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Preface

This book focuses on the basic concepts in molecular reaction dynamics, which is the
microscopic atomic-level description of chemical reactions, in contrast to the macro-
scopic phenomenological description known from chemical kinetics. It is a very exten-
sive field and we have obviously not been able, or even tried, to make a comprehensive
treatment of all contributions to this field. Instead, we limited ourselves to give a
reasonable coherent and systematic presentation of what we find to be central and
important theoretical concepts and developments, which should be useful for students
at the graduate or senior undergraduate level and for researchers who want to enter
the field.

The purpose of the book is to bring about a deeper understanding of the atomic
processes involved in chemical reactions and to show how rate constants may be de-
termined from first principles. For example, we show how the thermally-averaged rate
constant k(T'), known from chemical kinetics, for a bimolecular gas-phase reaction
may be calculated as proper averages of rate constants for processes that are highly
specified in terms of the quantum states of reactants and products, and how these
state-to-state rate constants can be related to the underlying molecular dynamics.
The entire spectrum of elementary reactions, from isolated gas-phase reactions, such
as in molecular-beam experiments, to condensed-phase reactions, are considered. Al-
though the emphasis has been on the development of analytical theories and results
that describe essential features in a chemical reaction, we have also included some
aspects of computational and numerical techniques that are used when the simpler
analytical results are no longer accurate enough.

We have tried, without being overly formalistic, to develop the subject in a sys-
tematic manner with attention to basic concepts and clarity of derivations. The reader
is assumed to be familiar with the basic concepts of classical mechanics, quantum me-
chanics, and chemical kinetics. In addition, some knowledge of statistical mechanics
is required and, since not all potential readers may have that, we have included an
appendix that summarizes the most important results of relevance. The book is rea-
sonably self-contained such that a standard background in mathematics, physics, and
physical chemistry should be sufficient and make it possible for the students to follow
and understand the derivations and developments in the book. A few sections may be
a little more demanding, in particular some of the sections on quantum dynamics and
stochastic dynamics.

Earlier versions of the book have been used in our course on advanced physical
chemistry and we thank the students for many useful comments. We also thank our



Vi Preface

colleagues, in particular Dr Klaus B. Mgller for making valuable contributions and
comments.

The book is divided into three parts. Chapters 2-8 are on gas-phase reactions,
Chapters 9-11 on condensed-phase reactions, and Appendices A-I contain details
about concepts and derivations that were not included in the main body of the text.
We have put a frame around equations that express central results to make it easier
for the reader to navigate among the many equations in the text.

In Chapter 2 we develop the connection between the microscopic description of
isolated bimolecular collisions and the macroscopic rate constant. That is, the reac-
tion cross-sections that can be measured in molecular-beam experiments are defined
and the relation to k(7T') is established. Chapters 3 and 4 continue with the theoretical
microscopic description of isolated bimolecular collisions. Chapter 3 has a description
of potential energy surfaces, i.e., the energy landscapes for the nuclear dynamics. Po-
tential energy surfaces are first discussed on a qualitative level. The more quantitative
description of the energetics of bond breaking and bond making is considered, where
this is possible without extensive numerical calculations, leading to a semi-analytical
result in the form of the London equation. These considerations cannot, of course,
replace the extensive numerical calculations that are required in order to obtain high
quality potential energy surfaces. Chapter 4 is the longest chapter of the book with the
focus on the key issue of the nuclear dynamics of bimolecular reactions. The dynamics
is described by the quasi-classical approach as well as by exact quantum mechanics,
with emphasis on the relation between the dynamics and the reaction cross-sections.

In Chapter 5, attention is directed toward the direct calculation of k(T), i.e., a
method that bypasses the detailed state-to-state reaction cross-sections. In this ap-
proach the rate constant is calculated from the reactive flux of population across a
dividing surface on the potential energy surface, an approach that also prepares for
subsequent applications to condensed-phase reaction dynamics. In Chapter 6, we con-
tinue with the direct calculation of k(T") and the whole chapter is devoted to the
approximate but very important approach of transition-state theory. The underlying
assumptions of this theory imply that rate constants can be obtained from a stationary
equilibrium flux without any explicit consideration of the reaction dynamics.

In Chapter 7 we turn to the other basic type of elementary reaction, i.e., uni-
molecular reactions, and discuss detailed reaction dynamics as well as transition-state
theory for unimolecular reactions. In this chapter we also touch upon the question
of the atomic-level detection and control of molecular dynamics. In the final chapter
dealing with gas-phase reactions, Chapter 8, we consider unimolecular as well as bi-
molecular reactions and summarize the insights obtained concerning the microscopic
interpretation of the Arrhenius parameters, i.e., the pre-exponential factor and the
activation energy of the Arrhenius equation.

Chapters 9-11 deal with elementary reactions in condensed phases. Chapter 9 is
on the energetics of solvation and, for bimolecular reactions, the important interplay
between diffusion and chemical reaction. Chapter 10 is on the calculation of reaction
rates according to transition-state theory, including static solvent effects that are
taken into account via the so-called potential-of-mean force. Finally, in Chapter 11, we
describe how dynamical effects of the solvent may influence the rate constant, starting
with Kramers theory and continuing with the more recent Grote—-Hynes theory for
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k(T). Both theories are based on a stochastic dynamical description of the influence
of the solvent molecules on the reaction dynamics.

We have added several appendices that give a short introduction to important dis-
ciplines such as statistical mechanics and stochastic dynamics, as well as developing
more technical aspects like various coordinate transformations. Furthermore, exam-
ples and end-of-chapter problems illustrate the theory and its connection to chemical
problems.
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1
Introduction

Chemical reactions, the transformation of matter at the atomic level, are distinctive
features of chemistry. They include a series of basic processes from the transfer of
single electrons or protons to the transfer of groups of nuclei and electrons between
molecules, that is, the breaking and formation of chemical bonds. These processes are
of fundamental importance to all aspects of life in the sense that they determine the
function and evolution in chemical and biological systems.

The transformation from reactants to products can be described at either a phe-
nomenological level, as in classical chemical kinetics, or at a detailed molecular level,
as in molecular reaction dynamics.! The former description is based on experi-
mental observation and, combined with chemical intuition, rate laws are proposed to
enable a calculation of the rate of the reaction. It does not provide direct insight into
the process at a microscopic molecular level. The aim of molecular reaction dynamics is
to provide such insight as well as to deduce rate laws and calculate rate constants from
basic molecular properties and dynamics. Dynamics is in this context the description
of atomic motion under the influence of a force or, equivalently, a potential.

The main objectives of molecular reaction dynamics may be briefly summarized
by the following points:

e the microscopic foundation of chemical kinetics;
e state-to-state chemistry and chemistry in real time;
e control of chemical reactions at the microscopic level.

Before we go on and discuss these objectives in more detail, it might be appropriate
to consider the relation between molecular reaction dynamics and the science of phys-
ical chemistry. Normally, physical chemistry is divided into four major branches, as
sketched in the figure below (each of these areas are based on fundamental axioms).
At the macroscopic level, we have the old disciplines: ‘thermodynamics’ and ‘kinetics’.
At the microscopic level we have ‘quantum mechanics’, and the connection between
the two levels is provided by ‘statistical mechanics’. Molecular reaction dynamics en-
compasses (as sketched by the oval) the central branches of physical chemistry, with
the exception of thermodynamics.

A few concepts from classical chemical kinetics should be recalled [1]. Chemical
change is represented by a reaction scheme. For example,

1The roots of molecular reaction dynamics go back to a famous paper by H. Eyring and M. Polanyi,
Z. Phys. Chem. B12, 279 (1931).
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2H2 + OQ — 2H20

The rate of reaction, R, is the rate of change in the concentration of one of the reactants
or products, such as R = —d[Hs]/dt, and the rate law giving the relation between the
rate and the concentrations can be established experimentally.

This reaction scheme represents, apparently, a simple reaction but it does not pro-
ceed as written. That is, the oxidation of hydrogen does not happen in a collision
between two Hy molecules and one O molecule. This is also clear when it is remem-
bered that all the stoichiometric coefficients in such a scheme can be multiplied by an
arbitrary constant without changing the content of the reaction scheme. Thus, most
reaction schemes show merely the overall transformation from reactants to products
without specifying the path taken. The actual path of the reaction involves the for-
mation of intermediate species and includes several elementary steps. These steps are
known as elementary reactions and together they constitute what is called the reaction
mechanism of the reaction. It is a great challenge in chemical kinetics to discover the
reaction mechanism, that is, to unravel which elementary reactions are involved.

Elementary reactions are reactions that directly express basic chemical events, that
is, the making or breaking of chemical bonds. In the gas phase, there are only two
types of elementary reactions:?

e unimolecular reaction (e.g., due to the absorption of electromagnetic radiation);
e bimolecular reaction (due to a collision between two molecules);
and in condensed phases, in addition, a third type:
e bimolecular association/recombination reaction.

2The existence of trimolecular reactions is sometimes suggested. For example, H + OH + M —
HoO+M, where M is a third body. However, the reaction probably proceeds by a two-step mechanism,
ie., (1) H+ OH — H20*, and (2) HoO* + M — H2O + M, where HoO* is an energy-rich water

molecule with an energy that exceeds the dissociation limit, and the function of M is to take away
the energy. That is, the reaction actually proceeds via bimolecular collisions.
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The reaction schemes of elementary reactions are to be taken literally. For example,
one of the elementary reactions in the reaction between hydrogen and oxygen is a
simple atom transfer:

H+ 0O — OH+O

In this bimolecular reaction the stoichiometric coefficients are equal to one, mean-
ing that one hydrogen atom collides with one oxygen molecule. Once the reaction
mechanism and all the rate constants for the elementary reactions are known, the
reaction rates for all species are given by a simple set of coupled first-order differential
equations. These equations can be solved quite easily on a computer, and give the con-
centrations of all species as a function of time. These results may then be compared
with experimental results.

From the discussion above, it follows that: elementary reactions are at the
heart of chemistry. The study of these reactions is the main subject of this book.

The rearrangement of nuclei in an elementary chemical reaction takes place over
a distance of a few angstrom (1 angstrém = 10719 m) and within a time of about
10-100 femtoseconds (1 femtosecond = 107! s; a femtosecond is to a second what
one second is to 32 million years!), equivalent to atomic speeds of the order of 1 km/s.
The challenges in molecular reaction dynamics are: (i) to understand and follow in
real time the detailed atomic dynamics involved in the elementary processes, (ii) to
use this knowledge in the control of these reactions at the microscopic level, e.g., by
means of external laser fields, and (iii) to establish the relation between such micro-
scopic processes and macroscopic quantities like the rate constants of the elementary
processes.

We consider the detailed evolution of isolated elementary reactions® in the gas
phase, for example,
A +BC(n) — AB(m) + C

At the fundamental level the course of such a reaction between an atom A and a
diatomic molecule BC is governed by quantum mechanics. Thus, within this theoret-
ical framework the reaction dynamics at a given collision energy can be analyzed for
reactants in a given quantum state (denoted by the quantum number n) and one can
extract the transition probability for the formation of products in various quantum
states (denoted by the quantum number m). At this level one considers the ‘state-to-
state’ dynamics of the reaction.

When we consider elementary reactions, it should be realized that the outcome of
a bimolecular collision can also be non-reactive. Thus,

A +BC(n) — BC(m) + A

and we distinguish between an elastic collision process, if quantum states n and m
are identical, and otherwise an inelastic collision process. Note that inelastic collisions

3 An elementary reaction is defined as a reaction that takes place as written in the reaction scheme.
We will here distinguish between a truly elementary reaction, where the reaction takes place in
isolation without any secondary collisions, and the traditional definition of an elementary reaction,
where inelastic collisions among the molecules in the reaction scheme (or with container walls) can
take place.
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correspond to energy transfer between molecules—in the present case, for example,
the transfer of relative translational energy between A and BC to vibrational energy
in BC.

The realization of an isolated elementary reaction is experimentally difficult. The
closest realization is achieved under the highly specialized laboratory conditions of an
ultra-high vacuum molecular-beam experiment. Most often collisions between mole-
cules in the gas phase occur, making it impossible to obtain state-to-state specific
information because of the energy exchange in such collisions. Instead, thermally-
averaged rate constants may be obtained. Thus, energy transfer, that is, inelastic
collisions among the reactants, implies that an equilibrium Boltzmann distribution
is established for the collision energies and over the internal quantum states of the
reactants. A parameter in the equilibrium Boltzmann distribution is the macroscopic
temperature 7. Under such conditions the well-known rate constant k(7" of chemical
kinetics can be defined and evaluated based on the underlying detailed dynamics of
the reaction.

The macroscopic rate of reaction is, typically, much slower than the rate that
can be inferred from the time it takes to cross the transition states (that is, all the
intermediate configurations between reactants and products) because the fraction of
reactants with sufficient energy to react is very small at typical temperatures.

Reactions in a condensed phase are never isolated but under strong influence of
the surrounding solvent molecules. The solvent will modify the interaction between the
reactants, and it can act as an energy source or sink. Under such conditions the state-
to-state dynamics described above cannot be studied, and the focus is then turned
to the evaluation of the rate constant k(7') for elementary reactions. The elementary
reactions in a solvent include both unimolecular and bimolecular reactions as in the
gas phase and, in addition, bimolecular association/recombination reactions. That is,
an elementary reaction of the type A + BC — ABC, which can take place because
the products may not fly apart as they do in the gas phase. This happens when
the products are not able to escape from the solvent ‘cage’ and the ABC molecule is
stabilized due to energy transfer to the solvent.* Note that one sometimes distinguishes
between association as an outcome of a bimolecular reaction and recombination as the
inverse of unimolecular fragmentation.

On the experimental side, the chemical dynamics on the state-to-state level is being
studied via molecular-beam and laser techniques [2]. Alternative, and complementary,
techniques have been developed in order to study the real-time evolution of elemen-
tary reactions [3]. Thus, the time resolution in the observation of chemical reactions
has increased dramatically over the last decades. The ‘race against time’ has recently
reached the ultimate femtosecond resolution with the direct observation of chemical
reactions as they proceed along the reaction path via transition states from reactants
to products. This spectacular achievement was made possible by the development of
femtosecond lasers, that is, laser pulses with a duration as short as a few femtosec-
onds. In a typical experiment two laser pulses are used, a ‘pump pulse’ and a ‘probe

4 Association/recombination can, under special conditions, also take place in the gas phase (in a
single elementary reaction step), e.g., in the form of so-called radiative recombination; see Section
6.5.



Nuclear dynamics: the Schrodinger equation 5

pulse’. The first femtosecond pulse initiates a chemical reaction, say the breaking of
a chemical bond in a unimolecular reaction, and a second time-delayed femtosecond
pulse probe this process. The ultrashort duration of the pump pulse implies that the
zero of time is well defined. The probe pulse is, for example, tuned to be in resonance
with a particular transition in one of the fragments and, when it is fired at a series of
time delays relative to the pump pulse, one can directly observe the formation of the
fragment. This type of real-time chemistry is called femtosecond chemistry (or simply,
femtochemistry). Another interesting aspect of femtosecond chemistry concerns the
challenging objective of using femtosecond lasers to control the outcome of chemical
reactions, say to break a particular bond in a large molecule. This type of control at
the molecular level is much more selective than traditional methods for control where
only macroscopic parameters like the temperature can be varied. In short, femtochem-
istry is about the detection and control of transition states, that is, the intermediate
short-lived states on the path from reactants to products.

On the theoretical side, advances have also been made both in methodology and
in concepts. For example, new and powerful techniques for the solution of the time-
dependent Schrodinger equation (see Section 1.1) have been developed. New concepts
for laser control of chemical reactions have been introduced where, for example, one
laser pulse can create a non-stationary nuclear state that can be intercepted or redi-
rected with a second laser pulse at a precisely timed delay.

The theoretical foundation for reaction dynamics is quantum mechanics and sta-
tistical mechanics. In addition, in the description of nuclear motion, concepts from
classical mechanics play an important role. A few results of molecular quantum me-
chanics and statistical mechanics are summarized in the next two sections. In the
second part of the book, we will return to concepts and results of particular relevance
to condensed-phase dynamics.

1.1 Nuclear dynamics: the Schrodinger equation

The reader is assumed to be familiar with some of the basic concepts of quantum
mechanics. At this point we will therefore just briefly consider a few central concepts,
including the time-dependent Schridinger equation for nuclear dynamics. This equa-
tion allows us to focus on the nuclear motion associated with a chemical reaction.

We consider a system of K electrons and N nuclei, interacting through Coulomb
forces. The basic equation of motion in quantum mechanics, the time-dependent
Schrodinger equation, can be written in the form

6@ a,Ra,t
ih (T1ab, Riab, t)

8t = (Tnuc"_He)\Ij(rlabaRlabat) (11)

where i is the imaginary unit, i = h/(27) is the Planck constant divided by 27, and
the wave function depends on 7y, = (r1,72,...,7x) and Rja, = (R1, Ra, ..., RN),
which denote all electron and nuclear coordinates, respectively, measured relative to
a fixed laboratory coordinate system. The operators are

R N p2
Tnuc = Z 2]\2 (12)
g=1 g
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which is the kinetic energy operator of the nuclei, where P, = —ihV 4 is the momentum
operator and M, the mass of the gth nucleus, and H, is the so-called electronic
Hamiltonian including the internuclear repulsion,

K 2
7, =% L ZyZne?
He - ; 2m ZZ 477607” Z Z 47T60’I“ Z Z 477607” ., (13)

15> =1h>g

where the first term represents the kinetic energy of the electrons, the second term the
attraction between electrons and nuclei, the third term the electron—electron repulsion,
and the last term the internuclear repulsion. p; = —iAV, is the momentum operator
of the ith electron and m. its mass, r;, is the distance between electron ¢ and nucleus
g, the other distances r;; and 74, have a similar meaning, and Zge is the electric
charge of the gth nucleus, where Z, is the atomic number. The Hamiltonian is written
in its non-relativistic form, i.e., spin-orbit terms, etc. are neglected. Note that the
electronic Hamiltonian does not depend on the absolute positions of the nuclei but
only on internuclear distances and the distances between electrons and nuclei.

The translational motion of the particles as a whole (i.e., the center-of-mass mo-
tion) can be separated out. This is done by a change of variables from 7r,p, Rjap to
Rcy and 7, R, where Ry gives the position of the center of mass and r, R are in-
ternal coordinates that describe the relative position of the electrons with respect to
the nuclei and the relative position of the nuclei, respectively. This coordinate trans-
formation implies

\IJ(T‘lab,Rlab,t) = \I/(RCM,t)\I/(’I",R, t) (1.4)

where W(Rcn, t) is the wave function associated with the free translational motion
of the center of mass, and ¥(r, R,t) describes the internal motion, given by a time-
dependent Schrodinger equation similar to Eq.(1.1). The kinetic energy operators
expressed in the internal coordinates take, however, a more complicated form than
specified above, which will be described in a subsequent chapter.®

Fortunately, a direct solution of Eq. (1.1) is normally not necessary. The electrons
are very light particles whereas the nuclei are, at least, about three orders of magni-
tude heavier. From the point of view of the electronic state, the nuclear positions can
be considered as slowly changing external parameters, which means that the electrons
experience a slowly changing potential. When the electrons are in a given quantum
state (say the electronic ground state) it can be shown that the electronic quantum
number, in the following indicated by the subscript i, is unchanged as long as the
nuclear motion can be considered as being slow. Thus, no transitions among the elec-
tronic states will take place under these conditions. This is the physical basis for the
so-called adiabatic approximation, which can be written in the form

U(r, R,t) = X(R, t)¢i(r; R) (1.5)

5Normally, three approximations are introduced in this context: (i) the center of mass is taken to
be identical to the center of mass of the nuclei; (ii) the kinetic energy operators of the electrons are
taken to be identical to the expression given above, which again means that the nuclei are considered
to be infinitely heavy compared to the electrons; and (iii) coupling terms between the kinetic energy
operators of the electrons and nuclei, introduced by the transformation, are neglected.
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where
H.i(r; R) = E;(R)Y;(r; R) (1.6)

1;(r; R) is the usual stationary electronic wave function, E;(R) is the corresponding
electronic energy (including internuclear repulsion) which is a function of the nuclear
geometry, and x(R,t) is the wave function for the nuclear motion. Equation (1.6) is
solved at fixed values of the nuclear coordinates, as indicated by the ‘;” in the electronic
wave function. Note that the electronic energy is invariant to isotope substitution
within the adiabatic approximation, since the electronic Hamiltonian is independent
of nuclear masses.

The solution to Eq. (1.6) for the electronic energy in, e.g., a diatomic molecule is
well known. In this case there is only one internuclear coordinate and the electronic
energy, E;(R), is consequently represented by a curve as a function of the internuclear
distance. For small displacements around the equilibrium bond length R = Ry, the
curve can be represented by a quadratic function. Thus, when we expand to second
order around a minimum at R = Ry,

2
E(R) = E(Ro) + <g—g)0 (R — Ro) + (1/2) <%)0 (R—Ro)*+ -
= E(Ro) + (1/2)k(R — Ro)2 + - (1.7)

where the subscript indicates that the derivatives are evaluated at the minimum, and

- (22) 0

is the force constant. However, when we consider chemical reactions, where chemical
bonds are formed and broken, the electronic energy for all internuclear distances is
important. The description of the simultaneous making and breaking of chemical bonds
leads to multidimensional potential energy surfaces that are discussed in Chapter 3.

Substituting Eq. (1.5) into Eq. (1.1), we obtain

nP D _ (b B(R) + Bl (R, D) (19)
where we have used that (¢;|Vg|;) = Vg (¥il1;)/2 = 0, when ¢;(r; R) is real, and
that the electronic wave function is normalized. The subscript on the matrix element
implies that Toue acts only on v; and the matrix element involves an integration over
electron coordinates.

The term (15| Taue|t)i)o is normally very small compared to the electronic energy,
and may consequently be dropped (the resulting approximation is often referred to as
the Born—-Oppenheimer approximation):

n XD R (1.10)

Equation (1.10) is the fundamental equation of motion within the adiabatic
approximation. We see that: the nuclei move on a potential energy surface given by
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the electronic energy. Thus, one must first solve for the electronic energy, Eq. (1.6), and
subsequently solve the time-dependent Schrédinger equation for the nuclear motion,
Eq. (1.10).

The physical implication of the adiabatic approximation is that the electrons re-
main in a given electronic eigenstate during the nuclear motion. The electrons follow
the nuclei, for example, as a reaction proceeds from reactants to products, such that
the electronic state ‘deforms’ in a continuous way without electronic transitions. From
a more practical point of view, the approximation implies that we can separate the
solutions to the electronic and nuclear motion.

The probability density, |x(R,t)|?, may be used to calculate the reaction proba-
bility. The probability density associated with the nuclear motion of a chemical re-
action is illustrated in Fig.1.1.1. The reaction probability may be evaluated from
P = fRepmd Ix(R,t ~ o0)|?dR, where the integration is restricted to configurations
representing the products (Prod), in the example for large B-C distances, Rpc. The
limit ¢t ~ oo implies that the probability density obtained long after reaction is used in
the integral. In this limit, where the reaction is completed, there is a negligible prob-
ability density in the region where Rap as well as Rpc are small. In practice, ‘long
after’ is identified as the time where the reaction probability becomes independent of
time and, typically, this situation is established after a few hundred femtoseconds.

Fig. 1.1.1 Schematic illustration of the probability density, |x(R,t)|?, associated with a
chemical reaction, A + BC — AB 4+ C. The contour lines represent the potential energy
surface (see Chapter 3), and the probability density is shown at two times: before the reaction
where only reactants are present, and after the reaction where products as well as reactants
are present. The arrows indicate the direction of motion associated with the relative motion
of reactants and products. (Note that, due to the finite uncertainty in the A-B distance,
Rag, there is some uncertainty in the initial relative translational energy of A + BC.)
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The general time-dependent solutions to Eq. (1.10) are denoted as non-stationary
states. They can be expanded in terms of the eigenstates ¢, (R) of the Hamiltonian

H = Tyue + Ei(R) (1.11)

with ¢, (R) given by R
H¢n(R) = gn¢n(R) (112)

where n is a set of quantum numbers that fully specify the eigenstates of the nuclear
Hamiltonian. The general solution can then be written in the form® (as can be checked
by direct substitution into Eq. (1.10))

X(R,t) = exp(—iHt/h)x(R,0)
= exp(—iHt/h) Y cnén(R)

= cnon(R)e /N (1.13)

Each state in the sum, ®,(R,t) = ¢, (R)e /" is denoted as a stationary state,
because all expectation values (®y,(t)|A|®, (t)) (e.g., for the operator representing the
position) are independent of time. That is, there is no observable time dependence as-
sociated with a single stationary state. Equation (1.13) shows that the non-stationary
time-dependent solutions can be written as a superposition of the stationary solutions,
with coefficients that are independent of time. The coeflicients are determined by the
way the system was prepared at ¢t = 0.

The eigenstates of H are well known, for non-interacting molecules, say the reac-
tants A + BC (an atom and a diatomic molecule), giving quantized vibrational and
rotational energy levels. Within the so-called rigid-rotor approximation where cou-
plings between rotation and vibration are neglected, Eq. (1.11) can for non-interacting
molecules be written in the form

-E[O = I:Itrans + -Hvib + I:Irot (114)

where Hirans represents the free relative motion of A and BC, and Hyip, and H,oq corre-
spond to the vibration and rotation of BC, respectively. This form of the Hamiltonian,
with a sum of independent terms, implies that the eigenstates take the form

¢ (R) = borans (Rret) 02k, (R) Py (60, 6) (1.15)

where the functions in the product are eigenfunctions corresponding to translation,
vibration, and rotation. The eigenvalues are

&) =FEn+E,+E; (1.16)

That is, the total energy is the sum of the energies associated with translation, vibra-
tion, and rotation. The translational energy is continuous (as in classical mechanics).

6A function of an operator is defined through its (Taylor) power series. The summation sign
should really be understood as a summation over discrete quantum numbers and an integration over
continuous labels corresponding to translational motion.
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For a one-dimensional harmonic oscillator, with the potential in Eq.(1.7), the
Hamiltonian is
. h? 92
vib = _Z IR2
where p is the reduced mass of the two nuclei in BC. This Hamiltonian has the well-
known eigenvalues

+ (1/2)k(R — Ro)? (1.17)

E,=hwn+1/2), n=0,1,2,... (1.18)

where w = 27v = /k/p, and v is identical to the frequency of the corresponding clas-
sical harmonic motion. The vibrational energy levels of the one-dimensional harmonic
oscillator are illustrated in Fig.1.1.2. Note, for example, that the vibrational zero-
point energy changes under isotope substitution since the reduced mass will change.
We shall see, later on, that this purely quantum mechanical effect can change the
magnitude of the macroscopic rate constant k(7).
The rigid-rotor Hamiltonian for a diatomic molecule with the moment of inertia
I =pREis
X L2
Hrot - 27

where L is the angular momentum operator, giving the well-known eigenvalues

(1.19)

E;=hr*J(J+1)/(21), J=0,1,2,... (1.20)

with the degeneracy wy = 2J + 1.

Typically, the energy spacing between rotational energy levels is much smaller than
the energy spacing between vibrational energy levels which, in turn, is much smaller
than the energy spacing between electronic energy levels:

AEjrot < Algvib < Alaelec (121)

A

Ey

E3

E

Eq

Eo

Fig. 1.1.2 The energy levels of a one-dimensional harmonic oscillator. The zero-point energy
Eo = hw/2, where for a diatomic molecule w = /k/u, k is the force constant, and p is the
reduced mass.
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where the energy spacing is defined as the energy difference between adjacent energy
levels.

It is possible to solve Eq. (1.10) numerically for the nuclear motion associated with
chemical reactions and to calculate the reaction probability including detailed state-
to-state reaction probabilities (see Section 4.2). However, with the present computer
technology such an approach is in practice limited to systems with a small number of
degrees of freedom.

For practical reasons, a quasi-classical approximation to the quantum dynamics
described by Eq. (1.10) is often sought. In the quasi-classical trajectory approach (dis-
cussed in Section 4.1) only one aspect of the quantum nature of the process is incor-
porated in the calculation: the initial conditions for the trajectories are sampled in
accord with the quantized vibrational and rotational energy levels of the reactants.

Obviously, purely quantum mechanical effects cannot be described when one re-
places the time evolution by classical mechanics. Thus, the quasi-classical trajectory
approach exhibits, e.g., the following deficiencies: (i) zero-point energies are not con-
served properly (they can, e.g., be converted to translational energy), (ii) quantum
mechanical tunneling cannot be described.

Finally, it should be noted that the motion of the nuclei is not always confined to
a single electronic state (as assumed in Eq. (1.5)). This situation can, e.g., occur when
two potential energy surfaces come close together for some nuclear geometry. The
dynamics of such processes are referred to as non-adiabatic. When several electronic
states are in play, Eq. (1.10) must be replaced by a matrix equation with a dimension
given by the number of electronic states (see Section 4.2). The equation contains
coupling terms between the electronic states, implying that the nuclear motion in all
the electronic states is coupled.

1.2 Thermal equilibrium: the Boltzmann distribution

Statistical mechanics gives the relation between microscopic information such as quan-
tum mechanical energy levels and macroscopic properties. Some important statistical
mechanical concepts and results are summarized in Appendix A. Here we will briefly
review one central result: the Boltzmann distribution for thermal equilibrium.

For reactants in complete thermal equilibrium, the probability of finding a BC
molecule in a specific quantum state, n, is given by the Boltzmann distribution (see
Appendix A.1). Thus, in the special case of non-interacting molecules the probability,
PBC(n) of finding a BC molecule in the internal (electronic, vibrational, and rotational)
quantum states with energy FE,, is

Wn
PBC(n) = Onc exp(—E,/kpT) (1.22)

where w, is the degeneracy of the nth quantum level (i.e., the number of states with
the same energy F,,) and Qpc is the ‘internal’ partition function of the BC molecule
where center-of-mass motion is excluded, given by

Qe = Y wnexp(—Ey /kpT) (1.23)
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i.e., a weighted sum over all energy levels, where the weights are proportional to the
occupation probabilities of each level.

The distribution depends on the temperature; only the lowest energy level is pop-
ulated at T = 0. When the temperature is raised, higher energy levels will also be
populated. The probability of populating high energy levels decreases exponentially
with the energy.

The Boltzmann distribution is illustrated in Fig.1.2.1 for the vibrational states of
a one-dimensional harmonic oscillator with the frequency w = 27v, where the energy
levels are given by Eq.(1.18), and in Fig.1.2.2 for the rotational states of a linear
molecule with the moment of inertia I, where the energy levels are given by Eq. (1.20)
with the degeneracy wy = 2J + 1.

The Boltzmann distribution for free translational motion takes a special form (see
Appendix A.2.1), since the energy is continuous in this case. The probability of finding
a translational energy in the range Ei,, Fy + dFy, is given by

1
7T/<JBT

3/2
P(Etr)dEtr =27 < > Etr exp(—Etr/kBT)dEtr (124)

This function is shown in Fig.1.2.3.

These distribution functions show that, at a given temperature, many energy levels
will be populated when the energy spacing is small (which is the case for translational
and rotational degrees of freedom), whereas only a few of the lowest energy levels
will have a substantial population when the energy spacing is large (vibrational and
electronic degrees of freedom). Furthermore, it is often found that the degeneracy

Eq

Es

E;

Eq

Eo

Pn

Fig. 1.2.1 The Boltzmann distribution for a system with equally-spaced energy levels F,,
and identical degeneracy wy, of all levels (7" > 0). This figure gives the population of states
at the temperature 7" for a harmonic oscillator.
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Es

Eo &= Dy

Fig. 1.2.2 The Boltzmann distribution for the rotational energy of a linear molecule (7" > 0).
The maximum is at Jmax = VIksT/h — 1/2 (rounded off to the closest integer).

P(E)

kT2 E

Fig. 1.2.3 The Boltzmann distribution for free translational motion. The maximum is at
Emax = ksT/2.

of the energy levels is increasing as a function of the energy. The maxima of the
distributions will therefore often be found for energies above the ground-state energy.
Thus, for the translational energy, the maximum is at the energy kg7 /2.

An elementary reaction is in classical chemical kinetics defined under conditions
where energy transfer among the molecules in the reaction scheme or with surrounding
solvent molecules can take place. In this case, we write

A+BC—AB+C

for an elementary reaction. We have deleted the quantum numbers associated with
the molecules, and it is understood that the states are populated according to the
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Boltzmann distribution. Furthermore, when the reaction takes place, we will normally
assume that the thermal equilibrium among the reactants can be maintained at all
times.

Further reading/references

[1] J.I. Steinfeld, J.S. Francisco, and W.L. Hase, Chemical kinetics and dynamics,
second edition (Prentice Hall, 1999)

[2] D.R. Herschbach, Angewandte Chemie-international edition in English 26, 1221
(1987). Y.T. Lee, Science 236, 793 (1987). J.C. Polanyi, Science 236, 680 (1987)

[3] A.H. Zewail, Scientific American, Dec. 1990, page 40. A.H. Zewail, J. Phys. Chem.
104, 5660 (2000)

[4] R.D. Levine, Molecular reaction dynamics (Cambridge University Press, 2005)

Problems

1.1 Show that Eq.(1.13) is a solution to Eq.(1.10), and that Eqs (1.15) and (1.16)
are eigenstates and eigenvalues of the Hamiltonian in Eq. (1.14).

1.2 Show that the maximum in the Boltzmann distribution for the rotational energy
of a linear molecule is at Jyax = VIkgT/h — 1/2 (when J is considered as a
continuous variable).

1.3 Consider the Boltzmann distribution for free translational motion, and calculate
the probability of finding translational energies that exceed E = E*. Compare
with the expression exp[—E*/(kgT)].

Use the integral: % L= u?e ' du =1— erf(z) + %e*‘”g,

where the error function is defined as: erf(z) = % foz e~ du.
Note that erf(0) = 0, erf(0.5) = 0.5205, erf(1.0) = 0.8427, erf(2.0) = 0.9953, and
erf(oco) = 1.

1.4 Elementary concepts of probability and statistics play an important role in this
book. Thus, these concepts are an integral part of, e.g., quantum mechanics and
statistical mechanics. The probability that some continuous variable x lies be-
tween x and x + dz is denoted by P(z)dz. Often we refer to P(z) as the probabil-
ity distribution for x (although P(z) strictly speaking is a probability density).
The average value or mean value of a variable x, which can take any value between
—oo and oo, is defined by

(z) = / " oP()dz

— 00

(a) Calculate the average translational energy using Eq. (1.24).
The variance of x is defined by

oz = ((z — (2))?)
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where o, is called the standard deviation. It is a measure of the spread of the
distribution about its mean value.

(b) Show that 02 = (2?) — (x)?, where (2?) is the average value of 2.
(¢) Calculate the standard deviation associated with the Boltzmann distribution
for translational motion, Eq. (1.24).

In connection with the evaluation of the integrals the Gamma function I'(n) is
useful. It is defined as

I'(n) = / 2" ! exp(—z)dr, n >0
0
with the special values

I(n+1)=nl, wheren=1,2,...,

1-3-5---(2n—1
I'n+1/2) = 5 52n(n )ﬁ, where n=1,2,....




This page intentionally left blank



Part 1

Gas-phase dynamics
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2

From microscopic to
macroscopic descriptions

Key ideas and results

In this chapter we consider bimolecular reactions from both a microscopic and a
macroscopic point of view and thereby derive a theoretical expression for the macro-
scopic phenomenological rate constant. That is, a relation between molecular reac-
tion dynamics and chemical kinetics is established.

The outcome of an isolated (microscopic) reactive scattering event can be spec-
ified in terms of an intrinsic fundamental quantity: the reaction cross-section. The
cross-section is an effective area that the reactants present to each other in the scat-
tering process. It depends on the quantum states of the molecules as well as the
relative speed of the reactants, and it can be calculated from the collision dynamics
(to be described in Chapter 4).

In this chapter, we define the cross-section and derive its relation to the rate
constant. We show the following.

e The macroscopic rate constant is related to the relative speed of the reactants and
the reaction cross-section, and the expression contains a weighted average over all
possible quantum states and velocities of the reactants, and sums and integrals
over all possible quantum states and velocities of the products.

e Specialized to thermal equilibrium, the velocity distributions for the molecules
are the Maxwell-Boltzmann distribution (a special case of the general Boltzmann
distribution law). The expression for the rate constant at temperature T', k(T),
can be reduced to an integral over the relative speed of the reactants. Also, as
a consequence of the time-reversal symmetry of the Schrodinger equation, the
ratio of the rate constants for the forward and the reverse reaction is equal to the
equilibrium constant (detailed balance).

In chemical kinetics, we learn that an elementary bimolecular reaction,
A + B — products (2.1)

obeys a second-order rate law, given by

——— = K[A][B] (2.2)
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where k = k(T) is the temperature-dependent bimolecular rate constant. The purpose
of the following chapters (Chapters 2—6) is to obtain an in-depth understanding of this
relation and the factors that determine k(7).

2.1 Cross-sections and rate constants

We begin by establishing the relation between the so-called reaction cross-section opr
and the bimolecular rate constant. Let us consider an elementary gas-phase reaction,

A(i,UA) + B(j, ’UB) — C(l,’vc) + D(m,'vD) (2.3)

where an A and a B molecule collide,’ and a C and D molecule are formed. The
reactant molecule A is prior to the collision in a given internal quantum state 7, which
specifies a set of quantum numbers corresponding to the rotational, vibrational, and
electronic state of the molecule, and moves with velocity va relative to some laboratory
fixed coordinate system (the velocity is specified by a vector with a given direction
and length, |va|, which is the speed). Reactant molecule B is likewise in a given
internal quantum state j and moves with velocity vg. The product molecules move
with velocities vc and vp, and end up in internal quantum states as specified by the
quantum numbers [ and m, respectively. These conditions are readily specified in a
theoretical calculation of the reaction but difficult to realize in an experiment, because
inelastic molecular collisions will upset the detailed specification of the molecular
states. The requirements of an experimental set-up for the investigation of the chemical
reaction in Eq. (2.3) may be summarized in the following way.

e Establishment and maintenance of two molecular beams, where the molecules move
in a specified direction with a specified speed and are in a specified internal quantum
state.

e Detection of internal quantum states, direction of motion, and speed of product
molecules after the collision.

e Single-collision conditions, that is, there is one and just one collision in the reaction
zone defined as the zone where the beams cross, and no collisions prior to or after
this collision.

These requirements can be met in a so-called crossed molecular-beam experiment,
which is sketched in Fig.2.1.1. Here we can generate beams of molecules with well-
defined velocities and it is possible to determine the speed of the product molecules,
e.g., vc = |vel, by the so-called time-of-flight technique. The elimination of multiple
scattering in the reaction zone and collisions in the beams are obtained by doing the
experiments in high vacuum, that is, at very low pressures.

In an experiment, we can monitor the number of product molecules, C or D,
emerging in a space angle df) around the direction 2; df2 is given by the physical
design of the detector and 2 by its position (£ is conveniently specified by the two
polar angles 6 and ¢). This is the simplest analysis of a scattering process, where
we just count the number of product molecules independent of their internal state

1The word ‘collision’ should not be taken too literally, since molecules are not, say, hard spheres
where it is straightforward to count the ‘hits’. Thus, a ‘collision’ should really be interpreted as the
broader term ‘a scattering event’.
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Fig. 2.1.1 Idealized molecular-beam experiment for the reaction A(i,va) + B(j,vB)
— C(l,vc) + D(m,vp). The coordinate system is fixed in the laboratory. The reactants
move with the relative speed v = |va — vB|.

and speed. In a more advanced analysis, one may use the time-of-flight technique to
analyze the speed of product molecules, and only monitor products with a certain
speed, that is, C molecules with a speed in the range vc,ve + dve and D molecules
with a speed in the range vp,vp + dvp. A still more advanced detection method also
allows for the detection of the quantum states of the product molecules. This is the
ultimate degree of specification of a scattering experiment.

At sufficiently low pressure (as in the beam experiment) where an A molecule only
collides with one single B molecule in the reaction zone, it will hold that the number
of product molecules is proportional to the number of collisions between A and B
molecules. Clearly, that number depends on the relative speed of the two molecules,
v = |va — vp|, the time interval d¢, and the number of B molecules. Therefore, if we
assume that the number density (number/m3) of B molecules in quantum state j and
with velocity vp is np(j ), and that the flux density of A molecules relative to the
B molecules is Jy(;,») (number/(m?s)), then the number of collisions between A and
B in the time interval dt is proportional to ng(j vg)V Ja(iv)Adt. Here V' is the volume
of the reaction zone (see Fig.2.1.1), and A the cross-sectional area of the beam of A
molecules.

In the experiment sketched in Fig.2.1.1, we monitor the number of product mole-
cules, C(I,vc), emerging in the space angle df) around the direction €2, with the speed
in the range vc, vc + dvc, and in the internal quantum state specified by [. Further-
more, let us for the moment assume that we can also detect the state of the prod-
uct molecule D, m,vp, as specified in Eq. (2.3). The number of product molecules,
AN (1,00 we+dve) (0, Q4 dQ, ¢t + dt)|m_vD, registered in the detector in the time in-
terval dt, given that D is in the state m,vp, may therefore be written as
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_ PNo@oe) (1)
m,vp dvcdQdt m,vp

= P(ij,v|ml, v, Q, vp; )NB(jvp)Ja,0) VA dvcddt

(2.4)
where we have introduced the factor P(ij, v|ml, vc, Q, vp;t), which is proportional to
the probability that a product molecule is formed and found in the specified state.
Note that on the left-hand side of the vertical bar in the argument list we have written
the quantum numbers and the relative speed that specifies the state of the reactants,
whereas the quantum numbers and velocities on the right-hand side specify the state
of the products. The notation |m,vD implies that the number of C molecules in the
specified state is counted only when D is in the state m, vp.

The complete degree of specification of a scattering experiment is rarely realized in
an actual experiment and, normally, we will just monitor the number of C molecules
in the specified state, irrespective of the quantum state and velocity of D. In order to
obtain that quantity, we integrate over vp and sum over m in Eq. (2.4). Thus,

P Ne(r0) (2, 1)
dvcdQddt

dNC(l7Uc7vc+dvc) (Qv Q+dQ,t,t + dt)‘ dvadQdt

dvcdQdt = (ij,v“,Uc,Q;t)nB(j’vB)JA(Lv)VAdvchdt (2.5)

where P(ij,v|l,vc, t) = >, fanvD P(ij, viml, ve, Q, vp;t)dvp. By division with
VdvcdS2dt, we obtain an expression for the number of product molecules per reaction
zone volume, per space angle, per time unit, and per unit speed, dBnC(l’vC) /(dvcdQdt),
where n¢(,v0) = Nc@,ve)/V is the number density of product molecules in the reaction
zone. We find

dnc,ee) (1) _

dvcdQdt P(ig, vll, ve, Q5 8) Anp ) Jav) (2.6)

The time dependence of the number of particles in the third-order differential and in
the probability can be dropped, since the experiments are typically conducted under
stationary conditions. Thus,

d*ng A neee) () Q)
dvcdﬂdt

(45, vl ve, Q) ANB (G wp) Ta(iv)

(i

where we have replaced PA by ( dop ) (ij,v|l,vc, ), which defines the differential

) (ig, v|l, ve, ONB( vg) JAw)

dvcdQ
reactive scattering cross-section. It has the dimension of an area per unit speed, per
unit space angle, because P is a probability density, i.e., PdvcdSQ is dimensionless.
Since np(jvg)s JA(iw), and d*ne @)/ (dvcdQdt) are 1ntenswe properties (i.e., indepen-
dent of the size of the system), PA and d*o g /(dvcd) must therefore also be intensive
properties independent of the beam geometries. The differential cross-section is a func-
tion of the quantum states (ijl), the relative speed v = |va — vg| of the reactants,
and the continuous velocity of the product, specified by the space angle 2 and the
speed vc. Since it is an intensive property of the chemical reaction, it is often used to
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report the results of scattering experiments. Physically, the cross-section represents an
effective area that the reactants present to each other in connection with a scattering
process.

We now need expressions for the relative flux of A molecules with regard to the
B molecules, and the number of B molecules. Let us introduce the following notation
that allows for any distribution of velocities in the molecular beams:
number density of A(i) with velocity in the range va, va + dva: na) fa)(va)dva
number density of B(j) with velocity in the range vg, v + dvs: ng(j) fa(;)(vB)dvs
where 14 ;) is the number density (number/ m?) of A in quantum state 4, irrespective
of their velocity, and fa(;)(va)dva is the normalized velocity probability distribution
of A(i), that is, the probability of finding an A(i) with velocity in the range from wva
to vA +dva, and npg;) is the number density (number/m?) of B molecules in quantum
state j. The product of the incoming flux, J4;,.), and the number of B molecules may
then be expressed as

JAG,)B(Ges) = VNAG) fa@) (Va)dva X np(;) fe(j) (vB)dus (2.8)

and we obtain from Eq. (2.7) the following expression:

Pncaee)(Q) [ dPog
dvcdQdt dvcdS)

) (ig, v|l,ve, ) vna g fa) (va)ns) f() (vB)dvadus

(2.9)
Note that the idealized beam experiment corresponds to ‘sharp’ distributions in the
velocities, which mathematically can be expressed in terms of the so-called delta
function? 6(z). For example, if the velocity of all the A molecules is v%, we have
fag)(va) = d(va — v}).
Often we are not interested in the distribution of speeds of the product molecules,
so we may accordingly multiply both sides of the equation by dvc and integrate over
the speed:

Pnew(Q)  (dor
dQdt dS)

) (2]7 ’U|l, Q) ’UTLA(Z') fA(i) (UA)TLB(j)fB(j) (UB)d’l)AdUB (2.10)

where ((Zf_QR) = fooo (dfcgfg) dvc.

Likewise, if we multiply both sides of the equation by df2 and integrate over all
), we get an expression for the total reaction rate of the state-to-state reaction as
specified by the internal quantum numbers and the relative speed of the reactants:

dnc(l)

i = O'R(ij7v|l)’UfA(i)(vA)fB(j)(’vB)d’l)Ad’anA(i)’rLB(j) (2.11)

where
2The delta function has the property [*_§(z—a’)f(z)dz = f(z'), where f(z) is an arbitrary func-

tion. Additional properties of the delta function are described, e.g., in many textbooks on quantum
mechanics.
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4
outii.ol) = [ (G .o 99an (2.12)
0

is the integrated cross-section, often referred to as the total cross-section for the state-
to-state reaction as specified by the internal quantum numbers.? Since the cross-section
is still resolved with respect to the quantum states, it is also referred to as a partial
cross-section. The various cross-sections are summarized in the following table:

Reaction cross-section Dimension
2
Differential dor (i7,v|l,vc, Q)  area/(speed X space angle)
dvcdS)
. . dor\ ,..
Differential —0 (ij,v|l, Q) area/(space angle)
Partial or(ij,v|l) area

Equation (2.11) has the form of a normal rate equation for the isolated bimolecular
reaction given by (compare with Eq. (2.3))

A(i,’UA) + B(j, ’UB) — C(Z) +D (213)

This rate, at the state-to-state level, can be measured provided that all inelastic col-
lisions are eliminated. Note that the rate constant (with the proper unit for a bimole-
cular reaction, volume/time) can be identified as the cross-section times the relative
speed og(ij,v|l)v.

At this point, let us consider how to interpret the cross-section. Since the partial
cross-section is an intensive property, it is clear from Eqgs (2.7) and (2.10) that P is
an extensive variable given by

dor(ij,v|l,Q)/dQ
A
or, after integration over dS), Pior, = P(ij,v|l) = or(ij,v|l)/A.

P(ij,v|l,Q) = (2.14)

That is, the reaction probability is proportional to the ratio of the reaction cross-
section and the area of the beam (A); see Fig. 2.1.2.

Example 2.1: Molecular-beam studies, some experimental data

Many elementary chemical reactions have been investigated via molecular-beam
techniques. An example is the reaction

F+Hy, — HF +H

and its variant with Dy [see D.M. Neumark, A.M. Wodtke, G.N. Robinson, C.C.
Hayden, and Y.T. Lee, J. Chem. Phys. 82, 3045 (1985) and M. Faubel, L. Rusin,
S. Schlemmer, F. Sondermann, U. Tappe, and J.P. Toennies, J. Chem. Phys. 101,
2106 (1994)]. It is found that the total reaction cross-section increases with collision

3The 47 indicates that integration is over the full unit sphere, dQ = sin dfd¢, with 6 € [0, 7] and
¢ € [0, 27).
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Fig. 2.1.2 A beam of molecules incident on a rectangle of area A. The ratio of the total
cross-section (or(2j,v|l)) to the area of the rectangle (\A) is, according to Eq. (2.14), related
to the fraction of molecules that are undergoing reaction.

energy. Differential cross-sections associated with angular distributions of products
were resolved with respect to the different vibrational states of HF (n). The angular
distributions of HF (n) depend on the vibrational state and were all found to be
non-isotropic.

The formation of the stronger HF bond, with a bond dissociation energy that
is about 130 kJ/mol higher than for Hy, implies a substantial drop in potential
energy and hence a large release of kinetic energy that can be distributed among
the translational, vibrational, and rotational degrees of freedom of the products.
At collision energies from 2.9 to 14.2 kJ/mol, it is found that the HF vibrational
distribution is highly inverted, with most of the population in n = 2 and n = 3.

Another reaction studied via molecular-beam techniques is the (Sx2) reaction:

Cl” + CH3Br — CICHs + Br™

where the total cross-section as a function of the relative collision energy has been
determined [L.A. Angel and K.M. Ervin, J. Am. Chem. Soc. 125, 1014 (2003)].
A special feature of this (ion—molecule) reaction is found at low collision energies.
Thus, with increasing collision energies over the range 0.06-0.6 €V, the cross-section
declines from 1.3 x 10716 cm? to 0.08 x 10716 c¢m?.

The total rate of reaction, dnc/dt = —dna/dt, is obtained from Eq.(2.11) by
summing over all possible quantum states of reactants and products and all possible
velocities va and vg. We find

—dna /dt = Z/

ijl allva

/ vor(if, v[l) faci)(va) fe() (vB)dvadvenamnsy) (2.15)
all vy

where the integration is over the three velocity components of A and B, respectively.
If we now write the number density of A(i) as

NA®i) = NAPA() (2.16)
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where na is the number density of species A and p(;) is the probability of finding
A in quantum state i, with a similar expression for the B molecules np(;) = nspp;),
a rate expression equivalent to the well-known phenomenological macroscopic rate
expression is obtained. Thus,

—dnpa/dt = ksnang (2.17)

where the rate constant, k., is given by
ZPA( PB(j / / vor(ij,vll) fac)(va) () (vB)dvadus
ijl allva Jallvg

(2.18)
= pagps)ke(ijll)

ijl

This equation relates the bimolecular rate constant to the state-to-state rate constant
ko (i7]l) and ultimately to vog(ij,v|l). Note that the rate constant is simply the aver-
age value of vog(ij,v|l). Thus, in a short-hand notation we have k, = (vog(ij, v|l)).
The average is taken over all the microscopic states including the appropriate prob-
ability distributions, which are the velocity distributions fa(;)(va) and fg(v) in
the experiment and the given distributions over the internal quantum states of the
reactants.

Outside high vacuum systems we will have an ensemble of molecules that will
exchange energy. Typically, thermal equilibrium will be maintained during chemical
reaction. There are, though, important exceptions such as chemical reactions in flames
and in explosions, as well as reactions that take place at very low pressures.

2.2 Thermal equilibrium

We now proceed to develop a specific expression for the rate constant for reactants
where the velocity distributions fa(;)(va) and fg(j)(vs) for the translational motion
are independent of the internal quantum state (i and j) and correspond to thermal
equilibrium.* Then, according to the kinetic theory of gases or statistical mechanics,
see Appendix A.2.1, Eq. (A.65), the velocity distributions associated with the center-
of-mass motion of molecules are the Maxwell-Boltzmann distribution, a special case
of the general Boltzmann distribution law:

f(va)dva = f(vpa,vya,vea)doa

= f(vza) f(vya)f(vza)dva

_(ma N[ mav2a ) mavia | mae?y
kT PY " 2k5T [P 2nT (TP 2kpT [O0A
(2.19)

where dvay = dvzadvyadv. 4, kp is the Boltzmann constant, and a similar expression
holds for molecule B.

4We assume that the mean-free path is much larger than the molecular dimensions; see Section
9.2. At very high pressures this ‘assumption of free flight’ is not valid and the overall reaction rate is
controlled by the diffusional motion of the reactants.
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Since the relative speed v appears in the integrand in Eq. (2.18), it will be conve-
nient to change to the center-of-mass velocity V' and the relative velocity v (where
v = |v|). We find

V=vp—V
AR (2.20)
V = (mA’UA + vaB)/M

where M = ma + mp. The velocities of A and B expressed in terms of the center-of-
mass velocity and the relative velocity are then given by

va=V + %v
(2.21)

’UB:V—V’U

Since the Jacobi determinant for this substitution is equal to one, we have
dvadvg = dVdv (2.22)

In order to simplify the notation, we consider only the z-component (the deriva-
tion is easily generalized to include all three velocity components). The fraction of
A molecules (mass ma) with velocity in the range from v,4 to vza + dvza, at the

temperature T, is
2
ma MAVS 4
Jea)dvoa =[50 eXp{ 2%kpT } Vea (2:23)

and the corresponding expression for the B molecules (mass mg) is

2
mp mBv,p
Jen)dvas =\ 50 T eXp{ 25T }d” b (2.24)

We need to evaluate the following product:

f (UzA)f (UzB)dvadUrB

appearing in Eq. (2.18). This is the probability of finding an A molecule with velocity
in the range from v, 4 to vz 4 +dv, 4 and a B molecule with velocity in the range from
VB to vyp + dugp.

We introduce new variables according to Eq. (2.20):

Vg = Uz A — UzB
Ve = vgama /M + vypmp /M

where v, and V,, are the z-component of the relative velocity v and the center-of-mass
velocity V', respectively. The following relation is easily established (see, for example,
Appendix D.1):

Mmav2a/2 +mpvip/2 = pvi/2+ MVZ/2

where
w=mamp/M (2.25)
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is the reduced mass and M is the total mass. The total kinetic energy is, accordingly,
equal to the kinetic energy for the center-of-mass motion plus the kinetic energy of
the relative motion. We obtain now

2 2
B MAMB g ~ MV;
fza) f(vep)dvgadu, g = 7(27rk‘BT)2 exp { ZkBT} exp { ZkBT} dv,dV,

That is, the Maxwell-Boltzmann distribution for the two molecules can be written
as a product of two terms, where the terms are related to the relative motion and the
center-of-mass motion, respectively. After substitution into Eq. (2.18) we can perform
the integration over the center-of-mass velocity V. This gives the factor \/2wkpT /M
(f fooo exp(—ax?)dr = /7 /a) and, from the equation above, we obtain the probability
distribution for the relative velocity, irrespective of the center-of-mass motion.

The probability distribution for the relative velocity in the z-direction is accord-
ingly

1/2 2
/UZ
F1(v)dvg = (%:BT) exp {— ZZBT} dv, (2.26)

Note that this equation is identical to the Maxwell-Boltzmann velocity distribution
of a single particle with a mass given by the reduced mass.

Due to the simple product form of the Maxwell-Boltzmann distribution, the deriva-
tions given above are easily generalized to the expression for the relative velocity in
three dimensions. Since the integrand in Eq. (2.18) (besides the Maxwell-Boltzmann
distribution) depends only on the relative speed, we can simplify the expression in
Eq. (2.18) further by integrating over the orientation of the relative velocity. This
is done by introducing polar coordinates for the relative velocity. The full three-
dimensional probability distribution for the relative speed is

3/2 2
[ 2 i
=4 - 2.2
f3(v)dv = 47 (27rkBT) v exp{ 2I€BT} dv (2.27)

where the speed is v = | /v2 + vZ + 02, i.e., the length of the velocity vector, and the

factor 4mv? comes from the integration over the orientation of the velocity.

It is useful to determine the corresponding energy distribution, that is, the fraction
of molecules with relative kinetic energy in the range from E}, to Ei, + dEi,. We note
that the relative kinetic energy is Ei, = pv?/2, which implies that dEi, = pvdv or
dv = dFEy/\/211E;. The energy distribution for motion in three dimensions is then
obtained from Eq. (2.27):

1 3/2 Et
FEiy)dE, =2 FEyy " FEiy 2.2
fg( t )d t ﬂ-(’f(‘ijT) t exp{ kBT}d t ( 8)

This relation was illustrated in Fig.1.2.3.

We can now collect the results and obtain an expression for Eq. (2.18) in the case
where the translational motion of the reactants is in thermal equilibrium:
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k(T) = /0 " o n () fs (v)dv
-/ " VBB non(Bu) f3(Ew) dEe (2.29)

1 8§ \V/2 poo E..
- (= Eo)Ee . dE,,
kT <7kaT) /0 7r(Er) By eXp{ kBT} ¢

where
or(v) =Y pa@Pps)or(ij,vll) (2.30)

il

We can also write Eq. (2.29) in the form

k(T) =" (s /OO (ij, Ee|l)E B | p
— i . oRr(2], r r €X - r

-~ PA)PB()) kT \7uksT . R(1], Lt t p kpT t

= pa@Pse) ks (1)
wl (2.31)

which defines the state-to-state rate constant k;;;)(T), that is, the rate constant
associated with reactants and products in the specified quantum states (ij|{) with the
translational motion of the reactants in thermal equilibrium.

For reactants in complete internal thermal equilibrium, p ;) and pg(;) are Boltz-
mann distributions (see Appendix A.1), e.g.,

w;
ZORN exp(—E; /kgT) (2.32)
where QA is the internal partition function of molecule A,

Qa = Zwi exp(—FE;/kpsT) (2.33)

and F; and w; are the energy and the degeneracy of the ith quantum level.

2.2.1 Principle of detailed balance

An additional important general result for k(7)) can be derived in the case of com-
plete thermal equilibrium, that is, translational as well as complete internal thermal
equilibrium: the relationship between rate constants for the forward, k¢(T"), and the
reverse, k,(T), reaction
kg
A+B — C+D
Ky

5

at complete thermal equilibrium is known as the principle of detailed balance,” and

given by

5This relation between rate constants and the equilibrium constant can, of course, also be derived
within classical chemical kinetics using the equilibrium condition dna /dt = 0.
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ke (T) (@) K (QCQD

= (o= m) exp(—AEy/kpT) = K(T) (2.34)

where pcp and pap are the reduced masses of the products and the reactants, respec-
tively, AEy = Eyp, — Eo,r, Eo,p and Ep, are the zero-point energies of the products
and the reactants, respectively, the partition functions refer to the internal (subscript
‘int’ for internal) motion of the molecules, and K(7T') is the equilibrium constant of
the reaction. This relation is very useful for obtaining information about reverse re-
actions once the forward rate constants or cross-sections are known. This principle
is a consequence of microscopic reversibility, that is, the time-reversal symmetry of
the equation of motion—the time-dependent Schrédinger equation (or the classical
equations of motion). This result is proved in Appendix B.

Example 2.2: Vibrational relaxation, Boltzmann distribution

This example illustrates several important points.
(i) Inelastic collisions change the internal energy distribution of molecules.

(ii) Inelastic collisions are the physical mechanism behind thermal equilibration,
i.e., a Boltzmann distribution is obtained in the long-time limit of vibrational
relaxation.

(iii) The relaxation time is inversely proportional to the pressure.

To that end, consider the following inelastic collision:

k1o
He—l—Ng(n = 1) — H6+N2(7’L = 0)
ko1

where we assume that Ny can only exist in the two vibrational states indicated
above. The bimolecular rate constant of the forward process is kip, and the rate
constant of the reverse process is ko1 (note that the formalism of this chapter also
applies to inelastic collisions).

We assume that thermal equilibrium, at the temperature T', has been established
in the translational degrees of freedom. Then, according to the principle of detailed
balance (Eq. (B.37)),

k1o/ko1 = e~ (Eo—E1)/kpT

where Fy and E; are the energies associated with the vibrational energy levels. This
equation is similar to Eq. (2.34), except that thermal equilibrium in the vibrational
degree of freedom has not been assumed. The rate constant ko has been determined
at T = 700 K and k1o = 3.0 x 10* liter/(mol s). The initial conditions (t = 0) are
[Na(n =1)] = [N2(n = 1)]p and [N2(n = 0)] = 0.

The rate law takes the form
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_ AN =1)] _ k1o[He][Na(n = 1)] — koy [He][Na(n = 0)]

dt
= ko [He][Na(n = 1)] — kou [He]([Na(n = 1)]o — [No(n = 1))
= (kf + k) [No(n = 1)] — £, [No(n = D))o

where ky = kig[He] and k, = koi1[He|. This is an inhomogeneous first-order differ-
ential equation, with the solution

N> (n = 1)] = [Na(n = 1)]o (kr + ke~ B0 Gk + k)
The concentration in the vibrational ground state is

[N2(n = 0)] = [N2(n = 1)]o — [N2(n = 1)]
= [N2(n = 1)]o(1 — [No(n = 1)]/[Na(n = 1)]o)
= [N2(n

Dlo (1= e ®r450t) by /(ky + k)

In the long-time limit, the fraction of molecules in the vibrational ground state
becomes

kg
kf + kr
ko
k1o + ko
_ kio/kor
1+ kio/kor
o~ (Bo—E1)/kpT

1 + e*(E[)*El)/kBT

[N2(n = 0)]oo/[N2(n = 1)]o =

According to the Boltzmann distribution, the probability of observing the No
molecule in the vibrational ground state is

e—FEo/ksT

Q

e—FEo/ksT

Po =

e*EO/kBT _|_ e*El/kBT
e—(Bo—E1)/kpT

1 + e*(E[)*El)/kBT

that is, identical to the probability derived from the kinetic approach.
We define the vibrational relaxation time, t;e1ax, as the time it takes to reach
90% of the final concentration in the vibrational ground state. That is,
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[Na(n = 0)] = 0.9[N2(n = 0)]oo
kg
Ok + ky

= 0.9[Na(n = 1)]

which implies that 1 — exp(— (ks + &y )trelax) = 0.9, and

. _ In10

relax — [He](klo + kOl)
B RTIn10
 prekio(1 + k10/ko1)

where the ideal gas equation, py. = [He] RT, was used in the second line. Thus, this
equation shows that the relaxation time is inversely proportional to the pressure.
Now for Ny, we have Ey — E; = —0.29 eV and trelax = 4.4 x 1073 s, at ppe = 1
atm. Thus, the vibrational relaxation is relatively slow, especially at low pressures.
Rotational and translation relaxation is much faster.

Further reading/references

[1] J.C. Light, J. Ross, and K.E. Shuler, in Kinetic processes in gases and plasmas
(Academic Press, 1969) Chapter 8

Problems

2.1 Using Eq. (2.18), what is the expression for the rate constant if all distributions
associated with internal quantum states and velocities of the reactants are ‘sharp’?
Mathematically, this condition can be expressed in the following way: pa ;) = 0i;
and PB(j) = 01, where the so-called Kronecker delta is defined by d,,, = 1 if
m = n, and Oy = 0 if m # n, that is, > dmngm = gn. For the continuous
velocity we assume that the distributions are peaked at v§ and v%, respectively,
that is, fa()(va) = d(va —vR) and fp(j)(vs) = d(vs — v}), where the so-called
delta function is defined by d(r — ') = §(z — 2")é(y — y')d(z — 2’), where for an
arbitrary function g(z), [*_6(z —2')g(z)dz = g(a'), with equivalent expressions
in y and z.

2.2 The equilibrium probability distributions for the relative speed and the relative
kinetic energy are frequently used in various one- or two-dimensional models.

(a) When motion is restricted to two dimensions, show that the probability dis-
tribution for the relative speed is

2
B 7 o
fg(v)dv—Zﬁ(27rkBT>vexp{ 2kBT}dv

where the speed is v = /02 4 v2.
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(b) When motion is restricted to one dimension, show that the energy distribution

is
1 FEi,
- — dFE,
VrBuksT ¥ { kBT} ‘

Note that the speed is the length of the velocity vector, i.e., v = \/E, and
use that the velocity distribution must be multiplied by 2, when the speed
is considered. When motion is restricted to two dimensions, show that the
energy distribution is

fl (Etr)dEtr -

1 Etr
fo(Ee)dEy = kB—T exp {— kBT} dFE,

(a) For a reaction without an energy threshold, it was found that the total reac-
tion cross-section could be represented as or(Ey,) = A/\/FEy, where A is a
constant. Calculate the thermal rate constant k(7T') for the reaction.

In connection with the evaluation of Eq.(2.29), the Gamma function I'(n) can

sometimes be useful. It is defined as

I'(n) = / 2" texp(—x)dr, n >0
0

with the special values
I(n+1)=n! wheren=1,2,...,
1-3:5---(2n—1
I'n+1/2) = 2n( n )ﬁ, where n=1,2,....
(b) For a reaction with an energy threshold, it was found that the total reaction
cross-section could be represented as

(E )_ 0 for Ey < Ey
TR\E) =\ f(Ey — Ey) for By > Ey

Show that the thermal rate constant k(T') for the reaction can be written in
the form k(T) = A(T)e Fo/k8T and specify the connection between A(T)
and f(Etr - EO)

We consider, in the gas phase, the (Sx2) reaction
Cl” + CH3Br — CICHs + Br™

Reaction cross-sections have been determined in a molecular-beam experiment
[J. Am. Chem. Soc. 125, 1014 (2003)]. The total cross-section at the relative
translational energy Ei, = 0.06 eV is og(Fy;) = 1.3 x 10716 cm?.

(a) Calculate the thermally-averaged rate constant k(7)) at T' = 300 K, under the
assumption that in the relevant energy range determined by the Boltzmann
distribution the cross-section is independent of the relative translational en-
ergy.

(b) Assume that the differential reaction cross-section, for small deflection angles
0, can be described by the equation dog/dQ) = AE;1/29_3/2, where d§) =
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sinfdfd¢ and A is a constant. What is the ratio between the number of
product molecules in the two angular regions 6 € [0.2,0.3] radians and 6 €
[0.3,0.366] radians, respectively, when ¢ € [0.1,0.2] radians? (Use that, at
small deflection angles sinf ~ 0.)



3
Potential energy surfaces

Key ideas and results

A potential energy surface is the electronic energy as a function of the internuclear
coordinates, and it is obtained as a solution to the electronic Schrodinger equa-
tion, Eq. (1.6), for a set of values of the internuclear coordinates. We consider, in
particular, the general topology of such energy surfaces for unimolecular and bimole-
cular reactions, as well as some approximate analytical solutions to the electronic
Schrodinger equation associated with bond breaking and bond making.

e For direct reactions a single saddle point is found on the path from reactants
to products. In indirect reactions wells and one or more saddle points are found
along the reaction path. The electronic energy at the saddle point relative to the
electronic energy of the reactants is the barrier height. The height depends on the
particular reaction. In special cases no barriers exist.

e Barrier heights in bimolecular reactions depend on the approach angle. For exam-
ple, in D + Hy — H+ HD (and its isotopic variants), the lowest barrier is found
when D attacks along the bond axis of Hy, that is, collinearly.

e A barrier that occurs in the entrance channel while the reactants are approaching
each other is denoted as an ‘early’ barrier, whereas a ‘late’ barrier occurs in the
exit channel as the products are separating.

e A simple description of the electronic energy of three interacting hydrogen atoms
is given by the London equation. A significant point is that the energy is not
equal to the sum of H-H pair energies.

e A semi-empirical extension of the London equation—the LEPS method—allows
for a simple but somewhat crude construction of potential energy surfaces.

The electronic Schrodinger equation is, according to Eq. (1.6), given by
Heti(r; R) = E;(R)Y;(r; R) (3.1)

where H, is the electronic Hamiltonian, v;(r; R) is the stationary electronic wave
function, and E;(R) is the corresponding electronic energy (including internuclear
repulsion) which is a function of the nuclear geometry. The geometry is specified by
coordinates which are denoted by R. Actually, the electronic energy depends only on
a subset of the nuclear coordinates (which we refer to as internuclear coordinates, to
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be specified below) since the electronic Hamiltonian in Eq. (3.1) is invariant to overall
translation as well as overall rotation.

In order to generate an electronic potential energy surface, Eq. (3.1) must be solved
at a set of fixed values of the nuclear coordinates R, as indicated by ‘;’ in the electronic
wave function.

First, let us consider what is meant by internuclear coordinates and, in particular,
how many of these coordinates are needed in order to specify the electronic energy.
We consider a collection of N atomic nuclei, which in this context are considered
as point particles. In the following, we will for convenience refer to any collection of
nuclei and electrons as a ‘molecule’. The atomic nuclei and the electrons may form
one or more stable molecules but this is of no relevance to the following argument.
The internuclear coordinates are defined as coordinates that are invariant to overall
translation and rotation. These coordinates can, for example, be chosen as internuclear
distances and bond angles.

3N coordinates are needed in order to completely specify the position of the nuclei.
Three coordinates are needed in order to specify the position of the center of mass.!
Thus, 3N — 3 coordinates account for the internal degrees of freedom, that is, overall
orientation and internuclear coordinates. The overall orientation can be specified by
two coordinates for a linear molecule, say by the two polar angles (6, ¢). For a non-
linear molecule three coordinates are needed in order to specify the orientation. These
coordinates are often chosen as the so-called Euler angles. Thus, for a molecule with
N atomic nuclei,

3N — 5 for a linear molecule

3N — 6 for a non-linear molecule (32)

number of internuclear coordinates = {
Note that in a non-linear molecule, one of the vibrational modes of the linear molecule
has been replaced by a rotational coordinate. As an illustration, let us consider two
examples. For the stable linear triatomic molecule COs, there are 3 x 3 —5 = 4
internuclear coordinates, which corresponds to the vibrational degrees of freedom,
namely the symmetric and antisymmetric stretch and two (degenerate) bending modes
(see Appendix E). For the three atoms in the reaction D+H — H — D — H+ H, there
are 3 X 3 — 6 = 3 internuclear coordinates. These coordinates can, for example, be
chosen as a D—H distance, the H-H distance, and the D-H-H angle.

In this chapter, we will first discuss the general topology of potential energy surfaces
that have been calculated for elementary chemical reactions. Second, we will consider
the solution of the electronic Schrédinger equation with a focus on analytical results
and elementary concepts rather than detailed computational procedures.

3.1 The general topology of potential energy surfaces

For bimolecular elementary chemical reactions there are, roughly speaking, two general
categories of potential energy surfaces: (1) surfaces with a single potential energy bar-
rier and no wells along the reaction path, and (2) surfaces with wells and one or more
barriers along the reaction path. A bimolecular reaction is in the former case denoted
as a direct reaction and in the latter case as an indirect reaction (or complex mode

IThese three coordinates have in fact already been separated out of Eq. (1.6).
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reaction). Typically, for direct reactions the transformation from reactants to products
occurs within a vibrational period, whereas for indirect reactions the transformation
can take several vibrational periods.

For direct reactions a single saddle point is found on the path from reactants
to products, with potential energy valleys extending in the directions of separate
reactants and products; see Fig. 3.1.1.

A saddle point is a stationary point on the multidimensional potential energy
surface. It is a stable point in all dimensions except one, where the second-order
derivative of the potential is negative (see Appendix E). The classical energy threshold
E. or barrier height of the reaction corresponds to the electronic energy at the saddle
point relative to the electronic energy of the reactants.

Example 3.1: Data for simple reactions

Highly accurate potential energy surfaces have been calculated for simple direct
reactions like D + H, — HD + H and F + Hy, — HF + H. The lowest classical
barrier height for D + Hy (and its isotopic variants) has been calculated to be
40.50 £ 0.50 kJ/mol [1,2]. The lowest barrier is found at the collinear geometry
where all atoms are along the same line. For the F + Hs reaction, the classical
barrier height at the collinear geometry is 7.66 &+ 1.0 kJ/mol. Recent calculations
[3] show, however, that the lowest barrier is 6.07 & 1.0 kJ/mol, which is found for a
bent geometry corresponding to an F-H-H angle of about 119°. The barrier heights
of these reactions are much smaller than the bond dissociation energy of Hy. Thus,
the saddle point is on the path from reactants to products, at a stage where the
H-H bond is partly broken and a new bond is simultaneously being formed.

The energy threshold of a reaction corresponds to the minimum relative transla-
tional energy that must be supplied to the reactants in order to produce products.
This energy threshold will differ from the classical barrier height, even when the reac-
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Fig. 3.1.1 A potential energy surface for a direct bimolecular reaction. The surface corre-
sponds to a reaction like D+H — H — D — H+4H at a fixed approach angle, say in a collinear
configuration specified by the D-H and H-H distances. These distances are measured along
the two perpendicular axes. (Note that in this figure all energies above a fixed cut-off value

Emax have been replaced by Emax.)
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tants are in their ground states, due to vibrational zero-point energies and quantum

mechanical tunneling. The relation between the energy threshold and the activation
energy of chemical kinetics is discussed in Chapter 8.

Although the entire potential energy surface is important, it is often useful to
focus on particular features. For example, the minimum-energy path or the reaction
coordinate, which corresponds to points on a line through the saddle point along the
deepest part of the two valleys on each side of the saddle point. A chemical reaction
that follows this path will, at all times, experience the lowest possible potential energy.

The energy along the reaction coordinate is shown in Fig.3.1.2 for two cases: first
for a case where the electronic energy of reactants and products is identical, as in
Fig. 3.1.1, and for an exothermic reaction like F+Hs, where the electronic energy of the
products is lower than the electronic energy of the reactants. This is the definition of
an exothermic reaction at the microscopic level, and the implications for the dynamics

are a large release of energy into translational, vibrational, and rotational degrees of
freedom in the products.

