a given generalised

transition state. For reaction to occur it must also pass through all subsequent transition

states. This can be expressed as

w, (&) =w] (e)+wy (&) (5.53)

so that w! (e)=w_ (e)—w (&) (5.54)

where w'(¢) is the number of states for which the conditions listed above in Section
5.2.7 are met, and all subsequent generalised transition states can be passed through,
i.e. which constitute an open channel and allow reaction to occur.

w,"(€) is the number of states for which the conditions in Section 5.2.7 are met, but for
which it is not possible to pass through some of the subsequent generalised transition
states, i.e. which constitute a closed channel and do not allow reaction to occur. It is a

term limiting w'(&).
If a reactant molecule can react when it is in an open channel but cannot react when it

is in a closed channel, then w, '(£) and w_ "(¢) can be expressed otherwise as

w.'(¢) is the number of open channels for reactant molecules for which the total
energy is in the range £ - ¢+ Seand condition L is met.

w_"(¢) is the number of closed channels for reactant molecules for which the total
energy is in the range £ — £+ deand condition L is met.

w (&) is the total number of channels for reactant molecules, open and closed, for

which the total energy is in the range £ > £+ J¢, and condition L is met.
The fraction
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W) W)
wy W;_ (8)+W£ (3) (5.55)

is, therefore, the fraction of open channels to the total number of channels considered,
both open and closed, and as such, this fraction of generalised activated complexes will
pass through the activated complex and end up as products, i.e. react.

If the total number of generalised activated complexes at a particular generalised
transition state having total energy in the range £ - &+ 8¢ and meeting some condition
L which can pass on to another generalised transition state per unit time per unit volume
is Equation 5.50

w, ()N

Leos+de

hp (e)V
the total number of reactant
molecules having total energy WII. (&)w,_(e)N,
in the range £ — £+ &, and = = e
meeting condition L, which w (e)hp, (€)V
react per unit volume per
unit time ,

— wL (g)NL £6+86

from which ' (£)

w

W@ =3 (5.57)
hp, (&) :

What has now to be done is to characterise the adiabatic channels sufficiently so as to
enable w '(¢) to be found over the whole range of energies £ which contribute
significantly to the rate. The evaluation of p(£) has been largely reduced to a
computational procedure, and is seriously affected by anharmonicity of vibrations and
non-rigidity of rotations.

5.2.9 Matching of quantum numbers in reactant and product

It is necessary when constructing adiabatic channel potentials to decide which set of

quantum numbers for the products "belongs" with a given set of quantum numbers for

the reactants. The procedure can be summarised as

(i)  Some vibrational modes in the product (or products) may correspond closely to
vibrational modes in the reactant. An adiabatic channel will link an initial state to a
final state in which the vibrational quantum numbers for these states remain
unchanged.

(ii) Conservation of angular momentum requires that a similar relationship will apply
in relation to some, but not necessarily all, of the quantum numbers concerned
with angular momentum.

(iii) Behaviour of other quantum numbers in particular for normal modes in the reactant
which have no close analogue in the product, is less straightforward, but there a
general procedure is available.
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5.2.10 Success of adiabatic channel theory

This theory is a considerable advance on the non-adiabatic Marcus theory. Many of the
reactions studied by Quack and Troe demonstrate the necessity for dealing with the ultra
specific rate constants 4 (¢), and application of the theory requires that restrictions due
to conservation of angular momentum must be explicitly considered. Many of the
problems in the application of adiabatic channel theory lie in the computational aspects.

5.3 Slater's theory

The theories so far discussed are essentially statistical treatments, where the emphasis is
placed on the statistical distribution of energy between the normal modes of vibration,
and how this affects the rates of the activation and reaction steps.

Slater's theory is entirely different. It looks at what happens to a molecule between
collisions, with emphasis on the detailed dynamical behaviour of the decomposing
molecule, and it treats in detail the changing positions of the atoms in the molecule as
the molecule vibrates, and studies these different arrangements of the atoms as a
function of time. This means that all interatomic distances, bond lengths and bond
angles are calculated as a function of time for specified energies and energy distributions
of the activated molecule. Since molecular vibrations vary periodically, then the bond
lengths, bond angles and atomic distances will also change periodically with time. It will
be shown later, that the changing atomic positions depend critically on the vibrational
energy of the activated molecule, and the way in which this energy is distributed among
the normal modes of vibration.

Fixing the magnitude of this energy, and the energy distribution results in an inevitable
and totally unique variation of the positions of the atoms with respect to each other, and
reaction can only occur if certain atomic dimensions are achieved. What they are
depends on the particular chemical reaction, but essentially this boils down to deciding
first on the critical configuration, and then focusing attention on to a critical aspect of
the critical configuration, such as a bond length, a bond angle or a combination of these.
Slater's theory sets out the physical conditions and requirements which have to be met
before it can be possible for the activated molecule to reach the critical dimensions.

Originally this was done by treating the normal modes of vibration as classical
harmonic oscillators. Slater has also put forward a quantum theory which copes better,
but this theory has not been treated as thoroughly as the classical version. Both of these
theories treat the normal modes of vibration as harmonic oscillators, which means that
there can be no flow of energy between the normal modes. The distribution of energy
between the normal modes therefore remains fixed between collisions, and this imposes
a very severe restriction on which atomic positions and dimensions are possible for the
activated molecule. However, it is well known from spectroscopic work that energy can
flow around the modes between collisions. Allowing for such an energy flow vastly
improves the theory, and gives results more closely resembling the RRKM theory. But
again, the original classical harmonic version is what has normally been used. What is
really wanted is a quantum non-harmonic version, but the mathematical problems here
are prodigious.

Slater's model is physically reasonable and simple in conceptual detail, but this is more
than compensated for by the vastly greater mathematical complexity of the theoretical
treatment. For this reason only an outline of the manner of treatment can be given here,
and the emphasis will be on the physical chemical aspects of the theory.
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1 Slater's Mechanism

This is virtually the same as Lindemann's, but the emphasis is placed on the changes of
atomic positions in the molecule after collisions have produced the activated molecule

ki(€)
A+A — A*+A

k.
A*+A — A+A

k(&)
A* —— products

Each of these holds for all energies ¢ which are greater than g, and the following
expressions hold

Rate = )"k, (¢)[A*]

4.43)
-3 k, (k| (e)AT
&' k-—l [A] + k2 (8') (4'44)
klst - Z k2 (gl)kll(g’)/k——l )

Sk, (&) kL [A] (4.45) rearranged

ki(eNk, ()

k, =y 28]
B Z k., (4.46)

5.3.2 Basic assumptions of the classical harmonic Slater theory
1. The version given deals with a polyatomic molecule where the vibrations are classical

2.

and strictly harmonic.

The theory assumes that the geometrical arrangements of the atoms in the critical
configuration can be given, and its dimensions estimated. The decision made here
has a profound effect on the result of the Slater calculation.

. From this estimate of the structure of the activated complex, a critical coordinate is

chosen, and reaction is allowed to occur if this critical coordinate exceeds a certain
critical magnitude. This critical coordinate could be a bond length, or combination of
bond lengths, a bond angle or any linear combination of bond lengths and bond
angles, and the decision is influenced by the nature of the chemical reaction
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occurring. An example could be the breaking of a bond after it reached a critical
extension, as in the decomposition of N,0O

Nzo e d NZ + 0

where an N = 0 bond breaks.

3. The theory assumes that all the normal modes of vibration are relevant, though, for
some molecules, some modes might not contribute to the particular coordinate
chosen to be the critical coordinate. The geometry of the molecule is the critical
factor here. For instance in the N,O decomposition, the bending modes do not
contribute to the variation of the N = 0 distance which is chosen to be the critical
coordinate.

4. Collisions produce the activated molecule, and the total energy of a molecule stays
the same between collisions. It is at this stage that Slater places a very severe
Dphysical restriction on what can happen to the activated molecule. Energy is not
allowed to flow around the molecule between collisions, and this means that the
activated molecule A* remains in the same vibrational and rotational states until it
reacts, or is deactivated by a further collision. Thus the energy distribution of the A*
molecule is fixed and constant after activation has occurred. Slater is interested in the
details of this energy distribution only in so far as they affect the geometrical
arrangements and positions of the atoms with respect to each other. Marcus was
interested in the details of the energy distribution because this affected the number of
quantum states open to the activated molecule and activated complex.

5. Once activation has happened, various geometrical arrangements of the atoms result
from the combined movements of the atoms as described by the various normal
modes. The geometrical arrangements vary with time, and are inevitable, depending
only on the particular energy distribution which the activated molecule attained on
activation.

6. Slater looks at which normal modes contribute to the critical coordinate, and uses the
results of a vibrational analysis on the molecule to calculate the periodic
displacements affecting the atoms in each normal mode. When added together these
give the variation in the critical coordinate with time. This requires investigating
how the various vibrations come into phase.

7. The time lag depends on the amount of energy which the activated molecule
possesses in excess of the critical energy &,. It is also related to the number of times
per unit time that the vibrations contributing te the critical coordinate come suitably
into phase to allow the vital critical coordinate defining reaction to reach its critical
value, or greater. The Slater theory is primarily concerned with calculating this
quantity.

8. The theory assumes that a complete vibrational analysis of the activated molecule
A* is known. The theory, however, used data from analysis of an A molecule, that is
of a low energy molecule. This assumes that the behaviour of a molecule on the
point of reaction can be estimated from the properties of a molecule in a non-excited
state.
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5.3.3 Slater's Model
Again this is best described by stating what is meant by activation, and what is involved
in reaction.

5.3.4 Criterion of activation

A molecule is activated if it has energy at least &, in its total number of normal modes of
vibration. Once it is activated, the distribution of energy among the normal modes of
vibration remains fixed.

5.3.5 Criterion of reaction

An activated molecule reacts when its normal modes of vibration come suitably into
phase to give the vital coordinate defining reaction its critical magnitude or greater. This
is more stringent than appears at first sight. Since energy is not allowed to flow around
the molecule, this requires that when a molecule acquires the critical energy, or greater,
it also must have this critical energy distributed among the normal modes in the correct
way. Only some distributions of energy will be such that the critical coordinate can
reach its critical magnitude. Some molecules may have the required energy in the total
number of normal modes, but do not have this energy distributed in a suitable way.
These molecules will never be able to decompose, even when the vibrations do come
into phase. Other activated molecules will start off with a suitable distribution, and will
be able to react because the distribution enables the critical coordinate to attain its
critical magnitude. The theory finds out which distributions can lead to reaction, and
which cannot. So a molecule A may have enough energy to become an A*, but not have
a suitable distribution of energy to become an A”.

5.3.6 Aspects of vibrational analysis relevant to Slater's theory

If vibrations are harmonic, then the overall motions of the atoms in the molecule can be
split up into normal modes of vibration, or oscillators. Some normal modes will involve
movements of all the atoms in the molecule, while some will be made up of movements
from certain specified atoms only. The assignment of which atoms contribute to a given
mode is unique. Likewise the sort of motion executed by the normal mode is unique.
The overall motions of the atoms in a molecule are a sum over all atoms of all the
individual movements of each atom for every normal mode that each atom is involved
in. A frequency can be assigned to every normal mode, and each atom involved in the
normal mode moves with this frequency.

The displacements of the atoms are reflected in the amplitude of the vibration, and this
amplitude depends on the energy of the normal mode, the greater the energy of the
normal mode the larger are the amplitudes and the displacements of the atoms
contributing to the normal mode. There are different amplitudes and different
displacements for each atom in a normal mode, in contrast to the single frequency
applicable to the movement of all the atoms in the normal mode.

If the normal mode is harmonic, the periodic motion can be given by a sine or cosine
wave. The information required to construct such waves comes from a complete
vibrational analysis of the molecule in question.
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5.3.7 Relationships between amplitude and energy, and between displacements of
atoms and amplitudes

The amplitude, 4;, for a given atom, i, in a given mode is related to the energy of that

mode &.

4 =ae (5.58)

where ;' is a constant of proportionality, called the amplitude factor, and values of o;
can be found from a spectroscopic analysis of the molecule.

The displacements, x; of each atom involved in the normal mode can be calculated
once the amplitudes are known

x, = A, cos2x(\t + @) (5.59)

where vis the frequency of the mode, and ¢ is a phase factor.

The displacements, x;, for each atom i can be found for all conceivable values of ¢
where © > £’2 ¢,. The energy of an activated molecule, £, is made up of a sum of all the
energies, &, for each normal mode of vibration

&€= z]: & (5.60)

For each value of ¢, all possible distributions of this energy, £, between the normal

modes are considered. All possible distributions of energy ¢ are allowed subject only to
the following two conditions

w>g'>¢,

g=Y ¢, (5.61)
-

so that ultimately the theory gives the amplitudes and hence the displacements for every
conceivable allowable value of £, and for every conceivable allowable distribution
pertinent to the possible &'

The working equations converting spectroscopic data into a useful form for the Slater
treatment are

—— 5.62
A, = a g (5.62)

x,; = A, cos2m(v,t + $,) (5.63)
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£ = ng
7
0>¢ e, (5.64)

where i stands for the atom involved, and j stands for the particular mode being studied.

The displacements x;j are a periodic function of time Equation 5.59. If all these
displacements were to be summed up for all modes, this would end up as a description
of the overall changes of size and shape of a molecule as a function of time. This
process is a summing of sine or cosine waves, and leads to "finding how the vibrations
come into phase", which means finding when the total displacements gives the biggest
maxima.

For instance, the summing up of three sine waves representing the periodic

displacements of one atom in three normal modes of vibration is given in Figures 5.10,
5.11 and 5.12.

extension

Figure 5.10 Summing of sine waves showing the extensions produced by three normal
modes individually.
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extension

Figure 5.11 Summing of sine waves showing the resultant extension produced by three
normal modes.

extension

itical value go >

time

Figure 5.12 Summing of sine waves for the decomposition of N2O, showing how the critical
extension g, can be attained
e bending
............ symmetric stretch
------------ asymmetric stretch
actual motion: sum of all three
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Slater's theory does not require a complete summation over all atoms and all modes, but
requires only a summation of all atoms and all modes which make a contribution to the
critical coordinate defining reaction.

5.3.8 Significance of this for the Slater theory

Slater's theory looks at the structure of the reacting molecule, and then decides on a
realistic critical configuration, and from a detailed study of this decides on what the
critical coordinate has to be. The theory then assigns a critical value to this coordinate,
which can be

(i) abond length or lengths, (ii) a bond angle or angles, (iii) or any combination of bond
length(s) or bond angle(s).

Once this decision is made as to what contributes to the critical coordinate, then all the
atoms involved are identified, and from this all the normal modes which contribute to
the critical coordinate are known. The displacements for each atom in the relevant
modes can be found for all allowable values of £, and all possible distributions of each
value of ¢ as described earlier.

The Slater theory then looks at the way in which these displacements contribute to the
critical coordinate, and sums their contributions accordingly - in effect a summing of
cosine and sine waves. This gives values of the critical coordinate as a periodic function
of time. If the molecule has sufficient energy to be activated, that is, it has energy at
least &, in its normal modes, and if this energy is suitably distributed among the normal
modes of vibration which contribute to changes in the critical coordinate, then the
critical coordinate defining reaction will exceed the critical value in a periodic manner.
If, however, the activated molecule has energy at least £ in its normal modes, but does
not have this energy distributed in a suitable way among the normal modes which
contribute to the critical coordinate, then reaction cannot occur because the critical
coordinate will never reach its critical value.

A molecule can therefore be a potential reacting system if it has energy at least &,, but
a very stringent restriction has been placed on when it can, or cannot, reach the critical
configuration of the activated complex, and react.

5.3.9 The Slater calculation
Step 1. This gives a value to the critical coordinate defining reaction

The critical coordinate, g, is assessed from the geometry of the reactant molecule, and
the normal modes contributing to the critical coordinate are identified. Using the
procedure outlined early (Section 5.3.7) the important quantities

a A

oAy €0 Xy

are found, and the displacements are summed to calculate g as a periodic function of
time

sums and differences of the type

1= Za;\/;“jcosh(vjmgz}j) (5.65)
J .
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= Z {a}.\/a—jcos%t(vjt + ¢j)}

where the sum is over all modes, j, which contribute to the critical coordinate. o
replaces o'jj as a shorthand way of talking about the amplitude factors and amplitudes of
the modes j which contribute to the critical coordinate.

(5.66)

Step 2. This gives the mathematical statement of the criterion for reaction
The criterion of reaction is that reaction will occur if the critical coordinate, g, equals or
exceeds a critical value g,

q=q,. (5.67)

This will only happen if the normal modes happen to have a distribution of energy, &,

where © > £ > g, among them such that it is possible for g > q,. Some situations turn up
where the energy requirement is satisfied but the distribution of the energy is such that ¢
cannot exceed g, and reaction will not occur.

This results in the mathematical description of conditions favourable to reaction as:

q249,

Zaf \/ZCOS 22(vit+¢,) 2 4o (5.68)
J

Figure 5.13 gives a pictorial description of the criterion for reaction.

collision

before collision after collision
le—o —_——> & >

time

Figure 5.13 Attainment of the critical extension g, as a function of time.
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Step 3. This gives the mathematical statement of the criterion of reaction, and gives a
calculation of ¢,
The energy £ which an activated molecule possesses is given by Equation 5.60.
What is required is the value of & which is equal to &, that is where

g'___go :Z&‘j
J

(5.69)
and which also allows g to become equal to g,.
This turns out to be
2
6 = 9,
0
a;

; ! (5.70)

where g, is the value which the following summation must be able to reach
Za"‘ e, cos2m(v,1+ ?,).
J

Equation (5.70) allows &, to be calculated.

Step 5. This gives a summary mathematical statement of the criteria for activation
and reaction

(i) Ceriterion for activation

For a molecule to be activated it must have energy ¢ which is at least &, in its normal
modes of vibration.

>
>a; (5.71)
(ii) Criterion for reaction

The molecule will not react unless the energy distribution is such that g can exceed
q,- This happens when

cos 2n(vjt + ¢)) is equal to unity for all j, so that Equation 5.68 becomes
>a, s 2q,
>
. I , 2
Since ¢, = /&, Z Q; equation 5.70 rearranged (5.72)
J

then Zan/_gjz‘/—g: ’Zaf.
j : I

(5.73)
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Step 6. This calculates the mean lifetime of the activated molecule

The calculation gives the number of times per unit time that g reaches g, or greater.

This quantity is the reciprocal of the mean lifetime of the activated molecule which is

itself equal to the reciprocal of the rate constant, k,(&"), for reaction from the energy' £7
The frequency with which ¢ exceeds g, is a complex function of quantities already

derived from the fundamental spectroscopic data.

Yn-1)
(See-a|  (Saiin)
J J

27)45 N ¢ a..le.
(27) ljl ! ‘/_87 (5.74)
where n is the number of normal modes involved
ifniseven: C = .n_—_lxn___3§xl\/;
2 2 2 2 (5.75)
ifnisodd: :C = (__ni—- 1)!
2 (5.76)

and IT means a product over all j
J

Figure 5.13 shows a plot of the value of g with time. Before collision the molecule has
not enough energy to be an activated molecule, and so g never exceeds g, After
collision the molecule is activated, and has the energy distributed in the appropriate
normal modes which allow reaction, and g can exceed g,

From this graph the average number of times per unit time (the frequency of crossings,
L) that g can exceed g, can be found, and L quantified. The time intervals between
successive crossings, that is between times at which g > g, gives the mean lifetime of the
activated molecules which have the appropriate energy distributions. The reciprocal of
this lifetime gives k,(¢')

1
=—=k (&".
L T (&) (577

Constructing the graph is a very difficult mathematical procedure, especially for
polyatomic molecules where the number of atoms and normal modes is large.

Step 7. This calculates k., and k.,

k, = an(gl)kz (5').

~ i (5.78)
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The value of k,(¢') is found in Step 6 and &, is assumed to be a constant equal to AZ,
which leaves ki(¢') to be found. As previously, k,(£) is a rate constant for accumulation
of energy into the total number of normal modes, 1, 2 ... n, where the energy in mode 1

is in the range &, + d¢, mode 2 is in the range & + d¢... mode »n is in the range &, + ¢,
and

r _
=& +& +...+¢, (5.79)

The Maxwell-Boltzmann distribution then leads to &,(£')/k.,.

gl
- —\0¢,0¢6, -+ O¢
k,(e')_exP( kT) 106, n

k., (kT)" | (5.80)

Insertion of this expression for k,(¢)/k., and that for ky(¢) = L (Equation 5.74), into
Equation 4.39) leads to the value of .

L

&) +E&y+ £, 28, (581)
The total energy in modes 1, 2 ... n is given by
8'-_—8]'*'52 +...+¢&,. (5.82)

and the lower limit for this is &,.
Once the complex expression (5.74) for L is explicitly quoted, and the following

condition is included
2
qdo =& Za j
j (5.72)

Equation 5.78 leads eventually to
)
k,=v exp(— ﬁ) (5.83)

YA
2.2
N/, J

A
[Zaf] (5.84)
J

This equation for £, is exactly of the Arrhenius form, and the theoretical & can be

identified with the high pressure experimental activation energy, and v with the
corresponding pre-exponential factor.

where
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Calculation of k., * makes use of equation

R ACHACH NS
@A) 5

giving
’

&
Lexp(—ﬁ
k= I ] (TY"(1+L/k_[A]) (5.86)

.
E'4Ey ey

n

)de,ds2 ---de

Integration of this expression is carried out by substituting Equation 5.74 for L, and is
subject to the following two conditions.

2
@ 'y e =S 9o
& 2% Zj: af ’ (5.87)

(b) a.e =q,.
Z;' SORLL (5.88)

(a) being the criterion for activation, and (b) being the criterion for reaction.

If the integral is evaluated, then a theoretical fall-off curve for k'™ can be found.
The calculations are extremely difficult and lengthy even using a computer. It is partly
because of this that only a few reactions have been analysed using Slater's theory.
However, the main reason is that the Marcus theory and its extensions have largely
superseded Slater's theory. The calculations involved in the RRKM theory, though
difficult and lengthy, are still easier to carry through than those for this classical
harmonic Slater theory. The quantum version, and the version which allows energy flow
are even more difficult, and this explains why not much has been done on developing a
quantum non-harmonic (allowing energy flow) version.

5.3.10 Final comments on Slater's theory

1. The theory requires a complete vibrational analysis of the reacting molecule, and this
data may not always be available. Moreover, it assumes that the behaviour of a
molecule on the point of dissociation can be suitably estimated from the properties
of a molecule in a non-excited state.

2. The vibrational analysis into normal modes of vibration requires the assumption of
harmonic oscillators. Experiment makes it absolutely clear that vibrations are
anharmonic, especially at high vibrational levels. Anharmonicity must be allowed
for, but this would allow a flow of energy between the normal modes of vibration - a
situation not allowed for in the version of Slater's theory given here. Such an energy
flow is more likely to happen at pressures where there is a long time interval
between collisions, and the lifetime of an activated molecule be relatively long. If an
energy flow is allowed, the Slater theory is vastly improved and gives a much better
fit at low pressures. Making this modification brings the theory more on a par with
Marcus' theory.
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3. As with most theories, the quantum version is more satisfactory than the classical
version. However, the quantum version is not so fully developed as the classical
version, and is considerably more complex.

4. The theory is poor for small molecules having few normal modes of vibration.

5. The theory imposes a very stringent requirement on the criterion of reaction, and is
much more restrictive than any of the other theories considered.

6. The beauty of Slater's theory is that it gives a very clear description of the process
of reaction which is easy to visualise, that is "the molecule splits up if some bond(s),
bond angle(s), or a combination of both is extended too far". This is in contrast to
Marcus' theory and its extensions where thinking about the model included several
very complex concepts.
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Potential Energy Surfaces

The potential energy surface plays a key role in understanding what happens during -
chemical reaction, and it is vital for any theoretical description of the rate of reaction.
Recent developments in both theoretical and experimental kinetics are intimately bound
up with modern calculations of potential energy surfaces, and more reliance can now be
placed on these accurate surfaces, and on the details which appear on them.

Modem, fast, high capacity computers have been vital for the development of
molecular dynamics where movement across the potential energy surface is studied as a
function of the reactant's initial conditions. These trajectory calculations show how the
topography of the surface affects the dynamics and energetics of movement over the
surface. The results are then checked by molecular beam and chemiluminescence
experiments. The reverse procedure is often used, where the molecular beam
experimental results are used to infer the details on the surface.

Although basically an exercise in quantum mechanics, the calculation of the potential
energy surface for reaction is an integral part of theoretical kinetics. There are many
ways to calculate these surfaces, but essentially they break down into two techniques; ab
initio methods and semi-empirical methods.

6.1 Quantum ab initio calculations

Up to the recent past, accurate potential energy surfaces could only be calculated by ab
initio methods for relatively small molecules containing light atoms. For larger
molecules the calculations are more difficult, and more demanding of computer time
and capacity, but modern computing technology is rapidly extending these calculations
to large molecules.

Ab initio methods use particular models for the electronic wave function, and the
success of the calculation depends on the choice of the model. Two methods are used,
one based on the original London, Eyring and Polanyi method, and the other on the
variation technique of quantum mechanics.

6.1.1 Original London, Eyring, Polanyi method
The total energy, E, of a system of electrons and nuclei is given approximately in terms
of coulomb and exchange integrals.

For the very simple case of reaction between

X+YZ > XY+Z
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where X, Y and Z are atoms with one electron each, and the configuration of the
"reaction entity” X...Y...Z is as in Figure 6.1, the problem reduces to a three electron
problem where

%
E= A+B+Ci{%[(0t—ﬂ)2 +(B-7) +(}'—a)2]}' ©.1)

A, B, C are coulomb integrals for each electron pair, Figure 6.1
a, B, yare the corresponding exchange integrals,
the zero of energy is the separated atoms at rest, and
E= potential energy of electron-electron and electron-nuclear interactions
+ potential energy of nuclear interactions
+ kinetic energy of the electrons.

The kinetic energy of the nuclei is not included, the Bom-Oppenheimer approximation,
and it is conventional to call E the "potential energy of the system" even though it does
include the kinetic energy of the electrons.

Figure 6.1 Simplified configurations for reaction: collinear approach and recession. Each
of the integrals 4, B, C,,.f, y is an integral for a 2-electron system, and is
associated with two of the nuclei: A (which depends on rp) is the coulomb
integral for the 2-electron system which would remain if nucleus Z and one
electron were removed, and « is the corresponding exchange integral. The
integrals B and £ correspond to the system with nucleus X and one electron
removed, and C and y to the system with nucleus Y and one electron removed.

A three dimensional surface can only be generated if X, Y, Z are all atoms, and if the
activated complex (X...Y...Z) is linear. Values of the potential energy, E, are found by
evaluating the coulomb and exchange energies for various arrangements of the atoms,
Figure 6.1, and lead to a potential energy surface for the reaction.

Equation 6.1 can be rewritten to correspond to different reactions. Full quantum
mechanical calculations of the integrals have been carried out for small molecules, the
extension to ever larger molecules depends on the capacity of the computer used.
Unfortunately, no matter how accurate the calculations are, they are limited by the very
serious approximations inherent in the derivation of the original London, Eyring,
Polanyi equation.

6.1.2 Variational methods

In these techniques the wave function is varied systematically, and the wave function
giving the lowest energy is taken to be the best approximation. With modern computers
trial wave functions with many terms and many parameters can be varied, and these give
reliable surfaces and activation energies. Extension to more complex molecules is
limited by the speed and memory of the computer used.
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6.2 Semi-empirical calculations
These calculations aim at obtaining a fit with experiment, rather than to generate
independent trial surfaces, and use experimental data in conjunction with quantum
calculations. Unfortunately, large approximations often have to be made to obtain good
fits.

One method uses the Morse equation along with spectroscopic data to calculate values
of &, &, & as a function of distance where

§=A+a for various r,
§=B+p for various r,
g=C+y for various 7;

where r,, r, and r, are defined as in Figure 6.1.

Separate values of 4, B, C,a, f, y are needed before fitting values into Equation 6.1 is
possible. The original procedure assumed that the coulomb energy is a constant fraction
of the total energy. Values of this fraction can be assumed, and that giving the best fit
can be found. This is a large approximation, and can lead to spurious features, such as
potential wells, on the surface.

It is possible to allow the fraction, coulomb energy divided by total energy, to vary
with internuclear distance. This appears at first sight to be an improvement on the
assumption of a constant fraction, but any advantages at this stage may well be balanced
by inaccuracies of the assumed distance dependence of the ratio. Values of the separate
integrals can then be fed into the London, Eyring, Polanyi equation.

Another semi-empirical approach involves bond energies and bond orders. The
calculation is restricted to potential energies along the reaction coordinate where the X -
Y bond is being formed and the Y - Z bond is breaking. Only partial bonds X...Y...Z are
present as the "unit" XYZ moves along the reaction coordinate.

Three semi-empirical relationships are used:

(1) the dependence of the bond order, », on the internuclear distance can be found if
the single bond length for the pair of atoms is known,

(2) the bond energy of the partial bond and the bond order are related to each other,
provided the single bond energy is known

(3) the sum of the bond orders for all the bonds equals unity.
Changes in the energies of the bonds involved can then be found as a function of
distance along the reaction path, and this gives the barrier height and the critical
configuration of the activated complex.

6.3 Potential energy contour diagrams and profiles
For the general reaction

A+BC —» AB+C

the reaction unit is (A...B...C) and the progress of the unit A...B...C along the reaction
coordinate can be summarised in terms of the relative values of r,g and rgc, which can
then be correlated with the potential energy surface. This is given here, Figures 6.2a,
6.2b, in terms of the 2-dimensional contour and profile diagrams appropriate to the three
atom linear activated complex and the minimum energy path. The features discussed
below are common to both the 2-dimensional contour and profile, and also to the
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corresponding n-dimensional diagrams relevant to the general case where A, B and C
can be atoms or molecules.

A+BC

[ PE

TAB

activated complex
or col

"BC distance along reaction coordin:

Figure 6.2a Potential energy contour diagram  Figure 6.2b The potential energy

showing the reaction coordinate as the profile derived from the minimum
minimum energy path, and the position energy path, the reaction coordinate,
of the critical configuration defining the in Figure 6.2a

activated complex.

At the entrance to the entrance valley 7,y is large and decreases towards the col. At the
entrance to the exit valley rgc is large and decreases towards the col. The position of the
col can be described in terms of the relative magnitudes of the distances 5 and rgc.

The overall energy change on reaction can be classified as exothermic, endothermic or
thermoneutral, Figure 6.3. Potential energy surfaces will be discussed in turn for each
type of reaction.

Exothermic PE Endothermic Thermoneutral

distance along reaction coordinate

Figure 6.3 Potential energy profiles for exothermic, endothermic and thermoneutral
reactions.