As mentioned above, the barrier height depends on the approach angle, as illus-
trated in Fig. 3.1.3. Another important feature is the location of the barrier along the
reaction coordinate [4]. An ‘early’ barrier is a barrier that occurs in the entrance chan-
nel while the reactants are approaching each other. In Fig. 3.1.4 the potential energy
surface for such a situation is shown as a contour plot, that is, all the points on a con-
tour line correspond to a fixed value of the energy. The implications for the dynamics
are that translational energy is most effective for passage across the barrier and that
the products will show up with high vibrational excitation. The F 4 Hs reaction is an
example of a reaction with an early barrier. A ‘late’ barrier is a barrier that occurs in

2

1 1
-0.4 -0.2 [

0.2 04
Reaction coordinate

Fig. 3.1.2 Energy along reaction coordinate (arbitrary units). The solid line corresponds to
a symmetric reaction like H+ H2 and the dashed line corresponds to an exothermic reaction
like F + Has.
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Fig. 3.1.3 Energy along the reaction coordinate for the reaction D+ H—-H —- D —-H+ H
(and its isotopic variants), as a function of the approach angle. Note that the lowest barrier is
found for the collinear approach. [Adapted from R.D. Levine and R.B. Bernstein, Molecular
reaction dynamics and chemical reactivity (Oxford University Press, 1987).]

Fig. 3.1.4 Contour plot of a potential energy surface for the reaction A + BC — AB + C.
The surface is shown as a function of the two internuclear distances Rag and Rpc at a fixed

approach angle. The barrier (marked with an arrow) occurs in the entrance channel, i.e., an
‘early’ barrier.

the exit channel where the products are separating; in Fig. 3.1.4 such a barrier exists
for the reverse reaction, i.e., AB + C — A + BC. The implications for the dynamics
are that vibrational energy is most effective for passage across the barrier and that
the products will show up with low vibrational excitation.? Note that for a symmetric
reaction, as in Fig. 3.1.1, the barrier always occurs at the 45° line.

So far, we have considered potential energy surfaces without any (local) minima
along the reaction coordinate. However, wells along the reaction coordinate can occur.

2These conclusions are based on the assumption that there is no interchange of translational and
vibrational energy prior to the crossing of the barrier. The validity of the assumption depends on the
exact form of the potential energy surface as well as on the masses of the particles. In order to get a
quick estimate of the mass effects, a mass-weighted coordinate system can be used, see Appendix D.
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For example, for a bimolecular nucleophilic substitution (Sx2) reaction like C1™ +
CHj3Br — CICH3+Br ™, the potential energy has a double-well shape, i.e., two minima
separated by a central barrier. The minima for this reaction reflects the stability (an
effect that is also well known within classical electrostatics) of the ion—dipole complexes
Cl™ ---CH3Br and CICHj - - - Br™. For other indirect (or complex mode) reactions one
finds two saddle points separated by a well on the path from reactants to products. The
existence of a well along the reaction path implies that the collision may be ‘sticky’,
and a long-lived intermediate complex can be formed before the products show up.
Examples of complex mode reactions are H+ O — OH + O (with the intermediate
HO,), Ht + Dy and KCI + NaBr.

In unimolecular reactions, initially, there is only a single stable molecule. This con-
figuration corresponds to a minimum, that is, a well on a multidimensional potential
energy surface; see Figs 3.1.5 and 3.1.6.

One can again consider two general categories: direct reactions and complex mode
reactions. Saddle points are found for some, but not all unimolecular reactions. Thus,
for the unimolecular dissociation of HoO in its electronic ground state no saddle point
is found (see Figs 3.1.5 and 3.1.6). For an isomerization like HCN — HNC, a saddle
point does exist.

Above, we have focused on surfaces associated with the electronic ground state.
However, sometimes excited electronic states play an important role. This is the case
for unimolecular photo-activated reactions, as well as for some bimolecular reactions
where non-adiabatic effects play a role. We return to both cases in subsequent chapters.

The techniques for the solution of the electronic Schrédinger equation are highly
developed. Computer programs that solve this equation and that can locate saddle
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Fig. 3.1.5 A potential energy surface for a direct unimolecular reaction without a saddle
point. The surface corresponds to a reaction like HoO — H + OH for dissociation along a
fixed bond angle, where only two internuclear coordinates are required in order to specify
the configuration. (Note that in this figure all energies above a fixed cut-off value Emax have
been replaced by Emax.)
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Fig. 3.1.6 Contour plot of the potential energy surface of Fig. 3.1.5. H2O is at its equilibrium
bond angle of 104.5° and the inner contours correspond to the lowest energies. The minimum
is at an OH distance of 1.81 ag, where 1ao = 0.529 A.

points, etc., are available today and in widespread use.? These programs can run on
standard personal computers. When the molecules contain a large number of electrons
it is, however, difficult to obtain a highly accurate potential energy surface. This
is, in part, because the total electronic energy that is obtained from the electronic
Schrédinger equation is very large compared to the small changes in the energy that
are observed for different internuclear configurations. Thus, at the saddle point the
energy is typically of the order of 0.1 to 1 eV# higher than the electronic energy of
the reactants. If the energy of the reactants is thousands of eV or more, a highly
accurate scheme is, obviously, required in order to determine an accurate potential
energy surface, including an accurate barrier height.

3.2 Molecular electronic energies, analytical results

We consider in this section some approximate analytical solutions to the electronic
Schrédinger equation, in order to provide some basic insight into the energetics of the
making and breaking of chemical bonds. Since most of the results are well known from
quantum mechanics/chemistry, we will only present the key points and sometimes
omit detailed proofs.

3.2.1 The variational principle

In order to obtain the potential energy surfaces associated with chemical reactions
we, typically, need the lowest eigenvalue of the electronic Hamiltonian. Unlike systems
such as a harmonic oscillator and the hydrogen atom, most problems in quantum
mechanics cannot be solved exactly. There are, however, approximate methods that
can be used to obtain solutions to almost any degree of accuracy. One such method is
the variational method. This method is based on the variational principle, which says

3Several commercial quantum chemical programs like ‘Gaussian’ (by Gaussian, Inc.,
www.gaussian.com) and ‘Spartan’ (by Wavefunction, Inc., www.wavefun.com) are available for the
solution of the electronic Schrédinger equation.

41 eV = 96.485 kJ/mol.


www.gaussian.com
www.wavefun.com
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that the ground-state energy that is calculated using an arbitrary (trial) wave function
is always equal to or greater than the energy associated with the exact ground-state
wave function.

The exact ground-state wave function ¥y and the associated energy Ej satisfy the
Schrodinger equation

Hepo = Egtho (3.3)
Thus,
[ WoHApodr
Ey = 71, Dotodr (3.4)

where dr represents the appropriate volume element (note that the denominator is
equal to one if the wave function is normalized). Then, according to the variational
principle, if we substitute any other function for ¢y in Eq. (3.4) and calculate

H.¢d
Ey = 7f}5¢¢§; (3.5)
then
Ey > Ey (3.6)

Thus, if we use a trial function (¢) that depends on some parameters, we can vary
these parameters in order to minimize Ey, and we will always obtain an energy that is
larger than or equal to (if we happen to obtain the exact ground-state wave function)
the exact ground-state energy.

If we, for example, have a trial function that depends linearly on the variational
parameters (c,), i.e.,

N
n=1

then minimization of the energy with respect to ¢, leads to the following so-called
secular equation associated with the wave function (assuming for simplicity normalized
real basis functions ¢,,):

Hy - FE Hyy —ES12 -+ Hiy—ESN
Ho — ESo Hy — E -+ Hon — ESan
. . . —0 (3.8)
Hyniy— ESy1 Hyo — ESn2 - Hyny - FE
where
H;; =/¢iﬂe¢jd7
(3.9)

%:/@@w

Since H, is Hermitian the matrix is a real symmetric matrix. This N x N determinant
gives an Nth-order polynomial in E. The lowest root is the best approximation to the
ground-state energy within the framework of the trial function in Eq. (3.7).
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3.2.2 Chemical bonding in Hf and Hy

We consider first, at a qualitative level, the chemical bonding in the simplest molecule
H2+ . This summarizes some important concepts and, at the same time, introduces the
notation to be used later on.

The electronic Hamiltonian of HJ (see Eq. (1.3)) is

. h? e? e? e?
H,=— AV — 3.10
¢ 2me dmegra  4Amepry * dmeg R ( )

where rp is the distance of the electron from nucleus A, rg is the distance of the
electron from nucleus B, and R is the internuclear separation,® see Fig. 3.2.1.

As a trial function for the wave function (molecular orbital, MO) of the electron,
consider the linear combination

Y =c1lsa + c2lsB (3.11)

where 1 = 9 (r) with r denoting the three coordinates of the electron, and where
1sa and 1sp denote a normalized hydrogenic 1s orbital centered on nuclei A and B,
respectively,

1
1sa = —36_“‘/“0
Tag
(3.12)
1
lSB = —36_TB/(LO
Tag

where ag is the Bohr radius. The secular equation, Eq. (3.8), associated with the wave
function is

ra s

A R B

Fig. 3.2.1 Definition of the distances involved in the electronic Hamiltonian of H .

5In Section 1.1, we mentioned that this form of the Hamiltonian refers to electronic coordinates
specified in a laboratory fixed coordinate system. For Hg‘, after the proper transformation from
laboratory fixed coordinates to center-of-mass coordinates and internal coordinates of the three-
particle system, one will obtain an electronic Hamiltonian that is very close to the form given above.
When so-called Jacobi coordinates (to be introduced in Section 4.1.4) are used as internal coordinates,
the coordinates of the electron are measured relative to the center of mass of the two protons, and
the electronic Hamiltonian can be written as above, except that the electron mass m. is replaced
by 1 = me2myp/(me + 2myp) = 9.1069 x 10731 kg ~ 0.9997m., where m,, is the proton mass. This
small change of effective mass will only introduce a very small change in the energy. Thus, when
we consider the change in the ground-state energy of the free hydrogen atom introduced by such a
change in mass, it will correspond to 0.003 eV, which is indeed a very small change.
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Haa(R) — E(R)  Hap(R) — E(R)S(R)

where
Haa(R) z/drlsAﬁelsA
HAB(R) = /dTlSAﬁelsB (314)

S(R) z/drlsAlsB

where dr is the volume element associated with the three coordinates of the electron,
S(R) is the overlap integral, Hxpn = Hpp, and Hyg = Hpa. Thus,

[Haa(R) — E(R)]? — [Has(R) — E(R)S(R)]* =0 (3.15)
which implies
Haa(R) £ Hap(R)
E = 1
with the corresponding wave functions
1
= ————(1sp £ 1s 3.17
Y T S)( A B) (3.17)
The matrix elements can be expressed in the form
HAA(R) =F + JI(R) (3.18)
where E; is the ground-state energy of the free hydrogen atom, i.e.,
o, e?
— — 1sp = Eql 1
< 2me v 47reorA> A 1A (3:19)
and
(R = drfLsa] —5 3.20
J = —_— .
(R) dmeg R / r[tsal TENTB ( )

where the integral is called a Coulomb integral. The first term in J’ is the nuclear—
nuclear Coulombic repulsion. Since dr[lsa]? is the probability of finding the electron in
the volume element dr at the position r around A, the second term can be interpreted
as the charge cloud of the electron around nucleus A interacting with nucleus B via
the Coulomb potential. The off-diagonal matrix element can be written as

HAB(R) = ElS(R) + KI(R) (3.21)

where E; is again the ground-state energy of the free hydrogen atom:

K2 €2
(- 5 v? - 4W€0TB) lsg = Eylsp (3.22)

and
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S(R)e? e?
K'(R) = — [ drl 1 3.23

(R) dmeg R / A 4meqra B ( )
where the integral is called an exchange integral. This does not lend itself to the
same type of ‘classical’ interpretation as discussed for J'. K’ is a strictly quantum
mechanical quantity. Equation (3.16) now takes the form

J'(R) + K'(R)

E+(R) = Er + 1+ 5(R)

(3.24)

where the last term gives the energy of H;r relative to a separated proton and a
hydrogen atom (E7). The integrals can be evaluated analytically. J’ is positive while
K’ is negative.

The positive value of the Coulomb integral in H; implies that the internuclear
repulsion is always larger than the attraction between the electron and a proton, see
Eq. (3.20). These integrals as well as the energies (relative to a separated proton and
a hydrogen atom) of the two states are shown in Fig. 3.2.2. The state corresponding
to the energy FE. describes a stable molecule with dissociation energy 1.77 eV and
equilibrium bond length 1.32 A (= 2.5 ag) (the experimental values are 2.78 eV and
1.06 A, respectively). Because the exchange integral is a strictly quantum mechanical
quantity, the existence of the chemical bond is a quantum mechanical effect.

In the description above only two atomic orbitals were used in the trial function.
The way to improve the accuracy is to include more atomic orbitals in the trial func-
tion, such as

E/eV

4
R/ay

Fig. 3.2.2 The energies of the bonding (F4) and antibonding (E_) states in a simple mole-
cular orbital description of Hj. The Coulomb (J') and exchange (K') integrals are also
shown. All quantities are shown as a function of the internuclear separation in units of the
Bohr radius.
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U = c118A + 2255 + €32p A + calsp + c525B + c62p,B (3.25)

This way of constructing a molecular orbital (MO) is called linear combination of
atomic orbitals—molecular orbital (LCAO-MO).

Next we consider the hydrogen molecule. The electronic Hamiltonian of Hs is

- K2 e? e?
He:_Qm (v%_‘_v%)_élwer  Adrmeor
e 0T1A 0T1B
9 9 5 5 (3.26)

€ € € €

- - + +
47T607’2A 47‘(607“23 471'607“12 47T€0R

where r1a is the distance from electron ‘1’ to nucleus A, rqo is the distance between
electron ‘1’ and ‘2’, etc. Electrons are indistinguishable from each other and cannot
really be labeled. All electronic wave functions must be antisymmetric (i.e., change
sign) under the interchange of any two electrons:

U(1,2) = —U(2,1) (3.27)

where ‘1’ and ‘2’ here is a shorthand notation for the coordinates associated with the
two electrons.
If the electron—electron repulsion was absent in the Hamiltonian, the wave function
could be represented exactly as a product of independent one-electron wave functions,
e., U(1,2) = ¢1(1)p2(2). Now, working within such a description and taking into
account Eq. (3.27), the wave function can be expressed as a Slater determinant:

L1 [ra() o)
dno(1,2) = 7510760 4, B(2) (3:28)

where we have included the two possible spin states of the electron (« and 3), and
placed the two electrons with opposite spins in the molecular orbital ¥ of Eq. (3.17).
The (unnormalized) wave function can be written in the form

mo(1,2) = [1sa(1)1sp(2) + 1sp(1)1sa(2)] % [a(1)B(2) — (2)B(1)] + ionic terms

= {5 (1,2) + ionic terms (3.29)

where the ‘ionic terms’ (excluding spin) are 1sa(1)1sa(2) + 1sp(1)1sp(2). The en-
ergy corresponding to Yo can be calculated analytically and explains, qualitatively,
chemical bonding in Hs but, as expected, without complete quantitative agreement
with experimental data.

When the ionic terms are neglected, one gets the so-called valence-bond (VB)
description. The (unnormalized) valence-bond wave function can also be written in
the form

1 |lsaa(l) 1sac(2) 1
W12 = o1 ona() 1836(2)' A

The energy corresponding to this state is given by the Heitler-London equation:

LsaB(1) 1saf(2)
lspa(l) lspa(2) (3.30)
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Jan(R) £ Kan(R)
1+ S(R)2

Ei(R) =2F1 + (3.31)

where the last term is the energy of Hy relative to two isolated ground-state hydrogen
atoms, and

Jap(R) = // dridralsa(1)1sp(2)
o2 2 o2 o2
(47T€0R B 4megrip - dmegron  4megria

e? _/alrl[lsA(l)]Qe2

> 1sa(1)1sp(2)

4megR 4dmegrip
_/d’l"g[lSB ))%e? // dridra[1sa(1)1sp(2)]%e? (3.32)
ATegran 4dmegrie
is a Coulomb integral (similar to Eq. (3.20)) and
KAB(R) :/ d’rldrglsA(l)lsB(Q)
(3.33)

( €2 e? e? e?

47T€QR 47T€07”1A 471'607"213 47‘(607‘12

) 1sp(1)1sa(2)

is an exchange integral (similar to Eq. (3.23)). The integrals can be evaluated analyt-
ically. The two energy levels in the Heitler-London equation correspond to a bond-
ing (E4) and an antibonding state (E_), similar to the energy expression for Hj
Eq. (3.24). The exchange integral gives the overwhelming contribution to the stability
of the bonding state of Hs, giving the dissociation energy 3.15 eV and equilibrium
bond length 0.87 A. When compared to the experimental values 4.75 eV and 0.74 A,
respectively, it is clear that the quantitative predictions are not too accurate.

There are two ways to improve the accuracy in order to obtain solutions to almost
any degree of accuracy. The first is via the so-called self-consistent field-Hartree—Fock
(SCF-HF) method, which is a method based on the variational principle that gives the
optimal one-electron wave functions of the Slater determinant. Electron correlation is,
however, still neglected (due to the assumed product of one-electron wave functions).
In order to obtain highly accurate results, this approximation must also be eliminated.%
This is done via the so-called configuration interaction (CI) method. The CI method
is again a variational calculation that involves several Slater determinants.

3.2.3 H+ H; — H; + H, the London equation

The generalization of the Heitler-London equation, Eq.(3.31), to three hydrogen
atoms was also considered in the early days of quantum mechanics (around 1930).
This description contains the essence of the energetics associated with bond breaking
and bond making.

6For the F 4+ Hy reaction high levels of theory are required. The Hartree—Fock limit for the classical
barrier height is about 67 kJ/mol [J. Phys. Chem. 89, 5336 (1985)], that is, almost ten times larger
than the exact value!
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It is straightforward to write down the electronic Hamiltonian of three interacting
hydrogen atoms according to Eq.(1.3). In the London description, a 1s orbital is
centered on each of the three hydrogen atoms denoted by A, B, and C, respectively.
This gives Slater determinants like

Isaa(l) 1saa(2) 1saa(3)
Yyp(1,2,3) = — |1spa(l) 1spa(2) 1spa(3) (3.34)
v VAl Lsall) Lsoa(?) lsca(3)

where all three electrons have identical spin in this example. There are 2% = 8 such
Slater determinants, corresponding to the two possible spin states of each electron. The
London equation for the three hydrogen atoms is based on a variational calculation
that involves these eight electronic (spin) configurations. It is a simple example of a
CI calculation. The essential approximations in the derivation are: (i) only one atomic
orbital on each atom (here s orbitals); (ii) overlap integrals between the atomic orbitals
are ignored; and (iii) multiple-exchange integrals, i.e., terms arising from permutations
of more than two electrons are neglected in the matrix elements. The ground-state’
energy is given by the London equation:

E(RaB,Rac, Rec) = 3E1 + Jas + Jac + Jsc
—V/(Kap — Kpc)?/2 + (Kap — Kac)?/2 + (Kpc — Kac)?/2

(3.35)
where Rap, Rac, and Rpc are the internuclear distances, and Jap and Kap are
Coulomb and exchange integrals as defined in Eqs (3.32) and (3.33) that depend on
the distance Rap. The other symbols are defined in an equivalent way.

The London equation reduces to the Heitler-London equation, Eq. (3.31) for S = 0,
if one of the atoms is removed to infinity. For example, if C is removed to infinity,

E — 3E1 4+ Jag — V/(1/2)(Kap)? + (1/2)(Kap)?
=3E1 + Jas — |Kas|
=3F1 + Jas + KaB (3.36)

where, in the last line, the fact that the exchange integral is negative has been used.
Thus, as expected, the description is on the same level as the valence-bond description
for HQ.

When the Coulombic and exchange integrals J and K for Hy are calculated and
introduced into the London equation, the right general form of the potential energy
surface is obtained. Thus, bond breaking is assisted by bond making, i.e., barrier
energies are much less than the bond energy of Ho. However, the entrance and exit
valleys do not meet at a single saddle point as in Fig. 3.1.1. There is a potential energy
well (basin) corresponding to the symmetrical H-H-H configuration. As mentioned in
Section 3.1, it is known (from highly accurate CI calculations) that such an energy well
does not exist and that the classical barrier height associated with the saddle point

"The associated wave function, including spin functions, is a doublet state corresponding to two
paired electrons and one unpaired electron.
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is ~ 0.4 eV. These problems with the London equation are not highly surprising. We
have seen that the London equation is related to the Heitler—London equation and,
as shown above, the errors associated with this equation are clearly bigger than the
value of the true barrier height.

Although the underlying approximations are too crude to obtain an accurate poten-
tial energy surface, another very important observation can be made when the London
equation is compared to the energy expression for Hy: the total energy is not equal to
the sum of pairwise H-H interactions. Thus, F(Rag, Rac, Rec) # Fas + Eac + Enc,
where Fap corresponds to Ey of Eq.(3.31), and Eac and Epc are given by similar
expressions. The simple summation of pairwise H-H interactions only holds for the
Coulomb integrals!

3.2.4 A semi-empirical method: the LEPS surface

The London-Eyring—Polanyi-Sato (LEPS) method is a semi-empirical method.® Tt
is based on the London equation, but the calculated Coulombic and exchange inte-
grals are replaced by experimental data. That is, some experimental input is used in
the construction of the potential energy surface. The LEPS approach can, partly, be
justified for H + Hs and other reactions involving three atoms, as long as the basic
approximations behind the London equation are reasonable.

The potential energy curve corresponding to the bonding state is often well de-
scribed by a Morse potential:

E,(R)=Jap + Kap
~D(1—e AE-ENZ _p
= D(e 2P(R-Re) _ ge=A(R-Re)y (3.37)

where the parameters of the Morse potential are D (the classical dissociation energy),
B, and R. (the equilibrium bond length). These parameters can be extracted from
experimental (spectroscopic) data. In the LEPS method, the potential energy curve
corresponding to the antibonding state is described by a modified Morse potential:

E_(R) = Jap — Kas
~ (D/2) (e~ 28(E=Re) 4 9p=B(R=Re)) (3.38)

which contains the same parameters as the Morse potential. We now have two equa-
tions for the two unknowns, that is, Jog and K can be determined as a function of
the internuclear distance. For H 4+ Hy all pairs (AB, AC, and BC) are equivalent and
the London equation can be evaluated. For H + Hy a surface free of wells is obtained.

The LEPS method is also used for general triatomic systems. Here equations that
are equivalent to Eqs (3.37) and (3.38) are written down and solved for the other
diatomic pairs (AC and BC). The LEPS method provides a quick but somewhat
crude estimate of potential energy surfaces.

Further reading/references
[1] P. Siegbahn and B. Liu, J. Chem. Phys. 68, 2457 (1978)

8This approach was suggested by H. Eyring and M. Polanyi in Z. Phys. Chem. B12, 279 (1931).



50 Potential energy surfaces

[2] D.L. Diedrich and J.B. Anderson, Science 258, 786 (1992)

[3] K. Stark and H.-J. Werner, J. Chem. Phys. 104, 6515 (1996)
[4] J.C. Polanyi, Acc. Chem. Res. 5, 161 (1972)
[5]

5] D.R. Yarkony (ed.), Modern electronic structure theory Part I (World Scientific,
Singapore, 1995)

Problems

3.1 From the force constants for the bonds C-H (460 N/m), C-C (440 N/m), and
C=0 (1300 N/m), calculate the corresponding harmonic frequencies and vibra-
tional periods in femtoseconds (using classical mechanics).

3.2 Derive an expression for the (quadratic) force constant of a Morse potential
V(r) = De[l — exp{~f(r —re)}]?

in terms of D, and S.
3.3 A Lennard-Jones (12-6) potential

roy 12 ro 6
vor=u(2)- (]
r r
is often used to describe an intermolecular interaction that does not involve the

formation of a covalent bond (for example, between noble gas atoms).
(a) Determine the internuclear distance at the potential energy minimum.

(b) Using this value, derive an expression for the (quadratic) force constant.

3.4 Assume that the results from a calculation of the electronic energy of an ABC
molecule (at a fixed bond angle) close to the equilibrium bond lengths (%5, 7%¢)
are well represented by the expression

E(ra,rsc) = (1/2)k1(ra — rig)” + (1/2)ka2(rsc — r3c)?

Make a contour plot of the potential.

3.5 Consider the calculation of electronic energies for the simplest bimolecular reac-
tion
H+H, - (H---H---H! - Hy, +H

using an electronic structure program available to you. First, choose the Hartree—

Fock (HF) method and the (LCAO) basis set denoted by 6-311G**.

(a) Calculate the electronic energy of Hy using ‘geometry optimization’ with a
reasonable initial guess for the H-H distance. Note that the multiplicity of
the electronic state is ‘singlet’.

(b) Calculate the total electronic energy of the reactants at infinite distance,
H + Hs, using the analytical result for the ground-state energy of the free
hydrogen atom.
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(c¢) Calculate the electronic energy at the saddle point, which corresponds to
a linear symmetric configuration, denoted by (H---H---H)}, with H---H
distances of 0.93 A. For this problem with three electrons, use the unrestricted
Hartree-Fock (UHF) method and that the multiplicity of the electronic state
is ‘doublet’. Submit the calculation as ‘single point energy’. Calculate the
classical barrier height and compare to the exact barrier height reported in
Example 3.1.

(d) With the program available to you, can you improve the agreement?
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Bimolecular reactions, dynamics
of collisions

Key ideas and results
We consider the dynamics of bimolecular collisions within the framework of
(quasi-)classical mechanics and quantum mechanics, and show the following.

e The reaction cross-section o is related to the reaction probability, which can be
calculated theoretically from the collision dynamics based on classical mechanics.

e Models based on physically reasonable assumptions for the reaction probability
lead to simple analytical expressions for the rate constant k(7).

e As an introduction to reactive scattering, we consider classical two-body scat-
tering and describe analytically how the deflection angle can be evaluated as a
function of the impact parameter.

e Three-body (and many-body) quasi-classical scattering is formulated and the nu-
merical evaluation of the reaction probability is described.

e The full quantum mechanical evaluation of the reaction cross-section op is de-
scribed.

The relation between the key quantities (the rate constant k(7T'), the cross-section
o, and the reaction probability P) and various approaches to the description of the
nuclear dynamics are illustrated below.

Bimolecular reaction

Quantum mechanics

KT) «— o© <«— P <«— Quasi-classical mechanics

Assumptions

4.1 Quasi-classical dynamics

Essential features of the nuclear motion associated with chemical reactions can be
described by classical mechanics. The special features of quantum mechanics cannot, of
course, be properly described but some aspects like quantization can, in part, be taken
into account by a simple procedure which basically amounts to a proper assignment of
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the trajectories to quantum states. Thus, the quantized states are naturally connected
to a swarm of trajectories with the common feature of having the same energy. In
short, this is the quasi-classical trajectory approach which has turned out to be quite
successful. This approach is the subject of the present section.

4.1.1 Cross-sections from classical mechanics

A theoretical determination of the rate constant for a chemical reaction requires a
calculation of the reaction cross-section based on the dynamics of the collision process
between the reactant molecules. We shall develop a general relation, based on classical
dynamics, between reaction probabilities that can be extracted from the dynamics of
the collision process and the phenomenological reaction cross-section introduced in
Chapter 2. That is, we give a recipe for how to calculate the reaction cross-section in
accord with the general definition in Eq. (2.7).
We consider again the bimolecular collision process

A(i,vA) + B(j, ’UB) — C(l,’vc) + D(m,’UD) (4.1)

which is reactive when products C and D are different from reactants A and B, and
non-reactive if they are identical. In the latter case we distinguish between an elastic
collision process, if quantum states [ and m are identical with 7 and j, and otherwise
an inelastic collision process.

Since the outcome of the collision only depends on the relative motion of the
reactant molecules, we begin with an elimination of the center-of-mass motion of the
system. From classical mechanics it is known that the relative translational motion of
two atoms may be described as the motion of one ‘pseudo-atom’, with the reduced
mass g = mamg/(ma + mp), relative to a fixed center of force. This result can be
generalized to molecules by introducing proper relative coordinates, to be described
in detail in Section 4.1.4.

The internal (vibrational and rotational) motion of molecule A is the same as that
of the pseudo-molecule, while the center of mass of molecule B is at the fixed center of
force. The force from the center of force on the pseudo-molecule is determined as the
force between A and B, with A at the position of the pseudo-molecule and B at the
position of the center of force. The scattering geometry is illustrated in Fig.4.1.1. The
pseudo-molecule moves with a velocity v = va —vp relative to the fixed center of force.
We have drawn a line through the force center parallel to v that will be convenient
to use as a reference in the specification of the scattering geometry. In addition to the
internal quantum states of the pseudo-molecule and velocity v, the impact parameter
b and angle ¢ are used to specify the motion of the molecule.

Several classical trajectories may result from such a collision process, as sketched
in the figure. What makes the manifold of trajectories possible are the internal states ¢
and j of the colliding molecules. To make that evident, let us first consider a situation
where there are no internal states of the molecules and where the interaction poten-
tial only depends on the distance between the molecules, like for two hard spheres.
Then there will only be one trajectory possible for a given b, ¢, v, because the initial
conditions for the deterministic classical equations of motion are completely specified.
This will not be the case when the molecules have internal degrees of freedom, even if
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" Center of force

Fig. 4.1.1 Trajectories corresponding to the relative motion of two molecules. The filled
circle represents the ‘pseudo-molecule’ and the cross the fixed center of force. Two trajectories
are shown, for the same quantum states of the reactants, but with different ‘phases’ of the
internal degrees of freedom, as explained in the text.

the internal states are completely specified by the appropriate quantum numbers, like
1 and j in our case.

In classical mechanics there is no quantization of states, so in order to represent a
quantum state one resorts to an artifice which is often referred to as a quasi-classical
approach (see Section 4.1.4 for an account of the computational details). The quantum
state, like a vibrational or rotational state, has a given energy and we choose the energy
of the classical system to be identical to the quantum energy. This does not, however,
fully specify the coordinates and momenta since there will be an infinite number of
choices that will correspond to a given energy. To explain the meaning of that, let
us consider a diatomic molecule. Classically, the atoms perform at a given energy,
an oscillatory motion corresponding to a vibrating chemical bond. From quantum
mechanics, we know that the molecule may be in one of a discrete set of stationary
vibrational quantum states with certain energies. Within the framework of classical
mechanics, the specification of the quantum state does not, however, inform us about
the ‘phase’ of the vibrator (see Fig. 4.1.2), that is the position ¢ and momentum p, and
thereby the potential energy and kinetic energy of the oscillator, at a given time. In
the same manner, the molecule may be in one of the rotational quantum states with
a certain energy, but we do not know the ‘phase’ of the rotator at a given time, that
is, the orientation of the bond.

Therefore, the trajectory calculations with the same initial states, i, j, b, ¢, v, may
lead to different trajectories, as shown in Fig.4.1.1, when the phases of the internal
degrees of freedom are different. It therefore makes sense to speak about a transition
probability from an initial state to a final state, even in a case where the dynamics is
governed by a deterministic equation, because of the indefiniteness of the phase of the
internal degrees of freedom. In order to determine this probability, we need to make
many trajectory calculations, with the given initial state, for different choices of the
phases of the internal degrees of freedom. We may report the results of the trajectory
calculation in Fig.4.1.1, by counting the number, dN¢(,ve v +dve) (2 2 4 d€2), of C
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Fig. 4.1.2 Harmonic oscillator with the energy E = p®/(2m) + (1/2)kg*> (which is the
equation for an ellipse in the (g, p)-space). In the quasi-classical trajectory approach, F is
chosen as one of the quantum energies, and all points on the ellipse may be chosen as initial
conditions in a calculation, i.e., corresponding to all phases « € [0, 27].

molecules in quantum state [ and with the speed v, vo+dve in the direction €2, Q+dSQ.
This number may be expressed in terms of the transition probability P, according to

d2NC(l vc)(“)
= — 7 7 dvcdS)
)|b!¢’ dvcd bo ve

= Itrajp(i.jvvvba¢|laU07Q)d’UCdQ (42)

dNC(l,Uc,vc +dvc) (Q, Q + ds)

Here Ii;4j is the total number of trajectories in the calculation corresponding to differ-
ent phases of the internal states, and Pdvcd() is the fraction of trajectories leading to
the desired result. The | b, DOtation implies that the results refer to the given impact
point b, ¢.

Let us now relate this expression to the phenomenological expressions for the beam
experiment in Chapter 2. First, we choose d2 and dvc in Eq. (4.2) to be identical to
the ones in Chapter 2, which are determined by the detector. Then we realize the
fundamental difference between dN¢ in Eq. (4.2) and dN¢ in Eq. (2.4). The former is
given for a specific impact point b, ¢, whereas the latter is averaged over all impact
points, since they cannot be controlled in an experiment. So to make contact between
experiment and theory, we have to average over all impact points b, ¢ in Eq. (4.2).
Iiraj was the number of trajectories in the simulation and therefore equivalent to the
number of pseudo-molecules A colliding with B molecules in the experiment. Then
considering the scattering geometry in Fig.4.1.1, it will be natural to express Ii;4j in
terms of a flux density Ja (), the area element bdbd¢ associated with the b, ¢ point,
and a time ¢:

Tiraj = JA(i)U)bdbngSt (4.3)

We now choose Ja(;,») and t to be identical to the values of, respectively, the flux
density and the duration of the experiment. From Eqs (4.2) and (4.3), we have
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dzNC(l,'uc) (Q)

docd®) . dvcdSY = J (0t bdbdg P(ij, v, b, ¢|l, vc, Q)dvcd (4.4)
which, after averaging over all impact points, takes the form
> Ne(1,00) ()

27 [e']
docd dvcd§) = JA(iw)thCdQ/O /0 P(ij,v, b, ¢|l,vc, Q)bdbde  (4.5)

where we have removed | bo O1 the left-hand side, because we now include all impact
points.

This equation is now compared to Eq.(2.7), which after multiplication by the
volume V' of the reaction zone takes the form

d®N, Q d’c

ds(il;lgzli ) = (dvch) (ljv v|l7 Vo, Q)JA(i,v)NB(j,vB) (46)
It is important to note that the scattering angle in this equation refers to the angle
between the incident and final directions of va and v¢, respectively, viewed in the fixed
laboratory coordinate system. The scattering in the theoretical analysis is viewed in
the center-of-mass coordinate system and concerns the relative motion of molecules.
The relation between the scattering angles and differential cross-sections in the two
coordinate systems is discussed in Section 4.1.3. In the simulations there is only one
scattering center, so we set Np(j ) = 1 in the equation. Then we integrate over time
t, in order to get the same differential number of C molecules on the left-hand sides
of Egs (4.6) and (4.5). Thus, we multiply both sides of Eq. (4.6) by dt, and integrate
over time from 0 to ¢:

@PNe,e)(Q) [ dPog
dvch d'Uch

) (ig,v[l, vo, Q) Ja,wt (4.7)
where

*Ne(1,00) () B /°° dSNC(l’”C)(Q)dt
0

dvcdS? dvcdQdt
When compared to Eq. (4.5), we get

dQO'R 27 00
g )= Pij Q 4.
(dvch) (14, v|l,vc, Q) /0 /0 (ij,v,b, d|l, vc, Q)bdbdg (4.8)

When the speed of the product is not resolved, we integrate over vc, and get

dUR

2 00
(%) ot = [ [ Pl olt. ppavas (1.9)

where P(ij,v,b,$[l,Q) = fooo P(ij,v,b, ¢|l,vc, Q)dvc. Likewise, when the angular dis-
tribution of the product is not resolved, the relevant cross-section is obtained, after
integration over €2, and we get the important relation between the transition (reac-
tion) probability P, which may be calculated theoretically from the dynamics, and
the cross-section related directly to experiments:

2T oo
orlij,vll) = / / P, v,b, 6l1)bdbdes (4.10)

where P(ij,v,b,¢|l) = [ P(ij,v,b,¢|l,Q)dS2.
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4.1.2 Simple models for chemical reactions

We consider in this section some crude approximations to actual reactive collisions.
They provide some insight into the more complex real situations and, most impor-
tantly, simple analytical expressions for the rate constant are obtained.

It is assumed that the molecules are structureless hard spheres. Thus, A and B
are described by hard-sphere potentials with diameters da and dg, respectively. The
interaction potential depends accordingly only on the distance between A and B, and

U(r)={go :fzz(dA’LdB)/Q (4.11)

In addition, assumptions for the reaction probability of the hard spheres—which
strictly speaking cannot react—are introduced. That is, the reaction probability is
not calculated from the actual potentials or dynamics of the collisions but simply
postulated based on physical intuition. Note that the assumption of a spherically
symmetric (hard-sphere) interaction potential implies that the reaction probability P
cannot depend on ¢ (see Fig.4.1.1), since there will be a cylindrical symmetry around
the direction of the relative velocity. In addition, the assumption of structureless par-
ticles implies that the quantum numbers that specify the internal excitation cannot
be defined within the present model.

Model 1, the collision frequency

A collision between A and B will occur if the impact parameter b fulfills the condition
b < d, as seen from Fig.4.1.3.

The following form for the reaction probability is assumed:

P(b) =

{1 for b<d (4.12)

0 for b>d
Thus, it is assumed that a reaction between the two particles occurs with unit proba-

bility when they collide, irrespective of their relative speed. The cross-section can be
calculated from Eq. (4.10):

___________________________________________

Fig. 4.1.3 A collision between two hard spheres at the relative velocity v.
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oR = 27r/ P(b)bdb
0
d
=27 / bdb
0
= d? (4.13)
that is, the cross-section is constant and independent of the relative kinetic energy. It

is obvious that or has the unit of an area, and the cross-section is the area that the
reactants present to each other in the collision. Then, from Eq. (2.29), we find

E(T) = nd? /Oo v f3(v)dv

0
= 7d*(v) (4.14)
where (v) = <8kBT)1/2 s
= .

is the average value of the relative speed of A and B. Typical values of (v) are of the
order of 1000 m/s.

This result has a simple physical interpretation. The collision frequency between
two hard spheres is given by!

Zap = md? (v)[A][B] (4.16)

that is, the number of collisions between A and B per second and per unit volume.
Thus, the reaction rate predicted by this model is simply the collision frequency.

When compared to experimental data, this model predicts, typically, rate con-
stants that are too large—by many orders of magnitude. In addition, the predicted
temperature dependence is, usually, not in agreement with experimental observa-
tions, where often a dependence in agreement with the Arrhenius equation is found:
E(T) = Aexp(—E,/kpT).

Model 2, the energy threshold

In order to make a more realistic model, a refinement of the assumptions for the
reaction probability is needed. That is, it is not realistic to assume that every collision
will lead to a reaction. First, a reaction will occur only if the relative kinetic energy
exceeds a certain critical value and, second, a head-on collision (b = 0) is more likely
to lead to a reaction than a collision where the two hard spheres barely touch (b ~ d).
These ideas are invoked in the following model.

1First, consider one A molecule that moves with the speed v relative to B. The number of collisions
with B molecules within the time At is: 7d>vAt[B], since [B] is the number of moles of B molecules
per unit volume and wd?vAt is the volume within which A will collide with B. It is a broken cylinder,
since A changes direction after each elastic collision with a B molecule. Second, multiply by the
number of moles of A molecules, that is [A]V, average over the distribution of speeds, and Eq. (4.16)
is obtained after division by V At.
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It is assumed that for a reaction to occur, the relative kinetic energy E. along the
line of centers shall exceed a critical value E*. Thus,

1 for E.>E*
P(E.) = {0 for E.< E* (4.17)

This condition can be re-expressed as a function of the impact parameter b. From
Fig.4.1.4, we observe |v.| = |v|cosf and

2
-

= cos?h

=1-sin?6

=1—(b/d)* (4.18)
where b < d. That is, (b/d)> = 1 — E./E, and when b increases the ratio E./Ex,

decreases. The smallest value of E./Ey, that leads to reaction is E*/FE},. We can now
determine the impact parameters that will lead to a reaction,

(b/d)* < 1— E*/Ey (4.19)
that is, the maximum value of the impact parameter by,.x that will lead to a reaction
is

buax = d(1 — E* | Ey,)'/? (4.20)
The reaction probability as a function of the impact parameter b takes the form

1 for b < bmax
P) = {O for b > byax (4.21)

The calculation of the cross-section is now equivalent to Eq. (4.13), that is,

or(Ey) = 7b?

max

= nd*(1 — E*/Ey,) (4.22)

Fig. 4.1.4 The relative velocity v and its projection v. along the line of centers; otherwise
same as Fig.4.1.3.
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E” E

Fig. 4.1.5 Energy dependence of the reaction cross-section in ‘model 2’.

for Fy, > E* and 0 otherwise. The reaction cross-section as a function of energy is
shown in Fig.4.1.5.
The rate constant is evaluated by applying Eq. (2.29):

k(T) - /Ooo \V/ 2E’tr/,u UR(Etr),fS(Etr)dEtr

1 8 \Y? [
=— =0 Eq)Eye™ B/l qp,
ksT <7kaT> / r(Eir) Bire ‘

1 8 \'? o
( ) rd? / (Ey — EX)e Bu/keTgp,

- k‘BT WukBT *
1/2
= md? (SkBT) e~ B /kBT (4.23)
T

where the last integral is evaluated by partial integration. The temperature depen-
dence predicted by this model is, typically, in good agreement with experimental
observations. If, however, the pre-exponential factor in Eq. (4.23) is compared with
experimental data, as in Example 4.1 below, it is often found to be 10-100 times too
big!

The physical interpretation of this result is, relatively, simple. The reaction rate
predicted by the model is equal to the collision frequency, Eq. (4.16), times the factor
exp(—E*/kpT). This factor is clearly related to the Boltzmann distribution.? To that
end, let us evaluate the probability of finding a relative velocity, irrespective of its
direction, corresponding to a free translational energy Ey, = (1/2)uv? that exceeds
E;, = E* (see Problem 1.3):

2The interpretation of the factor exp(—E*/kgT) is, in many physical chemistry textbooks, some-
what inaccurate.
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P3 (Etr > E*) = f?,(Etr)dEtr
o
E* 2 E* *
=1—erf |/ —=| + —=4/ —= e F/ksT 4.24
er kol + NN, € ( )

where erf denotes the error function. Thus, this expression is not equal to
exp(—E*/kpT), although this factor plays a dominating role; see Fig. 4.1.6. Actually,
from the first line in Eq. (4.23), we observe that the rate constant will be proportional
to the probability factor of Eq.(4.24), only when the cross-section og(E;,) is 0 for
Ey, < E* and A/\/Ey, for Ey, > E*, where A is a constant. That is, it is not possible
to interpret Eq.(4.23) as a collision frequency times a probability factor, related to
the relevant Boltzmann distribution for free translational motion in three dimensions.

When we consider the Boltzmann distribution associated with free translational
motion in two dimensions (Problem 2.2) and the associated probability of finding
relative translational energies that exceed E*, we get

*

Py(Ey > E*) = / e BulkeT | (| T)dEy
= ¢ B /ksT (4.25)

which happens to be identical to the probability factor in Eq.(4.23). Furthermore,
this factor is contained in the expression for the rate constant, whenever there is an
energy threshold in the cross-section (see Problem 2.3).

Thus, we have only a rough identification of the factor exp(—FE*/kgT) with the
probability of finding relative translational energies that exceed E*. If one ignores
the different density of energy states for free translational motion in two and three
dimensions, one can claim that exp(—E*/kgT) is the probability of finding relative
translational energies that exceed E*.

The activation energy E, is defined from the Arrhenius equation, that is, k(7)) =
Aexp(—E,/kpT), where A is a constant. According to this equation, we can extract

Ops
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4}t ‘\\\

6}
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1
E/(kgT)

Fig. 4.1.6 The probabilities P(E:. > E*), Eq.(4.24) (solid line) and Eq. (4.25) (dashed
line), of finding relative translational energies between reactants that exceed Ei = E*.



62 Bimolecular reactions, dynamics of collisions

the activation energy from a plot of In[k(T")] versus 1/7T, which implies

dInk(T)
Pra(T)
2dInk(T)
arT

B, =—

=kpT (4.26)
This equation is used as a general definition of the activation energy whether or not
A is actually a constant. For the model above we get

1 B
E,=kpT? [ — + —
o (2T+kBT2)

= E* + kpT/2 (4.27)

Since typically E* > kpT /2, the predicted activation energy is in practice independent
of the temperature.

Example 4.1: Comparison of model and experimental data

We can use Eq. (4.23) to calculate the magnitude of the pre-exponential factor and
compare it to experimental data. Molecular diameters da (or dg) may, e.g., be
estimated from gas viscosity data based on the standard model of the kinetic theory
of gases, or from an analysis of the elastic scattering of molecules (see Section
4.1.3). Some values are given in Table 4.1 and are typically around 2-3 A. Table
4.1 also lists a collision frequency; here as the number of collisions that a single
molecule undergoes per second. According to Eq. (4.16), the number of collisions
that a single A molecule undergoes per second with all the B molecules is Z =
nd?\/8kpT/(mu)Na[B], where Avogadro’s constant has been introduced in order to
convert from moles to numbers. Na[B] = pp/(kpT), R = Nakp, according to the
ideal gas law, and d = (da +dg)/2 = dp, since A = B in this case. Thus the number
of collisions per second is very large, of the order of ~ 10'° at 1 atm and 300 K. Table
4.2 compares calculated (A¢p,) and experimental®(Aey,) pre-exponential factors for
several reactions. Typically, the calculated values of the pre-exponential factors are
of the order of 10" dm?® mol™* s~

Table 4.1 Collision parameters. The collision frequency is calculated at 1 atm and 300 K.

Species  Molecular diameter, dg /A Collision frequency, Z /s~

H, 2.4 1.1 x 10%°
CO 3.2 5.3 x 10°
05 3.6 6.3 x 10°
Fs 3.6 5.8 x 10°
CHy 3.8 9.9 x 10°

3A good source of experimental data is the NIST kinetics database http://kinetics.nist.gov.
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Table 4.2 Comparison of collision model and experimental data. Pre-exponential factors
are given in units of dm® mol™! s™'. The experimental data are from .J. Chem. Phys. 92,
4811 (1980); J. Phys. Chem. Ref. Data 15, 1087 (1986); and J. Phys. Chem. A 106, 6060
(2002), respectively. Note that the third reaction is a bimolecular association reaction. For
this reaction, the experimental data are derived in the high-pressure limit.

Reaction T/K E,/(kJ mol™!) At Acxp Acxp /A
F+Hy, > HF+H 300 3.6 1.5 x 10" 6.0 x 10'° 0.4
CO+ 03— CO2+0 300 200 1.4 x 10t 2.5 x 10° 0.018
CHs + CHs — CoHg 300 0 2.5 x 10" 1.5 x 10 0.06

In order to obtain agreement with experimental data, a realistic interaction po-
tential must be used and it is necessary to calculate the reaction probability from the
basic equations of motion.

4.1.3 Two-body classical scattering

We consider in this section the collision between two (structureless) particles that
interact via a spherically symmetric potential U (r), where r is the distance between the
particles [1]. Since there are no internal degrees of freedom that may exchange energy
with the translational degrees of freedom, the collision is elastic, i.e., the total kinetic
energy of the two particles before and after the collision is conserved (as mentioned
earlier, we can also have elastic collisions when molecules collide, which implies that
no energy is exchanged with internal degrees of freedom). Thus, the present section
describes the dynamics of atomic collisions with the relevant potential U(r) given by
the electronic energy.

The dynamics of the two-particle problem can be separated into center-of-mass
motion and relative motion with the reduced mass p = mamg/(ma + mg), of the
two particles. The kinetic energy of the relative motion is a conserved quantity. The
outcome of the elastic collision is described by the deflection angle of the trajectory,
and this is the main quantity to be determined in the following. The deflection angle,
X, gives the deviation from the incident straight line trajectory due to attractive and
repulsive forces. Thus, y is the angle between the final and initial directions of the
relative velocity vector for the two particles.

The spherical symmetry of the interaction implies, in particular, that the angular
momentum of the relative motion is conserved. That is, since the angular momentum is
a vector, both direction and magnitude are conserved quantities. The collision process
will, accordingly, take place in the plane defined by the initial values of the radius
vector and the momentum vector. This implies that only two coordinates are required
in order to describe the relative motion. These coordinates are chosen as the polar
coordinates in the plane (r, ). The scattering in the center-of-mass coordinate system
is shown in Fig.4.1.7.

The total energy associated with the relative motion can be written in the form

(see Problem 4.2)
2

2ur?

E=(1/2)m? + +U(r) (4.28)

where
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Fig. 4.1.7 Two-body classical scattering in a spherically symmetric potential. The relative
motion of two atoms may be described as the motion of one ‘pseudo-atom’, with the reduced
mass 4 = mams/(ma+mg), relative to a fixed center of force. Two trajectories are shown; for
the first trajectory, the final and initial relative velocity vector and the associated deflection
angle x are shown. This trajectory corresponds to the impact point (b, ¢ = 0), whereas the
second trajectory corresponds to the impact point (b, ¢ = 7).

v=dr/dt
L = pr?df/dt

The energy (E) and the magnitude of the angular momentum (L) are constants of
motion and their magnitudes are determined as follows. Long before the collision
(t = —o0) we have r — oo and lim, .o U(r) = 0, and from Eq. (4.28) we obtain £ =
(1/2)pvd, where vy is the relative speed prior to the collision. The angular momentum
is given by L = r X uvy and the magnitude is therefore given by L = urvg sin 8, where
0 is the angle between r and vy. The impact parameter is defined by b = rsinf, and

(4.29)

L = pwvpd
=b\/2uE (4.30)

Thus, the angular momentum can be expressed in terms of the energy and the impact
parameter.4

We may find the distance of closest approach r = r. between the two particles by
solving the equation dr/dt = 0. From Eqs (4.28), (4.29), and (4.30), we find

(5 -2 -vv)

= (E — Vert (1)) (4.31)

4Note that from Eqgs (4.28) and (4.30) we have the relation (1/2)pv? = E(1—b2/r2) —U(r), which
is equivalent to Eq. (4.18) when U(r) is a hard-sphere potential.
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where the effective potential is defined by

Ev? L?

Ve (r) =U(r) + 2 = U(r) + (4.32)

2ur?
and see that if E = Vog(r) has a real-valued positive solution there will be a distance
of closest approach, also referred to as a turning point for the two particles, at the total
energy F. Obviously, such a solution will always exist for potentials with a repulsive
part, as in the present case where the potentials are repulsive at small internuclear
distances. Turning points may also exist in the attractive part of a potential where
U(r) < 0 provided that b > 0. As illustrated in Fig.4.1.8 where U(r) is chosen as a
Lennard—Jones potential, see Eq. (4.46), the distance of closest approach depends on
the impact parameter b.

When b > 0, a barrier can show up in the effective potential, due to the centrifugal
energy. In Fig.4.1.8(a), the total energy FE; is below the centrifugal barrier, whereas

Vetf(r)

Vett(r)

0 re Distance (r)
Fig. 4.1.8 Two-body classical scattering in a spherically symmetric potential. The effective
potential Veg(r), defined in Eq. (4.32), is shown for two different impact parameters, b = 0
where Vg (r) = U(r) and b > 0. The upper panel (a) is for a fixed total energy E1, and the

lower panel (b) for another total energy E3. The intersection with Veg(r) gives the distance
of closest approach 7.
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the total energy in Fig.4.1.8(b) is above this barrier.
In order to obtain an expression for the deflection angle, we get from Eq. (4.29)

Integration gives

o(t) = / t %dt (4.34)

since 0(t — —oo0) = 0. We may eliminate time from Eq. (4.34) and derive an equation
between 6 and r by using Eq. (4.31):

/ \/ 2ur2 - U(r)) (4.35)

where the solution with the minus sign in front of the square root is chosen because r
decreases when ¢ increases. Equation (4.35) is now introduced into Eq. (4.34), and we
get

" L/(pi?) N
O(r) = — dr
") o V2(E—L2/(2ur2) = U(F)) /n

T 1 i
:_b/oo fz\/l—bQ/fQ_U(f)/E dr (436)

where Eq. (4.30) was used in the last line.

As shown above, for potentials with a repulsive part, a closest approach distance
r = r. will exist, and this distance corresponds, according to the expression above,
to an angle § = 6. (see Fig.4.1.7). When the collision is over, we have ¢ — oo and
r — oo. It is easily verified that the same angle, 6., is found if we had started the
integration in Eq. (4.34) from this limit.® Thus, the trajectory is symmetric around a
line at 6 = .. A (straight) trajectory that is not deflected corresponds to 8 = 7. The
deflection angle is, accordingly, defined as

X(E,b) =7 — 20,
1 (4.37)

-2 / 2 /1-02/r2—U(r)/E

This expression shows that, in general, the deflection angle depends on both the impact
parameter and the total energy which is equal to the relative kinetic energy prior to
the collision.

5The limits in Eq. (4.34) are now from oo to ¢t. The minus sign in Eq. (4.35) is changed to plus
and the limits for the integration in 7 are the same as in Eq. (4.36). Thus, the absolute value of the
angles is the same.
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Let us derive a relation between the deflection angle and the scattering cross-
section. From the definition of the cross-section, Eq. (4.6), specialized to classical elas-
tic two-body scattering with one scattering center, we get

2
d"NA(S) NA(Q)dQ — (da_R

0 70 ) (U|Q)JA(v)dQ (4.38)

for the number of A particles emerging, per unit time, in the space angle df) around
the direction 2. The experimentally observed deflection angle is the angle between
the final and the incident directions of the scattered particles in a laboratory fixed
coordinate system. The deflection angle determined above is viewed in the center-of-
mass (c.m.) coordinate system and refers to the relative motion as shown in Fig. 4.1.7.
The relation between the scattering angles and differential cross-sections in the center-
of-mass coordinate system and in the fixed laboratory coordinate system is discussed,
shortly, in the following subsection.

As seen from Fig.4.1.7, a trajectory that starts in the area element bdbd¢p will
end up in the solid angle df). .,  with scattering angles between Q... and Q¢ +
dQe.m., where d€¢ . = sin xdyxd¢. The number of scattered particles, per unit time,
is accordingly also identical to the product of the flux density and the area element
bdbd:

dUR .
JA(v)bdbde = <m) (v]€2) J A (v) sin xdxde (4.39)

c.m.

Specializing further to scattering in a spherically symmetric potential, the cross-section
will be independent of the angle ¢, and

d
bdb = (%) (v, E) sin xdy (4.40)

where we have replaced the relative speed v with the equivalent total relative energy
FE of the collision. The differential scattering cross-section for the elastic scattering is

then
do b
i E)=— " 4.41
<dQ) 0 E) = sy (441)

c.m.

where absolute signs are introduced because the cross-section must always be positive
while b and x can vary in opposite directions. Note that only one impact parameter b
contributes to this differential cross-section, and that b can be expressed in terms of
x and F via Eq. (4.37).

Let us consider a few examples. We begin with a hard-sphere potential

oo forr<d
Ur) = { 0 forr>d (4.42)

For b < d, the closest approach distance is r. = d, and for r > d we have U(r) = 0,
that is,5

6Note that d[cos ™! u(x)]/dx = —1/[v/1 — u2]du(x)/dz, where cos ™1 (x) = arccos(z).
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e 1
Eb :7r—2b/ ——dr
X(E,b) a 1r2y/1—=0%/r?

=1 — 2b[(1/b) cos™ (b/r)]; =3

=7 —2[cos (0) — cos ™} (b/d)]
=2cos (b/d) (4.43)
Note that for a head-on collision y(b = 0) = m, that is, in this case the outcome
is a backward scattering, whereas for b = d the deflection angle is x(b = d) = 0.
Furthermore, the result is always independent of the energy. The inverse cosine is
defined only for b < d. However, if b > d the closest approach distance is . = b, and

when d is replaced by b in the equation above, we get x(b > d) = 0 as expected. This
relation is illustrated in Fig.4.1.9.

The differential scattering cross-section takes (after a little algebra) the form

<Z—;)C (x, E) = d?*/4 (4.44)

JIm.
That is, the scattering is isotropic, i.e., it is independent of the deflection angle (which
is, in general, not the case for more realistic potentials). The total cross-section takes

the form
do

= (d*/4) / 27 sin xdx
0
= md? (4.45)
N : : : : 7
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Fig. 4.1.9 The deflection angle x (in radians) as a function of the impact parameter b, for
the collision between two hard spheres with the average diameter d.
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a result that we also encountered in Eq. (4.13). The cross-section is an effective area
of the target in the scattering process; see Fig. 2.1.2. This result confirms our intuition
concerning scattering of hard spheres.

As an example of a more realistic potential, we consider the Lennard—Jones poten-

tial
U(r) = 4e [(7‘_0)12 _ (7”_0)6} (4.46)

r r

This potential has an attractive part as well as a repulsive part. The minimum is at
T = 2'/%r¢ where U(r,,) = —e. Equation (4.37) may also be evaluated analytically in
this case, but here we will only present a short outline of the results. When b is small
the deflection function is very similar to that for hard-sphere collisions, that is, x — .
When b is large the deflection function is again very similar to the hard-sphere result,
that is x — 0 corresponding to no scattering. This limit is reached more rapidly when
the relative energy E/e is large. In the intermediate region of b values, a new type
of behavior is observed due to the attractive part of the potential. Thus, at selected
energies one can, e.g., find trajectories corresponding to orbiting. As illustrated in
Fig.4.1.8, we have identified a turning point as the point where E = Vog(r), since this
implies that dr/dt = 0. If this point happens to be close to the top of the barrier of
the effective potential, where dVeg (r)/dr = 0, the motion away from the turning point
will be very slow, and in the meantime the associated angular motion might have gone
through angles larger than 27.

The differential cross-section depends, in general, on the energy, E, as well as
the angle, x. Two types of singularities can show up in the classical expression for the
differential cross-section, Eq. (4.41). The first type of singularity occurs when sin y = 0,
i.e., for x = 0 and y = m, provided b/|dx/db| is finite at these angles. This singularity
arises due to the vanishing space angle df) at these two deflection angles. The second
type of singularity occurs if dx/db = 0, i.e., at an extremum in the deflection function.
The two types of singularities are referred to as glory scattering and rainbow scattering,
respectively (named in analogy to corresponding phenomena in optics).

Scattering angles and differential cross-section in various frames

We have considered above the deflection of the trajectory in the center-of-mass coordi-
nate system. The deflection angle x is the angle between the final and initial directions
of the relative (velocity) vector between the two particles. Experimental observations
normally take place in a coordinate system that is fixed in the laboratory, and the
scattering angle © measured here is the angle between the final and the incident direc-
tions of the scattered particle. These two angles would be the same only if the second
particle had an infinite mass. Thus, we need a relation between the angles in the two
coordinate systems in order to be able to compare calculations with experiments.

The relation between the deflection angles in the two coordinate systems is derived
below, in the special case where the target atom is at rest before the collision. This case
represents of course not the typical situation in a crossed molecular-beam experiment.
However, it greatly simplifies the relation and the derivation displays the essence of
the problem. The general case is considered in Appendix C.
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Particle A is the incident particle and B the target. The position of particle A in the
laboratory coordinate system r5 can be expressed in terms of the position of particle
A in the center-of-mass coordinate system 7'y, and the position of the center-of-mass
in the laboratory coordinate system R:

ra =R+ 7 (4.47)
and the corresponding relation for the velocities is
vaA =V + vl (4.48)

which is obtained from Eq. (4.47) by differentiation with respect to time. Note that a
velocity vector is tangent to the path specified by the position vectors.
The center-of-mass velocity V is a constant of motion, i.e.,

V = (mava +mpvg)/M = (mav} +mpvl)/M = (ma/M)v$ (4.49)

where v§ and v3 are the start velocities before the scattering event, and v$ = 0 since
B is assumed to be at rest before the collision. We choose the laboratory coordinate
system such that V' is parallel to the z-axis. The scattering angle © in the labora-
tory coordinate system, i.e., the angle between v and v, is then as illustrated in
Fig.4.1.10.

From Eq. (4.49) and the definition of the relative velocity

v =vp —UB (4.50)

we get va =V + (mp/M)v, and from Eq. (4.48)

vy = (mp/M)v (4.51)
that is, v/, and the relative velocity v have the same direction. Before the scattering
event v¥ = v — v% = v}, which was parallel to V and the z-axis. Thus, V, v}, and

vY are collinear. The scattering angle Y, i.e., the angle between v and v°, is then as

illustrated in Fig.4.1.10.

LAB CM

Fig. 4.1.10 The relation in Eq. (4.48) after the scattering has been completed. The lab-
oratory coordinate system (LAB) is chosen such that V is parallel to the z-axis and the
deflection angles © and x with respect to, respectively, this system and the center-of-mass
coordinate system (CM) are defined.
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We consider Eq. (4.48) after the scattering has been completed. The angles of va
and vy with respect to the z-axis are now the scattering angles defined above. The
components of the two velocities along the y-axis are

vA 8in © = vy sin (4.52)

and along the z-axis
va cos© = v cosy +V (4.53)

The ratio between these two relations gives
sin x
tan@ = ——————— 4.54
an cosx + (V/vly) (4.54)
Now the magnitude of the center-of-mass velocity is, according to Eq.(4.49), V =
(mava + mpog)/M = (ma/M)vQ = (ma/M)v°, where v} is the initial speed of
particle A. The magnitude of the velocity of A with respect to the center-of-mass
system is obtained from Eq. (4.51), v}y, = (mp/M)v = (mp/M)v°, since the relative
speed v is constant for an elastic collision. Thus, the relation between the scattering
angles in the two frames is
sin x
tan © = 4.55
cosy + (ma/mg) (4.5)

This relation is illustrated in Fig.4.1.11, where the impact parameter has been intro-
duced via Eq. (4.43). The impact parameter cannot, of course, be precisely controlled
for objects of atomic size. When mp — oo, corresponding to a stationary target, we
observe that the two angles coincide.

The differential cross-section do/d€) is not invariant when we change the de-
scription from one coordinate system to another. Clearly, due to the relation in
Eq. (4.55) a change in x will not lead to the same change in © and the space an-
gle dQc.m. = sin xdxd¢ is not identical to the space angle d2 = sin ©dOd¢ in the

laboratory frame. Thus,
dr\ _ (d
)  \dQ) ..

where do/dS) is the cross-section associated with experimental observations, and the
absolute value is taken in the last factor because the differential cross-sections are
positive, and an increment in x will not always give rise to an increment in ©. It can
now be shown that (see Appendix C)

) 3/2
do do <1 + (:Z_g) T2 (Z_g) o X)
(E> - (E>C.m. ‘1 + (2_3) cosx‘

This result is valid for elastic scattering in a spherically symmetric potential under
the assumption that the target is at rest prior to the collision.

The relations discussed above can be generalized to elastic, inelastic, and reactive
scattering of two molecules for any initial conditions. A detailed discussion of these
results is presented in Appendix C.

(4.56)

d€dc.m.
dQ)

(4.57)
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Fig. 4.1.11 The deflection angle © (in radians) of the scattered particle in a laboratory
fixed coordinate system. The angle is given as a function of the impact parameter b, for the
collision between two hard spheres A and B with the average diameter d. Particle B is initially
at rest, and the five curves correspond to the mass ratios (ma/mg) 0, 0.5, 1, 1.5, and 2. The
o at b =0 and ma/mp = 1 indicates that the deflection angle is undefined in this case, since
va = 0, that is, A is at rest after the collision.

4.1.4 Many-body classical scattering

The two-body dynamics described in the preceding section has been useful in introduc-
ing a number of important concepts, and we have obtained valuable insights concerning
the angular distribution of scattered particles. However, there is obviously no way to
faithfully describe a chemical reaction in terms of only two interacting particles; at
least three particles are required. Unfortunately, the three-body problem is one for
which no analytic solution is known. Accordingly, we must use numerical analysis and
computers to solve this problem.”

Different formulations of Newton’s equation of motion

There exist three different formulations of Newton’s equation of motion [1]. They all
lead to exactly the same motions of the particles in the system but one form may be
more convenient to use than another, dependent on both the system and properties
studied. It will therefore be useful to summarize the three forms very briefly and
without proof, so they will be familiar on an operational basis.

First, there is the well-known vectorial form

d?r

TThe first classical trajectory—computed by hand—for the reaction H + Hz — Ho + H can be
found in J. Chem. Phys. 4, 170 (1936).
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which is based on an evaluation of the force F' in the system.

A quite different formulation is based on the evaluation of the scalar kinetic energy
and potential energy functions. This is the so-called Lagrangian formulation that is
based on a variational principle by d’Alembert and Lagrange. From expressions for
the kinetic energy Tiin and potential energy Vo, the Lagrange function L(q,q) is
introduced as

L(q,q) = Tian(q, 4) — Vpor(q) (4.59)

where ¢ is a set of coordinates and ¢ = dq/dt is a set of velocities. When Cartesian
coordinates are used, the kinetic energy is given by the well-known expression Tyin () =
>, (1/2)m;¢?. If, for example, polar coordinates are used the kinetic energy can also
be a function of the coordinates. The equation of motion for each coordinate can be

shown to be given by
d (0L oL )
dt (3%) - (8(17;) oLy o

where N is the number of particles.

In the third formulation, the so-called Hamiltonian formulation, the velocities ¢;
in the Lagrangian form are replaced by the so-called generalized momenta p; via a
Legendre transformation. The generalized momentum p;, conjugate to the coordinate

qi, is defined as
oL
pi = (8(]) (4.61)

When Cartesian coordinates are used, the generalized momenta in Eq. (4.61) are equal
to the well-known expression p; = m;¢;. If, for example, polar coordinates are used, the
momenta can take a form that is not equal to mass times velocity. For the systems we
shall treat, the kinetic energy can always be written in the form Tiin(q, ¢) = Y, ai(q)d?,
where a; are coefficients that can depend on the coordinates. The Legendre transform
of the Lagrange function L is the Hamilton function H

H(p, Q) = Tkin(Qap) + Vpot ((]) (462)

which is seen to be the total energy of the system. Note that in the Hamiltonian
formulation the kinetic energy is a function of the generalized momenta p and not the
velocities ¢ as in the Lagrange formulation. Equation (4.61) is used to substitute the
velocities in the expression for the kinetic energy by the momenta. Then the equations

of motion for p and ¢ are
. OH
pi = Ex

. (oH
qi = op;

These equations are called Hamilton’s equations of motion. It is easy to show that
these various forms of Newton’s equation of motion are equivalent.

The Hamiltonian formulation plays an important role in connection with quantum
mechanics. The Hamilton operator of quantum mechanics H is constructed from the
Hamilton function of classical mechanics H by replacing the momenta by operators.
If Cartesian coordinates are used, these operators are given by p; = —ihd/0g;.

(4.63)
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Quasi-classical trajectory calculations

A determination of the rate constant for a given chemical reaction involves, as has
been described previously, the following three steps.

(i) Determination of the reaction probability Pg(ij, v, b, ¢|l), as will be described in
this section.

(ii) Determination of the reaction cross-section or(ij,v|l) from the reaction proba-
bility Pg(ij, v, b, ¢|l) using Eq. (4.10).

(iii) Determination of the rate constant from the reaction cross-section or(ij,v|l).
Equation (2.29) is used if the translational motion of the molecules is thermalized
(the internal motions may or may not be thermalized), or more generally the
rate constant is determined via Eq.(2.18), where thermal equilibration in the
translational motion is not assumed.

In this section, we shall consider how the solution of the classical equations of motion
for more than two atoms may be used to find reaction probabilities and cross-sections
for chemical reactions. Although the treatment is based on classical mechanics, it is
termed quasi-classical because quantization of vibrational and rotational energy levels
is accounted for.

Thus, the initial conditions are sampled in accord with the quantized energy lev-
els of the reactants, and when the scattering is over, the vibrational and rotational
quantum numbers of the products are assigned by binning product states possess-
ing suitable ranges of internal energies into groups according to the known quantized
vibrational and rotational energies of the products.

Let us, before we describe how the reaction probability is determined in a sim-
ulation, show and discuss the results of such a calculation on the simple reaction
H + Hy — Ha + H, where the potential energy surface is well known. In Fig.4.1.12
the total reaction cross-section is shown as a function of the total energy Ei for
different initial vibrational states n = 0,1,2. The initial rotational quantum state of
H, is in all cases the J = 0 state, that is, the molecule is not rotating before the reac-
tion. The energies I, j—¢ of the molecule in vibrational state n and rotational state
J = 0 are indicated by arrows. The total reaction cross-section og(ij,v) is determined
from the reaction probability Pr(ij,v,b, ¢) for the reaction no matter the state of the
product. We see that the relative kinetic energy necessary for a reaction, that is, the
energy difference between the energy at which or > 0 and E,, j—¢, decreases when n
increases. Also, we notice how the reaction cross-section rises more steeply for larger
n. This means that the reactivity of the Hs molecule increases when the molecule is
vibrationally excited.®

Fig.4.1.13(a—c) shows partial cross-sections for reactions with the reactant mole-
cules in vibrational quantum states n = 0,1,2 and rotational quantum state J = 0
and products in vibrational states n’ = 0,1, 2, respectively, and any rotational quan-
tum state. Note that the abscissa axis in this plot is the translational energy and not
the total energy as in Fig.4.1.12. The translational energy is found in the latter plot
by subtracting the molecular energy E,, j—o from the total energy. If that is done, we

8Note that the energy dependence of the reaction cross-section predicted by the model in Section
4.2.2 (Fig.4.1.5) is in rough agreement with the quasi-classical calculations.



Quasi-classical dynamics

12f
£
g 10
s 0
2
2o
8
5 6
o
2
] 4r
@
s
g2
0 1 2 i
02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 2.2
T T T Eor / €V
Eoo Eiwo Eyp

75

Fig. 4.1.12 Total reaction cross-sections for the reaction H + Ha(n,J = 0) — Hz + H as
functions of the total energy FElo for initial vibrational states n = 0,1,2: en =0, xn =1,
On = 2. The energies of the E;, j—¢ levels of Hy are indicated by arrows. [Adapted from Barg

et al., J. Chem. Phys. 74, 1017 (1981).]
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Fig. 4.1.13 Reaction cross-sections for the reaction H + Ha(n, J = 0) — Ha(n/,all J') + H
as functions of translational energy for (a) n =0, (b)n=1,and (c) n=2:0n' =0,en' =1,

An' = 2. [Adapted from Barg et al., J. Chem. Phys. T4,

1017 (1981).]

may compare the two figures and find that the partial cross-sections add up to the
total cross-section, as they should, at a given translational energy.

Fig.4.1.14 shows another example of the calculation of partial cross-sections for
product molecules in specified rotational quantum states J’ and any vibrational quan-

tum state.

Finally, Fig.4.1.15 shows the differential cross-section dop/df, which gives the
angular distribution of product molecules independently of their quantum state. The
differential cross-section shows a peak for backward scattering (f = 180°) with the
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Fig. 4.1.14 Reaction cross-sections or transition probabilities for the reaction H +
Ha(n,J = 0) — Ha(all n/,J’) + H as a function of J' for (a) n = 0, Firans = 0.428 eV,
(b) n =1, Eyans = 0.25 eV, and (¢) n = 2, Egans = 0.25 eV. [Adapted from Barg et al., J.
Chem. Phys. 74, 1017 (1981).]
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Fig. 4.1.15 Differential reaction cross-sections for the reaction H+ Ha(n,J = 0) — Ha + H
at Eyrans= 0.48 eV: en =0, x n = 1,0n = 2. [Adapted from Barg et al., J. Chem. Phys. 74,
1017 (1981).]

distributions becoming broader as n increases from 0 to 2.

Tests of quasi-classical calculations against full quantum dynamics have shown
surprisingly good agreement [2]. Several so-called semi-classical methods have been
developed in order to obtain even better agreement. These approximations to quantum
dynamics cover a range of more ingenious hybrids of classical and quantum mechanics.
These methods are also interesting from the point of view of providing deeper insights
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into the nature of quantum dynamics.

Let us then go on and describe how the quasi-classical calculations leading to these
results are done. We begin with the Hamiltonian for a system of N atoms:

N o2
_ 7 _ p;
H(p,r) = Tiin(p) + E(r) = i:E 1 277’% + E(ry,...,7N) (4.64)
and assume that there is only one potential energy surface E(ry,...,ry), which is

supposed to be known. r; is the position vector of atom i in the laboratory fixed
Cartesian coordinate system and p; the momentum of atom 1.
For simplicity, let us consider a reaction

A +BC(n,J) — AB +C (4.65)

where only three atoms A, B, and C are involved, that is, N = 3, and the BC molecule
is in a well-defined vibrational and rotational quantum state, denoted by the quantum
numbers n, J. All important features in the classical treatment of the dynamics will be
displayed in this simple example and it will be obvious how to extend the procedure
to any number of atoms.

In a collision process, it is the relative position of the atoms that matters, not the
absolute positions, when external fields are excluded, and the potential energy E will
depend on the distances between atoms rather than on the absolute positions. It will
therefore be natural to change from absolute Cartesian position coordinates to a set
that describes the overall motion of the system (e.g., the center-of-mass motion for the
entire system) and the relative motions of the atoms in a laboratory fixed coordinate
system. This can be done in many ways as described in Appendix D, but often the
so-called Jacobi coordinates are chosen in reactive scattering calculations because they
are convenient to use. The details about their definition are described in Appendix D.
The salient feature of these coordinates is that the kinetic energy remains diagonal
in the momenta conjugated to the Jacobi coordinates, as it is when absolute position
coordinates are used.