Sec. 6.3] Potential energy contour diagrams

6.3.1 Types of potential energy barriers
Four types of barrier can be considered, and these are illustrated in the various diagrams

of Figure 6.4.
an early barrier a symmetrical barrier
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to both valleys
! |
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a "cutting the comner” barrier

here the barrier is not placed on the
minimum energy path, but at a maximum
potential energy on a path running up
the sides and over the plateau

this can correspond to the barrier
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6.3.2 Features of the potential energy surface

The potential energy barrier can be symmetrically placed, or it can appear in the exit or
entrance valleys. By a suitable choice of coordinates these features can be altered
systematically, for instance the barrier could be moved from the entrance to the exit
valley, or a potential well could be introduced. Altering the potential energy surface in
such ways is now a fundamental and growing area, especially as molecular dynamics
calculations for movement across the surface now give specific predictions about the
properties of the surface, and these predictions can be accurately tested by modern
molecular beam and chemiluminescence experiments, see Chapter 8. The reverse
procedure is also used. Results from molecular beam experiments can be used to
construct the potential energy surface and to add empirically determined features. For
instance, molecular beam experiments can distinguish between "direct” reaction or
reaction via "a collision complex". If there is evidence for a collision complex this
feature can be added to the calculated surface. Other experiments give indications about
the possible steepness of the barrier, or curvature of the reaction coordinate. Molecular
dynamics studies, described below, can then compare surfaces with and without such
added features. This is particularly useful for more complex reactions where the totally
quantum calculation is difficult, and for giving detailed information about the surface
around the critical configuration for which the quantum calculation is at its least
accurate.

Every reaction and every potential energy surface is unique, but nonetheless there are
general features of surfaces for which molecular dynamics can make predictions and
molecular beams can test, and these can be discussed without reference to specific
reactions.

6.4 Molecular dynamics
Molecular dynamics techniques calculate trajectories across potential energy surfaces.

surface. These surfaces can be pure quantum surfaces for simple reactions, and may
have, or not have, added features, but more often semi-empirical or experimentally
modified potential energy surfaces are used.

Reaction on a potential energy surface is described in terms of the variation of
interatomic distances with time. The forces of interaction at each position can be
calculated once the potential energy is known, and the movement of (X...Y...Z) under
the influence of these forces can be calculated. This movement should ideally be
described in quantum terms, but such calculations are notoriously difficult and classical
equations of motion are solved instead, and give a classical trajectory. Fortunately, the
likely errors in the classical treatment are predictable, and corrections can be made. The
calculations become more reliable with increase in atomic mass, with increasing energy
for each degree of freedom considered, and also by virtue of the averaging procedures
inherent in the procedure. The calculations are done by computer, and not surprisingly
more detailed calculations result from faster high memory computers.

Most of the really important requirements and consequences of reaction can be studied
in this way, and then compared with experiment. For instance, the chance of reaction
and the cross sectional area for reaction can be found for a range of impact parameters
and angles of approach, Chapter 7. The energetics of reaction can also be studied
systematically. Molecular dynamics shows how, in turn, translational, rotational and
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vibrational energy in the reactants affect the trajectory, and in addition allows
calculation of the likely threshold energies for reaction for each type of energy.
Likewise, the effect of the type of potential energy surface on the distribution of energy
in the products can be predicted, and this then can lead to a discussion of the
redistribution of energy on reaction.

6.5 Trajectory calculations

A large number of sets of initial conditions are chosen, and these are randomised by a
Monte Carlo averaging procedure. These, and the details of the particular potential
energy surface under scrutiny are fed into the computer, the classical equations of
motion are solved, and a trajectory results for each set of initial conditions. The whole
procedure is then repeated for other initial conditions, and finally the whole procedure is
repeated for different types of potential energy surfaces.

Standard molecular dynamics calculations show that there are both reactive and non-
reactive collisions. The reactive ones obviously make it to the products' configuration,
and the non-reactive do not. These can be distinguished by comparing plots of changing
interatomic distances with time for both category of collision where, in Figure 6.5

A+BC - AB+C is a reactive collision
and in Figure 6.6
A+BC - A +BC is a non-reactive collision

internuclear distance

A ...C distance

B...C distance

. A...B distance

time

Figure 6.5 A trajectory diagram showing a reactive collision for reaction
A+BC—>AB+C
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internuclear distance

A...C distance

/A...B distance

time
Figure 6.6 A trajectory diagram showing a non-reactive energy transfer collison
A+BC—>A+BC

The plots show the variation of the BC, AB and AC distances with time

A B C
< TaB P € I'gc >
& Tac >

The results are summarised in Table 6.1

Table 6.1 Reactive and non-reactive collisions

(a) Reactive collision (b) Non-reactive collision
(i) Before collision occurs A approaches (i) Throughout the trajectory A
BC, and the AB distance decreases approaches BC, and the AB
distance decreases until A hits BC
(ii) The average BC distance stays (ii) No reaction occurs, and the AB
approximately the same showing, distance increases as the two part
in effect, the vibration of BC company
(iii)The AC distance decreases (iii) The average BC distance stays
approximately the same, showing
the vibration of BC
(iv) After reaction occurs the average (iv) The AC distance first decreases
AB distance stays approximately and then increases as A approaches
the same, showing vibration of BC, collides and parts company

AB. BC distance increases, AC
distance increases



166 Potential energy surfaces [Ch. 6

This sort of approach can be used to determine whether reaction is direct or via a
collision complex.

6.5.1 Direct Reaction
If the reaction is direct a diagram like Figure 6.5 is obtained. The collision time is very
short and the products separate within one vibration. If the activated complex lies in the
entrance valley, Figure 6.4a, then the calculations predict that the products separate with
predominantly vibrational energy, but if the activated complex lies in the exit valley,
Figure 6.4b, then the products will separate with predominantly translational energy.
These predictions can be compared with experimental results from molecular beam and
chemiluminescence experiments, and, in general, experimental results confirm the
trajectory predictions. Less approximate generalisations are discussed later (Sections
6.10 - 6.14).

If the reaction is highly exothermic very low threshold energies for reaction result, and
the chance of reaction is almost independent of translational energy.

6.5.2 Reaction with a collision complex and well
This gives trajectories as in Figure 6.7 suggestive of a long-lived collision complex
which persists for many vibrations, or even several rotations. The lifetime of the
collision complex is long enough to allow equilibration between vibration and
translation, so that the products separate with comparable amounts of both. Again these
conclusions have been confirmed by molecular beams.

A collision complex will show up as a potential energy well in the surface, Figure
6.8a, and as a minimum in the profile, Figure 6.8b. If reaction is direct there will be no

such feature. Molecular beam experiments can give conclusive evidence as to whether
reaction is "direct" or via a "collision complex".

internuclear distance

time

Figure 6.7 A trajectory diagram for a reactive collision giving a complex followed by
reaction A + BC - [A-B-C] > AB+ C
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potential energy

N

B...C distance distance along reaction coordinate
Figure 6.8a A potential energy contour Figure 6.8b The potential energy profile
diagram for a reaction involving a for a reaction proceeding via a collision
collision complex which shows up complex.

as a potential energy well.

6.6 Testing of predictions of transition state theory
Results from trajectory calculations show that transition state theory is generally more
satisfactory for symmetrical barriers, and much less so for asymmetric ones.

For instance, the potential energy surface for the endothermic reaction

Br' + H2 =4 HBr + H'

has added features from molecular beam experiments which suggest that there is a high
late energy barrier for reaction in the forward direction, and a low early barrier for the

reverse reaction.

In the forward direction, good agreement is generally found for low energies, but at
higher energies the agreement is poorer. Trajectory calculations show that at the higher
energies the transition state quite often is never reached, although units (Br..H...H)
which do attain the transition state go straight to products. At higher energies there is a

‘back down the reactant valley without reaching the transition state.
For the reverse reaction good agreement is found between transition state theory and
trajectory calculations at low energies, but again discrepancies appear at high energies.

actually do reach the transition state are bounced back by the inner walls at the transition
state, and return to the reactant valley instead of running into the product valley.
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6.7 Reaction in terms of mass type

Every reaction and every potential energy surface are unique, but there are, nonetheless,
general features of the surfaces which can be studied without reference to specific
reactions.

If the "traditional" type of potential energy surface is considered for a linear approach
and recession, Figure 6.1, and the minimum energy path which defines the "traditional”
reaction coordinate is taken to be the "most likely" path over the surface, then the
conclusions turn out to be dependent on the masses of the atoms involved in the
reaction, or more exactly on the mass ratios of the atom and molecule involved in
reaction.

~ Reactions whose surfaces have been studied in detail, and for which molecular
trajectories can be constructed are at present very much restricted to simple ones such as

K-+HCI - KCI+H:
or the slightly more complex ones such as
K' + CHgI e d Kl + CH3'

As computational techniques improve more complex reactions will be able to be
investigated with the same degree of accuracy.

The reaction scheme is classified into categories defined in terms of the masses, and
mass ratios of the atoms involved. Heavy atoms are labelled H and light atoms are
labelled L, and all possible combinations of H and L forming a molecule are defined.
6.7.1 Consider atom H approaching the various molecules
1. H+HH - HH+H
typified by K- + Br, — KBr + Br:

2. H+HL —» HH+L

here the H atom approaches the H end of the molecule HL
typified by K- + HCI — KCI+H:

3. H+LH —» HL+H

here the H atom approaches the L end of the molecule LH
typified by Cl- + HBr — HCIl+Br

4. H+LL —> HL+L
typified by Br+H, — HBr+H:
The reverse of these reactions are

' H+HH —» HH+H
2 L+HH —» LH+H
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3 HL+H —> H+LH

Here the H atom approaches the L end of the molecule LH

4 HL+L — H+LL

Here the L atom approaches the L end of the molecule HL.

6.7.2 Consider atom L approaching the various molecules

5 L+LL - LL+L
typifiedby H+D, — HD+D-

6 L+HL — LH+L

Here the L atom approaches the H end of molecule HL
typified by D- + HBr - DBr+H-

7 L+LH —> LL+H

Here the L atom approaches the L end of the molecule LH
typifiedby H-+HI — H,+1I

8 L+HH —» LH+H
typified by H- + Br, — HBr+ Br-

The reverse of these reactions are

5 L+LL — LL+L
6 L+HL —» L+HL

Here the atom L approaches the H atom of the molecule LH

7 H+LL — HL+L
g LH+H > L+HH

Here the atom H approaches the H atom of the molecule LH

6.8 Exothermic and endothermic reactions

169

Endothermic reactions are the exact reverse of exothermic reactions, Figure 6.3 so that,

for example

the endothermic reaction H+HL — HH+ L is the reverse of
the exothermic reaction L+HH — LH+ Hand

the endothermic reaction L+ HH — LH+ H is the reverse of
the exothermic reaction H+HL —» HH+L
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and the potential energy surface contour diagrams and potential energy surface of the
endothermic reaction are the exact reverse of the exothermic reaction.

In these reactions, that is 1 to 8, the exothermic reaction will involve a light/heavy
atom as the reactant where the reverse endothermic reaction involves the heavy/light
atom. Care must be taken to watch out for such switches in mass type.

The arguments and conclusions for the endothermic reaction are the reverse of those
for the exothermic reaction, so that the affractive surface of an exothermic reaction
becomes a repulsive surface for the endothermic reaction, and the repulsive surface of
an exothermic reaction becomes the atfractive surface for the reverse endothermic
reaction.

For the endothermic reaction, the reactants must have a high energy to allow the
"reaction unit" to reach the critical configuration, Figure 6.9. For the reverse exothermic
reaction the energy requirement is not so drastic. This can be put equivalently in terms
of the vertical distances marked on Figure 6.9.

(a) The energy requirement for the forward endothermic reaction
= AB
= CD+AC

) The energy requirement for the reverse exothermic reaction
= CDh
= AB-AC

potential energy

distance along reaction coordinate

Figure 6.9 Potential energy profile for an endothermic reaction.
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6.9 More detailed aspects of the features of different types of potential energy
barriers

Trajectory calculations describe the movement of the unit (A...B...C) across the potential
energy surface. Trajectories will describe reaction if they start from the reactant
configuration, A + BC, and move to the product configuration, AB + C, by any
continuous route across the potential energy surface. The reaction coordinate up the
entrance valley, over the col, and down into the exit valley is the minimum energy
pathway and is generally the most probable route. However, other trajectories do
contribute to the rate, and these paths are displaced from the reaction coordinate. The
curvature of a path is a measure of its displacement from the reaction coordinate,
Chapter 3, Figure 3.10 and the curvature of these trajectories can be affected by the
mass type. Furthermore, the trajectories which result are also affected by whether the
barrier is sudden or gradual, Section 6.20 following.

All four features, type of barrier, curvature and suddenness of the barrier and mass
type are important in discussing the likely behaviour of the unit A...B...C as it moves
over any given surface.

Trajectory calculations have been carried out for various surfaces, and for different
initial conditions. Considerable attention has been given to studying the effects on the
trajectories of translational, rotational and vibrational energy in the reactants, and to
finding the likely distribution of energy disposal in the products. These features can then
be correlated with different types of surfaces, and the predictions and correlations can
then be tested by molecular beam and chemiluminescence experiments, Chapter 8. For a
given surface, the conclusions of the trajectory calculations depend on the masses of the
atoms in the reaction.

General features of attractive early barriers and repulsive late barriers can be inferred
from these trajectory calculations. It must be stressed however, that these are general
features only, and that additional factors may have to be taken account of for some
specific reaction types.

The following general features are pertinent to the mass types described in Section 6.7.
However, there are important exceptions which will be discussed later.

6.10 General features of attractive potential energy surfaces for exothermic
reactions
The general reaction
A+BC > AB+C
can be discussed in terms of
@) the reaction unit (A...B...C)
(ii) the bonds A-B and B-C
(ii) the distances r,g and rg¢

On attractive surfaces, Figure 6.4a the unit (A...B...C) reaches the barrier or col before
the bond B-C has altered much, and starts to move into the exit valley with A still far
from BC, but with the BC distance still close to its equilibrium internuclear distance.
The barrier is, therefore, placed in the entrance valley. The col, therefore, corresponds to
the configuration

Y B-----C rag >> Fac
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In the exit valley C separates from B when A is still far from B, and even when C has
separated from B by a very considerable extent, the AB distance remains large
compared to its equilibrium internuclear distance. And so the reaction energy is released
as the new bond is forming. Repulsion between B and C cause B and C to recoil from
each other as they separate so that B is propelled towards the approaching A as the AB
bond is forming.

- « -
A B C

The motion set up can be loosely thought of as the extension of the bond B-C during
vibration, and the inward approach of A and B towards each other in the vibration of the
bond A-B. And so separation of BC causes vibrations to be set up in the A-B bond as it
is forming. The amplitude of the vibration is large, and since the vibrational energy is
proportional to the amplitude’, then AB will be considerably vibrationally excited. The
net result is that the fraction of vibrational energy in the products is much higher than
the fraction of translational energy.

Attractive surfaces with early barriers are associated with predominantly vibrational
energy in the products for such mass types as

@) the exothermic reactions L+HH —» LH+H
H+HL —> HH+L
(ii) the endothermic reactions H+HL - HH+L

Attractive surfaces with early barriers are enhanced by high translational energy in the
reactants, with vibrational energy playing a minor role. This is relevant to mass types,
such as (i) and (ii) immediately above.

These conclusions are summarised in Table 6.2

Vibrational energy is less important for surmounting the attractive early barrier because
high vibrational energy would encourage the "reaction unit" to hit onto the barrier wall
perpendicular to the reaction coordinate at the end of the straight run up the entrance
valley, from which it would be bounced back down the entrance valley.
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Table 6.2 Approximate generalisations for energy requirements for reactants, and
for energy disposal in products in terms of the type of potential energy
surface and mass ratios

Exothermic Reactions Endothermic Reactions
AH <0 AH >0

L+HH H+HL L+ HH H+HL
Attractive translation translation translation and translation
surface with  effective; effective; vibration effective; effective;
early barrier predominantly predominantly translation and predominantly

vibration in vibration in vibration in vibration in

products products products products
Repulsive vibration translation and vibration vibration
surface with  effective; vibration effective; effective;
late barrier  predominantly effective; predominantly predominantly

translation translation translation in translation in

in products and vibration  products products

in products i

(@) L+ HL, L+ LH similar to L + HH, but less extreme with order being L + HH,
L+HL L+LH

(b) Other combinations H+ LH, H+ LL, H+ HH and L + LL are similar to H + HL,
but less extreme

Trajectory calculations predict that high translational energy in the reactants enhances
reaction, while high vibrational energy has little or no effect when the vibrational energy
is greater than the vibrational threshold value. This effect is called "translational
enhancement" or "translational promotion". At high translational energies the excess
translational energy above the translational threshold value appears as translational
energy in the products.

These conclusions derive from theoretical calculations, and experimental confirmation
is essential. State to state molecular beams can do this admirably, and can also give
further details.

Both theory and experiment show that for both endothermic and exothermic attractive
surfaces of the mass type

(i) exothermic reactions: L+HH —» LH+H
H+HL — HH+L
(ii) endothermic reactions: H+ HL — HH+L

the following generalisations can be made.

1. Translational energy enhances reaction.

2. Vibrational energy is dominant in the products.

3. Selective enhancement by translational energy is easiest when there is a straight run
up the entrance valley to the critical configuration. Vibrational energy would cause
the reaction unit (A...B...C) to hit into the sides of the walls and be reflected back.



174 Potential energy surfaces [Ch. 6

4. Product energy is predominantly vibrational when there is a curved route from the
entrance of the exit valley up to the critical configuration of the activated complex at
the col.

5. Determination of which type of energy gives selective enhancement can be phrased
alternatively in terms of the momentum of the unit (A...B...C) along the reaction
coordinate. When movement into the entrance valley has momentum parallel to the
entrance valley then the unit (A...B...C) will be carried over the barrier. Parallel
momentum is equivalent to translation, and so for an attractive barrier translational
enhancement will occur.

Molecular beam experiments confirm these conclusions, and extend the results.

Attractive surfaces are normally associated with the forward scattering of stripping
reactions where A approaches BC and from a distance, grabs hold of B and continues on
undeflected, Chapter 10. Stripping reactions are, therefore, normally accompanied by

large impact parameters and large cross sections. Here A is at large distances from B

when BC splits, and B and C separate under the attractive forces between A and B.

These intermolecular attractive forces are strong since they allow reaction of A with BC

even at very large impact parameters. This holds for the reactions

(i) exothermic H+HL —» HH+L
(i) endothermic H+HL —» HH+L

However, when reaction involves the mass type
L+HH —> LH+H

the opposite happens, and even very attractive surfaces show backward scattering. This
is explicable in terms of the high kinetic energy of separation.

6.11 General features of repulsive energy surfaces for exothermic reactions
Unlike the attractive surface, discussion of repulsive surfaces splits into two categories:

(i) where the minimum energy path corresponding to the "traditional reaction
coordinate" is taken to be the most probable route (Figure 6.4c). This is relevant to
situations where the attacking atom is light.

(ii) where a "cutting the corner" trajectory is the most probable route (Figure 6.4d).
This is relevant to situations where the attacking atom is heavy.

The actual potential energy surfaces are the same for both the L + HH and H + LH
cases with both being repulsive with a late energy barrier. The equilibrium internuclear
distances (rsp)eq and (rpc)eq are shown in Figures 6.10 and 6.11.

For the minimum energy path, g for the critical configuration at the col representing
the activated complex is close to (7a)eq, but r5c is much larger than (rgc)e.

The "cutting the corner" trajectory is displaced from the minimum energy path, so that
the activated complex configuration is displaced upwards and r,g at the highest point on
the trajectory is now larger than (r,p)e.
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} distance A...B distance
highest point
on path
col: highest
point on path
(”‘B-)eq\ ("AB)eq
> N
P >S= AB+c (= sBec

T . B...C distance T B...C distance
("BCeq ("BCeq
Figure 6.10 A potential energy contour Figure 6.11 A potential energy contour
diagram showing positions of (rxg)eq and diagram showing positions of (rag)eq and
(’nc)eq for the minimum energy path. (’nc)eq for the “cutting the corner” path.

When actual trajectory calculations are considered, it is only when the attacking atom
is light that the minimum energy path is followed

L+HH —» LH+H
L+HL —> LH+L
L+LH —> LL+H

When the attacking atom is heavy, trajectory calculations indicate that the "cutting the
corner" trajectory now becomes the most probable route

H+HL — HH+L
H+LH —> HL+H
H+LL — HL+L

The cases
L+ LL —> LL+L
H+HH —» HH+H

are not dealt with here. In these reactions all atoms are of the same mass type, and their
behaviour is similar to H + HL but is less extreme (Section 6.14).

The repulsive surface for the cases of light atom attacking and heavy atom attacking
will be discussed separately.
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6.12 General features of repulsive potential energy surfaces where the attacking
atom is light

On repulsive surfaces when the attacking atom is light the trajectory across the surface is
the minimum energy path, Figure 6.10, that is the "traditional" reaction coordinate, the
reaction unit A...B...C does not reach the barrier or col until the A...B distance is close to
its equilibrium internuclear distance, while the BC bond has extended to a considerable
extent. As a result the barrier is placed in the exit valley. For the minimum energy path,
the AB bond is virtually formed before B and C have separated much, so that energy
release occurs while there is increasing separation of products. The col, therefore,
corresponds to a configuration

A""B"‘""‘““C rBC >> rAB

In the exit valley the reaction energy is released as the molecule AB and atom C
separate. Because the AB distance is virtually the equilibrium internuclear distance;, AB
moves away from C as a single entity, and as the repulsion energy from BC is released
to this specific geometry there is likely to be only minimal recoil of B into A and the
-vibrational content of the products will be minimal. There will, therefore, be a high
proportion of translational energy in the products.

And so on a repulsive surface with movement along the minimum energy path, these
simple considerations lead to the prediction that translational energy is predominant in
products.

Repulsive surfaces with late barriers are enhanced by high vibrational energy in the
reactants with translational energy playing a minor role.

Translational energy is less important for surmounting the repulsive late barrier
because high translational energies would cause the "reaction entity" (A...B...C) to hit
the side walls of the entrance valley and be reflected back down the entrance valley
(Figure 6.10).

Trajectory calculations predict that there is vibrational enhancement or promotion of
reaction for the repulsive surface though,at very high vibrational energies the excess
vibrational energy above the vibrational threshold value will appear as vibrational
energy in the products.

These predictions derive from theoretical potential energy surfaces and from
computed trajectories across them. Yet again, molecular beam experiments can test
these predictions and the following predictions will hold, but only for reactions
involving a light atom as reactant.

For the repulsive surface with a light atom attacking, theory and experiment show that
the following generalisations hold, but only for the specific cases of a light atom as
reactant.

1. Vibrational energy enhances reaction.

2. Translational energy is dominant in the products.

3. Selective enhancement by vibration is best when there is a curved route up the
entrance valley to the critical configuration of the activated complex at the col.

High translational energies in the reactants would cause the unit (A...B...C) to hit
into the side wall at the end of the valley, and be reflected back along the reactant
valley.
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4. Product energy is predominantly translational when there is a straight route from the
entrance to the exit valley up to the critical configuration at the col.
5. This can again be put in terms of a momentum argument. When the vibrational

that is vibration, in the entrance valley is converted to parallel motion, that is
translation which will take it down the exit valley.

Molecular beam experiments again complement these conclusions. Repulsive surfaces
are associated with the backward scattering of a rebound mechanism in which A collides
with BC in a head on collision and AB rebounds backwards. Head on collisions are
associated with small cross sections and small impact parameters where AB has formed
as C splits off and separates from B under short range repulsion.

6.13 General features of repulsive potential energy surfaces for exothermic
reactions where the attacking atom is heavy

The behaviour for reactions where the attacking atom is heavy, such as H + HL, or H +
LL, is very different from that predicted above, for reactions where the attacking atom is
light. Selective enhancement by vibration is both predicted and observed for reactions
with a light atom L as a reactant, but where the attacking atom is heavy both vibration
and translation are effective in promoting reaction, though vibrational energy is the
more important. Similarly, there is a difference in the energy disposal in the products.
For example, in the L + HH reaction, translational energy is dominant in the products
with very little vibrational energy appearing in BC, but for the cases involving a heavy
atom attacking, such as H + HL, translation is still dominant, but a much larger fraction
of the energy is vibrational compared to the situations when light atoms attack.

This is interpreted in terms of the reaction unit "cutting the corner", Figure 6.11 which
is an alternative way of saying that the most probable route is now no longer the
minimum energy path.

This means that when B and C start to separate and move apart they do so before the
AB bond is at its equilibrium internuclear distance, that is bond A-B is forming while B-
C is breaking

This means that AB is not moving apart from C as a single entity, and to some extent B
is being propelled towards A while the A-B bond is forming, and so there will be some
vibrational release instead of the very dominant translational energy release found in the
L + HH case, and this is the case despite the barrier being located in the exit valley. Both
translation and vibration will appear in the products, with the most vibration appearing
as the "cutting the corner" trajectory is progressively moved vertically upwards.

These trajectory conclusions are confirmed by chemiluminescence and molecular
beam experiments for some reactions with highly repulsive surfaces, but which
nonetheless give both vibration and translation in products.

6.14 Other mass type reactions
The two categories of reaction which have been discussed so far are those for



A...B distance

178

Potential energy surfaces

L+HH —» LH+H
H+HL —» HH+L

[Ch. 6

It can be shown that the category L + HL and L + LH are similar to L + HH but are less
extreme with the ordering being L + HH, L + HL, L + LH. Other combinations are fairly
similar to H + HL, but are less extreme.

The cases of L + LL and H + HH are similar because the mass ratios for each reaction
are very similar, and their behaviour is similar to H + HL but is less extreme.

6.15 Less extreme barriers

@

activated complex

or col

L+ HH

B...C distance

A .. Bdistance

A...B distance

activated complex

L+HH

activated complex
or col TAB = "BC

B...C distance

L +HH
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Figure 6.12 Potential energy contour diagrams showing a series of graded surfaces and
barriers
(a) an attractive surface, (b), (c) and (d) intermediate surfaces progressing
from attractive to repulsive surfaces, (¢) a repulsive surface.

Early early barriers, and late late barriers are the extremes of the behaviour described
above. The highest percentage of vibrational energy in the products is associated with a
really early barrier, while the highest percentage of translational energy in the products
is found with a really late bartier. There are also intermediate types of surfaces, and in
the progression from early to late barriers a decreasing fraction of vibrational energy,
and an increasing fraction of translational energy in the products is predicted from the
trajectory calculations. The diagram shows a series of graded surfaces, (a) is an
attractive surface with a lot of vibrational energy in the products, (€) is a repulsive
surface with a lot of translational energy in the products, and (b), (c) and (d) are
intermediate surfaces progressing from attractive to repulsive, with decreasing amounts
of vibration in the product.

These diagrams are given for minimum energy paths for cases where a light atom L is
the attacking atom. They have to be modified to account for the fact that on repulsive
surfaces where the attacking atom, H, is heavy the most probable route is now not the
minimum energy path but a "cutting the corner" trajectory.

6.16 Typical reactions for which a correlation of potential energy surfaces and
trajectory calculations has been made with molecular beam experiments
A large number of the reactions which have been studied by molecular beams are of the

type
H+HL —» HH+L

Reactions which have attractive surfaces include alkali metals with halogens and other
simple molecules, for example

Na-+Cl, — NaCl+Cl

Cs +1, - Csl+1I

Na- +PCl; - NaCl+PCl;
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These are stripping reactions with large impact parameters and cross sections, and they
give forward scattering. The molecular beam experiments confirm the validity of the
trajectory predictions for an attractive surface.
When repulsive surfaces are considered, again most of the reactions studied are of the
type
H+HL —» HH+L and H+LH —» HL+H

Reactions of this type occurring on repulsive surfaces between halogen atoms and HCI
or HF have been exceptionally well studied, with examples being

Br-+HCI —» HBr+Cl
ClL+HF —> HCI+F
Brr-+HF — HBr+F-

along with the even more extensively studied reaction

K-+CH;] — KI+CH;y

These involve head on collisions with backward scattering occurring at small impact
parameters, and having small cross sections. Extensive molecular beam studies confirm
the prediction of trajectory calculations over repulsive surfaces for the H/HL mass type
reactions.

The reaction

F+H, - HF+H

has been well studied, and an accurate quantum potential energy surface has been
calculated. This reaction is of mass type

H+LL - HL+L

and shows some interesting behaviour. The surface is highly repulsive and gives both
vibrational and translational energy release, with the translational energy release being
dominant as predicted in Section 6.13. At low margins above the threshold energy
corresponding to v =1 and v = 2, there is the backward scattering expected for repulsive
surfaces, and found in actual molecular beam experiments. However, when the energy is
even higher, v = 3, scattering is now forward, and this is not expected. Resonance effects
are believed to cause the change.

There is normally some backward scattering for all types of barrier, and reactions in
the L + HH and L + HL categories give anomalously small amounts of forward
scattering on attractive surfaces.

6.17 Endothermic reactions

An endothermic reaction is the exact reverse of the corresponding exothermic reaction,
Figures 6.3 and 6.9. An attractive surface for the exothermic reaction becomes a
repulsive surface for the endothermic reaction, while the repulsive surface for the
exothermic reaction becomes an attractive surface for the endothermic reaction.
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Likewise, if an exothermic reaction is enhanced by translational energy and has
predominantly vibrational energy in the products, then the reverse endothermic reaction
will be promoted by vibrational energy, and will have translational energy dominant in
the products.

The discussion will be limited to the two mass types:
1) the endothermic reaction H + HL which is the reverse of the exothermic reaction L +

HH
2) the endothermic reaction L + HH which is the reverse of the exothermic reaction H

+HL

I An exothermic reaction on a 1 An endothermic reaction on an
repulsive surface with a late type attractive surface with an early
I barrier (Figure 6.13) Type I barrier (Figure 6.14)

(i) Mass type: L + HH (i) Mass type: H+ HL

L+HH AB+C H+HL

g |
. '8
activated complex %
or eol a activated complex
< or col
E(‘ &= AB+C
B...C distance B...C distance
Figure 6.13 An exothermic reaction on a Figure 6.14 An endothermic reaction on
repulsive surface with a late barrier. an attractive surface with an early
Mass type: L+ HH barrier. Mass type: H+ HL
(ii) This repulsive surface has a (i) The exothermic reaction requires
curved run up to the barrier, and vibrational energy for promotion of
so vibrational energy is more reaction. Hence this endothermic
effective in getting the "reaction reaction produces predominantly
unit" (A...B...C) round the comer. vibrational energy in the products, in
Hence vibrational energy enhances keeping with a curved run up the exit

reaction. valley to the col.
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(iii) This repulsive surface (iii) Since the exothermic reaction
produces predominantly translation gives translational energy in the
in the products in keeping with a products, then this endothermic
straight run up the exit valley. reaction must require translational

(iv) A late barrier with rgc > rap
means that the bond A-B is formed
before the repulsion energy of BC
is released giving translational
energy predominant in products.

II An exothermic reaction on an
attractive surface with an early
Type I barrier (Figure 6.15)

(i) Mass type: L + HH

L+ HH

A+BC

activated complex
or col

B...C distance

Figure 6.15 An exothermic reaction on

an attractive surface with an early barrier.

Mass type: L + HH

(ii) This attractive surface has
a straight run up to the barrier,
and so translational energy
promotes reaction

AB +C

energy for promotion of reaction, in
keeping with a straight run up the
entrance valley.