Following the procedure in Appendix D.1.1, we start by choosing the distance
between the two atoms in molecule BC as the first distance vector. Then, the distance
between A and the center of mass of molecule BC is chosen as the second distance
vector, and finally the center-of-mass position vector of all three atoms is chosen as
the third position vector; see Fig.4.1.16.

This may be written in matrix form as

Ql 0 -1 1 TA,x

m m
Q4 = 1 _mB-‘r]?’rLc _mB+CTrLc TB;I (466)
Q7 A o e TCx

ma+mp+mc ma+mp+mc ma+mp+mc

Q1, Q4, and Q7 are the x-components of the Jacobi coordinates and similar equations
may be written for the y-components @3, @5, and Qg and the z-components Q3, Qg,
and Qg by choosing, respectively, the y- and z-components of the Cartesian position
vectors arranged in the column vector on the right-hand side of the equation. We see



78  Bimolecular reactions, dynamics of collisions

C

Fig. 4.1.16 Schematic illustration of Jacobi coordinates. The Cartesian coordinates of the
BC distance vector are (Q1,Q2,Qs), and the coordinates of the distance vector from A to
the center of mass of BC are (Qu4, @5, Q¢).

from Appendix D.1.1 that a; and ao have both been set equal to one. Having defined
the (3 x 3) A matrix in Eq.(4.66), we see from Eq.(D.4) that the relation between
the absolute Cartesian momenta p; and the momenta P; conjugated to the Jacobi
coordinates is given by the transposed A matrix:

PAx 0 Tln mA+£g+mC Py

B B
pB’I = —1 _mB+mC mat+tmpt+mc P4 (467)
PC,x 1 — T e Pr

mpB+mc ma+mp+mc

and equivalently for the y- and z-components. With coordinates @); and conjugated
momenta P;, we see from Appendix D.1.1 that the Hamiltonian may be written

3

o

6 9
Z _}\/‘,ZPf‘f‘E(Qh---,Qfs) (4.68)
=7

 2uBc P 2MA BC
where
111
HUBC mpg mc
1 _ .1 (4.69)

+
HA BC ma mp + mc
M =ma +mp + mg

The argument list in the potential energy E includes only the relative coordinates,
since an external field is absent. The equations of motion are then, according to
Eqgs (4.63) and (4.68), given by

: P; .
Qi: (7’:17273)

UBC
: P; )
Qi = (Z = 45 57 6)
HA BC
. P )
Qi = M (Z =17,8, 9) (4 70)
. OF
P, =— ,=1,2,3,4,5,6
20, (i 5,6)

P=0 (i=17,8,9)

There are 6N or 18 coupled first-order differential equations. The six differential
equations associated with the center of mass (i = 7,8,9) are, however, trivial. They
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correspond to free motion; thus Q;(t) = Q;(to) + (Pi(to)/M)t and P;(t) = P;(to).
The remaining twelve differential equations may be integrated using some numerical
integration algorithm such as, for example, a Runge-Kutta scheme. However, before
we can integrate the equations and determine the coordinates and momenta as a
function of time, often referred to as the classical trajectory, we need to choose values
for all coordinates and momenta at some initial time ¢g.

A schematic illustration of a classical trajectory associated with a chemical reaction
is shown in Fig.4.1.17. A detailed description of the choice of initial coordinates and
momenta as well as the analysis of the trajectory results is given in the following
subsections.

Initial coordinates and momenta

We are free to choose any initial condition for the center-of-mass motion, since it is
of no importance for the reaction. We therefore choose to set P;(to) = P = Qi(to) =
QY =0 for i = 7,8,9. The equations of motion for the center of mass then show that
P;(t) = Pi(tp) = 0 and Q;(t) = Q;(tp) = 0 at all times ¢, that is, no center-of-mass
motion.

The major problem in implementing classical trajectories is that the typical ex-
periment samples a wide distribution of initial conditions. Since each trajectory is run
for a specified set of initial coordinates and momenta, a large number of trajectories
must be run with a wide range of initial conditions in order to simulate a particular
experimental situation. An efficient choice of initial conditions is essential to getting
useful information from trajectory calculations.

Here we will set up a trajectory calculation that is designed to simulate a molecular-
beam experiment, where the velocity of A relative to the center of mass of BC is well
defined. Also, we assume that the BC molecule is in a well-defined vibrational and
rotational quantum state, denoted by the quantum numbers n, J.

In addition, we need to specify the parameters p,b,6,¢,n, and £, as defined in
Fig.4.1.18. In the following we describe how the initial values of the coordinates and
momenta are chosen given these parameters. The procedure for choosing the parame-
ters will be described in the following subsection.

Fig. 4.1.17 Schematic illustration of a classical trajectory (dotted line) superimposed on
the potential energy surface for the reaction A + BC — AB + C. Note the vibrational energy
in BC, and that this particular trajectory leads to chemical reaction.
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z

X

Fig. 4.1.18 Initial conditions for the A + BC collision.

First, we consider the coordinates and momenta associated with the relative motion
between A and BC, that is, (Q}, Q2, Q%) and (P9, PY, PY).

e The y—z plane in Fig.4.1.18 is defined by the position of A, the center-of-mass
position of BC, and the velocity v of A relative to BC with v being parallel to the
z-axis. The origin of the coordinate system is put at the center-of-mass position of
BC. This leads to the following initial values of selected coordinates and momenta:
o @Y = 0: no x-component since we are in the y—z plane;

o PP = 0: no z-component since we are in the y—z plane;

@]

Q? = b: y-coordinate of distance vector between A and the center of mass of BC;
b is the impact parameter;

o PY = 0: no motion in the y-direction since v is parallel to the z-axis;

o Q= —y/p? — b%: z-coordinate of A with BC at the origin;

o PY = pa pcv: z-component of momentum of A with respect to BC.
e p is chosen large enough such that the interaction energy between A and BC is

negligible.
Second, we consider the coordinates and momenta associated with the motion of BC,
that is, (QY,Q9, Q%) and (PP, P9, PY).

The phase-space curve for a one-dimensional harmonic oscillator with a given en-

ergy Eip is an ellipse; see Fig. 4.1.2, and for an anharmonic oscillator it is a distorted
ellipse. The turning points for the oscillator ¢ and ¢ may be determined as the

solutions for ¢ (= 1/Q% + Q% + Q%) to

Evib = VBC (q) (4.71)
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where the total energy of the oscillator is equated to the potential energy V¢ of B-C.
For a Morse potential, for example,

Vtorse (@) = D[1 — exp(—b(q — ¢eq))]* = Visc (4.72)

it is easy to solve the equation for q.

e We find the turning points

Euip

1
+ D

1
q— = Qeq — E In
(4.73)

1 Evip
quZQeq_Eln 1- D

Qeq is the equilibrium distance between the two atoms. Alternatively, one may deter-
mine the turning points numerically. The vibrational energy is one of the quantized
energy levels of the Morse potential, Eyi, = E,, where

E,=ho[(n+1/2) —z.(n+1/2)?] (n=0,1,...) (4.74)

with w = 1/2Db?/upc and x. = \/b2h2/(8 Dupc). To set up the initial conditions for

the BC molecule, we begin by choosing a random number & between 0 and 1. If this
number is smaller than 0.5, we start out with the oscillator in the turning point ¢_,
otherwise in the turning point ¢ .

The kinetic energy of the oscillator at the turning points is zero, so the kinetic en-
ergy of the molecule will be rotational energy alone. With the molecule in a rotational
state with quantum number J, the kinetic energy may be written as

2
Lrov _ B2 J(J 4 1)

- (J=0,1,... 4.75
2uBc 2uBcqt ) ( )

The expression on the right-hand side of the equation is the quantum expression for
the rotational energy of a diatomic rotor in quantum state J and with the moment of
inertia upcgi.

e The magnitude of the rotational momentum P, is then
h i
Pt = —/JT+ 1) =" (4.76)
q+ q+

e The spherical angles 6 and ¢ give the orientation of the B-C chemical bond of length
4+, leading to the following Cartesian coordinates:

QY = q+sinfcos ¢
QY = g+ sinfsin ¢ (4.77)
QY = q+ cosb
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e The 7 angle gives the angle of rotation of the J vector around the BC bond. The
Cartesian components of the rotational momentum vector are given by the three
Eulerian angles 6, ¢, and n as

pr— [sin ¢ cosn — cos O cos ¢ sin 7]
q+
Py = —]—T[cosd)cos 1+ cos 6 sin ¢ sin 7] (4.78)
q+

pr = sin @ sinn
q+

e To determine the initial phase of the oscillator, that is, the vibrational momentum
and coordinate, we need to know the time 7 for one oscillation. For a harmonic
oscillator 7 = 1/v, where v is the frequency. In general 7 is determined numerically
by an integration of the equation of motion for the one-dimensional non-rotating
(J = 0) vibrator. We start out with the oscillator in one of the turning points, ¢
or ¢4, where the momentum is zero and integrate the equations of motion for the
oscillator (i = 1,2,3 and J = 0) until the initial state is recovered. The elapsed
time is the time for one oscillation. The equations of motion for the rotating BC
molecule (i = 1,2,3) are then integrated for a time {7 with P/, PY, and Pj as
initial momenta and @Y, @5, and QY as initial coordinates; the resulting values of
the momenta and coordinates at time £7 are taken as the initial values (PP, PY, PY)
and (QY,Q3, Q%) for the integration of the entire set of equations in Eq. (4.70).

Sampling of initial conditions

In an experiment, the parameters 0, ¢,7n,£, and b used above to specify the initial
coordinates and momenta cannot be controlled. The observed result therefore repre-
sents an average over the various parameters. Assume, for a moment, that the impact
parameter b is under experimental control, and consider the probability of reaction
Pgr(b;v,n,J) with the molecule in the (n,J) quantum state, relative speed v, and
impact parameter b. The experimental value of the reaction probability is an average
over the parameters 0, ¢, n, and £. Since all orientations of the BC molecule, as given
by the space angle d) = sinfdfd¢p, and all angles 1 between 0 and 27 are equally
probable, like all values of £ between 0 and 1, the average may be written as

1 T 21 21 1
(Pr(bo,n, J) = — 2 / / / / Pra(b, 0, 6,1, € v, n, J) sin 0d0dbdnde
2(27)% Jo—o Jp=0 Jn=0 Je=0

(4.79)
where the factor in front of the integrals contains the normalization constant (4)
for the space angle sin #dfd¢, the normalization constant 27 for the n angle, and the
normalization constant 1 for the £ variable.

We do not know the integrand, except that it is either 0 when no reaction occurred
or 1 when the reaction took place, so we cannot formally perform the integration.
Instead, we use the so-called Monte Carlo method to evaluate the integral (Appendix
I). The idea is that we should try to convert the integrand
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11 1 .
o= == Prsin0d0 dpdndé = Prfofofyfedd do dnde

2212w
= Prdt d¢' dn’ d¢’ (4.80)

to a form such that the integral, like in Eq. (I.2), may be determined as the average
value of the integrand evaluated at uniformly distributed values of the primed variables
between 0 and 1.

In Eq. (4.80) we see that if we set

sin @

fo="5"
1

o= 5z (4.81)
1

fn - %

Je=1

then all the f functions represent a normalized probability density in the respective
variables as seen by integration over the respective intervals as given in Eq. (4.79).
They therefore play the role of the normalized probability function w(z) in Eq. (1.7),
and the primed quantities play the role of the u variable in Eq. (I.7), that is,

sin 6

I _
do' = ——do
d¢' = —do
27 (4.82)
1
L _
df = o_dn
¢’ = dg

Since the reaction probability Pgr in the integral is given as a function of the original
variables, and not of the primed variables, we need to express the old variables in
terms of the primed variables. This is achieved by an integration of the relations in
Eq. (4.82):

1 1 1
0 = —=cosf + consty = —§cos0+ 5

1 1
/ [ sty = —
0= 50t oonsty = 520 (4.83)

! L ~+ const !
= — 1 —_
" 27r77 K 27rn

& = ¢+ conste =¢
The integration constants, const,, are chosen such that all the primed variables vary

between 0 and 1, as may be seen from the second relation in each of the lines in
Eq. (4.83). The relations are easily inverted and we find
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6§ = arccos(1 — 2¢')

j ~ ;:?, (4.84)
E=¢

The integrand in Eq. (4.79) is now multiplied and divided by the probability functions
f, following the procedure given in Eq. (I.8), and we find

(Pr(b;v,n,J))

1 T 2w 2 1
= P b’0’¢’n7£;v’n7‘7
2(2m)? /0:0 /¢—0 /n—o /g—o i )

 (sin8/2)(1/(2m))(1/(27))
(sin6/2)(1/(2m))(1/(27))

1 1 1 1 1 / / / N
SenE / 3 / 3 / g /f  Pab0(0). 00600 €€ 0. )

(50 0/2)(1/ a1/ ) o
* o) em)( /) * AT A

1 1 1 1
/ / / / Pr(b,0(8), 6(&'), n(n),£(¢'); v,n, J) d6' ¢ dif d€’
1=0 Jor=0Jn=0J¢

=0

sin 6 df do dn d€

N
= 3 Palb, 0060, 6(65), nCa), £(€D) v, )
=1

_ NR(ba v,n, '])

= Nbond) (4.85)

We have used Eq. (4.84) to introduce the primed variables and emphasized that the
unprimed variables are functions of the primed variables, as indicated in the argument
list to the reaction probability Pr. The primed variables are now chosen at random
from a uniform distribution of numbers between 0 and 1, and used to determine the
value of the unprimed variables using Eq. (4.84), whereupon a trajectory calculation
is performed. This may either lead to the desired reaction, in which case P = 1, or
not, in which case Pr = 0. If we therefore run N trajectories and N trajectories lead
to the desired result, then the reaction probability is simply the ratio between these
numbers as given in the equation.

Analysis of the trajectory results
There are usually several possible outcomes of a reaction between two reactants:
AB+C
AC+B

A+B+C
A+ BC

A +BC(n,J) — (4.86)

For example, in addition to the formation of molecule AB, we may also get a molecule
AC, three separated atoms, or no reaction at all. Each possibility is usually referred to
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as a channel for the reaction. At the end of each trajectory, it will therefore be necessary
to decide whether the particular trajectory ended up in the relevant channel, here the
formation of AB; see Fig.4.1.17. This will be the case if the distance between C and
AB increases monotonically with time and the AB distance is confined and oscillating
in time.

The Jacobi coordinates used for the propagation of the system are not convenient
for such an analysis, since they were based on reactants A and BC and therefore include
the BC distance and the A-BC distance rather than the AB and AB-C distances. It
is therefore convenient to replace the coordinates in Eq. (4.66),

@1 0 —1 1 TAz
— _ mp _ mc
Q4 - 1 mB+mc mp-+mc TB,x (4'87)
Q7 A T e rc
ma+mp+mc  ma+mp+mc  ma+mp+mc i

by the following Jacobi coordinates:

Q/l 1 _]- O rA,ac

/ _ _ ma _ mp
Q4 - ma+mp ma-+mp 1 B,z (488)
Q’ ma mpB mc r

7 ma+mp+mc  ma+mp+mc  mat+mp+mc Gz

To find the relation between the two sets of coordinates @; and Q’, we invert Eq. (4.87)
which gives

mB+m
T’A,w O mA+BmB+C’rnC 1 Ql
— mc mA
"B | = | Tmptme T ma+mpFme 1 Q4 (4.89)
mg m
"'C. mp—+mc T matmptmc Q7
and introduce that result in Eq. (4.88) and find
Qll ( m];E—C;YLc+ ) 1 0 Ql
1| _ | ome(matmptme m
Q;l = | tmatmp)metme) matms 0 Q4 (4.90)
7 0 0 1 Q7

Similar equations may be obtained for the y-components and z-components of the
Jacobi coordinates. Let us denote the (3 x 3) matrix in Eq. (4.90) by B; then we may
write the transformations in shorthand as

Q"= BQ

P (BT]1p (4.91)

The integration of the equations of motion is done in the (P, Q) coordinates and at
any time we may apply the transformations in Eq. (4.91) and determine the Jacobi
coordinates for the product states.

Now, according to Eq. (4.85) we may determine the reaction probability (Pg) sim-
ply as the fraction of trajectories leading to the desired reaction, that is,

Nr(b;v,n,J)
L, ORB YY)
N(b;v,n,J)
where Np is the number of trajectories leading to the desired reaction, and N is

the total number of trajectories. It is usually necessary to run several thousands of
trajectories to achieve reliable results with little statistical noise.

(Pr(b;v,n,J)) for N(b;v,n,J) — oo (4.92)
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In experiments one cannot control the impact parameter b and determine
(Pr(b;v,n,J)), but rather determine the cross-section which is related to the reaction
probability, see Eq. (4.10). Since (Pr(b;v,n,J)) is independent of the angle ¢, defined
in Fig.4.1.1, we obtain

on(v,n, J) = 27 /0  (Pra(b: v, n, T))bb (4.93)

This implies that we also have to average over the impact parameter b in our sim-
ulation. As above, this is done by the Monte Carlo method (Appendix I). We have
that

fo =10 (4.94)
and accordingly
2b
v’ = 2 (4.95)

max

where byax is chosen so large that the reaction probability is zero. Equation (4.95) is
integrated and, with the integration constant set to zero, we find

b = bax VD' (4.96)

SO

° <PR(ba v, n, '])> 2b
=2
or(v,n,J) 71'/0 200 b?naxbdb
1 /
(Pr(b(b),v,n,J))
— 27r/0 5 bdv/

max

1
. /O (Pr(b), v, J))db
(4.97)

where N is the total number of trajectories and Nz the number of trajectories leading
to the reaction considered.

Sometimes it will also be of interest to know the distribution over rotational and
vibrational states in the products. We therefore need to determine the rotational
and vibrational states of the product molecule. It is only meaningful to speak about a
specific rotational and vibrational state if the coupling between the two modes is weak,
so the rotational and vibrational energies are reasonably constant. The assignment
of the quantum state for AB is based on the coordinates @} and momenta P/, for
1 =1,2,3, and is done in much the same way as when we set up the initial state of
the BC molecule. The turning points ¢/, are identified by monitoring the length of
the AB bond, that is, \/Q + Q% + Q%. At a turning point, all kinetic energy will be
rotational energy such that

> 1
S PP =1+ 1)72 (4.98)
+

=1
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We solve for J and round the result to an integer to give the rotational quantum
number. The vibrational energy is given by

Evib = VAB (q;:) (499)

and we use the Bohr—Sommerfeld semi-classical prescription for quantization of phase
space for a diatomic non-rotating molecule to determine the vibrational quantum
number n:

/

q+
pdq

(n+1/2)h=2/

q

’

a4
=2 V2pas [Bvib — Vas(q)]dg (4.100)
q_
where the result is rounded to an integer value of n.

The extension of the trajectory calculations to a system with any number of atoms
is straightforward except for the quantization of the vibrational and rotational states
of the molecules. For a molecule with three different principal moments of inertia,
there does not exist a simple analytical expression for the quantized rotational energy.
This is only the case for molecules with some symmetry like a spherical top molecule,
where all moments of inertia are identical, and a symmetric top, where two moments
of inertia are identical and different from the third. For the vibrational modes, we may
use a normal coordinate analysis to determine the normal modes (see Appendix E)
and quantize those as for a one-dimensional oscillator.

Finally, when the cross-section (Eq.(4.97)) is known, we can use Eq.(2.29) to
obtain the rate constant k(7). Thus, we must average over the relative speed and
the quantum numbers of BC, that is, (v,n,J), using the Boltzmann distribution.
Alternatively, we could obtain k(T") using a somewhat more direct approach. We can
run trajectories in principle for all initial states and determine the final result as a
weighted average of the results for given initial states with the Boltzmann factor as
the weight factor for the given molecular state. In practice that limits the number of
initial states we need to consider since the high energy states occur with a very small
probability depending on the temperature.

4.2 Quantum dynamics
After having discussed the approximate quasi-classical dynamics, we return (see Sec-
tion 1.1) now to exact quantum dynamics.” The Schrodinger equation for motion of
the atomic nuclei is given by Eq. (1.10):
ihL‘g} D _ (Rt
= (Toe + E:(R)X(R, 1) (4.101)

where Thye is the operator for the kinetic energy of the nuclei, E;(R) is the electronic
energy, i.e., the potential energy surface, and x(R,t) the wave function as a function

91n order to fully appreciate the content of this section, a good background in quantum mechanics
is required; see also Appendix F.
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of all the nuclear coordinates R. The time-dependent Schrédinger equation is a first-
order differential equation in time (like Hamilton’s equation of motion), and the time
evolution is given once the initial state is specified. Assume that the initial state is
given by x(R,tp), then

V(R ) = Ut — to)\(R. t0) (4.102)
where the propagator U (t —to) is given by

U(t —to) = exp(—iH(t — to)/h)
=1—iH(t —to)/h— H*(t — to)%/2h% + - - (4.103)

that is, the exponential of an operator is defined by its (formal) Taylor expansion.
Equation (4.102) is seen to be a solution by direct substitution into Eq. (4.101). The
propagator propagates the wave function from time ¢y to time . When the wave
function is fairly localized in position (and momentum) space, the designation ‘wave
packet’ is often used for the wave function.

We recall some basic results of quantum dynamics [3]. First, the state of the sys-
tem and the time evolution can be expressed in a generalized (Dirac) notation, which
is often very convenient. The state at time ¢ is specified by |x(¢)) with the repre-
sentations y(R,t) = (R|x(t)) and x(P,t) = (P|x(t)) in coordinate and momentum
space, respectively. Probability is a concept that is inherent in quantum mechanics.
[(R]x(t))|? is the probability density in coordinate space, and |[{P|x(t))|? is the same
quantity in momentum space. The time evolution (in the Schrodinger picture) can be
expressed as

IX(t)) = U(t —to)|x(to)) (4.104)
From this equation and the unitarity of the time-evolution operator,
(X(OIX()) = (x(t0)[U(t = )T (¢t = to)|x(t0)) = (x(to)[x(to)) (4.105)

Since, for example, (x(t)|x(t)) = [(x(t)|R){R|x(t))dR, the interpretation of this re-
sult is that we have a global conservation of probability density.

The Schrodinger equation also leads to a continuity equation that can be inter-
preted as a local conservation of probability density (here for a single particle with
the Hamiltonian H = —h2/(2m)V?2 + V):

opP .
o =V (4.106)

where P = x(R,t)*x(R,t) = |x(R,t)|? is the probability density, and the probability
current density or flux density, i.e., the probability current per unit time per unit area,
is given by

. ho . h -
= — — = —I * = *P 4 1
3= 5OV = xVxT) = —Im(x"Vx) = Re(x"Px)/m (4.107)
where the momentum operator is P = —ihV. An alternative form of this continuity

equation can be obtained by integration over a volume V', and application of Gauss’
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theorem, which implies that the change in probability within the volume is equal to
the flux (in or out) of a surface Sy that encloses the entire volume:

i/P(R,t)dR:—/v-dez—/ j-ds (4.108)
dt Jy v Sy

Another consequence of the Schrodinger equation is that the time evolution of the
expectation value of a physical observable, represented by an operator A (with no
explicit time dependence), is given by

d T n

E<A> = ﬁ<[H, A)) (4.109)

where (A) = (x(t)|A|x(t)). Constants of motion commute with the Hamiltonian, i.e.,
[I;f , A] = 0. Examples of such constants of motion are the total energy and the total
angular momentum.

As an application of this equation, consider (a result known as Ehrenfest’s theorem)
the time evolution of the expectation values of, respectively, position R = zi+ yj +zk
and momentum P = —ihV = —ih[(d/dx)i+ (9/dy)j + (9/02)k]:

d, . (P) <aﬁ1>

Sry="1

' m oP (4.110)
L(P) =~ (V) = ~(VA)

These equations have a close resemblance to Hamilton’s equations of classical mechan-
ics, Eq. (4.63). An identity is, however, only obtained for potentials with terms of no
more than second order (note, e.g., that (z2) # (z)?). One simple application is to the
dynamics of a free particle (e.g., the motion of the center of mass). The expectation
values behave like in classical mechanics—the expectation value of the momentum is
constant as is the associated momentum uncertainty. That is, except for the inherent
momentum uncertainty of the initial state, the free particle behaves as in classical
mechanics.

Unlike classical mechanics, a precise simultaneous specification of position and
momentum is not possible. Thus, any valid state will at all times obey the Heisenberg
uncertainty relation

AxAp > h/2 (4.111)

where Az = /(2?) — (x)? and similar for Ap are the well-known standard deviations
for the observables. Note that AxzAp will be time dependent.

At this point we will, briefly, describe some of the fundamental qualitative differ-
ences between a quantum mechanical and a classical mechanical description. First of
all, a trajectory R(t) is replaced by a wave packet, which implies that a determin-
istic description is replaced by a probabilistic description. |x(R,t)|? is a probability
density, giving the probability of observing the nuclei at the position R at time ¢. In
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connection with the description of a chemical reaction, say (n and m again denote all
the required vibrational and rotational quantum numbers)

AB(m) +C
AC(m)+B
A+B+C
A+ BC(m)

A +BC(n) — (4.112)

X(R, o) is chosen such that it represents the reactants at a given total energy. After
propagation of this initial state until the scattering (collision) is completed, one will
observe the following non-classical features.

e At a given total energy several product channels will be populated with some proba-
bility, whereas a classical trajectory is deterministic and will always show up in one
particular channel, depending on the initial conditions. Consider, e.g., a situation
where the energy is above the threshold energy for the first reaction (AB(m) + C).
In this case the wave packet will, typically, split up into two parts; see Fig.1.1.1.
One part will be reflected at the barrier corresponding to no reaction (A +BC(m))
whereas the other part will pass the barrier and form products.

e Wave functions can penetrate potentials and even ‘tunnel’ through barriers. It is
well known that wave functions can penetrate into barriers, corresponding to regions
of configuration space that are not accessible according to classical mechanics. Con-
sider, e.g., the well-known one-dimensional harmonic oscillator. The eigenstates of
the harmonic oscillator show this feature. Thus, the wave functions are non-zero
beyond the classical turning points. If barriers on the potential energy surface are
not too broad, say the barrier around a saddle point, then the wave function can
penetrate through the barrier corresponding to tunneling (see Section 6.3.1).

e Zero-point energies are conserved during propagation. Zero-point energies are present
in any bound potential; the harmonic oscillator is again a simple example. The quasi-
classical approach described in the previous section takes the energy quantization of
the reactants (including zero-point energies) into account. However, when quantum
dynamics is replaced by classical dynamics proper energy quantization is lost dur-
ing the collision process. Thus, products can, for example, show up with vibrational
energies below the quantum mechanical zero-point energy.

Before we go into the more detailed description of the reaction dynamics of bimolecular
reactions, we will describe an important finding that may have practical applications
in the future. In Section 3.1, we discussed potential energy surfaces with ‘early’ and
‘late’ barriers and the proposition that translational and vibrational energy might not
be equally effective in promoting reaction. Thus, at a given total energy, see Eq. (1.16),
one will sometimes find that not all combinations (partitionings) of translational and
vibrational energy are equally effective. Such effects have been observed for bimolecular
gas-phase reactions as well as gas-surface reactions [4,5] and is termed mode-selective
chemistry. The dynamical reasons for mode-selective chemistry are related to dynam-
ical constraints that do not allow for a complete interchange of the two forms of energy
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prior to reaction.'®

Example 4.2: Controlling the chemical nature of products

The vibrational motion of polyatomic molecules encompasses all nuclei in the mole-
cule and, as long as the displacement from the equilibrium configuration is suffi-
ciently small, it can be broken down into the so-called normal-mode vibrations (see
Appendix E). In special cases these vibrations take a particular simple form. Con-
sider, e.g., a partially deuterated water molecule HOD. In this molecule, the H-OD
and HO-D stretching motions are largely independent and the normal modes are,
essentially, equivalent to the local bond-stretching modes. To that end, consider the
following reaction that has been studied experimentally [6,7] as well as theoretically
[8]:

H; + OD
H -+ HOD
HD + OH

It is observed that excitation of the stretching vibrations in HOD enhance the rate
more than the increase resulting from an equivalent amount of relative translational
energy. In addition, the branching ratio between the two product channels can be
controlled by appropriate vibrational pre-excitation of HOD. Thus, it is found that
after excitation of the H-OD stretch with one or more vibrational quanta, the
reaction produces almost exclusively Ho 4+ OD, whereas after excitation of the HO-D
stretch, only the HD 4+ OH products are formed.

We mention, in addition, that complete and highly accurate ab initio'! theoretical
solutions for a number of simple atom—diatom reactions like H + HD — Hs + D have
been obtained. Recently, the quantum dynamics of the four-atom reaction Ho + OH —
H20 + H and its reverse has also been reported [9,10]. The general features of these
results at the level of k(T') will typically agree fairly well with the quasi-classical
approach, provided the temperature is sufficiently high so that quantum mechanical
tunneling is negligible.

4.2.1 Gaussian wave packet dynamics

In this section, we describe wave packet dynamics within a (time-dependent) local
harmonic approximation to the potential, since this enables us to write down relatively
simple expressions for the time evolution of the wave packet. This provides a valuable
insight into quantum dynamics and the approximation may be used, for example, to

10Tn the following chapters, we will consider an approach to the calculation of rate constants—
transition-state theory—that do not take into account such details of the reaction dynamics. The
theory will be based on the basic axioms of statistical mechanics where all partitionings of the
total energy are equally likely, and it is assumed that all these partitionings are equally effective in
promoting reaction.

' That is, only fundamental constants of nature (Planck constant, elementary charge, and electronic
and nuclear masses) have been used as input in the calculation.
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study inelastic collisions and direct photodissociation (see Section 7.2.2). We consider

only one-dimensional motion but the formalism can be generalized to n-dimensional
(non-separable) systems [11].

Consider a (complex-valued) Gaussian wave packet of the form

G(z,t) = (z|G(t)) = exp [iow(x — 24)* /B + ipi(x — m¢) /A + iy /B (4.113)

where z; and p; are the expectation values of position and momentum, respectively:

z = (G()|z|G(1))

pe = (G)|pIG(1))

and a; and ¢ are complex numbers; oy is related to the variance in position and
momentum:

(4.114)

(Az)? = h/[AIm(a)]

; , (4.115)
(Ap)i = hlaz[”/Im(a)

That is,

(Az):(Ap): = hi/2v/Re(ay)? 4+ Im(ay)2/Tm(ay) > h/2 (4.116)

in agreement with the general Heisenberg uncertainty relation, Eq. (4.111). From this
relation we observe, e.g., that a well-defined momentum implies a large uncertainty in
position, that is, a broad wave packet in position space.

We consider now the dynamics of the Gaussian wave packet within the framework
of a time-dependent local harmonic approximation (LHA) to the exact potential V' (x)
around z;:

Vira(z,t) = Vie) + VO (z) (2 — z) + (1/2) VP (2) (2 — 21)? (4.117)

where V(") (z;) is the nth derivative of V(z) evaluated at # = x;. The Gaussian wave
packet is a solution to the Schrédinger equation at all times provided the parameters

evolve in time as specified below: z; and p; evolve according to Hamilton’s equations,
dxe/dt = pg/m
/4t =i/ X (4.118)

(in accordance with Ehrenfest’s theorem), the time evolution of «; is given by

day /dt = =202 /m — VP (1) /2 (4.119)
the imaginary part of 7; accounts for the normalization,
e/l = iRe(y0)/h 4+ In = o (4.120)
Ye/ = Yt STm(a) .

and the real part of v; implies that the wave packet acquires a phase (the classical
action),

Re(y) = / (v2/(2m) — V(2)dt (4.121)

Thus, the full quantum dynamics of the Gaussian is described by a small number of
parameters with a close correspondence to classical mechanics.
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The probability density associated with the Gaussian takes the form

2 2\—1/2 (z —2)?
and is shown in Fig.4.2.1.
The flux density Eq. (4.107) takes the form
Je = [2Re(as)(x — 2¢) /m + pe/m]|G(z, t)]? (4.123)

It depends on the position; at the center x = xy, it is simply the speed times the
probability density, j. = [p:/m](2r(Ax)?)~'/2. Note that the dimension of the flux
density for one-dimensional motion is speed times an inverse distance, i.e., inverse
time (for three-dimensional motion, the dimension of j is speed/volume).

The LHA is exact for potentials that contain, at most, quadratic terms but ob-
viously an approximation for anharmonic potentials. Thus, a single Gaussian wave
packet within a local harmonic approximation can, e.g., not tunnel or bifurcate, i.e.,
there will be no simultaneously reflected and transmitted part in scattering off barriers.

When the LHA is invalid, the Gaussian wave packet will not keep its simple analyt-
ical form. One must then solve Eq. (4.101) numerically. To that end various methods

have been developed [12,13].

Momentum-space representation

It is instructive to consider the momentum-space representation of the Gaussian wave
packet. In this representation, the states are projected onto the eigenstates of the
momentum operator, i.e., P|p) = p|p), which in the coordinate representation takes

the form R
(z|Plp) = (h/1)0/0x(x|p) = p{z|p) (4.124)
with the solution ,
(z|p) = (2mh)~1/2eiPe/P (4.125)
A
iy
&
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Fig. 4.2.1 The probability density associated with the Gaussian wave packet. The most
probable position is at * = z¢, which also coincides with the expectation (average) value of
the time-dependent position. The width is related to the time-dependent uncertainty (Ax)q,

i.e., the standard deviation of the position.



94  Bimolecular reactions, dynamics of collisions

These states cannot be normalized in the traditional way, but the normalization con-
stant is fixed using a generalized orthonormality that can be expressed via a well-
known representation of the delta function:

o 1 o /
Wl = [ Wie)elpide = 51 [ e e s -y)  (4120)
o 2nh J_ o
using the completeness of the position eigenstates [*_|z)(z|dz = 1. This way of

normalizing is referred to as ‘delta-function normalization on the momentum scale’.
The momentum-space representation of the Gaussian can now be written as

Got) = [ drlalc)

— 00

= (2#5)_1/2/ da e PG (2, 1)

= (—i204) % exp [—i(p — pe)®/(4how) — izp/ B+ iy /R (4.127)
with the associated probability density in momentum space
- (p —pt)?
G(p,t)]? = 2r(Ap)?) /2 exp {—7 4.128
G, = (2n(Ap)?) S (1128)

which is centered around the mean momentum p;.

4.2.2 Elements of quantum scattering theory

After these general results and remarks concerning quantum dynamics, we turn now
to the more detailed description of the scattering of particles, including reactive scat-
tering.

As an introduction, it is useful to recall the well-known simple one-dimensional
description of scattering off a potential barrier V(x). Assume, for simplicity, that
lim[V(z)] = 0 for # — +oo. A particle, say described by a Gaussian wave packet
Eq. (4.113), is moving from the left toward the potential barrier with a constant mean
momentum pg, as long as the particle does not feel the potential. When the wave packet
hits the barrier, it breaks into two packets ¥g(x,t) and ¢ (z,t) (see also Fig. 1.1.1),
corresponding to a reflected and a transmitted part. The reflection and transmission
probabilities are R = [ |[¢g(z,t)*dz and T = [ |[¢r(z,t)|>dz, for t — oo, respectively,
and R+ T = 1. In general, these probabilities will depend on the exact form of the
wave packets, but if the (Gaussian) wave packet was localized sharply in momentum
space (corresponding to a broad wave packet in position space) R and T depend only
on the mean momentum py.

Alternatively, it turns out that these probabilities can be extracted from stationary
scattering states, i.e., eigenfunctions of the Hamiltonian with energy Ey = p2/(2m),
and the asymptotic behavior

e () — (e'Pox/h 4 Be=ipox/hy /\/21h  x — —00
po Ceor/h /\/21h xr — 00

Note that these states are eigenfunctions corresponding to a free particle, and strictly
speaking not physically acceptable, since they are not square integrable. Again, they

(4.129)
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have been normalized using delta-function normalization on the momentum scale,
see Eq. (4.126). Nevertheless, the reflection and transmission probabilities for a wave
packet that is localized sharply in momentum space are related to the different parts
of the stationary state in Eq. (4.129), and given by R = |B|? and T = |C|?.

Even if Fy > Vihax, R can differ from 0, i.e., the particle can be reflected. Likewise,
if By < Vinax, T can differ from 0, i.e., the particle can tunnel. If the potential barrier
is replaced by a repulsive potential then R = 1, corresponding to total reflection.

We continue with the full description in three-dimensional space and consider first,
as an introduction to reactive scattering, elastic two-body scattering, and then gener-
alize to reactive (three-body) scattering [14].

Elastic two-body scattering

We consider in this section the collision between two (structureless) particles, i.e., the
quantum version of Section 4.1.3. This discussion provides the essence of the quantum
mechanical description of scattering.

The aim is to establish the relation between the observable cross-sections and the
collision dynamics. We denote the scattering state in the interaction region at ¢ = 0
by |x) and write the Hamiltonian in the form Hc,m, + ﬁre], i.e., the Hamiltonians
associated with the center-of-mass motion and the relative motion. The propagator
can be written in the form U(t) = exp(—iHem.t/h)exp(—iHat/h), and |x(t)) =
U(t)|x) describes the time-dependent scattering state at any time, i.e. (R|x(t)) is the
associated wave packet.

Since H’rel =HO + E(R), and the interaction potential vanishes at large internu-

rel
clear separations, it is a reasonable conjecture (as can be proved formally) that

U(t)x) == U°(t)]xin) (4.130)
U(t)x) =5 U°(t) [ Xour) (4.131)

where U O(t) is the propagator associated with the asymptotic free relative motion,
HY,. That is,

rel*

) = Q4 Xin) = Q- [Xout) (4.132)
where the Mgller operators are defined by

Qs = lim UT()T°(@1) (4.133)

Note that the center-of-mass motion drops out in these operators and in the following
it is understood that the Hamiltonians refer to the relative motion; the subscript ‘rel’
will consequently be dropped. Thus, according to Eq. (4.132), the relation between the
scattering state at ¢ = 0 and the asymptotic scattering states can be illustrated in the
following way:

) a_
[Xin) — [X) <= [Xout) (4.134)

Equation (4.132) also implies

|X0ut> = QT—|X> = QJr—Q-l-|Xilﬂ> = ngin> (4'135)
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where S is the scattering operator, defined by

=00, = lim __lim et t/hg— il (t=t')/ho—iH"t' [ (4.136)
or for ¢/ = —t, § = limy_, 4o A" t/he=i2Ht/heill"t/h The scattering probability for
|xin) = @) and |xout) = |X) can be expressed as

P(x — ) = [(x|IL Q4 [8)* = |(x|S|@) [’ (4.137)

This probability cannot, however, be measured in practice, since the precise form of
the |¢) states cannot be controlled in an experiment.

Before we return to the relevant average over the |¢) states, we elaborate a little
on the dynamics. Since the potential is spherically symmetric it is natural to consider
the Hamiltonian in polar coordinates. Thus, the nuclear Hamiltonian for the relative
motion takes the well-known form

(o0 20 L
ﬂ <ﬁ + ROR —ﬁ2R2> + E(R) (4.138)

where p is the reduced mass, R the internuclear distance, L the relative angular
momentum operator, and E(R) the electronic energy. Rotational invariance implies
[H,L] = 0, and according to Eq. (4.109) the angular momentum associated with the
relative motion is a constant of motion. We consider the dynamics of a state with a
definite angular momentum, and write the radial part of the wave function in the form
u(R,t)/R. We note that

H=H"+ER) =—

i <@Ylm(9,¢)> - Wﬁ(z)ul(}z, 1) (4.139)

where Y;;, are the spherical harmonics eigenstates associated with the angular mo-
mentum and H(l) is equivalent to a one-dimensional Hamiltonian given by

- n? 0*
Hl)=——— +VI(R 4.140
() =5 57 + Vi(B) (4.140)
with the effective potential
R2(1+ 1)
Vi =F _— 4.141
(R) = E(R) + iz (4.141)
where the angular momentum quantum number [ = 0,1, . ... Note the close correspon-

dence to the equivalent classical expression in Eq. (4.32). Using Eq. (4.139), the time
evolution of a state that is in a stationary rotational state can then be written in the
form

e—iﬁt/h (uz(f;, t) Ylm(9,¢>)> _ We—iﬁ(l)t/hul(}%7 £) (4.142)

Thus, the radial motion takes place in the effective one-dimensional potential, V;(R).
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We return now to the connection between the S-matrix elements in Eq. (4.137) and
the measurable cross-section. To that end, the scattering probability must be averaged
over the relevant |¢) states, which all are assumed to be sharply centered around the
momentum p = pg.

Thus, the relative motion of the molecules (atoms) is described by a series of wave
packets that differ by a random lateral displacement vector b (with the polar coordi-
nates b, ¢) corresponding to different impact points perpendicular to the momentum
Py- As shown in Appendix F, such a displacement of |¢) can be generated by the
operator exp(—ib- P /h), where P is the momentum operator with eigenstates |p) and
associated eigenvalues p, i.e., A

Plp) = plp) (4.143)

|p) is also an eigenstate of the Hamiltonian of the asymptotic free relative motion, i.e.,
H'lp) = E,|p) (4.144)

with E, = p?/2u and p = |p|. In the momentum-space representation, the displace-
ment takes the form

Xin(P) = ¢6(p) = ¢~ *P/"¢(p) (4.145)

The scattered state corresponding to |Xin) iS [ Xout) = §|Xin>7 and in the momentum-
space representation

Mﬂmz/@@@mm@v (4.146)

Energy conservation implies that the energy of the two states |p) and |p’) must be
identical, i.e., B, = E,. Indeed, more formally, it can be shown that [H'O,g] =0,
which implies that (p|S|p')(E, — E,) = 0 and (p|S|p’) contains the delta function
6(Ep — Ep) = pud(p —p')/p-

The scattering probability into the solid angle element df2 about the direction of
the final momentum p is

P — 0) = d [ pdplxon o) (4.147)

Since we have scattering from wave packets uniformly distributed over b, the total
scattering probability into the solid angle element d) is [dbP(dQ «— ¢p). If this
number is multiplied by the (relative) flux density of molecules in the beam, we get
the flux of molecules that show up in d2. Thus the cross-section is simply

d
d” dQ = /dbP dQ — bp) (4.148)
Note the similarity with the expression derived within the quasi-classical approach,

Eq. (4.10).
When Eq. (4.147) is inserted into Eq. (4.148), we have

G [ [ o (4.149)

where |Yout (P)]? = Xout (P)* Xout (P); here xout(p) is given by another integral as spec-
ified by Eqs (4.145) and (4.146), and Xout(p)* is given by a similar integral (with
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integration variable p”). It is possible to simplify and evaluate the integrals, although
it looks a bit cumbersome. First, the integral over db can be evaluated leading to
a delta function using the result [*_explik(z — 2/)|dk = 27§(x — 2’). Second, the
integral over dp” (associated with xout(p)*) can be evaluated using the delta function
associated with the S-matrix elements, and finally the integral in Eq.(4.149) over dp
is evaluated, giving

do

~ (et | dp'p pISIp) 602 (4.150)
a0 P

where pil is the component of p’ along p,. So far, we have not used the assumption

that ¢(p’) is sharply centered around p’ = p,. We can then replace (p’/ pﬂ)<p|5’ |p’) by
its value at p’ = p,, and take it outside the integral, i.e.,

(ZS) (Polp) = (277141)*|(p|S|po) |* (4.151)

This result is often written in a slightly different form. The scattering operator can
obviously be written as S = I + (S I ), where the identity operator I corresponds
to scattering in the absence of all interactions, i.e., p = py. The second term (§ -1 )
corresponds to actual scattering. For p # p, the scattering amplitude, f, is introduced
by the relation |(p|(S—1)|p)|? = | f(po|p)|?/(27hu)?. Thus, for p # p, the right-hand
side in Eq. (4.151) is simply the squared scattering amplitude, | f(p,|p)|?.

In order to evaluate the matrix element in Eq. (4.151), (p|S|p,), we must calculate
three-dimensional integrals. In the following we show, however, that the matrix element
can be reduced to a sum over one-dimensional S-matrix elements. This is obtained via
an expansion of the momentum eigenstates (R|p) in a basis where we can use that
the angular momentum of the relative motion is conserved.

The eigenstates associated with the asymptotic free relative motion, the so-called
plane waves, (R|p) = (2rh)~%/? exp(ip - R/h) (with delta-function normalization on
the momentum scale), can be expanded in terms of the common eigenstates of H o),

f/27 and f/z, ie.,
2 kR
(Ripm) = | 2Dy, (g ) (4.152)

where i is a phase factor and the constant /2u/(7k) comes from the delta-function
normalization of the function j;(kR), to be specified below. The polar coordinates of
R are (R,0,¢), E = p?/2u, k = p/h, and j,(kR) is a Riccati-Bessel function that
satisfies the free radial Schrodinger equation, i.e., an eigenfunction of Eq. (4.140) with
E(R) =0,

h: 92 RAH(+1)

0
l)=—— 4.153
0 21 OR? 21 R? ( )
The asymptotic form of the Riccati-Bessel function is
Ji(kR) =20 sin(kR — In/2)
1 /. ,
= 5 (ez(kR—m/z) _ e—z(kR—m/z)) (4.154)
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The well-known expansion is

00 l .
47 kR A
e R/N = (270)*/(R|p) = ?Z Z IRy ) Yin(0,0)  (4155)
1=0 m=—1

where k = p/hi and the unit vector k specify, respectively, the magnitude and direction
of the relative momentum p = kkh. The expansion in Eq. (4.155) shows that a state
with a well-defined momentum p can be decomposed into a superposition of states,
each having a well-defined angular momentum. The expansion can be formally written
in the form

(R|p) = ZZ R|Elm)(Elm|p) (4.156)

and by comparison with Eqs (4.152) and (4.155), we get
(Elmlp) = Vi, (k)/ v/ (4.157)

Note that we have omitted an integral over the energy, E, since Eq. (4.157) must be
diagonal in energy.
The desired S-matrix element in Eq. (4.151) can now be written in the form

(pISIpe) =Y Y (pIEVm')(EVm'|S| Elm)(Elm|po)

i mm’
= —Z > Y (k)(EUm/|S|Elm) Yy}, (Ko) (4.158)
1 mm’

Again, we have omitted an integral over the energy, F, since the S-matrix is diagonal
in energy. The scattering operator S is given by Eq. (4.136) and for a spherically
symmetric potential E(R), using Eq. (4.142) and the orthonormality of the spherical
harmonics (Y |Yirm/) = 01 0mms, we get

(EU'm!|S|Elm) = 616 s1(k) (4.159)

where the S-matrix element, s;(k), in the one-dimensional motion of the radial coor-
dinate is given by

2u

si(k) =5 lim lim [ dRjj(kR)e HOU-t1/hj (kR) (4.160)
Tk t—+oo t/ - —o0
Now
2l +1
Z Yim (k)Y}, (ko) = 4‘; Py(cos x) (4.161)
m=—1

where Pj(cos x) is the Legendre polynomial and x is the angle between ko and k. That
is, Eq. (4.151) takes the form

(Zl%) (B, x) = ‘2—2 Do20(20 + 1)Py(cos x)si(k) (4.162)

where E = (hk)?/2p. This is the quantum version of the classical Eq. (4.41).
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Equation (4.162) displays clearly how the cross-section is determined from the scat-
tering dynamics in the radial coordinate via the time evolution of the initial state and a
subsequent projection onto the final state. The angular momentum L = /I(l + 1)h ~
Ik is according to Eq. (4.30) in the classical description related to the impact parame-
ter, i.e., L = pwvpb. Thus, the sum can be interpreted as the contribution of all impact
parameters. In the classical description only one impact parameter contributed to the
differential cross-section. For a hard-sphere potential, it can be shown that do/dQ) = d?
at low energies, which is four times the classical result in Eq. (4.44).

The differential cross-section refers, as in the classical description, to the scattering
angle in the center-of-mass coordinate system. In order to relate to experimentally
observed differential cross-sections, one has to transform to the appropriate scattering
angle. This transformation takes the same form as discussed previously, essentially,
because the expectation value of the center-of-mass velocity V' is conserved just as in
classical mechanics.

The total cross-section is obtained by integration over df2:

d 0o
o(B) = [ G = 55 SEo(2t+ 1) (b (4.163)
0" T
using
/ 0P, P __im 4,164
1(cos x) P (cos x) = T (4.164)

Reactive scattering

We consider now, briefly, the generalization to three-body scattering that is required
in order to describe chemical reactions, i.e.,

AB(m)+C
AC(m)+B
A+B+C
A + BC(m)

A +BC(n) — (4.165)

The different groupings of the atoms are referred to as arrangement channels (or
simply channels); we label the reactant channel by «, whereas the different product
channels are labeled by 8 = 1,2, .... The part of the Hamiltonian that is effective long
before the scattering is the channel Hamiltonian H, which is the part of the total
Hamiltonian that is left when A and BC are so far apart that the interaction between
A and BC vanishes. For a scattering state U(t)|x) that originates in channel «,

U(t)]x) == U°(t)|xin) (4.166)

where U®(t) = exp(—iH®t/h) is the propagator associated with the channel Hamil-
tonian. This result can be rewritten as

) = QG Ixin) = lim e e M) (4.167)

where Qi is the channel Mgller operator. The wave function associated with the
A + BC(n) channel can be written in the form
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(R, 7[xin) = x(R)Bc(r) (4.168)

where x is associated with the motion of A relative to BC and ¢ is the nth (bound)
state of BC. A natural choice of coordinates is again, as in the classical description,
Jacobi coordinates. The eigenstates of the channel Hamiltonian H® are

(R,7|n,p,a) = (2wh)~*/* exp(ip - R/h)¢pc(r) (4.169)

with the energy F = Ei,+ E,, i.e., the sum of the relative translational energy and the
quantized internal (vibrational/rotational) energy of BC. Note that we did consider
such states in Eq. (1.15).

Long after the scattering several arrangement channels can be populated, with
channel Hamiltonians H” (8=1,2,...), and

U == UM (0 xbue) + U (Oxou) + -+ (4.170)
or ) )
|X> = Ql—'Xéut> + Q2—|X§ut> +oe (4171)
The scattering probability for |xin) = |n, @) and |xout) = |m, 5) can be expressed
as

P(m, = n,a) = |(m, BT Q% n, a)|* = [(m, BSasIn, )| (4.172)

The connection between these S-matrix elements and the measurable cross-sections
is worked out by arguments that are similar to the two-body case (see Eqs (4.148)
and (4.151)). To that end, the scattering probability must be averaged over the rele-
vant initial states (corresponding to different impact points) and these states will be
assumed to be sharply centered around the momentum p = p,.

The expression for the total reaction cross-section, say for A+BC(n) — AB(m)-+
C, is similar to Eq. (4.163), and takes the form

or(n, Elm) = %Z(zwr IS (E)} (4.173)
noJg

where k, = +/2u(F — E,)/hk and the state-to-state reaction probability, at the total
energy I and total angular momentum J, is given by

13 (B) > = [(6m|U (¢ = t0)|6n) (4.174)

Here ¢,, and ¢,, are the initial and final states, i.e., eigenstates of the channel Hamil-
tonians (ﬁ * and HP, respectively) as specified in Eq. (4.169), and to and ¢ are the
initial and final times, chosen such that they correspond to pre- and post-collision
times, i.e., tg — —o0 and t — oo.

Equation (4.173) displays clearly how the cross-section is determined from the
scattering dynamics via the time evolution of the initial channel state U(t — to)|¢y)
and a subsequent projection onto the final channel state. In practice, the plane wave of
the initial state in Eq. (4.169) can be replaced by a Gaussian wave packet, as illustrated
in Fig. 1.1.1. When this wave packet is sufficiently broad, it will be localized sharply
in momentum space.
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4.2.3 Non-adiabatic dynamics

So far, we have considered the dynamics of chemical reactions within the adiabatic
approximation. The motion of the atomic nuclei is, however, not always confined
to a single electronic state as assumed in Eq.(1.5). This situation can, e.g., occur
when two potential energy surfaces come close together for some nuclear geometry.
The dynamics of such processes are referred to as non-adiabatic. This is a purely non-
classical phenomenon [15]. Examples of reactions that involve non-adiabatic transitions
are charge-transfer reactions, i.e., reactions in which charge is transferred between
reactants.

When several electronic states are in play, Eq. (1.10) is replaced by a matrix equa-
tion with a dimension given by the number of electronic states. For example, in the
space of two electronic states, Eq. (1.5) is replaced by

\IJ('P, Rv t) = Xl(Ra t)% (T; R) + X2 (R7 75)1/)2 (T; R) (4175)

where 7, R denote all electron and nuclear coordinates, respectively. Substitution into
the Schrédinger equation, Eq. (1.1), (using orthonormality of electronic states) gives

then 5 R .
L0 Ixa(Rt)| _ [Hi Cia| [xa(R,1)
Zhat [X2(R7 t)} B [6'21 ﬁ2] L@(Rv t)} (4.176)
where . . A
Hi - Tnuc + EZ(R) + <wi|Tnuc|wi> (4177)

and the coupling terms between the electronic states C’ij are given by

) ) N
Cij = <¢i|ﬂ1uc|¢j> -

s=1

h2
M

(i Vs[hj) - Vs (4.178)

where integration in the matrix elements is over electronic coordinates. The coupling
terms imply that the nuclear motion in all the electronic states is coupled. Note that
these coupling terms between the electronic states take the form of differential opera-
tors.

Equation (4.176) would take a simpler form if the coupling terms were simple
(scalar) potentials. It turns out that such a form of the equation can be obtained
if one changes to an alternative representation of the electronic states, the so-called
diabatic representation. In this representation, the electronic wave functions are writ-
ten in the form v;(r; Ro), i.e., the internuclear coordinates are now fixed at some
point. Thus, transformation from the adiabatic representation, where coupling terms
between the electronic states are differential operators, to the diabatic representation
leads to coupling terms that are (scalar) potentials. The diagonal elements take the
form Thue + U;(R), where U,;(R) are the diabatic potentials. A closer analysis of the
transformation between the adiabatic and the diabatic representations shows that the
adiabatic potentials (electronic energies) E; and Eo are obtained by diagonalization
of the diabatic potential energy matrix, with the diagonal elements Uy, Uy and off-
diagonal elements Vio, Vo1 = Vo, that is,

By = (Us +U)/2% (1/2)y/ (Ur — Un)? + 4V (4.179)
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Various numerical (exact) methods have been developed in order to solve Eq. (4.176)
or the equivalent equation in the diabatic representation.

We consider next the so-called Landau-Zener model that provides insight into
non-adiabatic dynamics. The Landau—Zener model concerns the transition probability
between two one-dimensional linear intersecting diabatic potentials

Ui(R) = f1(R— Re) + U
Us(R) = f2(R — Re) + U

where, say, f1 < 0 and 3 > 0. A constant coupling Vi, is assumed between these
states. Then after substitution of Eq. (4.180) into Eq. (4.179),

Ei2=U+ (1 + P2)(R—R.)/2 £ ViaV1+ €2 (4.181)

where €2 = (81— 32)%*(R— R.)?/(4V3). For R = R., i.e., at the crossing of the diabatic
curves, /] — Fo = 2Vi5. For R close to R,, i.e., ¢ small, we have that v/1+¢2 =
1+ €2/2 4+ ---. The adiabatic potentials are then quadratic expressions in R in the
neighborhood of the crossing R = R.. The potentials and the associated adiabatic
potentials corresponding to this so-called avoided crossing are illustrated in Fig. 4.2.2.

In the Landau—Zener model, dynamics is described by a single trajectory which
due to the constant force undergoes an accelerated motion in the crossing region. The
probability of a transition from diabatic state 1 to state 2 is denoted by Pj2, which
is also the probability of remaining in the lower adiabatic state, and the transition
probability from the lower to the upper adiabatic state is then P,onadia. = 1 — P2,
which is given by [16,17]

(4.180)

Pnonadia. (ﬁ()/m) = exp(—2ﬂ"y/h) (4182)

Potential energy

Reaction coordinate

Fig. 4.2.2 Potential energy diagram for the Landau—Zener model. Adiabatic potentials (solid
lines) and diabatic potentials (dashed lines), with 31 < 0 and 32 > 0. The arrow illustrates
the dynamics on the lower adiabatic (ground-state) potential.
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where )
V2|

K |B2 — Bilpo/m
B1, B2 are the derivatives of the two diabatic potentials, and po/m is the speed at the
crossing. Note that the probability of staying in the lower adiabatic potential is high
when the motion is slow and/or the distance between the two adiabatic potentials is
large.

Strictly speaking, the Landau—Zener model is only applicable to the dynamics of
the single degree of freedom of a diatomic molecule. In two dimensions, the crossing
of the diabatic states will not take place in a single point but along a line, a so-called
crossing seam. In this case one can, e.g., find corresponding adiabatic potentials that
intersect in a single point; the form of the potentials in the vicinity of this point is
referred to as a conical intersection.

(4.183)

Finally, it is also possible to extend the quasi-classical trajectory approach (Sec-
tion 4.1) to non-adiabatic dynamics. This is the so-called trajectory surface hopping
approach [18]. In this approach, nuclei are assumed to move classically on a single adi-
abatic potential energy surface until a point of large non-adiabatic coupling is reached.
At such a point, the trajectory is split into two branches, with appropriate probabil-
ity factors attached to each branch. The Landau—Zener formula, Eq. (4.182), can be
used to estimate the probability. The velocity is, however, now a multidimensional
vector but it is a reasonable assumption that only the velocity component perpendic-
ular to the crossing seam of the diabatic surfaces is effective in coupling the states.
The trajectory continues on the new surface, and if the potential energies of the two
adiabatic surfaces differ at the crossing of the diabatic surfaces, a velocity correction
is introduced in order to conserve energy.
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Problems

4.1 A simple expression for the rate constant is given in Eq. (4.23).
(a) Evaluate exp(—E*/kpT) and k(T) for T' = 1000 K, 1500 K, and 2000 K,
for a system where pr = 10 g/mol, d = 0.1 nm, and E* = 100 kJ/mol.
(b) Plot the three values of k(T") on an Arrhenius plot. Is this plot linear?

4.2 Consider the two-dimensional motion of a particle in a central force field. The
Lagrange function in Cartesian coordinates is

L=T-U(r)
= (@ +§)/2 - U ()

where r = /22 + y2.
(a) Introduce polar coordinates (r,6) and show that the kinetic energy can be
written in the form

m (dr>2 (mr2df/dt)?
T = — a - 7

2 2mir2

(b) Replace the velocities by the generalized momenta, p, and py, conjugate to
r and 6, respectively, and write down the Hamilton function.

(c) Write down Hamilton’s equations of motion and show that the generalized
momentum conjugate to 6 is conserved, i.e., dpy/dt = 0.

4.3 In connection with Fig.4.1.8, it was stated that the intersection between the

total energy and Vog(r) gives the distance of closest approach r.. We consider

the hard-sphere potential in Eq. (4.42).

(a) Sketch the effective potential Vg (7).

(b) Show that r. =b for b > d, and r. = d for b < d.

4.4 For a hard-sphere potential, the deflection angle x is given by Eq. (4.43). Eval-
uate the differential cross-section using Eq. (4.41).

4.5 For the case of the classical scattering of two particles with a repulsive Coulomb
potential given by U(r) = +B/r, the deflection angle is given by

1/2
- e 2]
B

X(E,b) = 2cosec™?
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4.6

4.7

Bimolecular reactions, dynamics of collisions

Show that the differential cross-section is given by

This result is that used by Rutherford in his original a-scattering experiments.
Note that cosec(z) = 1/sin(x), cosec™!(z) is the inverse function, and

dcosec Hu(z)]/dx = —(|u|/u2 — 1) du/dz

We consider the so-called Langevin model for ion—molecule reactions. An ion
and a neutral non-polar molecule interact—at large distances—through an ion-
induced-dipole potential

1 «ae?

ulr) = 2 4megrt

where « is the polarizability volume of the neutral non-polar molecule.

The collision is described as a two-body elastic scattering in the spherically
symmetric potential U(r) given above. The potential barrier for the reaction is
taken as the barrier in the effective potential, which is U(r) plus the centrifugal
energy L?/(2ur?) (see Problem 4.2 above), where L is the angular momentum
and p is the reduced mass. Note that L?/(2ur?) = E(b/r)?, since the total
energy is £ = pv2/2 and L = pvgb, where b is the impact parameter.

(a) Sketch the effective potential and find the position r* of the barrier.

(b) Find the value of the barrier height.

It is assumed that the reaction probability P = 1 for kinetic energies larger than

or equal to the barrier in the effective potential and P = 0 for energies below

the barrier.

(¢) Find, at the energy E, the maximum value of the impact parameter by,ax
that can lead to reaction, express the reaction probability in terms of the
impact parameter, and find an expression for the reaction cross-section og.

We consider a chemical reaction that is dominated by the long-range part of
the interaction potential between the reactants. The effective potential for the
R-coordinate, the distance between the reactants, is

C L?
Vet (R) = —— + ——
it () =~ 21 R2
where L is the orbital angular momentum and p the reduced mass, and n > 2.
Assume that the reaction probability P. = 1 for kinetic energies larger than or
equal to the barrier in the effective potential.
(a) Find an expression for the reaction cross-section op.

(b) From the cross-section, determine the rate constant k(7). In the integration
use the definition of the Gamma function given in Problem 2.3.

(c¢) Discuss the temperature dependence of the rate constant as a function of n
in the range from n =3 ton = 8.
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(d) For the ion—molecule reaction
Nt +H, — NHT + H

the long-range potential can be expressed as

1 «e?

UR) =  24megRA

where « is the polarizability of the Hs molecule, and e the charge of an
electron.

Calculate the cross-sections for the reaction when o = 0.79 A? for Hs and
at kinetic energies of 30 kJ/mol, 100 kJ/mol, and 300 kJ/mol. Experimental
determinations of the cross-sections at those impact energies have given the
results 30 A2, 15 A2, and 10 AQ, respectively. Compare these values with the
calculations.

We consider a collision between two atoms. A chemical bond between the atoms
can be formed, during the collision, via an electromagnetically induced transition
to a bound electronic state. This process is called photo-association.

The collision is described here by classical dynamics, and we assume that the
motion takes place in a spherically symmetric potential U(r). It is well known
that the relative motion of the atoms is equivalent to the motion of a particle
with the reduced mass p, in an effective one-dimensional potential given by

Verr(r) = U(r) + L*/(2ur®) = U(r) + E(b/r)?

where E is the total energy (corresponding to the relative kinetic energy prior
to the collision) and b is the impact parameter of the collision.

The transition to the bound state is assumed to take place at a certain distance
r = r* with the associated photon energy hv*. The probability of the process is
assumed to take the form

_ [0 for E<Veg(r)
Pro+(E) = { 1 for E > Veg(r*)

(a) Find bpax(F), that is, the highest value of b where the process can take
place. Determine the reaction cross-section o (E).

(b) Determine an expression for the rate constant k(7).

Show that Hamilton’s equations of motion

dq;/dt = OH/0p;
dpi/dt = —8H/6qi

with H(gi,pi) = >.;(p?/21:) + V(q1,-..,qn) are equivalent to Newton’s law
uidzqi/dt2 = —BV/aqi

Show also that the total energy is conserved, i.e., dH/dt = 0.
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4.10 Consider a bimolecular collision
A +BC —

between an atom A and a diatomic molecule BC in a collinear model, i.e., all
atoms are assumed to move along the same line. Assume that the potential
energy surface can be expressed by

E(r,R) = Dexp[—B(R — er)] + (1/2)k(r — ro)?

where 7 and R are Jacobi coordinates (the bond length of BC and the distance
from A to the center of mass of BC, respectively) and D, 3, €, k, and r¢ are
constants. The kinetic energy can be written as T = P3/(2ur) + P2/(2ur),
where Pr and P, are the momenta conjugate to R and r, and pur and p, are
reduced masses.

(a) Write down Hamilton’s equation of motion.

(b) Describe the motion in the two coordinates for R — oo.
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Rate constants, reactive flux

Key ideas and results

In this chapter we consider a direct approach to the calculation of k(T") that by-
passes the detailed state-to-state reaction cross-sections. The method is based on
the calculation of the reactive flux across a dividing surface on the potential energy
surface. The results are:

e an approximate result based on the calculation of the classical one-way flux from
reactants to products, neglecting possible recrossings of the dividing surface;

e an exact classical expression including recrossings of the dividing surface;

e an exact quantum mechanical expression.

In the previous chapter, we have discussed the reaction dynamics of bimolecular colli-
sions and its relation to the most detailed experimental quantities, the cross-sections
obtained in molecular-beam experiments, as well as the relation to the well-known rate
constants, measured in traditional bulk experiments. Indeed, in most chemical appli-
cations one needs only the rate constant—which represents a tremendous reduction
in the detailed state-to-state information.

An important recent theoretical development is the ‘direct’ approaches for calculat-
ing rate constants. These approaches express the rate constant in terms of a so-called
flux operator and bypass the necessity for calculating the complete state-to-state re-
action probabilities or cross-sections prior to the evaluation of the rate constant [1-3].
This is the theme of this chapter.

First, let us combine some key results from the previous chapters. For a reaction
written in the form A + BC(n) — AB(m) + C, we have, according to Eq. (2.29),

1 8 1/2 S B JknT
MT) =17 (W) ;;/0 PO R(n, Blm)Eye™ P /0T 4B, (5.1)
and from Eq. (4.173),
™
or(n, Elm) = =) Z(2J+ 1)|S;,.(E)[?
nog

_h 1 > @I +1)|S],.(B))? (5.2)
 2u Ey y nm '
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where k, = \/2u(E — E,)/h = \/2uE4 /], since the total energy £ = Ey, + E,, i.e.,
the sum of the relative translational energy and the internal (vibrational/rotational)
energy of BC.

We insert Eq. (5.2) into Eq. (5.1), and note that the factors in front of the integral
are related to the partition function associated with the relative translational motion
of the reactants, see Eq. (A.14):

Th? 1 s\ 1 1 (5.3)
2/1, kBT WMI{BT o thrans/V .

and use ppcm) = exp(—E,/kpT)/Qpc to get

_ 1 1 B /ksT J 2 —Eu/kpT
) = G V10 & | D7 + ISk (BIe dE,
(5.4)

The two exponentials in the integrand are combined and we change the integration
variable from the translational energy FE, to the total energy E:

_ l 1 > J 2€7E/kBT
HT) = 3 g zn:/ ;;(2J+1)|Snm(E)| dE (5.5)

The transition probabilities | S/, (E)|?> = |S,.(Ew. + E,)|?> = 0 for E = E,, i.e., when
there is no translational energy. We introduce the Heaviside (unit) step function (§)
by the definition

1 for £>0

0(¢) = {O for £€<0 (5-6)

and when |S (E)|? is replaced by §(E — E,)|S.,.(E)|? the lower integration limit
FE,, can be replaced by 0.
Thus, we have the following exact expression for the rate constant:!

_ kgT 1

k(T) h (Qtrans/v

> o—EB/ksT
)QBc/o Peoum (E) d(E/kgT) (5.7)

where

Peum(E) =Y (27 +1)> > 0(E — E,)|S;,,,(E)|? (5.8)
J n m

is the so-called cumulative reaction probability. This expression shows how the rate
constant depends on the state-to-state reaction probabilities. Note that, at a given
total energy FE, the summation over n contains a finite number of terms, since the
internal energy of the reactant E,, must be smaller than the total energy. Similarly,
the summation over m contains a finite number of terms, since F,, < E where E,, is
the internal energy of the product.

L Approximate expressions for the rate constant can also be derived (as in Section 4.1.2). Thus,
the so-called transition-state theory, to be described in Chapter 6, can be derived based on an ap-

proximation to the total reaction probability 3" S, (E)|?; see Section 6.3.
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There is another more direct way of calculating the rate constant k(7), i.e., it
is possible to bypass the calculation of the complete state-to-state reaction probabil-
ities, |S:/ (E)|?, or cross-sections prior to the evaluation of the rate constant. The
formulation is based on the concept of reactive flux. We start with a version of this
formulation based on classical dynamics and, in a subsequent section, we continue with
the quantum mechanical version. It will become apparent in the next section that the
classical version is valid not only in the gas phase, but in fact in any phase, that is,
the foundation for condensed-phase applications will also be provided.

5.1 Classical dynamics

The configuration space may be divided into regions corresponding to the reactants
and products, as sketched in Fig. 5.1.1. Consider, for example, the reaction

AB+C (pl)

A+BC_’{AC+B (p2)

(5.9)
It illustrates that the reaction may lead to several products, pj. In the region rep-
resenting the reactants, region r, the B—C distance will stay close to the equilibrium
distance between the two atoms as the system evolves in time, while the distance to A
may have all values as well as the momenta. In the region of product pl, the distance
between A and B will stay close to the equilibrium distance between the two atoms,
while there are no constraints on the other variables. For product 2, p2, the A-C
distance will stay close to the equilibrium distance, and so on.

The various regions in configuration space may be separated by surfaces as shown
in the figure. We consider surfaces that completely separate reactants from products,
that is, surfaces that are located such that it is impossible to move from the reactant
region to the product region, on the potential energy surface, without crossing the

P3
p2

pl

Fig. 5.1.1 Configuration space showing the regions for reactants (r) and products (pj). ¢1 is
an example of a trajectory that leads to the formation of products pl. S(pl,r) is part of the
dividing surface between r and pl, where the system points have an outward velocity from
the reactant region.
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surface. Such a surface is referred to as a dividing surface. The location of such surfaces
is not uniquely given, as we will discuss in the following.

Suppose now a system follows the trajectory ¢; in Fig.5.1.1; it takes the system
across the surface between r and pl, which implies that a chemical reaction has taken
place in the system. The reaction rate can then be calculated as the number of such
trajectories passing the dividing surface.

In Fig. 5.1.2 we have made a sketch with a few examples of trajectories to illustrate
how the position of the dividing surface may influence the results.

With the surface placed at D1, trajectory 1 crosses the dividing surface once and
leads to reaction. Trajectory 2 crosses one time but does not lead to a reaction since
it recrosses once and moves back into the region of the reactants. Trajectory 3 crosses
two times from the reactant to the product side and leads to reaction. Trajectory 4
crosses again two times from the reactant to the product side but it does not lead to
reaction since it recrosses twice. Trajectory 5 does not cross the dividing surface and
therefore does not lead to a reaction.

That is, if we denote by F(T') the number of crossings at temperature T per second
and per unit volume from r to p, that is, from left to right in the figure (i.e., the flux),
and the reaction rate at the same temperature is R(7T'), then we will always have that

R(T) < F(T) (5.10)

which is known as Wigner’s variational theorem. It states that the number of crossings
will always be equal to or larger than the reaction rate because some trajectories
will cross and recross the dividing surface a multiple number of times. Some of these
trajectories that are recrossing the dividing surface will lead to reaction whereas others
will be non-reactive. Thus, when a trajectory crosses an even number of times it leads
to no reaction, and when a trajectory crosses the dividing surface an odd number of
times it leads to reaction. Therefore, by varying the position of the surface separating

D1 D2
t1
2 — D
3 — D
—
4 ( R
D
- —

Fig. 5.1.2 Examples of trajectories ¢j in configuration space. There are six crossings from
the left to the right of surface D1, whereas there only are two crossings to the right of surface
D2. The position of the latter surface will therefore give a better estimate of the reaction rate
according to the variational theorem of Wigner.
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reactants and products, we should search for a position that leads to the smallest
number of crossings from r to p. That number would then be the best estimate of
the reaction rate. With the surface placed at D1, we see that F(T) = 6; when placed
at D2 it is equal to 2, the ‘true value’ for the rate. In order words, if we can find a
dividing surface with no recrossings, then the flux will coincide with the reaction rate.

5.1.1 Flow of system points in phase space

We have seen that a classical system is represented in phase space by a point, and that
an ensemble of identical systems will therefore be represented by a cloud of points.
The distribution of system points is determined by the constraints we have imposed on
the system, e.g., constant number of particles, constant volume, and constant energy
(NV E-ensemble) or constant number of particles, constant volume, and constant
temperature (N'VT—ensemble).

This cloud of system points is very dense, since we consider a large number of
systems, and we can therefore define a number density p(p, q,t) such that the number
of systems in the ensemble whose phase-space points are in the volume element dp dq
about (p, q) at time t is p(p, q,t)dp dq. Clearly, we must have that

/.../p(p7q,t) dpdg = A (5.11)

where the integration is over all phase space and A is the total number of systems in
the ensemble.

We consider an ensemble of systems each containing n atoms. Thus, ¢ =
(q1,---,q3n), P = (P1,---,D3n), and dpdq = 1137, (dp; dg;). We assume that all in-
teractions are known. As time evolves, each point will trace out a trajectory that will
be independent of the trajectories of the other systems, since they represent isolated
systems with no coupling between them. Since the Hamilton equations of motion,
Eq. (4.63), determine the trajectory of each system point in phase space, they must
also determine the density p(p, g,t) at any time ¢ if the dependence of p on p and g
is known at some initial time ¢y. This trajectory is given by the Liouville equation of
motion that is derived below.

Let us determine the change in p with time at a given position (p, q) in phase space.
We surround the point with a small volume element €2, sufficiently small to make the
value of p(p, q,t) the same at all points in the volume element, and sufficiently large
to contain enough system points so that p is well defined and not dominated by large
fluctuations. Then the change in the number of system points per second in €2 is equal
to the net flow of system points across the bounding surface S(Q2) of Q, that is,

B
E/ p(p; q,t) dpdq:—/ p(p,q,t)V -nds (5.12)
Q S(Q)

The left-hand side expresses the local rate of change in the number of system points in
) and the right-hand side expresses the flow of system points with velocity V' across
the bounding surface S(£2). n is by convention the outward unit normal vector to the
surface element ds, pointing away from the volume element, and V is the velocity of
system points at the surface and given by
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V:{(jla"',q3nap1a'~'7p3n} (513)

The minus sign is included since, with n pointing outward, V - n > 0 when system
points flow out of the volume element and therefore cause a decrease in the number
of system points in the volume element. It is inconvenient to have a volume and a
surface integral in the same equation, so we convert the surface integral to a volume
integral using Gauss’s theorem:

/ pV'nds:/ V.- (pV)dpdq (5.14)
(®) Q
where the divergence operator is defined as
0 0 0 0]
V=l =, — 5.15
{ oq Oqsn’ Op1 Opsn } ( )

Introduction of Eq. (5.14) into Eq. (5.12) then gives

/{g@’jtv (p )] dp dg = 0 (5.16)

and since this expression should be valid at any point of phase space, we must have
that the integrand is zero, that is,
g
v (pV)=0 (5.17)
ot
This is a continuity equation in phase space.
When this equation is written out,

P e

and the equations for ¢; and p; from the Hamilton equations of motion are introduced,
we get

Z [8,0 OH  dp 6H} _ (5.19)

dq; dp;  Ip; g

which is Liouville’s equation. The terms in the square bracket are referred to as the
Poisson bracket. This is a fundamental equation in classical statistical mechanics.

Since p(p, q,t) is a function of p, q, and t we may write the total differential of p
as

dp  9p dp . Op .
dt ot +Z [8(]1 * Bpipl

:@JFZ[‘% OH _ op aH] 0 (5.20)

ot dq; Op;  Opi g

according to Hamilton’s equations of motion and Eq. (5.19). It shows that there is
no change in the density of a volume element that follows the flow of system points,



Classical dynamics 115

just like the flow of an incompressible fluid. That is, the flow of system points in
phase space is analogous to the flow of molecules in an incompressible fluid. Since the
Hamilton equations of motion are first-order differential equations, two trajectories
will be identical at all times if they have a common point at just one time. That is,
two different trajectories will never cross.

Rates and rate constants

The flow of system points is given by the Liouville equation in Eq. (5.17). We consider a
volume Q(r) in phase space corresponding to the reactants r. Integration of Eq. (5.17)
over the entire volume gives the expression

where
Ny (t) = /Q( )p(p,q,t) dp dq (5.22)

is the number of system points in Q(r).
The right-hand side may be converted to a surface integral using Gauss’s theorem,
Eq. (5.14), and we find

ON. () _ —/ pV -nds (5.23)
ot S(Q(r)

where n is the outward unit vector normal to ds and S(€2(r)) is the surface bounding
Q(r). This equation merely states that the rate of change of the number of system
points in Q(r) is equal to the negative of the rate at which system points flow out
across the surface.

We may rewrite the equation in the form of a simple master equation where the
right-hand side is decomposed into rates in and out of r to the different product states

pj-

5 = DR (1) = Ry (1) (5.24)

with

Ryjn(t) :/ PV onds, V-m>0 (5.25)
S(pj,r)

and S(pj,r) is that part of the surface between r and pj on which V' -n > 0. Thus,
R,j.»(t) is the rate by which system points pass the surface in the outward direction
[4]. Similarly, R,;,(¢) is the rate of system points passing the surface in the inward
direction, where V' -m < 0. The quantity p V - n is referred to as a flux density, i.e., it
is the number of system points crossing a unit surface element per unit time. Likewise,
the integral in Eq.(5.25) is referred to as the (one-way) flux, i.e., the number of system
points crossing the surface per unit time.
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It is convenient to have an expression for the rates R,; »(t) in terms of the coordi-
nates (p, q) of the system. For that, let the partial surface S(pj,r) be defined by the
equations

S(gq)=0, V-n>0 (5.26)

The first relation is the equation for the surface separating regions r and pj and the
second relation specifies which part of that surface we are considering, namely the one
with an outward flow of system points.

Before continuing with an evaluation of the surface integral in Eq. (5.25), let us
briefly consider the evaluation of such an integral in ordinary three-dimensional con-
figuration space.

Figure 5.1.3 illustrates a surface F' in ordinary three-dimensional Cartesian space.
Let it be given by the equation

F(z,y,2) =0 (5.27)

where F'is a known function of x,y, z, and let us determine the integral

I:/FA-ndf (5.28)

where A(z,y, z) is some vector quantity at the surface and n the unit vector normal
to the differential area element df. Let the projection of F' on the z—y plane be R.
The projection of the differential area element df on the x—y plane is then dz dy. The
angle between the plane of the differential surface area df and the xz—y plane is the
same as the angle between the normal n to df and the z-axis (with unit vector k).
Then the projected area may also be written as df n - k, so

dx dy

b=t

(5.29)

where we have taken the absolute value of the dot product that may be positive or
negative and because dx, dy, and df are all positive. This expression for df may now be

z A

/—-\\
dxdy&_R/

Fig. 5.1.3 Surface F' in three-dimensional space.

y
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introduced into Eq. (5.28) and the integral evaluated as a double integral over = and
y with n given as VF/|V F|, that is, df = dxdy|VF|/(0F/0z). We use the equation
defining the surface to eliminate z from the expressions, to make them functions of
x,y only.

This result is easily transferred to the multidimensional phase space. The unit
vector, normal to the differential surface element ds, is given by

vs )
n=( = (5.30)
<|VS| 5=0
This is introduced into Eq. (5.25) and we find
Ryjor(t) = / p(V-VS) VS| ds (5.31)
S(pjr)

We then project the surface element ds on the (p1,...,P3n,q1,...,¢3n—1) coordinate
plane. Then, by analogy to Eq. (5.29), we have

VS|
ds =TI3", d lH3" Ldg; Vs 5.32
e 10 /Ogsm] (5:32)
and V.VS
Rpj.r(t) = / P51 11", (dp; dg;) (5.33)
S(pg,r) | S|

where Jq3,, = dgs, is set equal to a small positive increment like the other differentials
in the expression, so the absolute value is taken for S only. The dot product in the
numerator may be written, using Eqs (5.13) and (5.15) and Hamilton’s equation of
motion, as follows:

OH 0S O0H 0S OH 0S
Vove= Z [3291 dg;  Oqi 8pi] Z dp; 0q; (5:34)

where the last equality holds because the surface in Eq. (5.26) is only specified in terms
of position coordinates and not momenta. Then, with the short-hand notation

_oHos
t Op; 0g;

the expression for the rate may be written

3n 3n

112, (dp; da;)
Ryjr(t) = / Py Jil
" S(rir) Z 05

=1

(5.35)

3n

Ji
= p
~/S(pj,r) ; | 1]

3n
Ji
= p E dH 113", (dp, dq
/S(pj’r |J| Jj= 2( J ])

0H 0S8
3p1 3Q1

1137, (dp; dg;)
0S|

(5.36)

In the second line of the equation, we have just multiplied and divided by |J1|, which
is assumed to be non-zero. This makes it possible to eliminate the |0S| from the
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integrand, as seen in the third line of the equation, where we have set Op; = dp,
0q1 = dqi, and OH = dH to small differential increments, just like the other differential
increments in the equation. This leaves the absolute value on 05 alone and cancels
with the same term in the denominator.
To make the physical content of Eq.(5.36) more transparent, we note from Eqs

(5.34) and (5.30) that

3n

Y Ji=V-VS=V,s|VS| (5.37)

i=1

where V,, s = V -n is the component of the system point velocity that is perpendicular
to the dividing surface S. Also, let us write |J1| as

dH
dp1

08

0H 05| _ dH |05
oq

ap1 Oy

1| = ’ (5.38)

where we have replaced OH and dp; by small positive differentials.
If these equations are introduced into Eq. (5.36), we may finally write Eq. (5.25) in
the form

vs " .
Rpjr (t) = / 14 Vn,Sﬁ H?:'1 dp; Hi:dek
S(pj,r) 05/ 0q| (5.30)

VS| 3n—3 3n—3
= PV s—=a7— 112 dp; 115" da,
/S<pj,r> 08/0g,| = TR

where in the last line of the equation we have changed the upper limit from 3n to
3n — 3, since the calculations are always done in a center-of-mass coordinate system.

The expression shows that the rate is determined by the component of the system
point velocity that is perpendicular to the chosen surface S, an intuitively reasonable
result. The velocity is multiplied by a probability density function p and a geometric
factor |V S|/|0S5/0q¢1|, and the integrand is integrated over all momenta and coordi-
nates qa, ..., q3n—3, where ¢ is chosen such that |05/0q1| # 0.

The rate constant is defined as the reaction rate per unit volume of the reaction
chamber divided by the product of the reactant concentrations. Thus, for a bimolecular
reaction

(5.40)

where V' is the volume of the reaction chamber and [A] = Na/V and [B] = Ng/V are
the concentrations (i.e., number densities).

The rate depends on the number of reactant systems N,.(t), Eq. (5.22), as we have
seen above through the dependence of p, so when we are going to determine the rate
constant we need a relation between the number of system points in phase space and
the number of reactant molecules in the reaction. Typically, the reactant molecules
behave independently of each other, when the concentrations are small, and this is
assumed in the following. That is, in the reactant phase space, the total Hamiltonian is
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a sum of Hamiltonians associated with the A and B molecules, namely H = Ha + Hg.
Then p = papp and

N,(t) = /Q( )p(p,q,t) dpdq = NaNg = VZ[A][B] (5.41)

Combination of Eqgs (5.40) and (5.41) gives the following expression for the rate con-
stant: R (VP
pj,T
kpj.r = N, (D) (5.42)
where v = 2 for a bimolecular reaction (it is easily seen that a unimolecular reaction
would lead to the same equation with v = 1).

Before we can determine a rate constant, we must know the density p on the
surface S(pj,r). In principle, we may choose any distribution function, but usually it
is assumed that all degrees of freedom are equilibrated and that the density is given
by the (stationary) Boltzmann distribution, that is,

p = po exp(—H(p,q)/ksT) (5.43)

where pg is given such that Eq. (5.22) is satisfied. This leads to an equilibrium rate
constant, sometimes referred to as the canonical rate constant. Combining Eqs (5.43),
(5.42), (5.39), and (5.22), we obtain the following expression for the rate constant in
the center-of-mass coordinate system:

_ VS| _ _
k() =Z YT v, -H kT|7H3ﬁ 3dp,; 13" 23d
(1) =270) [ Vs explH o) k) g I, T2
(5.44)
where
2(T) = Vi~ / exp(—H (p, q)/kpT)IE 3 dpida; (5.45)
Q(r)

and the integral is the classical partition function for the reactant system when divided
by h3"73 ie., Q,.(T) = Z(T)V¥~1/h3" =3, where h is Planck’s constant (see Appendix
A.2). Again, v = 2 for a bimolecular reaction.

The optimal choice of the dividing surface S(pj,r) is, according to the Wigner
theorem, the surface that gives the smallest rate constant k(7). In principle, it can be
determined by a variational calculation of k(T") with respect to the surface such that
O0k(T) = 0.

A specific dividing surface

The dividing surface between reactants and products is specified in configuration
space. Let us, as an example, choose an orthogonal set of coordinates and a surface
S(pj,r) perpendicular to ¢, that is,

S(@=q —a=0 (5.46)

We then pull out the kinetic energy for motion along ¢; from the total energy; it is
given by p?/(2u1), where 1 is the reduced mass associated with motion in coordinate
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¢q1 and p; is the momentum conjugated to ¢;. Then the total energy FF may be written

as
2

H(p, q) =F = 2p—M11 + Es(pg, vy P3n—3,q1, -, Q3n,3) (547)

where, for ¢ = a, Eg is the energy associated with motion on the surface.
The geometric factor in Eq. (5.44) is seen to be equal to one with this choice of
dividing surface, and the velocity normal to the surface is

Vas =V -n=q¢ =pi/m (5.48)

This is introduced into Eq. (5.44) and we may write

K(T)=2Z"1(T) //(m/m)ﬂm/mﬁ(m —a)exp(—H(p,q)/kpT) 11" *dp; dg;

(5.49)
where §(x) is a delta function that ensures that the integration is over the dividing
surface only, and the Heaviside (unit) step function 6(¢) defined by

"9={0 o £20 (550)

ensures that only contributions from reactive trajectories that start on the reactant
side and end on the product side are included. Note that integration in this expression
is over all phase-space coordinates from —oo to 4o00. After Eq. (5.47) is introduced,
integration over p; gives

/ (p1/1)0(p1 /11) expl—p2/ (2 ks T)]dps = kT (5.51)
and we find
E(T) = kpT / exp(—FEs/kpT) 13753 dp; dg; (5.52)
Z(T) S(pg,r) =2 Y

The integral divided by h3"~* is seen to be identical to a partition function Qg re-
stricted to the surface S(pj, r), as opposed to an ordinary partition function where the
integration extends over all space. Likewise, the partition function Q,. for the reactants
is Q,(T) = Z(T)V»~1/h3"=3. The expression for the bimolecular rate constant may
therefore be written in terms of the partition functions as
kgT Qs
k(T) (0. V) (5.53)
It is important to notice that these partition functions can describe a collection of
interacting molecules, that is, they need not be partition functions associated with
isolated molecules, i.e., molecular partition functions. Since the partition functions are
dimensionless, it is easily seen that the expression has the proper unit for a bimolecular
rate constant.
Thus, under the assumption that motion from reactants to products can be as-
sociated with a single coordinate (orthogonal to the dividing surface) and evaluated
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as a one-way flux toward the product side, the expressions in Eqs (5.49) and (5.53)
give the (classical) rate constant. This result is equivalent to a fully classical version
of what is known as conventional transition-state theory, to be discussed in detail in
subsequent chapters.

Let us be more specific and consider a simple reaction between an atom C and a
diatomic molecule AB, that is, a reaction of the type

AB+C — AC+B (5.54)

and see how the formulation developed above may be used in that case. It will be
straightforward to extend the derivations to more complicated reactions between mole-
cules.

The rate constant for the reaction is given by the expression in Eq. (5.44), which
has the form

VS|
k(T) = Z_l(T)/ Vi,s exp(—H(p, Q)/kBT)|7 °_, dp; TIY _ydgi  (5.55)
Stir) (050, ==
where Z(T') from Eq. (5.45) is given by
20) =V [ exp(-H(p. )/ kTN dpidg (5.56)
Q(r)

¢; and p; are the conjugated position and momenta coordinates of the atoms, V,, s is the
velocity in phase space normal to the dividing surface between reactants and products,
and the factor [V.S|/|0S/0q1] is a geometric factor that relates the surface element
dS to the coordinates ¢; and p;; coordinate ¢ is chosen such that the denominator in
the geometric factor is different from zero. H(p, q) is the energy of the atoms in the
center-of-mass coordinate system, that is, for the relative motion of the atoms.

We have already seen that a convenient set of coordinates for the relative motion
of the atoms is given by the so-called Jacobi coordinates in which the kinetic energy is
diagonal with no cross terms between different momenta. A systematic way of deriving
these coordinates is given in Appendix C, and applied to this system we get

TAB=TB —TA

ma mp (5.57)
TC,AB = TC — TA + T
ma +mp ma +mp

where the reduced masses associated with the motion in these coordinates are puap =
mamg/(ma +mg) and pc ap = mc(ma +mg)/(ma +mp + mc), respectively.
The total energy in the center-of-mass coordinate system is then (Appendix C)
2
H= QP:% + % + Epot(TAB, TC,AB)
_ P%B @
2uaB  2pc,AB

+ Epot(TABa rC,ABag) (558)

where rap = |rap|, and similar for ¢ ap. In the last equation we have expressed the
potential energy in terms of the magnitude of the distances and the angle £ between
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the distance vectors. For a given angle, the potential energy surface may look like that
sketched in Fig.5.1.4.

The next step is to make a reasonable choice of the surface separating reactants
from products. It is clear that it should be near the saddle point, if such a point
exists. To make the geometrical factor in the expression for the rate constant simple,
we choose the dividing surface to be perpendicular to the r¢ ap-coordinate spanning
the entrance valley from some minimum distance rap min to some maximum distance
TAB,max- Lhat is, we identify coordinate ¢; with rc ap, and the surface is given by the
equation

S(@=q¢ —a=rcap—a=0 (5.59)

where a is the value of the rc ap-coordinate on the surface. With this choice, we
immediately see that the geometrical factor is equal to one. Since ¢; = rc.ap is
constant during the integration over the surface S and the potential energy depends
on the distances, it will be convenient to switch to spherical coordinates. The spherical
coordinates associated with rap are rap, 0aB, and ¢ap, and similar for rc ag, i.e.,
rC,AB, 0c,aB, and ¢c ap. The kinetic energy of a particle of mass m is, in spherical
coordinates, given by the standard expression

1 1 : 1 ;
Exin = §m7'"2 + §mr92 + 5mr sin®(6)¢? (5.60)

From this and the definition of the conjugated momenta

_(OL\ _ (0Bun
n=(a) - (%) 551

the energy of the system in the center-of-mass coordinate system may be written

VcaB

Fig. 5.1.4 Potential energy surface for the reaction in Eq. (5.54) as a function of the distance
rc,aB and rap for a fixed angle between the two distance vectors. The % marks the position
of the saddle point of the potential energy surface and S the surface spanning the reaction
channel.

F'aB
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2 2 2
_ P aB Py AB Py AB
2uAB  2pABTRp  2paBTApsin’(fan)

2 2 2
Pr.c.AB Py.c.aB Py c,AB

2 3
2uc,AB  2UCABTG AR 20C,ABTE A SINY (0 AB)

+ Epot (TAB) TC,AB, f)
(5.62)

With the spherical coordinates, the surface and volume elements in the integrals may
be written

H?:1 dp; 11y _sdqi = dp,aB dpoas dpeas dprc,as dpec,aB dpsc,AB

(5.63)
X drap dfap dpas dfc ap doc aB

and for the volume element

H?:l dpjdq; = dpraB dpoas dpsas dprc,aB dpec,AB dpsc,AB

(5.64)
X drap dOaB dpaB drc,a dfc aB doc,aB

since we have used conjugated momenta and coordinates (see Appendix E.3). From
Egs (5.60) and (5.61) we see that

_ Prc,AB

HC,AB (5.65)

Vs = =1 = —TFcaB =

The minus sign in Eq. (5.65) indicates that V,, g is the ‘outward component of the
velocity’, that is, from the reactant side at large rc ap to the product side at small
rc,ap. The angle ¢ is the angle between the rc ap and rap distance vectors. The
potential energy is therefore independent of the azimuthal angles ¢ and if we, for
example, orient the vector rc ap along the z-axis, then we may identify the angle &
with the polar angle Ox5.

We may now integrate over all variables that do not enter in the potential energy,
and the results are compiled in Table 5.1 for both the ‘surface’ and ‘volume’ integrals.
When combined with what is left in the integrals, we find the following result for the
surface integral:

Is(T) = 8n%kpT (2rpuapkT)* (21 pc,asksT) 18 An

™ TAB,max
X / dfaB / drap rig sin(0ap) exp(—Epot(ras, ro,as, 0as)/ksT)
0 TAB,min
(5.66)
where rc A = a, and

Z(T) = 4n(2rpapks T)*? 2rpc askpT)>/?

TAB,diss 9 (5~67)
X / drag rapg exp(—Epot(ras)/ksT)
0
where 7AB giss 15 the maximum distance that we have to consider for the reactant
AB. We note that the volume integral extends over the reactant space in phase space,
where the potential energy only depends on rap as shown in Eq. (5.67), since atom C
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Table 5.1 The integrals over variables that do not enter in the potential energy.

Integration

Surface integral Volume integral
over

DrAB V2muasksT V2mpaksT
Range: (—00,00) (—00,00)
DrC,AB ksT V2rpc,aksT
Range: (0, —o0) (—o0,00)

PoAB V2mpapksl raB V2rpuasksT ras
Range: (—00,00) (—00,00)
PoC,AB v 2mpc,aBkBT Tc,AB v 2mpc,asksT rc,aB
Range: (—00,0) (—00,00)
PyAB V2rpuaksl raB Sin(@AB) V2mpuasksT raB Sin(@AB)
Range: (—00,0) (—00,00)
DéC,AB v 2mpc akT ro,aB sin(fc,as)  v/2mpc,aksT ro,aB sin(fc,aB)
Range: (—00,0) (—00,00)

PAB 2m 27
Range: (0,2m) (0,2m)
dC,AB 27 27
Range: (0,2m) (0, 2m)

Oc,AB 2 2
Range: (0,7) (0,7)

TC,AB Potential energy integration r& aB/3 = V/(4r)
Range: - 14

OaB Potential energy integration 2
Range: - (0,7)

is supposed to be far away from molecule AB. Combination of the two expressions for
the integrals finally gives the rate constant

CIs(T)  , [2rkgT
FO =720 =\ o

foﬂ dfap fTAB’m‘”‘ drap rip sin(0ap) exp(—Epot(ran, a,0ap)/ksT)

TAB,min

j‘OTAB,diss dTAB riB eXp(—Epot (TAB)/kBT)

X

(5.68)

From the expression in Eq. (5.68) we may now calculate the rate constant by eval-

uating the relatively simple integrals in the expression by, for example, a Monte Carlo
sampling (see Appendix I).

5.1.2 An exact classical expression for the rate constant

The approach described above will, in general, not give the exact rate constant, since
it is based on a quite arbitrary choice of the dividing surface; we do not know if the
choice is valid according to the Wigner theorem, namely that the rate constant is at
a minimum with respect to variations in the choice of dividing surface. A variational
determination of the rate constant with respect to the position of the dividing surface
is usually not done directly.
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Instead, classical trajectory simulations are performed to determine the fraction of
trajectories crossing the dividing surface that actually contribute to the formation of
product molecules [5,6]. If the surface is the optimal one corresponding to a minimum
value for the rate constant, all trajectories crossing the dividing surface from the
reactant side to the product side will lead to the formation of products. If not, a certain
fraction of the trajectories crossing the dividing surface will turn around, recross the
surface, and therefore not make a contribution to the formation of products.

It would be inefficient to start trajectories at some place in the reactant part of
phase space, since many of the trajectories would never approach the region of phase
space where the dividing surface is located, but would move around in the reactant part
of phase space. Instead, all trajectories are started at the dividing surface. The initial
position of each trajectory is chosen from a Boltzmann distribution proportional to
exp(—Epot/kpT) at the given temperature T', see Eq. (5.68). The initial momentum
for p; is chosen from a distribution proportional to exp[—p%’AB/(2uc,ABkBT)] for
—00 < p < 0, while the other initial momenta are chosen from equivalent distributions
but with the momenta in the range —oo < p < co. A small range around the dividing
surface is defined arbitrarily as the ‘transition region’ beyond which we will be in the
region of reactants and products, respectively.

If a trajectory makes it to the product side, as sketched in Fig.5.1.2; then it is
also propagated backwards in time from the initial position to check if it originated
on the reactant side. If so, the trajectory is marked as successful. In all other cases,
that is, the trajectories do not make it to the product side, or if so, do not originate
on the reactant side, then they are registered as unsuccessful. The fraction x of the
total number of trajectories that are marked successful is now used to rectify the rate
constant for not being calculated with the optimal choice of the dividing surface, and
the final result is reported as

kexact(T) = K k(T) (5.69)

k is often referred to as a transmission coefficient.

The determination of the exact rate constant as given above consists of two steps:
(i) a determination of the surface integral in Eq. (5.44), and (ii) a determination of the
factor k in Eq. (5.69) that makes up for the fact that the chosen surface may not be
the one leading to a minimum value of the rate constant as required by the Wigner
theorem. In addition, a determination of the partition function for the reactants is, of
course, required.

An alternative formulation [3] of the expression for the rate constant that combines
steps (i) and (ii) above is possible, and therefore results in an expression for the rate
constant that is independent of the chosen surface, as long as it does not exclude
significant parts of the reactant phase space. The expression also forms a convenient
basis for developing a quantum version of the theory. We begin with the reformulation
of the classical expression and continue with the quantum expression in the following
section.

From the basic expression for the rate, Eq.(5.25), using Eqgs (5.42), (5.43), and
(5.22), we see that the rate constant k(7T") in Eq.(5.44) may also be written in the
form
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MT) =27 [ Vs eplH(pq) kT ds (5.70)

with V,, s = V - n, ie.,, a canonically averaged flux of system points across some
dividing surface S that separates reactants from products in the direction from the
reactant side of the surface to the product side. In the previous section we showed one
way of determining the surface integral. Here we consider an alternative way that is
based on the properties of the Heaviside step function and allows us to combine steps
(i) and (ii) above in one expression. The Heaviside (unit) step function is given by
Eq. (5.50) and the derivative of the step function is the delta function, that is,

() _
i 6(¢) (5.71)

Now suppose, like before, that the dividing surface is given by the equation
S(q) =0 (5.72)

in the atomic coordinates q of the system.

The surface integral in Eq.(5.70) may be expressed as a volume integral if we
include the delta function 6(S(q)) in the integrand such that we only get contributions
when the coordinates satisfy Eq. (5.72). We also need the flux of system points across
the surface. Both of these may be introduced by considering the ‘lux’ function F(p, q)
given in terms of the Heaviside step function as

3n—3
Plp.) = siato) = s(sla@) ™G = sisia) 3 () d

=0(S[qg())VS - g =0(5[q(t)]) Vn.s (5.73)

In the last line of the equation we have used bold phase notation to emphasize that
the sum in the first line of the equation is equivalent to a dot product of the gradient
vector perpendicular to the dividing surface and the velocity of system points across
the surface, that is, the velocity component perpendicular to the dividing surface, see
also Eqgs (5.34) and (5.37). Thus, F(p, q) describes the flux across the dividing surface
of system points starting at (p, g). If the coordinates g do not satisfy Eq. (5.72), the
flux will be zero, otherwise it will be given by V,, s.

We also need a function that shows whether a given trajectory, starting on the
reactant side of the dividing surface, ends up at the product side at time ¢t — oo
and thereby contributes to the formation of products. The Heaviside step function in
Eq. (5.50) may also be used to specify whether the phase-space point of a system is
at the dividing surface (S(q(t)) = 0), on the product side (say S(g(t)) > 0), or on the
reactant side (S(g(t)) < 0). We then define the function P(p, ¢) according to

P(p,q) = Jim 0(S[a(1)) (5.74)

This function will be equal to one if products have been formed because the coordinates
will then be on the ‘positive side’ of the dividing surface, otherwise it will be zero. So,
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let us consider a set of initial coordinates (p, q) somewhere in the reactant space; then
the contribution of this trajectory to the formation of products may be written as

dk < F(p,q) P(p,q) (5.75)

We see that if the coordinates g(t) never have values such that S(q(t)) = 0, then
F(p,q) = 0 and the trajectory will not contribute to the formation of product. If
the trajectory has passed the dividing surface then F(p,q) = V, s # 0, and if the
trajectory is still on the product side at ¢ — oo then P(p,q) = 1, and the trajectory
makes a contribution to the product formation. If the trajectory has recrossed the
dividing surface and ends up on the reactant side, then P(p,g) = 0 and there will be
no contribution to the product formation from that trajectory although it originally
crossed the dividing surface from the reactant to the product side.

We then need to consider a canonical weighted average of the contributions in
Eq. (5.75) of all trajectories starting on the reactant side, and crossing the dividing
surface in the direction from the reactant side to the product side. Thus, after intro-
duction of P(p, q), Eq. (5.70) takes the form

1

kexact (T) = Q, h3n—3y1-v

/Q APl (0. @) P, @) exp(Hp.@)/k5T) | (576

where v = 2 for a bimolecular reaction (and v = 1 for a unimolecular reaction). Note
that the integration over the momentum variable perpendicular to the surface is only
from 0 to oo, that is, in the direction from the reactant side to the product side of the
dividing surface consistent with the V' - n > 0 condition in Eq. (5.25).

From the relations in Eqs (5.73) and (5.74) we see that the P(p, g) function may
also be expressed in terms of the flux function F(p, q), that is, we may write P(p, q)
as the following time integral:

Ploa) = [ g oslati)
- / dt F(p(t), q(t)) (5.77)

In the first line we have used that 0(S[q(0)]) is always zero since all trajectories start
on the reactant side. Inserting into Eq. (5.76) and interchanging the order of the phase
space and time integrals gives

bonse(T) = s [ F (0. aO)IF (0 a(0)

) . /mﬁC@) (5.78)
= T o_. o--1 _ F
h3n73‘/17u 0

where Cp(t) is the canonical average of the flux time-correlation function, except for
the fact that we only integrate the momentum perpendicular to the dividing surface
from zero to oo, that is,



128 Rate constants, reactive flux

Cr(t) = ([F(p(0),q(0))][F(p(t), q(t))])
= Qi/ dp(0)dq(0)F(p(0),q(0))F(p(t), q(t)) exp(—H (p(0),q(0))/kpT)
r JQ(r)
(5.79)

We see that the rate constant may be determined as the time integral of the canon-
ical averaged flux autocorrelation function for the flux across the dividing surface
between reactants and products. It is also clear that we only need to calculate the
flux correlation function for trajectories starting on the dividing surface, for otherwise
F(p(0),q(0)) = 0 and there will be no contributions to the product formation.

The observation that the rate constant may be expressed in terms of an auto-time-
correlation function of the flux, averaged over an equilibrium ensemble, has a parallel
in statistical mechanics. There it is shown, within the frame of linear response theory,
that any transport coefficients, like diffusion constants, viscosities, conductivities, etc.,
may also be expressed in terms of auto-time-correlation functions of proper chosen
quantities, averaged over an equilibrium ensemble.

Finally, it is instructive to consider the exact expression under some simplifying
assumptions. Let the dividing surface be perpendicular to the reaction coordinate, say
q1, SO

S(@)=q¢ =0 (5.80)
All trajectories start at the dividing surface, so
F(p(0),q(0)) = d(S[g(0)]) 41 = 0(q1) p1/ 1 (5.81)

where we have assumed a Cartesian coordinate system for simplicity. Let us apply the
exact expressions to the special situation where no trajectories recross the dividing
surface; then

F(p(t),q(t)) = 0(Slg(t)]) dS/dt

o(t) dS
= .82
= Tasja @t~ 00 (5:82)
where we have used the relation
O(x — xp)
5.83
DDt yr e —" (5:83)

x, are the roots of g(x) (this is easily proven by a Taylor expansion of g(z) around
Z, ). Note that the assumption of no recrossings implies that there is only one root for
t = 0. Inserting these relations into Eq. (5.79) gives

1
Crlt) = 5 [ dpdadian) 25(0) exp(—H (p.) o)
kT
= 225(0) [ exp(~Es(p.g.an = 0)/kuT)II5 " dpi day
_ kST Qsh3m 4 5 (1) (5.84)

where the integration over p; is as in Eq. (5.51), Fg is defined in Eq. (5.47), and Qg is
the partition function restricted to the surface S. So the flux time-correlation function
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decays to zero immediately as opposed to a situation where recrossing takes place.
Then, according to Eq. (5.78), the rate constant is given by

kT Qg

M) = =5 g (5.85)

This result is equivalent to Eq. (5.53), the classical version of what is known as con-
ventional transition-state theory, to be discussed in detail in subsequent chapters.

One final remark is that in the derivations given above we did not assume that the
chemical reaction took place in the gas phase. Thus, the foundation for condensed-
phase applications is also provided. Reaction dynamics in condensed phases will be
discussed in the second part of this book.

5.2 Quantum dynamics

After having described the expression for the rate constant within the framework of
classical mechanics, we turn now to the quantum mechanical version. We consider first
the definition of a flux operator in quantum mechanics.? To that end, the flux density
operator (for a single particle of mass m) is defined by

j = (P/m|R)(R| +|R)(R|P/m)/2 (5.86)
The expectation value of this (Hermitian) operator is

(XI31x) = [XIPIR)(R|x) + (x| R){R|P|x)]/(2m)

- [(Boum) ww = @ ivam) e
= Sh [ (R)VX(R) ~ X(R)VX (R) (5:87)

where we have used (R|P|x) = (1/i)V(R|x). Note that in the second line we observe
that the second term is just the complex conjugate of the first term. Equation (5.87)
is recognized as the probability current density or flux density of Eq. (4.107). The flux
operator corresponding to the probability flux through a surface separating reactants
and products is defined by

F:/dsn-j' (5.88)
S

where n is the unit normal to the surface elements. The surface can be described by
S ={R € r"|s(R) = 0}, and we can rewrite the flux integral as a volume integral
rather than a surface integral:

. /dR S(s(R) n-j (5.89)

2In order to fully appreciate the content of this section, a good background in quantum mechanics
is required; see also Appendix F.
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where n = Vs(R)/|Vs(R)|. Note that in one dimension the ‘surface’ is a point,
whereas in two dimensions the ‘surface’ is a line, etc. Inserting the expression for
J,

- —/dR(S R)) n-{|R)(R|P + P|R)(R|}

L /dR 5(s(R)) {|[R)(R|n- P +n-P|R)(R} (5.90)

As an example, specializing to a surface of constant Rl, s(R) = R1 — Ry, implies
ds/OR, =1 and ds/OR; = 0 for i # 1, that is, n- P = Pg, and

F =g [ AR 8~ Ro) (IR (R| Pr, + Pr, | R)(R)

%/de (Ry — Ro) {|R1)(R1| Pr, + Pr,|R:)(Ry|} (5.91)

where we have used the completeness relation [ dR|R)(R| = 1, where R refers to all
coordinates with the exception of R;.

5.2.1 One degree of freedom

Let us for simplicity consider k(T') for a one-dimensional ‘reaction’, where all degrees
of freedom are neglected except for one degree of freedom describing the progress of
the reaction. Within this framework, reaction corresponds to the crossing of a one-
dimensional barrier. Starting from the exact Eq. (5.7) where Qpc = 1, Qtrans is the
partition function of the relative one-dimensional translation motion, and Peyyn =
|S(E)[?, the expression for the rate constant takes the form

k(T) = kBTTm/O“|S(E)|2€—E/kBTd(E/kBT)
1 1 I o
- ﬁm/o (p/M)T(p)e E/k po
— /0 (p/1)T (p)P(p) dp (5.92)

where E = p*/(2p), |S(E)|?> = T(p) is the transmission probability, and P(p) is the
Boltzmann distribution,

P(p)dp - % (Qtra];ls/L)
_ exp[—p?/(2pkpT)]

V2rukpT
since in one dimension Qrans = v2wukgTL/h. Thus, the interpretation of Eq. (5.92)

for the rate constant is quite simple: it is a thermal average of the speed times the
transmission probability. The unit of this rate constant is length/time.

e*E/kBpo

dp (5.93)
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As a simple illustration, assume that T'(p) = 0 for p < po, and T'(p) = 1 for p > po;

then k(T) = \/kgT/(2mu) exp|—Eo/ksT], where Ey = p3/(2u). The pre-exponential
factor is just the average velocity for motion from left to right (see Eq. (6.6)).

Now, in order to introduce the flux operator of Eq. (5.91), we evaluate the expec-
tation value of the flux operator at a point R = Ry in the asymptotic region, using
the stationary scattering states in Eq. (4.129), which we now denote by (R|p+), with
the asymptotic form limp o (R|p+) = (R|p) = Cexp(ipR/h)/v/27h:

(p|EFp) = i /dR 8(R ~ Ro) {(p|R)(RIPlp) + (p|P|R)(RIp)}

1 , )
% [/ dRS(R — Ry)C* e~ PR/MpCeRIM 4 ce | /(27h)

L

= (p/w)T(p)/(2mh) (5.94)

since P|p) = p|p), and where cc denotes the complex conjugate term and T'(p) = |C|?
is the transmission probability, see Section 4.2.2. Thus, this number is independent of
Ro; in fact, using Eq. (4.106) the flux associated with any stationary (scattering) state
is independent of the position. That is, (p|F'|p) = (p+|F'|p+). Furthermore, since [p+)
is an eigenstate of H with an eigenvalue that is the same as when H acts on |p), we

have N 5
efH/chT|p+> — P /2uk3T|p_|_> (5.95)

Equation (5.92) can now be written in the form

1 < s f ks
k(T) = m/@ (p+|Fe H/FaT|p4)dp (5.96)

and we introduce a projection operator P

bt |pey — 4 ) forp=0
Prlp+) = {0 for p < 0 (5.97)

then the integral can be extended to —oo, and

1

— 7H/kBT nlo
(Qtrans/L) Tr[e FP;L] (598)

k(T) =

where Tr is the quantum mechanical trace, i.e., a sum over diagonal matrix elements,
and we have used that the trace can be rewritten in various ways:

Tr[Fe_ﬁ/kBTPr"‘] = Tr[FPr"'e_ﬁ/kBT] = Tr[e_ﬁ/kBTﬁ'I:’r"'] (5.99)

where we have used that H and P commute, [H, P] = 0, which follows directly
from H|p+) = E|p+) and the definition in Eq. (5.97), and that the trace is invariant to
cyclic permutations. The resulting expression for the rate constant takes a form that

is well known from statistical mechanics, i.e., a Boltzmann average of an operator, i.e.,
(FPF).
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Stationary scattering states were used in the derivation of Eq. (5.98). Quantum
mechanical traces are, however, independent of the representation in which they are
carried out, so that there is no longer any explicit reference to these states, and any
other orthonormal set of functions can be used in the trace. The quantum mechanical
traces can then, e.g., be evaluated in a coordinate basis.

The trace in Eq. (5.98) can be rewritten in various alternative and more convenient
forms [2]. Time evolution can be introduced in the expression using that Eq. (4.132)
is also valid for stationary scattering states [7]. Thus,

A~ ) ’L’A _ L fy0
[pt+) = Qulp) = lim_eHt/Pem R p) (5.100)

where |p) is an eigenstate of HY. Note that the Moller operator is defined as the limit
t — —oo of a product of time-evolution operators. This equation relates the scatter-
ing states to the asymptotic form. Alternatively, the derivation leading to Eq. (5.98)
could have been carried out using the stationary scattering states |p—), given by the
analogous equation

0 : iHt/h ,—iHt/h
[p=) = Qp) = lim e Ht/hem 0N p) (5.101)

T
operator P, associated with the [p—) states, can be written in a more explicit form,

i.e.,

The projection operator Pt in Eq. (5.97), as well as the equivalent projection

P = / dp|pE) (p=E|
0

_ / " dp0(p) lp) o

_ / ()0 P (plOL

= lim et/hpoe—iflt/h (5.102)

t—Foo

where 0(p) is Heaviside’s unit step function, defined in Eq. (5.50). Equations (5.100)
and (5.101) were used in the third line, and

By /_ h dp 6 (p)|p)(p|

_ / " dp () lp) (]
=0(P) /OO dp|p){p|

— 00

= 0(P) (5.103)

since for any function f of an operator defined through its power series (see Eq. (4.103)
for an example)
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F(P)lp) = f(p)Ip) (5.104)
Thus, from Egs (5.102) and (5.103),
pt PO(4) 1 iHt/hg Py, —iHt/h _ 5
P; tilernoo P’(t) tilgcnoo e O(P)e tllgloo O[P(t)] (5.105)

using the notation
A(t) = eiHt/h je—iHt/h (5.106)

which is recognized as the time dependence of operators in the Heisenberg picture of
quantum dynamics [8]. In the Heisenberg picture all the time dependence is carried
by the operators, whereas in the Schrédinger picture that we have used so far the
operators are fixed in time and all the time dependence is carried by the states. Note
that in the Heisenberg picture the observables carry a time dependence exactly as in
classical mechanics and if [ﬁ , fl] =0, i.e., A is a constant of motion, then fl(t) =Ais
independent of time. In the last step in Eq. (5.105), we used

FIA)] = e Ht/hf(A)e—iHt/R (5.107)

where A(t) is given by Eq. (5.106) and f is again any function of an operator defined
through its (Taylor) power series. The projection operators in Eq. (5.105) project onto
states that in the infinite past (future) had (have) positive translational momenta.
The trace in Eq. (5.98) can now be rewritten in various alternative forms. We note
that Tr[e_H/kBTFPr_] = Tr[Fpr_e_H/kBT] = Tr[ﬁ'e_H/QkBTPr_e_H/QkBT], where I:’r"'
was replaced by ]5;, and in the last step it was used that the Hamiltonian and the
projection operator commute. Then, using Eq. (5.105), Eq. (5.98) takes the form

1 : o iHE: [h( Y, —iHte/h
k(T) = O D) Jim Tr[Fe /hg(P)e /" (5.108)
where t. =t — ih/(2kpT) is a complex time.

We consider the trace at t = 0, Tr[Fe /2k8Tg(P)e=H/2k5T| = Tr[F A], which
defines the operator A. Tt is noted that both the flux operator F and the A operator
are Hermitian operators, which implies that Tr[FA]* = Tr[(FA)f] = Tr[ATFT] =
Tr[AF] = Tr[FA], that is, the trace must always be real valued. Furthermore, if the
trace is evaluated in a basis of real-valued functions, then the trace must be equal
to zero, since the operators contain the momentum operator, which also contains the
imaginary unit i = v/—1. Using this result, Eq. (5.108) can be written in the form

W) = g P )
= (Qtr;/m /0 4 Cr (0 (5:10%

where
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CF(t) = %Tr[ﬁ‘eiﬁtz/he(p)efif{tu/h]
= a4 i php oy —ifite /R
= S I[P T, 6(P))em e/ (5.110)

and in the last line it was used that the time derivative of an operator in the Heisenberg
picture, see Eq. (5.106), is given by

AW _ i), Ay

dt

exp(iHt/h)[H, A] exp(—iHt/h) (5.111)

St = 3

(note the similarity with Eq. (4.109) in the Schrédinger picture). Thus, we must now
evaluate the commutator [H,0(P)]. It turns out to be useful to replace §(P) by 6(R—
Ry) and it can, indeed, be shown that the projection operator 13; in Eq. (5.105) is
equivalent to the projection operator limy ... exp(iHt/h)0(R — Ro)exp(—iHt/h) [2]
(see Appendix F); that is, the commutator can be replaced by [H,0(R — Ry)], and

[H,6(R — Ro)] = %j,a(R — Ry)
- i {P [P,6(R — Ro)] + [P,6(R — Ro)] 13} (5.112)

where the commutator [P, (R — Ro)] = %/i[0/0R, (R — Ro)] = (h/i)§(R—Ry), using
d[f(z — a)]/dz = §(x — a). Then,

[1,0(R ~ Ro)] = o [PO(R ~ Ro) + (R — Ro) P| = P (5.113)
where the coordinate representation of Eq. (5.91), (R|F|R), was used in order to iden-
tify the flux operator.

Finally, combining Eqs(5.110) and (5.113), the expression for the thermal rate
constant can be written in the form

1 o0
ET)=——— [ dtCp(t 5.114
T) = G [ Ce (5.114)
where o
Cp(t) = Tr[Fettite/h pemiflte/h] (5.115)

te = t —ih/(2kpT) and Cp(t) is referred to as the flux autocorrelation function
or simply the flux correlation function. The expression involves a time evolution of
quantum operators over infinite time. Often only short-time evolution near the dividing
surface is required in order to get a converged result; this is a key point that can make
this expression convenient from a computational point of view.
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The form of the expressions in Eqs (5.98) and (5.114) is closely related to the clas-
sical expressions for the rate constant given in Section 5.1. The quantum mechanical
trace becomes in classical statistical mechanics an integral over phase space [9] and the
Heisenberg operators become the corresponding classical (time-dependent) functions
of coordinates and momenta [8]. Thus, Eq. (5.78) is the classical version of Eq. (5.114).
Furthermore, note that Eq.(5.98) is related to Eq.(5.49), i.e., the relevant classical
(one-way) flux through Ry, at a given time, becomes 6(R — Ro)(p/p)0(p/p), exactly
as in Eq. (5.49).

Example 5.1: The flux correlation function of a free particle

To give an idea of the form of the flux autocorrelation function, we consider the
dynamics of a free particle with a constant potential energy of Eo, H = P2/(2m) +
FEy, which to a first approximation can describe the dynamics along a relevant
reaction coordinate in the barrier region of the potential surface. The flux correlation
function (5.115) can, in the coordinate representation, be written in the form [2] (see
Appendix F)

2m dz0x’

0F<t>=(h) ( 0 |<x'|ff<tc>|x>|2—4'%<x’|ﬁ<tc>|x> ) (5.116)
ar=r2'=(0)

where U(t.) = exp(—iHt./h). Then
(@0 te)|e) = /dp<ff'|U(fc)|p><p|fE>

_ /dp e—ip2tc/2mh<x/|p> <p|x>e—1'E0tc/h

1 3 o ,
= _QWh/dp e—1p2tc/2mhezp(r —x)/ho—iBotc/h
m 1/2 3 2 3
_ (27rhlt ) e’L(Zt—J) ) m/QEtCe—lEgtc/h (5117)

where t. =t —ih/(2kgT). The relevant derivatives become

o2 |<x'| A (t )|x>|2 m?2 1 e~ Eo/kBT
Oxox’ Ulte z=x'=0 2nwhkpT (t2 aF [h/(QkBj )]2)3/2
. ) (5.118)

oz’ =0

(@'|U (¢c)le)

r=2'=0

Cr(t) = ( ! ) (%;x,uxwmcnw —4}%@%0(%)'@’2)

ar=a"=(0)
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_ kT [h/(2kpT))? o~ Fo/ksT
h (82 + [/ (2kBT)]?)3/2
Fig.5.2.1 shows Cp(t) at T' = 300 K; we note that i/(kpT) ~ 25 fs and the correla-
tion function has basically decayed to zero within this time.

The rate constant corresponding to Eq.(5.119) can be evaluated analytically.
Thus,

(5.119)

k(T) = & /Ooo dt C ()

_ k8T _pojepr 1 / * g [/ kT
0 (t* +

h Qr [/ (2kBT)]?)3/2
_ kBTTe—Eo/kBT 1 (5.120)

We note that in one dimension @, = Qtyans/L = 2wpkgT/h and (kgT/h)/Q, =
kBT /2w, i.e., kE(T) takes exactly the same form as in the result discussed in the
model below Eq. (5.92).

5.2.2 The general case

The derivation in the previous subsection was based on the exact quantum mechanical
expression for the rate constant given in Eq.(5.7), and it can be generalized to any
number of degrees of freedom [1-3]. Consider the reaction A + BC(n) — AB(m) + C.
As in Eq. (5.94) we first evaluate the flux in the product region. We use the asymptotic
form of the stationary scattering state (originating from A +BC(n)) in the product re-
gion where the distance between AB(m) and C is large (R — oo). When, for simplicity,
the reaction is constrained to collinear geometry, we have

0.1

0.08

0.06

0.041

CHOexp[-Eo/kpTlkgTlh)

0 10 20 30 40 50 60 70 80
Time (fs)

Fig. 5.2.1 The flux autocorrelation function for a free particle at 7" = 300 K.
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zka

. kntias,c
lim (R,r|E,n+) = 7’5 m(F 5.121
Jim (R.r 3 Ralr)| e Sun(B) (5121

where k, = \/2pa pc(E — E,)/h and ky, = \/2uas,c(E — Ey,)/h. Using Eq. (5.91),
the expectation value of the flux operator becomes

<E,n+|F|E,n+>

/ dRdr §(R — Ry) {(E n+|R,r)(R,r|Pg|E, n+) + cc}

2/~LAB c
7,]€ /R k
' nMAB,C ox

= dRdr §(R — Ry) — 5 (F

2/1'ABC/ 0 {Z V2 AB( ) km’MA,BC nm( )

ethm R knpas,c
X hk,, — =S m(E) + cc
Z fhms( r) Fnfia o (E)

= (hkn/paBc) Y [Sum(E)[?/(27h) (5.122)

where we used the orthonormality of the vibrational wave functions, i.e., (5 |¢K‘{3> =
Ommr, and cc denotes the complex conjugate term. This result generalizes Eq. (5.94),
and we can continue rewriting the expressions exactly as in the previous section. In
this section we simply summarize the final results.

Again, the quantum mechanical expressions can be written in a form that is analo-
gous to the classical expressions for the rate constant given in Section 5.1, remembering
that a classical phase-space integral is equivalent to a quantum mechanical trace [9],
and classical functions of coordinates and momenta are equivalent to the corresponding
quantum mechanical operators.

Equation (5.98) is valid in general, and analogous to the classical expression in
Eq. (5.76),

1

Q VT
where @, is the partition function of the reactants, and v = 2 and 1 for a bimolecular
and a unimolecular reaction, respectively.

The flux operator F' is given by

k(T) = Tr[e /5T F B (5.123)

F =5 [otsia) Y PR L +X 2924 5(s1q) (5.124)

7

a form which is analogous to Eq. (5.90). Again, there is a close analogy to the corre-
sponding classical expression given in Eq. (5.73). The quantum operator corresponds to
a symmetrized transcription of the classical expression. Thus, the Hermitian quantum
operator corresponding to a product of two classical functions AB = (AB + BA)/2
is (AB + BA)/2, where A and B are Hermitian operators. Hence the factor of 1/2.
The projection operator P, = limy_.o. exp(iHt/h)0(S|q]) exp(—iHt/h) is analogous to
the expression discussed in the previous section and, using Eq. (5.107), to the classical
expression in Eq. (5.74).
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The general result analogous to Eq. (5.114) and to the classical results in Eqgs (5.78)
and (5.79) is

k(T) = ﬁ /Ooo dt Cr(t) (5.125)

where the time-correlation function for the flux operator is written in the form
Cp(t) = Tr[e—ﬁ/ksTpemt/hpe—mt/n]
= Trle~ /TR (1) (5.126)

Q. is the partition function of the reactants, and v = 2 and 1 for a bimolecular and
a unimolecular reaction, respectively. Note that in the flux autocorrelation function,
the position of the Boltzmann operator differs from the form given in Eq. (5.115).

Full numerical evaluations of Cr(t) for simple ‘direct’ reactions give correlation
functions that decay to zero within ~ 30 fs at T = 300 K [3]. For the reaction Cl4+-H; —
HCI+H, the correlation function is even quantitatively quite similar to the free-particle
result in Eq. (5.119) and Fig. 5.2.1, whereas in the reaction O + HCl — OH + Cl the
function Cp(t) takes negative values in the time interval ¢ ~ 10-30fs, which is a
signature of recrossings of the dividing surface [3].
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6

Bimolecular reactions,
transition-state theory

Key ideas and results

In this chapter we consider an approximate approach to the calculation of rate
constants for bimolecular reactions. It is assumed that the progress of the reaction
corresponds to a direct reaction; the ideal case is reactions with a single saddle point
and no wells along the reaction path. In the so-called transition-state theory, one
only considers the saddle-point region of the potential energy surface and defines a
reaction coordinate that describes the progress of the reaction. The assumptions are
now that motion along this coordinate can be treated by classical mechanics, and
that this motion always leads to products without ‘recrossings’ of the saddle point
from the product side to the reactant side. The results are as follows.

e The expression for the thermal rate constant k(7T') is given as a product of two
functions: an exponential function and a prefactor. The prefactor contains the
partition function for the reaction complex, the ‘supermolecule’, at the saddle
point (with the reaction coordinate omitted) and partition functions for the re-
actants. The second factor is an exponential with an argument that contains the
energy difference between the zero-point energy level of the supermolecule at the
saddle point and of the reactants.

e Corrections to transition-state theory due to quantum tunneling along the reac-
tion coordinate give a thermal rate constant that is larger than the prediction
obtained from classical transition-state theory.

In Chapter 5, the direct evaluation of k(7T') via the reactive flux through a dividing sur-
face on the potential energy surface was described. As a continuation of that approach,
we consider in this chapter an—approximate—approach, the so-called transition-state
theory (TST).! We have already briefly touched upon this approximation, based on
an evaluation of a stationary one-way flux, which implies that the rate constant can be
obtained without any explicit consideration of the reaction dynamics. In this chapter,
we elaborate on this important approach, in a form that takes some quantum effects
into account.

L Also referred to as ‘activated-complex theory’.
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As a first approximation, we can assume that a chemical reaction proceeds along
the minimum-energy path, i.e., along configurations where the potential energy locally
is at a minimum. For potential energy surfaces with a saddle point, the minimum-
energy path goes through this point, and the saddle point, separating reactants from
products, is the energy ‘bottleneck’ for the reaction. In transition-state theory, the
computation of the thermal rate constant is reduced to the computation of partition
functions, and it requires only a knowledge of the potential energy surface in the
saddle-point region; the saddle-point energy Fj and the energies of the internal states
at the transition-state configuration are needed.

The intermediate nuclear configurations between reactants and products are all
referred to as transition states for the reaction. The collection of atoms at the saddle
point form a ‘supermolecule’; referred to as an activated complex, and their state
is equivalent to one particular transition state for the reaction. This transition state
obviously has a special status among all the transition states, and when one just refers
to the transition state of a chemical reaction, it is tacitly assumed that one refers to
the activated complex. The symbol } is used to represent activated complexes.?

The saddle point is a stationary point on a multidimensional potential energy
surface. It is a stable point in all dimensions except one, where the second-order
derivative of the potential is negative; see Fig.6.0.1.

This degree of freedom is the reaction coordinate (note that this definition coincides
with the definition in Chapter 3). In Appendix E, we show that a multidimensional
system close to a stationary point can be described as a set of uncoupled harmonic
oscillators, expressed in terms of so-called normal-mode coordinates. The ‘oscillator’
associated with the reaction coordinate has an imaginary frequency, which implies
that the motion in the reaction coordinate is unbound.

Example 6.1: Normal-mode frequencies at a saddle point

We consider a linear triatomic molecule XYZ. As shown in Appendix E, close to a
stationary point, we can write the potential energy surface in the form

Fig. 6.0.1 The saddle-point region of the potential energy surface.

2Note that in this context the word ‘complex’ does not imply an entity that has a chemically
significant lifetime. The basic approximations in the theory are only valid for direct reactions.
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E(ARxy,ARyz) = (1/2) fi(ARxy)? + (1/2) f2(ARyz)? + fiaARxyARyy

where ARxy = qv — gx — b1, ARvz = qz — qv — b2, qx,qv,qz are the positions of
the three atoms, and b; and by are the (stable or unstable) equilibrium distances.
The mass-weighted force constant matrix, Eq. (E.4), takes the form

f1/mx (frz — f1)/v/mxmy —f12//mxmz
F = |[(fiz — fi)/ymxmy (fi+ fa —2f12)/my (fi2 — f2)//mymz
— fi2//mxmy, (fi2 — f2)//mymy fa/mz,

The eigenvalues of this matrix are the squared normal-mode frequencies, and they
are: w? = 0 (corresponding to free translational motion), and

w? = (B++B2+4C)/2

where
B = fi/mx + fo/mz + (fr + fo — 2f12)/my
C=(ffa—fif2) M

mximying
and M = mx + my + my is the total mass. From this expression for the frequencies
we observe the following.

(i) For B> 0 and C < 0 (and B? > —40), that is, f& < fif2, then VB2 +4C <
B. In this case we obtain two real frequencies. This corresponds to a stationary
point associated with a minimum corresponding to a stable molecule.

(i) For B > 0 and C > 0, that is, f2, > f1f2, then VB2 + 4C > B. In this case we
obtain one real and one imaginary frequency, since w? = (B—+/B2 +4C)/2 < 0
implies that w is imaginary, that is, w = 2mir*. This corresponds to a stationary
point associated with a saddle point, as illustrated in Fig.6.0.1.

The equation for the frequencies takes a particular simple form when myx = my =
myz = m and f; = fo = f, say corresponding to the activated complex (HHH)*.
Then the two frequencies become w? = (f + fi2)/m, and w? = 3(f — f12)/m < 0
for fZ, > f2.

In conventional transition-state theory, we place the dividing surface between re-
actants and products at the saddle point, perpendicular to the minimum-energy path,
and focus our attention on the activated complex. That is, we write the reaction
scheme in the form

A+ B — (AB)} — products (6.1)

The basic approximations in the theory are as follows.

e In the activated complex, motion along the reaction coordinate can be separated
from the other degrees of freedom (exact within the framework of a normal-mode
description) and treated classically as a free translation.
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e The activated complex is a configuration of no return: when the system has reached
this configuration, it will necessarily proceed to the product side, that is, recrossings
are neglected.

The reactants as well as the activated complex are assumed to be distributed among
their states in accordance with the Boltzmann distribution. This also implies (see
Appendix A.1.2) that the concentration of the activated complex molecules is related
to concentrations of the reactants by a thermal equilibrium constant.

6.1 Standard derivation

Transition-state theory was developed in the 1930s. The derivation presented in this
section closely follows the original derivation given by H. Eyring [1]. From Eq. (6.1),
the reaction rate may be given by the rate of disappearance of A or, equivalently,
by the rate at which activated complexes (AB)* pass over the barrier, i.e., the flow
through the saddle-point region in the direction of the product side.

We use the assumption of equilibrium between the reactants and activated complex
in Eq. (6.1) to relate the concentrations according to

_ [(aB)]
KelT) = "[3m)
(Qeamy:/V) o~ Eo/ksT

(@a/V)(@s/V)

where we have used the statistical mechanical expression for the equilibrium constant
in the gas phase (Eq.(A.31) of Appendix A.1.2), E; is the difference in zero-point
energies between the activated complex (AB)* and the reactants A 4+ B, and the
associated partition functions are evaluated with respect to these zero-point energies.
Note that this expression for the equilibrium constant is independent of the volume
V', as it should be, since the molecular partition functions @ are of the form f(7)V.

The reaction coordinate is found by a normal-mode analysis at the saddle point
and is therefore separable from the other degrees of freedom in the activated complex;
the motion in this coordinate is treated as that of a free particle. Then, according to
Eq. (A.13), at sufficiently high temperatures, we have

(6.2)

2rmkpT)"/?1
Qumye = ZED g1 (63

where m is the mass associated with the reaction coordinate, [ is the length of a
one-dimensional box that comprises the activated complex (the actual value of I will

later be seen to be immaterial), and Qj(; AB) 18 the partition function for the activated

complex with all degrees of freedom except for the reaction coordinate.® This is used
in Eq. (6.2), and we find

3Note that the partition function associated with the reaction coordinate is identical to the expres-

1/52 2 exp(—H/kpT)dpdz,

where H = p2/(2m). Furthermore, with an atomic-scale value of I, Eq.(6.3) might not give an
accurate value for the partition function at relevant temperatures.

sion obtained from classical statistical mechanics, Qtrans = (1/h)
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QkaBT)l/QZ (QJ(:AB)t/V) e
h (Qa/V)(@B/V)
Once an activated complex has been formed, it is assumed that the dynamics in the

reaction coordinate is always in the direction of the product side (say to the ‘right’),
since recrossing, that is, motion toward the reactant side, is neglected in the theory.

(AB)f) = ¢ ~Fo/kaT (] B] (6.4)

The average velocity for the motion from the left to the right over the barrier is then
evaluated. From the one-dimensional Maxwell-Boltzmann distribution of velocities,
Eq. (2.26),

1/2 2
m muvg
fl('l)w)d'[}w = (m) exXp {—szT} d'Uz (65)

we get4
e = [t/ [ piwde,

_ <’“B_T)1/2 (6.6)

2mm

Note that the average velocity for motion in both directions is zero, since the proba-
bility distribution is symmetrical with respect to the direction of the motion.

The transition region around the saddle point has the width [ and the time for the
passage of one complex will then be I/{v,) (i.e., the ‘lifetime’ of the complex, the
time it takes to change from reactants to products). So the number of passages per
second will therefore be the reciprocal of that time, that is, the frequency with which
the complexes pass over the barrier is (v,)+/l. In order to get the rate of the reaction
which is defined as a change in concentration per unit time, [(AB)*] is multiplied by
this frequency or, equivalently, divided by the lifetime. Thus,

rate = [(AB)¥](v,) /1 (6.7)

and the rate constant is identified, after substitution of Eq. (6.4), to be

(v} @rmks D)2 (Qany/V) e
! h (Q@a/V)(@/V)

_ kT (erAB)i/V) e~ Eo/ksT

h (Qa/V)(Qs/V)

krst(T) =

Notice again that Q:(tAB)i
the one degree of freedom corresponding to the reaction coordinate. That is, for a non-
linear activated complex consisting of N atoms, the partition function incorporates

is the partition function for the activated complex except for

4We could have restricted our discussion to positive velocities. The average velocity would then
be twice as big; however, the translational partition function would then take only half of the value
given in Eq. (6.3). That is, the final result is unchanged.
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3N — 7 vibrational degrees of freedom. The expression for the rate constant® has
the same form as the Arrhenius equation; note, however, that in Eq. (6.8) the pre-
exponential factor is temperature dependent. The first factor (kgT/h) has the units
of frequency, and since the partition functions are dimensionless the rate constant has
the proper units for a bimolecular rate constant, that is, volume/time.

The partition functions can be factorized into contributions corresponding to the
various forms of motion when they are uncoupled (see Appendix A.1), and it is advan-
tageous to rewrite the expression for the rate constant in terms of partition function
ratios for the translational, rotational, vibrational, and electronic motion:

_ kgT (@Q/V)
kTST(T) - h ((QA/V)(QB/V)>tranS

(o). ). )
QAQB rot QAQB vib QAQB elec

The ratio involving the translational partition functions is easily evaluated:

o) __F
<W)trans B (27TukBT)3/2 (610)

(6.9)

where p = mamp/(ma + mp) is the reduced mass of the reactants. This result is
identical to the translation partition function [(Qtrans/V) '] of the relative motion
of the reactants. The rotational partition functions are easily determined once the
geometry, that is, the internuclear distances, of the activated complex is known. In
practice, the vibrational part of the partition function for the activated complex is
evaluated following a normal-mode analysis of the activated complex. The vibrational
part of the partition functions for polyatomic reactants is, likewise, obtained by a
normal-mode description of the reactants. Some applications of transition-state theory
are presented in Section 6.5.

When the temperature dependence of the pre-exponential factor in Eq. (6.9) is
analyzed (see Problem 6.6), one finds

krst(T) = Z(T)e~Eo/ksT
o TPe=Bo/keT 3 ¢ {rational numbers} (6.11)

in the limit where the vibrational energy spacings of the reactants and the activated
complex are either > kpT or <« kpT. Equation (6.11) gives a representation of
the temperature dependence that is superior to the Arrhenius equation where the
temperature dependence of the pre-exponential factor is neglected.

It is important to notice that the energy threshold that enters the expression in
Eq. (6.8) is Fy and not the classical threshold E.; see Fig.6.1.1. Within the normal-
mode description, that is, the local harmonic approximations to the potential energy

5We will encounter alternative derivations of this expression in the following sections.
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Zero-point energy
level of A+ B

Fig. 6.1.1 An illustration of the barrier height Fy. The zero-point energy levels of the
activated complex and the reactants are indicated by solid lines. Note that the zero-point
energy in the activated complex comes from vibrational degrees of freedom orthogonal to the
reaction coordinate. In the classical barrier height F.;, vibrational zero-point energies are not
included.

surface around the saddle point and around the potential well(s) of the reactants,
respectively, we have

Ey=Ea+ Y hw'/2-) hw/2 (6.12)

(AB)# A,B

where w! and w are vibrational frequencies associated with the activated complex and
the reactants, respectively, and the summations run over all vibrational degrees of
freedom.

The classical threshold energy FE.j, which we also refer to as the classical barrier
height, is the energy that can be inferred directly from the potential energy surface.

Let us end this section by a very important observation about the expression for
the rate constant in Eq. (6.8): the exponential dependence on Ey in Eq. (6.8) implies
that the rate constant is very sensitive to small changes in Ejy. For example, assume
that an energy JF is added to Ey (say, corresponding to a numerical error in the
determination of the electronic energy). The rate constant will then be multiplied by
the factor exp(—dE/(kgT)). If |0E| = kgT, an error corresponding to the factor 2.7
will be introduced. At T = 298 K, kT = 4.1 x 10721 J = 0.026 eV ~ 2.5 kJ/mol.
Thus, the potential energy surface must be highly accurate in order to provide the
basis for an accurate determination of a macroscopic rate constant k(7).

6.2 A dynamical correction factor

Various alternative formulations of transition-state theory have been presented [2—4].
The treatment given below [5] is reminiscent of previous derivations (see especially
[3,6]) but differs in some details from those derivations.

In this section, we present a derivation of the conventional transition-state theory
expression for the rate constant, Eq. (6.8), that avoids the artificial constructs of the
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standard derivation, in particular the one-dimensional box of length [. Furthermore,
this derivation will also show how we can modify the basic assumption concerning the
classical motion in the reaction coordinate.

The rate constant predicted by conventional transition-state theory can turn out
to be too small, compared to experimental data, when quantum tunneling plays a role.
We would like to correct for this deviation, in a simple fashion. That is, to keep the
basic theoretical framework of conventional transition-state theory, and only modify
the assumption concerning the motion in the reaction coordinate. A key assumption
in conventional transition-state theory is that motion in the reaction coordinate can
be described by classical mechanics, and that a point of no return exists along the
reaction path.

First, as before, the potential is expanded to second order in the atomic displace-
ments around the saddle point. From a normal-mode analysis, it follows that, in the
vicinity of the saddle point, motion in the reaction coordinate is decoupled from the
other degrees of freedom of the activated complex. Furthermore, it is assumed that the
motion in the reaction coordinate (r.c.), in this region of the potential energy surface,
can be described as classical free (translational) motion. Thus, the Hamiltonian takes
the form

H = i b I
2

— % + Eq + H* (6.13)

where m is the effective mass associated with the reaction coordinate, F is the saddle-

point energy, and H¥ is the Hamiltonian of the activated complex, with the reaction

coordinate omitted. The motion in the reaction coordinate, in the saddle-point region,

is then given by Hamilton’s equation of motion:

dgj _ OHl. _pi
dpi  OH},
dt — ogt

(6.14)
=0

The second major assumption related to the dynamics is that recrossings of the saddle
point are absent, i.e., the classical transmission probability is given by

_J O for E<Eq
Pa(E) = { 1 for E > Eq (6.15)

where F is the total kinetic and potential energy in the reaction coordinate measured
from the energy minimum of the reactants.

The third assumption is that the energy states of the reactants as well as the (short-
lived) activated complex are populated according to the Boltzmann distribution. Now,
we focus on activated complexes where the reaction coordinate qit is fixed at the
saddle-point value and where the associated momentum is pf, i.e., with a position and
momentum in the range (qf, qf —i—dq%) and (pf , p{ —i—dp]i). The probability of finding such
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a complex is denoted by p* (qf, p%), and the probabilities of finding the reactants are pa
and pg, respectively. Using the Boltzmann distribution, we have (Appendix A.1.2; see

also [6]) p* (q%,pf)/(pApB) =Q" (ql,pl)/(QAQB) where Qa and Qp are the molecular

partition functions of the reactants and Q* (ql, pf) is the ‘partial’ molecular partition

function of the activated complex with the reaction coordinate qit and the conjugate

momentum p’ fixed. Since the motion in the reaction coordinate is decoupled from

other degrees of freedom of the activated complex, Q* (qit, p%) can be written in the

form
Q*(qi.p}) = —dqldple‘E/’“BT x QF (6.16)

where E = (p})2/(2m)+ Eq is the energy in the reaction coordinate, which is described
within classical statistical mechanics (Appendix A.2), and Q* is the partition function
for the activated complex with the reaction coordinate omitted. Note that, at this
point of the derivation, all energies are measured from the energy minimum of the
reactants.

The probabilities are proportional to the number of activated complexes dN* (qf , pjl;)
and the number of reactants Ny and Np, respectively. Thus, we obtain the standard
result

dN*(Q%,pji)/V Q" (Q1ap1)/v e~ Bo/kpT

(Na/V)(NB/V) ~ (@a/V)(@s/V)©
where the zero of energy for the partition functions is now chosen as the zero-point
energy levels of (AB)*, A, and B, respectively, and Fj is the difference between the
zero-point energy levels of the activated complex and the reactants, that is, E. plus
the zero-point energy of (AB)* minus the zero-point energy of the reactants A + B.

Using Eqgs (6.16) and (6.17), we get

(6.17)

—Ey/ksT Qv o—Eo/ksT
(Qa/V)(@B/V)

where Fq = (p{)g/@m) is the kinetic energy in the reaction coordinate and ca, cg, and
dc* are number densities of the reactants and the activated complex. From Hamilton’s
equation of motion, Eq. (6.14), we have dt = dg} /(p}/m) is the time it takes to cross

. 1
de*(qf, p}) = pdaidpie cACB (6.18)

the transition-state region defined by the length dqf The number of passages per
second will therefore be the reciprocal of this ‘lifetime’. The rate is then equal to
dc* (qf,pf) divided by dt:

de*(Ey) 1 —B\/kpT Qv —Eo/kpT
o thle —(QA/V)(QB/V)e CACB (6.19)

since dE; = (pt/m)dp?.

We now have an expression for the reaction rate at a fixed kinetic energy in the re-
action coordinate. The total reaction rate is obtained after multiplication of Eq. (6.19)
with P.j(E7), followed by integration over FEj:

dd_C:_R (T) Qv o—Eo/ksT

(Qa/V)(@QB/V) CACB (6.20)
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where the classical thermally-averaged transmission rate (frequency) is

1 )
RCI(T) = E/ PCI(El)e—El/kBTdEl
0

1 (o)

= —/ 6_El/kBTdE1
h Jo

_ kgT

h
and Fh, = E — E > 0, that is, the available translational energy at the saddle point.

The well-known expression for the rate constant of a bimolecular gas-phase reaction
then takes the form

(6.21)

= ﬂe—Eo/lﬂBT
Fese(T) = B (D) G v G )
_ kT Qt/V ¢~ Fo/knT
RGN

The objective is now to modify this equation such that quantum dynamical corrections
to the classical transmission probability, Eq. (6.15), are introduced.

In the present context, it is relevant to consider the barrier penetration that is
associated with the traditional (one-dimensional) picture of tunneling. When we con-
sider the time-dependent description of tunneling where a (broad) wave packet hits,
e.g., a rectangular barrier, one finds that the center of the wave packet moves as
a classical particle. The part of the packet that penetrates the barrier and tunnels
through is not slowed down, i.e., it has exactly the same position and velocity as a
wave packet that did not experience a barrier (see also [7] for a general discussion
of the time-dependent picture of tunneling). The classical transmission probability
of Eq.(6.15) is now replaced by the quantum mechanical transmission probability
P (E) (see Fig.6.4.2). Thus, as a natural extension of the conventional formulation
based on classical mechanics, in the derivation above we replace P by FPyn,. That is,
we can replace Eq. (6.21) by

(6.22)

1 o0
Rewnnel(T) = / Pyn(E = Ey + Ea)e” "V/*TdE,
0

1 (o)
= EeEcl/’“BT /0 P (B)e E/FET R (6.23)
where we have introduced the total energy F = E; + E in the reaction coordinate
and, in the second integral, extended the lower limit of integration below E.], where
Py (E) > 0. The correction factor to the conventional transition-state theory expres-
sion in Eq. (6.22) is then

R unnel T
ﬁtunnel(T) = }Tz%)

(6.24)

= (kBT)_leEcl/kBT/ Py (B)e E/keT 4R
0
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This tunneling correction factor appeared as a natural consequence of the fundamental
formulation of transition-state theory. This clarifies the situation, since the precise
definition of this factor is occasionally discussed in the literature [8]. We will return
to a discussion of tunneling and the tunneling correction factor in Section 6.4.

The rate constant predicted by conventional transition-state theory is also fre-
quently too large, e.g., when the saddle point is not a true point of no return along
the path to a particular product. It is tacitly assumed that the relevant dynamics can
be described within the framework of the separability of the reaction coordinate from
all other degrees of freedom. A violation of this assumption might lead to recrossings,
and a correction factor x < 1. In this context k is often called the transmission co-
efficient. Another dynamical origin of a k < 1 is related to non-adiabatic (‘surface
hopping’) dynamics along the reaction coordinate in the saddle-point region. In the
latter case, it is again possible to make a quantitative estimate of  [5].

6.3 Systematic derivation

In the preceding sections we derived an approximate expression for the thermal rate
constant k(7). These derivations were not based on the general expressions for the
rate constant that were derived in the first chapters. We consider here a derivation of
the T'ST result that is based on an exact expression for a bimolecular rate constant.

Thus, according to Eq. (5.7), for a reaction written in the form A + BC(n) —
AB(m) 4 C, we have the following expression for the rate constant:

kgT 1
k(T) B h (Qtrans/v

- e~ E/ksT
10no /O Peum(E) d(E/kgT) (6.25)

where

Peum(E) = Y 27+ 1)) IS0, (E)? (6.26)
J n o m

is the so-called cumulative reaction probability. As explained in connection with
Eq. (5.7), the summations contain a finite number of terms because the internal ener-
gies of reactants and products must be smaller than the total energy F.

When we compare Eqs (6.8) and (6.25), we note that the TST expression for the
rate constant would be obtained provided that the integral appearing in Eq. (6.25) was
identical to the partition function of the activated complex. To that end, we introduce
the approximation

Poym(E) =0 for E<Ey (6.27)

where Fj is the barrier height introduced in Section 6.1. The lower limit in the integral
can now be replaced by Ej, we write the total energy in the form E = E* + Ey, and
rewrite the integral using partial integration. We get
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Q= [ Pum(E)e E*Td(E/kpT)
Eg

[ee]
:e—Eo/kBT/ Pcum(Ei +EO)€_Ei/kBTd(Ei/kBT)
0

= —e~Bo/keT /oo Peum(E* + Ey) {ieEi/’“BT} dE*
0

dE*
o ® dP.um(E* + E,
_e—EO/kBT{{Pcum(EI+E0)6_Ei/kBT:|O _/ cu ;Ei‘i‘ O)B—Ei/kBTdEi}
0
_ dPeym (E* —|—E) _gt
_ _—Eo/kpT cum 0 E*/kgT jpnt
e~ Fo/ks /0 e sTqE (6.28)

where P.ym(Fo) = 0 was used in the last line.
In order to proceed, we need to know the precise form of the cumulative reaction
probability, and introduce the following approximation:

Preum(E* + Ep) = Z 2J +1 Z O(E* — B ;) (6.29)
where O(z) is the unit step function, defined by

O(z) = {(1) = (6.30)

and Ei g = Ei + Ei are the vibrational/rotational energy levels of the activated com-
plex. Note that thls approximation implies that the cumulative reaction probability is
zero when the total energy E* (i.e., the energy measured relative to the zero-point level
of the activated complex) is below the zero-point level of the activated complex, and
when the energy exceeds one of the quantized energy levels the cumulative reaction
probability is, for J = 0, increased by one.