(iv) Having an early barrier with
rap > rgc means that the repulsion
energy of BC is released before the
bond A-B is formed, causing B to
recoil into A giving vibration
predominant in the product AB.

Il An endothermic reaction on a
repulsive surface with a late Type I1
barrier (Figure 6.16)

(i) Mass type: H+ HL

A+BC H+HL
3
8
1z
B activated complex
:n \ ‘ or col
<

B...C distance

Figure 6.16 An endothermic reaction on
a repulsive surface with a late barrier.
Mass type: H+ HL

(ii) The exothermic reaction requires
translational energy for promotion of
reaction. Hence this endothermic
reaction produces predominantly
translational energy in the products, in
keeping with a straight run up the exit
valley.

[Ch. 6
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(iii) This attractive surface (iii) Since the exothermic reaction
produces predominantly vibration gives vibrational energy in the

in products, in keeping with a products, then this endothermic
curved run up the exit valley. reaction must require vibrational

energy for promotion of reaction, in
keeping with a curved run up the

entrance valley.
(iv) Having an early barrier with (iv) A late barrier with rgc > r,5 means
raB > rpc means that the repulsion that the bond A-B is formed before the
energy of BC is released before repulsion energy of BC is released
the bond A-B is formed, causing B giving translational energy
to recoil into A giving vibration predominant in products.
predominant in the product AB.
I An exothermic reaction on an III An endothermic reaction on a
attractive surface with an early repulsive surface with a late Type II
Type I barrier (Figure 6.17) barrier (Figure 6.18)
(i) Mass type: H+ HL (i) Mass type: L + HH
H+HL L+HH
A +BC A+BC
8
s
activated complex ; activated complex
or col < or col
AB +C E‘ — AB+C
B...C distance B...C distance
Figure 6.17 An exothermic reaction on an Figure 6.18 An endothermic reaction on
attractive surface with an early barrier. a repulsive surface with a late barrier.
Mass type: H+ HL Mass type: L+ HH
(i) This attractive surface has a (ii) The exothermic reaction requires
straight run up the entrance valley, translational energy for promotion of
and so translational energy promotes reaction. Hence this endothermic
reaction reaction produces translational energy

predominant in the products, in
keeping with a straight run up the exit
valley.



A...B distance

184 Potential energy surfaces

(iii) This attractive surface
produces predominantly
vibrational energy in the
products, in keeping with a
curved run up the exit valley.

(iv) Having an early barrier with
rap > rpc means that the repulsion
energy of BC is released before
the bond A-B has formed, causing
B to recoil into A giving vibration
in the products.

1V An exothermic reaction on a
repulsive surface with a late
Type I1 barrier (Figure 6.19)

(i) Mass type: H+ HL

A+BC

B...C distance

activated complex
or col

Figure 6.19 An exothermic reaction on a
repulsive surface with a late barrier.
Mass type: H+ HL

(ii) This repulsive surface has a
curved run up the entrance valley,
and so vibrational energy promotes
reaction.

[Ch. 6

(iii) Since the exothermic reaction
produces vibrational energy in the
products, then this reaction requires
vibrational energy to promote reaction,
in keeping with the curved run up the
entrance valley.

(iv) Having a late barrier with rgc > rap
means that the bond A-B is formed
before the repulsion energy is released
giving translational energy in the
products.

1V An endothermic reaction on an
attractive surface with an early

Type I barrier (Figure 6.20)

(i) Mass type: L + HH

A+BC

L +HH

A...B distance

activated complex
or col

B...C distance

Figure 6.20 An endothermic reaction on
an attractive surface with an early
barrier. Mass type: L + HH

(ii) The exothermic reaction requires
vibrational energy for promotion of
reaction. Hence this endothermic
reaction produces predominantly
vibrational energy in the products in
keeping with the curved run up the exit
valley.

AB+C
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(iii) This repulsive surface has

a straight run up the exit valley,
and so translational energy could
be expected to be predominant in
the products. However, the
approaching atom A is heavy, and
so the most likely trajectory
across the repulsive surface is no
longer the minimum energy path,
but is one which "cuts the corner"
and so results in translational
energy being still predominant

in the products but with a
considerable contribution from
vibration, despite there being a
late barrier and a straight run up
the exit valley.

(iv) Having a late barrier means
that rgc > r4p, but the fact that

the most probable path over the
surface is a trajectory which cuts
the comer means that the standard
arguments as illustrated in cases

I, I and IIT will not apply. The
trajectory used lies above the
minimum energy pathway. This
means that AB is not moving apart
from C as a single entity, and to
some extent B is being propelled
towards A while the A-B bond is
still forming, and so there will be
some vibrational energy release
despite the barrier being located
in the exit valley (Section 6.14).

6.18 Thermoneutral reactions

(iii) The exothermic reaction proceeds
by way of a trajectory which "cuts the
comer" and so produces both
vibrational and translational energy in
the products. Hence the endothermic
reaction must also proceed via a
trajectory which "cuts the corner" and
50 both vibrational and translational
energy must promote reaction, even
though translation will be the major
component.

(iv) Having an early barrier

means that 5 > rgc. But because

the trajectory is one which "cuts the
comer" this again means that the
standard conclusions do not follow.
Both translation and vibration appear.

The situation is similar with thermoneutral reactions. If there are late barriers,

vibrational energy is the most important for promotion of reaction, while early barriers

require translation. In both situations there is again interchange of energy, where

1. vibrational energy of reactants is transferred into translational energy of products,

2. translational energy of reactants is transferred into vibrational energy of products,

3. vibrational and translational energy in excess of the respective threshold values
remain as vibrational and translational energy respectively, and appear as such in the

products.

However, the same note of caution must again be sounded. Careful assessment of the
energy requirements for the endothermic and thermoneutral, L + HH — LH + H type
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reactions must be made in the light of the "cutting the corner" trajectories found in the
reverse exothermic H + HL — HH + L type reaction.

6.19 Exo and endothermic reactions, attractive and repulsive surfaces
A rough and ready rule suggests that endothermic reactions tend to occur on repulsive
surfaces, highly exothermic reactions on attractive surfaces, and exothermic reactions on
both.

The potential energy profiles can help to explain this.

along the line XY. A symmetrical barrier will have the critical configuration lying
somewhere along XY. An early barrier has a critical configuration which lies above the
line XY, and a late barrier has one lying below XY. On the potential energy profile
Figure 6.21b the line XY can be drawn in, and the early barrier will lie to the left of XY,
and the late to the right of XY.

TAB ="BC

PE 1‘

"AB Y Y |
7/ 4 !

y |

early / !

Y early | late

y; |

/ |

/ late '

/ |

/ |

x|

X
BC distance along reaction coordinate
Figure 6.21a Early and late barriers in Figure 6.21b Placing of barriers on the

tems of configuration of the “reaction unit”,  potential energy profiles.

In highly endothermic reactions and highly exothermic reactions there is a long
smooth climb up to the critical configuration on one side, and a short sharp climb on the
other, Figures 6.22a and b. In slightly endothermic and slightly exothermic reactions the
climbs are comparable on each side, Figures 6.23a and b.
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TAB = rBC
l FAB = rBC
P.E A
Y l PE l
| Yy
[ |
|
| |
! |
|
I I
! |
! |
i
X, X :

distance along reaction coordinate distance along reacti rdi
ction coordinate

Figure 6.22a Placing of the barrier for Figure 6.22b Placing of the barrier for a
a highly exothermic reaction highly endothermic reaction.
TAB = rBC
l TAB =T"BC
PE '
Y| PE l
I Y
' |
|
| |
' |
! |
! |
' l
x | X |
distance along reaction coordinate dict along reaction coordi
Figure 6.23a Placing of the barrier for Figure 6.23b Placing of the barrier for a
a slightly exothermic reaction slightly endothermic reaction.

The line XY representing r4g = rgc is put on to these profiles somewhere along the
long smooth incline. This is unambiguous for the highly exo or highly endothermic
reactions, but for the slightly exo or slightly endothermic reactions the line could easily
be placed to either side. As indicated previously, a line to the right of the maximum
defines an early barrier, one to the left defines a late barrier.

The conclusions are:

1. ahighly exothermic reaction favours an early barrier,
2. ahighly endothermic reaction favours a late barrier
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3. but for the slightly exothermic reaction an early barrier is likely to be preferred,
though the preference is not so decided as for the highly exothermic reaction. A
small change in the surface could convert this from an early barrier preference to a
late barrier preference. The same applies to the slightly endothermic late barrier.

6.20 Gradual and sudden barriers

The reaction dynamics have been shown to depend on the position of the barrier, but
this is not the only determining factor. The curvature of the reaction path and the
steepness of the potential energy profile also affect the trajectory of the reaction unit on
the potential energy surface. Calculations have shown that trajectories over the surface
are dependent on the amount of curvature of the path around the col, and that when this
is taken into consideration there is a considerable improvement in the accuracy of the
predictions made from the surface. Behaviour on gradual and sudden surfaces is related
to the curvature of the path, Figures 6.24 and 6.25.

TAB

BC

Figure 6.24 A gradual potential energy contour diagram.
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A+BC

TAB

BC

Figure 6.25 A sudden potential energy contour diagram.

In the gradual potential energy profile, Figure 6.24 the curvatures are such that there is a
much clearer straight run up to the barrier, with only a slight bend at the end of the
valley. This has to be compared with the more curved sudden potential energy
profile, Figure 6.25. Vibration is more effective for movement up a valley with a bend
at the end, and so the sudden profile is much more easily surmounted by vibrational
energy.

In a gradual surface, or profile, the potential energy starts to rise at a very early stage
of the reaction, and so the base of the barrier is also encountered at an early stage. This
early part of increasing potential energy is best surmounted by translational energy, but
both translation and vibration are effective in enabling the barrier to be crossed, Figure
6.26.

In a sudden surface, or profile, the potential energy hardly changes during the early
stages of reaction, and the barrier is encountered much further along the reaction path,
but where the potential energy has still only changed slightly. There is then an abrupt
rapid change in potential energy, and in this situation vibrational energy is more
effective for crossing the barrier, Figure 6.27.
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"AB = BC translation
l dom'inant

PE

[ AB+C
\

\

\

'

translation more
more im; ortant
[

\
translation and
vibration important

A+BC

distance along reaction coordinate

Figure 6.26 A gradual potential energy profile showing the importance of translational

and vibrational energy at various stages along the reaction coordinate for a
highly endothermic reaction with a late barrier.

rAB = BC

translation
domin7nt

e.

PE

translation
more important

vibration
more important

—— | — — — — — — — — —— —

distance along reaction coordinate

Figure 6.27 A sudden potential energy profile showing the relative importance of
translational and vibrational energy at various stages along the reaction
coordinate for a highly endothermic reaction with a late barrier.

6.21 Potential energy wells

Sometimes a basin or well is found somewhere along the reaction coordinate, Figure
6.7. If the well is in the entrance valley the "reaction unit" needs vibrational energy, but
if it is in the exit valley translational energy is more effective. Although wells generally
mean collision complexes, this need not be the case.
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Simple and Modified Collision Theory

In simple collision theory reaction occurs when two molecules which have energy
greater than a certain critical value collide. This requires calculation of two quantities:

(i) the total rate of collision of the reactant molecules,

(ii) the fraction of molecules which have at least a certain critical value of the energy.

The resultant equation can be compared with the empirical Arrhenius equation

E
k=A4 exp(— —R—f) (7.1

Simple collision theory assumes that the colliding molecules are hard spheres, and
ignores the molecular structure and details of internal motion such as vibration and
rotation. Likewise it does not consider the products of reaction nor their internal
structure.

Modem collision theory which is based on molecular beams and laser induced
fluorescence studies, looks at a collision in much more detail. Now the internal states of
the colliding molecules, the internal states of the products of a collision and the
distribution of energy among the product molecules become of fundamental importance.

7.1 Simple collision theory
Reaction can be between like molecules

A+A — products

and the total rate of collision is modified to account for the fact that only those collisions
which have the critical energy or greater can lead to reaction.
When reaction is between two unlike molecules

A+B — products

only collisions between A and B have any chance of leading to reaction, so that the
appropriate total rate of collision is for collisions between A and B only. Collisions
between A and A, or B and B do not count as they can never lead to reaction. Again the
appropriate collision rate has to be modified to account for the fact that not all collisions
will cause reaction.
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7.1.1 Definition of a collision
Molecule A approaches molecule B with relative velocity, v,p, conveniently represented
by considering B to be stationary and A to approach B with velocity v,g.

VaB
moving A - . ' stationary B

A collision will only occur if the line representing the approach of A towards B is at a
distance less than r, + rp from the centre of B, r, and rg being the radii of molecules A
and B respectively. A and B will not collide if the centre of B lies at a distance greater
than r, + r from the line representing the motion of A towards B, Figure 7.1.

radius of disc = r, + ry

area of disc = n(ry + rp)’

collisions are possible:
impact parameter <r, + rg

Figure 7.1 Criteria for collision: a possible collision

The distance b shown in Figure 7.1 is called the impact parameter. A head on collision
occurs when the impact parameter, b, is zero, and collisions will occur if the impact
parameter is equal to or less than r, + rz. There will be no collision if the impact
parameter is greater than r, + rg.

This criterion of a collision can be given in terms of an effective collision diameter d,g
where dyg = r, + rg. Collisions will not occur if the impact parameter is greater than
d,p, but will occur if the impact parameter is equal to or less than dp.

A third criterion is in terms of a cross sectional area,o; for collision. If a B molecule is
placed at the centre of a disc of cross section o, then all A molecules whose centres hit
anywhere on the disc must collide with the B molecule at the centre of the disc. Any A
which ends up by hitting outside this disc will not collide with B. The area of this disc is
defined in terms of the radii of the colliding molecule and is 7 (r, + rg)’, and this is then
the cross sectional aread, Figure 7.2.



Sec. 7.1] Simple collision theory 193

©,
\ 4

©,
Y

I

\

® -

radius of disc = r, + s

area of disc = n(ry + rp)’

collisions do not occur:
impact parameter > r, + rg

Figure 7.2 Criteria for collision: no collision possible

Simple collision theory formulations generally use the sum of the radii or an effective
collision diameter, cross sections tend to be reserved for molecular beam studies and
modified collision theory.

7.1.2 Formulation of the total collision rate

There are several well defined steps leading to a calculation of the total collision rate.

(a) Encounters with impact parameter b < r, + rg count to the collision rate, those
where b > r, + rg do not. This criterion defines the radius of a cylinder, that is r, + rg,
which encloses all collision partners, so that all molecules within the cylinder will
collide with each other, but molecules outside the cylinder will not collide with those
inside the cylinder.

This cylinder is build up from a sequence of cross sections each of which has the area
of a disc, and so the cross section simply represents a slice through a cylinder. A
cylinder of collisions is generated since all A molecules hitting the disc around the B
molecule have travelled towards B through a succession of discs of the same radius. The
radius of the cylinder is r, + rg since this is the radius of the cross section nt(r, + rp)’,
Figure 7.3.

o P y o %
@ 7 ;N / / ratre
v 1 M \ ‘ \
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®
VAB

Figure 7.3 A cylinder defining collisions.
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(b) A similar cylinder can be used to describe the total number of collisions occurring
between A and B molecules within the cylinder, Figure 7.4.

® ®
®® ® ® I
VP 9 ® o ® g 6

® ®
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®®® @@ @@

2(ra+rB)

Figure 7.4 Number of collisions occurring in one second.

One of the A molecules in the cylinder can be chosen as a reference molecule. As this
reference molecule moves down the cylinder it would hit all the B molecules within the
cylinder, but would not collide with any B molecules outside the cylinder. It would also
hit A molecules, but these collisions are not pertinent to a calculation of the rate of
collision of A with B molecules.

The reference A molecule moves down the cylinder of radius r, + rz with relative
velocity v,5. In one second A travels a distance v, along the cylinder, and so a cylinder
of length v,z and radius r, + rg represents a region which encloses all the B molecules,
and incidentally A molecules, which are hit as A moves down the cylinder.

(c) The molecules are considered to be hard spheres for which there will be no
interactions at distances greater than r, + rg. If there were interactions at distances
greater than r, + rg the molecules would no longer be hard spheres, and encounters at
distances greater than r, + rg would be collisions. A hard sphere treatment is simplistic
and physically naive, and modern studies based on molecular beams tacitly assume that
there are interactions at distances greater than r, + rg.

(d) The cylinder described in step (b) contains all the A and B molecules which are hit
by the moving reference molecule A. The number of collisions between A and B per
unit time per unit volume can be found by counting up the number of B molecules in
this cylinder which has volume n(r, + rB)2 X Vag. A similar calculation would give the
collision rate for collisions between A and other A molecules, and between B and other
B molecules, but as these can never lead to reaction they are irrelevant.

The calculation assumes that an A molecule which collides with a B molecule will
move on in a straight line to hit the next B, and the next B. This is a gross simplification,
and molecular beam experiments look in detail at how the A molecule is deflected from
its original pathway by collision.

7.1.3 The actual calculation of the collision rate
The number of B molecules inside the cylinder of volume n(r, + rB)2 Vap IS

7(ry +1,)' v, Ny

where Ny is the number of B molecules per unit volume.
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In one second the reference A molecule will have traversed the length of the cylinder
and will hit all the B molecules in the cylinder, that is the number of collisions between
the reference molecule A and all the B molecules is n(r + )’ vag Na.

But any of the A molecules inside the cylinder could be considered to be the reference
A molecule. As there are N, molecules of A per unit volume, then the total number of
collisions per unit time per unit volume is

(ry +75) Vg N Ny 72)

The average relative velocity v,z can be calculated from kinetic theory where

%
1
=(8—kZ—J where 1 =——1——+——.

v
A mu U o m, my (7.3)

The total collision rate per unit time per unit volume is therefore

%
82kT 2
- (rA +rB) NANB‘
u (74)
This collision rate is often called "the collision frequency"”, Z 55 where
Zo=Z,uN, N, a5
where Z,j is a constant of proportionality, called the collision number, and
!
kT 2
Zow=|——| (ry +1,)".
() e

Expressed in terms of the effective collision diameter d,g = r, + rg the collision number

becomes
%
(wrj "

P (1.7

. . 2.
and in terms of the cross sectional area ¢ = n(r, + rg)” is

wr',
u ' (7.8)

7.1.4 Calculation of the total rate of reaction

The collision rate for A and B molecules calculated above in general is much greater
than the observed rate of reaction. This is because not all collisions lead to reaction, only
those which have at least a certain critical energy will be successful.
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For a bimolecular reaction this critical energy corresponds to the kinetic energy of
relative translational motion along the line of centres of the colliding molecules, often
loosely described as the "violence" of the collision.

A ° - « o B
. . . . 2
kinetic energy = %2 va2 kinetic energy = 2 mvg
and Ya vaz +Y%mvg. >> acritical value

.. . 2 2
This is an energy in 2 squared terms v,~ and vg".

The Maxwell-Boltzmann distribution gives "the fraction of molecules which have
energy at least £in two squared terms" as

exp| —— | where = L2 +lmv2.
kT 2 A 2 B (71.9)

The total rate of reaction is the total rate of collision of A and B molecules, modified by
this term to give the total rate of successful collisions as

87T
( p J (ry +75) N, Ny exp[-ﬁ) (7.10)
&
= ZAB exp[—— ﬁ) (7.11)
&
=ZABNANBexp(——).
kT (7.12)

The actual rate of reaction = k. Ny Ny

ke =25 €X (—ij
o T o SR T (7.13)

and this calculated rate constant k. can then be compared with the experimental k in
the Arrhenius equation

k =4 E
ey = AP T RT ) (7.14)

so that the experimental A4 factor corresponds to the theoretical collision number Z,,
and the experimental activation energy E, corresponds to the critical minimum energy ¢
where £= Y5 mv, + Vamvg’.

Comparison of the calculated Z,g with the experimental 4 factor shows that for very
many reactions Z,5 and 4 have very similar values, but there are some reactions which
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show differences ranging over several powers of ten. These discrepancies require
postulating a "p" factor limiting the theoretical rate of reaction, and whose magnitude
can be found from experiment.

k=pZ,y exp( X T)

€
= Aex )
p( kT (7.15)
so that
_ A
p Zo (7.16)

The "p" factor has often been interpreted as a preference for a certain direction, or
angle of approach, of the two reacting molecules. Molecular beam experiments have
shown that some reactions have a quite decided preference for a specific direction and
angle of approach, but the need for a "p" factor could also be a reflection of the
physically naive model used. This p0531b111ty is reinforced by the observation that some
"p" factors are greater than unity, and often as large as 10° for some reactions in
solutlons This is inconsistent with the concept "p" as a factor limiting the rate of
successful collisions.

7.1.5 A more realistic criterion for successful collisions

Accumulation of energy in two squared terms is the simplest way in which activation
energy can be acquired. But molecules do have internal structure, and the vibrational
and rotational states could influence the ease of reaction. Molecular beam studies show
that accumulation of vibrational and/or rotational energy may be important. If so,
activation energy would be accumulated in 2s squared terms, each vibration contributing
two squared terms, and each rotation one squared term. The Maxwell-Boltzmann
distribution shows that the fraction of molecules with energy at least £ in 2s squared

terms is approximately
S =)
G-nlkr) TP .17
giving the rate of reaction
s-1
8T 1 £ £
N,N —1 expl ——
( P J (r+n) (--1)!(kT) p( kT) (7.18)

1. (g)smlex (__8_)
A (s-1)IAT PlU7ar) (7.19)

This form of simple collision theory is very rarely used, the simple exponential term
being used almost exclusively. A treatment in 2s squared terms is rather inconsistent
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with an assumption of colliding hard spheres with no internal structure. Molecular
beams and modern "physical" kinetics remove this inconsistency, because there the
internal states are assumed to influence both the collision and reaction rates.

7.1.6 Reaction between like molecules
Reaction is now

A+A — products

and the derivation is similar to that given previously for reaction of A and B.
Therate of = the total number of collisions per unit time per
collision unit volume

= -157[(7';\ +r, )V Ni

(7.20)
=2 v Ni.
The factor %2 comes in to ensure that each A molecule is not counted twice - each A can

be considered as both "hitting" another A molecule, and being "hit" by another A.
Substitution for v, , gives total collision rate, Z,,

%
327kT
zm{ ﬂ ]riNi

(7.21)

=ZWN;i. (7122)

Taking into account that it is only collisions between A molecules having energy at least
£in two squared terms which can react, gives

rate of reaction=Z,, N1 exp(— %) (1.23)
and k= ZAA exp(-— __3_) (7.24)
kT
tI'he corresponding equation for energy at least £ to be accumulated in 25 squared terms
is | , - i
=2 (s—l)!(ﬁ) exp(_ ﬁ) 025,

7.2 Modified collision theory

Simple collision theory has now been replaced by a much more physically realistic
approach. One of the most important developments of modern physical chemistry has
been the coupling of molecular beam experiments, which get very close to observing
what happens in a single collision, with laser techniques which can place molecules in
specific quantum states, can identify specific quantum states and can measure the
populations of specific quantum states. These studies have provided the main impetus to
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the formulation of a modified collision theory. These experiments define collisions and
collision processes explicitly, and define in detail the microscopic processes of energy
transfer and reaction which can occur on collision. In addition, these techniques give the
best data on intermolecular potential energies, and are now used frequently in the
construction of potential energy surfaces.

7.3.1 Scattering in a molecular beam experiment

In a molecular beam experiment two low pressure beams, one consisting of A
molecules, the other of B molecules, are shot at 90° to each other. Several things can
happen at the point of intersection of the beams

1. A molecules continue on undeflected along the original direction of the beam. They
are said to be unscattered.

2. B molecules can also be undeflected and unscattered.

3. A and B molecules can interact with each other, and as a result both A molecules
and B molecules are deflected from their original trajectories, and both are scattered.

Molecular beam experiments detect scattered and unscattered A and B molecules, and
it is inferred that any A or B molecules which have been deflected and scattered must
have suffered a collision.

The two beams are both at very low pressures, 10° or 107 mmHg is typical. This
ensures that there are no collisions between A molecules in the beam of A, and no
collisions between B molecules in the beam of B before they intersect. This is essential
because in modern experiments each beam is in a selected quantum state, that is it has
specific translational, rotational and vibrational energies, and must remain in this
selected quantum state until intersection with the other beam. Collisions within either
beam A or beam B must not occur, since collisions would cause energy transfer and
consequent alteration of the selected quantum states. Likewise there must be no
collisions after intersection, otherwise the quantum states of the products would not be
preserved.

7.3.2 Detection of scattering

A detector moves around the point of intersection of the beams and defines a sphere
around the point of intersection. This can be thought of as a hollow ball with two beams
intersecting at 90° to each other exactly at the centre of the ball, Figure 7.5.

r undeflected B

detector some scattered A

A > undeflected A

Y>

SAAAA
rabAlAs

selector

\B

selector
beam B

Figure 7.5 A schematic scattering experiment and detector.
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The detector moves across the "inside surface of this sphere" and registers the
appearance and amount of scattered A and B at positions "all over this sphere.
Undeflected A and B molecules will be found at a position dictated by extension of their
original trajectories. The detector must be sensitive to low numbers of scattered
molecules, and also be able to determine the quantum states of the scattered molecules.
Modemn detectors use mass spectrometry and laser induced fluorescence for detection
and determination of quantum states. The total scattering and the scattering into a
specific angle can be found, the latter being the most useful, but also the most
demanding on the sensitivity of the detector since there are only small numbers of
scattered molecules landing up into each specific angle.

The time of flight mass spectrometer measures the velocity distribution of the
scattered molecules. A pulse of scattered molecules is admitted, and its intensity
measured as a function of flight time down the mass spectrometer. The time to go a
given distance gives the velocity, and the intensity at points along the tube at given times
gives the number of molecules with a given velocity. A complete analysis gives the
velocity distribution, and hence the distribution of translational energy.

7.3.3 Scattering into an angle 6

A collides with B and as a result is scattered at an angle 6 to the original direction,
Figure 7.6.

scattered A

A <)
beam A ~ <=L — — — — > undefiected A

Y

beam B

Figure 7.6 Scattering of beam A into angle

When this is described in three dimensions there are many directions of scattering all
with the same angle 6, Figure 7.7.

Figure 7.7 Scattering of beam A in all directions into angle 6.
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These different directions of scattering into an angle & define a cone of scattering, and
this cone intersects the "inner surface of the sphere" on the rim of a disc lying on this
"surface" defined by the moving detector, Figure 7.8.

undeflected B
detector
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[} scattered particles end up on
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| -“"«scattered through angle 6
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> : undeflected A
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[/
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Figure 7.8 Discs of scattering.

But many different angles of scattering are possible, and are observed. The scattered
particles, therefore, end up on the rims of a succession of discs each of which
corresponds to scattering into a particular angle 6, Figure 7.9.

"B

Figure 7.9 Detection of scattering into various angles.
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All angles of scattering, 0° to 180°, are possible, and each disc is related to a given angle
Oby the geometry of the apparatus. In effect, the sphere can be sliced up into a sequence
of infinitesmally narrow discs over the sphere defined by the moving detector, Figure
7.10.

Figure 7.10 Detection of scattering into various angles.

The smallest circumference corresponds to zero or 180° scattering, the largest disc to
90° scattering. Measuring the amount of material on each disc gives the experimenter a
value of the amount of material scattered into the corresponding angle 6. The total
scattering @ must then be the sum of all scattering into all angles 6.

7.4 Definition of a collision in molecular beam studies

Scattering or deflection is equated to a collision,

(a) no scattering observed means that the molecule has not been involved in a collision,
(b) scattering observed means that the molecule has been involved in a collision.

In simple collision theory, if the impact parameter b is less than or equal to r, + rg
then a collision will occur, but if b is greater than r, + g collision cannot occur.

In molecular beam studies a collision is still defined in terms of a distance apart of the
trajectories, but this distance is no longer r, + rg, and the cross-sectional area is not 7(r,
+ rB)2 . Collision occurs when the distance between the trajectories is less than or equal to
a certain critical value of the impact parameter, b,,,, and its numerical value is found
from scattering experiments and is closely related to the minimum angle of scattering
able to be detected.

The impact parameter, b, is of crucial importance in molecular beam experiments, and
is defined as the distance between the centre of the B molecule which is considered to be
stationary and the line representing the motion of A towards B, Figure 7.11.
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stationary B

Figure 7.11 Definition of the impact parameter b.

There are a very large number of values of the impact parameter lying in a range of
values from b = 0 to b = oo, Figure 7.12a.

O . stationary B

moving A
Figure 7.12a Diagram showing various impact parameters.

Within this large range of possible impact parameters there will be a critical range of
values which result in a collision. If b = 0 there will be a head on collision and if 5 is
greater than the critical upper value to b, b,,,, collision cannot occur.

This value b,,, is therefore the radius of a disc drawn around B which represents
encounters which lead to collision, and the area of this disc mb’y,, is then the cross
sectional area for collision, Figure 7.12b.

O

gl

moving A stationary B

collisions are possible between » = 0 and b = bpax

cross sectional area o = th2max

Figure 7.12b Diagram showing various impact parameters, up to bpqx.
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Any A whose initial trajectory lands up on the disc will collide with B, and any initial
trajectory for A which does not land upon this disc cannot collide with B.

The initial trajectory of A must be used, since near to B the trajectory becomes
distorted because of intermolecular interactions between A and B. These interactions
can be repulsive, attractive or mixed depending on the value of the impact parameter.
This is in contrast to the hard spheres trajectory which is never distorted before collision
because there are no interactions outside 7, + rg.

These trajectory distortions are shown in Figure 7.13.

Figure 7.13 Diagram illustrating various trajectories of A as it approaches B.

(a) Trajectories 1 and 2 are dominated by attractions.

(b) Trajectories 3 and 4 are dominated by repulsions.

(c) Trajectories 5 and 6 result from a combination of attractions and repulsions.

(d) Trajectories 7 and 8 do not land up on the disc and will, therefore, not result in
collision.

A collision occurs if the impact parameter lies between b = 0 and b = b,,,,. One of the
biggest problems in molecular beam studies is to assign a numerical value to b,,,,. There
are no straightforward theoretical calculations which can assign an unambiguous value
t0 bpe, Which therefore has to be determined experimentally. The magnitude of the
experimental value of b, depends crucially on the smallest angle of deflection able to
be observed by the particular apparatus, and because of this the value of 4,,,, cannot be
unique and precise.

7.4.1 The relation between & and b, estimation of the value of b,,,,, and a definition
of a collision in terms of the angle of scattering
There is no way of identifying individual impact parameters prior to an encounter,
which is unfortunate since the intermolecular potential energy for interactions between
A and B can be deduced for each value of the impact parameter leading to collision.
Fortunately, it is also fundamental that each impact parameter is associated with a
particular value of the angle of scattering. For instance, b = 0 corresponds to a head-on
collision which results in totally backwards scattering at 180°, whereas if b is large, but
less than b, interactions will be small resulting in a small angle of scattering.
Intermediate situations between b = 0 and b = b,,,, result in stronger interactions leaaing
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to scattering into larger angles between 0° and 180°, Figure 7.14. This holds in general,
except at values of the impact parameter at which attractions are starting to dominate
over repulsions, when a mixed situation occurs.