Thus, according to this description the reaction probability increases in a stepwise
manner with increasing energy, as the quantized states of the activated complex be-
come energetically open. Since the derivative of the step function is a delta function,
we get

dpcum(Ei + EO) 1

and

AP (B + Eo) _ ot
— o~ Eo/kBT Zoeum\w T 0 B kBT g gt
@=ec /0 dE* 4=
= e Po/kaT N (9] 4 1) e Bl /keT
— ¢~ Bo/kpT Z(QJ + 1)6—E.iz/kBT Z e~ Ei/ksT
¥ .

= Qe Fo/knT (6.32)
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where QF is the partition function of the activated complex. When this approximate
result is used in Eq. (6.25), the expression for the rate constant becomes identical to
the TST expression in Eq. (6.8).

6.4 Quantum mechanical corrections

The derivations given in the previous sections show that the assumptions related to
the crossing of the saddle point are based on classical mechanics. The approximation
of classical mechanics was introduced in the standard approach of Section 6.1, and is
also implicitly assumed in the approach of Section 6.3, say in Eq. (6.27).

With a dividing surface placed at a saddle point, the potential has a concave-down
shape along the reaction coordinate. It is incorrect to treat the motion in the reaction
coordinate as being classical, since quantum mechanical tunneling can occur through
the potential.

To correct for tunneling, we consider in the next section the problem of crossing
the barrier quantum mechanically rather than classically.

6.4.1 Tunneling through an Eckart barrier

As discussed in Section 4.2, wave functions can penetrate into potential energy barriers,
corresponding to regions of configuration space that are not accessible according to
classical mechanics. Thus, the wave function is non-zero beyond a classical turning
point, i.e., a purely quantum mechanical effect without any counterpart in classical
mechanics. If the barrier around the saddle point is not too broad, then the wave
function can penetrate through the barrier corresponding to tunneling.

An analytical solution to the Schrodinger equation can be obtained for the so-called
Eckart barrier given by [9,10],

Ecl
cosh?{zm/1}
Ecl

 cosh®{z(F* [2Eq) 12} (6.33)

Vix) =

where E; is the maximum of the potential at « = 0, i.e., the (classical) barrier height.
This potential is shown in Fig.6.4.1.

The second derivative at x = 0 is F' = —F*, where F'* = 2E (7 /l)? is the magni-
tude of the second derivative.

If we send in a particle (say, from the left) with kinetic energy E, then it can be
shown that the probability of crossing the barrier (i.e., the transmission probability)
is

B cosh(2a¢1/?) — 1
Fam(€) = cosh(2a¢1/2) + cosh(v4a? — 72) (6.34)
where
(=E/Eq
a=2nEq/hv" (6.35)

1 /F\'?
-4(5)
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Fig. 6.4.1 An Eckart barrier. £, = 0.5 eV and F* = 110 eV(angstrom)_Q.

Note that the frequency of the motion on top of the barrier is

— v (6.36)

that is, an imaginary frequency corresponding to passage over the barrier.

The probability in Eq. (6.34) is shown in Fig. 6.4.2 as a function of E/E.,. It shows
that there is a finite non-zero probability of ‘crossing’ the barrier even for kinetic
energies smaller than the height of the barrier! This phenomenon is called tunneling.
Note also that when the kinetic energy exceeds the height of the barrier the probability
does not immediately take a value of one. Thus, above-barrier reflection takes place.
Both phenomena are quantum effects.

The probability in Eq. (6.34) depends on the kinetic energy relative to the barrier
height as well as the oscillation frequency associated with the inverted barrier. This
frequency depends on the width of the barrier, that is, F™*, as well as the mass of the
particle. Thus, tunneling and reflection are enhanced when:

e the barrier height (F) is low;
e the width of the barrier is small (F™* large);
e the particle mass (m) is small.

Tunneling plays a role for atomic particles. If one considers heavy particles, then
the results obtained from Eq. (6.34) will be indistinguishable from the step function
predicted by classical mechanics,
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Fig. 6.4.2 Tunneling probabilities for an Eckart barrier. The barrier height is 40 kJ/mol and
the magnitudes of the imaginary frequency associated with the reaction coordinate are 1511
em™! (solid line), corresponding to the reaction H + Ho, and 1511/+/2 cm™" (dashed line),
corresponding to the reaction D 4+ D2. The step function is the transmission ‘probability’
according to classical mechanics.

0 for F/Eg<1

Pa(€) = {1 for E/Eq>1 (6.37)

In a classical calculation, the transmission probability will therefore be underestimated
at kinetic energies smaller than the barrier energy and overestimated at kinetic energies
above the barrier energy.

Finally, before closing this section, we note that only in the neighborhood of the
saddle point is the motion in the reaction coordinate strictly separable from the other
degrees of freedom. In the one-dimensional description of tunneling given in this sec-
tion, we have however considered the full ‘straightened-out’ reaction path. This implies
that we have assumed separability along the full reaction path, which is not strictly
valid. Various more advanced treatments of tunneling have been discussed in the litera-
ture [14]. For the sake of completeness we also note that tunneling in multidimensional
systems is more subtle. Thus, in such systems we can, e.g., have a non-zero reaction
probability at total energies below the height of the lowest barrier, without having the
barrier penetration that is the essence of tunneling in one-dimensional barrier crossing.

6.4.2 Tunneling correction factor

In Section 6.2, we derived a tunneling correction factor for transition-state theory, see
Eq. (6.24). The derivation showed that krg(T") of Eq. (6.8) is replaced by Ktunnel (1) X
krst(T) when tunneling is included.

The correction factor due to quantum tunneling, Kiunnel(7), is sometimes intro-
duced in transition-state theory [8,11] as
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_ Jo© dEPyw(E)e” B/FsT [(kpT)
= [T dEPu(B)e T ()

= fooo dp(p/N)qu(p)e_pz/QukBT
fooo dp(p/ ) Pa (p)e*PZ/%kBT

where E = p?/(2u) and dE = (p/p)dp. At temperature T, this factor is the ratio
of the number of transmitted systems in the quantum case to the number expected
from classical mechanics. In the second line, we observe that the numerator and the
denominator are proportional to a thermal average of a one-dimensional flux (see
Eq. (5.92) and Section 5.2.1) with, respectively, quantum and classical transmission
probabilities associated with the one-dimensional reaction coordinate.® Now

Rtunnel (T)

(6.38)

/ dEP.(E)e B/*8T |(kpT) = / dEe E/ksT /(kpT)
0 Ecl

— ¢~ Ba/ksT (6.39)

which is the fraction of systems with an energy above E, and

o0
Fpunnel(T) = (kpT) " tefa/ksT / dE Py (E)e™B/kT (6.40)
0

Note that this result is identical to Eq.(6.24). Although the quantum mechanical
transmission probability at kinetic energies above the barrier energy is less than one,
that is, particles are reflected above the barrier, the transmission in the tunneling
region dominates in the integral due to the Boltzmann factor exp(—E/kgT).

An important general conclusion can be made at this point: when the temperature
T is lowered, Kyunnel(T') will increase, since (due to the Boltzmann factor) the fraction

of systems with an energy above Eq will decrease (the denominator in Eq.(6.38)) and
the number of transmitted systems in the tunneling region with an energy below I
will increase (the numerator in Eq.(6.38)) at low temperatures.

The correction factor due to quantum tunneling for an Eckart barrier cannot be
evaluated analytically. An approximate expression can, however, be derived.
First, we note that Eq. (6.34) has the asymptotic form

1
1+ exp[2a(l — \/E/Eq)]

Since o = 2w E¢;/(hv*), this limit corresponds to a high and/or broad barrier, i.e., the
tunneling probability is small. After the introduction of the variable x = a(E—FE)/Eq
in Eq. (6.40), we obtain

Py (E) 23

(6.41)

o0

exp|—fx]

dx
—a l4exp2a(1 —/1+z/a)]

6The correction factor is expected to be best suited as the tunneling correction to the crossing of
an early barrier that occurs in the entrance channel while the reactants are approaching each other;
see Fig.3.1.4. In this case, the reaction coordinate is separable from the other degrees of freedom
along the full one-dimensional reaction path associated with barrier crossing.

K:tunncl(T) = 6 (642)
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Table 6.1 Tunneling corrections as a function of temperature according to Eq. (6.40). ku is
the correction factor for H 4+ Ha, where the magnitude of the imaginary frequency associated
with the reaction coordinate is 1511 em™'. kp is the correction factor for D + D2, where
the magnitude of the imaginary frequency is 1511/\/5 cm ™!, The tunneling probabilities are
calculated for an Eckart barrier. The barrier height is E. = 40 kJ/mol.

Temperature (K) KH KD
200 864 30.5
225 169 12.3

250 54.1 6.92

300 13.5 3.55

400 3.95 1.98

500 2.38 1.55

1000 1.26 1.12

where 3 = hv*/(27kpT). Now /1 +y ~ 1+y/2, for y small, and for a > 1 as above
we have” Kiunnel(T') = 3 [, dwexp[—Bz]/(1 + exp[—z]). An analytical evaluation of
this integral is only possible when the lower limit —« is replaced by —oco, and the
integral takes the form [~ dzexp[—Bz]/(1 + exp[—z]) = 7/sin(xB) for 8 < 1. The
error introduced by this change of lower limit is large unless § < 1. Thus,

hv*/(2kpT) for «a=2nE.q/(hv*)>1

wrome) = ol J@keT)]  and 5= bt/ @nksT) < 1

(6.43)

Since 3 < 1, corresponding to a high temperature, we can use y/sin(y) ~ 1 + y?/6,
for y = w3 small, and obtain

* 2 = *
1 </w ) for o =2nEq/(hv*)>1 (6.44)

Htunnel(T) ~1+ ﬂ kT and 6 = hl/*/(Z?TkBT) <1

This expression is called the Wigner tunneling correction factor, and is valid for a
small degree of tunneling (high and/or broad barrier, hv* < E) and, in addition,
high temperatures (hv* < kgT) are required. Note that the correction factor is larger
than one.

When Eq. (6.44) is compared to the result obtained by a numerical evaluation of
the integral in Eq. (6.40) (see Table 6.1), one will find good agreement at high tempera-
tures. At low temperatures, the analytical formula can, however, deviate substantially
from the exact result.

6.5 Applications of transition-state theory

It is fairly simple to apply transition-state theory once the barrier height FEj, the
vibrational energy levels, and the geometry of the activated complex are known.

In special cases, say when we want to account for isotope effects in chemical re-
actions, we just need to consider the changes in the above-mentioned quantities (see,
e.g., Problem 6.7). As an example, consider the two exchange reactions

"This expression is identical to the tunneling correction factor for a parabolic barrier.
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XH+Y ., X+ HY
(6.45)

XD +Y 2, X 4+ DY

The potential energy surface is unchanged under isotope substitution, and the major
contribution to the isotope effect is, typically, related to changes in vibrational zero-
point energies, and hence the barrier height Ey. Thus, the zero-point energy in XH
is larger than the zero-point energy in XD, and when the X-H/X-D bond breaking
is directly related to motion in the reaction coordinate, this difference in zero-point
energies is absent in the activated complex. The first reaction in Eq. (6.45) has ac-
cordingly the smallest barrier height Ej, and one finds that kg > kp. The two rate
constants can differ by as much as a factor of 10 at T = 300 K (depending on the
exact identity of the groups X and Y), and even more when quantum tunneling is
taken into account.

Transition-state theory has been applied to numerous reactions. In order to eval-
uate the accuracy of the theory in direct comparison to experimental results, highly
accurate data for the activated complex is required as basic input to the theory. To
that end, we can, e.g., consider the simple reaction D + Hy — HD + H; the rate
constant at 1000 K (a temperature where tunneling plays a minor role) is 1.78 x
10712 em?/(molecule s) (see Problem 6.8) which is in excellent agreement with the
experimental value 2.13 x 1072 cm?/(molecule s) (with an experimental uncertainty
of about 25%).

Before we consider in more detail some specific applications of transition-state the-
ory, we consider briefly two general points. In applications of transition-state theory,
it is sometimes discussed how the theory is properly applied to two special reaction
types: symmetric reactions (H + Hy — Hs + H is the standard example) and re-
actions involving optically active species. Thus, for symmetric reactions it is often
argued that a factor of 2 is missing in the expression for the rate constant. Transition-
state theory gives the rate constant for a reaction in a given direction. Defining the
rate of a symmetric reaction is a little subtle. If we define the rate from the lifetime
of an Hy against H atom exchange, we must include the rate of passage in both di-
rections. Since the rate constants are identical in either direction, the total rate is
twice the rate obtained for each direction [12]. The rate constant at 1000 K (a tem-
perature where tunneling plays a minor role) is, according to transition-state theory,
8.44 x 10712 em?/(molecule s) (see Problem 6.4). The experimentally measured rate
constant is about twice as big, which again is in excellent agreement (given the experi-
mental uncertainty and the problems of defining the rate, as described above). Another
situation with some pitfalls is reactions involving optically active species. For example,
if the activated complex is optically active, there are in fact two elementary reactions
going on, where the two activated complexes are mirror images of each other. These
two reactions have identical rate constants, and the overall rate is therefore twice the
rate of each reaction.

In connection with transition-state theory, one will also occasionally meet the con-
cept of a statistical factor [13]. This factor is defined as the number of different acti-
vated complexes that can be formed if all identical atoms in the reactants are labeled.
The statistical factor is used instead of the symmetry numbers that are associated
with each rotational partition function (see Appendix A.1) and, properly applied, the
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two approaches give the same result. The statistical factor approach has, however,
some pitfalls [12], and in the following we use the standard expression for the rate
constant involving symmetry numbers.

Example 6.2: The rate constant for the F + H> reaction

The reaction F + Ho — HF + H is of special theoretical interest because it is one of
the simplest examples of an exothermic chemical reaction. Furthermore, the reac-
tion is characterized by an early and very small barrier.

The relevant parameters for the reactants and the activated complex are given
in Table 6.2. The activated complex F---H---H is bent with an angle of 119°. The
resulting three principal moments of inertia of this asymmetric rotor are given in
the table. Note that the interatomic distances in the activated complex are charac-
teristic of an early barrier; H - - - H is close to its initial equilibrium bond length and
F..-H is much longer than the final equilibrium bond length (which is 0.9168 A)
The vibrational frequencies of the activated complex are obtained from a normal-
mode analysis at the saddle point (Appendix E). There are two real frequencies and
one imaginary frequency. The imaginary frequency at 723: corresponds to the reac-
tion coordinate and passage over the barrier. The frequency at 3772 corresponds,
approximately, to the H-H stretch in the complex, and the frequency at 296 is the
bending frequency of the non-linear complex.

In order to evaluate the electronic partition function of F(1s%2s22p®), we need
to know that in its electronic ground state (with the term 2P s2 when the spin—
orbit coupling is taken into account) the total angular momentum (orbital + spin)
is J = 3/2, and the degeneracy is therefore 2J + 1 = 4. Furthermore, for the fluo-
rine atom it is necessary to include the doubly-degenerate first electronically excited
state (2P1/2) because its energy relative to the ground state is just A = 0.05 eV.
For Hg(ldg) the total electronic angular momentum is 0, and the degeneracy is
therefore 1. The electronic degeneracy of the activated complex (with an electronic
state denoted by 2A’, and in the special case of a linear configuration by 23) is 2.

We will now calculate the rate constant at 7' = 300 K using Eq. (6.9) and the
data in Table 6.2. The relevant ratio between the translational partition functions
is

( Q/V) ) _ h?
(Qr/V)(Qu:/V) ) trans  (2mukpT)3/2 (6.46)
=416 x 107%' m?

where g is the reduced mass of F and Hs. The ratio between the rotational partition

functions is ;
VI,
(Q ) N = > /82 I.kpT/h?
rot 2

QHz o

(6.47)
= 110.30

where the two symmetry numbers are oy = 1 and on, = 2. The ratio between the
vibrational partition functions is
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Table 6.2 Properties of the reactants and the activated complex for the F + Hs reaction.
Data from an ab initio potential energy surface [J. Chem. Phys. 104, 6515 (1996) and Chem.
Phys. Lett. 286, 35 (1998))].

Parameters F...H---H F H->
r(F-H), A 1.546
r(H-H), A 0.771 0.7417
m, amu 21.014  18.9984 2.016
I, amu A® 0.277
I,, amu A’ 0.173
I, amu A’ 5.807
I, amu A’ 5.981
P, cm ! 3772 4395.2
7, cm ™! 296
73, cm ! 723i
Eo, kJ/mol 4.56
welec (ground state) 2 4 1

( Qf ) 1 —exp(—hvu, /kpT)
Qu, )iy T2, [1 — exp(—hv} /kpT))] (6.48)
= 1.32

where it is remembered that the wavenumber © and frequency v are related by the
relation 7 = v/c. The ratio between the electronic partition functions is

< o ) =2/(4+ 2exp[—A/kpT))
elec

QrQu, (6.49)
= 0.466
After multiplication of all the factors, we obtain
11 cm? 10 liter
krst(T = 300 K) = 2.83 x 10 — =171 x10" —— (6.50)
molecule s mol s

The experimental data can, in the temperature range T' € [190,373] K, be repre-
sented by the equation k(T) = 1.0x 1010 exp(—(432.84+50.32) /T") cm?/(molecule s)
[J. Chem. Phys. 92, 4811 (1980)], and in a larger temperature range by k(T) =
2.7 x 109795 exp(—319/T) liter/(mol s), for T' € [190,800] K [J. Phys. Chem. Ref.
Data 12, No. 3, (1983)], where the uncertainty in the experimental data is esti-
mated as log,o[k(7)] = £0.15. Thus, at 7" = 300 K, the experimental value is
k(T = 300 K) = (2.36 £ 0.4) x 10~!! ¢cm?®/(molecule s), and the transition-state
theory rate constant agrees with the experimental data to within the experimental
uncertainty.

As shown in the previous example, for the reaction F + Hy — HF + H, transition-
state theory is sufficiently accurate to reproduce the experimental result for the ther-
mal rate constant at 7' = 300 K.
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Table 6.3 A comparison of different theoretical approaches to the evaluation of the thermal
rate constant for the F + Ho — HF + H reaction at 7' = 300 K. TST is transition-state
theory (Example 6.2), QCT is the quasi-classical trajectory method [Chem. Phys. Lett. 254,
341 (1996)], and QM is (exact) quantum mechanics [J. Phys. Chem. 102, 341 (1998)].

Method TST QCT QM
k/107'" cm®/(molecule s) 2.83  2.07 2.26

Clearly, the successful reproduction of the experimental result is, in part, related
to the high quality of the potential energy surface. A more direct evaluation of the
accuracy of transition-state theory can be obtained via a comparison to other (more
exact) theoretical approaches to the calculation of the rate constant, all using the
same potential energy surface. Table 6.3 shows such a comparison. We observe that
transition-state theory does overestimate the rate constant but the agreement is quite
reasonable, especially when the simplicity of the calculation is taken into account.

The reaction rate depends critically on the barrier height and the shape of the
potential energy surface in the vicinity of the saddle point. As an illustration of this,
we consider again the F + Hy — HF + H reaction, where a second saddle point has
been identified (Section 3.1) which corresponds to a linear activated complex with a
classical barrier height that is slightly higher than for the bent complex. An evaluation
of the rate constant based on the linear activated complex would have resulted in a
rate constant that is about ten times smaller than the experimental result.

Example 6.3: Collision between two atoms

The simplest application of transition-state theory is to the collision between two
structureless molecules, i.e., two atoms A and B:

A +B — (AB)! — product (6.51)

The reaction coordinate is the interatomic distance, and the energy profile along the
reaction coordinate is identical to a one-dimensional interatomic potential energy
curve; that is, there is no saddle point along the reaction path. Furthermore, the
total energy is conserved along the reaction coordinate, and any intermediate AB
configuration will always have the same energy as the reactants; it will consequently
dissociate after the turning point on the potential energy curve has been reached.
If, however, there is a mechanism for releasing the energy, a stable molecule may be
formed and the rate constant can be related to the formation of this molecule. An
example is the so-called radiative recombination, where an electronically excited
molecule may emit a photon and form a stable AB molecule in the electronic
ground state. Thus, (AB)¥ — AB + hv; see Fig. 6.5.1.

We place the dividing surface between reactants and products at a critical
separation 7. and calculate the rate constant according to Eq. (6.8) (assuming, as in
Section 4.1.2, that the atoms ‘react’ with a probability of one when r = r.). In the
relevant partition function for the activated complex, there are both translational
degrees of freedom for the center-of-mass motion and rotational degrees of freedom
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Fig. 6.5.1 Radiative recombination. B* is an electronically excited atom.

(with the electronic degrees of freedom omitted). Thus (see Appendix A.1),

+ _ (27[ma +mplkpT)*? 872 I* kT
(Q(AB)i/V) = 73 2 (6.52)

with the moment of inertia for the diatomic complex, I* = ur2, and p is the reduced
mass. The reactants have only translational degrees of freedom. So,

(Qa/V) = (2rmaksT)*?/1? (6.53)

with an equivalent expression for the B atom.
The rate constant, Eq. (6.8), then takes the form

i3
brsr(T) = kT (Qapi/V) o~ Fo/ksT
h (Qa/V)(Qs/V)
_ kT h3 SWZMTszTeon/kBT
h  (2mpkpT)3/2 h?

knT 1/2
= r? <—87T]Z > e~ Bo/ksT (6.54)

We observe that the result is the same as in Eq. (4.23).

The expression for the rate constant in Example 6.3 can also be considered as an
application of transition-state theory to a bimolecular reaction where the molecules are
considered as structureless ‘atoms’ with the relevant masses. Thus, when we compare
this with the proper expression for a bimolecular reaction, we can gain insight into how
the internal molecular degrees of freedom affect the rate constant. In Section 4.1.2,
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we noticed that the pre-exponential factor predicted by Eq. (6.54), when compared to
experimental data for a number of bimolecular reactions, typically, is much too large.
Now when we compare Eq. (6.54) to the proper TST expression for a bimolecular
reaction, Eq. (6.9), we observe that the pre-exponential factor contains vibrational
and electronic partition functions, as well as rotational partition functions associated
with the reactants. The vibrational and electronic partition functions are typically of
the order of one, whereas the value of the rotational partition functions is well above
one (remember that the partition function gives an indication of the average number
of states that are populated at a given temperature). Since the rotational partition
functions of the reactants are in the denominator of the expression, transition-state
theory will typically, in agreement with experimental observations, predict smaller
pre-exponential factors than the simple collision model where molecules are treated
as structureless spheres.

Finally, we must stress that transition-state theory is not an exact theory. Thus,
complete agreement with experimental data cannot be expected in all cases. In par-
ticular, recrossings of the saddle-point region were neglected. The validity of this
assumption will depend on the exact topology of the potential energy surface; that is,
the barrier height, the position of the barrier along the reaction coordinate, etc.®

6.6 Thermodynamic formulation

For some reactions, especially those involving large molecules, it might be difficult to
determine the precise structure and energy levels of the activated complex. In such
cases, it can be useful to phrase the transition-state theory result for the rate constant
in thermodynamic terms. It does not bring any new information but an alternative
way of interpreting the result. This formulation leads to an expression where the pre-
exponential factor is related to an entropy of activation that, at least qualitatively,
can be related to the structure of the activated complex. We will encounter the ther-
modynamic formulation again in Chapter 10, in connection with chemical reactions
in solution, where this formulation is particularly useful.
According to Eq. (6.8),

_ kgT Qv ¢~ Fo/knT

kst () = = Ga ) (@s/7)
kT, @
=0 Qaen (6.35)

where, in the second line, the zero point of energy for all partition functions has been
chosen to coincide with the zero-point energy of A + B. Note that the rate constant
depends on T but is independent of the volume V' (or pressure) since the molecular
partition functions are of the form f(T")V.

According to statistical mechanics, the partition function for a system of volume V/,
at the temperature T', containing N independent (non-interacting) indistinguishable

8Note that for two reactions that only differ by the position of the saddle point along the reaction
path, i.e., ‘early’ and ‘late’ barriers (Section 3.1), respectively, transition-state theory will predict
exactly the same rate.
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molecules is Q@ /N!. The entropy, S, of the system is related to the molecular partition
function @ according to®

B oln@Q
S —NkBT< o7

) 4 Nkgln (Q%)
= E/T + Nkgln (Q%) (6.56)

where E = (F) according to Eq.(A.22) is the temperature-dependent internal en-
ergy. Now, the difference in entropy between the activated complex (AB)* (where the
reaction coordinate is pulled out) and the reactants A + B, that is, the entropy of
activation, is (per mole, N = nN4, where n = 1 mole)

AS? = Si — (SA + SB)
= Fy/T 4+ RIn[Q*¢/N] — (Ea/T + RIn[Qae/N] + Ep/T + RIn[Qge/N])

_ QN
— {E; — (Ea + E)}/T + Rln [QAQB?}
=AEZ/T + RIn |:Qf;B %} (6.57)

where the energy of activation was defined as AEIe = E; — (Ea + EB). Note that the
change in entropy refers to the entropy of pure (unmixed) activated complexes minus
the entropy of pure (unmixed) reactants. Furthermore, the entropies refer to the same
values of N, V, and T (and the pressure, since p = (N/V)kpT). These conditions are
identical to the standard changes known from chemical thermodynamics, and they are
indicated by the symbol ©. Thus,

I
Qf oo - % exp(ASE /R) exp(~AEY /RT) (6.58)

The enthalpy H = E + pV = E + RT for one mole of an ideal gas, and the enthalpy
of activation AH{ is

AH{ = Ey + RT — (Ea + RT + Eg + RT)
= AE; — RT (6.59)

Note that AEie = AFE; and Aer_e = AH;, since there is no interaction between
the molecules. Thus, for these energy changes the symbol © is not needed, since the
standard changes and the changes in a mixture of ideal gases are identical. We have
now AEj;e = Aer_e + RT, and

kpT 1
BT = exp(ASY /R) exp(—AH{ /RT) (6.60)

where ¢® = N/V is a concentration, typically chosen as 1 mole/liter. The rate constant
is now related to the activation entropy AS? and the enthalpy of activation AHi@ =
AHjy.

krsT =

9Using Sterling’s approximation, i.e., In N! ~ N(In N — 1) = N In(N/e).
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Alternatively, the Gibbs energy of activation can be introduced, i.e., AG? =
AHI@ — TASI@, and
kT 1
krsT = o eXp(—AG?/RT) (6.61)
It might be argued that in a (N, V,T) system, the Helmholtz energy is a more natural

choice than the Gibbs energy. Since A = G — pV, the Helmholtz energy of activation
is AA? = AG? + RT, and

kT e
krst = %C—e exp(—AAY/RT) (6.62)

Finally, these expressions can be related to the Arrhenius equation, where the
activation energy F, is identified from RT?dInk/dT. Although the rate constant is
independent of volume (or pressure), we note that the exponential factor, as well as
the pre-exponential factor, in Eq. (6.61) depends on volume (or pressure). Thus, we
choose to perform the differentiation under constant pressure. Using that 1/c® =
V/N = kgT/p, we get

dln k’TST -

2
dr T

1 (9(AGY/T)
R oT ,

2 AHie
=+

T RT?
2RT + AH?

RT?
E,
= 6.63
where the Gibbs—Helmholtz equation was used in the second line. We observe that
E, =2RT + AHY = RT + AE? = RT + E; — (EA + Eg), that is, we have a simple
interpretation of E, in terms of the enthalpy of activation AHj;e and the energy of

activation AE?7 and from Eq. (6.60) we get

]€BT 62

krsT = ) exp(ASiG/R) exp(—FE./RT) (6.64)

From this expression originates the statement that ‘entropy effects’ are determining

the pre-exponential factor in the Arrhenius expression. Thus we have the following.

e A positive entropy of activation implies that there has been an increase in entropy in
forming the activated complex, and the activated complex must be more ‘disordered’
or ‘loppy’ than the reactants.

e A negative entropy of activation implies that the activated complex must be more
‘ordered’ than the reactants.

Bimolecular reactions correspond to a negative entropy of activation. Note that AEY,

AHj;e7 AS?7 AG?, and AAj;e all refer to an activated complex where the reaction
coordinate is pulled out.
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Problems

6.1 The ‘lifetime’ of the activated complex was defined in connection with the stan-
dard derivation of transition-state theory. Estimate the numerical value of the
lifetime (in femtoseconds) using the following numbers: [ = 0.1 A, m = 1 amu,
and T'= 300 K.

6.2 Consider a collinear reaction of the form A + BC — AB + C, i.e., all atoms are
assumed to move along the same line. Imagine that a calculation of the (real-
valued) vibrational frequency of the activated complex, at two different levels of
accuracy, gives 71 cm~! and 7 cm ™!, respectively, and 7 > .

Using transition-state theory, which of the two frequencies will give the larger
pre-exponential factor? (Remember that the partition function for a harmonic
oscillator is given by Qui, = (1 — exp|—hw/(kgT)])~t.)

6.3 Consider a linear triatomic AAA molecule where the atoms have mass m. As-
sume that the potential energy for the linear internal bond-stretching motion is
given by

V = (1/2)k(a2 — a1 — b2 + (1/2)k(as — @2 — b)?

where ¢1, g2, and ¢3 are the positions of atoms 1, 2, and 3, respectively, and b is

the bond length at equilibrium.

(a) Find expressions for the normal-mode frequencies (note that one of the fre-
quencies, that for translation, will be zero).



6.4

6.5

6.6

6.7

Problems 165

(b) Find expressions for the normal-mode coordinates expressed as linear com-
binations of the atomic displacement coordinates.

(c¢) Show the result from (b) in graphical form, that is, for each normal mode,
using ‘arrows’ to represent (the magnitude and sign of) the coefficients in
the linear combinations of the atomic displacement coordinates.

Using transition-state theory, calculate the rate constant for the exchange reac-
tion
H+H, — (H---H---H!—-Hy+H

Assume that (H---H---H)* has a linear symmetric configuration with a ground-
state electronic degeneracy of 2 and a symmetry number of 2. The electronic
degeneracies for ground-state Ho and H are 1 and 2, respectively. For the
(H---H---H)* transition state (from accurate ab initio electronic structure cal-
culations; J. Chem. Phys. 68, 2457 (1978)) the H---H distance is 0.93 A and
the fundamental frequencies are 2058 cm ™!, 909 cm ™!, and 909 cm~!. The clas-
sical barrier height is 41.0 kJ/mol. The H-H distance in Hy is 0.74 A, and its
fundamental vibrational frequency is 4395 cm™1.
(a) Calculate numerical values for the transition-state theory rate constants
for the reaction at 300 K and 1000 K (the experimentally measured rate
coefficient is [2.1 4 0.6] x 10~'2 cm® molecule™ s~ at 1000 K).

(b) Estimate the tunneling correction for the reaction at 400 K, 500 K, and
1000 K. Use the Wigner tunneling correction factor for a barrier with v* =
1511 cm ™~

We consider a forward and its reverse bimolecular elementary reaction at thermal
equilibrium:
ky
A+B —= C+D
ky

(a) Write down the expressions for the rate constants k(7T") and k, (T") according
to transition-state theory.

(b) Show that k¢(T)/k-(T), calculated according to transition-state theory, ful-
fills the principle of detailed balance (for a potential energy surface with one
saddle point).

Determine, using transition-state theory, the temperature dependence of the

pre-exponential factor for each of the reactions:

(a) Hy + Fy — 2HF

(b) CeH4 + HC1 — CoH5Cl

Assume that the activated complexes are non-linear. Determine the temperature

dependence for hv < kT, corresponding to classical partition functions for the

harmonic vibrational degrees of freedom, as well as for hv > kpT.

In order to illustrate an isotope effect for a bimolecular reaction, we consider

the following reactions:

(i) H+Hy <5 H+ H,
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(i) D+ Hy 22 DH+H

where ‘D’ is deuterium. The potential energy surfaces and electronic states for

the two systems (i) and (ii) are, according to the adiabatic (Born-Oppenheimer)

approximation, identical. The activated complexes, ABC, of the three atoms

are linear with interatomic distances Rap = Rpc = R = 0.93 A, and the

vibrational frequencies for the complex are, respectively, 2058 cm™!, 909 cm ™1,

and 909 em~! for reaction (i) and 1764 cm™!, 870 em™!, and 870 cm™! for

reaction (ii).

In the following we use transition-state theory in order to calculate the ratio

between the rate constants ko /k1 (tunneling is neglected).

(a) Calculate E2 — E} (in kJ/mol), that is, the difference between the barrier
heights for the two reactions.

(b) Show that k2/ky can be written in the following form:

3/2
ka _ (&) P (e @\ -@-meT
kl H2 Q:llt rot Qi vib

where p; is the reduced mass of the reactants in reaction ‘%’, and the sec-
ond and third factors are the ratios between the rotational and vibrational
partition functions of the activated complexes of the ‘¢’th reaction.

(c) Calculate (Q%/Q%)s01, using that the moment of inertia for a linear 3-atomic
molecule ABC is I = (ma + mc)R? — (ma — mc)?R?/(ma + mp + mc),
with Rag = Rpc = R, where R is the bond distance.

(d) Calculate ko/ky at T = 450 K, and compare with the experimental values
k1 = 3.85 x 109 cm?3/(mol s) and ko = 9 x 10 em?/(mol s).

(e) Calculate ko/ky at T = 450 K, when tunneling is included in the transition-
state calculation, using the Wigner tunneling correction factor. The ratio of
the imaginary frequencies associated with the activated complexes (HHH)?*
and (DHH)* is vy /vp = 1.05, and the imaginary frequency (in wave number)
for the (HHH)* complex is oy = ivjy = 1511 cm ™1,

The atomic masses are 1.007825 amu for 'H and 2.0140 amu for D = 2H.

Calculate the rate constant for the reaction D+Hy; — DH+H at T' = 1000 K. Use
transition-state theory and the data and results of Problems 6.4 and 6.7. The ex-
perimentally measured rate coefficient is [2.134:28%)] x 10~'2 cm® molecule ™' s~

at 1000 K [J. Phys. Chem. 94, 3318 (1990)].

A molecule AB can be formed from the two molecules A and B in an association
reaction via the following mechanism:

(i) A+ B= AB"

(ii) AB* +M — AB + M

where AB™ is an energy-rich (unstable) state of AB (with an energy that exceeds
the bond dissociation energy of AB) and M is a molecule that in an inelastic
collision can absorb the excess energy in AB*. At low pressures of M one finds
a third-order rate law, v = k(T)[A][B][M], k(T) = K1(T)k2(T'), where K;(T) is
the equilibrium constant for (i) and ko (T') is the rate constant for (ii).
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An important example of an association reaction is the formation of ozone in
the stratosphere from atomic and molecular oxygen: O + Oy +M — O3+ M. At
low pressures, a third-order rate law is found with rate constants given in the
table below for M = Ny [J. Phys. Chem. Ref. Data 26, 1329 (1997)].

T/K 100 200 300
E(T)/m® molecule ™ ™' 119 x 107**  1.71 x 10°* 549 x 10*°

(a) Express the equilibrium constant K7 (7") for (i) in terms of molecular parti-
tion functions for a reaction in an ideal gas.

(b) Write down the expression for the rate constant ko(7") according to trans-
ition-state theory, where it can be assumed that (ii) proceeds via a particular
activated complex (AB*M)*. It can be assumed that Ey = 0, where Ej is
the difference between the zero-point energy level of the activated complex
and the zero-point energy level of the reactants A + B + M. Also, write
down an expression for k(7).

(¢) Determine the temperature dependence of k(T') for O + Oz +M — O3 + M,
where it can be assumed that the activated complex is non-linear, that
FEy = 0, and the temperature dependence of the vibrational and electronic
partition functions can be neglected.

(d) The experimental values in the table can be represented by an expression
of the form k(T) = AT®, where A and a are constants. Compare the the-
oretically determined value of a to the value that can be determined from
the experimental values in the table. The experimental uncertainty on a is
+0.5.

(e) The pre-exponential factor for (‘trimolecular’) association reactions is very
small compared to typical values for bimolecular reactions. Calculate how
much bigger the rate constant would be at T" = 300 K, if M = Ny did not
participate in the reaction. It can be assumed that the difference is solely
due to the translational contributions from M = Ns.

Consider the reaction

kg
F+H, — HF+H
k.

(which we also considered in Section 6.5). The rate constant of the forward

reaction is kf(T) = 2.0 x 10! exp{—800/T(K)} liter/(mol s). Calculate k(T

at T'= 300 K and T" = 1000 K.

Use the following information:

e AFy = —1.391 eV, that is, the difference between the zero-point energies of
the products and reactants;

e vibrational frequencies: 7 = 4400 cm~! for Hy and 7 = 4138 cm~! for HF;

e equilibrium bond lengths: r. = 0.7414 A for Hy and r. = 0.9168 A for HF;

e electronic ground-state degeneracies: welee = 4 for F, wejee = 1 for Ha, welee =
1 for HF, and wejee = 2 for H.
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6.11 We consider, in the gas phase, the SN2 reaction

Cl™ 4+ CH3Cl — CH3Cl1 + Cl™

The data for the activated complex are given below—essentially corresponding
to a calculation at the Hartree-Fock (HF) level using a 6-31 G* basis set.

The barrier height (corrected for vibrational zero-point energies) is Fy = 16.6
kJ /mol.

The principal moments of inertia for CH3Cl are: I, = I, = 38.1 amu AQ and
I, = 3.08 amu AQ, and the symmetry number is 3.

The principal moments of inertia for the activated complex, (C1--- CHz - - - C1)¥,
are: I, = I, = 405.0 amu A” and I. = 3.46 amu A2, and the symmetry number
is 6.

The degeneracies of the electronic states can be set to one.

The vibrational frequencies (in wave numbers), for the reactants and activated
complex, are given below.

Molecule Wave numbers/cm ™"

CH;5CI 3042(2) 2933(1) 1463(1) 1403(2) 1013(2) 736(1)
(Cl---CHz---C)¥  3430(1) 3274(2) 1379(2) 1015(2) 1004(1) 195(1) 188(2)

The degeneracies of the vibrational states are given in parentheses after the
frequencies. The imaginary frequency of the activated complex is not included.
The vibrational frequencies of CH3Cl correspond to the data in G. Herzberg,
Electronic spectra of polyatomic molecules.

Calculate the rate constant, at T' = 300 K, according to transition-state theory.
The vibrational partition functions for vibrations with wave numbers larger than
1000 cm ™~ can be set to 1.

The atomic masses are H: 1.008 amu, C: 12.01 amu, and Cl: 35.45 amu.
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Key ideas and results

When a molecule is supplied with an amount of energy that exceeds some threshold
energy, a unimolecular reaction can take place, that is, a dissociation or an isomer-
ization. We distinguish between a true unimolecular reaction that can be initiated
by absorption of electromagnetic radiation (photo-activation) and an apparent uni-
molecular reaction initiated by bimolecular collisions (thermal activation). For the
apparent unimolecular reaction, the time scales for the activation and the subsequent
reaction are well separated. When such a separation is possible, for true or apparent
unimolecular reactions, the reaction is also referred to as an indirect reaction. We
will discuss the following.

e Elements of classical dynamics of unimolecular reactions; in particular, the Slater
theory for indirect reactions, where the molecule is modeled as a set of uncoupled
harmonic oscillators. Reaction is defined to occur when a particular bond length
attains a critical value, and the rate constant is given as the frequency with which
this occurs.

e Elements of quantum dynamics of unimolecular reactions; in particular, photo-
activated reactions.

e RRKM theory, an approach to the calculation of the rate constant of indirect
reactions that, essentially, is equivalent to transition-state theory. The reaction
coordinate is identified as being the coordinate associated with the decay of an
activated complex. It is a statistical theory based on the assumption that every
state, within a narrow energy range of the activated complex, is populated with
the same probability prior to the unimolecular reaction. The microcanonical rate
constant k(F) is given by an expression that contains the ratio of the sum of states
for the activated complex (with the reaction coordinate omitted) and the total
density of states of the reactant. The canonical k(T") unimolecular rate constant
is given by an expression that is similar to the transition-state theory expression
of bimolecular reactions.

e How thermal activation can take place following the Lindemann and the
Lindemann—Hinshelwood mechanisms. An effective rate constant is found that
shows the interplay between collision activation and unimolecular reaction. In the
high-pressure limit, the effective rate constant approaches the microcanonical rate
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constant of a unimolecular reaction multiplied by the probability of finding the
molecule at a given energy.

e Basic concepts of femtochemistry, i.e., the real-time detection and control of chem-
ical dynamics.

The relation between the key quantities (the rate constant k(7'), the microcanonical
rate constant k(E), and the reaction probability P) and various approaches to the
description of the nuclear dynamics is illustrated below.

Unimolecular reaction

Quantum mechanics

kKT) «<— k(E) <— P <«— Quasi-classical mechanics (Slater, etc.)

Assumptions (RRKM, etc.)

So far, we have only considered bimolecular reactions. Elementary reactions can, how-
ever, also be unimolecular; that is, just one molecule takes part in the chemical reac-
tion. Such reactions correspond to either isomerization (rearrangement) or dissociation
(fragmentation).

In chemical kinetics, we learn that an elementary unimolecular reaction

A — products (7.1)

obeys a first-order rate law, given by

d[A]
dt
where k& = k(T') is the temperature-dependent unimolecular rate constant. The pur-
pose of this chapter is to obtain an in-depth understanding of this relation.
Before we go on, we note that it is easy to interpret the physical significance of the
unimolecular rate constant. The integrated rate law takes the form

[A] = [Als, exp[=k(t — to)]
= [Alr[1 = k(t —to) + -] (7.3)

= k[A] (7.2)

That is, for k(t —to) < 1, k(t —tp) can be interpreted as the fraction of molecules that
has disappeared, and k is the fraction of molecules that disappear per unit time. For
example, k(T) may have the value 0.001 s~!, which means that during each second
1/1000 of the molecules would react. Note that this fraction can also be interpreted
as the probability that a single molecule undergoes reaction per unit time.

7.1 True and apparent unimolecular reactions

In unimolecular reactions only one molecule is involved in the reaction. Since, however,
the molecules prior to the reaction are stable, it is necessary to ‘activate’ them in order
to initiate the reaction. Based on the different methods of activation, we distinguish
between the following two types of unimolecular reaction:
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e a true unimolecular reaction;
e an apparent unimolecular reaction.

In a true unimolecular reaction, the activation is done by exposing the molecules to
electromagnetic radiation, whereas activation is accomplished by inelastic collisions
with other molecules in an apparent unimolecular reaction. The condition for the
latter process to be unimolecular is that the time scales of the activation process and
the chemical reaction are very different, so that the chemical reaction is much slower
than the activation process.

7.1.1 True unimolecular reactions

A true unimolecular reaction is induced by electromagnetic radiation. That is, only one
molecule takes part in the reaction and the energy is provided by the electromagnetic
field. In fact, chemical reactions induced by electromagnetic radiation form such an
important subfield of chemistry that it has its own designation: photochemistry.

A well-known example is the photodissociation of ozone:

O3+ hy — O9+0

There are also many interesting photochemical rearrangements of organic molecules.
One example is the cis-trans isomerization of retinal induced by visible light, a basic
step in the chemistry of vision.

The electromagnetic radiation will normally induce a transition from the electronic
ground state to an excited electronic state, where the reaction takes place.

It is also possible that the unimolecular reaction takes place with the molecule in
the electronic ground state, but it requires very intense fields to generate so-called
multiphoton or direct overtone transitions; that is, transitions from the vibrational
ground state of the type 0 — n, where n > 1. The opening of the cyclo-butene ring to
form butadiene is an example of a unimolecular reaction induced by direct overtone
excitation:

H H
Hy nt

In a normal-mode picture, the C—H stretching of cyclo-butene is, essentially, a pure
normal mode. There are two types of CH bonds, and the normal modes involve either
olefinic CH stretch or methylenic CH stretch. Experimentally, it has been demon-
strated that direct overtone excitation of these modes, e.g., to the fourth excited C-H
stretch mode, provides enough energy for the ring-opening to 1,3-butadiene.
Unimolecular reactions induced by electromagnetic radiation are often further di-
vided into direct and indirect reactions. In a direct reaction, the unimolecular reaction
is over within the order of a vibrational period after the initial excitation. In an indi-
rect reaction, the unimolecular reaction starts long after the initial excitation, since a
long-lived intermediate complex is formed. Evidently, the cyclo-butene reaction is not



172  Unimolecular reactions

a direct reaction, since the energy first has to flow from the C—H stretch to the C-C
bond connecting the two —CHo— units in the ring. These definitions correspond to two
extremes; real unimolecular reactions can fall in between these limiting cases and, in
general, we have to consider the interplay between activation and reaction.

It is quite easy to derive the rate law for a unimolecular reaction. Consider the
situation where molecules, all in the quantum state n, are irradiated by radiation of
frequency v, which induces an electronic transition:

A(n)+ hv alig products (7.4)

e.g., as illustrated in Fig. 7.1.1. Assume a constant reaction probability per unit time,
at the energy F' = hv, denoted by P, (hv). Here we limit the discussion to direct reac-
tions where products are formed directly without delay following electronic excitation.
Indirect reactions can be handled as in Section 7.1.2.

The number of molecules that disappear per unit volume and per unit time is then
P, (hv) x [A(n)], where [A(n)] is the concentration (number/volume) at time t. The
rate of reaction must then be given by

dIA(m)/dt = — Py (h)[A(n)] (7.5)

that is, a first-order rate law. When we make the identification
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Fig. 7.1.1 Photodissociation (at a fixed bending angle) for a symmetric triatomic molecule
like ozone. The vibrational ground state is superimposed on the potential energy surface of
the electronic ground state; an illustration of a true (direct) unimolecular reaction. (Note
that in this figure all potential energies above a fixed cut-off value FEnax have been replaced
by Emax, in the electronic ground state as well as in the excited electronic state.)
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fen(hv) = Py (hv) (7.6)

and denote by k,(hv) the rate constant of the unimolecular reaction, the rate law
is clearly equivalent to a standard first-order rate law. The prerequisite used in this
derivation, a rate constant that is equivalent to a constant reaction probability per unit
time, is obtained from a microscopic quantum mechanical treatment of the interaction
between the molecule and electromagnetic radiation; see Section 7.2.2.

Except for high vacuum systems, where isolated reactions occur, the energy of the
molecules is not fixed. We must then, as in Chapter 2, consider the transition from
the microscopic to the macroscopic description. Again, it is quite easy to derive the
rate law of macroscopic reaction kinetics for the unimolecular reaction. We now write
the number density of A(n) in a form that is equivalent to Eq. (2.16), that is,

[A(n)] = [Alpam) (7.7)

where [A] is the total concentration of A molecules and pa(,) is the probability of
finding A in the quantum state denoted by the quantum number n.

The macroscopic rate of reaction, d[A]/dt, is obtained from Eq. (7.5) by summation
over the quantum states. We get

d[A]/dt = —k(T)[A] (7.8)

with the rate constant

K(T) =" kn(hv)pacn) (7.9)

n

where we have used that ) pa(,) = 1. Since pa(y) is typically the Boltzmann distri-
bution, for the vibrational and rotational quantum states, we have indicated that the
macroscopic rate constant will be a function of the temperature 7.

In Chapter 2 where bimolecular reactions were discussed, we considered the forma-
tion of products in particular quantum states and at particular orientations in space.
The description above for unimolecular reactions can be generalized in a similar way.
Thus, experiments similar to the molecular-beam set-up in Fig.2.1.1 are carried out
for unimolecular reactions, however, with one of the molecular beams replaced by a
beam of photons from a laser.

7.1.2 Apparent unimolecular reactions

In an apparent unimolecular reaction, the molecule is activated in a bimolecular colli-
sion process. In addition, it is assumed that the preparation of the initial metastable
state of the molecule can be separated from its unimolecular decay. Thus, the apparent
unimolecular reaction can also be classified as an indirect reaction. One writes such
an apparent unimolecular reaction in the form

A* — products (7.10)

where A* is a highly vibrationally (and rotationally) excited A molecule with a total
vibrational and rotational energy’ E > Ey, where Fjy is the threshold energy for the

IThe center-of-mass translational motion can be separated out (as described in Section 1.1) and it
plays no role in unimolecular or bimolecular reactions. Thus, the translational energy of the molecule
is not included in the internal energy that is relevant to unimolecular reactions.
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unimolecular reaction. A* is created in an activation step, which can be: (i) chemical
activation, where a long-lived intermediate is formed in a bimolecular complex mode
reaction, and (ii) thermal activation, due to inelastic collisions where translational
energy is converted to vibrational energy; this type of activation takes place in the
electronic ground state, see Fig. 7.1.2.

Thus, it is clear what is meant by the words ‘apparent’ unimolecular reaction, since
the activation process can be bimolecular. A key point is the separation in time scales
between the activation step and the subsequent unimolecular reaction dynamics. This
was also a distinctive feature of the indirect photo-activated reactions considered in
the previous section. Thus, the theoretical description of these reaction types is very
similar; photo-activation makes it, in particular, possible to deposit a precise amount
of energy according to F = hv.

After (and during) the creation of A*| intramolecular vibrational energy redistrib-
ution—denoted IVR—will take place. Consider again the ring-opening of cyclo-butene
to 1,3-butadiene. After the excitation of the C—H stretch, IVR will occur. The normal-
mode description is not accurate for highly excited states due to anharmonic coupling
terms in the potential. Thus, the vibrational energy will redistribute and spread to all
vibrational degrees of freedom in the molecule.

Assume a constant reaction probability per unit time at the internal energy E. In
anticipation of the role played by this probability in the final result, the probability is
denoted by k(F). The unimolecular reaction for an A* molecule at the fixed internal
energy FE is

* k(E)
A*(E) — products (7.11)
The molecule is highly vibrationally (and rotationally) excited with an energy above
the threshold for unimolecular reaction. The density of vibrational eigenstates will be
very high when the energy exceeds the energy threshold for reaction (recall, e.g., that
the energy spacing in, say, a Morse potential is decreasing as the dissociation limit is

Fig. 7.1.2 Contour plot (at a fixed bending angle) of the electronic ground-state potential
energy surface for a (asymmetric) triatomic molecule. The last contour exceeds the dissocia-
tion limit of one of the bonds.
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approached). Thus, the internal energy can be considered as continuous.?

The number of molecules that disappear per unit volume and per unit time is
then k(F) x [A*(E)]dE, where [A*(FE)]dE is the concentration (number/volume) of
A*(E) molecules at time ¢, in the internal energy range [E, E + dE]. [A*(E)] denotes,
consequently, a concentration per unit energy at the energy E. The rate of reaction
must then be given by

d{[A"(E)]dE}/dt = —k(E){[A*(E)]|dE} (7.12)

that is, a first-order rate law resulting in an exponential decay of the population. The
prerequisite used in this derivation, a rate constant that is equivalent to a constant
reaction probability per unit time, is, e.g., obtained in RRKM theory, to be described
below.

Except for high vacuum systems, where isolated reactions may occur, the internal
energy is not fixed at a given value. We must therefore, as in Chapter 2, consider a
transition from the microscopic to a macroscopic description. We write the number
density of A*(E) (E > Ep) in a form that is equivalent to Eq. (2.16), that is,

[A*(E)|dE = [A*]|P(E)dE / Eoo P(E)dE (7.13)

where [A*] = f;j [A*(E)]dE is the total concentration of A* molecules and P(E)dE
is the probability of finding A in the internal energy range [F, E + dE].

The macroscopic rate of reaction, d[A*]/dt, is obtained from Eqs (7.12) and (7.13)
by integration over the energy, F, from Ej to infinity. We get

d[A*]/dt = —Kk(T) [A*]/ ~ p(B)E (7.14)
Eo
with the rate constant
k(T) = /Oo k(E)P(E)dE (7.15)
Eo

Since P(F) is normally the Boltzmann distribution, we have indicated that the macro-
scopic rate constant will be a function of the temperature 7. Note that typically the
magnitude of k(7)) and k(F) will differ by many orders of magnitude. For example,
k(E) may have the value 0.01 fs™! (corresponding to a typical vibrational frequency
of 1013 s71), which means that during each femtosecond 1/100 of the molecules, at
an energy F > Ey, will react. However k(T') will be much smaller; it may have, say,
the value 0.001 s~!, which means that during each second 1/1000 of the molecules
would react at the temperature T'. This difference is, of course, due to the Boltzmann
distribution P(F) in Eq. (7.15). Thus, the fraction of reactants with sufficient internal
energy to react is very small at typical temperatures.

2There is most likely a high degeneracy at the energy E. These states will, in general, not decay
with the same rate constant. Thus, to be more precise, one should introduce additional quantum
numbers, n, to distinguish between the degenerate states, and replace k(E) by kn (E) in the discussion.
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Now using d[A*]/dt = d[A]/dt, and that [A]/[A*] = [ P(E)dE/ [ P(E)dE,
where fooo P(E)dE = 1, the well-known first-order rate law is obtained, i.e.,

d[A]/dt = —k(T)[A] (7.16)

In the following we discuss how to calculate the rate constants for a unimolecular
decay.

7.2 Dynamical theories

In dynamical theories, one solves the equation of motion for the individual nuclei,
subject to the potential energy surface. This is the exact approach, provided one
starts with the Schrodinger equation. The aim is to calculate k(F) and k,(hv), the
microcanonical rate constants associated with, respectively, indirect (apparent or true)
unimolecular reactions and true (photo-activated) unimolecular reactions.

7.2.1 Classical mechanics, Slater theory

This is an approach for the calculation of the microcanonical rate constant k(E) for
indirect unimolecular reactions that is based on several approximations. The molecule
is represented by a collection of s uncoupled harmonic oscillators. According to Ap-
pendix E, such a representation is exact close to a stationary point on the potential
energy surface. Furthermore, the dynamics is described by classical mechanics.

The Hamiltonian takes, according to Eqs (E.12) and (E.10), the form

H=T+V
= i[(lﬂ)PE +(1/2)w; Q7] (7.17)

where @,, are normal-mode coordinates. Hamilton’s equations of motion, Eq. (4.63),

take the form -
)i = =Pk
@~ (57

7.18
P OH\ W20, ( )
oo\ T
where i = 1,...,s. These equations are equivalent to
dQQi 2

that is, a linear second-order differential equation with constant coefficients, which has
the complete solution

Qi (t) = Q1 (0) cos(wit) + P; (0) Sin(wit)/wi
= A, cos(wit — ¢;)

= /2E; /w? cos(wit — ¢;) (7.20)

3The same result is traditionally derived from the high-pressure limit of the Hinshelwood—
Lindemann mechanism; see Section 7.4.1.
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where A; = Q;(0)/ cos(¢;) is the amplitude of the oscillation, and the phase ¢; is given
by tan(¢;) = Pi(0)/[w;Q:(0)] (using the relation cos(w;t — ¢;) = cos(¢;) cos(w;t) +
sin(¢;) sin(w;t)). The time dependence of the normal-mode coordinate is illustrated in
Fig.7.2.1. The energy in the ith mode is related to the amplitude, i.e., E; = 1/2[P?(t)+
w2Q%(t)] = (1/2)A2w?. When Q;(0) and P;(0) are chosen, the energy and phase are
fixed and Eq. (7.20) gives the time evolution of the particular normal-mode coordinate.

Note that the time it takes to complete one full oscillation, i.e., the period of the
oscillation, is P = 27 /w;, since cos(w;t — ¢;) = cos(w;[t + P] — ¢;). Furthermore, the
number of complete oscillations per unit time is 1/P = w;/(27) = v;, that is, the
frequency of the oscillation. For typical molecules these vibrational frequencies are in
the range 10'3 to 10 s~ 1.

Since there is no coupling between the normal modes, the energy in each mode is
constant. The description is rigorous only for small displacements from a stationary
point, typically chosen as the molecular equilibrium geometry. Slater suggested the use
of this description also when molecules are highly vibrationally excited, corresponding
to large amplitude motions. This is obviously a serious approximation.

Since harmonic oscillators are considered in this theory, the bonds will never break,
S0 it is necessary to introduce an ad hoc criterion for when a reaction occurs. Reaction
is normally defined to occur when a particular bond length attains a critical value.
The bond length cannot be extracted directly from a particular normal-mode coor-
dinate, since these coordinates, typically, involve the motion of several atoms in the
molecule. The bond length can, however, be calculated quite readily, by noting that
the displacement of a coordinate associated with an atom of mass m, is given by
Eq. (E.5):

Normal-mode coordinate
o
.

20 25

Time (wf)

Fig. 7.2.1 Time evolution of a harmonic-oscillator coordinate, according to Eq. (7.20). The
phase is chosen as ¢ = 0, and note that the amplitude of the oscillation is related to the
energy.
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(1) = = ——= 3" L,,Q;(t) (721)

/My =

where ¢° is the equilibrium position of coordinate g,; that is, the displacement can
be expressed as a linear combination of the normal-mode coordinates. Unimolecular
reaction is assumed to occur when the bond length exceeds a critical extension at a
particular time when the normal modes will be in phase; see Fig. 7.2.2.

The rate constant k(E) at the total vibrational energy

E = Z E; (7.22)
=1

is calculated from the number of times per second a superposition of harmonic terms
(Eq. (7.21)) exceeds the critical value.

The molecule undergoing reaction can, accordingly, be pictured as an assembly of
s harmonic oscillators of particular amplitudes. The time evolution will, however, also
depend on the phases of each oscillator (see Eq.(7.20)), and we have to consider a
large number of these ‘oscillator assemblies’ and average over the initial phase of each
oscillator.*

displacement

D=

0 20 40 60 80 100
Time (of)

Fig. 7.2.2 Displacement of bond length from its equilibrium value for a linear chain of three
identical atoms. The energy and phase of the symmetric and antisymmetric normal modes
are assumed to be identical. The displacement is proportional to cos(wt) + cos(v/3wt). The
dashed line marks a critical value.

4Note that this average over phases is equivalent to the approach used in quasi-classical trajectory
calculations for bimolecular reactions; see, e.g., Fig.4.1.2.
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When the average behavior over a long time interval (much longer than the longest
period associated with the normal modes) is considered, the problem of finding the
fraction of molecules with a particular bond that—per unit time—exceeds the critical
value can be solved analytically [1]. k(E) will depend on the particular distribution of
energy E1, Es, ..., F, in the normal modes. Thus, since the theory does not allow for
redistribution of energy between the normal modes, i.e., IVR, the rate constant will
depend on how the molecule was excited initially. Such mode specificity is, in general,
not observed in practice. Overall, the Slater theory is unsuccessful in interpreting
experiments; the theory has, however, still some pedagogical value.

The harmonic approximation is unrealistic in a dynamical description of the disso-
ciation dynamics, because anharmonic potential energy terms will play an important
role in the large amplitude motion associated with dissociation. An accurate potential
energy surface must be used in order to obtain a realistic dynamical description of the
dissociation process and, as in the quasi-classical approach for bimolecular collisions,
a numerical solution of the classical equations of motion is required [2].

To that end, we note that a formally exact classical expression for a unimolecular
rate constant was given in Eq. (5.76).

7.2.2 Quantum mechanical theory
True unimolecular reactions

When an electromagnetic field is present, a term describing the coupling between
the molecule and the field must be added to the Hamiltonian. The most important
contribution related to absorption of electromagnetic radiation is

Hi = —p- E(t) (7.23)

where p is the dipole-moment operator of the molecule and E(t) is the electric field
usually given by
E(t) = Epa(t) cos(wt) (7.24)

The field is linearly polarized in the direction given by Ey. a(t) is an envelope function
corresponding to a pulsed field; when a(t) is constant E(t) describes a continuous wave
(cw) field oscillating with the frequency w = 27v.

When the field oscillates with a frequency that matches the energy spacing of the
electronic states, all the relevant electronic states must be taken into consideration in
the equation of motion. When, for example, two electronic states are coupled by the
field, the time-dependent Schrodinger equation for the atomic nuclei takes the form

iR Al @2

where H; and Hs areAnuclear Hamiltonians associated with the two electronic states,
the coupling term is Ch1o = — (1 |p|the) - E(t) = —p12 - E(t) = —p12E(t) cos, and

p1z2 = [(Y1]pla)] (7.26)

is the magnitude of the electronic transition-dipole moment, where v; are electronic
wave functions and integration is over all electronic coordinates. @ is the angle between
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the transition-dipole vector, w12, and the direction of the (linearly polarized) electric
field, Ey. Electronic transitions are clearly subject to the condition of a non-vanishing
electronic transition-dipole moment. The initial state x1(R, to), x2(R,to) = 0 is one of
the nuclear eigenstates of the electronic ground state ¢ = 1, for example, the vibrational
(and rotational) ground state of the molecule. Equation (7.25) is a set of coupled
first-order differential equations in time, where the coupling terms can be considered
as an inhomogeneous term in each differential equation. The solution to such first-
order differential equations can be written as a complete solution to the homogeneous
equation plus a specific solution to the inhomogeneous equation:

x1(R,t) = exp(—iﬁﬂf/ﬁ);@(R, 0) — %/0 exp(—iﬁl(t — t’)/h)élg(t’)XQ(R, t)dt’

o(R.1) :-% /0 exp(—iFlo(t — ¢')/B)Cor (' )x1 (R, ')t

(7.27)
i.e., we have replaced the differential equations in time by integral equations. We note
that Eq. (7.27) reduces to the right solution when Cia(#) = 0 and for t = 0. For
arbitrary strengths of the electric field, Eq. (7.27) must be solved numerically.

When the interaction with the field is sufficiently weak, the second term on the
right-hand side of the equation for xi(R,t) can be neglected, and the wave packet
associated with the excited electronic state is identical to the result obtained within
the framework of so-called first-order perturbation theory, giving [3,4]

x2(R,t) = %/ dt'e= "t /"Bt ¢(R, t —t') (7.28)
0

where E(t) is the laser field, ¢(R,t — t') = (R|exp(—iH(t —t')/h)|¢) and

|6) = 112]x1(0)) (7.29)

|¢) is often referred to as the Franck—Condon wave packet with |x1(0)) being the
initial (¢ = 0) stationary nuclear state in electronic state ‘1’ with energy ¢p, and
tho = p12cos@ is the projection of the electronic transition-dipole moment on the
polarization vector of the electric field. The nature of the excited-state wave packet
clearly depends on the form of the electric field.

Consider, e.g., E(t) = Ed(t — to), that is, an ultrashort pulse. According to
Eq. (7.28), x2(R,t) is then proportional to ¢(R,t — tg). For t = to, the wave packet
is the Franck—Condon wave packet, that is, the ground-state wave function times the
transition-dipole moment is transferred to the excited state at ¢ = ¢ and, subsequently,
this wave packet evolves in time on the excited-state surface. The transition-dipole
moment depends on the internuclear coordinates via the electronic wave functions.
Neglecting this dependence is referred to as the Condon approximation. This is often
an excellent approximation since, typically, the transition-dipole moment is essentially
constant in the range of internuclear distances where the initial vibrational state is
non-vanishing. The electronic transition described above is referred to as a ‘verti-
cal transition’—the energy is increased but the distribution of internuclear positions,
described by x1(R,to), is unchanged. Figure 7.2.3 illustrates the vertical transition



Dynamical theories 181

E(R)

Fig. 7.2.3 A true unimolecular reaction; here photodissociation of a diatomic molecule.

(which is also referred to as the Franck—Condon principle) and the subsequent dynam-
ics. Note that for the purpose of illustration it is assumed that p12 = 1, but typical
values are of the order of 1 debye = 3.3356 x 1073° Cm. The vibrational ground state
is normally well described by a Gaussian wave function and the subsequent dynam-
ics can (at least semi-quantitatively) be described by the well-known dynamics of a
Gaussian wave packet (Section 4.2.1).

For a general form of E(t), the excited-state wave function can be thought of as a
coherent superposition of Franck—Condon wave packets promoted to the upper state
at times t’ with different weighting factors and phases. At time ¢ each of these wave
packets has evolved for a time t — t'.

The general outcome of photodissociation, say for a triatomic molecule,

AB(m)+C
AC(m)+B
A+B+C
A+ BC(m)

ABC(n) — (7.30)

is very similar to the bimolecular reaction described in Eq. (4.112). Photodissociation
can be considered as a ‘half collision’, where the dynamics start in the transition-
state region of the excited-state potential energy surface. State-to-state transition
probabilities can be calculated from the projection of x2(R,t ~ o) onto the various
final states.

The coupling to the electromagnetic field depends on the orientation of the mole-
cule, and this will be reflected in the spatial distribution of the products. Consider,
as an example, a diatomic molecule with w5 parallel to the molecular axis. For a
spherically symmetric initial state, the angular distribution is given by (cosf)?. That
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is, no products will show up in the direction perpendicular to the field E,, whereas
most products are found parallel or anti-parallel to Ey.

When a(t) = 1, the field E(t) in Eq.(7.24) describes a continuous wave with
amplitude Fy. The transition probability to the excited state is given by (x2(¢)|x2 (%)),
and in this case a constant transition probability per unit time is found (after a few
oscillations of the electromagnetic field). For a direct reaction, this is equal to the rate
constant of Eq. (7.5), ky(hv). Using Eq. (7.28), it is found [3,4] that

2 [oe)
ki (hv) = QE_h()Q/O Re{eiElt/ﬁ<¢|U’2(t)|¢>}dt (7.31)
where E; = hv + €y, and
Us(t) = exp(—iHat /1) (7.32)

is the propagator for nuclear motion in the excited electronic state, with the potential
energy surface Fs(R), which for a direct reaction does not support any bound states
(as in Fig.7.2.3). Again, the general features of the time evolution of the wave packet
are equivalent to the description in Section 4.2. The rate constant is proportional to
the strength of the electric field or, more precisely, the squared amplitude EZ, which
can be shown to be related to the intensity I of the field, or the photon density. Within
the Condon approximation, p12 can be taken outside the integral and the rate then
also becomes proportional to p2,. Furthermore, it is easy to show that the integral
is identical to the so-called Franck—Condon factors, i.e., overlaps between the initial
stationary state and the stationary states of the excited electronic state.

Examples of photo-activated reactions that have been studied intensively are the
direct ICN — I+ CN, and the indirect Nal — Nal* — Na + L.

Example 7.1: Photodissociation of Nal: an indirect reaction

Nal dissociates when it is excited from the electronic ground state to the first
electronically excited state. In the excited state the molecule, Nal*, is trapped
for several vibrational periods, with a vibrational period close to 1 ps. The finite
lifetime of Nal* is due to non-adiabatic coupling to the electronic ground state.
This coupling is largest when the energy spacing between the electronic states is at
a minimum, which is at the so-called avoided crossing at an internuclear distance
around 7 A; see Fig. 7.2.4. Each time the wave packet passes through this avoided
crossing, a small fraction of the wave packet leaks into Na + I. The transition can be
described by the Landau—Zener formula, Eq. (4.182), with a transition probability
that is about 10%.

The decay of Nal* can be described in an alternative way [K.B. Mgller, N.E.
Henriksen, and A.H. Zewail, J. Chem. Phys. 113, 10477 (2000)]. In the ‘bound’
region of the excited-state potential energy surface, one can define a discrete set of
quasi-stationary states that are (weakly) coupled to the continuum states in the
dissociation channel Na + I. These quasi-stationary states are also called resonance
states and they have a finite lifetime due to the coupling to the continuum. Each
quasi-stationary state has a time-dependent amplitude with a time evolution that
can be expressed in terms of an effective (complex, non-Hermitian) Hamiltonian.
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J— ‘, Nat+1~

Na+1

Fig. 7.2.4 Photodissociation of Nal. Potential energy curves for the electronic ground state
and the first electronically excited state. The wave packet created by an ultrashort pulse and
its subsequent dynamics is indicated.

The decay of the individual quasi-bound (metastable) resonance states follows an
exponential law. The wave packet prepared by an ultrashort pulse can be represented
as a (coherent) superposition of these states. The decay of the associated norm (i.e.,
population) follows a multi-exponential law with some superimposed oscillations due
to quantum mechanical interference terms. The description given above is confirmed
by experimental data.

Apparent unimolecular reactions

The basic equation of motion is again the time-dependent Schrodinger equation for
the atomic nuclei, given by Eq. (4.101):

X B _ Ry (7.33)
ot
where H; = Toue + Ei(R). A subscript “’ has been added here to the Hamiltonian,
in order to emphasize that the equation describes the dynamics in this particular
electronic state (the same index is on the electronic energy). In a thermally-activated
unimolecular reaction, the dynamics is normally associated with the electronic ground
state 1 = 1.

When the reaction probability of the activated molecule A*(E) is sufficiently small,
see Example 7.1 for an illustration, one can introduce the concept of quasi-stationary
states. These states, |n), associated with the slowly decaying ‘bound states’ of A*(FE)
are also called resonance states. The dynamics of the states is, essentially, given by
(3] U(t)|n) = e~ iBa=iTn/2t/A|p) Note that, if [n) was a true stationary state, i.e.,
an eigenstate of the full Hamiltonian H;, then I', = 0. The probability of observing
the molecule in a quasi-stationary state is given by |U(t)|n)|?> = e T»¥/"; that is, a
probability that decreases with time according to the anticipated exponential law, and
with a rate constant that can be identified as k,, =T, /A.

The information about the decay of the resonance states can be extracted from a
wave packet propagation. The initial state y(R,tp) = (R|x(0)) is chosen such that
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it represents a highly excited vibrational state of the reactant at an energy F > Ej,
and such that it has substantial overlap, (n|x(0)), with the resonance states and no
overlap with the products. The lifetimes 7,, = h/T,, can now be extracted from the
autocorrelation function (x(0)|x(t)). Thus,

(x(O)Ix(®)) = {x (O)IU(t)I (0)>
—Z n)(nx(0))

=Z e~ BRI/ DR ) (] (0))

—Z| n|x(0))[2eT Ent/ e =T nt/20 (7.34)

The Fourier transformation of this autocorrelation function7 S5 e B (0)|x (1)) dt
gives an energy spectrum with lines centered at EY, and line shapes of a Lorentzian
form. The widths of these lines are I',, = h/7, and the rate constants can then be
obtained as k,, = 1/7,.

Examples of unimolecular reactions that have been studied intensively are HCO*
— H+ CO [S.K. Gray, J. Chem. Phys. 96, 6543 (1992)] and HO2* — H + Oy [A.J.
Dobbyn et al., J. Chem. Phys. 104, 8357 (1996)]. Larger molecules will have a high
density of states and the resonances will most likely be overlapping, i.e., I';, can be
larger than the energy spacing between adjacent lines, making it impossible to extract
the decay rates of the individual resonance states.

7.3 Statistical theories

In statistical theories of unimolecular reactions, the rate is determined from an ap-
proach that does not involve any explicit consideration of the reaction dynamics.

The basic assumption in statistical theories is that the initially prepared state, in an
indirect (true or apparent) unimolecular reaction A*(E) — products, prior to reaction
has relaxed (via IVR) such that any distribution of the energy E over the internal
degrees of freedom occurs with the same probability. This is illustrated in Fig.7.3.1,
where we have shown a constant energy surface in the phase space of a molecule. Note
that the assumption is equivalent to the basic ‘equal a priori probabilities’ postulate
of statistical mechanics, for a microcanonical ensemble where every state within a
narrow energy range is populated with the same probability. This uniform population
of states describes the system regardless of where it is on the potential energy surface
associated with the reaction.

An average decay rate k(F) is obtained, since one does not distinguish between
the various degenerate states.

7.3.1 The RRK theory

The RRK (after Rice, Ramsperger, and Kassel) theory is, like the Slater theory, a
model for a unimolecular reaction rather than a faithful representation. The molecule is
again represented by a collection of s uncoupled harmonic oscillators, which is an exact
representation close to a stationary point on the potential energy surface. One of these
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Fig. 7.3.1 A surface in the phase space where all states (corresponding to each point) have
the same energy. Furthermore, all states are populated with the same probability, indicated
by the uniform shading. A range of different molecular configurations is considered; the states
within the closed curve can undergo unimolecular reaction.

oscillators, say oscillator number 7, is associated with the reaction coordinate. Reaction
occurs if the energy E, exceeds the threshold energy of unimolecular reaction in the
reaction coordinate, and the rate constant is then equal to the associated vibrational
frequency, v,.. As discussed in connection with Eq. (7.20), a frequency is the number of
complete oscillations per unit time, and, together with the energy criterion, the rate
constant is then equivalent to the number of times (per unit time) the amplitude of an
oscillator attains a critical value. Thus, the microcanonical rate constant is, according
to this model, given by

k(E) = v, Pg,~g,(E) (7.35)

where Pg, > g, (F) is the probability that F, > Fy for oscillator number r at the total
energy £ > E,. > FEj.

The probability is calculated according to classical statistical mechanics (Appendix
A.2). According to Eq. (A.49), the density of states (number of states per unit energy)
for s uncoupled harmonic oscillators with frequencies v; is

Es—l

NE)= ——
(E) (s — DIz, hyy

(7.36)

The assumption about a uniform probability for any distribution of the energy between
the harmonic oscillators may now be used to determine the probability Pg, s g, (E).
It can be expressed as the ratio between the density of states corresponding to the
situation where the energy exceeds the threshold energy in the reaction coordinate
and the total density of states at energy F, that is, N(E) of Eq. (7.36).

Assume that the energy in the reaction coordinate is F, = Ey + E’, where £’ €
[0, E — Ep]. Then the energy in the remaining s — 1 vibrational degrees of freedom is
E—(Ep+E'"). The density of states corresponding to this particular partitioning of the
energy is (E — [Eo + E'])*=2/((s — 2)'I; = hiy) x (Eo + E')°dE' /(hv,), where dE' /hv,
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is the number of states in the reaction coordinate in the energy range [(Fo+E’), (Eo +
E')+dFE'], and the first term is the density of states in the remaining s — 1 vibrational
degrees of freedom at the energy E — (Ep + E’). Now we invoke the assumption
that all partitionings of the total energy between the reaction coordinate and the
remaining vibrational degrees of freedom are equally probable, and sum (integrate)
over all partitionings of the energy in order to get the total density. Thus,’

Pp,>g,(E) =

1 /E_E° (B~ [Bo+ B2 (Bo + E')° (7.37)
0

N(E) (s — 2)IEZ ] hyy; hv,.

The probability can be written in the following form, using Eq. (7.36):

(s — 1) B-ro Ns—2 37
Pp, g, (E) = (E—Ey— E')*2dE
0

Esfl
R { (E—Ey— B
Bl (5s—1) .

_ (E _EE0>S_1 (7.38)

The microcanonical rate constant takes, accordingly, the form

E- EO)H (7.39)

T

for E' > Ey, and k(E) = 0 otherwise. Note that k(E) = v, for s = 1, and k(E) — v, for
E/Ey — oo when s > 1. Furthermore, at a fixed energy E > Ey, k(E) decreases as a
function of s, that is, as a function of the number of degrees of freedom (see Fig. 7.3.2)
simply because the probability of having the ‘right’ distribution of the energy decreases
with the number of oscillators.

When the energy levels are populated according to thermal equilibrium, we get
according to Eq. (7.15) the rate constant

k(T) = / " K(B)P(E)IE (7.40)

Eo

where P(FE) is the Boltzmann distribution for s uncoupled harmonic oscillators at
temperature T'. This distribution is given in Eq. (A.51), and

5Note that the integral is a so-called convolution of two densities, i.e.,
E
Niot(E) = N1(E — E2)N2(E2)dE>
Eq

It can be shown formally that the total density of states for two independent degrees of freedom with
the densities N1(F) and N2(FE) is obtained as a convolution of the densities.
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k(E) vy

E/E,

Fig. 7.3.2 The rate constant k(E) according to RRK theory, for a molecule with s vibra-
tional degrees of freedom.

k(T) = / k(E )(3—1) ( )K_ exp(—E/(kBT)),i—ET
a1 dE
~ i [ (Gar) est-mw T
_ vpexp(—E /kBT)) 25— o
_ o /0 d (7.41)

where the variable = (E — Ey)/(kpT) was introduced in the last line. The integral
in the last line defines the Gamma function I'(s), which is equal to (s — 1)!. Thus,

k(T) = vy exp(—Eo/(kpT)) (7.42)

which has the form of the Arrhenius equation with a constant prefactor. Vibrational
frequencies (v,.) are typically in the range 10! to 104 s~1. Experimentally one often
finds, however, pre-exponential factors that are larger than 10'* s~!. Thus, a more
complete theory is needed.

7.3.2 The RRKM theory

The RRKM (after Rice, Ramsperger, Kassel, and Marcus) theory is, basically,
transition-state theory (see, in particular, the description in Section 6.2) applied to a
unimolecular reaction. Thus, one focuses on the activated complex

A* — A* — products (7.43)

which for a potential energy surface with a barrier is located at a saddle point. Unlike
RRK theory, the reaction coordinate is then precisely identified as being the coordinate
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associated with the formation and decay of the activated complex, and the energy
threshold is determined from the properties of the potential energy surface at the
position of the complex; see Fig.7.3.3.

The microcanonical rate constant k(E)

First, we want to derive an expression for the microcanonical rate constant k(E) when
the total internal energy of the reactant is in the range E to E + dE. From Eq. (7.43),
the rate of reaction is given by the rate of disappearance of A or, equivalently, by the
rate at which activated complexes A¥ pass over the barrier, i.e., the flow through the
saddle-point region. The essential assumptions of RRKM theory are equivalent to the
assumptions underlying transition-state theory.

Besides the assumption of separability of the reaction coordinate from the other
degrees of freedom in the saddle-point region, and the assumption of classical dynamics
along the reaction coordinate, there are two key assumptions in the derivation:

e all possible ways of partitioning a given total energy between the internal degrees
of freedom of the activated complex and the translational energy of the reaction
coordinate are equally probable; and

e a point of no return (corresponding to the activated complex) exists along the
reaction coordinate, i.e., there are no recrossings of trajectories at this point.

The first assumption, that phase space is populated statistically prior to reaction,
implies that the ratio of activated complexes to reactants is obtained by the evaluation
of the ratio between the respective volumes in phase space. If this assumption is not
fulfilled, then the rate constant k(F, t) may depend on time and it will be different from
krrxMm (E). If, for example, the initial excitation is localized in the reaction coordinate,
k(E,t) will be larger than krrxm(E). However, when the initially prepared state has
relaxed via IVR, the rate constant will coincide with the predictions of RRKM theory
(provided the other assumptions of the theory are fulfilled).

Total internal energy, E

Zero-point energy of At

l' A

K, \

E / \
/ \
/ \

Ey 7 l‘\‘
Zero-point energy of A g
A A R
Reaction coordinate Qf

Fig. 7.3.3 Schematic illustration of the energetics in RRKM theory.



Statistical theories 189

The derivation of the expression for k(E) consists of the following four steps.

e In the first step, we define the relevant activated complexes as ‘microcanonical tran-
sition states’ having a total energy H = F and a value for the reaction coordinate
q1 that lies between qit and qif + dqit. The separation of the reaction coordinate from
the other degrees of freedom in the saddle-point region implies that the Hamiltonian
in this region can be written as

H= Htirans + Hi (744)
where ;
2
g ) 7.45
trans 2/111 1 ( )

corresponding to free motion along the reaction coordinate, and H* is the Hamil-
tonian for the internal degrees of freedom of the activated complex, with the reaction
coordinate omitted.

e In the second step, we evaluate the fraction of molecules in the transition state, for
a particular partitioning of the total energy between the internal degrees of freedom
of the activated complex and the translational energy associated with the reaction
coordinate. This fraction of molecules in the transition state is evaluated as the
number of states in the transition state divided by the total number of states of the
reactantS and is denoted by dN¥(¢t, p!)/N(E). The number of states at the energy
FE is in quantum mechanics referred to as the degeneracy, and when the energy is
continuous (i.e., classical mechanics) as the density of states, that is, the number of
states per unit energy. We denote in the following N(F) as a density of states.
According to classical statistical mechanics (Appendix A.2) dqfdpf /h is the num-

ber of states in the reaction coordinate at the position q;lt and the momentum pf

(corresponding to the particular energy Ef in the reaction coordinate). The energy,
measured relative to the zero-point level at the transition state, for all degrees of
freedom except the reaction coordinate is £ = F — Eit — Ey, and we get

dN*(qi,pi) _ (dgidpi/h)N*(E — E} — Ey)

NE) N(E) (7.46)

where N(E) is the density of states of the reactant and N*(E) is the density of
states of the transition state (except for the reaction coordinate). Note that the
‘microcanonical transition states’ have a fixed value for the reaction coordinate qf
(within an infinitesimal region dqf), whereas the remaining coordinates as well as
all the momenta can take any value as long as the total energy equals H = E.

e In the third step, the number of activated complexes that pass over the barrier per
unit time is evaluated, assuming the same partitioning of the total energy as above,
i.e., at the momentum pjl;.

From Hamilton’s equation of motion, dqf/dt = 8H§rans/8p3§ = pi/uh we have that
dgt = (pt/p1)dt, or dt = dqt/(pt/p1) which is the time it takes the activated

6The number of states in the transition state is neglected in the denominator, since this number
will be negligible compared to the reactant phase space.
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complexes to cross the transition-state region as defined by dqit (i.e., the ‘lifetime’

of the activated complex). The rate is then equal to dN* (qf7 p%) divided by dt; that
is, from Eq. (7.46),

dN*(p}) _ dEINY(E — E} — Ey)
at hN(E)

N(E) (7.47)

where Eq.(7.45) was used, which implies that dET = (pt /1) dp?.

By identifying dN i(p%) /dt with the rate of reaction, we used the assumption of a
configuration of no return, which in the context of dynamics implies that it is not
necessary to follow the trajectories all the way from the reactant to the product
valley; it is sufficient to count the rate at which molecules pass through the critical
configuration. When there is a barrier along the reaction path, the location of the
barrier is a good choice for a point of no return. Trajectory calculations show that the
assumption of no recrossings holds for trajectories with low energies that just make
it past the barrier. In general, the assumption of no recrossings will overestimate
the true rate.

e In the final step, the total number of activated complexes that pass over the barrier
per unit time is evaluated, allowing all possible partitionings of the total energy;
that is, we evaluate the total rate of reaction.

This number is obtained by integration over E% from 0 to E — Ey (corresponding
to the situation where all available energy is in the reaction coordinate). Thus,

ANt [TTPdEINY(E - B} - Ey)
dt hN(E)

N(E) (7.48)

In this step, we used the assumption that all possible ways of partitioning a given
total energy between the internal degrees of freedom of the activated complex and
the translational energy of the reaction coordinate are equally probable. In terms of
dynamics, an efficient interchange of vibrational and translational energy along the
reaction path is required. That is, it is assumed that there is no bias for the energy
to go into particular degrees of freedom, i.e., a total randomization of the energy is
required.

The rate constant k(F) is defined by the relation —dN(FE)/dt = k(E)N(E), and
from dN*/dt = —dN(E)/dt we may identify the rate constant in Eq. (7.48) to be

E—E,

k(E) = f() dEfNi([E_ EO] - E%) _ Gi(E — Ep)

hN(E) = hN(E)

(7.49)

where G}(E — Ej) is the sum of states in the transition state (with the reaction
coordinate omitted) at the energy E — Ejp; that is, the total number of states at or
below the energy E — Fy. N(E) is the density of states of the reactant.

We now introduce a correction/amendment to this expression. The (overall) rota-
tional motion was implicitly neglected in the derivation of k(E). The overall rotational
energy is not active (available) in overcoming the energy threshold; therefore we sub-
tract the rotational energy from the total energy in Eq. (7.49). The rotational energy
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is, however, not always constant when a molecule undergoes unimolecular reaction.
Consider, as an example, unimolecular dissociation; the activated complex is usually
larger than the stable molecule, since at least one of the bonds extends as the molecule
dissociates; the activated complex therefore has larger moments of inertia. Since con-
servation of angular momentum requires that, as the molecule undergoes unimolecular
reaction, it does not change its total angular momentum quantum number J, the total
rotational energy of the complex E¥ is then less than the rotational energy in the reac-
tant E, (consider, e.g., the rotational energy of a linear molecule, E; = h%J(J+1)/21).
The total internal energy is conserved and therefore the difference in rotational energy
is released into the vibrational degrees of freedom of the activated complex. Thus, we
subtract the overall rotational energy, for the reactant and the activated complex,
respectively:

G'(E - Eo — Ef)

krricn(B) = = p Ry

(7.50)

where E = E, + F, is the sum of vibrational and rotational energy and £ — Ey =
E*4+ B}, where E* is the available energy of the activated complex excluding rotational
energy. Note that Planck’s constant h has the unit [energy X time], the sum of states is
dimensionless, the density of states has the unit [energy] !, that is, the rate constant
has the proper unit for a unimolecular rate constant, i.e., [time] 1.

Motion along the reaction coordinate was limited to classical mechanics, whereas
the sum and density (or, to be precise, the degeneracy) of states should be evaluated
according to quantum mechanics. The integral in Eq. (7.49) should really be replaced
by a sum; N*(E) is not a continuous function of the energy, but due to the quantization
of energy, it is only defined at the allowed quantum levels of the activated complex.
That is, the sum of states G¥(E*) should be calculated exactly by a direct count of
the number of states:

GHE') =) O(E* - E}) (7.51)

where the sum runs over all states of energy Ef of the activated complex, and the
unit step function is defined in Eq. (6.30). Thus, according to RRKM theory, the rate
constant increases in a stepwise manner as the internal energy increases; see Fig. 7.3.4.
This prediction has been confirmed experimentally [5,6]. Since the density of states
N(E,) is essentially continuous at high energies (E > Ejy), a classical evaluation of
this quantity suffices in most cases. It will be evaluated in the following.

An additional consequence of the omission of rotation is that symmetry numbers
(see Appendix A.1.1) were ignored in calculating the sum and density of states. Thus,
the sum of states of the activated complex and the density of states of the reactant
should be divided by their symmetry numbers, o and o, respectively.

The information needed for calculating the sum and density of states in Eq. (7.50)
includes the barrier height corrected for zero-point energies Fy (see Eq. (6.12)), and
the geometry and the vibrational frequencies of the activated complex and the reac-
tant. From the geometry one can determine the moments of inertia and the rotational
energy for a given rotational quantum state. Obtaining the structure and properties
of the activated complex including Ej is the most difficult part. These properties can
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k(E)
L

Fig. 7.3.4 Schematic illustration of the rate constant k(F) according to RRKM theory.

all be derived from the potential energy surface, and with modern ab initio programs
(Chapter 3) this information can be obtained with high accuracy, especially for mole-
cules where the number of electrons is fairly small. There are two general situations:
(i) a saddle point exists and the above-mentioned programs can directly determine the
properties of the activated complex; (ii) no saddle point exists on the potential energy
surface—this happens quite often for unimolecular reactions, see, e.g., Fig.3.1.6. In
the second case where there is no barrier on the surface we have to generalize our
definition of the activated complex.

To that end, variational transition-state theory has been introduced, which is based
on Wigner’s variational theorem, Eq. (5.10). When a saddle point exists, it represents
a ‘bottleneck’ between reactant and products. It is the point along the reaction coordi-
nate where we have the smallest rate of transformation from the reactant to products.
This can be seen from Eq. (7.50), where it should be noted that only the sum of states
G*(E*) changes as the reaction proceeds along the reaction coordinate. We have the
smallest sum of states of the activated complex G*(E*) on top of the barrier because
at this point the available energy E* is at a minimum; see Fig. 7.3.3.

In the absence of a saddle point, we have to search for the configuration corre-
sponding to a minimum in the sum of states. The potential energy will in this case be
constantly rising as the reaction proceeds from the configuration of the stable reactant
to the products; see Fig.7.1.2 for an illustration. The existence of a minimum in the
sum of states is due to the interplay between the constantly rising potential energy
and the decrease in the vibrational frequencies that are evolving into product rotations
and translations. As the reaction proceeds, the reduction in the available energy will
reduce the sum of states while the lowering of the vibrational frequencies increases the
sum of states. These opposing factors result in a minimum in the sum of states at some
point along the reaction coordinate. Thus, in variational transition-state theory the
rate constant, that is, G¥ (Ei), is calculated as a function of the reaction coordinate,
and the minimum identifies the activated complex.

More explicit insights into the predictions of RRKM theory are obtained when the
following approximations are introduced:
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e rotational motion is neglected;
e the sum and density of vibrational states are calculated classically.

From Appendix A.2, we have classical expressions for the sum and density of states
of s uncoupled harmonic oscillators. Thus, the sum of states is

G(E) = ﬁ (7.52)
and the density of states is
N(E)=dG(E)/dE
= L (7.53)

(s — DML, hy;

Now, if there are s degrees of freedom in the reactant with frequencies v;, there are s—1
degrees of freedom in the activated complex with frequencies 1/;: , when the reaction
coordinate is excluded. When the above approximations are introduced in RRKM
theory, we get

_ GHE - Ey)
HE) = =Ny

_ (B-E) ) B
(s — DI hw! (s = DI, hv;

Iy (E—Ey\T
SIS\ B

(7.54)

The dimension of the factor IT{_;v;/ Hf;ll 1/;: is that of a frequency. If the frequencies of
the reactant and the activated complex are not too different, this frequency is roughly
a typical vibrational frequency v, (typically in the range 10! to 10'* s~1). Since the
energy-dependent factor is less than one, we have that the microcanonical rate constant
k(E) < v, i.e., it is less than a typical vibrational frequency. The energy dependence as
a function of the number of vibrational degrees of freedom was illustrated in Fig. 7.3.2,
and as shown previously in Eq. (7.38) it can be interpreted as the probability that
the energy in one out of s vibrational modes exceeds the energy threshold E, for
the reaction. Note that if we make the identification v, ~ TI5_,u; /TI3Z v}, we have
recovered RRK theory, Eq. (7.39), from RRKM theory.

The classical evaluation of the sum and density of vibrational states can introduce
quite large errors, especially at low energies and for molecules with many vibrational
degrees of freedom. Equation (7.52) gives the sum of vibrational states when we have
a vibrational energy FE, measured relative to the lowest possible vibrational energy,
i.e., zero in this classical description. Consider, as a simple example, the evaluation of
the sum of states for a single harmonic oscillator. According to Eq. (7.52), the classical
result is Go(F) = E/(hvy), whereas the quantum result according to Eq. (7.51) is an
integer given by Gqm(E) = [E/(hv1) + 1]int; the subscript ‘int” means the integer part
and F is the energy in excess of the lowest possible vibrational energy F, = hvy/2.
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We see that the classical expression in Eq. (7.52) underestimates the true number of
states. At low energies, the relative error introduced by the classical expression is quite
large, even for this simple example where only a single oscillator is considered. The
two expressions are similar when the energy is large compared to huv.

A simple correction to the classical approach to the evaluation of the sum of vi-
brational states has been suggested. As before, the sum of states is evaluated at a
vibrational energy F, measured relative to the lowest possible energy, and we now use
that, according to quantum mechanics, this vibrational energy is F., i.e., the zero-
point energy. We can obtain an improved estimate of the sum of states simply by
replacing E by E+ E, in Eq. (7.52), where E, is the zero-point energy (see Appendix
A.2.1 and Problems 7.3 and 7.6). This approach is an improvement but still not highly
accurate. For a detailed account on the evaluation of sums and densities of molecular
quantum states, the reader should consult the literature [1,7,8].

Example 7.2: The lifetime of CH3CO

Using femtosecond spectroscopy, the lifetime of the acetyl radical (CH3CO),
CH3CO — CH3 + CO

has been measured as a function of the internal energy [J. Chem. Phys. 103, 477
(1995)]. We can estimate the lifetime via RRKM theory.

The potential energy surface for the reaction has been calculated and the clas-
sical barrier height associated with the activated complex is E; = 90.8 kJ/mol.
The relevant vibrational frequencies are given in the table below. (Note that the
imaginary frequency of the activated complex is not included in the table.)

CH3CO  (CH3CO)*

l~/7;/CHl_1 177;/(3111_1
SIOS) 3325
3188 3321
3175 3225
1928 2027
1478 1452
1477 1445
1361 901
1062 568

960 566
884 276
468 43
101

First, we calculate the barrier height (Ep), corrected for vibrational zero-point
energies, using Eq. (6.12). Thus (1 cm™! = 0.01196 kJ/mol),

Eo = 90.8 kJ/mol + (8574.5 — 9637.5) x 0.01196 kJ /mol
= 78.2 kJ /mol
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i.e., a significant difference between Ey and E;.

Second, we calculate the unimolecular rate constant at the internal energy E via
the RRKM theory. We use Eq. (7.54), where the rotational energy is neglected and
where the sum and density of vibrational states are evaluated classically. Thus at
FE = 184 kJ/mol we get

s ) _ s—1
K(E) I, v, (E E0>

R AN
M2y, 184782\
- H}ilyf 184

= 15147.8 x 2.27 x 1072 cm™*
=1.03x 102!

where in the last line we have used the connection between frequency and wave
number, v = cv.
The lifetime expressed as the half-life time, 7 = In2/k, is then 671 fs.

Before closing the general discussion of Eq. (7.50), we note that quite often a mole-
cule can dissociate (or isomerize) to more than one set of products; for a triatomic
molecule, e.g.,

AB+C
A +BC

which means that the reaction may proceed via several activated complexes. Then, for
each reaction, we have a rate constant given by Eq. (7.50), and the total decay rate of
ABC is given by the sum of all the dissociation rate constants. The branching ratio
between the channels is given by the ratio of the rate constants (see, e.g., Problem
7.7).

An important question is: how accurate is RRKM theory? One answer comes from
detailed dynamical calculations on small molecules. These studies have, e.g., shown
that the energy dependence of the rate constant can be much stronger than predicted
by RRKM theory. For example, the decay rates of the individual resonance states
in HOs® — H+ Os can vary over several orders of magnitude even within a very
narrow energy range. However, when the rates are convoluted with a Gaussian with
a width corresponding to a few hundred cm™!, the rate constant agrees well with the
predictions of RRKM theory. Larger molecules will have a high density of states and
the resonances will most likely be overlapping (see Section 7.2.2), making it impossible
to extract the decay rates of the individual resonance states. Thus, the question of
the accuracy of RRKM theory must be analyzed in comparison to experimental data.
Here, a number of studies show that the microcanonical rate constant predicted by
RRKM theory agrees with experiments, within the experimental uncertainty.

ABC* — { (7.55)

The canonical rate constant k(T')

Finally, when the energy levels are populated according to thermal equilibrium, we
get the rate constant k(7)) by applying Eq. (7.15):
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k(T) = /E b k(E)P(E)dE (7.56)

where P(E) is the Boltzmann distribution, which in the following calculation we use
in its classical statistical mechanical form, i.e., P(E) = N(E)exp(—E/kgT)/Q, ac-
cording to Eq. (A.6), where N(E) is the density of states.

The total internal energy is written in the form F = E* + Ey, and with k(E) given
by Eq. (7.49) we obtain”

1
T) = YE - Ey)e P/*sTqEp
MT) = o5 [ GHE - Ee#/hTa
7E0/kBT
_ / GH(EY)e B /ksTgpt
—E kT
= —kpT ! / GHEY [ —EI/kBT:| dE}
e‘EO/kBT ; o  JGHEY)
= kT —— — L EDe B /kBT _/ —E*/kpT gt
bl —35 {[G( Je }0 o dBt ¢ d
e} —EY kg
= kBT fO Ni(Ei)e s TdEi e_Eo/kBT (757)
h Q

where partial integration and G*(E* = 0) = 0 was used in the fourth line and in the
last line N*(E*) = dG¥(E*)/dE*. The integral is identified as Q* and the well-known
expression of transition-state theory is obtained:

K(T) = ’CBTT%exm Eo/(ksT)) (7.58)

where Q and @ are vibrational rotational partition functions for the activated com-
plex (with the reaction coordinate omitted) and the reactant. The expression in
Eq. (7.58) is often referred to as the unimolecular rate constant in the high-pressure
limit. For apparent unimolecular reactions activated by inelastic collisions, it is shown
below (Section 7.4.1) that under high-pressure conditions an equilibrium (Boltzmann)
distribution of reactants is maintained. This condition is equivalent to the assumption
behind Eq. (7.56).

From Eq. (7.58), we see that the pre-exponential factor in k(7T), roughly, corre-
sponds to a typical vibrational frequency, kgT/h = 6.25 x 102 s~ at T = 300 K.
We can also understand why the pre-exponential factors can be larger than typical
vibrational frequencies (which could not be accounted for in RRK theory). If we, for
a moment, assume that the rotational contributions to the partition functions cancel
(corresponding to a negligible change in the geometry between the reactant and the
activated complex) and focus on the vibrational degrees of freedom in the classical
(high-temperature) limit, we get, according to Eq. (A.50),

"The same expression for k(T) can be derived from Eq. (7.50).
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kT (kgT)*~t /11|

W)~ S Ty Tk zl exp(~Eo/ (ks T))
= =1 Qexp(—Eo/(kBT)) (7.59)
H’L 1Y

Thus, we see again that the pre-exponential factor in k(T), roughly, corresponds to a
typical vibrational frequency, but if II;~ 11 f < Hl 1 Vi the pre-exponential factor will
be larger than the vibrational frequency vs. This corresponds to a ‘loose’ transition
state, as illustrated by Example 7.2.

It should be noted that the result in Eq. (7.59) is strictly valid only in the classical
high-temperature limit which, except for very high temperatures, is not well satisfied
for typical vibrational frequencies. Qualitatively, a similar result will also be obtained
when the exact vibrational partition functions are used in Eq. (7.58). Rotational contri-
butions were also neglected, but the moments of inertia associated with the activated
complex are often larger than the moments of inertia of the reactant. Thus, we have
very often that Q% > @, and large pre-exponential factors may often arise due to a
‘loose’ transition state as well as due to a substantial change in geometry between the
reactant and the activated complex.

7.4 Collisional activation and reaction

In a true unimolecular reaction, the energized molecules are formed by absorption
of electromagnetic radiation; see Section 7.2.2. In an apparent unimolecular reaction,
the first step is the formation of the energized molecules by collisions with other
molecules. We consider in the following subsection the interplay between the formation
of energized molecules—by bimolecular collision—and their subsequent reaction.

7.4.1 Inelastic collisions, Lindemann mechanism

The energy needed for activation of a molecule can be provided by collisions with
other molecules, as in

M+ A(n) — A(m) + M (7.60)

where M is an (inert) buffer gas or any molecule that does not react with the A
molecule, which could be A itself. We distinguish between an elastic collision process,
if quantum states n and m are identical, and an inelastic collision process when n # m.
Note that inelastic collisions are equivalent to energy transfer between molecules. In
the present case, for example, there will be transfer of relative translational energy
between M and A to vibrational energy in A, when m > n. The dynamics of such
an inelastic collision process can, of course, be described in detail by the equation of
motion of the atomic nuclei, the time-dependent Schrodinger equation in Eq. (1.10).

Activation by inelastic collisions is also called thermal activation. After a large
number of collisions, a distribution over internal (rotational and vibrational) states
will be established as given by the Boltzmann distribution at the given temperature.

The activation and its interplay with chemical reaction is often described by the
so-called (generalized) Hinshelwood-Lindemann mechanism:
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A+ MM A<E) 1M

A"E)+M 2 A+ M

k(E
A*(E) HE) products (7.61)
where dki(E) is the rate constant for activation of the molecule to an energy in the
range [E,E + dE]. Note that k_; is assumed to be independent of the energy. We
introduce the steady-state approximation for the activated molecule:

W — ki (B)AIM] — k1 [A*(B)M] — k(E)[A* (E)]
=0 (7.62)
which implies
) oy (B)AID
A BN = k) (7.63)

The rate of reaction is

= kuni(E)[A] (7.64)

The apparent unimolecular rate constant kyn; may be written
k(E)dk, (E)[M]
Fani (B) = L2
(E) E_1[M] + k(E)

_ k(E)dki(E)/k-1
1+ k(E)/(k-1[M])
kOO

= TR (dk (B)M) (7.65)

where k2°.(E) is the rate constant in the high-pressure limit ([M] — o0), which is

given by

koo d(BE) = lim kyni(E)

[M]—o0
= k(E)(dk1(E)/k-1) (7.66)

Note that kuni(E), in general, is a function of [M].

In high pressure ([M] — o0), the rate in Eq.(7.64) is given by a first-order ex-
pression in [A] with rate constant k52, (E). In the low-pressure limit ([M] — 0) we
find

l]l’ll(

0
kunl

B) = lim k(B
(B) = i Kuni(E)

= dky (E)[M] (7.67)

and the rate in Eq. (7.64) is given by a second-order expression, when the activation
step is the rate-limiting step.
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The ratio of rate constants in Eq. (7.66) has a simple interpretation. When the rate
of reaction is small compared to the rates of activation/deactivation, we have from
Eq. (7.62) dki(E)[A][M] = k_1[A*(E)][M], which implies

dki(E)/k-1 = [A™(E)]/[A]
= P(E)dE (7.68)

where P(E)dE is the probability of finding an A molecule in the energy range [E, F +
dE].

To obtain the thermal rate constant, we must integrate kuni(E) over energy. In the
high-pressure limit [M] — oo, we use Eqgs (7.66) and (7.68), and obtain

(T = h k(E)P(E)dE (7.69)

uni
Eo

and the expression is identical to Eq. (7.15).
In the low-pressure limit [M] — 0, we use Eqgs (7.67) and (7.68), and obtain
k(T = k_1[M] / P(E)dE (7.70)
Ey
Thus, the rate is in this limit is proportional to the fraction of molecules with energies
above the energy threshold for unimolecular reaction.

7.5 Detection and control of chemical dynamics

Recently, two basic questions of chemical dynamics have attracted much attention:
first, is it possible to detect (‘film’) the nuclear dynamics directly on the femtosecond
time scale; and second, is it possible to direct (control) the nuclear dynamics directly as
it unfolds? These efforts of real-time detection and control of molecular dynamics are
also known as femtosecond chemistry. Most of the work on the detection and control
of chemical dynamics has focused on unimolecular reactions where the internuclear
distances of the initial state are well defined within, of course, the quantum mechanical
uncertainty of the initial vibrational state. The discussion in the following builds on
Section 7.2.2, and we will in particular focus on the real-time control of chemical
dynamics. It should be emphasized that the general concepts discussed in the present
section are not limited to reactions in the gas phase.

7.5.1 Detection of chemical dynamics

We know that the key events of chemical reactions take place on a femtosecond time
scale. Recent fundamental breakthroughs in experimental methods have made it pos-
sible to resolve—in real time—the transformation from reactants to products via tran-
sition states [9-11]. This spectacular achievement was made possible by the develop-
ment of femtosecond lasers, that is, laser pulses with a duration as short as a few
femtoseconds.

To monitor fast events in time, firstly, a precise zero of time must be established. To
that end, a femtosecond pulse is used to excite the system and initiate the dynamics.
This pulse is called a pump pulse, and a nuclear wave packet is created as described
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in Section 7.2.2. Secondly, the different dynamical states must be detected as the
dynamics unfolds. Two approaches can, in principle, be taken: (1) the detector operates
in a continuous mode and it has to be fast enough to resolve every step of the dynamical
process, or (2) the detector operates in a pulsed mode, i.e., a short (femtosecond) pulse
of radiation is used to detect (‘illuminate’) the instantaneous state of the system. In
the latter approach, the pulse is called a probe pulse. The probe pulse must arrive at
the system at a well-defined time delay with respect to the pump pulse (this delay
can be introduced by letting the probe pulse travel a slightly longer distance than the
pump pulse). The pump-probe approach has so far been the only method that can
resolve dynamics in the femtosecond regime.

Various detection methods can be used, depending on the (central) frequency of the
probe pulse. So far the shortest pulses have been laser pulses generated at wavelengths
close to visible light. In this case, the probe pulse can be tuned to be in resonance
with an electronic transition, coupling the electronic state where the wave packet
was created with another higher-lying electronic state. Note that, since the energy
difference between electronic states will depend on the internuclear distances, the
resonance condition is associated with a certain set of distances. The radiation of
the probe pulse will then be absorbed by the molecular system, at the time where
the wave packet created by the pump pulse has reached the internuclear positions
corresponding to resonance. An early application of this approach was to the direct
photodissociation of ICN into I + CN, where it was possible to detect the different
stages of the bond breaking and to witness the ‘birth’ of CN. Another method of
detection is based on ultrafast scattering, e.g., x-ray scattering; that is, an extension
of the well-known structural determination for static structures into dynamical non-
equilibrium structures. An advantage of the scattering method is that the relation
between the internuclear distances and the time-resolved signal is more direct, i.e., a
detailed knowledge of various excited electronic states is not required.

In the theoretical analysis of such experiments, the finite duration of the pulses
must be taken into account and, consequently, that nuclear motion might occur during
probing [12].

7.5.2 Control of chemical dynamics

A central objective of chemistry is how to ‘steer’ the reactants into a particular desired
product. In order to attain this goal, the reaction might be assisted by a catalyst,
and perhaps by a proper choice of solvent. The outcome of chemical reactions is, in
addition, determined by the energy that is supplied to the reactants.

The way that energy is injected into the molecular system affects the dynamics,
i.e., the motion under the influence of the forces, and hence the outcome of the re-
action. Traditionally, the necessary energy of activation that is required in order for
a chemical reaction to take place is supplied in the form of heat, i.e., by thermal ac-
tivation. This approach gives rise to a distribution of population over the molecular
energy states that follows the Boltzmann distribution. Alternatively, the energy can
be supplied in the form of electromagnetic radiation, as it is known from traditional
photochemistry where a monochromatic light source can create an energy state in
the molecular system with a very well-defined energy. With short laser pulses of so-
called coherent electromagnetic radiation it is possible to create dynamical states in
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molecules that cannot be created by heating or by traditional photochemistry. Exper-
imentally, one can now ‘design’ tailored laser pulses with a duration that is shorter
than typical vibrational periods. This provides, in principle, new possibilities for con-
trolling molecular dynamics and chemical reactions directly on the femtosecond time
scale where they take place.

Thus, the key point is [13-15] to circumvent the Boltzmann distribution (i.e., ‘the
temperature’) by replacing the ‘heat bath’ by a controllable electromagnetic field. This
generates distributions over the molecular states that are inaccessible when energy is
supplied in the form of heat. In addition, when the electromagnetic field is generated by
a laser there is a more fundamental difference: laser excitation is a coherent excitation
of states; this is explained in more detail below.

Example 7.3: Controlling the chemical nature of products

Consider the reaction

H+OD

/
HOD

D + OH

The potential energy surfaces of the ground as well as the first electronically ex-
cited state of HOD are shown in Fig.7.1.1. When the photodissociation is induced
by ultraviolet (UV) light corresponding to an excitation to the first electronically
excited state of HOD, the branching ratio between H+ OD and D+ OH depends on
the frequency of the radiation but in such a way that one will always get, at least,
about twice as much H+ OD as D + OH.

As in Example 4.2, the branching ratio between the two product channels can
be controlled by appropriate vibrational pre-excitation of HOD [16]. For example,
when the initial state is a vibrationally excited state of HOD corresponding to four
quanta in the HO-D stretch, the channel D + OH is exclusively populated in a
subsequent unimolecular photodissociation reaction induced by a UV-photon. The
energy of the UV-photon must, however, lie within a rather narrow energy range.

Perhaps the simplest approach is obtained by noting that with electromagnetic
radiation we can control the supply of energy into specific molecular degrees of freedom
prior to reaction, e.g., in the form of pre-excitation of vibrational degrees of freedom
of the reactants. This might affect the reactivity; we have already, in Section 4.2,
discussed the concept of mode-selective chemistry for bimolecular reactions, i.e., the
notion that not all partitionings of the total energy might be equally effective in
promoting a reaction. Example 7.3 illustrates this concept for a unimolecular reaction:
the direct photodissociation of HOD.

The approach illustrated in Example 7.3 works only in special cases. It is clear that
a more general approach to microscopic control would involve an active intervention
during the course of the reaction; that is, femtosecond-laser pulses are required [17,18].

To that end, we take a second look at the basic equations of motion in the presence
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of an electromagnetic field. We have already discussed the equation of motion for the
atomic nuclei, in the case where two electronic states are coupled by the field, that is
Eq. (7.25). This situation describes, typically, the dynamics induced by fields in the
visible or ultraviolet (UV) spectral region. We observe from the equation of motion
that a necessary condition for electronic excitation is that the electronic states are
coupled by a non-vanishing transition-dipole moment.

When the frequency of the field is lower, the dynamics will be confined to the
electronic ground state. This is, typically, dynamics induced by fields in the infrared
(IR) spectral region. In this case, the time-dependent Schrodinger equation for the
atomic nuclei takes the form

9 L
ihgo (R, 1) = [Hl + cu] X1(R, 1) (7.71)

where Hj is the nuclear Hamiltonian associated with the electronic ground state, and
the coupling term is C11 = — (1 |p|v1) - E(t) = —p11 - E(t) = —pE(t) cosd, and

p= (1| pe|t1)] (7.72)

is the magnitude of the dipole moment. The dipole moment (as the transition-dipole
moment) depends on the internuclear coordinates via the electronic wave functions. In
order to vibrationally excite a molecule, a dipole moment that changes as a function
of the internuclear coordinates is required. This is easy to demonstrate; if we consider
for simplicity one-dimensional motion, then Eq. (4.109) shows that

d(Hy)/dt = —i(E(t)/h)(x1 (R, )| [(R), Touel[x1(R, 1) (7.73)

Clearly, if p(R) is constant, the commutator is zero, and there will be no change in
energy.

As shown in Example 7.3, vibrational pre-excitation of stationary vibrational states
in HOD gives a large degree of control in the subsequent photochemical decomposi-
tion. This scheme can be readily extended beyond the case where the normal-mode
vibrations coincide with local bond-stretching modes [18]. Consider, as an example, an
ozone molecule with isotopic substitution, i.e., 10 0Q®0. The relevant potential en-
ergy surfaces are similar to the ones in Fig. 7.1.1. In this case, the isotopic substitution
leads only to a minor asymmetry in the wave functions. The normal modes of the elec-
tronic ground state are quite close to the symmetric and asymmetric bond-stretching
modes of the normal ozone molecule. One way to control the outcome of the fragmen-
tation, i.e., to produce 60 + 00 or 160160 + 180, is to use two laser pulses. The
first IR-pulse forces the molecule into a non-stationary vibrational state, correspond-
ing to asymmetric bond stretching in **0160'80. We note that, when pu(R) is linear
in the internuclear coordinate and the potential is harmonic, then Eq.(7.71) can be
solved analytically, and the dynamics is described by Gaussian wave packet dynamics
(Section 4.2.1). Thus, an oscillating Gaussian wave packet is created by an (intense)
IR~pulse with a center frequency that matches the frequency of the asymmetric bond-
stretching mode. The second UV-pulse initiates the reaction at an appropriate time
delay relative to the first pulse. We have seen that an ultrashort pulse in the ultravio-
let region of the spectrum can launch, at a well-defined time, a localized wave packet
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on a potential energy surface corresponding to an excited electronic state. We note
in particular that the short duration of the second (control) pulse implies that in-
tramolecular vibrational relaxation (IVR) of the electronic ground state is bypassed.
Note that this scheme has a close formal correspondence to femtosecond pump-probe
spectroscopy.

The scheme considered here is based on a limited number of optimization para-
meters, primarily the center frequencies and durations of the laser pulses, and the
time delay between the two pulses. In more complex systems these parameters may
not be sufficient and, furthermore, the separation of the laser pulse into two distinct
non-overlapping pulses might not be possible.

In principle, one can induce and control unimolecular reactions directly in the elec-
tronic ground state via intense IR fields. Note that this resembles traditional thermal
unimolecular reactions, in the sense that the dynamics is confined to the electronic
ground state. High intensities are typically required in order to ‘climb up the vibra-
tional ladder’ and induce bond breaking (or isomerization). The dissociation prob-
ability is substantially enhanced when the frequency of the field is time dependent,
i.e., the frequency must decrease as a function of time in order to accommodate the
anharmonicity of the potential. Selective bond breaking in polyatomic molecules is,
in addition, complicated by the fact that the dynamics in various bond-stretching
coordinates is coupled due to anharmonic terms in the potential.

The problem of laser-controlled chemical reactions is in general how to design a
laser pulse that can guide the system into the desired final state. In general, it is not
possible to guess what form an optimal pulse takes. The problem can, however, be han-
dled systematically by the optimization technique called optimal control theory [19].
This leads to a procedure where the time-dependent Schrédinger equation, Eq. (7.71),
must be solved iteratively. A hint to the ‘mechanism’ and the resulting optimal pulses
of such numerical optimization procedures can be obtained from Eq. (7.73). Suppose
the objective is to pump energy into a bond (neglecting, for simplicity, coupling to
all other bonds). This goal can be achieved when the right-hand side of the equa-
tion takes a positive value at every time step, that is, when E(t) is proportional to

i1 (R, )| [1(R), Tuue [x1 (R, 1))

Unimolecular reactions can, of course, also be induced by UV-laser pulses. As
pointed out above, in order to reach a specific reaction channel, the electric field of
the laser pulse must be specifically designed to the molecular system. All features of
the system, i.e., the Hamiltonian (including relativistic terms), must be completely
known in order to solve this problem. In addition, the full Schrédinger equation for a
large molecular system with many electrons and nuclei can at present only be solved
in an approximate way. Thus, in practice, the precise form of the laser field cannot
always be calculated in advance.

In order to bypass this problem, a clever idea has been introduced: the laboratory
feedback control technique [20]. The optimization procedure is based on the feedback
from the observed experimental signal (e.g., a branching ratio) and an optimization
algorithm that iteratively improves the applied femtosecond-laser pulse. This iterative
optimum-secking process has been termed ‘training lasers to be chemists’ [21].
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Another important development for laser control is due to the latest advances in
laser technology. One can now create laser fields with complex pulse shapes. Thus, it
is, e.g., possible to modulate the phases of each spectral component of a short pulse
[22]. In this way it is possible to experimentally tailor, essentially, any laser pulse
shape.

Based on these developments, the experimental implementation of automated feed-
back optimized laser control has been achieved [23]. This type of control at the mole-
cular level can be much more selective than traditional methods of control where only
macroscopic parameters like the temperature can be varied.

We end this section with a comparison of the basic concepts of laser control and
traditional temperature control. This discussion includes an elementary explanation
and definition of concepts such as incoherent superpositions of stationary states versus
coherent superpositions of stationary states and quantum interference.

Incoherent excitation

According to quantum mechanics, the allowed energy eigenstates of an isolated mole-
cule are described by wave functions, ¥, (z,t) = v, (x)e”Frt/" where E, is the
energy of the state. The wave functions depend on the time, ¢, and coordinates, =,
which specify the configuration of the molecule. The molecule can be found in any of
these energy states, where n = 0,1,2,.... At T = 0 K, all molecules will be found
in the lowest energy state with the energy Ejy. Higher temperatures correspond to
molecular motion and via inelastic collisions energy will be transferred between trans-
lational and internal (vibrational/rotational) degrees of freedom. This implies that the
molecular energy states will be populated in a specific way according to the Boltzmann
distribution.

When molecules are produced in chemical reactions, the energy states are normally
not populated according to the Boltzmann distribution. However, this distribution will
be quickly established. Thus, say at 1 atm, the Boltzmann distribution will typically
be established among the vibrational energy levels within the order of a millisecond,
and within the order of a nanosecond among the rotational energy levels. When the
pressure is reduced, the distribution will, however, be established more slowly (see
Example 2.2). In liquids, the Boltzmann distribution will typically be established
among the vibrational energy levels within the order of a picosecond.

Consider, as an example, the probability of finding the system at the configuration
specified by the coordinate x, given by

]Dincoherent (37) - an|\1/n (33, t)|2

= anl%(x)IQ (7-74)

where |¥,,(z,t)|? = ¥, (z,t)¥,,(z,t)*, that is, the product of the wave function and its
complex conjugate, and p,, is the probability (population) according to the Boltzmann
distribution. Equation (7.74) defines what is meant by a so-called incoherent (classi-
cal) sum of quantum states. For a harmonic oscillator (i.e., a normal-mode vibration
in a molecule), the probability takes a Gaussian form, Pcoherent() o< exp[—f(T)x?]

)
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where f(T') = (mw/h) tanh[hiw/(2kgT)] (m and w are the mass and the frequency, re-
spectively, of the oscillator). At low temperatures, 7' — 0, the probability distribution
corresponds to the well-known ground state of a harmonic oscillator, that is, f(T) =
mw/h independent of T', whereas in the high-temperature limit f(7") = mw?/(2kgT).
Note that the probability distribution broadens when the temperature is raised and,
consequently, the probability of finding configurations with high potential energy is
increasing.

When we consider a thermally-activated unimolecular reaction, say the fragmen-
tation of a triatomic molecule with two product channels,

. A +BC
/!
ABC
k2
C+AB

the branching ratio, b, is at all times determined by the ratio of the rate constants,
ie., b = [A]/[C] = k1/ks. It is easy to estimate the temperature dependence of this
ratio. According to transition-state (RRKM) theory, k; = (Qf/Q)eiES/RT, where @
and Qf are partition functions associated with the reactant and the activated complex
leading to product channel i, respectively, and E{ are the barrier heights associated
with the product channels. Thus, when we neglect the weak temperature dependence
of the pre-exponential factors, b = ki /ky ~ e=2Fa/BT where AFE, = E} — E? is the
difference between the barrier heights (~ activation energies) of the two channels.

The branching ratio can be controlled to some extent, by the temperature, provided
AFE, # 0. Thus, when T is small, that is, AF, > RT, then b < 1 when AF, > 0 and
b > 1 when AFE, < 0. On the other hand, at higher temperatures both channels will
be populated more evenly. Thus in the limit where T is large, that is, AE, < RT),
then b ~ 1.

Coherent excitation

It is possible to create a coherent linear superposition of energy eigenstates via laser
excitation. This is a state of the form )" ¢, ¥, (z,t), where ¢; = |¢;| exp(id;), with a
particular phase relation between the coefficients ¢,,. The value of these coefficients is
determined by the pulsed laser excitation.

We consider again the probability of finding the system at the configuration spec-
ified by the coordinate x. Then, according to the rules of quantum mechanics,

2

Pcoherent (.’E, t) =

Z cn Vo (x,t)

= Z len 2|, (2, )|* + interference terms

= Z |cn|? |4 (x)]? + interference terms (7.75)
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Equation (7.75) defines what is meant by a so-called coherent sum of quantum states.
The diagonal terms resemble the incoherent sum in Eq. (7.74); the values of the pop-
ulations |c,|?* are, however, determined by the laser pulse. The off-diagonal terms are
called interference terms; these terms are the key to quantum control. They are time
dependent and we use the term ‘coherent dynamics’ for the motion associated with
the coherent excitation of quantum states. A particular simple form of Eq. (7.75) is
obtained in the special case of two states. Then

Pcoherent(xat) = |61|2|¢1($)|2 + |C2|2|¢2($)|2

+ 2|er||ea| |1 (z)[|02 (z)| cos[AEL /B — 6] (7.76)

where real-valued wave functions were assumed, AE = FEy — FEs, 6 = 61 — do, and
¢i = |cilexp(id;). The coherent superposition of quantum states differs clearly from
the incoherent superposition of Eq. (7.74).

In the control scheme [13,17] that we have focused on, the time evolution of the
interference terms plays an important role. We have already discussed more explicit
forms of Eq.(7.75). One example is the Franck-Condon wave packet considered in
Section 7.2.2; another example, which we considered above, is the oscillating Gaussian
wave packet created in a harmonic oscillator by an (intense) IR-pulse. Note that the
interference term in Eq. (7.76) becomes independent of time when the two states are
degenerate, that is, AE = 0. The magnitude of the interference term still depends,
however, on the phase §. This observation is used in another important scheme for
coherent control [14].

The time evolution in Eq. (7.75) is described by the time-dependent Schrédinger
equation, provided the molecule is isolated from the rest of the universe. In practice,
there are always perturbations from the environment, say due to inelastic collisions.
The coherent sum in Eq. (7.75) will then relax to the incoherent sum of Eq. (7.74),
that is, the off-diagonal interference terms will vanish and |c,|?> — p, corresponding
to the Boltzmann distribution. As mentioned earlier, the relaxation time depends on
the pressure. In order to take advantage of coherent dynamics it is, of course, crucial
that relaxation is avoided within the duration of the relevant chemical dynamics.
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Problems

7.1 The (high-pressure) pre-exponential factor for the ring-opening of cyclo-butene
into butadiene is 10134 s=1 and the activation energy is 137.6 kJ/mol. Using
the RRK theory calculate the unimolecular rate constant for the reaction at an
excitation energy of 200 kJ/mol.

7.2 We consider two molecules, X—H and X-D, where X is a heavy group of atoms,
which in the following is considered as a point mass. The two molecules have,
according to the Born-Oppenheimer approximation, the same potential. The uni-
molecular bond breakage is described within the framework of the RRKM theory.
(a) Show that vxpy = V2vxp, for the vibrational frequencies within the harmonic

approximation, when X is considered as infinitely heavy compared to H (1.00
amu) and D (2.00 amu).

(b) Determine the difference in the barrier heights for the breaking of the X-H
and X-D bonds, that is, (EFP — EXM) expressed by vxp.
(c¢) Derive an expression for the ratio kxu(7")/kxp (1) between the unimolecular

rate constants. Use RRKM theory (in the high-pressure limit) and express
the result in terms of vxgy.

(d) Assume that the zero-point energy in the X-H bond is 17.2 kJ/mol and
calculate the ratio kxu(T)/kxp(T) at T = 298 K.
1

7.3 Consider three harmonic oscillators (normal modes) with frequencies 1600 cm™*,
3650 cm !, and 3750 cm . We want to calculate the sum of vibrational states
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7.4

7.5

7.6

at the total energy E = 6000 cm™! relative to the lowest possible (zero-point)
energy.
(a) Calculate the sum of states, G(F), based on the classical expression Eq. (7.52):
(i) use Eq.(7.52);
(ii) use the modification where the zero-point energy, F., is added to the
argument, i.e., G(E + E,);
(iii) use the modification G(E + E,) — G(E,), where we also subtract the
states that are not allowed according to quantum mechanics.
(b) Label the possible states by the quantum numbers associated with each os-

cillator and, by direct count, show that the exact sum of states at £ =
6000 cm~! is 8. Compare with the estimates in part (a).

‘We consider the isomerization
HCN — HNC

The unimolecular rate constant k(FE) is described within the framework of RRKM
theory. In the following, we neglect the rotational energy in HCN as well as in
the activated complex. The classical barrier height is E.; = 1.51 eV.

(a) Calculate the barrier height Ey for isomerization.

(b) Calculate k(F) at E = 1.5 eV and E = 2.5 eV, respectively.

The vibrational frequencies (wave numbers) are:

e HCN: 3300(1) em~!, 2100(1) cm™1, 713(2) em™1;

and for the activated complex

e (HCN)*: 3000(1) cm™1, 2000(1) em 1.

The degeneracy of the vibrational states is given in the parentheses after each
vibrational frequency.

Consider the thermal unimolecular rearrangement of hydrogen isocyanide,
HNC — HCN

Assume that the reaction proceeds via a three-center transition state with the
atoms at the corners of a triangle.
(a) Evaluate kgT'/h at T = 1000 K.

(b) Evaluate the pre-exponential factor according to the RRKM theory at T =
1000 K, given the following values:
e HNC: I = 11.3 amqu; 7 = 3300 em~! (stretch), 713 cm™! (doubly-
degenerate bend), 2100 cm ™! (stretch);

o transition state: It = 1.02 amu A, 10.5 amu A”, 12 amu A®; & = 3000 cm~!
(stretch), 1000i cm~! (bend), 2000 cm ™! (ring-breathing stretch).

The classical expression in Eq.(7.52) often underestimates the true number of

vibrational states. In order to correct the formula, it has been suggested to replace

FE by E + E, in the expression, where F, is the zero-point energy.

(a) Consider an apparent unimolecular reaction A*(E) —, where the molecule A
has s vibrational degrees of freedom (and rotation is neglected). Using the
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classical expression with E replaced by F + E,, write down the rate constant
k(E), according to RRKM theory.

Repeat the calculation in Example 7.2, using the formula derived in part (a).

) Consider now a system of two uncoupled harmonic oscillators with identical

frequencies. An energy level for the system can, as for a single harmonic
oscillator, be characterized by a single quantum number n (n = 0,1,2,...).
What is the zero-point energy, E,, and what is the energy and degeneracy of
the energy level F, with quantum number n?

7.7 We consider a thermally-activated unimolecular reaction with two product chan-
nels:

CHD = CH, + HC1

CH,;DCH,Cl

CHy; = CH; + DCI

The reaction takes place at high pressure where it obeys first-order kinetics.

(a)

(b)
(¢)

Write down the rate law —d[A]/dt for the reactant, here denoted by A, and
integrate this expression in order to obtain an expression for the concentration
of A as a function of time.

Determine the ratio [HCI]/[DCI] expressed in terms of the rate constants,
when the initial concentrations are [HCl]y = [DCl]o = 0.

Using RRKM theory, calculate in the high-pressure limit k; /k2 at T' = 1000 K.
The vibrational frequencies and the barrier heights (Ejy) for the two activated
complexes (T.S. 1 and T.S. 2) are given in the table below [data taken from
J.I. Steinfeld, J.S. Francisco, and W.L. Hase, Chemical kinetics and dynamics,
second edition (Prentice Hall, 1999)].

T.S. 1 T.S. 2
CH>DCH-C1 (HCI elimination)  (DCI elimination)

D;/em™! D;/em ™t Di/cm ™t
2940(4) 3000(3) 3000(4)
2160(1) 2200(2) 2088(1)
1340(4) 1380(2) 1380(1)
1270(2) 1115(1) 1100(1)
960(3) 960(5) 960(4)
720(2) 850(1) 850(3)
330(1) 820(1) 750(1)
200(1) 645(1) 570(1)
403(1) 501(1)

Barrier(kJ/mol) 232.7 237.9

The degeneracy of the vibrational states is specified in parentheses after the fre-
quency. The imaginary frequency is not included. In order to simplify the calcula-
tions, one can assume that hv > kT when the vibrational frequencies are larger
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than 1000 cm~!. Assume also that the moments of inertia and the symmetry
numbers for the activated complexes are identical.
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Microscopic interpretation of
Arrhenius parameters

Key ideas and results

We return to the microscopic interpretation of the Arrhenius parameters, i.e., the
pre-exponential factor (A) and the activation energy (E,) known from classical
chemical kinetics.

e The pre-exponential factor of an apparent unimolecular reaction is, roughly, ex-
pected to be of the order of a vibrational frequency, i.e., 10™® to 10'* s=!. The
pre-exponential factor of a bimolecular reaction is, roughly, related to the collision
frequency, i.e., the number of collisions per unit time and per unit volume.

e The activation energy of an elementary reaction is related to the classical barrier
height of the potential energy surface corrected, however, for zero-point ener-
gies and average internal molecular energies. The activation energy is the average
energy of the molecules that react minus the average energy of the reactants. Spe-
cializing to transition-state theory, the activation energy is equal to the difference
in zero-point energy levels of the activated complex and the reactants plus the
difference in the average internal energies (relative to the zero-point levels). When
tunneling corrections are introduced in conventional transition-state theory, the
activation energy is reduced compared to the interpretation given above.

In Chapter 2, the first chapter of the gas-phase part of the book, we began the tran-
sition from microscopic to macroscopic descriptions of chemical kinetics. In this last
chapter of the gas-phase part, we will assume that the Arrhenius equation forms a use-
ful parameterization of the rate constant, and consider the microscopic interpretation
of the Arrhenius parameters, i.e., the pre-exponential factor (A) and the activation
energy (E,) defined by the Arrhenius equation: k(T) = Aexp(—FE,/kpT).

In the previous chapters, we have seen that the rate constant for unimolecular
as well as bimolecular elementary reactions can be written in a form similar to the
Arrhenius equation, provided we allow for a (weak) temperature dependence of the
pre-exponential factor A. Experimentally, the parameters may be determined from
an Arrhenius plot, that is, a plot of In[k(T")] versus 1/T, which according to the
Arrhenius equation will be a straight line with slope —E, /R and an intercept of In A.
The question is: what is the molecular origin of these parameters?
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8.1 The pre-exponential factor

In the previous chapters, we have already discussed the calculation, and to some extent
the microscopic interpretation, of the pre-exponential factor. In this section, we review
the microscopic interpretation. In the next section, we will show that the activation
energy is typically (when tunneling is neglected) related to the barrier height Ej
according to B, = Eg + BkgT, where 3 is a small rational number. In the context of
interpreting the order of magnitude of the pre-exponential factor, we will neglect the
small factor e=7.

8.1.1 TUnimolecular reactions

The general relation between the rate constant of (apparent) unimolecular reactions
and the microscopic dynamics is illustrated in Fig. 8.1.1.

Based on the theoretical descriptions of Chapter 7, the pre-exponential factor of an
apparent unimolecular reaction is, roughly, expected to be of the order of a vibrational
frequency, i.e., 103 to 10 s~ 1.

Thus, according to RRKM theory for an apparent unimolecular reaction, Eq. (7.58)
gives the (canonical) rate constant for such an elementary reaction:

k(T) = kBTT%i e~ Fo/ksT (8.1)

We see that the pre-exponential factor in k(T'), roughly, corresponds to a typical
vibrational frequency, since kgT/h = 6.25 x 10'2 s71 at T = 300 K. We can also
understand why the pre-exponential factors can be somewhat larger than typical vi-
brational frequencies, because very often @Q* > Q. This situation will arise when the
(product of the) vibrational frequencies of the activated complex are smaller than the
vibrational frequencies of the reactant. Furthermore, the rotational contribution in the
ratio of partition functions, which is proportional to Lf[g]g/([alblc), will often also
be larger than one since, typically, the principal moments of inertia associated with
the activated complex are larger than the moments of inertia of the reactant.

8.1.2 Bimolecular reactions

The general relation between the rate constant of a bimolecular reaction and the
microscopic dynamics is illustrated in Fig. 8.1.2.

Unimolecular reaction

Quantum mechanics
KT) «<— k(E) «— P <«— Quasi-classical mechanics (Slater, etc.)
Assumptions (RRKM, etc.)

Fig. 8.1.1 An illustration of the relations between the rate constants, k(7") and k(E), and the
reaction probability P as obtained from either quantum mechanics, quasi-classical mechanics,
or various assumptions (approximations) for the reaction dynamics.
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Bimolecular reaction

Quantum mechanics

KT) «— o© <«— P <«— Quasi-classical mechanics
Assumptions

Fig. 8.1.2 An illustration of the relations between the rate constant k(7T), the reaction
cross-section o, and the reaction probability P as obtained from either quantum mechanics,
quasi-classical mechanics, or various assumptions (approximations) for the reaction dynamics.

Based on the theoretical descriptions of Chapters 2, 4, and 6, the pre-exponential
factor of a bimolecular reaction A + B — products is expected to be related to the
collision frequency, i.e., the number of collisions per unit time and per unit volume.

The pre-exponential factor of a bimolecular reaction is related to the reaction cross-
section (see Problem 2.3). A relation that is fairly easy to interpret can be obtained
within the framework of transition-state theory. Combining Eqgs (6.9) and (6.54), we
can write the expression for the rate constant in a form that gives the relation to the
(hard-sphere) collision frequency:

1
T 3 Q
kTST(T):kB h < (AB)i> e~ Bo/keT
int

h (2rukpT)?/?2 \ QaQs
1
1 [ Qb Bo/k
=7 e o/kBT 8.2
ﬁ‘)l? (QAQB int ( )
Here the partition functions refer to internal degrees of freedom (subscript ‘int’ for

internal), QAP = 872(ud?)kgT/h?, that is, a rotational partition function where A
rot <

and B are considered as point masses separated by the distance d, and Z = wd?{(v)
is related to the (hard-sphere) collision frequency Zap defined in Eq. (4.16), that is,
Zap = Z[A][B].

Within transition-state theory, Eq. (8.2) is an exact expression for the rate con-
stant. We observe that the pre-exponential factor deviates from the simple interpre-
tation, as being related to the collision frequency Zap via Z, due to the presence of
internal degrees of freedom. Typically, the calculated value of Z is of the order of
10 dm® mol ™ s=! ~ 1071 m® molecule ™ s~ (see Example 4.1). The magnitude of
the partition functions in Eq. (8.2) is typically small compared to this number. Thus, if
we neglect the internal degrees of freedom of the reactants and the activated complex,
except for rotational degrees of freedom of the activated complex (AB)*, and assume
that the associated partition function can be approximated by Q2P we will get a
pre-exponential factor given by Z.

8.2 The activation energy

The activation energy E, is a macroscopic quantity defined by the Arrhenius equation
k(T) = Aexp(—F,/kpT) and given by
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B dInk(T)
B =y,
dInk(T)
= kpT?
b ar

This definition is used whether or not A is independent of temperature, that is, whether
or not the Arrhenius plot is linear. Note that Eq. (8.3) shows that a large value of E,
implies that the rate constant depends strongly on the temperature.

When we have expressed k(7) in terms of microscopic information, we can obtain a
corresponding microscopic interpretation of the activation energy. It should be stressed
that the following relations are only valid for elementary gas-phase reactions.

(8.3)

8.2.1 Activation energy and detailed balance

From the definition of activation energy in Eq. (8.3), we obtain the following expression
for the difference in activation energies between the forward and the reverse direction
of a reaction:

Ef —E = kBTQ% (Ink; —Ink,)

d k
_ 2 f

We note, in passing, that this equation is consistent with the well-known equation for
the temperature dependence of an equilibrium constant K = ky/k,, i.e., the van’t Hoff
equation. From the general principle of detailed balance, one can obtain a microscopic
interpretation of the difference in activation energies between the forward and the
reverse direction of an elementary reaction. Detailed balance, Eq. (2.34), implies

3/2
k_f _ <MCD) / QCQDG—AEO/I@BT (8.5)
k. HAB QaQB

where the partition functions are associated with the internal degrees of freedom of
the molecules. Now,

d QcQp AEy
f_ pr — 2 7 _
Fa = o= ksl dr (m <QAQB) kBT)
dinQc  dln@Qp dlnQax dnQp
_ 2 _ _
=AFEy+ kT ( 0T + a7 aT a7
= AFEy + (<E1(rjm> + <E1?1t>) - (<E1A?1t> + <E1]?1t>) (8.6)

where the expression for the average energy (F) (Eq.(A.22)) was used in the last
line. Thus, the difference between activation energies of the forward and the reverse
reaction is equal to the difference in zero-point energies between products and reactants
AFEj plus the difference between the average internal energy of the products and the
reactants at a given temperature. If we had chosen to include the zero-point energies
in the average energies, the difference in activation energies would simply be equal to
the average internal energy of the products minus the average internal energy of the
reactants. This relation is illustrated in Fig. 8.2.1.
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Zero-point energy ATE 1
level of A+ B | : AEy

Zero-point energy
level of C+D

Fig. 8.2.1 An illustration of Eq. (8.6). The zero-point energy levels for an exothermic re-
action are indicated by solid lines and the average internal energies of the products and the
reactants (relative to the zero-point levels) are given by dashed lines.

The average internal energies depend on the temperature, and can according to
Eq. (A.9) be written in the form

<Eint> = <Evib> + <Erot> (87)

when the coupling between vibration and rotation is neglected. The average vibrational
energy of a harmonic oscillator can be calculated from the partition function given
in Eq. (A.15) (remember that the energy is measured relative to the zero-point level);
that is,

(Bvib) = kpT? dln Quip h;;)‘”b

_ ksT? dQuin
 Quiv dT

B hvg

~ exp(hvg /kpT) — 1

(8.8)

In the (classical) high-temperature limit, when hv, < kgT, the exponential can be
expanded to first order and the average vibrational energy is ~ kpT. The approx-
imation hrvy < kgT is, however, not well satisfied for typical molecular vibrational
frequencies, except at temperatures that exceed several thousand degrees. The average
rotational energy of a rigid rotor is

(Frog) = { kgT for a linear molecule (8.9)

(3/2)kpT for a non-linear molecule

where the rotational partition functions in Eqs (A.19) and (A.20) were used.
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Example 8.1

The temperature dependence of (EJ — E7) is often negligible. Consider, e.g., the
reaction
F+Hy, — HF +H

The difference between the average internal energies of the products and the re-
actants, ((EHF) + kpT) — ((EX2) + kpT) = (EHF) — (EM2) ~ 0, since the vibra-
tional frequencies 7pr = 4138 cm™! and Dy, = 4395 cm~! are quite similar. Thus,
in this case the difference between the average energies is zero, essentially, and
(E{ - E;) = AE,.

8.2.2 Activation energy and transition-state theory

As demonstrated in the previous section, it is quite easy to obtain an exact and
transparent interpretation of the difference in activation energies between the forward
and the reverse direction of an elementary reaction.

It is also possible to obtain an exact interpretation of the individual activation
energies, often referred to as ‘Tolman’s theorem’. Starting from an exact expression
for the bimolecular rate constant, Eq. (5.7), we have k(T') = al(T)/Qreact, Where a
is a constant, I is an integral over the Boltzmann factor exp(—FE/kgT) times the
reaction probability Peuym(E), and Qreact is the partition function of the reactants.
Then using Eq. (8.3), E, = kgT?(1/1)dI/dT — (E), where (E) is the average energy
of the reactants. The first term can be identified as an average value of the energy
E, averaged over the distribution Py (F)exp(—FE/kgT). This leads to the result
E, = (E)* — (FE), i.e., the activation energy is the average energy of the molecules
that react minus the average energy of the reactants.

In the following, we elaborate on this interpretation of the activation energy within
the framework of transition-state theory, where a particularly simple and transparent
microscopic interpretation of the activation energy can be obtained. This interpreta-
tion agrees with Tolman’s theorem. The rate constant for a bimolecular reaction is,
according to transition-state theory (Eq. (6.8)),

kTST(T) _ kBT (Qi/V) e*Eo/kBT (810)

h (Qa/V)(@s/V)

Now using Eq. (8.3), the activation energy takes the form

E, = kBTQ% <1nT+ In(Q/V) —In(Qa/V) — In(Qg/V) — Eo )

kpT
B BT 4 T (dln(g V) dln(?;/V) - dln(?;/V))
= Eo+ kpT + (E*) — ((E®) + (E®))
= By + (EL,) — (B + (BR)) — (1/2)kpT (8.11)

where the relation (see Eqs (A.8) and (A.14))
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_ 2 d ln(Qtrans/V) dln Qint
(B) = ks T ( T T )

was used in the last line. Note that in the third line the term kg7 corresponds to the
average energy in the (‘low frequency’) reaction coordinate pulled out of the activated
complex, and this internal degree of freedom is not included in the energy (E*).

Thus, the activation energy is equal to the difference in zero-point energies between
the activated complex and the reactants plus the difference between the average energy
of the activated complex and the reactants. Alternatively, if we had chosen to include
the zero-point energies in the average energies, the activation energy would simply be
equal to the average energy of the activated complex minus the average energy of the
reactants. This relation is illustrated in Fig. 8.2.2.

Example 8.2

As an example, we consider again the reaction
F 4+ H, — (FHH)! — HF + H

Recent calculations (see Section 3.1) show that the activated complex is non-linear,
that is, the average rotational energy is (3/2)kgT and E, = Ey + <E§ib) = <E\I,{1i)
p, = 4395 cm~! and the two vibrational frequencies associated with the activated
complex are 3772 cm~! and 296 cm™!, respectively (remember that the third
vibrational degree of freedom of the non-linear triatomic molecule is the reaction
coordinate which is not included in @*). The thermal energies associated with the

Zero-point energy
level of A + B

Fig. 8.2.2 An illustration of Eq. (8.11) for the activation energy. The zero-point energy levels
of the activated complex and the reactants are indicated by solid lines and the associated
average internal energies (relative to the zero-point levels) are given by dashed lines. Note
that the zero-point energy in the activated complex comes from vibrational degrees of freedom
orthogonal to the reaction coordinate.
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two high frequency modes are small and cancel, essentially, whereas the energy
associated with the low frequency mode is kg7, at sufficiently high temperatures.
So, according to transition-state theory, at high temperatures E, ~ Ey + kpT.
Since, Ey ~ 4.5 kJ/mol and kT ~ 8.31 kJ/mol at T' = 1000 K, we obtain E, ~
12.8 kJ/mol at 7' = 1000 K. Thus, in this example, E, deviates substantially from
Ep.

Example 8.3: On negative activation energy

For the reaction
O+0OH — H-+ 0Oy

it is observed [J. Chem. Phys. 96, 1077 (1992)] that the rate constant can decrease
when the temperature is increased. Thus, k(7' = 1000 K) = 22.2 x 10~!? cm3 /s and
k(T = 2000 K) = 16.5 x 10712 cm?/s. The activation energy becomes

dIn k(T)
Pd(1/T)
In[k(T = 1000 K)/k(T = 2000 K)]
1/1000 — 1,/2000
=-819x 1072t J
= —4.93 kJ /mol (8.13)

E,=—

This result clearly shows that the activation energy is not equivalent to a barrier
height. Such negative activation energies can occur for reactions without barriers
(Eo ~ 0), typically for bimolecular reactions between radicals, as above. Within the
framework of transition-state theory, the activation energy is given by Eq. (8.11).
From this equation, we observe that F, can become negative when no barrier is
present, provided the average thermal energies of the reactants exceed the energy
of the activated complex. Such energies are of the order of RT, which at 1000 K
amounts to 8.31 kJ/mol, in good agreement with the result in Eq. (8.13).

These two examples clearly demonstrate that E, is not equal to Ey. The temper-
ature dependence of E, will, however, often be negligible since typically kT < Ej.
Thus, we have a rough identification of F, with Ey. It should be remembered that
this is not the potential energy barrier height, E.;, but the difference in zero-point
energies between the activated complex and the reactants.

Within the framework of transition-state (RRKM) theory for unimolecular reac-
tions, one can obtain a microscopic interpretation of the activation energy that is
analogous to the one presented above (Problem 8.4).

8.2.3 Activation energy and quantum tunneling

We consider again the interpretation of activation energy within transition-state theory
and now the implications of quantum tunneling. A correction factor due to quantum
tunneling is given in Eq. (6.44):
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(1)~ 1+ = (22 : (8.14)
Rtunne ~ o .
pumnel 24 \ kgT
which is valid at high temperatures (hv* < kpT) and for high and/or broad barriers
(hl/* < Eo)

We let ‘-7 denote the four temperature-dependent average energies on the right-

hand side in Eq. (8.11), and the activation energy now takes the form

dln Htunnel(T)
TP e
dT
kBT2 d"{tunne](T)
Htunnel(T) dr
(hv*)2/12 1
S AT S A b 8.15
0 + Ktunnel(T) kBT ( )

E,=FEo+-+kp

=Ey+-+

Since the last term is negative, we see that the activation energy is lowered due to
quantum tunneling. Now

(hv*)?
24kT
~ kT (8.16)

’itunnel(T)kBT =kpT +

where the limit hv* < kpT is taken in the last line. Thus, the activation energy
decreases (x —T~!) when the temperature is lowered and Arrhenius plots show devi-
ations from linearity as a consequence of quantum tunneling; see Fig. 8.2.3.

In[k(T)]

/T

Fig. 8.2.3 An Arrhenius plot, i.e., In[k(T")] versus the reciprocal temperature. The straight
line represents ‘normal’ Arrhenius behavior whereas the curved behavior is found in systems
with quantum tunneling. It shows that at low temperatures the rate constant is larger than
in a classical system.
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Problems

8.1 Assume that the temperature dependence of the rate constant can be represented
as in Eq. (6.11). Derive an expression for the activation energy.

8.2 Using the exact expression for the average vibrational energy, calculate the acti-
vation energy for the reaction of Example 8.2, at T'=298 K and T = 1000 K.

8.3 We consider the gas-phase reaction

F+Hy, — HF +H

The rate constant has been determined experimentally in the temperature range
T € [190,1000] K, and it can be represented by the expression k(T) = 4.5 x
1071270 x exp(—319/T) em® molecule ' s~

(a)
(b)

()

Calculate the activation energy E, (in the unit kJ/mol) at 7' = 298 K.

The harmonic vibrational frequency for Hy is 4395 cm ™!, and from the latest
calculations of the potential energy surface it is known that the activated com-
plex is non-linear, and the harmonic vibrational frequencies are 3772 cm™!,
296 cm™!, and 1723 cm 1.

We assume that the rate constant is calculated according to transition-state
theory. Calculate the barrier height Ey (in the unit kJ/mol), using E, and

the exact average vibrational energies.

The transition-state theory is now corrected for quantum tunneling according
to Eq. (6.44). Calculate again the barrier height Fy (in the unit kJ/mol) when
quantum tunneling is included.

8.4 We consider a unimolecular reaction where the rate constant is described by the
RRKM theory. Show how the Arrhenius activation energy, F,, is related to the
barrier height, Ey, of the reaction.
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9

Introduction to condensed-phase
dynamics

Key ideas and results

In this chapter we consider chemical reactions in solution; first, how solvents modify
the potential energy surface of the reacting molecules, and second the role of diffu-
sion. The reactants of bimolecular reactions are brought into contact by diffusion,
and there will therefore be an interplay between diffusion and chemical reaction that
determines the overall reaction rate. The results are as follows.

e As a first approximation, solvent effects can be described by models where the
solvent is represented by a dielectric continuum, e.g., the Onsager reaction-field
model.

e The overall (effective) reaction rate of a bimolecular reaction is, in general, deter-
mined by both the diffusion rate and the chemical reaction rate. A steady-state
limit for the effective reaction rate is approached at long times and the rate con-
stant takes a simple form. When the chemical reaction is very fast, the overall
rate is determined by the diffusion rate, which is proportional to the diffusion con-
stant. In the opposite limit where the chemical reaction is very slow, the overall
rate is equal to the intrinsic rate of the chemical reaction.

Most reactions of interest to chemists take place in either solution or at the gas—solid
interface. At the atomic level, much less is known about the reaction dynamics in such
systems than about the dynamics of gas-phase reactions. In the gas phase one may
follow the detailed evolution from reactants to products without disturbing collisions
with other molecules, at least in the low pressure limit. Contrary to that, in solution,
where reactants and products are continually perturbed by collisions with solvent
molecules, it is much more complicated to follow a chemical reaction.

The complexity of condensed-phase reaction dynamics implies that both from a
practical (computational) as well as a conceptual (i.e., insight) point of view, it is
desirable to change the approach somewhat compared to gas-phase reaction dynamics.
For example, we will see approximate representations of the interaction potentials and
the dynamics—the latter, e.g., in the form of so-called stochastic dynamics.