Intermediate situations. .
Small b means a large scattering angle.

small b
:ec::@ N ____)

Larger b means a smaller scattering angle.

- _@ Even larger b means an even smaller scattering angle.
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Extreme situations.

- Scattering totally backwards through 180°
- a head-on collision.

b= by
@ Just made it as a collision;
5 minimum angle of scattering observed.
'max
b>bmax

Impact parameter greater than the value. .
b defining a collision, molecule A is undeflected

and there is no collision.

Figure 7.14 Dependence of angle of scattering on impact parameter.

If the angles of scattering, 6, can be precisely determined, then the corresponding
values of the impact parameter, b, can be inferred provided a relation between & and b
can be derived.

Experimental results show that the graph relating @ and b has the following shape,
Figure 7.15.
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180° repulsive forces dominant

4
7
7

attractive and repulsive
forces both significant

attractive forces dominant

/ \ / arbitrary cut-off

S

~

b l b b3 T b

b = bmax

-—=->

balance of attractive and repulsive forces

Figure 7.15 A graphical representation of the dependence of &on b.

Repulsion is dominant at low impact parameters leading to a high value of the scattering
angle, while attraction is dominant at large values of the impact parameter leading to
smaller angles of scattering. Where attractions and repulsions are balanced, zero
scattering results. One problem associated with interpretation of scattering angles is that
sometimes a single scattering angle is a result of different impact parameters. For
instance scattering into angle #'results from three different impact parameters b,, b, and
b;.

At very high values of the impact parameter the graph of @ against b approaches zero
asymptotically. Zero scattering corresponds to zero deflection which could be taken to
represent the boundary between a collision and no collision. But, in fact, zero scattering
angle occurs at infinity, and so this cannot be used to distinguish between collisions and
no collisions. A compromise is made, and the value of b_,, which corresponds to the
smallest angle at which the detector can detect scattering is taken to represent the
division between a collision and no collision. There is, therefore, no definite cut-off in
what is taken to be a collision, and so the value of 4,,, and the definition of a collision
are fuzzy, and would vary if the minimum angle able to be measured were decreased.
However, when this is described in quantum terms the arbitrariness largely disappears.
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7.4.2 Collisions and the cross section

In molecular beams a collision occurs when the impact parameter, b, is less than the
value, b,,,,, which corresponds to the minimum angle of scattering able to be detected.
This corresponds to the radius of a disc over which the interactions of the molecules can
be regarded as a collision. The cross sectional area for collision is defined as

Area of thedisc = o, = m?,, (1.26)

where the subscript in o, refers to all scattering over all angles between the minimum
able to be detected and 180°. If oy, can be measured then b, follows. If there is
"fuzziness" in the value of b,,,, (Section 7.4.1), there will be a similar uncertainty in

Ototal

7.5 Experimental determination of the total cross section, iy

This involves measuring the intensity of a beam of molecules, I°, before scattering, and
measuring the intensity, r after scattering, and relating these via a Beer's law relation
described below and in Figure 7.16.

B
=0 =L
\\ .
« dl !
_____-/__/——-)
L
B

Figure 7.16 Diagram illustrating use of Beer’s Law for determining the cross-section for
total scattering.
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A and B collide in region L. Very low pressures ensure that this is the only collision
which either A or B suffers in the incident beam, and likewise no collisions will occur in
the scattered beams before they are detected.

As A passes through B there will be collisions and some of A and B will be scattered.
The intensity of beam A, I,, is Nyv where v is the relative velocity with which A
approaches B, and N, is the number of molecules per unit volume of A.

The loss of intensity of beam A due to scattering over the length, d/, depends on
(1) the intensity, I,())

(2) the length, d/
(3) the number of molecules per unit volume of B, Ny
(4) the relative velocity, v.

—-dl,(/)oc N,vN d!
o« I, ()N, dl

= 0 oy W (N dI (727

where o, (v) is a constant of proportionality, and is the total cross section for the
particular relative velocity v.

The net loss of intensity of beam A is the sum of all scattering from /=0to /= L. If 1,°
and / Af are the initial and final intensities between /=0 and / = L, then

I L
- I g-l‘ég—) = jatoml (V)N dl
g 1) % (7.28)
0
log, —5—’;‘— = 0w (VNL. (7.29)

A

It is easy to measure /,° and IAf, L, Ny and the relative velocity v for the given
experiment.

To obtain a value of o, independent of velocity, o, (v) is summed over the
distribution of velocities used in the various experiments

Ol = Z O o W) f(V)dv

(7.30)
= [0 M)y, 231
0
When the total scattering is being measured the following relation holds
amount of amount of amount of
material = {material in the} — <{material which

scattered original beam is not scattered (7.32)
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The final intensity of the undeflected part of the original beam is a quick route to the
total scattering over 360°. This is not possible when measuring angular scattering.

The cross section Gy (V) at a particular value of the relative velocity leads direct to
b at the same relative velocity,

O-total (V) = ﬂb :mx

and collisions occur for values of b between b =0 and b = b,,,.

The same procedure yields Gowl (v) and 6, for beam B.
However, there are many values of b between 4 = 0 and b = b,,, which lead to
collisions, and if any more detailed information is required it is necessary to study the
angular scattering.

(7.33)

7.5.1 Angular scattering

These are important experiments since they lead to values of b corresponding to
particular angles of scattering 6. The scattering into the small range of angles d6 around
any given angle & can be detected using a mass spectrometer to estimate the amount of
scattered material hitting the "inside surface of the experimental sphere" described by
the detector. In effect, what happens is that this sphere has been chopped up into slices
of thickness d/, Figure 7.10, each slice corresponding to a given angle.

The initial intensity of the beam and the intensity into angle 8 can, therefore, both be
found, and these are linked by a Beer's Law type relation similar to that derived for total
scattering. A value of the experimental cross section 0*(6, v) follows for the given
relative velocity at which the experiment is carried out. Again an experimental cross

section independent of velocity o*(6)is found by integrating over the distribution of
velocities used.

o*(0) = ‘(!‘ o *(0,v)f(v)dv. (7.34)

Likewise, values of 0*.(0, v) and o (6) can be found for beam B.

7.5.2 Measured cross sectional areas ¢*(6, v) and differential cross sectional areas
o(6,v)

Different impact parameters give different angles of scattering; scattering into an angle
6, results from impact parameter b,, angle &, from b, and so on. The smaller the impact
parameter, the larger is the angle of scattering. Because the impact parameter, b, is a
microscopic quantity compared to the macroscopic quantity, angular scattering into
angle 6, all impact parameters are coalesced to a point when a diagram showing possible
angles of scattering is drawn, Figure 7.17.
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undeflected beam B

Scattering of B occurs on to the rim of a disc
corresponding to an angle of scattering 03
resulting from impact parameter b, <

~

— — —» undeflected beam A

Scattering of A occurs on to the rim of a disc
corrgsponding to angles of scattering 6 | and 6,
resulting from impact parameter b, and b,

B respectively.

Figure 7.17 Scattering from various impact parameters leads to scattering into
corresponding angles.

What is actually measured is scattering into a very small range of angles d@around the
angle 6, and this results from a small range of impact parameters db around the impact
parameter b, Figure 7.18.

Scattering on the rim of disc of width
resulting from a small range of angles d6

gives A
@.__E — > P,
bedb| b
—_— B
VaB

A range of impact parameters db gives
a range of scattering angles d@

Figure 7.18 Scattering into a range of angles d6 results from a range of impact parameters
db.
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The measured cross section o*(6, v) is related to the differential cross section o(6, v)
normally quoted in tabulated results at a given velocity, v.

o *(6,v) = (8,v)dQ (7.35)

where dQ takes charge of the small radge of angles which are inherent in any
experimental measurements. When most tabulated data are given as the differential

cross section o(6, v) it is necessary to interconvert o6, v) and o*(6, v) using dQ. dQ
will be derived later, Section 7.6.

7.6 Detailed derivation of the relation between fand b
The amount of scattering into a small range of angles d6 around any given angle &1is a
direct result of collisions occurring with a small range of impact parameters, db, around
the value of b which corresponds to the particular angle & under consideration. It is
possible to calculate the total amount of scattering resulting from all values of the impact
parameter between b = 0, corresponding to a head on collision with total rebound
backwards, and b = b,,,. Likewise it is possible to calculate the total amount of
scattering into all possible angles & between 8 = 180°, corresponding to a head on
collision, and 8= 0,.and from these two quantities derive a relation between b and 6.
This is given below.

Figure 7.19 shows the geometrical relation between a range of impact parameters db
and the resulting range of scattering angles.

[

—x
bedb b
R OX S

/
, Position of impact reduced

to a point since b and db
are microscopic quantities,
6 and d6are related to the Region II: shaded area
experimental apparatus

Region I: shaded area

This annulus could be thought

of as a thickened ring on the disc
representing the cross section around
the B molecule related to the impact
parameter b. The shaded region
represents the small range db in
impact parameter around b.

This annulus could be thought

of as a thickened ring on the disc
representing the scatteringof the A
molecule at an angle & as a result of A
approaching B with impact

parameter 4. The shaded region
represents the small range in angle

d@ around Gresult from the

Figure 7.19 Range of angles of scattering and range of values of b.range db in impact parameter b.
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Scattering into a small range of angles d@ results in an annulus, or rim on the disc of
scattering of definite thickness given by the shaded filled-in region of scattering in
region II. This scattering results from a range of impact parameters db given by the
filled-in region I.

Region II in Figure 7.19 is a result of scattering between the two cones of scattering of
angle 6 and angle 6 + d6, and it specifies a solid angle defined by the geometrical
relation

_ area of shaded region II

dQ -
R (7.36)

where R is the slant height of the cone, Figure 7.20, and A represents the point of impact
which is fixed geometrically.

Figure 7.20 Scattering in terms of a solid angle dQ.

A geometrical argument is used to find the area of the shaded region II.

the area of shaded region Il = length of the perimeter x CD

= 27BC xCD. (7.37)
But CD = Rd@ (by definition)
and BC = Rsin @
and so

the area of shaded region II = 2R’ sin &6

- RO (1.38)
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so that dQ = 27sin&Aé. (7.39)

The amount of scattering, due to the range in angles d@around &, which results from a
range in impact parameters db around b, is proportional to the quantity dQ, from which
it follows that

the amount of scattering
into a range of angles oc 277 sin & 6.
d@ around 4 (7.40)

The experimental cross section 05"(0, v)is also proportional to dQ, Section 7.5.2,

o *(6,v) < dQ (7.41)
o 27z sin 4@
) (7.42)
=0(6,v)2rsin o

where o(6, v) is the differential cross section.

The small range of scattering angles dé results from a small range in impact
parameters db around b, and the amount of scattering which will result from this small
range can again be calculated geometrically.

The area of region I, Figure 7.19, is found as follows:

the area of the outer disc = 7 (b + db)?

and this is the cross sectional area defining collisions which can occur if the radius of the
disc around molecule B lies between b =0 and b= b + db

the area of the inner disc = b’

and this is the cross sectional area defining collisions which can occur if the radius of the
disc around molecule B lies between b =0 and b = b.

Scattering resulting from impact parameters lying between b and b + db is given by
the difference in the two cross sectional areas, and this can be formulated in terms of the
area of region I.

area of region | =n(b+db)* - nb*
=27bdb (7.43)

if db* is to be considered negligible with respect to 2nt b db.
Hence scattering due to a range db in the impact parameter b is proportional to 2m b
db, and, as argued above, the area 2nt b db is the difference in the two cross sectional

areas, and must therefore be the experimental cross section 0*(6, v) for scattering into a
range of angles d@around 6.
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But it has already been shown, Equation 7.42 , that

o * 6,v)=0(6,v)2rsin &6 (7.45)
(6,1) =22
sinéd @

or o(6,v)sin K6 = bdb. (7.46)

Throughout this derivation the full statement, "scattering into a range of angles d6
around G results from a range of impact parameters db around 5" has been used. It is,
however, general practice to condense this to a statement reading, "scattering into an
angle & results from an impact parameter 4", but it must always be remembered that
experiment can only measure scattering into a small range of angles, and not scattering

into a precisely determined unique value of 8. Likewise, scattering does not occur from
one precisely determined impact parameter.
It has been shown above, Equation, 7.46 that

o(6,v)sin &6 = bdb.

Unfortunately b db cannot be evaluated directly, but the integral over all values of b
from b = 0 to b = b can be found. This requires that o(6, v) sin & d6 must also be
integrated over the corresponding limits for the angle of scattering, that is from 6 ==,
corresponding to the head-on collision b = 0, to 8= 6, corresponding to b = b.

8 b
Ia(&, v)sin dé = I bdb (747)
r 0
bZ
=
(7.48)

The left hand integral cannot be integrated explicitly, but the integral corresponds to

the area under the curve of o(é, v) sin @ against 6, Figure 7.21. All the quantities
required for this graph are available from experiment, and the area between © and any
angle can be found, and

2
the area between 7 and 8 = 3_

(7.49)
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Hence b can be found for any 6.

o(0.v)sin 0

I’Z
Shaded area = 5

giving b for angle ¢

Figure 7.21 Graphical determination of b from the graph of o(6, v) sin fagainst 6.

This is a relatively easy, direct and accurate route to values of b, and is also the only
experimental method available. There are several important uses for knowledge of
impact parameters.

Differential cross sections o(6, v) can be obtained from experiments where the
colliding molecules are initially in specified quantum states and end up in a variety of
quantum states after collision. During a collision energy is transferred from one
molecule to another, and determination of the quantum states of the scattered molecules
allows the type of energy transfer process to be identified. Angular scattering
experiments lead, therefore, to values of the impact parameter for energy transfer
between two specific quantum states before and after collision.

The major use of these experimental impact parameter values is for calculating
intermolecular potential energies from which potential energy surfaces for energy
transfer can be accurately derived, and, in particular, the region of the surface
corresponding to short intermolecular distances can be accurately described. It is at these
short distances that the quantum calculations are at their least accurate. If angular
scattering for collisions with energy transfer between specific quantum states is found,
then the derived potential energy surfaces become very detailed and useful.

Figure 7.15, Section 7.41, describes the graph of & against b, and this shows clearly
the influence of attractions and repulsions on collision.

The total cross section 6, (v), Section 7.4.2, is the sum of scattering into a range of
angles df@around fover all angles 6.

Oua (V)= D 0*(6.)

all angles

(7.50)

> o (6.v)dQ (7.51)

all angles
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ar
= Jo.vda (7.52)
0

7.7 Derivation of the rate of collision for energy transfer processes
(a) The derivation is the same as that given for simple collision theory, only
n(ra + rB)2 is replaced by nbzm,x.

The rate of collision = the total number of collisions per unit time per unit
volume
= ZAB
7.53
=0 (VN Ny (7:53)
and  k(v) =0, (V). (754

A summation over the distribution of velocities gives a rate constant independent of v

k= [0s O O)Y

(7.55)

(b) The arguments are similar where scattering into angle & is being measured.
The rate of collision into angle 9 = 5 * (9, v) N, N,v (7.56)
k(8,v)=0*(@.v)v (7.57)

giving k(8) = [ * (6, v)vf (v)dv.
o (7.58)
(c) The rate of collision between molecules in specific quantum states is
k(sp.gs.,0,v)=0*(spgq.s.,0,v)v (7.59)
and k(sp.gs.,0)= ja *(sp.q.s.,6,v)vf(v)dv. (7.60)
0

7.8 Dependence of the total cross section o, on velocity
Experiments over a range of relative velocities and translational energies give the
following graph, Figure 7.22.

Giotal (V)

translational energy &

Figure 7.22 Dependence of the total cross-section on velocity.
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This graph shows immediately that molecules cannot be treated as hard spheres. If they
were hard spheres there would be no interactions and no scattering for impact
parameters greater thanr, + rg, and the cross section would remain constant at
n(r, + r)’ giving a horizontal line. Experiment shows that this is not so.

The shape of the graph can be discussed purely qualitatively. If the molecules move
together very slowly with low translational energies then the forces of interaction have
long enough to have an effect, and a collision can occur, even with a large impact
parameter. But if the molecules move together quickly with high translational energies
they will fly past each other without interaction, and there will be no collision. This is
especially so at large impact parameters. The lower the value of the impact parameter
the more does the effect of a small b outweigh the "flying past effect", so that the cross
section is large at low translational energies, decreasing at high energies, until it reaches
the hard spheres value.

The hard spheres value is physically highly unrealistic, and the actual interaction is
governed by attractions and repulsions. At large distances attraction is dominant
resulting in a cross section larger than the hard spheres value at low and moderate
translational energies. At small distances repulsion is dominant, and this leads to a cross
section approaching the hard sphere value at high translational energies. At intermediate
distances repulsion and attraction are both significant so that the cross section takes an
intermediate value. A large range of models can describe this behaviour, and molecular
beam experiments can test these models.

7.8.1 Composite nature of gy,
Scattering can result from a collision resulting in energy transfer, or from a reactive

collision. Energy transfer can be between translation, rotation and vibration.
Contributions to the total scattering can be classified as

1. elastic scattering where the only exchange of energy is between translation and
translation, giving a cross section Oygc(v)

2. non elastic scattering where there is exchange of energy between translation and the
internal modes, giving Oy elasic(v) Which is itself composite, made up from
translation/rotation, rotation/vibration, vibration/vibration, and other such
combinations of energy transfer.

aﬂOﬂ elastic (V) = o-trans/rot (V) + O-rot/vib (V) + O-vib/vib (V) t... (761)

3. reactive scattering gives a cross section oz(v) discussed in Sections 7.10.2-7.10.5.

Each of these energy exchanges can be studied in turn, and, in particular, those
describing energy exchange between translation and internal modes, and between
internal modes result in a much more refined description of collision processes.

To do this requires putting molecules initially into specific quantum states so that the
molecules in the beam all have the same translational, rotational and vibrational
energies. After collision the molecules are scattered with a range of quantum states.
These quantum states can be identified, and their populations measured using laser
absorption spectroscopy and laser induced fluorescence. Values of the translational
energies can be found using the time of flight mass spectrometer. Values of the
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translational energies and the rotational and vibrational quantum numbers before and
after collision define a specific energy transfer process. Cross sections can be found for
all these energy transfers between pairs of specific quantum states before and after
collision. If angular scattering is also studied then values of the angular cross section can
be found for these state to state energy transfers.

Only a few collision processes have been studied in this amount of detail, but the
potential is there. Further, if the populations and velocities of all product states are
known, then the change in the distribution of energies as a result of collision can be
found.

7.8.2 Change in the distribution of energies on collision
The initial quantum states in beams A and B are selected.

Beam A Beam B

translational energy = Yomava’ translational energy = Yomgvs.
rotational energy = J,(Jo+1)Bh rotational energy = Jy(Jg+/)Bh
vibrational energy = (v5 +¥2)hVoa vibrational energy = (vg +"2)hv,p

After collision the quantum states and their populations can be found for all scattered
molecules of A and B, along with their translational energies.

Beam A Beam B

translational energy = Y4m,v'\2 translational energy = Yamgy's’
rotational energy = J,'(J,'+1)Bh rotational energy = Jg'(Jg' + 1)Bh
vibrational energy = (v,'+/2)hv, vibrational energy = (vg'+"2)hv g

The total energy is conserved on collision so-that

%mAvi +J,(J\ +DBh+ (v, +%)hV0A +%va§ +J5(Jp +1)Bh

+(vp + ‘;‘)h Vo

I
- %mAv’: +J(J +)Bh+ (v, +%)hv0A +mgVh

’ ’ ! 1
U +DBh + (v + )by (7.62)
and A&, A&y and A, can be found for each of A and B.

If one of the final quantum numbers or velocities cannot be found, then the above
equation will allow it to be found by calculation. For instance, if the final velocities of
scattered A and B in specific rotational and vibrational states cannot be found from the
time of flight mass spectrometer, then the above equation can be used to calculate
VamyV'g® + Vamgy 4% Likewise, if the initial and final velocities are known then it is still
possible to infer details of internal energy changes.

As stated earlier if the populations of the vibrational and rotational states of the
reactants and products can be found, then the finer details of energy transfer and the
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redistribution of energy on collision can be found. This gives vital information on the
activation and deactivation processes in a chemical reaction, and similar studies on
reactive collisions gives corresponding detailed information about the reaction process
(Sections 7.10 onwards).

7.8.3 Selection of the energy states of the colliding molecules

A rather unspecific experiment would use beams without any selection where
equilibrium distributions of translational, rotational and vibrational energies are present.
Most work is carried out in the ground electronic state, though there is no restriction, in
principle, to this state.

Supersonic and seeded beams have well defined velocities and need no further
selection. Such beams have high intensities, and a wide range of velocities can be
selected.

Molecules are generally in their ground vibrational state and need no further selection.
However, they are likely to have an equilibrium distribution of rotational energies, with
a large number of rotational states populated. For polar molecules it is possible to select
one of these states by using focused electric fields. It is easier, however, to selectively
populate a given rotational state of the ground vibrational state using a maser of the
appropriate frequency. The high intensity of the maser results in a high population of the
selected state.

Vibrational states other than the ground state, must be selected by laser, and this will
put the molecules into a specific rotational state in a specific vibrational state. And
again, because of the high intensity of the laser, a relatively high population of the
required state will be generated. With the range of lasers now available a large number
of rotational and vibrational states can be populated.

Molecular beam experiments can measure the total cross sectional area, 7b’py,, for
specific state to state processes. More refined experiments will measure the cross section
for scattering into an angle 6, and in doing so furnish the impact parameters for specific
state to state processes.

More definitive experiments keep the velocity and rotational energy constant, and
determine the effect of vibrational energy on the cross section, or likewise determine the
effect of rotational energy for experiments with constant velocity and vibrational energy,
and so forth. Similar experiments on reactive scattering determine threshold energies for
reaction, Sections 7.10.1 to 7.10.3, and give details of translational and vibrational
enhancement of reaction which have proved so important in looking at details on
potential energy surfaces, Chapter 6.

Selection of states for each colliding beam results in a considerable reduction of the
beam, and consequent reduction in the intensity of the scattered molecules. This is
particularly so if translational, rotational and vibrational energy is selected in the
colliding beams, and if transfer is into specific quantum states of the scattered beams.
Developing techniques of detection should alleviate this problem.

7.8.4 Experimentally derived quantities in state to state energy transfer

Once a set of initial and final quantum states are chosen it has been shown that the
following quantities can be found for each state to state process:

1. the total cross sections Gy, (v) and Gy
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2. the angular cross sections o*(6, v) and o*(6), together with the differential cross

sections (6, v), o(6)
3. the rate constants k. (v), k1, and the individual rate constants (6, v) and 4(6)
4. the detailed rate constants & (6, v, sp.q.s to sp.q.s) and (6, sp.q.s to sp.q.s)
Although these detailed experiments require time to obtain the results, they result in a
vastly deeper understanding of collision processes than do the simple total cross
sections.

7.8.5 Resonant and non-resonant energy changes
This can be illustrated by considering the following collision process

A+B ener A+B
transfer

where only the vibrational quantum numbers v, and vy change. The question can be
asked, "is this process purely vibration to vibration, or is it vibration to vibration plus
vibration to translation, or is it vibration to vibration plus translation to vibration?"

If the vibrational energy change in A equals the vibrational energy change in B, then
the energy change is exactly resonant, and there will be no consequent change in
translational energy. The energy change will be purely vibrational to vibrational energy
transfer, able to be confirmed by observation of the initial and final translational
energies being equal.

But if the vibrational energy change in A is not equal to the vibrational energy change
in B, then the exchange is non-resonant, and there will be a consequent change in
translational energy which can be observed. The change will, therefore, be a vibrational
to vibrational energy change with simultaneous vibrational translational energy transfer.

The same reasoning applies to rotational energy transfer, or vibrational-rotational
transfer.

7.8.6 A typical experiment studying the kinetics of energy transfer

For simplicity, energy transfer is considered between a diatomic molecule with one
vibration, and with quantum numbers, v, and J,, and an atom which has no rotations or
vibrations, Table 7.1.

Table 7.1 Changes in quantum numbers and energy transfer processes in collisions

Colliding Scattered Rate constant for type of energy
molecules molecules state to state transfer transfer
A B A B
diatomic atom diatomic atom
molecule molecule
v=3, =7 - v=3, J=6 - k(3376) rot-trans
- v=3,J=5 - k(3375) rot-trans
- v=3, J=8 - k(3378) trans-rot

- v=3, J=9 - k(3379) trans-rot
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v=3, =7 - v=2, J=T7 - k(3277) vib-trans
- v=2, J=6 - k(3276) vib and rot-trans
- v=2, J=5 - k(3275) vib and rot-trans
- v=2, J=8 - k(3278) vib-rot and trans
- v=2, J=9 - k(3279) vib-rot and trans
v=3, =7 - v=4, J=7 - k(3477) trans-vib
- v=4, J=6 - k(3476) trans and rot-vib
- v=4, J=5 - k(3475) trans and rot-vib
- v=4, =8 - k(3478) trans-vib and rot
- v=4, J=9 - k(3479) trans-vib and rot

The initial quantum numbers for molecule A are v, and J, and the scattered molecules
are studied to find all the product v, and J, values. Cross sections are found for
scattering into the observed quantum states of A, and the corresponding rate constants
for each state to state energy transfer process can be calculated. From experiments like
these it is possible to build up data on total cross sections, differential cross sections and
rate constants for energy transfer between specific quantum states. By comparing the
quantum numbers v, and J,, for molecule A before collision with those after collision it
is possible to work out the energy transfers given in the last column of Table 7.1.
Molecular beam techniques are easily the simplest, most straight-forward and most
accurate experimental tool for obtaining such data. When this is combined with
corresponding reactive cross sections and rate constants the microscopic rate constants
for all activation, deactivation and reaction steps can, in principle, be inferred for a given

reaction, and the overall rate of any elementary process can be found in terms of these
microscopic quantities.

7.9 Scattering diagrams with respect to the centre of mass
So far all the diagrams have been given in terms of the laboratory situation, for instance
angles of scattering have been drawn in with respect to what is actually measured in the
molecular beam apparatus. However, all molecular beam results are tabulated in terms
of scattering angles y which are referred to the centre of mass of the colliding particles.
Inferential results such as the contour diagrams in Chapter 10 are all drawn using these
centre of mass scattering angles y.

The observed scattering cones given as & for A and B have to be converted into a
scattering cone with respect to the centre of mass. Likewise angular intensities of the
scattered molecules have to be converted.

One of the benefits of this conversion is that there is conversion of o cones of
scattering 6,, 6 into ene cone of scattering with angle y with respect to the centre of

mass. This makes the subsequent manipulation of the experimental data very much
easier.

7.9.1 Forward scattering of both A and B
Scattering with respect to the laboratory apparatus has fwo totally distinct cones of
scattering, A having angle 6, and B having angle &, Figure 7.23.
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Figure 7.23 Cones of forward scattering for beams A and B in terms of the laboratory angle
of scattering.

This converts to ene double cone with a single scattering angle with respect to the
centre of mass, Figure 7.24.

This cone represents forward
scattering of B with respect to
the angle y which is with respect
to the centre of mass.

This cone represents forward
scattering of B with respect to

the laboratory apparatus, 8

This cone represents forward
scattering of A with respect to
~ the angle y which is with respect

to the centre of mass.

This cone represents forward
scattering of A with respect to
the laboratory apparatus, 6,

Figure 7.24 Conversion of two cones of scattering in terms of the laboratory angle @into a
single cone of scattering in terms of the centre of mass angle .
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7.9.2 Forward scattering of A, backward scattering of B
Again scattering with respect to the laboratory apparatus gives fwo totally distinct cones

of scattering, A having angle 6, and B having angle 6;, Figure 7.25.

|
|
|
|
|
|
|
1

Va —_— S [ GNE B G

B
Figure 7.25 Cones of forward scattering of A and backward scattering of B in terms of the
laboratory angle of scattering.

Dealing with one double cone with one angle makes all the subsequent analysis easier,
Figure 7.26.

This cone represents backward
scattering of A with respect to
" _ the angle y which is with respect
to the centre of mass

This cone represents forward
scattering of A with respect to

the laboratory apparatus, 8, Y

This cone represents backward
scattering of B with respect to
the angle y which is with respect
to the centre of mass

This cone represents forward
scattering of B with respect to
the laboratory apparatus, G

Figure 7.26 C.onversion of two cones of scattering in terms of the laboratory angle @into a
single cone of scattering in terms of the centre of mass angle y.
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7.10 Reactive collisions
Scattering experiments can be carried out for reacting gases

A+B - C+D

and two types of scattering can be measured. The total scattering due to non-reactive
and reactive collisions can be found from the drop in intensity of A or B. Scattering due
to reaction can be found by measuring the scattering of products C or D. The difference
between these two experiments would give the scattering due to non-reactive collisions.
Total and differential cross sections can be measured for all collisions, while total and
differential cross sections for forming the scattered products C and D are cross sections
for reactive collisions only. If the quantum states of the reactants have been selected
then more information will emerge if the quantum states of scattered A and B, and the
quantum states for scattered products C and D are found.

7.10.1 The cross section for reaction
In reactive scattering all molecules which have reacted must also have collided, and the
definition of a collision remains the same as for energy transfer collisions, Figure 7.27.

N
S ’
A 7 \ I'bw
A > { )
N \ /
A > o 7
A > )
area=m7 b,
|4
_—
B

Figure 7.27 Definition of a collision in reactive scattering.

All molecules of A which hit the disc of radius b,,,, and cross section b’ max around B
will collide with B, and the molecules which do so will be made up of A molecules
which simply collide with B and do not react, as well as A molecules which do react on
collision with B. The cross section for all collisions, reactive plus non-reactive, is b

All molecules which react have collided, but not all molecules which collide will react.
This is a consequence of the quantum mechanical nature of reaction where bonds are
formed and broken. Classical dynamics, on which most molecular beam calculations are
based, adequately describes the trajectories for non-reactive scattering. However, the
movement of two molecules undergoing reaction is inherently quantum mechanical, and
this means dealing with probabilities. If two molecules actually collide there is only a
certain probability that they will react.

To take this into account the reaction probability P(b) is defined to be the fraction of
collisions with impact parameter b which lead to reaction, and so P(b) lies between zero
and unity. When P(b) is zero then none of the collisions result in reaction, if P(b) is
unity then all of the collisions lead to reaction, and at intermediate values of P(b) some
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collisions lead to reaction. P(b) is significant for values of b where intermolecular forces
are effective, but falls to zero for values of b greater than b,,,,.

There must be no suggestion that the statement "not all collisions lead to reaction"
means that some molecules are insufficiently energised. P() is taking account of a
quantum mechanical effect on the trajectories, and has nothing to do with activation.

7.10.2 Calculation of reactive cross sections

The cross section, - (6, v) for scattering into a range of angles d@ around angle 8 from a
range of impact parameters db around b and at relative velocity v is given by Equation

7.44
(6,v) =27bdb. (7.63)

all collisions

The total scattering for all collisions is

bﬂ\‘x
*
- = | 2#xbdb
O all collisions (V) ,(! (764)

=nbl, . (7.65)

When reactive collisions are considered the corresponding quantities must include the
probability of reaction, P(b), as a result of collision

rcacnve (0 V) 27[bP (b)db
collisions (7‘66)

v)= | 27zbP(b)db.
G'fé?féfiﬁ!‘“( )= -f ®) (1.67)

This last equation can only be integrated if P(b) is independent of b, which is rare, or
by numerical integration if P(6) and b are known.

7.10.3 Determination of P(b)
P(b) is defined as

reactive collisions into angle

P(b) =
®) all collisions into angle 8 (7.68)
0: @,v)
all collisions (9 V) (769)

Both these quantities can be measured as described previously.

Determinations of b

What is required here is the cross section for all collisions into a series of angles 6. A
graph of

O-all collisions (6’ V) Sin 0 against 9
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is drawn, and the area under the graph between any angle ’and 7 is 5°/2, where b is the

value of the impact parameter resulting in scattering into angle @’ Section 7.6 and
Figure 7.21.

Combination of P(b) and b
From values: (i) b for various 8
(ii) P(b) for various &

the value of P(b) for corresponding values of b can be found, and a graph of P(b)
against b can be drawn, Figure 7.28. For values of b greater than b,,,, there are no
collisions and P(b) = 0, while at b = 0 all collisions are successful in causing reaction
and P(b)=1

Pp)

Figure 7.28 Graph of P(b) against b.

7.10.4 Total rate constants for reaction

A derivation exactly analogous to that for collision theory, Sections 7.1.2 to 7.1.4, gives
an expression for the rate of reaction defined to be the number of reactive collisions per
unit volume per unit time.

rate of reaction =Z,5
= Op o (VN N (1.70)
giving k= 0y (V). @7

A rate constant independent of velocity is found by summing over all velocities given
by the distribution of velocities fv) dv

k= [ g i IV (V).
o (1.72)

Often a Maxwell-Boltzmann distribution is used giving

pA % o
1 2 &
k=|—| | =] |oguu(6)ex ———)de
[nyj (kT) J; o (€) p( kT (7.73)
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. . . 2
where ¢ is the kinetic energy = %2 mv’

7.10.5 Rate constants for reactive angular scattering

The cross section, o*y (6, v), for reactive scattering into angle 6, allows the rate constant
for the reaction for these conditions to be found.

k(@,v)=0g(O,v)v (7.74)

k@) =|oxF

©) I (0, ()dv. @75
Values of & correspond to particular values of b and P(b), and so rate constants for each
value of b and P(b) can be found. An enormous amount of information is contained in
tabulated data listing

o * (6,v)0,k(8),b foreach &,P(b) foreachd

Even more information emerges if state to state rate constants are found.

7.10.6 General state to state rate constants

This requires measurement of the angular scattering from reaction between A in
quantum state i, B in quantum state j, to give C in quantum state kK and D in quantum
state m. The corresponding cross section is oy (6, v, i, j, k, m), and the rate constant is k
(6, v, i, j, k, m) so that

k(8,v,i, j,k,m) =0y (0,v,i, j,k,m)v, (7.76)

k(8,1 j.k,m) = [ o (6,1, .k, mvf (V)dv.
0 7.77)

The experiments which can be carried out to determine these state to state rate constants
are discussed along with other techniques in Chapter 8.

There are difficulties mainly due to the low intensity of the scattered beams of the
products of reaction. This is particularly so when angular reactive scattering between
specific quantum states is determined, and accurate measurements requires very
sensitive detection. At present detection is the main limitation on observing state to state
processes of energy transfer and reaction.

7.11.1 Effect of translational energy on the reaction cross section

When the total reaction cross section is plotted against translational energy, the reaction
cross section is zero until a minimum energy is reached, whereupon it increases often to
a broad plateau before decreasing again. Sometimes only an increase to the broad
plateau is found.
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The minimum energy &, is called the threshold energy, and the curve ox(&) against £is
called the excitation function.

7.11.2 Two typical shapes of the excitation function
These are shown in Figures 7.29, and 7.30.

or (&) ok (&)

: 4 :
1

» -

&

Figure 7.29 A typical excitation curve
showing a maximum.

Figure 7.30 A typical excitation function
showing a plateau.

The value of &, can be measured precisely, and is the minimum relative kinetic energy
for reaction to occur. It is not the bulk experimental activation energy, nor is it the
theoretical activation energy calculated from the potential energy surface, but it is
related to both.

Any point on the curve gives the probability of reaction for a given translational
energy, and values of k(&),,,, over a range of &, allows mathematical formulation of
the reaction probability as a function of &y

7.11.3 Effect of vibrational energy on the reaction cross section

Specific initial vibrational states can be selected for one beam, and the reactive
scattering for each determined for one given initial velocity, giving oy;, r (&), where &
represents the vibrational energy of quantum state i. The graph of oy, r (&) against &,
sometimes shows a minimum threshold energy, or it may not, Figures 7.31 and 7.32.

all determinations
at the same velocity

Ovib, R (&) all determinations Oun.r (&)
at the same velocity

? &ib Evib

Evibo

Figure 7.31 Graph of oun » (&) against
against &yjp for a reaction showing
a threshold energy.

Figure 7.32 Graph of o, x (£/
against &yjp for a reaction with a
zero threshold energy.
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A minimum threshold energy indicates that a minimum vibrational energy is required
before reaction can occur. Collision theory and transition state theory tacitly assume that
the only requirement for reaction is that the kinetic energy of relative translational
motion along the line of centres takes a critical value. A direct test of this assumption
can now be made, and the molecular beam experiments show that for some reactions a
critical minimum vibrational energy is also required.

Again a point on the excitation function gives the probability of reaction from any
given vibrational state, and values of k(£),;, over a range of &, gives the mathematical
formulation.

Similar experiments selecting initial rotational states give an excitation graph of o, g
(sj) against &, from which it can be shown whether a critical minimum rotational energy
is required for reaction. Again some reactions do require this critical rotational energy,
some do not. The probability of reaction from a specific rotational state can be found,
and the mathematical relation between k(g,,) and &, deduced.

The total reaction cross sections from specific translational, rotational and vibrational
states lead to rate constants for very specific processes. Molecular beams is the only
technique giving this information, and is the real basis for the study of state to state
kinetics, see Chapter 8. It also gives information about the redistribution of energy on
reaction.

7.11.4 Differential reaction cross sections

The differential cross section for reactive collisions is found for various translational
energies, Figure 7.33.

R (0, Euans)

QI'MIS

- =

& trans
Figure 7.33 Differential cross-section as a function of energy.

These values are more useful than the total reaction cross sections as they give values
of b, and the shape of the excitation functions gives extensive information on
intermolecular energies used in constructing potential energy surfaces. Often the
quantum mechanical calculations furnish the data for large intermolecular distances and
molecular beam experiments fill in the details at short distances, particularly those
around the critical configuration.

Graphs of oy (6, &), Ok (G, &) give similar information.
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State to State Kinetics in Energy Transfer
and Reaction

Chapter 1 Section 1.3 gives a master mechanism for all steps in elementary reactions.
These are activation, deactivation and reaction. The energy transfer processes are
characterised by composite rate constants which involve rate constants for all
conceivable activation and deactivation steps between specified quantum states.

The energies associated with each quantum state are

& &1y &5 & ... &n-1s Ens Ensl -oeee. .

where n is the last level below the critical energy and n + 1 is the first level above the
critical energy.
Rate constants can be for
(a) "ladder climbing"; for energy transfer between adjacent levels or levels close
together, and the amount of energy transferred is small,
(b) "strong collisions" where transfer is between non-adjacent widely spaced levels, and
the amount of energy transferred is relatively large.

ko2 ko3 ko4 kon konti
kl,2 k|,3 kl,4 = kl,n kl,n+l
kys k4 krn Loy
k3,4 == k3,n k’.i,n+l
activation constants
kg——————— above this line

ko
kl,()

ko ki
k3,0 k3, 1 k3,2

deactivation constants
below this line ————— ‘

kn-l,o kn-l,l kn-l,Z o kn-l,n-2 - kn-l.nﬂ

kvo ke k2 Y ont1

Modem work indicates that ladder climbing is the dominant mechanism for vibrational
and rotational energy transfer.

The third step in the master mechanism is reaction. Here rate constants are required for
reaction from specified quantum states in reactants to specified quantum states in the
products.

This chapter describes methods of determining these microscopic state to state rate
constants.
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8.1 Use of molecular beams in generating state to state rate constants
At present, only a limited number of reactions have been studied in microscopic detail.
The main drawback is that selection of initial quantum states reduces the intensity of the
beams, and scanning the products for specific quantum states reduces the intensity yet
further, so that detection of a specific quantum state and determination of its population
become very difficult.

The type of molecular beam experiment depends on the information required, as
shown below.

8.1.1 Energy transfer studies: non-reactive collisions

Example 1
The energy transfer process

AW 1€ s )+ B 58 ) > AWLT 6l )+ BT )

where all quantum states are completely specified before and after collision represents

the ultimate aim in kinetics. In principle, molecular beams should furnish this data, but

difficulties in detection and population determination are crucial factors in limiting the
success of the experiment. In principle, the experiment could be as follows

1. Specified quantum states of A and B are generated by laser, and the populations
determined by laser absorption spectroscopy or laser induced fluorescence.

2. These beams are shot at each other with a specified relative velocity.

3. The quantum states of A and B after the energy-transferring collision are determined
by laser absorption spectroscopy and their populations likewise found using laser
techniques.

4. From this a set of cross sections and rate constants can be found for energy transfer
from one set of specified v, J5 grans o and Vg Jg Egans g into all possible quantum
states va' Jo' ‘Ghans-a aNd Vg’ Jp' Elanep-

. !’ ’ ’ ’ ’ !
a(vAJAguansA’vBJBgmmsB’ Va A€ uans A ’vB‘]BgUansB)

5. These experiments can be repeated for a series of specific initial quantum states of A
and B, so that ultimately all energy transfers are quantified.

Molecular beam experiments have, at present, not reached this degree of sophistication,
and this remains a matter for future research.

From this, the rate constant at one specific relative velocity is given as

kW) = o(viv,Ja vadw Vi i Ve 1)

and the rate constant independent of velocity is

k = ja(v; Vo Veds Vi L v i )f (V)dv. 3.2)
0
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Example 2

A much less selective experiment where only the initial and final vibrational states of A
are specified corresponds to transfer of vibrational energy to or from A. There may be
consequent transfer of rotational and/or translational energy if the vibrational transfer is
not resonant.

A(v,,all J, and &, , unspecified)

+B(all v,J; and €, , unspecified) —

A(v, allJ, and ¢, , unspecified)

+B(all vy J, and ¢, , unspecified).

Since only the change in the vibrational state of A is being studied there is no need to
select an initial quantum state of B or probe for specific quantum states of B after
collision, so that only the total scattering of B need be found. Likewise there is no need
to select or probe for specific rotational and translational states of A.

The molecular beam experiment could involve:

A specific vibrational state of A is selected by laser.

Beams of A and B are shot at each other with specified relative velocity.
All final vibrational states of A are probed and their populations found.
The total scattering of B is measured.

The experiment is repeated for other initial vibrational states of A.

RalE ol s e

Because selection is not highly specific, problems with intensities of initial and
scattered beams are minimised. The cross section for each vibrational change in A is
O(Emans A Va» Va'), but the expression for the rate constant is very complex involving
vibrational degeneracies, partition functions and sums over all rotational states.

Example 3
There are obviously processes which are intermediate in the detailed nature of the
specification of the quantum states.

For example, there could be vibrational transfer between two molecules where the
vibrational quantum numbers of A and B both change. If the vibrational change is
resonant (Chapter 9, Section 9.3), there will be no consequent change in translational
energy, and the change would be purely vibrational-vibrational. If the change is not
resonant there is transfer to translation, and the change is vibration to vibration with
accompanying vibrational-translational energy change. Likewise, there may, or may not,
be accompanying rotational energy transfer.

The process would be

A(VAJAEUans A)+ B(VBJBgtrax\sB) - A(v:\'j;\gt’rms A) + B(VI;JBgzransB)

where J, and Jj are unspecified before and after collision.
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The molecular beam experiment would be

Specific vibrational states of A and B are selected.

. A and B are shot at each other with known relative velocity.

3. All vibrational states of A and B after collision are probed and their populations
determined.

4. Comparison of final and initial velocities of A and B would tell whether the transfer
is resonant or not.

S. This could be repeated for different initial vibrational states of A and B.

DN e

In general, the more detailed the specific quantum states involved the simpler is the
expression for the cross section and rate constant, though there are then consequent
problems of detection. When all rotational or vibrational states are allowed, then the
calculation becomes very complex, but the problems of low intensities are minimised.

Each of these three examples of energy transfer are prototypes for all processes of
energy transfer which can occur. Depending on the quantum states involved, the transfer
will be either activation or deactivation. From this information it is, in principle, then
possible to calculate , for activation and &, for deactivation, Section 8.13.

8.1.2 Reaction: reactive collisions
In reactive collisions, scattering of the new product molecules is studied, and either the
total scattering or scattering into specific angles is measured. In more detailed studies
specific quantum states of the reactants are selected and the quantum states and the
populations of the product molecules are probed. What has been said about non-reactive
scattering can be taken over directly for reactive scattering; the essential difference
between the two types of experiment is that new molecules are scattered in the reaction
experiments.

For instance, reaction could be between A and B molecules in specific quantum states
to give products C and D in specific quantum states,

A(VA‘]AgmmsA )+ B(vBJAgtransB ) - C(chcng)+ D(vDJDgtransD )
The cross section and rate constant are related, and for one given relative velocity, v
k(v;vAJA’vBJB ;VCJC’VDJD)Z G(V; Vada ’VBJB;chc’VDJD)V (8.3)

and gives a rate constant independent of velocity by integration over the appropriate
distribution of velocities

k(vAJA,vBJB;vCJC,vDJD) = ja(v; Vad arVadniVed o, Vpdp )V (V)dv.
0
8.4)

Each state to state rate constant determined in this way allows a calculation of ks, the
rate constant for reaction which appears in Equation 8.39
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The calculation of an overall rate constant for reaction using these individual state to
state rate constant for energy transfer and reaction is outlined in Section 8.13.

8.2 Relaxation techniques in state to state kinetics
A gas at equilibrium has a Maxwell-Boltzmann distribution of translational, rotational,
vibrational and electronic energies. If this equilibrium is disturbed, the build up to the
new required equilibrium distribution can be watched, and the rate of energy transfer
found. The perturbation can be small, and the new equilibrium position only slightly
away from the original equilibrium as in ultrasonics, temperature and pressure jump
experiments, or it can be large and often very large, with the new equilibrium position
far from the original as in shock tubes and flash photolysis. The movement to the new
equilibrium is a relaxation process, and the time required for this change to occur when
the displacement is small is the relaxation time.

Relaxation processes can be split into three types:
(i) the single impulse displacements of temperature and pressure jumps, shock tubes

and flash photolysis,

(ii) the pulsed displacements of pulsed shock tubes and pulsed radiolysis,
(iii) the periodic displacements of ultrasonic experiments.

In these processes, the initial transfer of energy is into translation, but this is then
followed by typical relaxation processes such as translation to vibration, translation to
rotation, and vibration to rotation or rotation to vibration, which occur until the new
equilibrium is established.

8.2.1 Rates of energy transfer
In principle, all energy levels are involved and rate constants for each transfer can be
formulated (Section 8.13).

In vibrational transfer, ladder climbing is involved, and harmonic oscillators are
assumed, and rate constants for higher levels can be found in terms of transfer between
the ground and first vibrational levels

iy =+ 1Dk (8.5)

This equation may be adequate for low-lying levels where vibrations approximate to
harmonic oscillators, but it certainly is not valid at the high energies in which kineticists
are interested.

A corresponding, but empirical, expression gives rate constants for rotational energy
transfer between higher levels. This covers both ladder climbing and strong collision
processes.

k., o« exp{-ChB[J'(J'+1)=J"(J"+ D]} 8.6)
where C is a constant and B is the spectroscopic rotational constant.
8.3 Ultrasonic Techniques

This has been used to study fast reactions, but the technique can also be used to study
energy transfer.
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A gas or solution is displaced from an initial full Maxwell-Boltzmann distribution, and
the system then relaxes to the new equilibrium position by collisional energy transfers.
The relaxation time is the time at which the system has still to go 1/e = 0.368 of the way
to the new equilibrium. The speed at which these processes happen depends on the
frequency of collisions, and on the effectiveness of collisions in transferring energy.

Interaction of a gas, or solution, with sound waves enables this process to be followed
with ease. A sound wave corresponds to a sequence of alternating temperatures which
corresponds to a sequence of alternating Maxwell-Boltzmann distributions. If the
ground electronic state is being studied there will be a sequence of alternating Maxwell-
Boltzmann distributions of translational, rotational and vibrational energies, Figures
8.1a, 8.1b, 8.1c.

temperature or temperature or
translational energy rotational energy

translational energy rotational energy

time time

temperature or
vibrational energy

vibrational energy

time

Figure 8.1a, b, ¢ Alternating Maxwell-Boltzmann distributions for translational, rotational,
vibrational energies respectively.

At low frequencies of the sound wave, the system adjusts in step with the alternations of
temperature, and at every stage of the compression - rarefaction wave cycle the
appropriate Maxwell-Boltzmann distributions are set up. This means that collisions are
effective in transferring energy faster than the temperature is alternating, Figure 8.2a.



Sec. 8.3] Ultrasonic techniques 237

vibrational energy

time

At low frequencies, vibrational energy transfer keeps the
vibrational energy changes in phase with the sound wave

Figure 8.2a Collisions are occurring fast enough, and are effective in transferring
vibrational energy to maintain a Maxwell-Boltzmann distribution.

At high frequencies, complete readjustment of the system finally breaks down.
Rotational energy transfer is much easier than vibrational energy transfer, and so the
‘readjustments of vibrational energy drop out first.

When the period of the sound wave becomes comparable to the relaxation time for
vibrational energy transfer, collisions will just fail to be effective in transferring
translational energy of one molecule into vibrational energy in the other molecule
involved in the collision. When this happens the vibrational energy remains almost
constant throughout the cycle, instead of alternating, Figure 8.2b.

vibrational energy

time

At higher frequencies, vibrational energy transfer cannot
keep in phase with the sound wave and no transfer
occurs, leaving the vibrational energy constant
throughout the disturbance created by the sound wave.

Figure 8.2b Collisions are not effective in transferring vibrational energy.

At even higher frequencies, collisions can no longer transfer rotational energy fast
enough to keep up with the rapid alternations in temperature, and the rotational energy
remains almost constant throughout the cycles, Figures 8.3a, 8.3b.
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rotational energy

time

At the lower frequencies, rotational energy transfer keeps
the rotational energy changes in phase with the sound
wave.

Figure 8.3a Collisions are occurring fast enough, and are effective in transferring rotational
energy to maintain a Maxwell-Boltzmann distribution.

rotational energy

time

At higher frequencies, rotational energy transfer cannot
keep in phase with the sound wave and no transfer
occurs, leaving the rotational energy constant throughout
the disturbance created by the sound wave.

Figure 8.3b Collisions are not effective in transferring rotational energy.

The frequencies at which these situations occur should give a measure of the
effectiveness of collisions in transferring vibrational and rotational energy. These
frequencies are determined by studying the change in the velocity of sound, or the
change in the absorption of sound as the frequency of the sound wave through the gas,
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or solution, is increased. A point of inflection in the graph of (velocity)’ against
frequency, or a maximum in the graph of absorption against frequency is found at the
frequencies at which collisions become ineffective in transferring vibrational and
rotational energy, Figures 8.4 and 8.5.
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Figure 8.4 Dependence of velocity of sound on the frequency of a sound wave - one
relaxation time at which collisions become ineffective in transferring
vibrational or rotational energy.
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Figure 8.5 Dependence of absorption of sound on the frequency of a sou!ld wave - one
relaxation time at which collisions become ineffective in transferring vibrational
or rotational energy.
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The velocity of sound through an ideal gas is related to the heat capacities for the gas.

» _RT R
V - M {1 + (/ +(wr0t CI\/'lb } (8.7)

RT 1+ —R—
M Co (8.8)

where C,™ is the translational heat capacity at constant volume, and C;, and C«V"“b are
the corresponding heat capacities for rotation and vibration. The electronic heat capacity
is zero for the ground electronic state.

If the energy of vibration &, is constant, which it is when collisions fail to transfer

energy fast enough, then
6'!:"vib ) — C’\/lib =0
or ), 8.9)
andso C, “® drops out of the expression (8.7) above and V* takes a new and higher value
RT R
V= 1+ (8.10)
M { c;™+C ,§°‘}
RT R 8.11)
1+—
"M\ C,
where C_ =C;™ +C,. (8.12)

This behaviour is illustrated for transfer of vibrational energy in Figure 8.4.

Corresponding behaviour is found at frequencies at which rotational energy transfers
can be studied. Here

, RT R
=
V M{ +C§m o (8.13)
I;/IT{HER—} (8.14)
0

describes behaviour when collisions are effective in transferring rotational energy, but
are totally ineffective in transferring vibrational energy.

At higher frequencies collisions become ineffective in transferring rotational energy
and so &, remains constant. Under these conditions

0¢,
rot =C rot - O
( oT )V C (8.15)

drops out of Equation 8.13 and V* takes a new and higher value.

rot

and soC
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. RT[ R

Ve = 7\7{1 + i } (8.16)
_RT), R

YAk @.17)

Similar type equations will hold for solutions.

8.3.1 Determination of the relaxation time
In Figure 8.4 the graph shows a point of inflection at a particular frequency which lies
between the low steady value and the high steady value of the square of the velocity of
sound. The region between these two steady values is called the dispersion region, and it
is in this region that the most useful information is found.

At the point of inflection at a frequency @

c: vz -p?
w212_ 0[ @ 0]

T\ vE-v? (8.18)

where 7 is the relaxation time and v,2, V.2, V. are the squares of the velocity of sound at
the point of inflection, the low frequency end and the high frequency end respectively.

Points of inflection are difficult to pinpoint accurately, and often the frequency exactly
half-way between the low and high steady values is used.

_1C,
Cisgwan = C. (8.19)
All quantities, other than 7 are known in Equations 8.18 and 8.19, and so 7 can be
found. Depending on the frequency region being studied the relaxation times for
vibrational and rotational energy transfer can be determined.

If, instead of the velocity of sound, the absorption of sound is measured then a peak in
the absorption is found, Figure 8.5. This maximum corresponds to the limit of
effectiveness of collisions transferring vibrational energy or rotational energy.
Vibrational energy drop out occurs at low frequencies with rotational drop out occurring
at higher frequencies.

At the maximum

1 V,C,

@ ax T V.C. (8.20)

Hence the relaxation time can again be found.
Since a maximum is more accurately determined than a point of inflection or a half-
way point, absorption studies are often used in preference to velocity of sound studies.
Figures 8.6 and 8.7 give overall diagrams showing both vibrational and rotational fall
off, using velocity of sound and absorption data respectively.
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Figure 8.6 Velocity of sound diagram for vibrational and rotational relaxation.

frequency

vibrational fall out rotational fall out

Figure 8.7 Absorption of sound diagram for vibrational and rotational relaxation.

8.3.2 Determination of rate constants for vibrational energy transfers studied by
ultrasonic studies

If energy transfer between all levels is considered then the following equation can be
derived.
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1
== Jio = Ja 821

T
where f, and f;, are transition probabilities for vibrational energy transfer between the
zero'th and first vibrational levels.
The corresponding rate constants for a system consisting of a total number, N, of
molecules present, are

A

Y (822
-
N (8.23)

The relaxation time involves the zero'th and first vibrational levels only, and ultrasonic
experiments can only give information on transfer of energy between these levels, and
there is no way in which the experiments can be altered to give data on transfer between
higher levels. The restriction is a theoretical one, and not an experimental one.

A kinetic analysis involving energy transfer between all levels reduces to

Jo [N
fo \N, ), (824)

where N, is the number of molecules in the first excited level, N, is the number of
molecules in the ground vibrational level, and "eq" signifies that these correspond to a
Maxwell-Boltzmann distribution of vibration in these two levels where

hv

N, =N, exp(— ——)

kT (8.25)

where v is the frequency for the transition from the ground level to the first excited
level.
From these equations

Jio kT (8.26)

which taken with Equation 8.21 gives

L. 1-exp| — id

7T (8:27)
L _ AN

7 TP T (8.28)

from which f,, and f;,, can be found from the experimental values of rand v.

and
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Similar equations are used to treat rotational energy transfers.

Values for transition probabilities for vibrational energy transfer between higher
levels, and where ascent of the vibrational energy ladder is by ladder climbing, can be
estimated from Equation 8.5. In principle, all energy transfer transition probabilities and
rate constants for ladder climbing processes can be found. However, the value for
energy transfer rate constants between higher levels are limited in accuracy because the
theoretical relation, Equation 8.5, assumes harmonic oscillators.

The transition probabilities and rate constants for rotational energy transfer between
the zero'th and first rotational levels can likewise be found from the rotational relaxation
time, and extension to higher levels is made using Equation 8.6 which covers both
ladder climbing and strong collisions.

Two other useful quantities are
(i) the transition probability per collision, p,, p,

_ o
b

/e
P 7 Po = —201-

(8.29)

where Z is the number of collisions per unit time which a molecule undergoes, and
(ii) the mean number of collisions required before energy transfer occurs, Z,,, Z,

Pro Po ‘ (8.30)

In vibrational energy transfer, the energy is transferred from a low lying mode in the
zero'th level in activation, and fo a low lying mode in the zero'th level in deactivation.
Thereafter it is very rapidly transferred to other modes via an intermolecular
mechanism. If two points of inflection or two peaks occur close together, then energy is
independently entering two low lying modes.

With rotational energy transfer the energy is very rapidly redistributed between
molecules.

8.4 Shock Tubes

This technique can be used to study fast reactions, but it can also be used to study
energy transfer. The essential features are passage of a shock wave at supersonic speeds
through the gas causing heating of the gas to a very high temperature, often around 10’ -
10* K. The temperature rise occurs in around 10° s, and so must result from a few
collisions only. The high temperature stays virtually constant for up to several
milliseconds, and the observations must be made during this period.

The molecules present at these high temperatures are greatly excited, and the
experiment follows the build up of the populations of these highly excited levels
required by the new Maxwell-Boltzmann distribution for the final steady high
temperature. This build up occurs at the expense of the populations of the lower state.

The steady high temperature is attained in 10° s, and translation to translation and
translation to rotation energy transfer can easily occur within this time. But translation to
vibration exchange is difficult and will not occur in 10° s, and so what is observed in the
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shock tube is the setting up of the high temperature Maxwell-Boltzmann populations in
high vibrational levels, mainly by translation to vibration transfers.

This build up can be followed by absorption spectroscopy from which transition
probabilities and rate constants can be found. Either the build up of the populations of
various excited levels, or the decay of a low lying vibrational level can be followed. If
the monitored level is being built up, then an absorption peak for this level will also be
built up with time. If the monitored level is one from which molecules are being excited
then an absorption peak for this level will decay with time. For both cases, a continual
recording of the population of the vibrational level under study can be made since the
population of the level determines the intensity of the monitoring absorption.

If the ground vibrational level is monitored by absorption, the population and hence
the intensity of the monitoring absorption peak will reflect movement of molecules out
of the ground state to all possible excited states, and of all molecules into the ground
state from all possible excited states as dictated by the high temperature vibrational
energy distribution. Similarly, if build up of an excited level is being monitored by
absorption, then the intensity of absorption will reflect the number of molecules moving
into and out of that state from all possible levels below and above the vibrational level
which is being studied. In the experiment all observable levels can be monitored in this
way.

From this the rate constant for build up of an excited level during the period of
constant high temperature can be found. But, since only the overall population of each
possible state is built up from all levels below and above the particular state, then only
overall rate constants emerge. Ideally, the overall rate constant should be split up into
detailed individual rate constants for each possible energy transfer contributing to the
build up of any given excited level. This is not possible (Section 8.12), and can be
contrasted with molecular beam experiments which can furnish individual state to state
rate constants.

8.5 Flash Photolysis
Again this technique can also be used for studying fast reactions and for energy transfer.

An intense flash of light excites molecules out of the normal Maxwell-Boltzmann
distribution into excited vibrational levels of the ground state, or into excited vibrational
levels of excited electronic states. The molecules then lose their energy by a collisional
mechanism of energy transfer, generally to translation, but sometimes to rotation,
thereby returning to the original Maxwell-Boltzmann distribution.

In flash photolysis the energy of the flash is so large that the populations of the excited
states are so high that conventional spectroscopic methods can detect and measure these
levels. It then becomes possible to watch movement out of and into these levels by
following the decrease of intensity of suitable peaks in absorption, as described in
Section 8.4. Again, however, only an overall population can be measured, and so only
overall rate constants can result.

Although shock tubes and flash photolysis both investigate the same fundamental
situation, processes in the shock tube must be carefully distinguished from those in flash
photolysis. In shock tube experiments a process of excitation to a new Maxwell-
Boltzmann distribution corresponding to the high temperature is being studied, but in
flash photolysis experiments the process is now one of deactivation back to the original
Maxwell-Boltzmann distribution corresponding to the laboratory temperature.
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Both shock waves and flash photolysis are indiscriminate in so far as a large range of
levels are populated. In contrast, laser methods and chemiluminescence are more
discriminate with only a few levels populated (Sections 8.7, 8.8).

8.6 Fluorescence

Here the molecule is excited into highly excited vibrational levels of the ground
electronic state, or into a highly excited electronic level. Fluorescence then occurs to the
ground level via various excited vibrational levels. Decay to these levels is very rapid,
and in consequence sometimes cannot be observed. Experiments suggest that the levels
populated in these ways often lie between v = 0 and v = 5. Vibrational relaxation to the
ground vibrational level occurs by collisions, and this relaxation can be monitored by
absorption.

In practice the rapid decay of the upper levels by fluorescence means that what is
observed is the collisional relaxation between low lying levels, and this often reduces to
the rate constant for deactivation from v = 1 to v = 0. However, improvements in the
speed of detection will remove this limitation.

8.7 Laser Photolysis

Because of its high energy, a laser can produce populations in excited states which are
grossly disturbed from their normal Maxwell-Boltzmann distribution. Furthermore, it
excites into specific states which are known unambiguously. Pulsed lasers allow
absorption of a number of photons successively so that the molecule can pass stepwise
by a ladder climbing process into higher levels. Similar techniques using masers enable
rotational states to be studied. -

Once excited the molecule can fluoresce, and the intensity of fluorescence monitors
the population of the excited level. Alternatively, the level could be monitored by
absorption spectroscopy. Overall rate constants describing overall movement info and
out of the level can be found. By choosing appropriate lasers and masers a whole variety
of levels could be studied, though in practice this is limited by the availability of suitable
lasers and masers. The energy transfers for rotations often cannot be observed

independently because the Maxwell-Boltzmann distribution for rotations is set up so
rapidly.