The elementary reactions in a solvent include unimolecular and bimolecular reac-
tions as in the gas phase. In the gas phase the products always fly apart, but in a
solvent we also have elementary reactions of the type A + BC — ABC that can take
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place because ABC may be stabilized due to energy transfer to the solvent; that is, a
bimolecular association/recombination reaction.
The solvent influences the chemical reaction in several ways.

e Solvents may modify the potential energy surface for the reaction.

e Solvents may create the so-called cage effect, where the separation of products may
be impeded, leading to a high probability of association/recombination.

e Solvents may enhance and impede molecular motions. There will be energy ex-
changes between reactants and solvents that may act as an energy sink or source.

These effects are related to the electric properties of the reacting molecules, like their
dipole moments and polarizability, as well as to solvent properties, like their dielectric
constants and viscosity.

A solvent can dramatically alter the potential energy surface of a reaction from
that in the gas phase, as illustrated schematically in Fig.9.0.1 for the generic Sy2
reaction

X~ + CHsY — XCH; + Y™ (9.1)

Representative potential energies as functions of the reaction coordinate are shown.
Path (a) is followed in the gas phase and path (b) is followed in a polar solvent;
the change in the potential energy in a polar solvent shows that both reactants and
products are more stabilized than the transition state, because the electrons are less
localized in the transition state than in the ionic state. The solvent is seen to have
a strong effect on the reaction barrier, so the rate constant in solution may be many

Epot
X~ +RY X -R-Y)" XR+Y"™
(a)
AH,, (XRY)
AHsol (X _)
+
AHSOI (RY)

(b) )

>

Fig. 9.0.1 Schematic diagram of the potential energy as a function of the reaction coordinate
for an Sn2 reaction in (a) the gas phase and in (b) a polar solvent. [Adapted from W.N.
Olmstead and J.I. Brauman, J. Am. Chem. Soc. 99, 4219 (1977).]
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orders of magnitude smaller than in the gas phase due to the different stabilization of
transition state and reactants and products.

It is, however, also possible to find elementary reactions with very similar rates
in gas and solution phases. Thus, the thermally-activated unimolecular isomerization
of some substituted cyclo-butenes in a solution (of dimethyl phtalate at temperatures
around 275°C) has been found to proceed at, essentially, the same rate as in the gas
phase.

The well-known Maxwell-Boltzmann distribution for the velocity or momentum
associated with the translational motion of a molecule is valid not only for free mole-
cules but also for interacting molecules in a liquid phase (see Appendix A.2.1). The
average kinetic energy of a molecule at temperature 7' is, accordingly, (3/2)kgT. For
the molecules to react in a bimolecular reaction they should be brought into contact
with each other. This happens by diffusion when the reactants are dispersed in a solu-
tion, which is a quite different process from the one in the gas phase. For fast reactions,
the diffusion rate of reactant molecules may even be the limiting factor in the rate of
reaction.

We begin this part by considering the energetics of solvation, and the combination
of diffusion and chemical reactions in order to study the importance of diffusion for
the effective rate constant of bimolecular reactions. In the next chapter we study a
generalization of transition-state theory to reactions in a solution. The average effect
of the solvent on the reaction is studied in a mean-field approximation, where the
influence of all dynamical fluctuations has been averaged out. In the last chapter
we study a model that includes the dynamical fluctuations. It is a model originally
proposed by Kramers, and since it is based on stochastic dynamics, as opposed to
deterministic dynamics, we include a discussion of random processes as represented
by the Langevin equation and the Fokker—Planck equation to provide a basis for
understanding Kramers theory.

9.1 Solvation, the Onsager model

When a molecule is placed in a solvent, the interaction between the molecule (the
solute) and the solvent can, roughly, be divided into long-range effects and short-range
effects, that is, effects related to the first few ‘solvation shells’.

In an exact representation of the interaction between a solute and a solvent, i.e.,
solvation, the solvent molecules must be explicitly taken into account. That is, the
solvent is described on a microscopic level, where the individual solvent molecules are
considered explicitly. The interaction potential between solvent molecules and between
solvent molecules and the solute can, in principle, be found by solving the electronic
Schrédinger equation for a system consisting of all the involved molecules. Typically,
in practice, a more empirical approach is followed where the interaction potential is
described by parameterized energy functions. These potential energy functions (often
referred to as force fields) are typically parameterized as pairwise atom—atom interac-
tions.

Alternatively, as a first approximation, the solvent can be described on a macro-
scopic level, where the solvent is considered as a continuous medium, i.e., the molecular
structure of the solvent molecules is not considered. This description cannot, of course,
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describe specific short-range effects between the solute and nearby solvent molecules.
Within such a model, where the solvent is a continuous medium with dielectric con-
stant €., the potential energy of two particles with charges ¢; and ¢» separated by a
distance R is given by Coulombs law,

V(R) _ q1492

= = 2
dmeqegR (9-2)

where € is the vacuum permittivity and €, > 1, with ¢, = 1 in vacuum. The effect
of the solvent is accordingly to reduce the interaction between two charges, and for
solvents with high dielectric constants (polar solvents) the magnitude of the interaction
potential is strongly reduced compared to vacuum.

9.1.1 The Onsager model

When a collection of point charges, a molecule with a permanent dipole moment, or
any configuration of atoms corresponding to the transition states in chemical reactions
(in the following simply referred to as a ‘molecule’) is placed in a solvent described as
a polarizable continuous medium it will experience: (i) a lowering of its energy, i.e., a
net stabilization, and (ii) an increased dipole moment, depending on its polarizability.
This is described quantitatively within the so-called Onsager reaction-field model [1,2].

In a simplified molecular model, a net point charge is associated with each atom
in a molecule. The permanent dipole moment of the isolated molecule is denoted by
. The dipole moment associated with a set of n point charges is defined by

n= Z(Jﬂ"i (9:3)
i=1

where ¢; and r; are the charge and the position vector, respectively, of the point charge
i. The unit of a dipole is charge (Coulomb) times length, i.e., C X m.

The molecule is surrounded by the solvent described as a continuous medium with
dielectric constant €., and it is assumed that the molecule fills a spherical cavity of
radius a, which reflects the size of the molecule.

The physical picture is now as illustrated in Fig.9.1.1. The electric field associated
with the molecular dipole (u) polarizes the dielectric medium (i.e., the solvent). This
polarization of the solvent will give rise to an additional electric field (Egr) at the
molecular dipole (in addition to the field created by the isolated molecular dipole).
The field is called the reaction field of the dipole. The dipole and the field are parallel,
ie.,

Er = fp (9.4)
where the factor f will be specified below for two cases, one where the molecule is
non-polarizable and one where it is polarizable.

A non-polarizable dipole

It can be shown that the electric (reaction) field at the dipole, due to the solvent, is
given by [1,2]
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Fig. 9.1.1 The dipole moment p associated with two point charges inside a spherical cavity
of a dielectric medium. The induced polarization of the medium is illustrated with + and —.
The resulting electric field is Eg.

ER = f(av 67‘)”
1 2(e,— 1)
T dregad 26+ 1

(9.5)

Note that the unit of the electric field is V/m [V/m = J/(Cm) = (J7! C? m~! m?)~!
C m]. The interaction energy between the dipole and the field is given by

1 2(e,—1) 4

- 9.6
dmega’ 26, + 1 (9-6)

V;nt:_ll"ER:

From this expression, we observe that the energy stabilization depends on:
(i) the magnitude of the dipole moment (u?);

(i) the dielectric constant of the solvent (e, );

(iii) the radius of the molecule (cavity radius a).

The dependence on the dielectric constant is given by the factor 2(e, — 1)/(2¢, + 1),
which can take values in the interval between 0 (for ¢, = 1) and 1 (e.g., 0.98 for
e, = 78.5, the dielectric constant of water). Furthermore, a small value of a gives a
large stabilization. The magnitude of this radius can, e.g., be estimated from the mole-
cular volume obtained from the ratio between the molecular weight and the molecular
density.

Solvent effects for ions can be described by a similar continuum solvent model: the
so-called Born model. This model predicts a stabilization proportional to the square
of the charge, and inversely proportional to the size (radius) of the ion; that is, small
and highly charged ions are strongly stabilized in solution.

A polarizable dipole

From Fig.9.1.1, it is clear that the polarization of the solvent will tend to enhance
the electrical asymmetry of the molecule, i.e., enhance the molecular dipole moment.
The resulting dipole moment p* is then the permanent dipole plus an induced dipole
moment:
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p=p+abL (9.7)

where « is the polarizability of the molecule, and Ef is the reaction field of the
polarizable dipole. The polarizability measures, roughly speaking, how easy it is to
move the electrons of the molecule. Equation (9.4) now takes the form

Er = fu”
=fl—af) 'p (9.8)

where Eq. (9.7) was used in the last line. The factor f is defined in Eq.(9.5). The
resulting dipole moment is according to this equation related to the permanent dipole
by the relation

p=0-af)p (9.9)

The increase compared to the permanent dipole moment can be of the order of 20%
to 50%.

9.1.2 Quantum mechanical energy, potential energy surface

The description given above is purely classical, i.e., based on classical electrostatics.
In order to transcribe the result into quantum mechanics, we must first replace the
dipole moment of Eq. (9.3) with the dipole moment operator, which formally takes the
same form. The charges ¢; and position vectors r; are associated with the nuclei and
the electrons, respectively, of the molecular system.

We add the operator —u - ER to the total molecular Hamiltonian. According to
Eq. (3.1), the electronic Hamiltonian of the molecule in the field due to the solvent
is then H, — p - Er. The electronic Schrodinger equation is then solved using this
modified Hamiltonian. This leads to a self-consistent solution where the electronic
wave function and the electronic energy are modified due to the solvent field. Thus,
polarization of the molecular electronic density (as described approximately above) is
automatically included in this approach.

We can estimate the effect of the solvent within first-order perturbation theory.
The corrected energy takes the form

Ei(R) = Ei(R) + (i(r; R)| — p- Eg|vhi(r; R)))
= Ei(R') — f(i(r; R))|1?|¢i(r; R)) (9.10)

where E;(R/) is the electronic energy, v;(r; R') is the stationary electronic wave func-
tion of the isolated (gas-phase) molecule, and f = (4mega®)~12(e, —1)/(2¢,+ 1). Note
that the integration in the matrix element is over all coordinates (r) associated with
the electrons. Thus, the quantum mechanical expectation value of the (squared) dipole
moment will depend on the internuclear distances. The perturbation from the solvent
will accordingly introduce a modified potential energy surface. This will lead to a shift
of vibrational frequencies and barrier heights compared to the gas phase [3].

The order of magnitude of the energy correction is easy to estimate. Thus, with
a dipole moment equivalent to a unit (electron) charge separated by 1 angstrom, we
get p ~ 1.602 x 10712 x 1071° C m, and with f ~ (47ega®)™t and a ~ 3 x 10710 m
the energy correction is 8.5 x 10720 J = 0.5 eV ~ 50 kJ/mol. This number is similar
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to barrier heights in the gas phase and the energetics of solvation can clearly play an
essential role in condensed-phase reaction dynamics.

Since the development of the Onsager model, there have been a number of elab-
orations on the model [4,5]. For example, the spherical cavity has been replaced by
‘molecularly-shaped’ cavities. The state of the art within the field of solvent effects
described by continuum solvent models is now implemented in, e.g., the Gaussian
program package.

9.2 Diffusion and bimolecular reactions

In order for two reactants A and B to react in a bimolecular reaction, they need to
be brought in the vicinity of each other. When dispersed in a fluid, this happens by
diffusive motion, which is entirely different from the free motion in the gas phase. Once
an encounter between two reactants takes place, they will usually stay together much
longer than in a gas phase due to a ‘cage’ effect of the surrounding fluid molecules. This
allows for numerous exchanges of energy between reactants and fluid, and thereby for
activation and deactivation of the reaction complex. A complicated interplay between
diffusion rates and reaction rates may determine the overall reaction rate in a fluid. We
shall study an example of how diffusive motion and chemical reactions are combined
in a description of chemical reactions in solution.

9.2.1 Introduction, a macroscopic description

A simplified picture of the situation is often given by the reaction scheme

kD /
A+B — AB 3P

/

D

kp is determined by the diffusion of reactants toward each other and %k, is the rate
constant for the reverse process which implies that the reactants in the encounter
pair may diffuse away from each other without reaction. k/ denotes the reaction rate
constant for the pair. Assuming steady state with respect to AB leads to

di‘;‘B = kpCaCp — kpCap — k;Cap =0 (9.11)
S0
Cap — % (9.12)
and
% =k.COap = &%CACB = kCACB (9.13)

We note that the effective rate constant k£ is determined by both the diffusion rate
constant kp and the reaction rate constant k.. Let us consider two limits. If k7, < k.,
then the effective rate constant is seen to be k ~ kp, that is, the rate constant is
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determined by the rate of diffusion. This is often referred to as the diffusion-controlled
limit. When k, < k7, then

(9.14)

where K is the equilibrium constant for A + B = AB. The effective rate constant is
given as a product of the equilibrium constant K and the rate constant k.. This is
usually referred to as the activation-controlled limit, since the effective rate constant
is determined by the rate constant k.

9.2.2 Fick’s second law of diffusion and chemical reaction

After these qualitative considerations we will go on and study chemical reactions in
solution in more detail and determine the effective rate constant in terms of funda-
mental properties such as a diffusion constant D and the intrinsic bimolecular rate
constant k.

The equation we have to solve may be written as

8% = DV?Cp — k,CpChx (9.15)
when we neglect convection in the system. The left-hand side of the equation expresses
the local rate of change in the concentration of B. The first term on the right-hand
side of the equation expresses the contribution to the rate of change from diffusion
and the second term the contribution from the chemical reaction. The change in the
concentration of A may usually be found from a material balance equation. This is a
very complicated partial differential equation that is difficult to solve and that cannot
be solved analytically. For a qualitative understanding of the behavior of a system
with diffusion and chemical reactions it would, however, be useful if an approximate
analytical solution could be found. This is indeed possible, as shown in the following.
The idea is that, instead of solving the complete equation above, we solve the equation
with the diffusion term included but without the chemical reaction term. That term is
then introduced in the boundary condition. This gives equations that may be solved
analytically and the solution may help us to understand qualitative features of such a
system.

We consider the diffusive motion of a B molecule relative to an A molecule. In
order for a reaction to occur, the reactants must be brought close together by the
diffusive motion, that is, a B molecule must approach an A molecule. For the sake
of solving the differential equation used to describe this problem we need to specify
some distance R. between A and B at which reaction may take place. It is a necessary
condition for a reaction to occur that the molecules must get close to each other, say
at a distance R., but not a sufficient condition. Whether or not they will react is
determined by the reaction rate constant ks in a simple second-order reaction scheme
according to ksCg(R.,t) (it is second order because the concentration of A is one at
R. and therefore not seen explicitly in the expression). Cg(R,,t) is the concentration
of B at a distance R, from the A molecule. The diffusive motion of B is described by

Fick’s second law of diffusion: 50
a—tB = DV%Cp (9.16)
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We shall assume that our system is spherically symmetric; so with the nabla operator

in spherical coordinates, the diffusion equation may be written

oCg(r,t 0? 20
B(T7 ) D |:

ot
Here r denotes the distance of B from A. The equation is solved with the following
boundary conditions:
(i) for r < R.: Cg(r,0) = 0;
(ii) for r > R.: C(r,0) = Cp (the bulk concentration);
(iii) for t > 0: Cp(r — oo,t) = Cp;
(iv) Ig(Re,t) = 4nR%|Jp (R, t)| = 4rR2D(0Cg(r,t)/Or)r=r, = ksCp(R.,1).
In boundary condition (iv), Ig(R.,t) is the flow of B molecules across the surface of
a sphere with radius R, the distance between the reactants, where a reaction may
take place. This flow is expressed by the flux density, Jg(R.,t) (i.e., the number of
molecules per second that are passing through an area of one square meter), as given
by Fick’s first law
oCg(r,t
Jg(Re,t) = —D (ﬂ> (9.18)
or —R.
multiplied by the area of the sphere. The flow of B is set equal to the rate by which B
molecules disappear in the chemical reaction. The condition expresses a steady state at
all times at » = R, between the diffusive influx of B and the rate by which B molecules
disappear by the chemical reaction. The boundary conditions are summarized in the
sketch in Fig.9.2.1.
Equation (9.17) is solved by a Laplace transformation. In chemical kinetics and dif-
fusion, the problems may often be formulated in terms of partial differential equations
CB(V)

A

Col- — — — — —

7

Fig. 9.2.1 Sketch of boundary conditions (i), (ii), and (iii) at infinite time. The concentration
profile at time ¢ ~ oo is a sketch of the solution when every encounter at r = R. leads to
reaction.
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that are first order with respect to time and second order with respect to position co-
ordinates. In order to solve the problem we seek a solution to the differential equation
for given initial and boundary conditions. The Laplace transformation technique is
often used in solving these differential equations. One transforms the original function
in time and coordinates F'(r,t) to a Laplace transformed function F (r,s) in frequency
s and coordinates r, by

F(r,s) = /0 h dtF (r,t) exp(—st) (9.19)

The idea of using this technique is that we may transform the partial differential
equation in both time and coordinates into an ordinary differential equation in just
the coordinates, which is usually easier to solve. The elimination of the derivative with
respect to time dc/dt is easily seen by partial integration:

/00 dt(de(t)/dt) exp(—st) =
0 (9.20)

lexp(—st)c]y” + 8/000 dte(t) exp(—st) = sé(s) — ¢(0)

When we have found a solution for the Laplace transformed function, then we need to
make an inverse transformation to find the solution in terms of time and coordinates.
There are elegant techniques for doing this based on the theory of complex functions,
but often these are not necessary since there exist extensive tables in mathematical
handbooks of functions and their Laplace transformed functions. Only in cases where
the relevant functions have not been tabulated will it be necessary to carry out the
inverse transformation using these techniques.
Taking the Laplace transform of Eq. (9.17) gives

2 2 ~

% + - %] Cg(r,s) (9.21)

This is a standard second-order differential equation with the solution

Cg(r,s) 1 A B
— =4 = D)+ — — D .22
Cn(r.0) 3 + . exp(ry/s/D) + . exp(—ry/s/D) (9.22)
which may easily be checked by substitution into the differential equation.

Boundary condition (iii) requires that A = 0. The Laplace transform of boundary
condition (iv) is

sCg(r,s) — Cp(r,0) = D {

K C(Re,s) = AnR2D (aclg—“s)) (9.23)
r=R.

This may be used to determine B. We find after some lengthy but straightforward
manipulations that

R, ks

B=—— exp(Rer/s/D
S Tt dnRD 1 dnReysp S HeVs/D)

_ 1 R ks (ks + 47R.D)/(47R>v/D) . -
= 5 (ks + 47R.D) (k, + 47R.D)/ (47 R2VD) + /5 p(Re\/s/D)  (9.24)
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so the Laplace transformation of the concentration is given by

R, ks (ks +47R.D) /(47 R%V/D)

r Ohe T ATRD) s((ky + 47 RoD)/Un RV D) +/3) 0L T VD)

9.25)

1
s

where we have used boundary condition (ii).

We shall now determine the inverse Laplace transform of this function to find the
concentration of B at time ¢. In tables of Laplace transforms the following pair has
been found: . a

F(s) = —— —b 9.26
(5) = S ep(=hVA) (9.26)

with the inverse given by
F(t) = erfe(b/(2v/t)) — exp(ab) exp(a’t)erfc(avt + b/(2v/1)) (9.27)

where erfc denotes the error function complement, which is defined by the error func-
tion, erf, according to

erfe(z) = 1 —erf(x

)
-2 2 exp(—22
=1 ﬁ/o dz exp(—z%) (9.28)

The Laplace transform 13‘(5) is seen to have exactly the same form as the second term
in Eq. (9.25) with
b= (r—R.)/VD (9.29)

and
a = (ks + 47R.D)/ (47 R>v/D) (9.30)

so the solution may be written

R, ks r— R,
Ca(r1)/Ce v ks + ATR.D {er ¢ ( @)
o (ks +47R.D)(r — R,) N (ks + 4mR.D)?
P ATR2D (4rR2v/D)?

« orfe (7“ — R, N ks + 47TRCD\/E>}
V4Dt 47nR2VD

(9.31)

where we have used that the inverse transform of 1/s is 1, as easily shown or found in
the tables.

The time evolution of the concentration is illustrated in Fig. 9.2.2, using a diffusion

constant that is typical for diffusional motion in liquid water. The curve at t = 25 ns

is very close to being stationary, consistent with the steady-state boundary condition

(iv).
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Fig. 9.2.2 Concentration profiles according to Eq.(9.31). The diffusion constant is
D=10""m?s" !, R.=5 A (see Example 9.2), and 47 R.D/ks = 2.

The rate of reaction may then be expressed in terms of the flow Ig(R.,t) of B
across a sphere of radius R, around A using boundary condition (iv):

_dCa

7 = IB(RC,t)CA = kSCB(RC,t)CA = k(t)OACB (9.32)

which defines an effective rate constant k(t) that may be a function of time. After a
little algebra using Eq. (9.31), we find the following expression for the rate constant:

47 R, Dk, k, (ks + 47 R.D)? ky + 47R.D
k(t) = 1 t fc| ——————Vt
O = & ¥ arr.D [ " mRr.D P < @rrevDye )\ arrevD Vi

(9.33)
It is seen that the effective rate constant depends on the diffusion constant D and
the intrinsic rate constant ks in a rather complicated way, and that it is a function of
time. The time dependence is a consequence of the transient approach to stationarity
of the concentration profile of B (see Fig.9.2.2). At stationarity, the rate constant is
independent of time, which is also seen from the asymptotic expansion

lim /7zexp(z?)erfc(z) =1+ --- (9.34)

Z—00

Thus, for ¢t — oo we obtain the steady-state limit for the effective rate constant:

4w R.Dkg
k(t =k=———- .
(= oc) ks 1 4nR.D (9-35)
The relation for £ is often written as
1 1 1
=1 (9.36)
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For the case where ks — oo, which means that every physical encounter at R, leads
to a reaction, we find
lim k=4nR.D = kp (9.37)
ks—o00

which is the rate constant in the diffusion-controlled limit, where the diffusion con-
stant determines the overall rate of the reaction. This relation identifies kp of the
simplified picture in Eq.(9.13) with 4w R.D. Diffusion-controlled reactions typically
include recombination reactions of atoms and radicals that have small, zero, or even
negative activation energies. For example, for the association/recombination reaction
of iodine atoms in hexane at 298 K, I +1 — Iy, the rate constant is found to be
1.3 x 107 m® mol ™t s~ L.

In the activation-controlled limit where ks < kp, the rate constant is seen to be
ks, that is, the reaction rate is determined by the intrinsic rate constant alone. The
majority of chemical reactions in liquid solution are activation controlled.

Example 9.1: Diffusion and chemical reaction in an ideal gas

Here we estimate the relative magnitude of ks and kp in an ideal gas at various
pressures. An upper limit to ks, where it is assumed that every collision leads to
reaction, was given by Eq.(4.14), ks = o{(v), where o = 7d? is the reaction cross-
section and (v) = /8kpT/(um) is the average velocity at the temperature T'. The
diffusion constant is (from kinetic gas theory) given by D = (1/3)\(v), where A\ =
kgT/ (\/ﬁap) is the mean-free path of the molecule at the pressure p. That is,

ks o(v)
kp  4wR.D
3o
~ ATR
Rc

DY

where in the last line it was assumed that d ~ R.. Thus, as long as the mean-free
path is large compared to the internuclear distance where reaction takes place, R,
we are in the activation-controlled limit.

Consider, as an example, molecules at p = 1 atm and 7" = 298 K. Typically
d (~ R.) is 0.3 nm, which implies that A ~ 102 nm. Thus, at moderate—mnot
too high—pressures the mean-free path is several hundred times larger than the
molecular dimensions. Reactions in an ideal gas at standard conditions accordingly
take place such that ‘free flight’ prevails between the collisions. Diffusional motion
only plays a role at very high pressures.

Before closing, let us add a few comments about the diffusion constant D in the
equations above. For diffusion of solutes like A and B in a solvent, it is customary to
introduce diffusion constants Da and Dg such that the associated fluxes J) and Jj
are given relative to the flux of the solvent molecules. Since they are present in an
overwhelming quantity as compared to the solutes, this will be equivalent to a center-
of-mass reference frame, and if the system is stationary, to a laboratory reference
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frame. In this calculation we have used another reference frame in which the flux of B
is measured relative to the flux of A, so we need to find a relation between D and the
ordinary diffusion constants D and Dp as they may be found in tables. We write

Jy = —DaAVC
A ATa (9.38)
Jp = —-DpVCp
so the flux of B relative to the flux of A is given by
Jg = J]/3 — Jg = —DgVC(Cg + DAVCy (9.39)

The gradients are not independent but coupled through the Gibbs—Duhem equation
CaViua +CsVup + CyVi, =0 (9.40)

Here C, is the concentration of the solvent and p; is the chemical potential of com-
ponent i. For the solvent we have that Vu,, ~ 0, so

CaVupr = —-CsVugp (9.41)
and with
wi = i + RTIn(C;/C?) (9.42)
we find that
VCp = —-VCg (9.43)

Substitution into Eq. (9.39) gives
Jg = —(Da + Dp)VCp (9.44)
and a comparison with Eq. (9.18) finally shows that
D=Ds+Dp (9.45)

Example 9.2: Diffusion and chemical reaction in liquid water

In the diffusion-controlled limit we found that k¥ = kp = 4w R.D, so from the
diffusion constant D and a reasonable estimate of R, it is possible to determine
the order of magnitude of kp. In Table 9.1, we have listed the diffusion constants
for a series of ions and molecules in water at room temperature. It is seen that

Table 9.1 Diffusion constants in water at 298 K.

Substance D m?s~! Substance D m?s!

HT 9.1 x107° Glycin ~ 1.06 x 107°
Lit 1.0 x 107  Dextrose  0.67 x 107°
Nat 1.3 x 107° Sucrose  0.52 x 107°
OH~ 52x107°  Methanol 1.58 x 107°

Cl- 2.0x107° Ethanol  1.24 x 107°
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typical values of D are 1078-107'° m? s—!. When the distance between reactants
is small enough and equal to R., then a reaction may occur as it was assumed
in the derivation given above. A reasonable estimate of that distance would be
that R. ~ 5.0 x 107! m, so with a diffusion constant D ~ 1072 m? s~! we find
kp = 41 x 5.0 x 1071° x 1079 m? molecule ™ s7', and after multiplication by
Avogadros number N4 = 6.023 x 102® we find kp ~ 10107 m3 mol ! s~*. Note
that £ = kp = 4nR.D is the upper limit for the magnitude of a rate constant
associated with a bimolecular reaction in solution.

Thus, from the discussion of the rate constant in Eq.(9.35), we have in water
the following conditions:

o ky < 10% m3 mol™! s, the reaction will be activation controlled;
e ks> 107 m3 mol ! s™!, the reaction will be diffusion controlled.

An example of a diffusion-controlled reaction is the acid-base reaction Ht +
OH™ — H0. The experimentally determined rate constant at 298 K is 1.4 x
10® m® mol™* s~!, which is very large even for a diffusion-controlled reaction. Al-
though, as observed from the table, the diffusion constants for the ions are large,
kp = 4nR.D = 5.4 x 107 m? mol ™! g1 assuming R. = 5.0 x 107° m. Thus,
the predicted value is about a factor of two smaller than the experimentally ob-
served value. This suggests, not surprisingly, that a modified treatment of diffusion
is required for reactions involving ions (see the following subsection and Problem
9.2).

The diffusion constant D; of a particle in a solvent is related to the viscosity of
the solvent by the Stokes—FEinstein relation known from hydrodynamics:
kT
D; = ) (9.46)
where 7 is the viscosity, R; the hydrodynamic radius of the diffusing particle, and
np, is a numerical constant. The equation was derived for a continuum solvent (that
is, R; > radius of the solvent molecules), in which case nj;, = 6. The validity of the
equation for molecular diffusion is somewhat questionable; in spite of this it is also
used for this case but with a change of the numerical constant n;, from 6 to 4. When
we apply the equation to our case, we find the following relation between D and the
viscosity of the solvent:

p= el [ L, ] (9.47)

= -

npn [ Ra  Rp

There is rarely much information available on either the hydrodynamic radius of

a species and the encounter radius R.. It is often assumed that R. = Ra + Rp, and if

Ra and Rp are also approximately equal, Eqs (9.37) and (9.47) may be combined to
give a simple expression for the rate constant:

16kpT  4kpT

nh77~ n

where we have used n;, = 4. This shows that the rate constant in the diffusion-
controlled limit is given as a function of the viscosity and the temperature of the

kp =

(9.48)
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solvent, and is independent of the properties of the reactants. The viscosity of water
at 298 K is n = 0.8904 x 1073 kg m~! s71, so for water at 298 K the rate constant
will be kp = 1.1 x 107 m® mol ™! s~', in rough agreement with the result in Example
9.2.

9.2.3 Stochastic description of diffusion and chemical reaction

In this section, we will describe the results of the previous section within a probabilistic
framework based on stochastic dynamics [8,9]. Furthermore, the discussion will be
extended to the diffusion of particles with an interaction potential U(r) depending on
the distance r between the particles. An example will be the electrostatic potential
associated with the interaction of ions.

Diffusion can be considered as a stochastic or random process and described by
the so-called Fokker—Planck equation adapted to Brownian motion. This equation is
also known as the Smoluchowski equation. We consider the description of stochastic
processes and Brownian motion in more detail in Section 11.1 and Appendix H.

The Fokker—Planck equation, Eq. (H.24), describing one-dimensional diffusive mo-
tion in a potential U(z) in terms of the probability P(x,t)dz of finding a particle at
the position [z, 2 + dx], is

OP(x,t) _ ,0*P(x,t) D 9 (a_UP(m,t)>

ot D2 kpT dx \ 0z
0 OP(x,t) oU P(x,t)
T oz <_D or Doz knT
o
=5 (@) (9.49)

In the second line, the equation is written in the form of a continuity equation that, for-
mally, is identical to the continuity equations in quantum mechanics, Eq. (4.106), and
in classical statistical mechanics, Eq. (5.17). The probability flux density is identified
as

OP(x,t) 8_UP(x,t)> (9.50)

J(z,t) = =D ( ox + ox kT

The first term is equivalent to the flux due to concentration gradients (i.e., Fick’s first
law) and the second term represents the flux due to gradients in the potential.

Equation (9.49) can be generalized to spherically-symmetric diffusion in three di-
mensions, and the probability of finding the AB pair at the distance [r,r + dr| is
P(r,t)dr, and is given by

OP(r,t) 92 290 D [0 [oU 20U
Eramie D [87“2 + r@r] P(r,t) + T [87" (37“ P(r,t)) + T P(T’,t):| (9.51)

Note that, if the potential U(r) is independent of r, then the second term disappears,
and the equation becomes equivalent to Fick’s second law in Eq. (9.17) (furthermore,
the two terms containing 2/r are absent in the one-dimensional description).

Equation (9.51) is solved with the initial condition (replacing boundary condition
(ii) in Section 9.2.2)
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P(r,t =0) = Cexp(=U(r)/kpT) (9.52)

which is the probability density, irrespective of the momentum, of finding the AB pair
at distance r according to the equilibrium Boltzmann distribution (C' is a normaliza-
tion constant). The boundary condition at r = R, replacing (iv) above, is

OP(r,t) OU P(r,t)
2 - =
47TRCD< . + kT ), n ksP(R.,t) (9.53)

following Eq. (9.50).

For U(r) = 0, the equations are mathematically equivalent to the equations in
Section 9.2.2, and Eq. (9.33) is the exact solution for k(t). For U(r) # 0, it can be
shown [8] that an approximate expression for the time-dependent rate constant is
given by Eq. (9.33), provided R, is replaced by R, where the effective radius is given
by

o0
1R = / QU /kBT =2, (9.54)
R

c

Note that for U(r) = 0, R = R...
When U(r) # 0, the approximate expression for k(t) behaves correctly at ¢t — oo,
and the diffusion-controlled rate constant becomes

kp = 4rRED (9.55)

i.e., the same form as in Eq. (9.37).
For reactions involving ions, it is relevant to consider a Coulomb potential, Eq. (9.2).
The integral in Eq. (9.54) is easily evaluated (using the substitution = 1/r) and

Re® = R.(V(R.)/kpT)[exp(V(R.)/kpT) — 1]7* (9.56)

where V(R.) = qagp/(4meeoR.) is the Coulomb potential evaluated at R = R, and
ga = zae and g = zpe. For ions of opposite charge, RST > R., and the charges give
rise to an increased value of the diffusion-controlled rate constant.

The Coulomb potential describes the interaction between two isolated charged
particles, i.e., ions. At finite concentrations, a better description is obtained using the
so-called (Debye—Hiickel) screened or shielded Coulomb potential.
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[1] L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936)

[2] C.J.F. Bottcher, Theory of electric polarisation (Elsevier, Amsterdam, 1952) Chap-
ter 3

[3] M.W. Wong and K.B. Wiberg, J. Chem. Phys. 95, 8991 (1991)

[4] J. Tomasi and M. Persico, Chem. Rev. 94, 2027 (1994)

[5] M. Cossi, G. Scalmani, N. Rega, and V. Barone, J. Chem. Phys. 117, 43 (2002)
[6] F.C. Collins and G.E. Kimball, J. Colloid. Sci. 4, 425 (1949)

[7] R.M. Noyes, Prog. Reaction Kinetics 1, 129 (1961)
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[8] A. Szabo, J. Phys. Chem. 93, 6929 (1989)
[9] B. Cohen, D. Huppert, and N. Agmon, J. Phys. Chem. 105, 7165 (2001)

Problems

9.1 Show that the function in Eq. (9.52) is a stationary solution to Eq. (9.51), i.e., it
satisfies the equation for OP(r,t)/0t = 0.

9.2 Calculate the diffusion-controlled rate constant for HY + OH™ — H,O at T =
298 K, using Eqgs (9.55) and (9.56), and relevant data from Example 9.2.
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Static solvent effects,
transition-state theory

Key ideas and results

In this chapter we consider static solvent effects on the rate constant for chemical
reactions in solution. The static equilibrium structure of the solvent will modify
the potential energy surface for the chemical reaction. This effect can be analyzed
within the framework of transition-state theory. The results are as follows.

e The rate constant can be expressed in terms of the potential of mean force at the
activated complex. This potential may, e.g., be defined such that the gradient of
the potential gives the average force on an atom in the activated complex due to
the solvent molecules, Boltzmann averaged over all configurations.

e A relation between the rate constants in the gas phase and in solution can be
derived. The effect can, approximately, be expressed in a form where the relation
between the rate constants in the gas phase and in solution is given in terms of
the potential of mean force at the transition state.

We shall begin our studies of the transition-state theory for reactions in solution by
considering the influence of the static structure of the solvent on the rate constant for
a reaction. This corresponds to an evaluation of the average effect of the solvent on the
rate constants; that is, we consider all possible configurations of the solvent molecules
around the reactants and the activated complex, determine the effect on them for each
particular solvent molecule configuration, and evaluate the overall effect as a statistical
weighted sum of the particular effects. This approach is therefore often referred to as
a mean field determination of the solvent effect, since the influence of spontaneous
fluctuations in solvent molecule positions and velocities is neglected. The effect of
these will be considered in the next chapter using stochastic dynamics for the effect
of solvents on the rate constants.

The basic expressions for the rate constant within a fully classical version of con-
ventional transition-state theory were derived in Chapter 5. According to Eq. (5.53),
we may write

ksT :
krsr(T) = BTV”—lg— (10.1)
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where Q% and Q, are the partition functions of the activated complex and the reac-
tants, respectively, including the surrounding solvent molecules, and where v = 1 for a
unimolecular reaction and v = 2 for a bimolecular reaction. Before we go into the more
detailed atomic-level description of solvent effects, let us briefly consider the thermo-
dynamic formulation of Eq. (10.1). We showed in Section 6.6 that in the gas phase
the transition-state theory rate constant given in terms of molecular partition func-
tions can be transcribed into a thermodynamic formulation. In a condensed phase, we
can again transcribe the basic expression for the rate constant into a thermodynamic
formulation. To that end, we note that the Helmholtz (free) energy is related to the
canonical partition function according to [1] A = —kpT In Q, where Q here is the parti-
tion function of N interacting molecules. We define the Helmholtz energy of activation,
say for a unimolecular reaction A — product, as AAe = At —Ap = —kpTIn(Q%/Q4),
and Eq. (10.1) takes the form

T
eXp(—AAie/kBT)

T
_ ’“i exp(ASE k) exp(~AES [kpT) (10.2)

krst(T) =

From this equation originates the statement that the rate constant is determined by
the free energy of activation. Furthermore, as also discussed in Section 6.6, the pre-
exponential factor in front of the activation energy AEe is related to the entropy of
activation. For reactions in solution, it is important to notlce that the values of AAY,
ASi , and AE;t are determined by the activated complex and the reactant as well as
by the surrounding solvent molecules.

The interaction potential between solvent molecules and between solvent and solute
molecules may, in principle, be found by solving the electronic Schrédinger equation,
Eq. (3.1), for the solute/solvent system. Thus, the electronic energy (the potential for
the nuclear motion) is, for a system with N nuclei, a function of the position vectors
of each nucleus, i.e., Un(7r1,72,...,7xN). Note that if the whole system is invariant to
translation and rotation, the electronic energy can be expressed in terms of internuclear
distances, rj; = |r; — r;|. With the exception of the case of a few solvent molecules,
this approach is, however, not feasible because of the complexity of such calculations.

In practice, empirical or semi-empirical interaction potentials are used. These po-
tential energy functions are often parameterized as pairwise additive atom—atom inter-
actions, i.e., Un(r1,72,...,7n) = >, ; u(ry;), where the sum runs over all atom-atom
distances. An all-atom model usually requires a substantial amount of computation.
This may be reduced by estimating the electronic energy via a continuum solvation
model like the Onsager reaction-field model, discussed in Section 9.1.

10.1 An introduction to the potential of mean force

In this section, we will give a short introduction to some important results of this
chapter, in particular, to the concept of a potential of mean force.

For any given reaction, the rate constant according to transition-state theory (TST)
is given by the average flux across the transition state (TS) from reactants to products.
Denoting the reaction coordinate by ¢; and the TS by ¢*, and asserting (arbitrarily)
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that the reactants are ‘to the left’ of the TS (¢1 < ¢*), the TST rate constant can,
according to Eq. (5.49), be written in the form

_ et [ fe—HN/kBTg(ql —¢Nq10(q1)dry - -drydp: - dpn
f P f@(qi — ql) e_HN/kBTd'rl e drr-Ndpl PN de

where v = 1 for a unimolecular reaction and v = 2 for a bimolecular reaction, §(x) is
the Dirac delta function, and 6(zx) is the Heaviside step function.

To obtain a simplified expression for kg, it is convenient to make a coordinate
transformation to a set of coordinates that includes the reaction coordinate:

krst(T) (10.3)

(Tlv"'ervplv"'va) - ((ha' -5 43N, P1, - "7p3N) (104)

Such a transformation will typically be a transformation to normal-mode coordinates
around the TS for the activated complex leaving the solvent coordinates unchanged
(see Sections 10.2.1 and 10.2.2 for details). This implies that

dry---drydp, ---dpy = dqi - - - dgzndp: - - - dpsy (10.5)

and that the kinetic energy function remains of the same (diagonal) form, although
now with reduced masses. Hence, krsT can now be written

o 2
—p1/2pkeT PL
fo € 1 dpl
2
f€7p1/2/"41kBpo1

f5(q1 —qb) [f e fe_UN((Il71127~~~)/kBqu2 .. 'dQSN} dq
[0(gt—q) [[--- [emUnlanaz)/kaTdg, - . dgsn] dg

The first term in this expression, as we have seen several times in Chapters 5 and
6, is easily evaluated:

kpst(T) = VY1

(10.6)

o0 2
Jo~ et dpy kT (10.7)
fe—p?/kaBpol 27 iy ’
and is the average speed along the reaction coordinate.
With regard to the second term, the quantity P;(q1)dq;, where
1
Pi(q1) = E/"'/erN(ql’qQ“”)/kBTd%"'dQ3N (10.8)
and
In = /.../E_UN(‘Il,q2,~~)/kBqu1...dqu (10.9)

gives the probability of finding values of the reaction coordinate between ¢; and
¢1 + dg1. The dimension of P;(q1) is inverse length, and a dimensionless distribution
function and a potential w(q;) may be introduced according to

g1(q) = V3P (qr) = emwla)/FeT (10.10)

The physical significance of the potential w(q;) is easy to establish. We take the
logarithm of Eq. (10.10):
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_w(ql)/ijTzln {/.../e—UN(Q17(I2,..-)/]€Bqu2...quN} + const. (1011)

and take the derivative 9/0¢:

ow(qr) B f - _%%G_UN((Ih(Dw“)/kBquQ - dgsn
8q1 - f...fe*UN(q11q2;~~)/kBqu2...dq3N
— (~0UN/0a) (10.12)

that is, —0w(q1)/0q1 is the mean value of the force acting on the reaction coordinate,
averaged over all other coordinates. These coordinates include the position of all the
solvent molecules as well as all the configurations of the reacting molecules, with the
exception of the reaction coordinate. Thus, w(q;) is the potential that gives the mean
force acting on the reaction coordinate and w(qy) is referred to as a potential of mean
force.

With the definition in Eq. (10.10), the integrals over ¢a, . .., g3y in Eq. (10.6) equal
ZNV 13 exp[~w(q1)/kpT), and the TST rate constant can be expressed as [2,3]

kT e—w(qi)/k’BT

27 iy fz; e~wla)/keT dg,

krst(T) = Vv—1 (10.13)

Note that, in this expression, the square root has the dimension of speed and the
dimension of the integral in the denominator is length. Hence, the expression indeed
gives the correct unit for a unimolecular rate constant (where v = 1) as well as for a
bimolecular rate constant (where v = 2). Equation (10.13) gives an expression for the
intrinsic rate constant, ks of Section 9.2, in the activation-controlled limit.

The multidimensional integrals in the definition of the potential of mean force can
be evaluated directly using the Monte Carlo method (see Appendix I).

Example 10.1: Potential of mean force

Consider the Sy2 reaction
Cl~ + CH5Cl'! — CH3Cl+ CI'™

The dashed line in Fig. 10.1.1 shows, in the gas phase, a calculation at the Hartree—
Fock (HF) level with a 6-31G* basis set. The electronic energies correspond to a
minimum-energy path with a reaction coordinate defined as r. = rccr —rcci, where
7. = 0 corresponds to the activated complex (Cl---CHs---Cl')¥. The minimum-
energy path is optimized in C5, symmetry for fixed values of ..

In aqueous solution, the intermolecular interactions were assumed to be pairwise
additive and described by Lennard—Jones (12-6) potentials with added interactions
corresponding to point charges. The solid line in Fig. 10.1.1 shows the potential of
mean force w(r.) evaluated in a solution of 250 water molecules at T' = 25°C [4].

In solution, the pronounced ion—dipole complex is not observed and the overall
potential energy barrier is significantly higher. Note that this calculation agrees
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Fig. 10.1.1 Electronic energies in the gas phase (dashed curve) and the potential of mean
force in water (solid curve) as a function of the reaction coordinate r.. [Adapted from J.
Chandrasekhar, S.F. Smith, and W.L. Jorgensen, J. Am. Chem. Soc. 107, 154 (1985).]

with the schematic energy diagram in Fig.9.1. However, in order to facilitate the
comparison in Fig. 10.1.1, the curve corresponding to the aqueous solution has been
shifted in energy to the same asymptotic value as in the gas phase.

10.2 Transition-state theory and the potential of mean force

The purpose of this section is to give a detailed discussion of the material in Section
10.1, as well as to elaborate on the results. Equation (10.13) is a convenient expression
from a computational point of view, but the simplicity of the expression is at the cost
of ‘hiding’ the complexity of the terms involved, including physical insights concerning
solvent effects.

We will have a closer look at the coordinate transformations leading to Eq. (10.13)
from Eq. (10.3). Furthermore, we will consider some alternative forms of Eq. (10.13). In
Eq. (10.13), the potential of mean force is related to the average force on the reaction
coordinate. An alternative definition of the potential of mean force, which we will
consider, is related to the average force on the atoms of the activated complex exerted
by the solvent molecules.

The structure of the activated complex may be perturbed compared to the gas
phase when it is placed in a solvent. We derive an exact expression for the static
solvent effect on the rate constant and an exact expression for the relation between the
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solution and gas-phase rate constants. Then, assuming that the activated complex is
not perturbed by the solvent, we show that the exact expression for the rate constant
in solution simplifies to the well-known gas-phase result in the absence of solvent
molecules. Furthermore, when the internal degrees of freedom of the reactants are
neglected, the solvent effect on the rate constant is given by the simple expression in
Eq. (10.57), where the relation between the rate constant ks in solution and the rate
constant k, in the gas phase is given in terms of the potential of mean force. This
is, however, an approximation and only valid for atomic reactants A and B with no
internal degrees of freedom, but can still be used for molecules with internal degrees
of freedom as a crude estimate.

We consider in the following a bimolecular reaction, and the starting point for the
evaluation of the solvent effects on the reaction is the situation where the reactants
A and B have been brought together by diffusion in the same solvent ‘cage’. We then
consider the reaction

A + B = AB* — products (10.14)

just like in the gas phase. The Hamiltonian H for a system of reactants A and B and
solvent molecules may in general be written as

Hy = Ha(pa,qa) + He(pB, ¢B) + Hoo1 (P, R) + Vint(¢a, ¢B, R)

=Ta(pa) +Va(ga) + Ts(pB) + VB(¢B) + Tsol (P) + Viol(R) + Vint(¢a, ¢, R)
(10.15)

Here Ha and Hp are the Hamiltonians of the isolated reactant molecules, Hg, is the
Hamiltonian of the pure solvent, and V;, is the interaction energy between reactants
and between reactant and solvent molecules, i.e., it contains the solute—solute as well as
the solute-solvent interactions. ga and gg are the (for example, Cartesian) coordinates
of the atoms in reactant molecules A and B, respectively, and pp and pp are the
conjugated momenta. If there are na atoms in molecule A and ng atoms in molecule B,
then there will be, respectively, 3n coordinates ga and 3np coordinates gg. Similarly,
R are the coordinates for the solvent molecules and P are the conjugated momenta.
In the second line of the equation, we have partitioned the Hamiltonians H; into a
kinetic energy part T; and a potential energy part V.

The Hamiltonian of Eq.(10.15) is, of course, valid for any configuration of the
system, and also when an activated complex AB* is formed and the identity of the
reactants is lost. It will then be natural to restructure the terms in Eq. (10.15), so the
Hamiltonian will be a sum of a Hamiltonian for the activated complex, a Hamiltonian
for the solvent, and an interaction energy term between the activated complex and
the solvent:

H]iv = HiB(pi, qi) + Hsol(Pa R) + Viit(qi, R)
= Tis (") + Vi (gh) + Tea(P) + Vial(R) + Vi (¢F, R) (10.16)

Here ¢* are the coordinates of the atoms in the activated complex and p' are the
conjugated momenta. There will be a total of 3n = 3n+3np coordinates ¢*. ViB is the

intramolecular gas-phase potential and Vlflt describes the solute—solvent interaction.
The potential energy terms are illustrated in Fig. 10.2.1.
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Fig. 10.2.1 Reactants A and B in a solvent ‘cage’. VAIB is the intramolecular gas-phase
potential of the activated complex. Vio is the intermolecular potential of the pure solvent. V.f.t
is the intermolecular potential that describes the interaction between the activated complex
and all the solvent molecules.

In a system with many degrees of freedom there may be several activated complexes
depending on the constraints imposed on the degrees of freedom. As an example, look
at the energy plot for the Ho + H system in Fig.3.1.3. The energy of the activated
complex at the saddle point of the potential energy surface depends on the angle of
approach of the H atom with respect to the Ho bond. So here and in the following we
always refer to the activated complex with the lowest energy, that is, to the complex
with all degrees of freedom relaxed except for the reaction coordinate qf to give the
activated complex with the lowest energy.

According to Eq. (10.3), we can now write the rate constant in the form

[ dq*dp*dR exp(—(H}y + Vol + Vb ) /kBT)d(ai — ¢*) 41 0(d3)
fReact dqdpf dR exp(_(HA + HB + ‘/;ol + V;nt)/kBT)

krst = (10.17)

where we have integrated over all solvent momenta P. The integration in the denom-
inator is over all configurations associated with the reactant space. As emphasized
previously, the reaction coordinate q% is, in general, a superposition of the absolute
Cartesian position coordinates for the atoms of the activated complex. We consider in
the following the identification of the reaction coordinate.

10.2.1 Solvent-perturbed activated complex

The structure of the activated complex may or may not be perturbed when it is placed
in a solvent, depending on the relative strength of the complex—solvent interactions
and the intramolecular interactions. Typically, when stable molecules are placed in an
external field used to probe some molecular property, it is assumed that the molecular
structure is not perturbed. This is often justified, but whether or not that is the
case here is more difficult to decide since at least one intramolecular mode becomes
soft compared to what it is in a stable molecule, namely the mode associated with
the reaction coordinate. This is illustrated in Fig. 10.2.2. In Fig.10.2.2(a) we see an
activated complex consisting of two groups G1 and G2 separated by a bond, which
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Fig. 10.2.2 Activated complex consisting of two groups G1 and G2 surrounded by solvent
molecules (filled circles). The two groups are connected by a bond (shown here as a dashed
line), which is the reaction coordinate. (a) The activated complex in a solvent with config-
uration Ri. (b) Another solvent configuration Re with an unperturbed activated complex
identical to the one in (a). (c) Same solvent configuration as in (b) but with a perturbed
activated complex.

is the reaction coordinate. The complex has been immersed in a solvent with a given
configuration of the solvent molecules, referred to as configuration R;. A different
solvent configuration Ry is shown in Fig. 10.2.2(b), where the structure of the activated
complex is identical to the one in Fig.10.2.2(a), and in Fig. 10.2.2(c) with a different
structure of the activated complex. These are the two cases that may occur: one where
the structure remains unperturbed by the solvent and one where it is perturbed.

It will therefore be natural to first derive a general expression for the rate constant
that includes the possibility that the structure of the activated complex is different
from the structure in the gas phase, and then specialize this result to the case where
it is assumed that the structure will not be perturbed. We will see that the general
result does not allow us to extract a simple physical picture of the solvent effect on the
rate constant, whereas more insight may be obtained with the simplifying assumption
that the structure of the complex is not perturbed.

The gas-phase potential energy surface for the complex, VAB (¢%), is perturbed by
the interaction potential, V1 (¢*, R), when the complex is placed in the solvent. This
means that both the position of the saddle point on the potential energy surface for
the complex and the shape of the potential energy surface around the saddle point
may differ from that in the gas phase and depend on the particular configuration R of



Transition-state theory and the potential of mean force 249

the solvent molecules around the complex. For a given configuration R of the solvent,
we determine the coordinates, S*(R), of the saddle point associated with the lowest

energy of the total potential energy surface ViB’Sol(qi, R), where
Vip ol (@' B) = Vip(d") + Vi (a*, ) (10.18)

They will in general be a function of the solvent configuration, as indicated and illus-

trated in Fig. 10.2.3.
VAiB,sol(qi,R) is expanded around the saddle point S*(R) to second order in the

displacement coordinates
Aqf =g; — S{(R) (10.19)

and the harmonic approximation to the potential surface around the saddle point will
be

Viiom (AgH, SH(R), R) = Vi 0 (SH(R), R)
AB sol q R) T 1
+t3 — Ag} Agh
ZZ ( 04 0a; )Ws% ’
= Vip (ST (R). B) + 3 LSS 6l agiag (10.20)
i g

The standard procedure for introducing normal-mode coordinates (see Appendix E)
is followed and we define a set of mass-weighted displacement coordinates 77;t :

= VmiAg) (10.21)
In these coordinates, the potential has the form
Vit (', S'(R), R) = Viip (o (S*(R), R Z Z Flnin]
1
= Vip i (S'(R). R) + 5n'" ! (10.22)
(a) (b)
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Fig. 10.2.3 (a) Potential energy surface for a chemical reaction in solution with solvent
configuration R1. (b) Potential energy surface for a chemical reaction in solution with another

solvent configuration Ra.
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where Fé = qﬁfj/ (y/mym;) is the mass-weighted force constant matrix. The normal-

mode coordinates Q* are introduced by the linear transformation of the mass-weighted
displacement coordinates:

n' = L*(R)Q' (10.23)

where L*(R) is a 3n x 3n matrix that depends on the solvent configuration R. The
potential energy can then be written as

W (@151 (R), B) = Vg 1 (81 (R). B) + 5 QT [L! (R)" F'LY(R)}Q!

= Vig.w(SH(R). R)+ EQITQI(R)Qi
= Vg (51 Zw QF (10.24)

The L¥(R) matrix is chosen such that the matrix L* (R)T F*L*(R) = Q*(R) is diagonal
with elements w?. The eigenvectors of F* are arranged as columns in the L*(R)
matrix. It should also be noticed that VAB w1 (S*(R), R) can no longer be written as
a sum of an intramolecular (gas-phase polcential) and an intermolecular part as in
Eq. (10.18), because the harmonic expansion of the potential around the saddle point
is based on the total potential energy surface and not just on the intramolecular
part. By combining Eqs (10.19), (10.21), and (10.23) we see that the absolute position
coordinates of the atoms in the activated complex around the saddle point of the total
potential energy surface can be written as

3n

= SH(R) + Aqgf = SH(R) + \/% S LL(R)Q! (10.25)

Jj=1

in terms of the normal coordinates Q* and the position of the saddle point S*(R).

The salient feature of the normal coordinate description is that there is no coupling
between the various normal modes, so the Hamiltonian can be written as a sum of
Hamiltonians for each normal mode. The reaction coordinate is defined, like in gas-
phase transition-state theory, as the normal mode for which the associated frequency
is imaginary. The Hamiltonian for the activated complex may be written as

HiB,sol(P:t?Qi? ) = Ti (Pi) + ‘/hialrm(CQi Si(R)7R)
- ngans(Plia Q ) =+ H1intra(Pi Qi )

P2

1
= —+— 11Q12+Z P4 Vip . (ST(R),R)

(10.26)

where we have pulled out the Hamiltonian for the reaction coordinate in the second
line of the equation and written the explicit expressions for the Hamiltonians in the
following lines. The terms on the right-hand side of the equation will be discussed in
detail in the following.
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The motion in the reaction coordinate Q% is, like in gas-phase transition-state
theory, described as a free translational motion in a very narrow range of the reaction
coordinate at the transition state, that is, for Q% = 0; hence the subscript ‘trans’ on
the Hamiltonian. The potential may be considered to be constant and with zero slope
in the direction of the reaction coordinate (that is, zero force in that direction) at
the transition state. The central assumption in the theory is now that the flow about
the transition state is given solely by the free motion at the transition state with no
recrossings. So when we associate a free translational motion with that coordinate,
it does not mean that the interaction potential energy is independent of the reaction
coordinate, but rather that it has been set to its value at the transition state, Qj{ =0,

because we only consider the motion at that point. The Hamiltonian H__ accordingly
only depends on Pft , as for a free translational motion, so
Py
H s = T (10.27)

with g1 being the reduced mass for that particular mode. It is equal to one when
mass-weighted coordinates are used, as shown in Appendix E. In spite of this, we have
chosen to include the reduced mass in this and the following expression for clarity.

The second term in the last line of Eq. (10.26) includes the contributions from the
other normal modes, Qi, Pt and may be written as

3n
S - 1
Hijiltra(Pi? in R) = Tiitra(Pi) + VgB,sol(Si(R)’ R) + 5 Zwisz
=2
= T’iitra(ﬁi) + ‘/i:rtltra,sol(Qi7 Si (R)7 R) (1028)

where we have used Eq.(10.24) and defined the term Vi, . (Q* S*(R),R) in the
second line of the equation. The only difference between that term and the
Vhi (QF, S* R) term in Eq. (10.24) is that we have pulled out the contribution from

arm ~ ~
the reaction coordinate in the former. The ~ on P* and QF implies all momenta and
coordinates except for Pli and Qj{ which are associated with the reaction coordinate.
Note also that the Vifltr&w] term includes both the intramolecular potential of the
complex and the complex—solvent interaction energy, and cannot be written as a sum
of an intramolecular and intermolecular part for the same reason as mentioned for the

term Vi . (S*(R), R) in Eq. (10.24).

We now return to the expression for the rate constant in Eq.(10.17). This was,
however, expressed in terms of the Cartesian coordinates p*, ¢! and not in terms of
the normal coordinates P*, Q% and the reaction coordinate Qf introduced above.

From the normal coordinate analysis in Appendix E, it is clear that the relation
between the volume elements in the two sets of coordinate systems is given by

dp*dgt = dP*dQ* (10.29)

The term H/i&B + Vlit in the argument of the exponential function in Eq. (10.17) may,

according to Eq. (10.16), be written as
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Hip0h,¢') + Vik (a5, R) = Tis (0') + Vig(dF) + Vi (¢, R)
—TiB<P*> Vi L (QF, 5Y(R), R)
= H}p (P*, Q" R) (10.30)

where we have introduced the normal coordinate expansion of the last two potential
energy terms following the derivations in Eqgs (10.18)-(10.24) and the conjugated mo-
menta P*¥. The last relation in the equation follows from Eq.(10.26). In Eq (10. 17)
we now introduce this relation and the normal-mode coordinates including q1 Q1

ff Qig PidpiindR exp( (HiB,sol + ‘/501)/kBT)
fReact dqdpf dR exp _(HA + HB + ‘/sol + V;nt)/kBT)

krst =V (10.31)

The integration over QI has been carried out, which implies that H* AB.sol 18 evaluated
at Q! = 0. From the Hamiltonian in Eq. (10. 27) we find, using Hamilton’s equations
of motion,

Qi _ O
At gpr
Pl
= — 10.32
H1 ( )
This is introduced into Eq. (10.31), and with Eqs (10.26) and (10.27) we get
TR 2 :
krsr =V m exp(—Py"/(2ukpT))dP;
o M (10.33)

JJ AP AQ AR exp(—(Hiyyy + Vio) /k5T)
fReact dqdpf dR eXp (HA + HB + ‘/sol + ‘/mt)/kBT)

Note that the integration over all positive Pl:t leading from the reactant part of phase
space to the product part comes from the assumption of no recrossing of the transition
state. Integration over all momenta Pl;t in the first line of Eq. (10.33) gives

/ u_l exp(—PF ) (2u1kpT))dP} = kpT (10.34)
0o M
When Eqs (10.15), (10.28), and (10.34) are introduced into Eq. (10.33), we may write

f dpi eXp( 1ntra/kBT)
fReact dp eXp(_(TA + TB)/kBT)
[ AQ AR D~ (Vi s + Veot) BT
fReact dq f dR exp(_(VA + VB + ‘/;ol + V;nt)/kBT)

krst = kgT'V

(10.35)

where we have pulled out the kinetic energy term Tlntra

The integrals over momenta may easily be evaluated since the kinetic energy terms

Ta and T are a sum of terms p?/(2m;). Likewise, T}, . is a sum of terms Pf2 /2, since
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the reduced masses for the normal modes are all equal to one. The total number of
degrees of freedom for the activated complex is 3n, and the ~ indicates that one degree

of freedom P} has already been considered. We then find
f dpi eXp( 1ntr1/kBT)
fReact dp eXp(_(TA + TB)/]CBT)
(VZrRgT) )
I W H3"b J2mmn, kaT

3ng
\ QﬂkBT [LZ5 mas szb1 V/MB,j
ma_; is the mass of atom 4 in molecule A and mp_; is the mass of atom j in molecule
B. We have then

0=

(10.36)

ff indR exp(_(v;ntra sol + V;Ol)/kBT)

k =kgTVQ
ot i fReact dqf dR exp(_(VA + VB + ‘/;01 + V;nt)/kBT)

(10.37)

This is an exact mean field expression for the rate constant when the reaction takes
place in a solution. The result incorporates the possibility that the structure of the
activated complex may be perturbed by the interaction with the solvent molecules.
The cost we must pay for the general validity of the expression is that we cannot
reduce the complicated integrals further, so the result is as such not very informative
and does not provide us with a simple physical picture of how the rate constant is
affected by the solvent.

The integrals in Eq. (10.37) are referred to as configuration integrals. Thus, the
denominator and the numerator are configurational integrals of, respectively, the re-
actants including the solvent and the activated complex including the solvent (with
the reaction coordinate fixed at Qf = 0). The unit of krgr is m® s~! and this is con-
sistent with the expression in Eq. (10.37). The unit of the kgT'V factor is J m®, the
unit of the Q factor is J/2 kg=*"/2, and the unit of the last factor is kg®"~1/2 m~1
Put together, the unit is J1/2 kg™*/? m? = m3 s~ 1.

10.2.2 Unperturbed activated complex
When we introduce the simplifying assumption that the structure of the activated
complex will not be perturbed when exposed to the solvent molecules, then it is pos-
sible to reduce the integrals and obtain more physical insight into the effect of the
solvent. The transition-state coordinates S* are obtained from the gas-phase potential
Vis(gh) alone and are therefore independent of the solvent configuration. The eigen-
vectors in the L¥ matrix are likewise determined from the gas-phase potential alone
and therefore are also 1ndependent of the solvent configuration.

This implies that VAB SOI(SI( ), R) in Eq. (10.24) may now be written as a sum of
an intramolecular and an intermolecular part:

Vibasol(ST(R), R) = Vig(S%) + Vil (S5, Q% R) (10.38)

as in Eq.(10.18), and S* is no longer a function of the coordinates of the solvent
molecules. We have expressed the absolute coordinates ¢t in the Vlit term using the
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transition-state coordinates and the normal coordinates. The relation between the
two sets of coordinates is given in Eq. (10.25). When Eq. (10.38) is introduced into the
St R, Q%) in Eq. (10.28), we may write

expression for thra ol (

Vintra,sol (S5 B, Q1) = Vig(8%) + Zw QF + Vi (%, Q1 = 0,Q4, R)

= Viiura (%, Q1 = o,cﬁ> + Vi (S1.QT =0.QLR)  (1039)
Note the difference in the definitions of Vzntm o1 10 Eq. (10.28) and thra in Eq. (10.39).
The interactions between the activated complex and the solvent are included in the

former but not in the latter. This is used in the expression for the rate constant krsr
in Eq. (10.37), and we find

f in QXp( 1ntra/kBT f dR eXp (‘/;01 + Vflt)/kBT)
fReact dq f dR exp (VA + VB + ‘/sol + ‘/int)/kBT)

ks TV O /d@iw(si,cﬁ =0,Q%,...,Qh, )

krst = kgT V Q
(10.40)

where we have introduced the function

PSSt Qt=0,Q%,...,Q, ) =
exp(— mtra/kBT [ AR exp(—(Vag + Vit ) /kpT)  (1041)
fReact dq f dR eXp (VA + VB + Vt%ol + ‘/mt)/kBT)

This function is the n-particle distribution function. For n = 2, it is related to the
well-known pair-distribution function. It gives the probability of finding the atoms in
the activated complex in a given configuration S*, Qf =0, Qg, cee Qﬁn_r (represented
here by the normal-mode coordinates and the position of the saddle point) averaged
over all solvent molecule configurations. P(™ can only depend on the internal coor-
dinates of the activated complex when we average over all possible configurations of
the solvent molecules, because that averaging will produce configurations that may
be obtained by a rigid translation (center-of-mass translation) and a rigid rotation of
the complex. For a non-linear molecule there will be r = 6 coordinates that describe
the center-of-mass position and the orientation of the molecule, and r = 5 coordinates
for a linear molecule. Equation (10.40) is an exact mean field expression for the rate
constant of a reaction taking place in a solvent, when the structure of the activated
complex is not perturbed by the solvent.

The n-particle distribution function P(™ in Eq.(10.41) is often replaced by the
so-called potential of mean force function Wi,ean for the activated complex, defined as

P = exp(— mtra/kBT) exp(—Wmean/ksT)/V"
= g(n)(Si Qi = O an s '7Q3n r)/Vn

_ exp(—Vibwa/kBT) [ dRexp(—(Viol + Vih)/kBT)
fReact dq f dR exp (VA + VB + ‘/sol + V;nt)/kBT)

(10.42)
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where the factor V" is introduced, since the unit of the probability density function
P™ is (m)~3" according to Eq.(10.41). ¢(™ is the so-called n-particle correlation
function, and for n = 2 it is identical to the pair-correlation function g(r), where
r is the internuclear distance. For an infinite separation there will be no correlation
between the atoms and g(r — o0o) — 1, whereas it will be different from one at smaller
separations.

It is easy to verify that Wiean is the potential of the mean force exerted by the
solvent molecules on the activated complex. From the definition in Eq.(10.42), we
find, by taking the natural logarithm on both sides of the expression,

~Wiean/ksT = In [/ dR exp(—(Vzol + Vifm)/kBT) — const. (10.43)

Then we take the gradient with respect to the position vector of the jth atom in the
activated complex:

— [V, Vik JkBT exp(— (Vo + Vi) /kET)dR
[ dRexp(—(Vior + Vir) /kBT)
= (Fj)/ksT (10.44)

_ijmean/kBT =

which is just the definition of the average force on the jth atom in the activated
complex due to the solvent molecules. The situation is illustrated in Fig.10.2.4. Here
we have shown the atoms (open circles) in an activated complex and the average force
(F;) on each of the atoms from the solvent molecules.

Equation (10.40) is sometimes found in a simpler form at the cost of ‘hiding’
the complexity of the terms involved. This form is based on the introduction of a
probability density function for the reaction coordinate and the associated potential
of mean force, in contrast to previously, where we considered the probability density
of a particular arrangement of n atoms. Let H(Qj{)de be the probability of finding
the reaction coordinate in the range Qf, Qf + de. Then, from equilibrium statistical
mechanics (see Appendix A.2), the probability density function H(Qf) is given by

o7 (F)) o7 (F
(Fyy €€ ®
Fig. 10.2.4 Activated complex atoms (open circles) in a cage of solvent molecules (filled

circles). The mean force (F;) on the atoms in the activated complex from the solvent molecules
is shown.
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H(Qi) — f in eXp( 1ntra/kBT de eXp (‘/sol + ‘/lflt)/k T)
Y [ dQt exp(= Vi /kBT) [ dR exp(—(Vao + Vik,) /kBT)
= V3 exp(—w(Q})/kpT) (10.45)

where in the second line we have introduced the potential of mean force, w(Qf), for
the reaction coordinate in analogy to Eq.(10.42). Here the volume is raised to the
power of —1/3, since we consider just one coordinate and not n atoms. The derivative
of w(Q%) with respect to le; is easily seen to give the average force on the reaction
coordinate from the solvent molecules.

The numerator in Eq. (10.40), with Q% = 0, may then be written, using Eq. (10.45):

[ 4@ exp(=Viyu k) [ dRexp(~(Vi + Vi) /nT) =

exp(~wl(@})/koT) [ 4Q" exp(~Viyu/bnT) [ dRexp(~(Vio + Vi) /)

(10.46)
In the denominator of the expression in Eq. (10.40), we change integration variables
from dq to dQ* using the transformation Eq. (10.25), to have the same integration vari-
ables in the numerator and denominator. From Appendix E.3, we have the following
relation between the volume elements:

1
V1/3

1
d i
H3na V AiHJ 1 \/
= O/ 27kpT dQ* (10.47)

using the same notation as in Eq. (10.36), and we find

dq =

/ dq / dR exp(— (Vi + Vi + Vot + Vius) k5 T) =
React (]_048)
Ok T O /dReXp(—(VA + Vi + Vot + Viu) /knT)

React
The integration over the whole reactant space is equivalent to an integration of
Eq. (10.46) over all Q! restricted to the reactant space.

The combination of the expressions for the numerator, Eq. (10.46), and the denom-
inator, Eq. (10.48), then gives the following simple expression for the rate constant in

Eq. (10.40):
kpT e w(@Qi=0)/ksT
krst = V4| b _© 1 (10.49)
2 fefw(Ql)/kBTin

This is identical to the expression in Eq. (10.13). The factor y/kpT/(27) should really
be \/kpT/(2wp1), where up is the effective mass associated with the motion in the
reaction coordinate. Since, however, we have used mass-weighted coordinates in the
construction of the normal-mode coordinates, all effective masses are equal to one (see
Appendix E), so it does not appear explicitly in the expression. The expression in
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Eq. (10.49) has a simple form and by its derivation we have shown what is involved in
the calculation of the potential of mean force w(Q%)

Before we derive a relation between the rate constants in solution and gas phase,
let us first verify that the expression for the rate constant in Eq.(10.40) simplifies
to the well-known result for the gas-phase rate constant, when there is no solvent
present. With no solvent, we have Vi, = 0. Also th = 0, since this is the interaction
energy between solvent and activated complex. The n-particle distribution function in

Eq. (10.41) simplifies to

eXp( mtra/kB T)

PM(St Qb =0,0%,...,QF )= 10.50
( Ql QQ QBn T) fReaCt dlep( (VA+VB+V;nt)/kBT) ( )
When introduced into the expression for the rate constant, we find
dP* kT
kg = kgTV f f y eXI()( (Tmt—r:é1 Jj’/k) T)
exp(—
React p p A B B (10.51)

f in exp mtra/kBT)
" Tronet A9 €xp(—(Va + Viz + Vint) /K5 T)

where we have used the definition of the  factor from Eq. (10.36). If we also make
the assumption that Vi, = 0, that is, we neglect interactions between the reactant
molecules except when they form an activated complex, then the denominator in
Eq. (10.51) is simply proportional to the molecular partition functions Z5 and Zg.
Please note that here we use Z to denote a partition function to avoid confusion with
the normal coordinates (). We have

/R dpexp(—(Ta + 1) /ksT) / dgexp(—(Va + VB)/kpT)

React

- / dpadqa exp(—Ha /k5T) / dpsdqs exp(—Hp /ksT)
React

React

= R*"AZARP 7
= h3"ZAZp
=h3"VH(Za/V)(ZB)V) (10.52)

In the same way, the numerator may be written

/d]5i exp( mtra/kBT) /in exp( mtra/kBT) /dpid@i exp( mtra/kBT)
= 131 Z  exp(—Eu/kpT)
= 13" W (2 V) exp(—Ea/kpT)
(10.53)

where it is noticed that the partition function for the activated complex does not
include the reaction coordinate, so the phase-space dimension is two less than that
of the reactants, and hence the power of h is one less than for the reactants. The
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exponential function ensures that we refer to the same zero point for the energy for
both reactants and the activated complex. E. is the saddle-point energy, and is given
by

ECI - mtra(S Qi - O Qi - 0) (1054)

When this is introduced into the expression for the gas-phase rate constant, we get
the familiar expression
ksT _ (Z})V)

h (Za/V)(Zs/V

kg = ) exp(—Eq/kpT) (10.55)

Having established that the general expression for the rate constant in Eq. (10.40)
simplifies to the well-known expression from the gas phase in the absence of a solvent,
let us then write down a general expression for the relation between the two rate
constants, when the activated complex is unperturbed by the solvent. We find, using
Egs (10.40) and (10.51),

ks A n
k_ = /dQIP( )(51762% - O;ng" '7Q§n—7’)
g

fReaCt dq eXp( (VA + VB + V;nt)/kBT)
f in eXp 1ntra/kBT)

(10.56)

This is not a simple expression that allows us to immediately evaluate the effect of
the solvent molecules on the rate constant. The integrals have to be evaluated by,
for example, the Monte Carlo technique. Both P and Vni1tra only depend on the
internal 3n — r coordinates and not on the center-of-mass coordinates and rotational
coordinates, as explained above. Integration over these coordinates therefore always

cancels in this expression.

A special case: reactants without internal degrees of freedom

The expression in Eq. (10.56) only becomes simple in the special case when the reac-
tants A and B are atoms with no internal degrees of freedom. Then, in the second
factor which is related to the gas-phase reaction, V4 = Vg = 0, and with no inter-
actions between the reactant molecules, Vi, = 0. The integral over reactant states is
therefore simply equal to the square of the volume, V2. The reaction coordinate Qf is
the distance, r, between the atoms, so the five coordinates QF involve the center-of-
mass coordinates and the rotational coordinates for the linear activated complex. The
integrals over them cancel, since both P("™ and Vlfma are independent of them. There

are no other integration variables, so the integrands just take the value they have for
Q= 0. We find

ks
= =V2PE(ST,Q] = 0) exp(
g

= g(ri) exp(‘/mtra( )/kBT)
= exp(—Wean (1) /kpT)

S*,Q1 = 0)/kgT)

mtrd(

(10.57)




Transition-state theory and the potential of mean force 259

where ¥ is the distance between the atoms at the saddle point (i.e., Q‘} =0), and we
have used Eq. (10.42) to introduce the pair-distribution function ¢®(rt) = g(r*) and
the potential of mean force Wiean (7%), i.c.,

g(r*) = exp(—Viira (F) /BT exp(— Winean (rF) /k5T)
= exp(—Ea/kpT) exp(—Wmean(ri)/kBT)
_ exp(=Ea/kpT) [ dRexp(—(Vior + Vin) /k5T)
Jreaet daadgs [ dRexp(—(Va + Vi + Viol + Vine)/kBT)

(10.58)
Let us emphasize the physical meaning of the result in Eq. (10.57). If we introduce the

expression for the gas-phase rate constant k, in Eq. (10.55), we find

L _ kT (Z4V)
T h (Za/V)(ZB/V)

exp(_(Ecl + Wmean)/kBT) (1059)

From this it is clear that the solvent effect on the rate constant amounts to a renor-
malization of the energy barrier from being F.; in the gas phase to E. + Wiean in
solution. This represents the net effect of stabilization of the activated complex and
the reactants in the solution.