8.8 Chemiluminescence

Chemiluminescence is emission of radiation from the products of a chemical reaction,
and is normally associated with exothermic reactions where the products are in excited
vibrational and rotational levels, and sometimes in excited electronic states.
Chemiluminescence helps to pinpoint the particular excited states which are produced
immediately after reaction has occurred.

Unfortunately, collisional deactivation often has occurred before the initial states of
the products can be detected. This is so for rotational states because of the rapidity of
rotational energy transfer, resulting in the populations of the rotational levels being
distorted from the levels produced immediately after reaction. Vibrational relaxation is
not so serious a limitation, though it has been detected in some reactions. Using a flow
system with several observation points gives a record of progressive relaxation which
can be extrapolated back to give the populations at zero time after reaction.
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Chemiluminescence is limited in that it can only be applied to reactions emitting light,
but when applicable it is specific, though as with previously discussed methods it can
only generate overall rate constants.

8.9 Steady state methods

This is an older method of obtaining energy transfer data, but problems in producing
sufficiently high populations in excited levels, coupled with difficulties in analysis of the
data limited its scope. With laser developments the method has been revived.

A vibrationally excited molecule M* can be produced by absorption of radiation or
collisional activation. It can then be deactivated by collision, or can relax by emission of
radiation.

kabsorpuon

M+ hv M*

kﬂllOI'CSCCI‘ICC

kdeactivau'on

M* +X

Ssm—— M+X
kacﬁvaﬁon

where M and M* is the molecule in its ground state and excited state respectively, and X
is a third body.
A steady state treatment on M* gives

[M][X]
[X] (8.31)

act

o e‘,mﬂ,I[M]+k
M +]= =2

where / is the intensity of the illumination
The removal of M* can be followed by measuring the total fluorescent intensity, F

[M*]

ﬂuor deact

ﬂ uor

K Koty [TM1+ e [MIX)
kﬂuor + kdeact [X] . (832)

Deactivation by collision increases as the concentration of third body increases, and so
the total fluorescent emission is measured as a function of total pressure, enabling the
rate constants to be found by successive approximations.

Approximation 1
If [X] is low and [ is large, a first approximate solution to Equation 8.32 gives

_1_ k ﬂuor deact [X]
F k 1M]

fluor absorp (8 33)

I[M] - 1 + kdeact [X]
F kabsorp k fluor kabsorp (834)

and
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from which ., can be found from the intercept, and kyeact/kguor Kabsorp from the gradient
of a plot of 7 [M}/F against [X].

If kg, can be found from other experiments then first approximate values of all three
rate constants can be found. These first approximate values substituted into Equation
8.32 give a first approximate k.

Successive reiteration will lead to more accurate values of the four rate constants
defined in the two mechanistic steps.

If conventional sources are used, then an indiscriminate group of excited molecules
are formed, and the rate constant describes the overall rate of energy transfer from all
levels. With a precise laser one vibrationally excited level will be populated in contrast
to the indiscriminate number of levels populated by conventional sources. And so
deactivation of one level at a time can be followed by laser techniques. However, the
rate constants are still overall rates in the sense discussed in Sections 8.2 and 8.4, and
genuine state to state rate constants cannot be found.

8.10 Results from all methods other than molecular beams

Results indicate that transfer of vibrational energy between excited vibrational levels
tends to be fast, with a bottleneck at v = 1 when there is a slow rate-determining step for
transfer between the first and ground vibrational levels. This means that often the overall
rate constant for collisional vibrational-vibrational and vibrational-translational energy
transfer involving excited vibrational levels approximates to that for the rate-
determining step for vibrational-translational energy exchange between v=1and v=20,
and so rate constants for the higher levels cannot be picked up. Increase in speed of
detection should improve this situation. These transfers in the higher levels are thought

to occur by resonant or near resonant vibrational-vibrational energy transfer, though
there is evidence for resonant or near resonant vibrational-rotational energy transfer.

8.11 Comparison of Methods

Shock tubes and flash photolysis are indiscriminate in so far as a large number of
excited states are populated, and these have to be found by analysis. In contrast, laser
production of the excited state is highly selective, and detection of the excited state is
straightforward using a secondary laser flash which can occur so fast that no relaxation
takes place. Hence overall rate constants for all levels can be obtained in laser
experiments, and in addition it is often possible to specify which particular vibrational
modes are being excited, something which is not possible with shock tubes and flash
photolysis.

Data from shock tubes, flash and laser photolytic apparatus sometimes only give the
rate constant for the rate determining step of energy transfer between the zero'th and first
vibrational levels, but more sophisticated, higher response fast detection equipment will
allow the fast vibrational energy transfers in the higher levels to be studied. Ultrasonic
methods can only generate the rate constant for energy transfer between the ground and
first excited state.

All these methods give overall rate constants for energy transfer into and from a given
level. Molecular beams, on the other hand, does give information on energy transfer

between specified energy levels, and is the only technique which can give state to state
rate constants.
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8.12 Network arrays of rate constants in energy transfers

Methods which can only give overall rate constants look at energy transfer to and from
one particular excited state, and do so by following movement of molecules info the
excited state from all possible other states, and movement of excited molecules out of
the excited state into all possible other states. This is in contrast to state to state rate
constants which describe energy transfer between two specific states only. As discussed
previously, molecular beams is the only technique which can give state to state rate
constants.

State to state kinetics also cannot be inferred from the experimental data of the
techniques given in Sections 8.4 to 8.9. In these methods the changing concentration of
the excited molecule is monitored, and a whole series of differential equations can be
generated describing formation of the excited state from all possible states and removal
to all possible states

d[v,J] |ratesof all steps rates of all steps
dr leading to v,J leading from v,J (8.35)

where v and J denote vibrational and rotational states respectively.

~In these equations there are more unknowns that there are equations, and so these
equations cannot be solved to give the individual state to state rate constants. What is
needed is not more experimental data, but a theory which would calculate enough of the
rate constants explicitly, or give enough relations between the rate constants so that there
will be enough equations to solve for all unknowns. At present, theory has not advanced
sufficiently for this to be possible.

This problem does not arise in determination of rate constants from conventional
kinetics experiments where either explicit integrated rate expressions, differential rate
expressions or steady state treatments often suffice. There is a fundamental difference
between such situations and state to state studies. In the conventional studies the rate
constants are linked in a linear fashion. For example

ky k ks
A - B - C - D

where the steps are in a chain, and there are three constants to be found and only three
independent concentrations which need be monitored. Hence solution can be achieved.

State to state mechanisms give a network of rate constants in contrast to the chain
arrangement illustrated above. In the network there is a large difference between the
number of rate constants involved, and the number of independent concentrations to be
monitored. A considerably simplified mechanism

A > A, > A >A, - J=0
e 2 \J 2
Al > A, > A} 5> A, - J=1
\: A 1 \
Al 5> Al > Al > A - J=2

v=0 v=1 v=2 v=3
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where A,, A,, A; and A, represent molecule A in different vibrational states v=0,v =1,
v =2 and v = 3 respectively. A, A,’, A," represent molecule A in different rotational
states J=0, J= 1 and J = 2 respectively. This network involves 17 rate constants and 12
populations, and the equations cannot be solved even if all 12 populations could be
monitored independently. Only activation steps are given, for example A, — A"
represents rotational activation. The corresponding deactivation, A,” — A/, is not given
in the network. But these are linked by the Maxwell-Boltzmann expression

kJ:]—)J=2 — exp(_ ﬁl/_)
kJ=2——>J = kT

where v is the frequency for the rotational transition between A,’ and A,” which can be
measured spectroscopically.

What is more severely limiting is that the network does not include energy transfer
such as A, - A," which involves vibrational activation from v = 1 to v = 3 along with
simultaneous rotational activation from J =0 to J =2, or A;" — A, which represents
vibrational activation between v = 0 and v = 3 but simultaneous rotational deactivation
from J = 2 to J = 0. Inclusion of energy transfers such as these would mean an even
greater number of rate constants, but with the same number of populations to be
monitored.

(8.36)

8.13 An outline of theoretical calculations on state to state rate constants, and use

of these to formulate a theoretical expression for the overall observed rate of
reaction

The general mechanism is

k)

A+A > A*+A activation
k.

A*+A > A+A deactivation
k

A*+bA >  products reaction

There is a whole series of energy levels
0,1,2,3... n-l,nn+1..

where  n s the last level below the critical energy
n + 1 is the first level above the critical energy

and r denotes any level below the critical, 0 <r <n
s denotes any level above the critical s > n + 1
with associated energies

€5y E1rEqrEy e &y EnrEpu -+

n-1°
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and populations per unit volume

n,,n,n, n,...n,_.n.n

n=1>""n>""nsp o0

Activation and deactivation rate constants for energy transfer between these levels can
be displayed as on page 231

(i) Calculation of the rate of activation
The number of molecules in level s formed per unit time per unit volume from
molecules in level r is

k, .n N

where N is the total number of molecules present per unit volume
The total number of molecules with energy > the critical energy formed per unit time
per unit volume from the molecules in the various levels below the critical energy is

L2k

where the sum is over all possible levels above the critical, s > n + 1, and this is summed
over all possible levels below the critical energy 0 < r < n. These two summations mean
that all possible instances of activation are covered.

The total rate of activation= > >k, n N
0<r<nszn+l (837)

(ii) Calculation of the rate of deactivation
The number of molecules in level r formed per unit time per unit volume from level s is

k. .nN.

The total number of molecules with energy < the critical energy formed per unit time
per unit volume from the molecules in the various levels above the critical energy is

22 kN

where the sum is over all levels below the critical, 0 < r < n, and this is summed over all
possible levels above the critical, s > n + 1. The two summations mean that all possible
instances of deactivation are covered.

The total rate of deactivation = . >k n N 639
s2n+1 0<r<n .
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(iii) Calculation of the rate of reaction

The total rate of reaction = Y k,n N*
szn+l (8.39)

where £, is the rate constant for reaction of an activated molecule which lies in level s
where s > n + 1, n, is the number of activated molecules per unit volume in level s, and
Nb appears in the expression since kg is a (b + 1)th order rate constant describing the (b
+ 1) molecular reaction step, for example if 5 = 0, then b + 1 = 1 and reaction is
unimolecular.

8.13.1 Carrying out these calculations: activation and deactivation

(a) The rate of activation

To calculate this rate all conceivable k.¢ and », are required. The rate constants are
found from tabulated transition probabilities, f;.;, where

s

k, N (8.40)

As shown previously molecular beam experiments have the greatest potential for
generating the required transition probabilities.
The values n, come from solution of the following equation

g:_tr_ :qu.rnqN_Zkr.anN_ Zkr.snrN+ Zk‘-rn’N

q#r q#r szn+l szn+l

(841)

where ¢ and r are any two different levels below the critical.
These four terms have the physical meaning given schematically in Figure 8.8, and

verbally in the following statements.
/ products

D
all levels above PP DD E .
the critical energy | T2 T I IIIIFTTTILTLL
& CRITICAL ENERGY
- el - - - e - - - - - '—_-‘-_—— .
il ol Attt S all r and ¢ levels below
the critical energy

Term | Term 2 Term 3 Term 4

Figure 8.8  Schematic representation of the algebraic terms appearing in a calculation of
the rate of activation.
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(i) The first term represents the rate of formation of molecules in the r'th level from all
other levels below the critical which are greater or less than r.

(i) The second term represents the rate of conversion of molecules in the r'th level to
all other levels below the critical which are greater or less than r.

(iii) The third term represents the rate ~f conversion of molecules in the #'th level to all
levels above the critical level, and thence to products.

(iv) The fourth term represents the rate of removal of all molecules from level s to
molecules in level r below the critical energy.

There is a whole family of such equations, one for each r and each s level; each
individual equation has to be summed over the appropriate sum to generate the complete
family of equations which has to be solved to give the various required n, either exactly
by solution of the differential equation, or approximately using the steady state
treatment.

(b) The rate of deactivation
Here all kg and ng are required. As in activation all ks r can, in principle, be found from
molecular beam experiments, and all ng from solution of the following equation

dn,
dt

= Zkr.snrN - st,rnsN + Zkl’-"npN
r r P

b
- ; k, ,n.N-knN". 842)

These five terms have the physical meaning given schematically in Figure 8.9, and
verbally as follows

products

<€ CRITICAL ENERGY

|
Term | Term 2 Term 3 Term 4 Term §

Figure 8.9  Schematic representation of the algebraic terms appearing in a calculation of
the rate of deactivation.
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(i) The first term represents the rate of formation of all molecules in level s from all
levels r below the critical level.

(ii) The second term represents the rate of conversion of all molecules in level s to all
levels # below the critical level.

(iii) The third term represents the rate of formation of molecules in level s from all
levels p which are above the critical, but are not s.

(iv) The fourth term represents the rate of conversion of molecules in level s to all
levels p which are above the critical, but are not s.

(v) The fifth term represents the rate of removal of molecules in level s to products.

As in the rate of activation there is a whole family of such equations, where each

individual equation is summed over appropriate r or s to generate the complete family of

equations. These likewise have to be solved either explicitly, or by approximation using

the steady state treatment.

8.13.2 Rate of the reaction step
Here all kg and all ng are required. The kg values are rate constants for reaction from
each s level. These rate constants can either be found experimentally by the methods
described in this chapter and Chapter 9, or can be calculated theoretically from transition
state theory, Chapters 2 and 3, or from unimolecular theory, Chapters 4 and 5.

The ng values must come from solution of the equations given in the previous section
for the rate of deactivation.

8.13.3 Generalisation of these calculations

In principle this is a mathematical scheme for calculating the rate of activation,
deactivation and reaction for any simple elementary reaction where the only essential
difference between the possible reactions is in the value of b, which defines the
molecularity of the reaction step. These theoretical expressions can, in principle, cover
all steps in even the most complex mechanism. What is required to calculate these rates
are values of transition probabilities for all possible energy transfer steps, populations of
all levels involved, and values of the rate constants describing reaction from all possible
levels above the critical.

8.13.4 Relation of this treatment to macroscopic treatments

The general expression for the macroscopic concentrations of A* molecules in terms of
the overall rates of activation, deactivation and reaction is

k(A K[AT

A= K, +k[AT" kL [Al+A[A] (843)

k, is a composite rate constant for activation, expressible, in principle, in terms of
transition probabilities as outlined.
k., is a composite rate constant for deactivation, expressible, in principle, in terms of
transition probabilities as outlined.
k, is a composite rate constant made up from contributions representing rate constants
from all levels above the critical.

From this, the overall rate is given by

k,[A*][AT. (8.44)
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Energy Transfer

Energy transfer is intimately linked with activation and deactivation processes, and, in
consequence, has become an integral part of kinetics.

Methods of studying energy transfer have been discussed in Chapter 8 where it was
shown that in most of the methods only overall rate constants could be found for transfer
from specific quantum states, and that if detection was not sufficiently rapid only the
rate-determining step of transfer between the zero'th and first vibrational levels could be
picked up. Ultrasonics is even more limited, and in principle, can only quantify this rate
determining step. In contrast molecular beams experiments are able to look at state to
state transfers individually.

This chapter will limit discussion to vibrational and rotational energy transfer. Transfer
of electronic energy will not be discussed even though it is highly pertinent to
photochemical reactions.

Collisions transfer energy, and efficient vibrational energy transfer occurs when:

the duration of a collision < the time for one vibration,
and efficient rotational energy transfer occurs when:
the duration of a collision < the time for one rotation.

The time for vibration is long when the frequency of vibration is low, and this favours
efficient transfer. The wide range of fundamental vibration frequencies found for many
substances suggests that there will be a wide range in transfer efficiency.

The time for rotation is long for a slowly rotating molecule, and is a consequence of a
large moment of inertia. Efficient rotational energy transfer occurs for molecules with
high moments of inertia and small spacings. Most polyatomic molecules fit this
criterion, and transfer occurs on nearly every collision. H, and hydrides have low
moments of inertia, and for them rotational relaxation is slower.

The efficiency of transfer of vibrational energy increases as the energy of vibration
increases and as the vibrational quantum number increases, and so the higher levels
relax faster than the lower levels. The amplitude of vibration also increases with
increasing energy, and so the more vigorously the molecule vibrates the more efficient
transfer will be. High temperatures favour efficient transfer partly because of the
cooperative effect of increased energy, increased amplitude, and a decrease in the
duration of a collision.

The rotational frequency increases rapidly with increasing energy and so the time for
one rotation gets less, resulting in less efficient rotational energy transfer. Relaxation,
therefore, becomes more difficult as the rotational energy ladder is climbed, in contrast
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to the increased relaxation for higher values of the vibrational quantum number. As the
temperature increases, the duration of a collision decreases, and rotational relaxation
becomes easier at high temperatures.

These arguments apply to the transfer of rotational energy from one specific quantum
state to another specific quantum state, and so are only relevant to molecular beam
studies. But for the other techniques from which only an overall transition probability is
found, the opposite is true. Because the population of the more slowly relaxing higher
levels increases with increasing temperature, the effects of these higher levels dominate
at high temperatures giving an overall decreased rate of relaxation in contrast to the
increased rate at high temperatures expected for the state to state transfers.

Table 9.1 shows results for transfer of different types of energy, where Z is the number
of collisions required to de-excite one quantum of energy. These are only "typical"
values, and there is a wide spread in the values for each category of transfer.

Table 9.1 Typical values for energy transfers in gases

transfer between relaxation time Z
at 1 atm pressure

rotation and rotation 10"% <10
vibration and vibration 10°% 100
rotation and translation 10% 100
vibration and rotation 10 10*
vibration and translation 10™s 10°

Tables 9.2 and 9.3 give values of Z,,, the number of collisions required to deactivate
the first vibrational level to the ground state, for diatomic molecules and polyatomic

molecules respectively. Energy transfer is a difficult process for a diatomic molecule,
but becomes much easier for polyatomic molecules.

Table 9.2 Values of Z,, for diatomic molecules at 300K for vibration to translation
transfer (ultrasonic, shock, flash and laser studies)

Zio 1x10" 1x10° >2.7x10 2x10’ 1x107
gas  CO D, N, 0, H,
Zy 7x10* 8x10° 8x10° 5x10° 79

gas ClL, HCI HBr Br, HF
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Table 9.3 Values of Z,, for polyatomic molecules at 300K

Z 5.3x10* 1.5x10* 1.0x10° 890 575
gas  CO, CH, SF, PH, CH,CI
Zo 250 43 10 2.5

gas SOZ C6l'l6 Czl’lﬁ SnCl4

Theory predicts that energy transfer should be faster, and therefore require fewer
collisions, the smaller the amount of energy to be transferred. The rate determining step
for vibrational relaxation is normally a vibration to translation transfer from v=1to v =
0 for diatomic molecules, and from the lowest lying mode for polyatomic molecules.
Figure 9.1 shows this to be the case.

logi0 Z10 diatomic molecules
' ,I polyatomic molecules containing no hydrogen
) /

]

polyatomic molecules containing
=~ two or more hydrogens

v

Figure 9.1 Graph of log Zj( against v, showing that the smaller the energy gap, hv, the
lower is the number of collisions required to deexcite one quantum of vibrational
energy Z1¢.

9.1 Theories of energy transfer
Early theories of vibrational energy transfer consider only the repulsive part of the
intermolecular potential energy with attractions being neglected. An expression for Py,
the transition probability, Z,,, the number of collisions required to transfer a quantum of
vibrational energy, and their temperature dependence follows, for energy transfer
between the zero'th and the first level.
The theory predicts that
log PovT -

or log Z,v T

are linear, with deviations expected at temperatures at which attractions can no longer be
ignored. These deviations occur at low temperatures for non-polar molecules, and
extend to much higher temperatures for polar molecules where there are considerable
attractive forces between the molecules. Experimental results are in agreement with
theory, and suggest that attractive forces in polar molecules make transfer of vibrational
energy much easier. The theory also predicts that vibration to translation energy transfer
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becomes faster as the vibrational ladder is climbed, with a slow rate-determining step
between the zero'th and first levels resulting in one relaxation time only.

Even an elementary theory for rotational energy transfer runs into considerable
difficulties, mainly because of the complicated motion involved, and because many
rotational levels are occupied at room temperature. Theory predicts a single relaxation
time, which unlike vibration, cannot be linked to any one transition, but involves all
rotational levels. Table 9.4 gives some typical values of the number of collisions
required to de-excite one quantum of rotational energy. The number of such collisions is
also expected to increase with temperature.

Table 9.4 Values of Z, for other gases at 300K

z, 100 30 15 5 5
gas H, H,S CH, CH, NH,
z, 4 2.5 15 13

gas  H,0 CO, CH, CHs

The Schwartz, Slawsky and Herzfeld theory, though giving good qualitative and semi-
quantitative agreement with experiment, is inadequate in several respects. Again
attractions are ignored, and there is also considerable uncertainty in the intermolecular
potential energies assumed at the close distances of a collision. In addition, a spherically
symmetrical intermolecular potential energy is assumed, but this is rarely the case
except for spherically symmetrical molecules such as CH, or CCl,. These difficulties
can be removed if intermolecular potential energies derived from molecular beam
experiments are used instead of the theoretical ones.

Another fundamental problem is that the orientation of the molecules is assumed to be
constant during a collision. This is not valid for molecules with low moments of inertia
which rotate rapidly and have wide spacings in the rotational levels, such as H, and
hydrides. Rapid rotation enables the direction of approach to average out during a
collision, consequently the orientation cannot be in a single direction.

Slow rotation, on the other hand, allows the direction of approach to be effectively
constant. During the collision the molecule will not have rotated much, and hence can
present a constant orientation. This applies to molecules with large moments of inertia
and low spacings, and this category covers a large number of compounds, both diatomic
and polyatomic.

The theory is therefore more adequate for diatomics and polyatomics which do not
include H or D, and is inadequate for all molecules containing H or D.

One further serious problem is that the theory ignores the possibility of a simultaneous
rotational energy transfer whenever collisional vibrational relaxation to translation
occurs. All molecules have rotation, and it is likely that molecules change their
rotational states on collision. Like the orientation assumption, this is particularly
important for molecules with low moments of inertia and wide rotational spacings, such
as found for H,, D,, hydrides and deuterides. It is expected that omission of rotational
effects for these molecules would be serious, though it may be less important for
molecules with large moments of inertia and small spacings.
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Rotational energy transfers either facilitate vibrational-translational energy transfer, or
do not. Transfer of energy to another molecule is easier the smaller the amount of
energy transferred, and so, if simultaneous rotational transfer decreases the total amount
of energy transferred to translation, then vibrational-translational energy transfer will be
facilitated. If, on the other hand, simultaneous rotational transfer increases the total
amount of energy transferred to translation, then vibrational-translational energy transfer
is not helped.

The need to include the possibility of rotational energy transfers can be most easily
demonstrated by diagrams, Figures 9.2 and 9.3. These are given for a diatomic molecule
where the molecule loses energy to another molecule. These diagrams and the
arguments which follow are given for the case of a harmonic oscillator. Anharmonicity
effects should normally be considered

Diatomic molecule I, low / wide Diatgmic molecule II, low 1 wide
spacings: no rotational contributions spacings: with rotational contributions
5 5
4 4
3 3
2 - j— 2
. 7=
v =3 J=0 T _J.ﬂ v = 3
AEjnt (B)
5 ‘AEyib 1 5
AEint — 4 - T ——q
= AEyip — LY 3 Avib L AFpot — 3
- 2 -+t —
J v.-.QJ' J':O - J‘:o v=1

5 5
4 4
3 —— 3 T -
2 —T1 2
—_— _ L T
v=| J=0 J=0 v=|
—1 5 __—___(E) 5 AEjnt
ALyib
pu—— 4_ —_— 4. V1
) 3 1 3
— 2 _t—2 J
| . 2 1
v:o.jl__JiQ _ J30 y=0

Figure 9.2 Possible vibrational changes for a diatomic molecule with low moment of
inertia and wide spacing (a) with no rotational contributions (b) with
rotational contributions.
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Diatomic molecule, high I, small Diatomic molecule, high I, small
spacings: no rotational contributions - spacings: with rotational contributions ions

e ==

AEint Af“" AEyp  Afint
=== 1 (,"I P l IAErot
AErot

Figure 9.3 Possible vibrational changes for a diatomic molecule with high moment of

inertia and small spacings (a) with no rotational contributions (b) with
rotational contributions.

9.1.2 Rotational contributions to vibration to translation energy transfer

(i) _Rotational energy transfer facilitates collisional vibration to translation transfer

Transition A

l.v=3,J=0->v=2,J=0

2. Purely vibration to translation transfer
3. No rotational energy change

4. Energy transferred = AE;,

Transition B

l.v=3,J=2>v=2J=4

2. Both vibrational and rotational energies change

3. Energy transferred to translation = AE,,

4. AE;, = vertical distance between states v=3,J=2 and v =2, J = 4 this is the actual
transition involved

5. Energy change if the pure vibration to translation transfer were involved = AE,;, see
transition A.

6. AE,;, = vertical distance betweenv=3,J=2andv=2,J=2orbetweenv=3,J=0
andv=2,J=0.

7. AE;, > AE,, by an amount equal to the vertical distance between J = 4 and J = 2
which is AE,
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8. AE, = AE, - AE,, so the energy transferred to translation in deactivating v = 3
when simultaneous rotation is involved, is less than that when there is no rotational
contribution.

9. Since AE,, < AE,;, simultaneous rotational energy transfer facilitates vibrational-
translational transfer.

10. This energy transfer, with simultaneous rotational energy transfer, will be faster than
the pure vibrational-translational energy transfer,v=3 — v = 2, transition A.

11. In the faster transfer, v and J are changing in opposite directions, v is decreasing 3
— 2, Jis increasing 2 — 4.

12. Vibrational transfer, with simultaneous rotational energy transfer is the preferred
route, since it involves a smaller energy transfer to translation.

(ii) Rotational energy transfer does not facilitate collisional vibration to translation
transfer
This situation is summarised in transitions C and D, and can be argued similarly to case
(i) above.
Transition C represents energy transfer between v=1,/=0and v=0, J= 0, and so is
a pure vibration to translation transfer.
Transition D represents simultaneous vibrational-rotational energy transfer, but now

AE_ =AE, +AE,,. ©.1)

Since AE,, > AE,, simultaneous rotational energy transfer does not facilitate
vibrational-translational energy transfer, and so transition D will be slower than the pure
vibration to translation energy transfer v =1 to v = 0, transition C. In this slower transfer,
v and J are changing in the same direction, v is decreasing from 1 — 0 and J is
decreasing from 3 — 1. The pure vibrational translational energy change will be the
preferred route since it involves a smaller energy transferred to translation.

A similar analysis can be carried out for diatomic molecules with high moments of
inertia and small spacings. Because of the small spacings AE,, for a given change in J is
much smaller than in a molecule with wide spacings. AE,, is, therefore, a
correspondingly smaller fraction of AE,;,, and causes a much smaller difference between
AE 4, and AE,. Hence effects from simultaneous rotational transfer have a less dramatic
effect on the relaxation of a high moment of inertia compared to a low moment of
inertia, molecule, Figure 9.3.

9.2 Extension of the theoretical basis to polyatomic molecules

Most polyatomic molecules are flexible and change shape during vibration and on
collision. This is a serious problem, and is extremely difficult to handle theoretically.
Furthermore, attractions and dipole effects in polar molecules cause problems, while the
creation of transient dipoles during collisions of non-polar molecules is equally tricky to
handle.

The complex motion of the atoms in a polyatomic molecule can be resolved into
various normal modes of vibration. One immediate consequence of this is that it allows
the possibility of vibrational-vibrational energy transfer which, in turn, provides an
easier and faster route to the relaxation of vibrational energy in a polyatomic molecule,
in direct contrast to the impossibility of vibration to vibrational transfer for the single
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vibrational mode of a diatomic molecule. The more normal modes there are the more
efficient the vibrational relaxation can become, so instead of single modes relaxing
independently with multiple relaxation times, one for each mode, the whole vibrational
manifold can relax in unison by vibrational-vibrational energy transfer until the first
excited state of the lowest mode is reached. At this stage vibrational-vibrational energy
transfer is no longer possible within the molecule, and the final step is transfer of
vibrational energy to translational energy in a slow rate-determining step. Relaxation
using this sort of mechanism gives one relaxation time.

Laser experiments have confirmed the expectation from theory that for excited states
vibrational to vibrational energy transfer is faster than vibration to translation transfer,
and that both these types of transfer are much faster than vibration to translation transfer
from the first excited state of the lowest mode.

9.3 Resonant and non-resonant transfers

In vibration to vibration transfers between two molecules, one of the molecules loses
vibrational energy AE, while the second partner in the collision gains vibrational energy
AE,

(i) If AE, = AE,, then the change is resonant, and no excess vibrational energy is
transferred to translation.

(ii) If AE, # AE,, then the change is non resonant, and the excess vibrational energy is
transferred to translation.

(iii) If AE, ~ AE,, then the change is near resonant; and only a small amount of energy
is transferred to translation.

(iv) If AE, > AE,, then vibrational energy equal to AE, - AE, is transferred to
translation, and is shared by the colliding molecules.

(v) If AE; < AE,, then translational energy equal to AE, - AE, has to transfer to
vibration from the colliding molecules to allow the transfer to take place.

One feature of vibration to vibration transfer is that large amounts of energy can be
transferred, but only if the transfer is resonant or near resonant, as only then is the
amount of energy transferred to translation small. In a vibration to vibration transfer it is
the size of the energy transfer to translation which determines the rate of transfer, not the
amount of vibrational energy transferred between two modes. However, for effective
and worthwhile deactivation the amount of vibrational energy exchanged should be
large, and the transfer should be fast, with the latter criterion forcing the transfer to be
resonant.

The bigger the amount of energy transferred to translation the smaller is the
probability of the overall transfer, and a greater number of collisions is required to
transfer one quantum of energy. A transfer which can minimise the amount of energy
transferred to translation will increase the relaxation rate by providing an easier route to
relaxation. One which increases the amount of energy transferred to translation
decreases the relaxation rates and will not be utilised. Hence resonant or near resonant
transfers are faster than non-resonant transfers. But within this group of fast resonant
vibration to vibration transfers there is a spectrum of rates, with the fastest being those
transferring the smallest amount of vibrational energy.
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9.4 Vibration to vibration energy transfers

The greater efficiency of vibrational to vibrational energy transfer compared to
vibrational energy transfer to translation can be most easily demonstrated on an energy
diagram constructed from a consideration of the normal modes of vibration. In a
molecule with three modes there are three vibrational frequencies v, v, and v
corresponding to modes 1, 2 and 3. Each of these lie at a given energy. Second
harmonics of each lie at twice the energy of this state. Other quantum states are
produced by combinations of the various contributing modes, Figure 9.4.
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Figure 9.4 Energy diagram for a simple polyatomic molecule.

9.4.1 Vibrational energy transfer to translation during a collision

Transfer of vibrational energy to translation without any other vibration to vibration
change can only occur if one mode changes quantum number while the other two
remain constant. Transition A, Figure 9.5.1 fits this. Energy is removed from mode v,
while the other two modes remain unchanged, and the overall change is v, =2, v, = 1, v;
=0 - v, =0,v,=1, v; =0. The energy change is large with a consequent low
probability, and the energy is transferred to translation in the other partner of the
collision.
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Figure 9.5.1 A simple vibration to translation energy transfer between two molecules on
collision.

9.4.2 Vibration to vibration energy transfer during a collision

Figure 9.5.2 shows a resonant vibration to vibration change between two molecules 1

and 2 during collision.
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Figure 9.5.2 Resonant vibration to vibration energy transfer between two molecules on
collision.

The molecule can climb down the energy ladder via a series of fast vibration to vibration
steps where the energy is transferred in a resonant collision to another molecule.
Transitions B, C and D in Figure 9.5.2 illustrate this. These represent small changes of
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energy, but the accumulative effect is to transfer a very large amount of energy in a
series of fast resonant transfers which can very effectively compete with the large, but
slow, transfers which accompany pure vibration to translation transfer.

In this type of transfer, more than one mode changes quantum number, in transition B
the change in molecule 1 is 210 — 300 and in molecule 2 is 100 — 010. This means
that in molecule 1 mode 1 gains energy and mode 2 loses energy, while in molecule 2
mode 1 loses energy and mode 2 gains energy. Similar considerations apply to
transitions C and D.

Figure 9.5.3 shows several non-resonant vibration to vibration exchanges which will
occur with simultaneous vibrational-translational energy changes. However, because
these are non-resonant transfers the probability of transfer will be much less than that for
the resonant transfers which are the favoured route for deactivation in molecule 1 and
activation in molecule 2.
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Figure 9.5.3 Non-resonant vibration to vibration energy transfer between two molecules on
collision.

9.5 Intra and intermolecular vibration to vibration transfers in diatomic molecules
There is no route for intra molecular vibrational to vibrational energy exchanges on
collision in a diatomic molecule because there is only one mode of vibration.

In contrast, intermolecular transfer of vibration to vibration on collision is possible in
diatomic molecules, and can be a very effective means of transferring energy. Harmonic
vibrations give very fast resonant energy transfers. Anharmonic vibrations change these
resonant transfers into non-resonant transfers, while contributions from rotation can
convert these non-resonant transfers into resonant transfers or vice-versa, Figures 9.6
and 9.7.
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Molecule 1 collides with Molecule 2

states of molecule 1 states of molecule 2
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final step: vibration to translation a
slow process, and rate-determining; gives Zl 0

Figure 9.6 Deactivation of a molecule (1) by resonant vibration to vibration energy transfers
on collision with another molecule, (2) with the final rate-determining step being
vibration to translation.
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Figure 9.7 Resonant and non-resonant vibration to vibration energy transfers in a diatomic
molecule with rotational contributions.
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9.5.1 Resonant vibration to vibration energy transfers in diatomic molecules
Figure 9.6 shows resonant vibrational energy transfers between harmonic oscillators.
These can be summarised as follows.

Changes in molecule 1 on Changes in molecule 2 on
collision with molecule 2 collision with molecule 1
1. Changes quantum state from 1. Changes quantum state from
v=4tov=3 v=1tov=2
2. Change in vibrational energy = 2. Change in vibrational energy =
AE, ;3 AE, ,,
3. The vibrations are harmonic, therefore the energy levels are
equally spaced
L AE 3 =AE,,
4. Therefore the vibration to vibration transfer is resonant, it is also
Sast.

5. And there is no excess energy to be transferred to translation.

All other exchanges can be treated in a similar fashion, showing them to be resonant
and fast.

Intermolecular vibration to vibration transfers bring the molecule rapidly down to the
first excited level from which it moves, in the rate-determining step, to the ground state
by vibration to translation transfer.

Rotational energy changes must also be included, and these contribute in a way which
facilitates energy transfer. Rotational contributions can increase the number of possible
resonant transfers, or can change a near resonant transfer into a faster resonant transfer
as shown in Figure 9.7 and discussed below.

1. Process I: a resonant transfer

Changes in molecule 1 on Changes in molecule 2 on
collision with molecule 2 collision with molecule 1
1. Changes quantum state from 1. Changes quantum state from
v=3,J=0 v=0,J=5
tov=1,J=0 to v=2,J=4
2. Change in energy = AE}’ 2. Change in energy = AE,
3. But AE)' = AE,
4. and so the vibration to vibration transfer is resonant, it is also
Sast.

5. And there is no excess energy to be transferred to translation.

2. Process 2: a resonant transfer
The energy change in molecule 1 is equal to the energy change in molecule 2, and so the
transfer of vibrational energy is again resonant and fast.
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3. Process 3: a non-resonant transfer

Changes in molecule 1 on Changes in molecule 2 on
collision with molecule 2 collision with molecule 1
1. Changes quantum state 1. Changes quantum state
from v=3,J=4 from v=1,J=0
to v=2,J=3 to v=3,J=1
2. Change in energy is AE;' 2. Change in energy is AE;
3. But AE,' # AE;
4. And so the vibrational to vibrational transfer is non-resonant, it will
be slow
5. and if it occurs, there will be a large amount of energy to be
transferred from translation.

And so, provided the vibration to vibration exchanges are resonant, large amounts of
energy can be transferred in this way.

9.6 Intra and intermolecular vibration to vibration transfers in polyatomic
molecules 4

The normal modes of vibration for polyatomic molecules combine together to give

various energy states. It is from these states that vibrational energy can be transferred,

either in an intramolecular or an intermolecular process.

9.6.1 Intramolecular relaxation

In an intramolecular vibrational energy transfer process the quantum numbers of at least
two vibrational modes must alter. For instance the quantum state characterised by (210)
could change to a quantum state characterised by (101) which means that mode 1 loses
energy, mode 2 loses energy and mode 3 gains energy and a vibration to vibration
energy transfer is taking place. If the energies of the two quantum states lie close
together, then the transfer will be near resonant and fast. But if the energies of the two
quantum states are well separated, then the transfer will be non-resonant and slow. This
sort of intramolecular transfer can occur, but it is not the most efficient procedure for
causing vibration to vibration transfer. To attain this, intermolecular transfer must be
utilised.

9.6.2 Intermolecular relaxation
Opportunities for resonant and near resonant transfers become considerable when
intermolecular vibrational energy transfer occurs. This is the main route for relaxation in
polyatomic molecules which occurs by simple vibration to vibration transfers, or by
simultaneous rotational energy transfer. Rotation greatly increases the number of
resonant transitions, and so greatly facilitates vibrational energy transfer.

This mechanism of relaxation is highly efficient as large amounts of energy can be
transferred in intermolecular vibration to vibration transfers which are fast, Figure 9.8.
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Molecule 1 collides with Molecule 2
200 200
AE]'
1o —_— pr——— 1o
) _
020___ —/——F= AE3 —— 020
o© AE
Y — — = oot
[ ) AE3 |
oo Te— === 100
@] A8
olo — = o0
000 ———— ——— o000
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Figure 9.8 Resonant and non-resonant vibration to vibration energy transfers in a
polyatomic molecule with rotational contributions.

The requirement for energy transfer is that energy is taken from one energy state in
molecule 1 and given to an energy state in molecule 2. These processes are summarised
below.

9.6.3 Intermolecular vibration to vibration transfers in polyatomic molecules :

Figure 9.8
1. Process I: a resonant transfer
Changes in molecule 1 on Changes in molecule 2 on
collision with molecule 2 collision with molecule 1
1. Changes quantum state 1. Changes quantum state
from (200), J =2 from (001),J=0

to (110),J=3 to  (020),J=1
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2. Mode 1 loses energy, mode 2
gains energy, rotational energy
is gained.
3. The overall change in energy
for this molecule = AE,’, and
this is equal to the vertical
distance drawn.

4.AE) = AE,

2. Mode 2 gains energy, mode 3
loses energy, rotational energy
is gained.

3. The overall change in energy
for this molecule = AE,, and
this is equal to the vertical
distance drawn.

and the transfer of vibrational energy from molecule 1 to molecule 2 is
resonant, and is rapid.

5. As this is a resonant transfer, vibrational energy released from
molecule 1 goes to vibrational energy in molecule 2; none of it is
transferred to translation, but some is transferred to rotation in both
molecules.

2. Process 2: a resonant transfer

Here molecule 1 changes quantum state from (001) J = 2 to (100), J = 0 while molecule
2 changes quantum state from (010), J =2 to (100) J = 1. A similar argument to that
given for process 1 identifies the energy changes occurring, and shows that the overall

change is resonant and fast.

3. Process 3: a non-resonant transfer
Changes in molecule 1 on
collision with molecule 2

1. Changes quantum state
from (110), /=0
to (001),J=0
2. Mode 1 loses energy, mode 2
loses energy, mode 3 gains
energy, no rotational energy change.
3. The overall change in energy
for this molecule = AE;’, and
this is equal to the vertical
distance drawn.

4. AEY > AE,

Changes in molecule 2 on
collision with molecule 1

1. Changes quantum state

from (100), /=0

to (001), J=1

2. Mode 1 loses energy, mode 3
gains energy, rotational energy
is gained.

3. The overall change in energy
for this molecule = AE;, and this
is equal to the vertical distance
drawn.

and the transfer of vibrational energy from molecule 1 to molecule 2 is
non-resonant, and is slow.

5.And so not all of the vibrational energy released from molecule 1
goes to vibration and rotation in molecule 2. Some of it goes to
translation.

9.7 Mechanism of relaxation

A pattern of relaxation is now apparent. In the upper levels of the molecule, relaxation
occurs by fast resonant and near resonant vibrational to vibrational energy changes
involving both infra molecular and inter-molecular processes. These changes will
almost certainly have contributions from rotation. These energy changes are very fast,
and give a preferred route over the slower - yet still fast - vibration to translation
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transfers. When the lowest excited vibrational state is reached the only route possible is
deactivation by vibration to translation. This deactivation from v = 1 to v = 0 must be
vibration to translation. If it were vibration to vibration with the energy exchange being
v=1to v =10 in one molecule accompanied by v=0 to v =1 in another molecule then
the transfer would be resonant and rapid but it would not constitute deactivation and
activation in the overall gas. The gap between this first excited state and the ground state
is generally bigger than any of the higher quantum gaps so that there is a bottleneck
before the final rate-determining step of vibrational to translational energy transfer takes
the molecule from the lowest lying excited vibrational state for a diatomic molecule, or
from the lowest lying vibrational mode of a polyatomic molecule to the ground state.

The process of activation is the exact reverse. There is a slow rate determining step of
activation to the first excited vibrational level, followed by rapid vibration to vibration
transfers as the vibrational ladder is ascended.

9.8 Single, double and multiple relaxation times

9.8.1 A single relaxation time

Single relaxation occurs when there is a large gap between the ground level and the first
excited state of the lowest mode. This gap must be large compared with the gap
between the first excited state mode and the next one up in energy, Figure 9.9.

Y

o

000

Figure 9.9 A single relaxation time for a polyatomic molecule

In the common single relaxation mechanism immediately above, vibrational to
vibrational energy transfer takes the molecule to the lowest lying mode (100), from
which it moves to the ground state (000) by the slow vibration to translation transfer.
The lowest lying state of mode 2 is (010), and of mode 3, (001). These lie above the
lowest lying state of mode 1, (100). The final step is not from (010), or (001), to (000),
because the energy which would have to be transferred to translation for these transfers
is larger in both cases than is that transferred to translation by relaxation from (100). The
molecule moves to the ground state by the fastest of the three possible routes for
vibration to translation transfer, that is by (100) — (000), rather than by the slower (010)
— (000), or the even slower (001) — (000). Modes 2 and 3 deactivate from their lowest
lying states by vibration to vibration transfer; (001) moving to (010) which, in turn, goes
to (100), and transfer to translation then occurs.
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9.8.2 Two relaxation times

Some molecules, SO,, CH,Cl,, C,H, have the large gap in energy between the two
lowest lying modes. This allows two independent mechanisms for relaxation, Figure
9.10

Independent relaxation of mode 1 Modes 2 and 3 relax together

\

500 201
— 00
Vv 7o v-v >
400 101
1o 400
VY 300 A_SW
—_— Y-y 300
V-V (VRY} :IO
v 200 large gap (B) > < 200
V-V v-v N
100 l\ 100
V-T|® small gap (A) v-T \
2 ‘OOO A 4 A 000
\ \

rate-determining step for relaxation of mode 1 rate-determining step for :velaxation of modes 2 and 3

Figure 9.10 A double relaxation time for a polyatomic molecule.

In this case, the large gap (B) lies between the two lowest lying modes, mode 1 lying
at (100) and mode 2 lying at (010). The lowest lying state of mode 3 is at (001) which
lies above both (010) and (100). The lowest lying mode (here mode 1) relaxes
independently, while the two higher, modes 2 and 3, relax together by vibrational-
vibrational energy transfer until the molecule reaches state (010). Deactivation then
takes the molecule from state (010) to state (100) by vibration to vibration transfer
between modes 2 and 1, from which the normal vibration to translation transfer, (100)
— (000), can occur. The state (010) lies well above the lowest excited mode (100), and
has an energy gap to (100) much larger than that between (100) and (000).

The rate-determining step in energy transfer corresponds to the biggest energy gap,
which is that between (010) and (100), made up of two steps (010) — (200) followed by
(200) — (100). Both these steps involve vibration to vibration transfers. Since the
process (010) — (200) involves a change in quantum number for two different modes,
the rate determining step for relaxation of modes 2 and 3 is (010) — (200) followed by
the relatively slow, but not rate-determining, vibration to translation transfer (100) —
(000).

Mode 1 relaxes independently by fast vibration to vibration transfer for the upper
levels, followed by the usual rate-determining vibration to translation transfer, (100) —
(000) from the lowest excited state of mode 1.
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Because there are two rate-determining steps there are two relaxation times, one for
relaxation of mode 1, and the other for modes 2 and 3 relaxing independently of mode
1.

If several modes relax independently there is multiple relaxation, with the number of
relaxation times being the same as the number of independent routes. This is rarely
observed.

9.9 Energy transfer results relevant to kinetics

9.9.1 Vibration to translation transfer

Although the preferred relaxation in upper levels is by vibration to vibration, energy
transfer involving vibration to translation can still be studied for higher levels. Table
12.5 shows data for vibration to translation transfers in HF, and confirms the prediction
that the rate constant for transfer increases as the vibrational ladder is ascended.

Table 9.5 Vibrational relaxation of HF

from Temp/K 10"%k/cm’s™
v=1 298 1.63

v=2 296 164+0.5
v=3 296 26.0+0.5
v=4 296 27.0+0.5
v=>5 296 86+0.5

9.9.2 Comparison of rate constants for vibration-vibration transfer with vibration-
translation transfer

Theory predicts that the rate determining step in vibrational activation and deactivation
is a vibration - translation transfer between the zero'th and first excited vibrational states.
Observation confirms this prediction. For instance the vibration to vibration transfer
(011) to (100) for NOCI has a rate constant k= (4 = 1) x 10™"' molecule™ cm® s™ which
is a very rapid rate corresponding to approximately four collisions per transfer. This can
be compared with the rate-determining vibration to translation transfer (001) to (000)
which has the lower rate constant of k = 5.6 x 102 molecule cm’ s™. Likewise the
vibration to vibration transfer for CH,, (0010) to (0001) has a rate constant of 70 x 10"
molecule” cm’ s™' which can be compared with the vibration to translation transfer with
rate constant equal to 0.22 x 10" molecule” cm® s™. It is immediately clear that, yet
again, vibration to vibration is the most efficient process.

9.9.3 Vibration to vibration transfer in CO,

Typical vibration to vibration transfer occurs with a wide range of rates, and there is
evidence that resonant and near resonant transfers are more efficient, and have higher
rate constants than non-resonant transfers.

The lower lying energy states for CO, are shown in Figure 9.11, and a selection of rate
constants for vibration to vibration transfers are given in Table 9.6. These can be
compared with the very much slower vibration to translation transfer taking the lowest
lying mode to the ground state, with rate constant equal to 6.5 x 10" molecule™ cm’ s™'.
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Figure 9.11 Energy states for CO2, showing transitions given in Table 9.6.
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Table 9.6 Vibrational to vibrational transfers in CO, showing a wide range in rates

transition  process

A

CO,(010)+CO,— CO,(000)+CO,
(vibration to translation)

CO,(100)+CO,(000) = CO,(010)+CO,(010)
CO,(011)+C0,(000) — CO,(001)+CO,(010)
CO,(101)+C0,(000) — CO,(100)+CO,(001)

C0,(021)+C0,(000) = CO,(020)+CO,(001)

These transitions are marked in Figure 9.11

k

cm’s™!

6.5x10"°

3.1x10™"
1.6x10™"°
1.3x10™°

1.2x10™"°

4

~2x10*

~500
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9.9.4 Anharmonicity effects in the vibrational to vibrational energy transfer in
cO

This study is interesting because it requires a much finer and more detailed description

of the mechanism of vibrational to vibrational energy transfer.

The relaxation rate normally increases as the vibrational quantum number increases,
so that higher levels will show greater rates of deactivation than lower levels. The data
in Table 9.7 do not show this trend - here the relaxation rates first increase, and then
decrease with increasing quantum number. This shows conclusively that anharmonicity
of the vibration must be considered in any prediction of the effect of vibrational
quantum number, v, on rate.

Table 9.7 Vibrational-vibration energy transfer
CO(v=n)+CO(WV=0 - CO(v=n1)+CO(v=1)

10°k/em’s™ at

n 75K 100K 300K 500K
2 y) 40 19.3 14.5
3 124 34 227 18.0
4 37 10 21.8 20.5
5 14 3.1 15.6 18.7
6 6.2 0.93 8.7 14.2
7 2.8 0.25 39 8.8
8 1.2 2.0 5.1
9 1.2 2.8
10 0.75 1.7
11 0.47 1.1
12 0.5

In a harmonic oscillator all vibrational-vibrational energy exchanges are resonant,
whereas in the anharmonic oscillator transfer is not resonant, except in the very low
levels where it is approaching near resonance. Resonant and near resonant transfers are
faster than non resonant and, if anharmonicity is important, this should result in the rate
constants showing the normal increase in low levels, but moving over to a decrease in
rate at higher levels. This is precisely what is observed. The relaxation rate constants,
therefore, have two contributing factors:
(a) an increase in rate as v increases,
(b) a decrease in rate as anharmonicity increases and non-resonance becomes effective,
with a balance at a certain value of v.
Table 9.7 shows that except for 100 K a maximum in rate constant is found as v
increases.

If the only factor determining the relaxation is the dependence of rate constant on the
vibrational quantum number, then the rate constant would be proportional to v. By
dividing the rate constant by the value of v, the resulting values should reflect the effect
of anharmonicity. This is given in Table 9.8. The maxima in rate constant at low v are
now removed, and the decreasing values of the rate constant as the vibrational ladder is
ascended reflects the increasing anharmonicity. This results in a decrease in the number
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of possible resonant transfers, and hence a decrease in the rate constant for energy
transfer.

Table 9.8 Analysis of vibrational-vibrational energy transfer for CO

75K 100K 300K 500K
108k/em3! 10B3k/em3s~! 10Bk/em3s! 1013 k/ems]
n n n n
n
2 35.5 20 9.65 7.25
3 41 113 7.57 6.00
4 9.25 25 5.45 5.12
5 2.8 0.62 3.12 3.74
6 1.03 0.16 1.45 2.37
7 0.40 0.04 0.56 1.26
8 0.15 0.25 0.64
9 0.13 031
10 0.075 0.17
11 0.043 0.10
12 0.06

9.9.5 Vibrational energy exchange with two relaxation times

All of the systems so far discussed have one relaxation time. SO, on the other hand,
shows two relaxation times indicating a double mechanism for relaxation, with two of
the modes relaxing together and the third mode relaxing independently, Figure 9.12.
Transfer of energy between the two stretching modes is easy, but transfer between
bending and stretching is difficult.
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Figure 9.12 Relaxation of SO3, two relaxation times.

The two stretching modes relax together by exchange of vibrational energy between
them until the lowest lying mode of the pair is reached. This is the symmetric stretch
(100). There is now a rate-determining step of vibration to vibration transfer from this
mode into the second harmonic of the bending mode v,. The (020) state then relaxes by
a rapid resonant vibration to vibration transfer to the lowest excited state (010), from
which a slow process of vibration to translation takes the molecule to the ground state.
This last step, although slow, is still faster than the rate determining step of vibrational
transfer from the symmetric stretch to the bending mode (100) — (020).

The bending mode relaxes independently with the usual rate determining step of
transfer of vibration to translation (010) — (000).

The rate determining step for relaxation by vibration to translation has a rate constant
approximately equal to 7.8 x 10™ molecule” cm® s, while the rate determining step for
vibration to vibration transfer between the asymmetric stretch and the bending mode has
a rate constant approximately equal to 1.3 x 10™ molecule™ cm’ s™'. This confirms that
the vibration to vibration rate-determining step is slower than the rate-determining
vibration to translation step found for the independent relaxation of the bending mode.



278 Energy Transfer [Ch.9

9.10 Transfer of rotational energy
This transfer was formerly studied by ultrasonic methods but these have now been
superseded by laser and molecular beam studies.

Transfer of rotational energy requires far fewer collisions than does vibrational
transfer, Table 9.4.

Rotation to translation transfer is very rapid, and multiple quantum jumps can occur.
However, the rate of transfer decreases as the value of J increases, and this in direct
contrast to the increasing rate of transfer which occurs on climbing the vibrational
ladder.

Rotation to rotation transfers are nearly always non-resonant and slow, and this can be
contrasted with the corresponding situation in vibration where resonant transfers are
fast.

9.10.1 Rotational energy changes in HF
A laser study has been carried out for the process

HF (v=1, J=n,) + HF (v =0, J unspecified)
— HF (v=1,J=mn,) + HF (v =0, J unspecified)

Table 9.9 show the results of this laser study, and these confirm the prediction that rate
constants for a given initial J decrease as the change in J increases, and larger amounts
of rotational energy are transferred at a lower rate, Figure 9.13.

Table 9.9 Rate constants for rotational energy transfer for HF

initial J = n, final J = n, 10°%/mmHg's™
2 3 22
2 4 6.3
2 5 1.6
2 6 0.42
2 7 0.083
3 4 6.0
3 5 14
3 6 0.42
3 7 0.12
3 8 0.02
4 5 34
4 6 0.76
4 7 0.21
4 8 0.017
5 6 1.5

5 7 0.23
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Figure 9.13 Rotational energy transfer in HF - strong collisions, that is multiple quantum
jumps.

Likewise, jumps of a given AJ correspond to different energies and depend on the
initial J. The larger the gap, the bigger the energy transfer and the slower is the rate,

Figure 9.14.
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Figure 9.14 Rotational energy transfer in HF showing the decrease in rate constant as J
increases for ladder climbing, that is single quantum jumps.
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Molecular Beam Studies of Reactive
Scattering

In Chapters 7 and 8 scattering on collision was discussed in terms of cross sections,
rate constants and transition probabilities. In this chapter these results will be discussed
in terms of contour diagrams.

10.1 Contour diagrams
The amount of scattering and the distribution of velocities of the products are studied
as a function of scattering angle. By appropriate conversions these can be neatly
displayed on a contour diagram given in terms of the centre of mass of the reacting
system. The contours join up regions of equal scattering, and so the diagram shows
immediately the distribution of scattering in the products.

In a centre of mass representation such as the contour diagram, A and BC are
approaching each other along their line of centres, and the origin of the diagram is the
centre of mass of the system, Figure 10.1. %

0°

Figure 10.1 A typical diagrammatic illustration of results of a molecular beam experiment
showing scattering and velocity distribution. '
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Any point on this diagram represents a velocity at a given angle of scattering, and for
a particular amount of scattering. For instance, at point X, the velocity of the products
scattered into that point is 300 m s, the angle of scattering is 69° and there is only a
small amount of scattering, given by the value of the contour, 2. Contours join up
regions of equal scattering, while concentric circles represent regions where the
scattered particles have equal velocities, for example all particles scattered into points
lying on the shaded area have a velocity of around 270 m s”'. Any points lying on the
line have been scattered at an angle of 234°.

The contour diagram can be "read" as follows.

Point X represents
an amount of scattering o 2
scattering into angle = 69°
with a velocity =300ms"
Point Y represents
an amount of scattering o« 6
scattering into angle = 234°
with a velocity =293 ms’"

In this diagram there is very little scattering into the two right hand quadrants shown
by the low lying contours. The highest amount of scattering lies in the two left hand
quadrants where the contours are high. The most probable scattering lies within the
shaded contour, 10, between angles 164° and 196°, and with a most probable velocity
between 267 and 280 m s™.

The initial direction of motion with respect to the centre of mass is from left to right.
In this diagram the region of most probable scattering lies to the left of the origin, and
there is therefore backward scattering of products. Forward scattering would show the
region of most probable scattering to lie to the right of the origin.

The most probable velocity is also found from the contour diagram, and is in the
region of maximum scattering.

When two molecules collide the collision can last sufficiently long, > 10", for
several rotations and many vibrations to occur, or it can be of short duration, < 10™s,
so that rotation does not occur. Both these situations happen, and molecular beams can
demonstrate these situations conclusively on a contour diagram.
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If the collision is long and several rotations occur, the molecules will forget in what
directions they ought to part company, and instead shoot off in random directions. This
results in a contour diagram which is symmetrical about the centre of mass, Figure
10.2.

90°

180° 0

Figure 10.2 A symmetrical contour diagram for a reaction with a collision complex.
On the other hand, if the collision is of very short duration there will be no time for
rotation, and the molecules will not have time to forget the direction in which they

ought to move. The contour diagram is now asymmetric about the centre of mass,
Figures 10.1, 10.3, 10.4 and 10.5.

90°

&

C

270°

Figure 10.3 Forward scattering - asymmetrical.
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Figure 10.4 Forward scattering - asymmetrical.
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Figure 10.5 Backward scattering - asymmetrical.

10.2 Energy changes on reaction
The energy change on reaction is

-AE reaction = {guans + grot + gvib }producLs - {guans + grot + gvib reactants

[Ch. 10

(10.1)
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AE, .\ sion can be found by experiment. Translational, rotational and vibrational energy
can be selected for the reactants, and the translational energy of the products found
from the time of flight mass spectrometer. This would give enough information to
solve Equation 10.1 to give the internal energy of the products.

More detailed experiments would select given specific quantum states for the
reactants, and if the populations of the selected vibrational and rotational states are
determined then the initial distribution of energy between the rotational and vibrational
states and translation will be known.

Determination of all vibrational states and their populations, and of all rotational
states and their population taken together with the distribution of translational energy
will give the distribution of energy in the products. This gives sufficient information to
enable determination of the following.

(i) The way in which energy is channelled into vibrational energy can be found from
the ratio

&

vib

8vib + grot + 8tnns

which gives the fraction of the total energy of the products which appears as
vibrational energy.

(ii) The corresponding ratio
&

rot

evib + 8rot + gtrans

gives the fraction of the total energy of the products which appears as rotational
energy, and so gives information as to how energy is channelled into rotational
energy in the products.

(iii) Comparison of the initial quantum states and populations of the reactants, with the
final quantum states and their populations shows how the initial distribution of
energies is redistributed as a result of reaction.

10.3 Forward scattering - the stripping or grazing mechanism
In a molecular beam experiment, results for the reaction

A+BC —» AB+C

can be summarised in a contour diagram such as Figures 10.3 and 10.4.

The product AB is shown to have forward scattering with the maximum very close to
0°, so that A is not deflected much during the reactive collision. Reactions with
forward scattering have large impact parameters, b, and large cross sections,o. AB
emerges from the collision, and continues only slightly deflected from the direction of
A before collision. Likewise, C is not much affected by the collision, and continues in
its original direction only slightly deflected.
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C

A\>\
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The mechanism is called "stripping" because A simply strips B off BC in passing and
from a distance, or put alternatively, A can be seen as taking a distant sideways swipe
at BC so that B is pulled off from BC, leaving C to continue in almost the same
direction. A, having made a successful grab at B, continues on as AB, with little
change of direction. The lack of deflection shows that the interaction between A and
BC is strong so that there can be significant interactions at a distance, thereby
removing the need for close contact. The cross section for reaction is large, which is
consistent with this interpretation. The most probable translational energy of the
products is low, so that most of the energy of reaction goes into vibrational excitation
in the products.

Trajectory calculations on assumed potential energy surfaces predict this sort of
behaviour when the surface has an early energy barrier in the entrance valley - an
attractive potential energy surface. This would imply a large cross sectional area for
reaction. The calculations also predict that a large fraction of the reaction energy will
be found as vibration in the products and that translational energy will be more
important in promoting reaction. Excess translational energy in the reactants should
appear as excess translational energy in the products. Molecular beam experiments
with forward scattering confirm these predictions.

One of the first reactions shown to occur with forward scattering is the reaction
between atomic potassium and molecular iodine.

Kg+thg — Klgtly

Other reactions of this type include alkali metals with halogen molecules, and atomic
oxygen reactions such as

O@g+CSy — OSg+CSy
The "stripping" mechanism is also favoured by many ion-molecule reactions.

10.4 Backward scattering - the rebound mechanism
The molecular beam experimental results for a reaction

P+MN -5 PM+N

are summarised in a contour diagram, such as Figure 10.5.

The product PM is shown to have maximum scattering very close to 180° so that P
must rebound almost totally backwards from the reactive collision. This is interpreted
in terms of a head-on collision which occurs at a very close encounter, giving a small
impact parameter and small cross section. The impact parameters associated with
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backward scattering are all much smaller than those for stripping reactions, being more
in line with hard sphere values.

PM

) \‘\\ . N
7 \
N

This can be explained by suggesting that P hits MN head-on, pulls M away from N
and, under the influence of the repulsive forces between M and N, PM moves almost
totally backwards. N also rebounds backwards from PM under the same repulsive
forces, and returns back only slightly deflected from its original path.

In most rebound reactions the energy of reaction is channelled into translation in the
products, showing that they are separating under short range repulsions. This is totally
different from the "stripping" mechanism where the reactive collision takes place
under a strong attractive interaction, and the energy of reaction is channelled into
vibration.

Again trajectory calculations predict this sort of behaviour for a potential energy
surface with a late barrier in the exit valley - a repulsive potential energy surface. This
would imply small impact parameters and cross sectional areas for reaction. The
calculations also predict that a large fraction of the reaction energy is channelled into
translational energy of products, but that vibrational energy is more effective in
promoting reaction. They also predict that excess vibrational energy in reactants
appears as excess vibrational energy in the products. Again molecular beam

experiments with backward scattering confirm these predictions.
The most quoted reaction proceeding by a rebound mechanism is

K@+ CHilgy —  Klg+CHyg

There are many other typical reactions such as those of other alkali metals with CH;],
reactions of atomic hydrogen and deuterium with halogens, and methyl halogen
reactions.

10.5 Reverse reactions for reactions associated with forward and backward
scattering
For both types of reaction, features of the reverse reactions can be inferred.

If the forward step of a reversible reaction is associated with forward scattering, then
the reverse step will be associated with backward scattering, small impact parameters
and cross sections, promotion of reaction by vibrational energy and channelling of
reaction energy into translational energy in the products.

Likewise, if the forward step of a reversible reaction is associated with backward
scattering, then the reverse step will be associated with forward scattering, large impact
parameters and cross sections, promotion of reaction by translational energy and
channelling of reaction energy into vibration in the products.
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10.6 Long-lived complexes
When the lifetime of the collision is of the order of several rotations, a collision
complex is formed, and the contour diagram can be symmetric with respect to 90°,
with maxima appearing at 0° and 180°.

In the reaction

a collision complex CsSF, is formed and the contour diagram is of this type, Figure
10.6.

90°

4

A\

Figure 10.6 Contour diagram showing the collision complex for the reaction
Cs~(g) +8Fg(g) — CsFg)+SFs5(g)

180°

In this type of reaction, interactions keep the two reactants in close contact with each
other for long enough for them to forget the directions in which they would have

parted had they been able to do so before rotation. They, therefore, move apart in
random directions.

In the reaction
Fg+CHyy —  CHiFg+He,

the contour diagram has the maximum at 90°, Figure 10.7.

90°

2\

180°

Figure 10.7 Contour diagram showing the collision complex for the reaction
Fg*Catlyg) — Cobl3Fg)+H(g)
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while the reaction

gives a diagram showing symmetrical maxima around 90°, Figure 10.8.

90°

3

AL

180° 0°

Figure 10.8 Contour diagram showing the collision complex for the reaction
Cl@g)+CH=CHBr(g) — CHp= CHClg) + Br(g)

This almost perfect symmetry can be compared with the lack of symmetry shown for
the reaction

Cl'(x) + CH2=CHCH2B1'® - ClCHzCH=CH2(8) + Br 0

where the diagram is displayed around 90° with maxima on each side, but with
differing intensities, Figure 10.9.

90°

180° 0°

Figure 10.9 Contour diagram showing a collision complex for the reaction
Cl(g)+ CH2=CHCH2Br(g) — CHp=CH CHCl(g)+ Br(g)

This particular "symmetric" contour diagram is believed to be associated with a
shorter lived complex which survives only one or two rotations.

Reactions involving collision complexes are associated with wells on the potential
energy surface.
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10.7 Steric effects

Polar molecules can be aligned using crossed electric fields. If the polarity of the field
is altered the alignment of the molecules will change. When this is done for the
reactions of K and Rb with CH;I the reaction cross sections are different for the two
polarities. The larger cross section is attributed to direct attack of K on to the I in CH;l,
while the smaller cross section is associated with the K approaching the CH; hindered
side.

CH;l « K preferred, larger cross section
H

K>H—C—I less preferred, smaller cross section
H

When this experiment is repeated with CF;l, different behaviour is found.

When the polarity is such that the K approaches the iodine end of the CF;], product
KI is scattered backwards with the low impact parameters typical of a rebound
reaction, believed to be the result of K hitting CF;I head-on on the iodine.

When the polarity is reversed and the K approached the CF, end of the CF;l, product
KI is now scattered forwards with the large impact parameter typical of a stripping
reaction, believed to be a result of a potassium atom flying past the CF;I and extracting
the iodine atom. .

The conclusion is that the iodine atom is less shielded in CF;l than in CH,l.

More work of this type should help to define the geometry of reactions, and this
should help in the determination of potential energy surfaces.

10.8 State to state kinetics

Determination of cross sections and rate constants for energy transfer and reaction is
one ultimate aim in this fundamental approach to kinetics. In this respect molecular
beam studies are still a young discipline, but, with time it should be possible to have
fairly extensive tabulated data comparable to that available from macroscopic kinetics.

10.8.1 A study of some reactions of HCI

The self relaxation of HCI, and the relaxation in the presence of other gases has been
studied in detail.

Table 10.1 Relaxation of HCI
HCI(v)+HCl o> HCl + HCl

k=33 x10"* cm’s 'molecule™
=1 k=2.6x 10" cm®s'molecule”

HCI(v)+Br- — HCI + Br-

v=2 k=18x10"% cm’s'molecule™
=] k=2.8x 10" cm’s'molecule”
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Table 10.1 gives a few typical data which show up some of the general trends. When
HCl is in the states v = 1 and v = 2 rotationally enhanced transfer of vibration to
translation takes place, and this is borne out by many other studies. In the presence of
Br atoms relaxation is still by rotationally enhanced vibration, but when HCl is in v =
2, relaxation becomes mixed up with reaction with Br.

HCl(g) + Br'(s) - I’{Brm) + Cl'(g)

This reaction has also been studied in an attempt to disentangle the relaxation data.
Various excited states of HCI can be selected and the overall rate constants found
for each state, Table 10.2.

Table 10.2 Reaction of Br with HCI

v for HCl 0 1 2 3 4
Kdm’mols™ 1.0x102  2.0x10* 1.0x10°  7.0x10°  1.0x10"

These are not true state to state rate constants because they are not between the
specified initial states to any one specified final state. However, they do enable an
estimate of the effect of vibrational energy on reaction to be made. Whenv=1andv =
2 there is a considerable enhancement of the rate over v = 0, but higher vibrational
energies do not lead to much increase over the v = 2 value of .

10.8.2 Reaction of HCI with K-
Reaction of HCI with K-- has been studied by molecular beams and lasers

Kig+HCl,y — KClg+Hy,

Laser excitation placed HCl into v = 1 and the rate of reaction of HCI (v = 0) and HCl
(v=1) with K- was studied using molecular beams.

(i) For HCI (v = 0) there was no reaction at low translational energies, but when the
threshold energy was exceeded reaction occurred.

(ii) For HCI (v = 1), the threshold energy is now exceeded, even at very low
translational energies at which there is considerable reaction. However,
increasing the translational energy caused little increase in rate.

From this, it was concluded that vibrational energy was more important than
translational energy, though the effect is not so striking as in the K- + HF reaction, see
below. A potential energy surface has been constructed and shown to have a slightly
late barrier. Late barriers are associated with vibrational enhancement, and the
relatively small enhancement found in the molecular beam experiments is in keeping
with the barrier being only a slightly late one.

10.8.3 Reaction of HF
The great potential of molecular beams is demonstrated by the reactions of HF
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X@tHFgy — XHgtFg
X@tHFgy — XFgt+Hg

where X = Lij, Na, K, Ba, Sr, H, CI, Br.

10.8.4 Reaction with HF and Ba-
The reaction

Ba(s) + [{F(g) - BaF(z) + H'(g)

demonstrates this and the reaction has been the subject of intense experimental interest
from which a vast amount of information has emerged.

(i) Activation, deactivation and reaction in the system Ba: + HF
Activation - deactivation rate constants for
HF, +HF, —> HF*g +HF,

have been found from energy transfer studies on HF/HF collisions where the
dependence of rotationally enhanced vibration to translation transfer on v and J is
found. More extensive work would include vibration to vibration rate constants so that
all transfers in the processes of activation and deactivation are known.

Energy transfer in Ba: and HF mixtures give rate constants for v=0and v = 1, but
experiments with higher values of v were complicated by reaction.

In the reaction itself

one experiment showed that reaction with HF in the v = 0 state gave BaF with a
maximum population in v = 0, a slightly smaller population in v = 1 and progressively
decreasing populations in v = 2 to v = 6. Another experiment from HF in v = 1 gives a
totally different vibrational distribution. Levels in BaF from v = 1 to 12 are now
populated with a maximum at v = 6. A third experiment looked at the effect of
translational energy on the reaction. With HF as v = 0, and with high translational
energies the maximum population is still in v = 0, but levels up to v = 10 are now
populated.

These experiments suggest that there is a slight translational enhancement, and some
vibrational enhancement, indicative of a late barrier.'

Cross sections for the reaction at a translational energy of 6.7 kJ mol” have been
found for reaction of HF in state v = 0 to form BaF in a large number of vibrational
states, and for reaction of HF in state v = | to form BaF in an even greater number of
vibrational states. Table 10.3 shows the data. The cross sections could be converted
into state to state rate constants by integrating over the velocity distribution.

| . . »
Or a “cutting the corner trajectory”, see Chapter 6.
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Table 10.3 Cross sections at translational energy 6.7 kJ mol" for
Ba+HF —»  BaF+H

v in product 0 1 2 3 4 5 6
105/nm” for

v=0 in reactant 32 33 2.1 0.7 03 0.1

10°o/nm” for

v=1 in reactant 32 33 2.1 2.1 1.85 1.57 1.58
v in product 7 8 9 10 11 12 13
10°a/nm? for

v=0 in reactant

10%/nm’ for
v=1 in reactant 1.59 1.63 1.18 052 0.28 0.17 0.09

The cross sections, and consequently the state to state rate constants decrease as the
vibrational energy of the products increases, but after BaF with v = 3 is reached the
cross sections are consistently higher for HF in v = 1 state. However, product
formation at v = 0 - 3 still dominates the reaction kinetics. This data shows evidence of
vibrational enhancement.

An even more exhaustive study, Table 10.4, gave values of the cross section over a
wide range of translational energies for reaction of Ba with HF in the v = 0 state
producing BaF in a large number of vibrational states. These cross sections are
equivalent to state to state rate constants over a range of translational energies. The
results are in keeping with those in Table 10.3 in that the cross sections at any given
translational energy decrease as the vibrational energy of the product increases. The
total cross section for the reaction at each translational energy increases with
translational energy up to a maximum value. This is indicative of some translational
enhancement.
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Table 10.4 Cross sections at various translational energies for

Ba+HF —3 BaF+H
10° x cross section/nm’ for v= 0 in reactant

energy/ ki mol' 6.7 130 222 272 377 439 460 55

v in product

0 32 2.14 194 175 217 214 239 234
1 33 272 213 1.85 1.78 194 211 2.11
2 2.1 3.02 215 1.95 1.64 1.58 1.56 1.42
3 0.7 1.63 1.79 1.80 1.26 1.35 1.32 1.35
4 03 0.42 1.17 1.36 1.01 1.04 088 072
5 0.1 007 055 082 08 075 069 0.69
6 0.17 033 052 051 039 041
7 0.09 0.14 034 03] 027 036
8 016 017 019 0.19
9 009 008 006 0.12
10 008 007 006 0.08
11 005 005 006 0.06
12 0.05
13 0.05

However, when all the data is taken into consideration, the conclusion is that the
increase in the total rate is only slightly greater with increase in vibrational energy than
with increase in translational energy. Also the fraction of product energy appearing in
vibration is unusually small, most of it appearing as translation. The reaction

Ba, + HF, — BaFg +Hy,

is only slightly exothermic, AH = -18.41 kJ mol' and most exothermic reactions show
an early barrier in the potential energy surface. This reaction is unusual in that it
displays characteristics of an early barrier - translational enhancement, and
characteristics of a later barrier - vibrational enhancement, with a high proportion of
translational energy in the products. It is thought that this indicates a later barrier than
the early one predicted for exothermic reactions. A potential energy surface and
trajectory calculations could help to clarify these details.

10.8.5 Other reactions of HF
A number of other reactions of HF also show vibrational enhancement.

K@ +HFg — KFg+Hy,

gives considerable vibrational enhancement. When HF in the v = 0 state is compared
with reaction of HF in the v = | state at low translational energies, the rate increase was
vastly greater than that found when there was a comparable change in translational
energy. There is therefore considerable vibrational enhancement, and a late barrier is
postulated, and is found in a trajectory - potential energy surface calculation.
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Other reactions of HF which show vibrational enhancement are

Sr'(g) + I'IF(S) -> SrF(s) + H'(g)
ClgtHFy, — HClg+F
Bry,; +HFg — HBrg +F

Indeed the reaction with Sr occurs only if v= 1, and not at all if v=0.

Reactions between light molecules have been intensively studied over the past
decade or so. This has probably resulted from the very considerable increases in
accuracy of quantum mechanical calculations of potential energy surfaces for these
reactions. These have, in turn, enabled accurate trajectory calculations for motion over
these surfaces to be made, and the increasing detail of molecular beam experiments
allows detailed testing of the predictions of the surface-trajectory calculations to be
possible.

10.9 Ion-molecule studies
Ion-molecule reactions in the gas phase have been studied by mass spectrometry,
chemi, photo and field ionisation techniques. Table 10.5 lists some typical reactions.

Table 10.5 Ion-molecule reactions

Hb5  + H, - HY  + H-
HbK + 0, - HO,” + H-
N* + o, - NO* + o
(o} + N, - NO" + N-
o, + NO o NO" + 0,
Kri + H, - KrH: + H:
Ar + H, - ArH + H-
CH,” + CH, - CHy" + CH,
CH,” + CH, - CH,"  + CHj
tCHy" + iCH,, — iCH,, + tCsH,, -

Ion-molecule reactions are of considerable interest theoretically. When one of the
reactants is an ion, attractive interactions can now extend over distances much larger
than those implied by a simple collision cross-section. This alters the nature of
collision in the ion-molecule collision compared to the molecule-molecule collision.

Several “collision theory” type theories have been proposed. For instance, one
allowing for ion-dipole interactions has been derived and compared with a hard sphere
collision theory. Not surprisingly, the one allowing intermolecular interactions is more
satisfactory.

Many ion-molecule reactions have large cross sections implying that reaction can
occur at the large distances apart which are typical of reactions dominated by long
range interactions of the ion-dipole, ion-induced dipole type. Ion-molecule reactions
do not have a threshold energy, and the cross section decreases with increase in
energy, in contrast to typical reactions between neutral molecules which do have a
threshold energy and have cross sections increasing to a maximum.
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There are two typical ion-molecule mechanisms inferred from molecular beam work.
Direct reaction involves one collision followed by reaction. Direct reaction shows
asymmetric scattering of products, often forward peaked and showing the large cross
sections corresponding to a stripping action which can occur when the reactants are at
large distances apart.
Reactions showing this behaviour include

N2+ + H2 - N2H+ + H'
CO'+H, — COH +H
N,’+CH, — NH +CHj

and simple reactions of this type are common.
The mechanism going via a collision complex is more common for more complex
reactions such as

CH, +CH, - CH,+CH,
CH,”+CH, — C;Hs +CHjy
tCHy +iCsH;, —  tCH,o+iCsH,,"

though simple reactions can also proceed in this manner, for example
H,+H, — H;+H

Most of these reactions show a transition at higher energies to the direct mechanism.

Many of these ion-molecule reactions have observed A factors which decrease with
temperature rather than giving the expected increase. These can be explained by
looking at the temperature dependence of the partition functions as used in transition
state theory, Chapter 2.
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calculation for passage along an
adiabatic channel 141-142
unimolecular reactions 128, 136-143
minimum energy path 2,20-25

see most probable route, reaction coordinate
mixed energy release 177, 184-185
modified collision theory 198-230
molecularity 2,4
molecular beams 2,3, 7, 77, 163, 167, 173,
174, 177, 198-230, 232-235, 249

281-296
2,3,163-190

results of
molecular dynamics
see trajectory calculations
moment of inertia 30-31, 35, 37-38, 53-54,
126-127, 255, 258

most probable route 2,20-25,177
see minimum energy path,
reaction coordinate
most probable scattering 282-283

most probable velocity of

scattered molecules 283
multiple crossings through the critical
configuration 25, 57-58, 60-62, 78

negative activation energy 55-56
network array of rate constants in
energy transfer 249-251

non-active mode 116

non-fixed energy 114-116
non-reactive scattering 199-221, 232-234
non-resonant energy transfer 221,262,

265-268, 269-271, 273, 275, 277, 278

normal modes of vibration 5,6,31,37,
53-55, 126-129, 142, 143, 145-156,

262-266, 269-273, 273-275, 276-278

overall rate constants for energy transfer
245-249, 254

p factors 1, 43-45, 50-52



partition functions 28, 33, 35-46, 49-55

121-122, 128
approximate transition state theory
calculations 38-45
comparison of thermodynamic with
statistical mechanical formulation 49-56
bimolecular reactions 37-45, 49-53
termolecular reactions 55-56
unimolecular reactions 41, 53-55
contribution to partition functions for
activated complex 34-37

reactants 35
relation between the total molecular

partition function fand the
partition function per unit volume Q¢ 33
rotational symmetry numbers 30-31, 63-64
temperature dependence 45-46
use in transition state theory 33-46, 49-55
with statistical factors for the

activated complex structures 71-74
with statistical factors for

equilibrium constants 64-68
with statistical factors for rate

constants 68-71, 127

potential energy 3, 18-20, 157-159
potential energy barrier, see potential
energy profile and surfaces
potential energy contour diagram 21-23,
159-162, 167, 174-185, 188-189
potential energy profile 22-24, 57-58, 74-80,
159-162, 167, 170, 186-187, 190
potential energy surface 3, 18-25, 53, 157-190
attractive surface for exothermic
reactions 161-163, 171-174, 180-188
repulsive surface for exothermic
reactions 169-170, 173, 174-178, 181-188
endothermic attractive and repulsive
surfaces by comparison with exothermic

reactions 181-185
less extreme barriers 178-179
quantum calculations 157-159

properties relevant to transition
state theory 18-25, 53, 157-190
types of barrier 159-163, 171
potential energy surface: energy transfer
during reaction
redistribution of energy
translation in reactants

171-177, 179-190
171-18S, 188-190

translation in products 171-185, 286
vibration in reactants 171-185, 188-190
vibration in products 171-185, 286
probability of reaction P(b) 225-227
determination of 227-228

correlation with molecular beams
173-180, 286-289
Quack and Troe theory 81, 98, 128-143
see adiabatic channel theory
quantum states 3, 6, 7, 82-83, 97-98, 109-111,
113-114, 117-128, 128-131, 134, 136-143,
198-200, 216, 217-222, 225, 228, 231-235,
243-247, 249-254, 256-280
generation by laser 198, 232-285
identification of 198-200, 218-220
population of 198-200, 218-220
selection of 198-199, 220, 232, 291
state to state rate constants for energy

transfer 220-222,231-235, 243,
249-254

state to state rate constants for
reaction 228
rate constants for energy transfer 217,
220-221, 231-235, 243-245, 249-254
for reaction from o total 227
for reaction from o(6) 228
for state to state processes ~ 220-222, 228,

231-235, 243, 249-254
rate determining steps in master mechanism
7-16
rate determining step for
rotational relaxation
vibrational relaxation

256-257, 259, 279
257-258, 261-263
268, 270-274, 277
rates of energy transfer 7,217, 220-222,
231-235, 235-249, 249-254, 255-281
rotational 235, 244-245, 256-258, 279-281
vibrational 235, 242-245, 256-278

rate of reaction from basic transition
state theory 26-28, 34-35, 37-45, 50-56
reaction coordinate 2,20-25, 131-136,
160-163, 171, 189-190

see minimum energy path, most
probable route

reaction cross sections 225-230
“reaction unit”: definition of 18



225-227
227-228

reaction probability P(b)
determination of
correlation with molecular beams
173-180, 285-288

reactive scattering 225-230, 282-297

backward 284, 285-287
forward 283-286, 287
symmetrical 284, 288-289
rebound mechanism 286-287

re crossing of the energy barrier 25, 57-58,
60-62, 78

single crossings 25, 57-60, 78
multiple crossings 57-58, 60-62, 78
redistribution of energy 6-7, 171-185,

88-190, 218-220

in unimolecular reactions  94-95, 104-105,
106, 111, 113-116, 117, 120, 143,

145, 146, 155-156

reduced mass 27, 34-35
relaxation techniques 235-247
- flash photolysis 235,245
laser photolysis 235, 246
periodic displacement 235
pressure jump 235
single impulse 235
shock tubes 235, 245-246
temperature jump 235
ultrasonic 236-244
relaxation time 236, 241-244, 271-273,
277-278

determination of 241-244

vibrational relaxation 257, 271-273, 277-278
repulsive surface 161-163, 169-170, 173,
174-178, 181-185

see potential energy surfaces

resonant energy transfer 221, 263-271,
274,276-278
RRKM theory 113-128

see Marcus theory, unimolecular theory
rotational symmetry number 30-31, 63-64, 68

scattering diagrams with respect to
centre of mass 222-224,282-284
scattering in molecular beams
199-230, 281-297
angle #and impact parameter
204-207, 210-216
definition in terms of oygta] 202-204

definition in terms of o(6) 204-207
definition of reactive collision 225-228
detection of 199-202

200-202, 210-216
25,62, 82-83, 130
37, 84-88, 188-190

into angle 6
separability of motion
shape of barrier

effective, with tunnelling path 84-88
gradual 188-190
sudden 188-190
shock tubes 235, 245-246
single crossing of barrier 25, 57-60, 78
Slater theory 143-156
see unimolecular reactions
solid angle dQ 212, 213-214, 217
sound waves 235-243
absorption of sound 239, 242
velocity of sound 239-242

spectroscopic absorption techniques  245-246
spectroscopic data 30-32, 35, 38, 49,
126-145, 155
states
classical or semi-classical 76-77, 80-82,
123-124, 136-137
quantum 3,6,7,82-83,97,98, 109-111,
113-114, 117-128, 128-131, 134, 136-143,
198-200, 216, 217-222, 225, 228, 231-235,
243-247, 249-254, 256-280
see also quantum states
state to state kinetics 3, 220-222, 228, 231-255
experimental rate constants
220-222, 232-235, 243, 249-250

theoretical rate constants 235, 250-255
some examples 291-296
statistical factors 64-74, 127
in equilibrium constants 64-68
in rate constants 68-71, 127
like molecules 66
structures of activated complexes 71-74,
unlike molecules 65

statistical mechanics 27-56, 63-71, 95,
121-126, 136-137
see also partition functions
approximate calculations in transition
state theory 38-45
approximate calculated 4 factor in
transition state theory 39, 42-46
bimolecular reactions 42-45

termolecular reactions 55-56



unimolecular reactions 53-55
equilibrium constant in transition
state theory 28
formulation of rate constant in
transition state theory
quantities used in transition state
theory 28-35
temperature dependence of partition
functions 45-46
steady state 8-16
methods in energy transfer 247-249
steric effects 1,290
see also p factor
stripping mechanisms
strong collisions

28, 34-35

174, 285-286, 287
7,91, 116, 231, 244

sudden barrier 188-190

surfaces, see potential energy surfaces

symmetry numbers - rotational 63-64
in equilibrium constants 64

temperature dependence of
activation energy ~ 48-49, 55-56, 102, 109,
111, 127, 154
A factors 45-46, 55-57
partition functions45-46, 55-56

vibrational transition probabilities 256-259

termolecular reactions 4-16
high pressures 10-16
low pressures 10-16
negative activation energies 55-56

thermodynamic formulations in

transition state theory 46-56
comparison of partition function
and thermodynamic formulations ~ 49-56
determination of thermodynamic
functions 47-49
enthalpy of activation AH** 46-49
entropy of activation AS** 46, 47, 49-52
free energy of activation AG** 46-48
relation of EA and AH#* 48-49
thermodynamic formulation for
transition state theory rate constant
46-47
thermodynamic functions in
transition state theory 46-49
transition state theory equilibrium
constant K** 46-48
volume of activation AV#* 46-49

160, 185-186
228-230

thermoneutral reactions
threshold energy

see also critical energy
time-lag 2, 7-16, 89, 92-93, 103, 105, 109.
145-146, 153-154, 288-289
trajectory calculations 163-168, 286, 287
transfer of energy 4-8, 198-199, 217, 218-222,
231-256, 257-281
see energy transfer
kinetics of 217, 220-222, 231-235,
243-246, 247-255
transition state 2,21
transition state theory 2, 18-88, 116-117,

167
advanced 57-88
assumptions of 25-26, 57-63
assumptions reassessed 57-63
canonical 81-82
improved canonical 82
conventional 18-56
equilibrium assumption 25, 27-28, 58-62
generalised 74-82, 128-129, 134-135,
36-142
improved canonical 82
microcanonical 78-81
quantum 82-88
recrossing of energy barrier 25, 57-58,
60-62, 78

symmetry numbers and statistical factors
63-74
testing predictions of 37-45, 49-56, 167-168
thermodynamic formulations 46-52
variational 78
vibrationally adiabatic 81
see Quack and Troe 128-143

transmission coefticient, see Kappa 26, 27, 35,

58, 82, 84
translational energy, see potential
energy surfaces
in products 171-185, 286
in reactants 171-185. 188-190
tunnelling 62, 78, 82-88
paths 83-88
ultrasonic techniques 235-244
ultrasonic waves 235-243
see absorption of sound
energy transfer rate constants 242-244



unimolecular reactions

1-2, 4-7, 10-16,

2-55, 89-156
simple Lindeman 99-100
areas to be improved 100
assumptions 99
calculation 99-100
comparison with experiment 100
Hinshelwood 97-98, 100-104
areas to be improved 103
assumptions 100-101
calculation 97-98, 101-102
comparison with experiment 102-103
Kassel classical 104-109
areas to be improved 109
assumptions 104-105
calculation 105-109
comparison with experiment 109
Kassel quantum 109-112
areas to be improved 111-112
assumptions 109-110
calculation 110-111
comparison with experiment 111
Marcus or RRKM 113-128
new concepts 113-116
fixed energy 113-114
non-fixed energy 114-116
assumptions 116-117, 127
calculation 117-126
comparison with experiment 127
modifications needed 126-127
Quack and Troe, adiabatic
channel theory 128-143
concepts and generalised
transition state theory 128-131

adiabatic channels
calculation

closed channels
open channels
success of

Slater
assumptions

aspects of vibrations relevant to

significance of vibrational
analysis for Slater

calculation

comparison with experiment

129-131. 134-136

136-142

130-131, 135-136
130-131, 135-136

143
143-156
143-146
146-150

150
150-155
155-156

upside down potential energy surface 83

valley
see entrance (reactants) 21, 25, 27,
160-163, 171
see exit (products) 21, 25,27, 160--163,171
variational transition state theory 78
velocity distribution of scattered
molecules
velocity of sound/ultrasonic waves
determination of relaxation time
vibration
in products
in reactants
modes, see vibrational modes
vibrationally adiabatic transition
state theory 81

200, 281-282
239-242

171-185, 286
171-185, 188-190
5,6

see Quack and Troe 128-143
vibrational analysis 126, 127, 145-150,
155-156

vibrational aspects in unimolecular theory,
see aspects of vibration
vibrational modes 5-6, 31, 37, 53-55, 126-129,
142, 143, 145-156, 262-266,
269-273, 273-275, 276-278
see normal modes of vibration
volume of activation 46-49

well 23-24,76-77, 166-167, 190, 288-289

241-242



SYMMETRY AND GROUP THEORY IN CHEMISTRY
MARK LADD, Department of Chemistry, University of Surrey
Foreword by Professor The Lord Lewis, FRS, Warden, Robinson College, Cambridge

ISBN 1-898563-39-X 450 pages 1998

This clear, logical and up-to-date introduction is helpful to those reading any of the
sciences wherein chemistry forms a significant part. It is copiously illustrated, including
many stereoviews of molecules and hints on stereoviewing. The author’s programs
which aid the derivation, study and recognition of point groups are available on the
Internet www.horwood.net/publish. Worked examples, and problem exercises with
tutorial solutions are given in extended tutorial form.

Contents: Symmetry everywhere; Symmetry operations and symmetry elements; Group theory
and point groups; Representations and character tables; Group theory and wave functions; Group
theory and chemical bonding; Group theory, molecular vibrations and electron transitions; Group
theory and crystal symmetry.

“Provides background to rationalize and synthesize the use of symmetry to
problems in a wide range of chemical applications, and is a necessary part of any
modern course.”

Professor The Lord Lewis, FRS, Warden, Robinson College, Cambridge

“Treats the subject matter in a logical sequence, thoroughly and in depth, forming
an excellent text for a major core second or third year course.”
Dr. John Burgess, Reader in Inorganic Chemistry, University of Leicester

FUNDAMENTALS OF INORGANIC CHEMISTRY

An Introductory Text for Degree Course Studies

JACK BARRETT, Imperial College of Science, Technology & Medicine, London and
MOUNIR A. MALATI, Mid-Kent College of Higher and Further Education,
Chatham

ISBN: 1-898563-38-1 320 pages 1997

Contents: Introduction; Nuclear and radiochemistry; Electronic configurations and electronic
states; Symmetry and group theory; Diatomic molecules and covalent bonding; Polyatomic
molecules and metals; Ions in solids and solutions; Chemistry of s-block elements; Chemistry of
p-block elements; Co-ordination compounds; Chemistry of d- and f-block elements.

“Constitutes a valuable addition to the ranks of introductory inorganic chemistry texts. This

approach to electronic and bonding theory proves to be its strong point. It should

indisputably be recommended to all who teach at this level and all departmental libraries.”
Chemistry in Britain: J Royal Society of Chemistry

“Undergraduates reading chemistry will find much benefit from these teachers’ proper and
kindly approach which will launch them into their more advanced part of the inorganic
chemistry degree course. The book will be helpful also to those reading any of the sciences
where chemistry forms a significant part”.

Dr John Burgess, University of Leicester



IONS IN SOLUTION, Second Edition
JOHN BURGESS, Department of Chemistry, University of Leicester

ISBN: 1-898563-50-0 ca. 220 pages 1999

This up-to-date outline of the principles and chemical interactions in inorganic solution
chemistry delivers a course module in an important area of considerable complexity
which is only cursorily covered in most undergraduate texts.

Contents: Introduction; Solvation numbers; lon-solvent distances; Ion-solvent interactions; Acid-
base behaviour: hydrolysis and polymerisation; Stability constants; Redox potentials; Kinetics
and thermodynamics; Kinetics and mechanisms: solvent exchange; Kinetics and mechanisms:
complex formation; Kinetics and mechanisms: substitution at complexions; Kinetics and
mechanisms: redox reactions; Past, present, future predictions.

REACTION MECHANISMS OF METAL COMPLEXES
R.W. HAY, School of Chemistry, University of St. Andrews

ISBN: 1-898563-41-1 ca. 200 pages 1999

This text provides a general background as a course module in the area of inorganic
reaction mechanisms, suitable for advanced undergraduate and post-graduate study
and/or research. The topic has important research applications in the metallurgical
industry, and is of interest in the sciences of biochemistry, biology, organic, inorganic
and bioinorganic chemistry.

Contents: Introduction to the field; The kinetic background; Substitution reactions of octahedral
complexes; Substitution reactions in four- and five-coordinate complexes; Isomerisation and
racemisation reactions; Reactions of coordinated ligands.

BIOINORGANIC CHEMISTRY, Second Revised Edition
R.F. HAY, Department of Chemistry, University of St Andrews

ISBN: 1-898563-45-4 ca. 250 pages 1999

This text provides a general background to the area of biological inorganic chemistry for
final year and postgraduate courses and those beginning research in the field. The book
has been modernised, restructured, updated and expanded. There is much new material
and sections dealing with the functions of different metal ions (nickel, copper,
vanadium, chromium, zinc), bio-mineralisation, non-metallic inorganic elements,
inorganic drugs and mercury, aluminium, beryllium and chromium (VI).

“Probably the best yet produced for undergraduate teaching ... of value for those
wishing to start bioinorganic research. I have no doubt that undergraduates and
teachers will find it very useful.”

Journal of Organometallic Chemistry (Dr. G.J. Leigh, University of Sussex)