To see this, let us consider the definition of Wiyean. From Eq. (10.58) we have

J dRexp(—(Vaor + Vii,)/k5T)
Jreact daadas [ dRexp(—(Viol + Vine)/kBT)

where we have set Vo = Vg = 0 in the integral over reactants, since we only consider
atoms. The influence of the solvent on the activated complex is embedded in the
Viflt term and on the reactants in the Vi, term, since that term not only includes
the interaction between reactant molecules but also between reactant and solvent
molecules. So, even when we neglect interactions between reactant molecules, there is
an extra contribution to Vi, from the reactant—solvent interaction, i.e., solute—solvent

interactions, that is absent in the gas phase. If we assume that the stabilization of the

exp(—Wmean/kBT) = V2

(10.60)

activated complex and reactant molecules is the same, that is, V;5, = Vi, then
1
exp(—=Winean/kpT) = V?———e =1 10.61
p( / i ) fReact ququ ( )

that is, Wiean = 0. This is illustrated in Fig. 10.2.5.

In the central part of the figure, we have shown the energy levels for the activated
complex and reactants in the gas phase. If the stabilization of the two components
is the same, as illustrated by the energy diagram to the left, then both levels are
displaced by the same amount and the rate constant will be the same in solution as
in the gas phase. If the stabilization is different, as illustrated in the energy diagram
to the right, the two levels are displaced differently, and we will have a different rate
constant in solution. The interaction energies Vi, and Vlit can, e.g., be estimated
within a continuum solvation model like the Onsager model, Eq. (9.6).

The idea, therefore, is to use this expression on ‘real’ chemical reactions to give,
if not an exact account of the effect, then at least a qualitative account. We then
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Fig. 10.2.5 Energy diagram for the activated complex and reactants in the gas phase and
solution. To the left is shown the case where the stabilization of the two compounds in solution
is the same, and to the right where it differs.

need to understand the two functions g(r) and Wiean(r) for such a system. The
pair-distribution function is proportional to the probability of finding a separation of
r between two atoms in a liquid, and here between two groups of atoms along the
reaction coordinate. That function looks like the pair-distribution function for a pure
liquid as sketched in Fig. 10.2.6. Note that a high value of g(r) implies a low value of
the potential of mean force. In the liquid, as well as in the reacting system, it may,
for example, be determined by Monte Carlo simulations. Also shown is the potential
of mean force based on the relation for a pure liquid:

g(T) = eXp(—Wmean(T)/kBT) - Wmean(r) - _kBTlng(T) (1062)

This expression is a little simpler than the expression in Eq. (10.58), since we only
consider a one-component liquid and therefore do not have to distinguish between a
Vintra and a Viyy contribution to the potential energy.

4 g(r)

VVmean / kBT

Fig. 10.2.6 Sketch of the pair-distribution function and potential of mean force.
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In practice, the value of the reaction coordinate ¥ is determined from the gas-phase
potential energy surface of the complex. Then we use the pair-distribution function
for the system (for example, determined by a Monte Carlo simulation) and the in-
tramolecular potential energy ‘/i:rtltra to calculate the relation between the two rate
constants. Alternatively, one may determine the potential of mean force directly in a
Monte Carlo simulation. With the example in Fig.10.2.6 and a reaction coordinate
at 7“11;, we see that the potential of mean force is negative, which implies that the rate
constant in solution is larger than in the gas phase. Physically, this means that the
transition state is more stabilized (has a lower energy) than in the gas phase. If the
reaction coordinate is at r%, then the potential of mean force is positive and the rate
constant in solution is smaller than in the gas phase.

The determination of potentials of mean force has, e.g., been applied to nucleophilic
substitution (Sx2) reactions in solution, as illustrated in Example 10.1.
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[1] D.A. McQuarrie, Statistical mechanics (University Science Books, 2000)
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(1990)

[4] J. Chandrasekhar, S.F. Smith, and W.L. Jorgensen, J. Am. Chem. Soc. 107, 154
(1985)
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(1996)
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Dynamic solvent effects,
Kramers theory

Key ideas and results

In this chapter we consider dynamical solvent effects on the rate constant for chem-
ical reactions in solution. Solvent dynamics may enhance or impede molecular mo-
tion. The effect is described by stochastic dynamics, where the influence of the
solvent on the reaction dynamics is included by considering the motion along the
reaction coordinate as (one-dimensional) Brownian motion. The results are as fol-
lows.

e In Kramers theory that is based on the Langevin equation with a constant time-
independent friction constant, it is found that the rate constant may be written as
a product of the result from conventional transition-state theory and a transmis-
sion factor. This factor depends on the ratio of the solvent friction (proportional
to the solvent viscosity) and the curvature of the potential surface at the transi-
tion state. In the high friction limit the transmission factor goes toward zero, and
in the low friction limit the transmission factor goes toward one.

o Grote—Hynes theory is a generalization of Kramers theory, based on the general-
ized Langevin equation with a time-dependent solvent friction coefficient on the
dynamics of the reaction coordinate. The Kramers result is found in the limit
where the motion in the reaction coordinate is slow enough for the solvent mole-
cules to adjust to the changes and re-establish equilibrium conditions. In the other
limit, the non-adiabatic limit, where the motion in the reaction coordinate is so
fast that the solvent molecules are ‘frozen’, the result may differ from the Kramers
result by several orders of magnitude.

In our discussion of the transition-state theory with static solvent effects, it was noticed
that it is a mean field description where the effects of dynamical fluctuations in the
solvent molecule positions and velocities were excluded.

Most modern investigations of the effects of a solvent on the rate constant, where
dynamical fluctuations are included, are based on a classical paper by Kramers from
1940 [1]. His theory is based on the transition-state theory approach where we have
identified the reaction coordinate as the normal mode of the activated complex that
has an imaginary frequency. In ordinary transition-state theory, we assume that the
motion in that coordinate is like a free translational motion with no recrossings. This
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may be partially justified in the gas phase, but hardly in solution. Typically, the ac-
tivated complex is positioned in a ‘cage’ in the solvent, which means that the motion
in the reaction coordinate cannot be considered as free due to interactions with the
surrounding solvent molecules, and it indeed appears that recrossings may be impor-
tant.

The differences between gas-phase reaction dynamics and reaction dynamics in a
solvent are illustrated in the sketches in Fig. 11.0.1. In Fig. 11.0.1(a), a potential energy
surface (PES) in the gas phase is shown with a trajectory that passes the saddle point
and leads to a chemical reaction. In Fig. 11.0.1(b), the PES is shown for the reaction
in solution. It may or may not be perturbed by the interactions with the solvent;
in the figure we have shown a slight distortion. The trajectory would have led to a
reaction as indicated by the dot—dashed part of it, had it not been for a dynamical
interaction with the solvent, where energy is exchanged between reactants and solvent
briefly before the saddle-point region is passed. This causes the trajectory to turn back
into the phase space of the reactants. Another possibility is shown in Fig.11.0.1(c),
where the trajectory has passed the saddle point before the energy exchange with the
solvent takes place and sends it back into the phase space of the reactants. This is an
example of recrossing.

It should be emphasized that these dynamical effects can lead to significant correc-
tions to conventional transition-state theory where recrossings are neglected. However,

X

Fig. 11.0.1 (a) PES for a reaction in the gas phase with a trajectory leading to a reaction
since it passes the saddle-point region. (b) A slightly perturbed PES for the same reaction
as in (a) carried out in solution. The dot—dashed part of the trajectory is the one followed
when the solvent is absent. At the ‘star’, just before the saddle point, there is a dynamical
energy exchange between reactants and solvent that causes the trajectory to move back into
the phase space of the reactants. (c¢) As in (b) except for the position along the trajectory
where the energy exchange with the solvent takes place; here it is after passing the saddle
point, resulting in a recrossing of the barrier.
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in general, the corrections are very small compared to the static solvent effects dis-
cussed in the previous chapter.

Kramers idea was to give a more realistic description of the dynamics in the re-
action coordinate by including dynamical effects of the solvent. Instead of giving a
deterministic description, which is only possible in a large-scale molecular dynamics
simulation, he proposed to give a stochastic description of the motion similar to that
of the Brownian motion of a heavy particle in a solvent. From the normal coordinate
analysis of the activated complex, a reduced mass p; has been associated with the
motion in the reaction coordinate, so the proposal is to describe the motion in that
coordinate as that of a Brownian particle of mass p; in the solvent.

The one-dimensional Brownian motion takes place in a potential, as sketched in
Fig.11.0.2, where the well at r, refers to the reactants, r, to the transition state, and
re to the products.

The influence of the solvent may be described by the Langevin equation. Since it
is a probabilistic description, we want to determine the probability density P(r,v;t),
where P(r,v;t)dvdr is the probability of finding the particle in the position interval
(r,r 4 dr) with velocity in the interval (v,v + dv) at time t.

If n, is the probability of finding reactants at the a-well, and ks is the rate constant
for going from the a-well to the c-well, then the probability flux j across the barrier is

j=kng (11.1)

which defines the rate constant ks. At stationary conditions P(r,v;t) = P(r,v), so the
probability flux j across the transition state at » = r, may be determined as

E pot

> r
Vq Ty Te

Fig. 11.0.2 Sketch of the potential energy as a function of the reaction coordinate r. The

state around (a) represents the reactant state, the transition state is at (b), and the product

state is at (c).
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j= /OO dvvP(ry,v) (11.2)

— 00
and n, according to

Ng = / drdvP(r,v) (11.3)

well
So the rate constant ks may be found as the ratio between j and n,. This expression
for the rate constant is equivalent to a one-dimensional version of Eq. (5.49) when the
Boltzmann distribution is replaced by P(r,v). It is, however, important to notice that
Eq. (11.2) allows for recrossings across the barrier, since the lower integration limit is
—oo and not 0 as in the previous presentations of transition-state theory where the
possibility of recrossings was neglected.

We note that P(r,v;t) has the dimension s m~2, so j has the dimension s~!, n,, is
dimensionless, and k, has the dimension s~'. If both n, and j are multiplied by the
number of reactant molecules, we will get, respectively, the number of molecules in
the a-well and the flux of reactants across the transition-state barrier.

Since probabilistic dynamics is central to an understanding of Kramers theory for
the influence of solvents on the rate constant, we shall first summarize some of the
essential features in such a description.

11.1 Brownian motion, the Langevin equation

The problem of Brownian motion relates to the motion of a heavy colloidal parti-
cle immersed in a fluid made up of light particles. In Fig.11.1.1 the trajectory of a
Brownian particle is shown. The coordinates of a particle with diameter 2 pm moving
in water are observed every 30 s for 135 min. At the very first step in the argument
one renounces an exact deterministic description of the motion and replaces it with a
probabilistic description.

Let us consider a Brownian particle of mass M immersed in a fluid. Macroscop-
ically, the laws of hydrodynamics would tell us that during its motion the particle

Fig. 11.1.1 The trajectory of a Brownian particle with diameter 2 pym in water. The coor-
dinates of the particle are observed every 30 s for 135 min.
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undergoes a friction force due to the viscosity of the fluid that is proportional to its
velocity v; hence Newton’s equation of motion has the form

d(v

M) 8 ) = i (11.4)
where g is the friction, assumed to be a constant, and (v) is the average macroscopic
velocity as opposed to the instantaneous microscopic velocity v. 7 is defined as the
friction constant divided by the mass M. We restrict ourselves to one-dimensional
notation for simplicity and because we are going to use the theory on a one-dimensional
problem.

We need, however, a more refined and realistic description, since this equation
predicts an exponential decay of the initial velocity to zero, in contrast to the observed
incessant motion of a Brownian particle. Therefore, we must add to the systematic
friction force the action of all individual solvent molecules on the Brownian particle,
which results in an additional term F'(t):

v _ —yv+ F(t) (11.5)
dt

Note that in this equation we consider the actual velocity v. The effect of each individ-
ual collision is to produce a tiny deflection of the particle away from its macroscopic
trajectory. Since we do not want to go into the details of this many-body problem,
we can only say that the collisions with solvent molecules are very numerous and very
irregular as to their strength and direction. This leads to a probabilistic description.
We cannot specify the force F(t) as a given function of time, but we can make rea-
sonable assumptions about the average effect of the collisions over a large number of
identical macroscopic situations (like an ensemble). Similarly, we cannot predict the
velocity of the Brownian particle at every time ¢, but we may be able to predict the
average outcome of a large number of experiments performed under identical condi-
tions. Therefore, the whole idea of solving Eq. (11.5) is a typical example of the class of
so-called stochastic (or random) equations of motion. It is called, after its discoverer,
the Langevin equation.

Let us see how such an equation is solved. First we must define the random func-
tion F'(t) quantitatively. The average of F(t) over an ensemble of Brownian particles
vanishes. This condition ensures that the average velocity of the Brownian particle
obeys the macroscopic law (Eq. (11.4)), that is, that the fluctuations cancel each other
on average. This is written as follows:

(F(t)) =0 (11.6)

We may express the idea of irregularity by assuming that collisions that are well
separated in time are statistically independent. In other words, the correlation between
values of F'(t) at two times t; and to is different from zero only for time intervals of
the order of the duration of a collision 7.. Explicitly,

(F(t1)F(t2)) = o(t1 — t2) ~ fo(t1 — ta) (11.7)

where ¢(t) is a function that is sharply peaked at ¢t = 0 and that vanishes for t > 7.
Often ¢ is approximated by a delta function, as indicated in the equation. We are
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now in a position to solve the Langevin equation in Eq. (11.5). Suppose the Brownian
particle starts at ¢ = 0 with velocity vg. If we consider Eq.(11.5) as an ordinary
differential equation, it is seen to be an inhomogeneous linear first-order differential
equation with the solution

v = vg exp(—~t) + exp(—~t) /0 dr exp(yT)F(T) (11.8)

This result is useless, since we do not know F'(t). If, however, we average all its terms
over the ensemble defined above and use assumption (11.6), we obtain

(v) = vo exp(—11) (11.9)

This is just the solution of the macroscopic equation (11.4), a result that is not sur-
prising. More interesting is the square of the velocity, as for the Maxwell-Boltzmann
velocity distribution law. If we square the right-hand side of Eq. (11.8) we find

t
v = vg exp(—27t) + vo exp(—2~t) / dro exp(y72) F(12)
0
t
+ vg exp(—29t) / dry exp(ymi)F(my) (11.10)
0

+ exp(—27t)/0 dTl/O dro exp(y(11 + 72))F (1) F(72)

Then, taking the ensemble average using Eq. (11.6), we get

(0?) = v2 exp(—27t) + exp(—271) /0 dr /0 drs exp(y(r1 + 1)) (F(r1)F(72)) (11.11)

The two-dimensional integral may be reduced to two one-dimensional integrals by a
change of variables. Details may be found in Appendix F. The result is

(v?) = v2 exp(—27t) + %(1 —exp(—271)) (11.12)
This tells us how the square of the velocity of the particle, on the average, develops
in time given that it had the value v3 at time ¢t = 0. In other words, the average is a
conditional average, a point of view that will be emphasized in the following section,
where a statistical approach to the Brownian motion will be given. The expression
shows that, for short times ¢ < (27) 1, the velocity fluctuations are mainly determined
by the initial value v3; but for larger times the initial value is progressively forgotten,
and the average square of the velocity approaches the value of f/2+, which is solely
determined by the mechanism of collision and is independent of the initial velocity.
To complete the theory we need to specify f, given the friction constant . There
is, however, nothing in the theory that allows us to determine this function from
microscopic molecular data. However, we may get around the problem if we believe,
with good reason, that the end point of the evolution of particle motions will lead to a
state of thermal equilibrium at temperature 7', no matter the original perturbation of
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the particle motion. In this state the mean square velocity of the particle is determined
by the theorem of equipartition of energy. Hence, we may require that

. 2 _i_ kBT
fm %) = 35 = (11.13)
SO
kT
= 2y—— 11.14
=2 ( )

This is a specific example of the fundamental fluctuation—dissipation theorem that
relates the random force f (fluctuation) to the friction constant v (dissipation) to
ensure that any initial state eventually evolves into a state in thermal equilibrium
with the fluid at temperature T'. With this requirement, we obtain from Eq. (11.12)
the final result

kT [, kgT
_ +[ o

(v?) " vg — —} exp(—2~t) (11.15)

11.2 Kramers theory for the rate constant

The theory of Brownian motion is a particular example of an application of the general
theory of random or stochastic processes [2]. Since Kramers approach is based on
a more general stochastic equation than the Langevin equation, we have reviewed
some of the fundamental ideas and methods of the theory of stochastic processes in
Appendix H.

Kramers theory is based on the Fokker—Planck equation for the position and ve-
locity of a particle. The Fokker—Planck equation is based on the concept of a Markov
process and in its generic form it contains no specific information about any particu-
lar process. In the case of Brownian motion, where it is sometimes simply called the
Kramers equation, it takes the form

OP(r,v;t)  OP(r,v;t) 1 0U OP(r,v;t) 0 . vkpT 0 P(r,v;t)
o U ar Twmar e gt 90?
(11.16)

where P(r,v;t)drdv is the probability of finding a particle at r,r + dr with a velocity
v,v + dv at time t, M is the mass of the particle, and ~ is the friction coefficient
known from the Langevin equation. The motion takes place in an external potential
U(r), as sketched in Fig. 11.0.2. This is the potential from the gas phase modified by
the interactions from the solvent molecules, as determined in Chapter 10. The equa-
tion describes the diffusion of a point in phase space for a one-dimensional Brownian
particle.

We shall now determine a solution to Eq. (11.16) with proper boundary conditions
and use the result to determine the rate constant in a fluid. It is assumed that the
barrier in going from reactant states at well (a) in Fig. 11.0.2 to the transition state
at (b) is large compared to kgT’; the probability of being at (b) is therefore small and
it will be reasonable to seek a steady-state solution to Eq.(11.16). Similarly, around
the a-well, we also assume stationary conditions with reactants in thermal equilibrium
with the solvent. Thus, we seek a solution to the equation with (0P/0t) = 0.
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At equilibrium, stationary conditions exist where P(r,v;t) = P(r,v) and P(r,v)
is given by equilibrium statistical mechanics:

P(r,v) = Q 'exp(—(Mv*/2+ U(r))/kpT) (11.17)

with @ as the partition function:
Q= drdv exp(—(Mv?/2 4+ U(r))/kpT) (11.18)
React
It is easy to show that the function in Eq.(11.17) is indeed a solution to the

stationary equation. We have

P(r,v) = Q Lexp(—(Mv?/2 + U(r))/kpT)

(%) ()

or kgT \ Or

(8_P> __Mu, (11.19)
ov kT

9%P M Mo\
=— P P
<8'02> kT <k:BT)
This is introduced into Eq. (11.16) and all terms do indeed cancel, corresponding to
stationarity, that is, OP/0t = 0:

Pv (0U Pv [(0OU M~yv? M~yv?
S i S (R P— P P—~P= 11.2
kol ( ar ) FnT < or ) TP P G PP =0 (1120)

We will now search for a non-trivial solution to the stationary Fokker—Planck equation.

To find a steady-state solution at the transition state, r ~ r,, we make the substi-
tution

P(r,v) =Y (r,v)Q ' exp(—(Mv*/2 + U(r))/kpT) (11.21)

where Y (r,v) has to be determined with the following boundary conditions:
(i) r~re: Y(rv) =1
(ii) r ~re: Y(r,v) =0.
Boundary condition (i) ensures that the reactants will be in thermal equilibrium with
the solvent, and boundary condition (ii) expresses a sink condition at the product
side, that is, the products are removed as soon as they are formed or, equivalently,

the concentration of them remains negligible. The shape of the external potential near
the transition state is approximated by a parabolic shape:

U(r)=U(ry) = %Mwi(r —1p)? (11.22)

and when introduced into Eq. (11.16) we get

OP(r,v;t) 9

OP(r,v;t
o —wj(r— rb)i( )

ov

vkpT 0?P(r,v;t)

M Ov?
(11.23)

0=—v

0
+ 7%(“13(7”7 v;t)) +
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The introduction of Eq. (11.21) gives, after some lengthy but straightforward manip-
ulations, the following equation for Y (r,v):

oY oY kpT 0%Y
—v——(wf(r—rb)—f—vv)%—i—VJ\I; Doz =0 (11.24)

where we have used the result in Eq.(11.20). In order to convert this partial differ-
ential equation in the two variables r and v into an ordinary second-order differential
equation in one variable u, Kramers introduced the substitution

u=v—a(r—rp) (11.25)

and assumed that Y depends on r and v only in this combination, that is, Y (r,v) =
Y (u). The idea with this transformation is that the partial derivatives with respect to
the two variables r and v may be expressed as the partial derivatives with respect to
a single variable u, since

o~ (@) () (%)

11.26
oV _ (dvY (0w _ (av I
ov  \du ov)  \du
So the differential equation becomes
dy vkpT d*Y
2
(av — wy(r — 1) — Y0) <%> T =0 (11.27)

This is now an ordinary second-order differential equation. The solution Y = const.
corresponds to thermal equilibrium according to Eq. (11.21). There is, however, an-
other steady-state solution to the equation, if it can be brought into the standard
form

d?y dy
A—— + Bu— = 11.2
du? +ou du 0 ( 8)
This can be done if T
YRB
A= 11.2
M ( 9)

and the coefficient of the first derivative can be brought into the form Bu, that is,

Bu= Bv—aB(r —ryp)

=(a—y)w—wi(r—m) (11.30)
From this it follows that
B=a—x (11.31)
and
ala —7) = w} (11.32)

or
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R E RV
= "

2
= St +uf (11.33)

The solution to the standard equation is

a

Y(u)= K/u dzexp(—Bz?/(2A))
_K / " dzexp(—(a — 7)22 M (24k5T)) (11.34)

where u. = u(r =r.) = v — a(r. — r). This can easily be checked by substitution of
the expression into the standard differential equation.

In Eq. (11.33) we choose the upper sign, so that the argument to the exponential
will be negative and Y will therefore be well behaved. The lower limit in the integration
is chosen such that boundary condition (ii) is satisfied. K may be determined from
boundary condition (i). We have

Uq

Y(ug)=1=K dzexp(—(a — v)22M/(2vkpT))

Uc

= K/_OO dzexp(—(a —v)22M /(2vkgT))

27T’kaT
— K 11.35
(a—~v)M ( )
Thus
(a —v)M
K=— 11.
2nvkpT (11.36)

We have replaced the integration limits v, = v —a(r, — ) and u. = v — a(r. —rp) by
oo and —oo, respectively. This can be done because u, > u. and because the integrand
only differs from zero in a relatively narrow zone about z = 0.

We may now determine the probability flux j at r = r, where u = v:

j= / dvvP(ry,v)

— 0o

= KQ "exp(—U(ry)/kpT) /jo dvvexp(—v?*M/(2kpT))

></:J dzexp(—(a — )22 M/(2vkpT))
(11.37)

The order of integration is interchanged, as sketched in Fig. 11.2.1. The region covered
in the integration is marked by the hatched region between the 45° line and the
abscissa axis. This region may be spanned in two ways. We may choose an interval
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Fig. 11.2.1 A sketch of the order of integration in a double integration.

(v,v + dv) along the v-axis and let z vary from the lower bound in the integral to the
value of v on the 45° line. This is how the integral is performed in the equation as
written. The alternative is to choose an interval (z, z+ dz) along z and then let v span
the region z to co. With the integrations done in that order, Eq. (11.37) will be

= KQ™ exp(-U(r)/ha) [ " gz exp(—(a — )M/ (2vk5T))

o (11.38)
X / dvvexp(—v?M/(2kpT))
The integral over the variable v is now easily done, and we get
. _ kT
j=KQ ' exp(~U(r)/kpT) =+
X / dzexp(—(a —v)22M/(2vkpT)) exp(—22M/(2kpT))
-1 kgT [ 2
= KQ™ exp(=U(ro)/kpT)— dzexp(—az"M/(2vkpT))
kT [2m~vkpT
= KQ " exp(~U(m) /kpT) = % (11.39)

In order to obtain an expression for the population of reactant states around well (a),
we expand the potential around (a) to second order:

U(r)=Ulr,) + %Mw?z(r — ra)2 (11.40)

and find the population of reaction states in well (a) according to Eq. (11.3) using that
Y =1 in that region:
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/ dv/ drP(r,v)

well
o0

= Q exp(-Ura) k) [ dvexp(~o?M/(2hsT))

—00

/ dr exp(—Mw?(r —r,)?/(2kpT))

271']{)BT 27T/€BT
=Q texp(=U(ra)/kpT)\/ \/ M

2rkpT
= Q" exp(~U(ra)/ksT) ;\}5

(11.41)

We may now use the expressions for j and n, to determine the rate of transition across
the transition state according to Eq. (11.2):

i :l_Kexp(—U(rb)/k;BT)kBT/M\/ZnykBT/(aM)

Ng exp(—=U(ry)/kpT)2nkpT/(Mw,)
Y 7“;_; exp(—(U(ry) — U(ra))/kpT) (11.42)

where we have used the expression for K in Eq. (11.36). From Eq. (11.32) we have

a= —2b '
i (11.43)
SO
b = %;"—ﬂ exp(—(U(ry) — U(ra))/k5T)
? (11.44)

2::,, (\/@ - %) exp(—(U(rp) — U(ra))/kBT)

This is Kramers equation for the rate constant of a chemical reaction in a solution.
The influence of the solvent is represented by the friction coefficient, which may be
directly related to the viscosity 1 of the solvent via Stokes law:

g =6mnR (11.45)
o 6T R
)
= 11.46

where R is the hydrodynamic radius of the particle.
For v/2 > w;, we find that

ks = %7 exp(—(U(ry) — U(ry))/kpT) (11.47)
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which is the high friction or high viscosity limit. It shows that the rate constant goes
toward zero for an infinite friction constant. In the other limit, where v/2 < wp, we
find

kg = ;7 exp(—(U(ry) — Ul(ra))/ksT) (11.48)

which is just the ordinary (gas-phase) transition-state theory result. This is seen by
realizing that our reactant state is represented by just a one-dimensional oscillator at
the a-well; the expression for the ordinary (gas-phase) transition-state rate constant,
where recrossings of the transition state are neglected, is then (Eq. (6.8))

kT QF
krsT = % QQ'b exp(—Ea/kpT)
kT 1

= T BT G OBl ki)

=v,exp(—FEa/kpT)

= 29 oxp(—Ea/kpT) (11.49)
21
which is identical to the expression in Eq. (11.48) with Eq = U(ry) — U(r,) being the
energy barrier for the reaction along the reaction coordinate. Note that we have used
the classical expression for Fy and the vibrational partition function, since we neglect
any quantum effects in this theory, and that the partition function of the transition
state is equal to one, since the number of degrees of freedom in this state is one less
than in the reactant state, that is, equal to zero.
We may therefore write the expression for the rate constant as a product of the
conventional transition-state rate constant krst and a transmission factor Kkg:

o

RKR = (\/72/44'%3 —7/2)/%
=1+ (v/(2wp))? — v/ (2ws) (11.51)

The departure from ordinary transition-state theory is seen to be determined by the
relation between the friction v and the frequency wy representing the curvature of the
potential surface along the reaction coordinate at the transition state. For v/(2wy) —
00, kkr — 0, whereas for v/(2wp) — 0, kkr — 1, the ordinary result. kkg is shown
in Fig. 11.2.2 as a function of v /(2wy).

The result in Eq. (11.50) is only valid for a one-dimensional system. However, if
we identify this degree of freedom with the reaction coordinate, it can also be used in
multidimensional cases as an estimate of the dynamical influence of a solvent on the
conventional transition-state rate constant. The theory can be tested experimentally
by studying the kinetics of a reaction in a series of solvents with varying viscosity.

with



Beyond Kramers, Grote—Hynes theory and MD 275

v/ (2ws)

Fig. 11.2.2 The correction factor kkr to the ordinary (gas-phase) transition-state rate
constant according to Kramers theory, as a function of /(2wy).

Example 11.1: Validity of Kramers theory

In order to evaluate the validity of Kramers theory, it is natural to focus on uni-
molecular reactions since in this case diffusive motion does not come into play.

Kramers theory in the high-viscosity regime, Eq. (11.47), predicts that ks oc 1.
Experimental results for the rate of excited-state isomerization dynamics (i.e.,
thermally-activated barrier crossing in the lowest excited singlet state) in the high-
viscosity regime agree qualitatively with this prediction. However, the experimental
results show a much weaker viscosity dependence. Thus, the rate constant can be
fitted to ks < n~ %, where av = 0.32 for trans-stilbene [G. Rothenberger, D.K. Ne-
gus, and R.M. Hochstrasser, J. Chem. Phys. 79, 5360 (1983)], and o = 0.2 for
cis-2-vinylanthracene [K. Hara, H. Kiyotani, and D.S. Bulgarevich, Chem. Phys.
Lett. 242, 455 (1995)].

This discrepancy can be due to a breakdown in the hydrodynamics friction law,
Eq. (11.45), i.e., Stokes law, and /or a breakdown of the basic assumptions of Kramers
theory. As we will see in the following section, a problem with Kramers theory is
that the Langevin equation does not provide a sufficiently accurate description of
the dynamics associated with the reaction coordinate.

11.3 Beyond Kramers, Grote—Hynes theory and MD

The Langevin equation, Eq. (11.5), that was used in Kramers calculation of the dy-
namical effects on the rate constant, is only valid in the limit of long times, where
an equilibrium situation may be established. The reaction coordinate undergoes many
collisions with the atoms in the solvent due to thermal agitation. From the Langevin
equation of motion and Eq. (11.9), we obtained an expression for the autocorrelation
function of the velocity:
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(v(0)(t)) = v§ exp(—t]) (11.52)
This result cannot hold for small times ¢. The function in Eq.(11.52) has a discon-
tinuity in the first derivative at ¢ = 0 that the exact correlation function will not
have.
To overcome this difficulty Kubo, Mori, Zwanzig, and others introduced a time-
dependent friction coefficient, writing, instead of the ‘simple’ Langevin equation, the
generalized Langevin equation (GLE)

o0
Mo(t) = —/ gt — ) u(t)dt’ — (1) (11.53)
o0

In this equation g(t) represents the retarded effect of the frictional force, and f(t) is
an external force including the random force from the solvent molecules. We see, in
contrast to the simple Langevin equation with a constant friction coefficient, that the
friction force at a given time ¢ depends on all previous velocities along the trajectory.
The friction force is no longer local in time and does not depend on the current velocity
alone. The time-dependent friction coefficient is therefore also referred to as a ‘memory
kernel’. A short-time expansion of the velocity correlation function based on the GLE
gives (kgT/M)(1 — (g/M)t?/(27) + --+), where 7 is the decay time of g(t), and it
therefore does not have a discontinuous first derivative at ¢t = 0. The discussion of the
properties of the GLE is most easily accomplished by using so-called linear response
theory, which forms the theoretical basis for the equation and is a powerful method
that allows us to determine non-equilibrium transport coefficients from equilibrium
properties of the systems. A discussion of this is, however, beyond the scope of this
book.

In this section, we will describe the Grote-Hynes theory for the calculation of
the dynamical effect on the rate constant. The theory generalizes the Kramers result
by using the GLE to describe the dynamics of the reaction coordinate instead of
the ‘simple’ Langevin equation used in the derivation of Kramers result. The Grote—
Hynes theory ‘lifts’ the requirement of equilibrium at all times, a requirement that
is not fulfilled at small times, in particular in cases where the curvature at the top
of the barrier in the direction of the reaction coordinate is large, corresponding to
very fast motion in the reaction coordinate, much faster than the relaxation time of
the surrounding solvent molecules. The limit of this non-equilibrium solvation will be
the non-adiabatic limit, where all solvent molecules do not have time to move (are
‘frozen’) in the very short time when the destiny of a trajectory is determined, that
is, whether it is reactive or not. In this limit there may be an order of magnitude
difference between the Grote-Hynes result and the Kramers result.

11.3.1 Generalized Langevin equation
The GLE for the reaction coordinate y( ) has the form

pi(t) = — /d Tn(T)y(t — 1) + F(t) (11.54)

F(t) is assumed to be a random force from the solvent molecules on the reaction coor-
dinate with zero average, (F'(t)) = 0, and describes together with the time-dependent
friction coefficient n(t) the effect of the solvent molecules on the reaction coordinate.
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If we take an equilibrium ensemble average in Eq. (11.54), the second as well as
the last term on the right-hand side of the equation disappears because (y) = 0 and
because (F'(t)) = 0. Thus, the potential U (y) is the equilibrium potential of mean force
along the reaction coordinate, and it is assumed to be parabolic (U(0) — (1/2)k.y?,
as in Eq. (11.22)) in the region of interest near the transition state, where y = 0.

It will be convenient to introduce the mass-weighted coordinate x according to

2(t) = Vy(t) (11.55)

where p is the effective mass associated with the motion in the reaction coordinate.
After division by /g, Eq. (11.54) takes the form

B(t) = wh oq x(t) — ; dr&(r)(t — 7) + R(t) (11.56)
with
wz,eq = ky/p
£@t) =n(t)/p (11.57)

R(t) = F(t)//f

The subscript ‘eq’ on the frequency wy, stresses that it is the curvature of the equilib-
rium potential of mean force at the top of the energy barrier in the direction of the
reaction coordinate.

The important fluctuation—dissipation theorem that expresses a balance between
the dissipation and fluctuating forces to ensure the approach to equilibrium at a speci-
fied temperature is generalized to the expression that in the mass-weighted coordinates
has the form

kpTE(t) = (R(0)R(t)) (11.58)

Before we continue with the derivation of the Grote—Hynes expression for the
transmission coefficient, it may be instructive to study the GLE, if not from the basic
linear response theory point of view, then for a simple system where the GLE can be
derived from the Hamiltonian of the system. For the special case where all forces are
linear, that is, a parabolic reaction barrier and a ‘harmonic’ solvent, it is possible to
derive the GLE directly from the Hamiltonian. This allows us to identify and express
the various terms in the GLE by system parameters, which helps to clarify the origin
of the various terms in the equation.

Derivation of the GLE for a harmonic system

We expand the potential energy surface at the saddle point to second order in the
coordinates at the top of the barrier and determine the normal modes of the activated
complex; one of them is the reaction coordinate y identified as the mode with an
imaginary frequency. Since the other normal modes of the activated complex are not
coupled to the reaction coordinate in the harmonic approximation, we do not consider
them here because they are irrelevant. For the harmonic solvent, we may likewise find
the normal modes S. We use these normal modes to write down the Hamiltonian,
and then add a linear coupling term representing the coupling between the reaction
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coordinate and the solvent atoms. Let us start with the Lagrange function for the
System:

1 1 . 1 1
L= §Myz+z5/%52"‘EkmyQ_ZEkiSz?"‘ZkixyS (11.59)

Here p and p; are the reduced masses for the normal mode associated with the reaction
coordinate and for the ith normal mode of the solvent, respectively. Note the different
signs of the potential energy terms for the ‘unstable’ reaction coordinate and the
‘stable’ solvent coordinates.

Introducing mass-weighted coordinates, the Lagrangian takes the form

T=\/py

(11.60)
Qi = 1i Si
= l:’ﬁ—f—Zle—klngQ—le? 2+Zw2 xQ; (11.61)
2 - 2 7 2 - 2 K 7 - %
with )
wy = ke /1
w? = ki /i (11.62)

Wi = kio/ (V)

It is important to notice that the wy frequency is not, as we shall see, identical to the
curvature of the potential of mean force wy o4, but is identical to the non-adiabatic
curvature, and the coupling term, w?,, may be positive or negative.

The Hamiltonian for the system when we use mass-weighted coordinates is then,
using p; = (0L/0¢;),

H—% —% 202 4 = ZP2+ Z w?Q? — Zwle (11.63)

Hamilton’s equations of motion are then given by

. OH . OH

- <8pm> o . <8_B> . (11.64)
S OHY\ 2 5 0H 2 9 '
Pz = (ax)_wbx+zizwilea Pz— (6Q1>_ win‘f‘wmx

and combining the equations of motion for the coordinates and momenta gives equa-
tions of motion for the coordinates, that is,

=Py :w§x+2wfoi
i (11.65)

Qi — -Pz = _wiZQi"'_wime
These coupled linear second-order differential equations may be converted into sim-

ple algebraic equations by a Laplace transformation. The Laplace transformation is
defined as (see Section 9.2.2)
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O = /OOO dt exp(—At) £(¢) (11.66)

By repeated partial integration, we find the expression for the Laplace transform of
the accelerations:

B0\ = /OOo dt exp(—\) i

— fexp(—At) ] + A /OOO dt exp(—M) &

=—z(0) + A {[exp(—/\t) z)y” + A /000 dt exp(—\t) x}
= —#(0) = Ax(0) + A &(\) (11.67)

So, the Laplace transforms of Eqs (11.65) with 2(0) = 0 (start at the top of the barrier)
are
M i = pe(0) =wi &+ ) Wi, Qi
: (11.68)
NQ; — Pi(0) = AQi(0) = —w? Q; +wh &
Here we have used Egs (11.64) to replace #(0) with the momentum p,(0), and Q;(0)
with P;(0). We are only interested in the motion in the reaction coordinate, so we

solve the second equation for Qz and substitute the solution into the first equation.
We find

M- p(0) =wii+ Y Wiy ”3“+Zw37”[Pi(O)HQi(O)]

A2+ w? A2+ w?

(11.69)
This is the equation for the Laplace transform of the reaction coordinate, and we could
then take the inverse transform of this equation to show that it is identical to the GLE
in Eq. (11.56).

Alternatively, we may take the Laplace transform of the GLE and compare with
Eq. (11.69), and since this is easier, we follow this strategy. The transformation is
straightforward except perhaps for the second term on the right-hand side, which is a
convolution term. The Laplace transform of this is found as

/Ooo dt exp(—At) /Ooo dri(r)i(t—r) = /Ooo dr &(7) /OOO dt exp(—Xt) @(t — 1)

_ / ~ dr €(r) exp(— A7) / Tt exp(— M) ()
0 0
= £V AE(N) (11.70)

where we have replaced the upper integration limit ¢ with oo, which is permissible
since the friction coefficient is usually only non-zero over relatively small times.
Thus the Laplace transform of the GLE is
A = pp(0) = Wi gt — EN) Ai + R(N) (11.71)

From a comparison with Eq. (11.69)7 it is clear that the last term on the right-hand
side is related to the random force R. At the same time it is also clear that the second
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term on the right-hand side of the equation still does not have a form that makes it
possible to identify waeq and €. A factor of \ is missing in Eq. (11.69).

However, it is possible to recast the second term in such a way that the missing
factor of A appears. Consider a fraction, a/(b+ ¢), like the second term in Eq. (11.69).
It may be broken up in the following way:

a a z
=—11 11.72
btc b [ Ty c] (11.72)
Where the unknown z is determined by the equation and gives z = —c. With a = w,
b=w?, and ¢ = A\?, we have that
wi wi A2 wi wi A
w5 — iz =g 2 AT 11.73
)\2—|—wfx w? [ )\2+wf]x wfx w? A2 4 w? ‘ ( )

When introduced into Eq. (11.69), we finally arrive at a form that makes it possible
to identify the terms in the GLE with the parameters of our simple harmonic model.
We find

)‘2‘% _pw -

w4 AQ;
i+ 3| e- 3 [ ] s G AR
(11.74)

This has exactly the same form as the Laplace transform of the GLE in Eq. (11.71),
and the different terms may be identified according to

4
w:

Wheq =wi + ), —F =wj +£(0)
i 7

£ wzlz A
5()\)=Zym (11.75)

A +w?

The following important features are noticed.

e The curvature of the barrier potential along the reaction coordinate, w?, in the
Hamiltonian is different from the equilibrium curvature wg)eq. The physical reason
for this is clear. If we go back to the Hamiltonian in Eq. (11.63), then we see that

0*H o (0H 0 ok
2 _ — _— = — _— = — 9. = —_
“b = ( 0%x ) Ox ( oz ) oz’ (8x)w_0 (11.76)

that is, it describes the change in the force on the reaction coordinate when it moves
along the reaction path with all solvent molecules ‘frozen’ at their position, that is,
it is the non-adiabatic curvature of the potential. The second relation between the
non-adiabatic and equilibrium curvatures of the barrier potential is derived in the
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following way. Assume that the friction kernel is a constant and equal to its value
at t =0, that is, £(¢t) = £(t = 0); then the Laplace transform is simply

EW = [t exp(-20)€0) =€0)/A (11.77)

Therefore, if we multiply the expression for & (A) in Eq. (11.75) by A we should get a
constant, independent of A. This is obtained when the fraction 1/(1 + w?/A?) ~ 1,
that is, when w?/A\? < 1, corresponding to ‘frozen’ solvent molecules thanks to the
very small w? compared to A, and therefore ‘slow’ solvent molecule motions. This
is the background for the second relation in the first equation in Eq. (11.75).

e We see how the fluctuating forces depend on the initial positions and momenta of
the solvent molecules—a result that is meaningful.

We may also use the results to check that the expressions satisfy the fluctuation—
dissipation theorem. The Laplace transform of the autocorrelation function for the
fluctuating forces is

C\) = /O " exp(—At)(R(0)R(t)) = (R(0)R(N)) (11.78)

Inserting the relation R(0) = A R(\), equivalent to the result in Eq.(11.77), we find
using Eq. (11.75) that

C(\) = <Z % [P:(0) + A2 QF(0) + 2AP;(0) Qi (0)] > (11.79)

The bracket indicates a Boltzmann average over the solvent degrees of freedom with
the reaction coordinate at the top of the barrier (x = 0). We have only included
diagonal terms in the sum, since the ensemble average will be zero for all off-diagonal
terms. Then

J7o dPi(0) P7(0) exp(—P2(0)/(2k5T))

BEO) = = an e P ke T

o 11.80
020y = L5 19:0) QEO) (- G20)/ (kT _ ki —
T [T dQi exp(—w? QF(0)/(2k5T))  wf
This is then introduced into Eq. (11.79) and we get
N . /\wglw A2
Awl, A2
M ]
A\ w .
- kBTZ WW — ksTE(N) (11.81)

in perfect agreement with the fluctuation—dissipation theorem in Eq. (11.58).
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11.3.2 The Grote—Hynes equation

Here we will give a simple derivation of the Grote-Hynes equation based on the GLE
[7]. Alternative derivations can be found in the literature [4,5].

The trajectory x(t) is reactive if x(t) > 0 for ¢ — oo. Let us therefore write the
solution that diverges at large ¢ as

z(t) = Cexp(Art), t— o0 (11.82)
where A, > 0 and the subscript r refers to a reactive trajectory. In order to determine

Ar, we introduce this equation into Eq. (11.56) and take the average for an ensemble
of trajectories initiated at the barrier top. Then, since (R(t)) = 0, we find

N Cexp(\, t) = wieq Cexp(Art) — / dr &(1) A Cexp(A\-(t — 7)) (11.83)
0
which may be rearranged to

Cexp(\ 1) A2 = Cexp(\ - t) {wieq — A / dr &(T) exp(—ArT) (11.84)
0

or

A2 =Wwh oq — Ar / dr £(7) exp(=Ap T) = wj oq — Ar ) (11.85)
0

which is the Grote-Hynes equation for the frequency A, by which the trajectories cross
the top of the barrier to form products.

We see that a calculation of A, involves a Laplace transform of the time-dependent
friction kernel. This may typically be determined in a molecular dynamics (MD) sim-
ulation, where the autocorrelation function of the random force (R(0)R(t)) may be
determined, which then allows us to determine £(¢) using the fluctuation—dissipation
theorem in Eq.(11.58). Note that Eq. (11.85) is an implicit equation for A, that in
general must be solved by iteration. In the absence of friction we see from Eq. (11.85)
that A\ = wpeq-

The transmission coefficient kgy is, as previously, a measure of the departure of
the rate constant from transition-state theory. kgp is given as the ratio between the
frequencies with and without friction, that is,

Ar

Wh,eq

KGH = (11.86)

as can indeed be shown more formally [4,7].

In practical calculations it is faster to calculate Fourier transforms (with fast
Fourier transform (FFT) routines), so usually the Fourier transform of the friction
kernel is introduced:

f = [ " dt expliwt)e(t)
el ) (11.87)
£(t) = / L oxp(—iwt) E(w)

oo 2T
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If we introduce the second of the equations in Eq. (11.87) into Eq. (11.85), we find

(o) (o) o0 dw ) -
/0 dt exp(—A.t)&(t) = /0 dt exp(—A, t) / 5 exp(—iwt) &(w)

— 00

_ /_O; ;l_ig(w) /OOo dt exp(—(iw + \) 1)

* dw ~ 1
_/oogg(w)iw—l—/\r

Fdw -, A —iw
:/ %f(w)

oo A2 4 w?
* dw ~ Ar
- /_Oo ety (11.88)

The imaginary term on the right-hand side of the equation vanishes since the left-hand
side of the equation is real and because £(w) is real according to Eq. (11.87), where
&(t) is an even function in t. When Eq. (11.88) is introduced into Eq. (11.85) we find

> do {(w)

2 2 2

(11.89)

Discussion of the Grote—Hynes equation

When friction is present, there will be solvent-induced recrossings of the barrier and
non-equilibrium solvation, and the frequency A, by which products are formed depends
both on the equilibrium curvature wieq of the barrier and on the dynamics of the
solvent as expressed by the time-dependent friction kernel. The following two limiting
cases should be noticed.

e In the adiabatic regime, the solvent relaxation time 7. < A1, that is, the solvent
responds instantaneously to any change in the reaction coordinate. This limit cor-
responds to &(t) = £46(t), so the power spectrum (Eq. (11.87)) is equal to &, that
is, to ‘white noise’. The GLE is reduced to the simple Langevin equation with a
time-local friction force —¢ 4. A, is found from Eq. (11.85):

A2 = Whoq TEA =0 (11.90)

with the (positive) solution

{4\ /& Fdwp

SRS
)\r B) = wieq =+ Z — 5 (1191)

which leads to a transmission coefficient, kgu = A\r/wpeq = KKR, i.€., identical to
Kramers result in Eq. (11.51).

e In the non-adiabatic regime, the time scale A\ ! < 7. of the reaction is so short
compared to the relaxation times of the solvent molecules that they have no chance
to respond to the motion in the reaction coordinate; said differently, the solvent
molecules are effectively ‘frozen’ in their positions during the rapid passage of the
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barrier. This limit corresponds to the limit with £(¢) = £(0), that is, solvent dy-
namics is ignored, so the power spectrum £(w) o« §(w) (see Eq. (11.87)) is peaked
around zero frequency. A, is found from Eq. (11.85):

r =

A2 =W oq — £(0) (11.92)
The motion is not determined by the equilibrium barrier —wieq 22 /2, since the sol-
vent molecules cannot provide an equilibrium solvation. Instead, the motion is along
a different non-adiabatic barrier —wj . #*/2 (the w z?/2 barrier in the harmonic
model system considered above) that depends on the initial configuration of the
solvent molecules. We have seen in Eq. (11.75) that

Whna = Wheq —&(0) (11.93)

in agreement with Eq.(11.92). When the solvent molecules cannot yield to the
motion in the reaction coordinate, they tend to offset the equilibrium potential
barrier, and hence to reduce the reaction rate, giving the transmission coefficient

_ Wh,na _ 2
Ko = 2 = Jwt o — £(0) / Wheq (11.94)

Let us in the following derive a relation between the actual transmission coefficient,

kau, and the non-adiabatic coefficient, ky,, since it will show why Kgg > kna and

which part of the power spectrum for the solvent motion that is responsible for this.
We see from Eq. (11.87) that

0= [ Zéw (11.95)

Substitution of Eqs (11.93) and (11.95) into Eq. (11.89) gives

)\g—wina:/m ;i—c;é(w)—)\z/oo de

s oo 2T A2+ w?

:/m dw [1 A% } £(w) (11.96)

o2 | N2 4?2

et 2 . .
Division by wj, ., gives

® dw  w? E(w)
“%}H - “ia = (KGH — Kna)(KGH + Kna) = / o m 2 (11.97)
- r b,eq
and finally
1 * dw w?E(w)
I e e — — 5 5 11.98
PO T e T e+ Whna) /,oo 21 A2+ w2 (11.98)

Since Kk, is equal to the transmission coefficient when the solvent molecules do not
respond to the motion in the reaction coordinate (‘frozen’ solvent molecules), the right-
hand side of the equation represents the dynamical response of the solvent. We see that,
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with the factor w?/(A\? + w?) in the integrand, the high frequency part of the friction
kernel power spectrum is emphasized since the factor is small for small frequencies
and approaches the value of one at high frequencies. This is exactly what is expected,
since it will be the high frequency modes that may respond to the fast motion in the
reaction coordinate. We also note that, provided the integral is convergent, kg > Kna
since the right-hand side of the equation will always be positive and, therefore, any
dynamical response of the solvent will always enhance the reaction rate.

The integral on the right-hand side of Eq. (11.98) diverges unless £(w) falls off faster
than 1/w at infinity. Thus, the inequality established above might not be valid close to
the adiabatic limit. In the adiabatic limit where £(w) = &, we use instead Eqs (11.90)
and (11.92) to determine the difference between the transmission coefficients in the
adiabatic (Kramers) limit and in the non-adiabatic limit. We find

A2 KR = Mona = £(0) = N kr (11.99)
After division by wieq and factorization of k% — k2,, we find
0) — &N,
RKR — Rna = f( ) g KR (11100)

Wh,eq ()\T,KR + >\7’,na)

S0, KKR > kna if £(0) > § A\ kR, and Kkr < kna When £(0) < € A, kr. The latter case
is found in Example 11.2.

Finally, it will also be interesting to develop a general relation between the actual
transmission coefficient kgy and the limiting value of one corresponding to no friction.
This will show that kgg < 1 in a solution and which part of the power spectrum for
the solvent that is responsible for this. We have from Eq. (11.89) that

B =3 [ S

— 11.101
oo 2T A2 4 w? ( )

and after division by wf’eq and factorization of HQGH - 12,
A > dw {(w)
—l=——r—— =55 11.102
ran wb,eq()\r + wb7eq) /—oo 2w )\% + w? ( )

This relation shows that kgy < 1 and, in contrast to above, the factor 1/(A2 + w?)
emphasizes the low frequency part of the power spectrum of the friction kernel, since
it approaches zero at high frequencies. The low frequency modes cannot follow the
fast reaction mode and therefore a non-equilibrium solvent distribution is produced
that causes the reaction rate to decrease.

Example 11.2: Comparison of Kramers, Grote—Hynes, and MD

As in Example 10.1, we consider the Sn2 reaction
Cl~ 4+ CH3Cl' — CH3Cl + Cl'™

in water at T = 298 K. The transmission coefficient for this reaction has been
evaluated at different levels of approximation [6,7].
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The multidimensional potential energy surface was written as the sum of a gas-
phase (LEPS) energy surface incorporating the main features of the one-dimensional
double-well potential in Example 10.1, solvent-solute interactions described by
Lennard—Jones potentials with added (Coulomb) interactions corresponding to point
charges, and solvent—solvent interactions including intermolecular degrees of free-
dom. The solvent consisted of 64 water molecules.

The exact transmission factor (within classical molecular dynamics) kyp was
calculated using the approach described in Section 5.1.2; that is, trajectories were
sampled from the thermal equilibrium distribution at a dividing surface. Good agree-
ment between kyp and kg was found (with a transmission coefficient ~ 0.5),
whereas kgr severely underestimates the transmission (with a transmission coef-
ficient < 0.05). The transmission coefficient in the non-adiabatic (frozen solvent)
regime gives, on the other hand, a description that is in much better agreement
with the numerical value of kyp.

In full molecular dynamics computer simulations, the time evolution of all atomic
nuclei (including solvent atoms) is followed. This approach has been applied to sev-
eral examples of chemical reactions in solution, including bimolecular reactions (as in
Example 11.2), and unimolecular reactions like photodissociation and isomerization.
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Problems

11.1 We consider a bimolecular reaction with two product channels:

Ci1+ Dy

A+B

T

Cy + Do

(a) Write down the rate laws for the formation of the products C; and Cs,
respectively, for the parallel bimolecular reactions. Show that [C;]/[C2] =
k1 /k2, when the initial concentrations are [C]o = [C2]p = 0.

First, we assume that the reaction takes place in the gas phase.

(b) Using transition-state theory, write down an expression for [C;]/[Ca].

The reactants are now surrounded by a solvent.

(¢) How is the equation for the effective rate constant, Eq. (9.35), modified when
it is taken into consideration that the reactants can disappear via two chan-
nels? Under what condition is the reaction ‘activation controlled’?

(d) The ‘potentials of mean force’ for the two activated complexes are Withn and

Wrgi)an, respectively. When, in addition, dynamic solvent effects are included
according to Kramers theory, write down an expression for [Cq]/[Cq].



This page intentionally left blank



Part 111

Appendices



This page intentionally left blank



A
Statistical mechanics

The main objective of statistical mechanics is to calculate macroscopic (thermody-
namic) properties from a knowledge of microscopic information like quantum mechan-
ical energy levels. The purpose of the present appendix is merely to present a selection’
of the results that are most relevant in the context of reaction dynamics.

Consider a macroscopic system with N particles, a volume given by V, and an
energy given by FE. This is the so-called microcanonical system. There will be an
enormous number of quantum states consistent with the fixed macroscopic properties
N,V and E. The energy F must be one of the eigenvalues of the N-body Hamiltonian
Hy, and the number of states of energy F is equal to the degeneracy, which we denote
by Q(N,V, E). This number is also called the microcanonical partition function. A
basic postulate of statistical mechanics is that all states at the same energy are equally
probable (the assumption of equal a priori probabilities). That is, the probability of
finding the system in any of the states is P = 1/Q(N,V, E).

For most practical applications, we consider not isolated systems but systems in
which the temperature is fixed. This is the canonical system consistent with the fixed
macroscopic properties (N, V', T'), where T is the absolute temperature.

We consider a canonical system of N interacting particles described by the V-
body Hamiltonian Hy. In such a system the energy is not fixed. We shall not give
the detailed derivation here but merely state that the probability that the system is
found in the ith energy state &;, given as an eigenvalue of the N-body Hamiltonian, is

exp(—&;/kgT)

P = Al
5 (A1)
where the normalization factor
QIN,V,T)= > exp(—&/kpT)
states, ¢
= > QUN,V,&)exp(~&i/kpT) (A.2)
levels, &;

is the canonical partition function. Note that the summation (i.e., the enumeration)
can be written as a sum over all the energy states or, alternatively, as a sum over the
energy levels, when the degeneracy is included in the sum. Likewise, the probability
that the system is found in the energy level &; is given by P(&;) = Q(N,V, &) P;.

IFor a detailed discussion of this subject see, e.g., D.A. McQuarrie, Statistical mechanics (Univer-
sity Science Books, 2000).
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A.1 A system of non-interacting molecules
Now, at sufficiently high temperatures, for N non-interacting identical and indistin-
guishable particles (e.g., an ideal gas), the partition function can be written in the
form N
QW.T) (A.3)
N!
where @ is the partition function of the individual particles. In the following it will be
referred to as the molecular partition function. When Eq. (A.3) is valid, the molecules
are said to obey Boltzmann statistics. All results that are given below fall within
this ‘ideal gas’ limit (except when it is explicitly stated that the equation is valid for
interacting molecules).
The probability of finding a molecule in the energy level Fj is

P(E;) = % exp(—E; /kpT) (A.4)

QN,V,T) =

where @ is the molecular partition function,

Q= Zwi exp(—FE;/kpT) (A.5)

and F; and w; are the energy and the degeneracy (the microcanonical partition func-
tion) of the ith quantum level. Note that the summation here runs over all the energy
levels. The probability distribution in Eq. (A.4) is referred to as the Boltzmann distri-
bution. If the energy is continuous (e.g., the free particle), then the probability that a
molecule has energy in the energy interval £ — F + dF is

P(E)dE = NéE) exp(—FE/kgT)dE (A.6)
where -
Q :/0 N(E)exp(—E/kgT)dE (A7)

and N(E)dFE is the number of states in the energy interval £ — E + dFE (the micro-
canonical partition function). Thus, N(F) is the density of states.
The Boltzmann distribution is illustrated in Figs 1.2.1 to 1.2.3 of Chapter 1.

A.1.1 The molecular partition function

The evaluation of the molecular partition function can be simplified by noting that the
total energy of the molecule may be written as a sum of the center-of-mass translational
energy and the internal energy, F = Firans + Fing, which implies

Q = QtransQint (AS)

since a product of exponentials is equal to an exponential with an argument that equals
the sum of the arguments of the exponentials, and since Eiy ~ Eyin, + Erot + Felec,
the partition function for the internal degrees of freedom can be written in the form

Qint ~ Qvierothlcc (Ag)

These partition functions can be evaluated quite readily. In the following it turns out
to be convenient to choose the zero of energy such that it coincides with the zero-
point level of the quantized energy levels. To that end, we note that, if we subtract
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the zero-point energy Ey from all energy levels, the partition function Eq. (A.5) takes
the form

Q = exp(—Eo/kpT) > w; exp(—[E; — Eo] /ksT) (A.10)

Here the sum is the partition function with the energy measured relative to the zero-
point level and @ is obtained after multiplication by exp(—Eq/kpT). The Boltzmann
distribution Eq. (A.4) can be written in the form

wi exp(—[E; — Epl/kpT)
Z Wi exp( [El — Eo]/kBT)

P(E; — Ey) = = P(E)) (A.11)

Thus, the partition functions differ by the factor exp(—Ey/kpT), whereas the Boltz-
mann distribution is invariant to such a shift of the energy scale in the standard
expressions for the energy levels.

For the translational partition function, we first consider a particle in a one-
dimensional box of length [. The energy levels, with the zero of energy as the zero-point
level, are E,, = (n? — 1)h?/(8mi?), with n = 1,2,..., and degeneracy w, = 1. The
partition function takes the form

n? —1)h?
Qtrani Z exXp ( 8m12kBT ) (A12)

This sum cannot be evaluated analytically. However, when the energy difference be-
tween subsequent levels can be considered as small, then the sum can be replaced by
an integral. Thus, when E, 1 — E, = (2n + 1)h?/(8mi?) < kgT, that is, at high

temperautures,2 we have
0 Tl2 h2
~ exp| ———5—= | dn
Qtrans /0 p < SmIQkBT

= (2mmkpT)?1/h (A.13)

The energy levels for a particle in a three-dimensional box are given as the sum of the
energies for each dimension, and the partition function for the three-dimensional box
is simply a product of the partition functions for each dimension; that is,

Qurans = (2rmkpT)*?V/h? (A.14)

where V = [? is the volume of the box.

In order to evaluate the vibrational partition function we consider a single harmonic
oscillator. The energy levels, with the zero of energy as the zero-point level, are E,, =
hvgn, with n = 0,1,.. ., and degeneracy w, = 1. The partition function takes the form

2The inequality cannot hold as n increases; but, by the time n is large enough to contradict this,
the terms are so small that they make no contribution to the sum.
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o0
—hvon/kpT
Qvibzg e~hven/ks

n=0
n=0
— 14 e tws/kBT 4 (efhlzs/kBT)2 L
= (1 — exp(—hv,/kpT))™* (A.15)
since 1 + 2 + a2 +--- = (1 —2)~!. For a set of s harmonic oscillators (e.g., normal

modes, see Appendix E), the total energy is the sum of the energies for each oscillator
and the partition function becomes, accordingly, a product of partition functions of
the form given in Eq. (A.15); that is,

S

Quiv = [ J(1 — exp(—hw;/kpT)) ™! (A.16)

i=1

For the rotational partition function, we first consider a linear rigid rotor. The
energy levels are E; = J(J + 1)h?/(21), with J = 0,1,..., and I is the moment of
inertia. Each energy level has a degeneracy of m; = 2.J 4 1. The partition function
takes the form

oo

Quot = »_(2J + 1) exp{—J(J + 1)h?/(2IkpT)} (A.17)
J=0

This sum cannot be evaluated analytically. However, when the energy difference be-
tween subsequent levels can be considered as small (Ej1 — Ey = h2(J+1)/1 < kgT,
that is, at high temperatures) then the sum can be replaced by an integral:

Qrot ~ /OO(QJ + 1) exp{—J(J + 1)K/ (21kpT)}dJ
0
= /m exp{—J(J + 1)h2/(2IkpT)}d{J(J + 1)} (A.18)
0

The last integral is easily evaluated, and
Qrot = 87T2II€BT/h2 (Alg)

This is the correct expression for the rotational partition function of a heteronuclear
diatomic molecule. For a homonuclear diatomic molecule, however, it must be taken
into account that the total wave function must be either symmetric or antisymmetric
under the interchange of the two identical nuclei: symmetric if the nuclei have integral
spins or antisymmetric if they have half-integral spins. The effect on Q. is that it
should be replaced by Qyot/0, where o is a symmetry number that represents the
number of indistinguishable orientations that the molecule can have (i.e., the number
of ways the molecule can be rotated ‘into itself’). Thus, Q.o in Eq. (A.19) should be
replaced by Qot/0, where o = 1 for a heteronuclear diatomic molecule and o = 2
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for a homonuclear diatomic molecule. When Eq. (A.19) is extended to a non-linear
molecule with moments of inertia I, I, and I. about its principal axes, the rotational
partition function takes the form

Qrot = ©/2\/872 L, kpT/h2\/8n2 T kT /h2\/8721 kT /h%/c (A.20)

Finally, the electronic partition function is considered. The zero of energy is chosen
as the electronic ground-state energy. The spacings between the electronic energy
levels are, normally, large and only the first term in the partition function will make
a significant contribution; that is,

Qelec = Z Wi eXP(—Ei//fBT)

~ Wo (A21)
Thus, the partition function is simply the degeneracy of the electronic ground state.

A.1.2 Macroscopic properties

When we know the partition function, we can calculate thermodynamic quantities
from a knowledge of the quantum mechanical energy levels. Consider, as an example,
the energy E. A basic postulate of statistical mechanics is that such an energy is the
average value of all the quantum mechanical energy levels with the weights given by
the Boltzmann distribution; that is,

(B) = Z E;P(E;)

_ kpT?
Q
= kpT?dInQ/dT (A.22)

dQ/dT

using Eqs (A.4) and (A.5).

In a similar manner, the equilibrium constant of a chemical reaction can be related
to the quantum mechanical energy levels of the reactants and products. Consider, as
an example, a mixture of A and B molecules in equilibrium:

A—B (A.23)
The equilibrium constant is
K.(T) = [B]/[A]
= Np/Na (A.24)

that is, equal to the ratio of the number of products and reactants.
According to the Boltzmann distribution, Eq. (A.4), the probability of finding an
A molecule in the energy level E, is

P(Ea) = na/N

- % exp(—E, /ksT) (A.25)
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where n, is the number of A molecules in the energy level E,, N = Na + Ng is the
total number of molecules, and @ is the total partition function. Similarly,

P(Eb) = nb/N
- % exp(—E}/kpT) (A.26)
is the probability of finding a B molecule in the energy level E}, where E| = E}, + E,
and FEy is the difference between the zero-point levels of the products and the reactants.
Thus, Ej denotes the energy levels of molecule B measured relative to the zero-point

level of the molecule. Note that Q@ = Y wqexp(—E,/kpT) + >, wyexp(—E} /kpT).
Now,

NA = Zna
= (N/Q) Y waexp(—Eq/kpT)
=NQa/Q (A.27)

and

NB = Z np
b
= (N/Q)> _wyexp(—Ey/kpT)

b

= (N/Q) exp(—Eo/kpT) Y wyexp(—Ey/kpT)
b

= NQgexp(—Eo/ksT)/Q (A.28)

and the equilibrium constant is given by
Qs

Ke(T) = O exp(—Eo/kpT) (A.29)
A

that is, it can be calculated from the energy levels of the molecules.
For a general equilibrium of the form

VAA +vpB — vcC + vpD (A.30)

where the vs are stoichiometric coefficients, the result is

KC(T) _ (QC/V)UC (QD/V)UD eon/kBT (A31)

(Qa/V)ra(Qp/V)¥e

where Qa is the partition function for molecule A, Ej is the difference between the
zero-point levels of the products and the reactants, and the partition functions are
evaluated such that the zero of energy is the zero-point level.
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A.2 Classical statistical mechanics

It is often impossible to obtain the quantized energies of a complicated system and
therefore the partition function. Fortunately, a classical mechanical description will
often suffice. Classical statistical mechanics is valid at sufficiently high temperatures.
The classical treatment can be derived as a limiting case of the quantum version for
cases where energy differences become small compared with kgT.

The state of a classical system can be completely described by coordinates and
momenta, i.e., a point in phase space; see Fig. A.2.1. For a system with s degrees of
freedom (that is, s coordinates are required to completely describe its position), the
phase space has the dimension 2s. When the system evolves in time, its dynamics
is described by the trajectory of the phase-space point through phase space. The
trajectory is given by Hamilton’s equations of motion, Eq. (4.63), and the total energy
for the molecule is given by the classical Hamiltonian H. The summations over states
(or energy levels) in quantum statistical mechanics are replaced by integrations over
regions of phase space.

The problem now is how to count the number of states in this continuous de-
scription. For proper counting, the use of quantum mechanics (Planck’s constant) is
unavoidable. For a system with one degree of freedom, the number of states in the
area element dqdp is

dgdp/h (A.32)

or, equivalently, a ‘phase-space cell’ of area h contains one state. The sum of states
G(E), that is, the total number of states having energy in the range from 0 to E,
is then the total phase-space area occupied at the energy E divided by h. For a
multidimensional system with s degrees of freedom, a phase-space cell of volume h®
contains one state (see Fig. A.2.1), and the sum of states is then given by

1 H=F
G(E) = E/H—O ---/dql---dqsdpl---dps (A.33)
Pk
/—J
qi
qi

Fig. A.2.1 An illustration of the 2s-dimensional phase space of a system with s degrees of
freedom. The solid path describes the motion of the system according to Hamilton’s equations
of motion. The cube illustrates a phase-space cell of volume h® that contains one state.
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where all possible combinations of coordinates and momenta are included with the
restriction that H(q1,...,qs,p1,...,ps) lies between 0 and E. The density of states
N(E) is given by

N(E) = (G(E +dE) - G(E))/dE
= / /d(h ~dgsdpy - - - dps
H=F
= E/"'/5(E—H)dql---dqsdp1---dps (A.34)

using that G(FE + dE) — G(F) is a multidimensional volume of phase space enclosed
by the two hypersurfaces defined by H = F and H = E+ dFE, and this integral can be
expressed as the area of the hypersurface for H = E multiplied by dE. The condition
that the range of integration is restricted to this hypersurface is in the last integral
expressed in terms of a delta function. Note that the definition in Eq. (A.34) implies

N(E) =dG(E)/dE (A.35)
The Boltzmann statistics of particles described by classical mechanics is obtained
from Eqs (A.6) and (A.34):

N(E)

P(E)dE = exp(—E/kpT)dE (A.36)

where

Q= /OO N(E)exp(—E/kgT)dE
0

1
= E/.../dql +dgsdpy - - - dpsexp(—H(q,p)/ksT) (A.37)

The expectation value of the energy in Eq. (A.22) is given by
1
(E) = é/EN(E) exp(—E/kpT)dFE

_ J-Jday---dgsdp, - - - dpsH (g, p) exp(—H (g, p) [kpT)
[ Jdai---dgsdpy - - dpsexp(—H (g, p)/kpT)
Finally, the classical partition function for N interacting molecules, that is, the
classical limit of Eq. (A.2), takes the form
1
NlhsN
where Hy(q, p) is the classical N-body Hamiltonian with each molecule described by s

coordinates in configuration space. The probability of finding the system at the point
q1,---5qsNsDP1,- - -, PsN 1 a volume element dq; - - - dgsnydpy - - - dpsn is given by

(A.38)

QN,V,T) = / . / dqy - - dgondps - - dpy exp(—Hu (g, p)/ksT)  (A.39)

P(qrs---sqsNsD1s-- -5 DsN)Aqr - - - dgsndpy - - - dpsy =
dqi - -dgsndpy - dpsy exp(—Hn(q,p)/ksT)  (A40)
S+ [dgi---dgsndpy -+ - dpsn exp(—Hn (q,p)/kpT)
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A.2.1 Applications of classical statistical mechanics

In the following we derive some results that are used in various parts of this book.

Example A.1: The free particle

We consider the sum of states, density of states, and energies of an ideal gas in a
box of volume V. The Hamiltonian for a free particle of mass m is

H(p,q) = (5 +pi +p2)/2m (A.41)

We first consider the sum of states. Now, in Eq. (A.33) the integration over coordi-
nates gives the volume of the container, and the integral over the momenta is the
momentum-space volume for H having values between 0 and E. Equation (A.41) is
the equation for a sphere in momentum space with radius v2mH. Thus, the volume
of the sphere is 47(v/2mH)3/3 and

1 47

G(E) = 3 ?( 2mE)3V (A.42)

and after differentiation with respect to E,
N(E) = (227213 1m®/2 B2y (A.43)

(note that the same result is obtained from the quantum solution to a ‘particle in
a box’, for high quantum numbers or, equivalently, high energies [1]). The partition
function can then be evaluated:

Qtrans = /0 N(E) eXp(—E/kBT)dE
= (2nrmkpT)3/?V/h3 (A.44)

Note that this expression is identical to the approximate form of the quantum me-
chanical partition function in Eq. (A.14). The energy distribution in Eq. (A.36) be-
comes

)3/2 VE exp {—i} dE (A.45)

P(E)dE = 2r ( i

WkBT

This result was given in Eq. (2.28). The well-known Maxwell-Boltzmann distribution
of molecular speeds, Eq. (2.27), is obtained after substitution of E = mv?/2, dE =
mudu.

Example A.2: s uncoupled harmonic oscillators

We consider the sum of states, density of states, and energies for a set of harmonic
oscillators. The Hamiltonian for s harmonic oscillators of unit mass is
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S

2 202
H(p,q) =) (% + —12(11 > (A.46)
(=

where w; = 27; and v; is the frequency of the ith oscillator. First consider a single
harmonic oscillator (s = 1). Equation (A.46) can be written in the form

pi q _
(VemE | (JoHJAE (447

This is the equation of an ellipse with semiaxes v2H and /2H Jw?. The integral
in Eq. (A.33) is simply the area of this ellipse, which is equal to = multiplied by the
product of the two semiaxes. The area is, accordingly, H/vy, and G(E) = E/(hvy).
For s harmonic oscillators, Eq. (A.46) is the equation for a 2s-dimensional ellipsoid
and the integral in Eq. (A.33) is simply the volume of this ellipsoid. The volume of
a 2s-dimensional ellipsoid is given by (7°/s!) Hf;l a;, where a; are the semiaxes.
Thus, the sum of states takes the form

ES

G(E) = ST (A.48)
and the density of states is
Fs—1
N(E) = CE N (A.49)
which implies that the partition function (Eq. (A.37)) is
Quib = % (A.50)

Note that this expression differs from the quantum mechanical partition function in
Eq. (A.16); it is the high-temperature limit, where hv;/kpT is small. The Boltzmann
energy distribution function, as given by Eq. (A.36), takes the form

P(E)dE = ﬁ (%)1 = {—@%} k‘;—ET (A.51)

Finally, since Eq. (A.48) is based on a classical evaluation of the sum of states, the
fact that according to quantum mechanics no vibrational states exist at energies
below the zero-point energy F, is clearly violated. Thus, we can anticipate that a
better estimate of the sum of states at the vibrational energy E, defined as the energy
in excess of the lowest possible vibrational energy, is G(E) = G(E + E.,) — G(E,).
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Example A.3: The rigid rotor

We consider the sum of states and density of states for a rigid rotor. The Hamiltonian
for a linear rigid rotor with the moment of inertia [ is

P P
H(97¢7p97p¢) =L T

= A .52
21 2Isin%0 ( )

where (0, ¢) are polar angles that specify the orientation of the rotor (6 € [0, ]
and ¢ € [0,27]) and (pg,pe) are the conjugate momenta. Equation (A.52) can be
written in the form

3 v
0

=1 A.53
2IH = 2IHsin%0 ( )

For a fixed value of @, this is the equation of an ellipse with semiaxes v/2I H and
V21 H sin” §. The integral in Eq. (A.33) takes the form

1 T 27 H=F
G(E) = ﬁ/o /0 d0d¢/0 /dpedm
1 T 27
1 / / *21 Esin 0 d0de (A.54)
h2 0 0

since the integral over py and ps with the restriction that the energy is between 0
and F is simply the area of the ellipse defined by Eq. (A.53), which is equal to 7
multiplied by the product of the two semiaxes.

Thus, the sum of states takes the form

- 8m2IE

G(E) % (A.55)
and the density of states is
8m2l
N(E) = 5 (A.56)
The partition function (Eq. (A.37)) is then
Qrot = / N(E)e E/*sTdE
0
8n2IkpT
_ > (A.57)

Note that this expression is identical to the (approximate) quantum mechanical
partition function, Eq. (A.19), for a linear rigid rotor.

The Hamiltonian for a non-linear rigid rotor is quite complicated [1] and the
derivation of the expressions for the sum and density of states is cumbersome. We
know, however, that the partition function is given by Eq. (A.20), and it is quite
easy to find the expressions for the sum and density of states that are consistent
with Eq. (A.20).
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Thus, for the sum of states we use a form that is analogous to Eq. (A.55):

4
G(E) = 58I, [W% /8L, [ \/Br2 . ]h? E*/? (A.58)

and the density of states is then

N(E) = 2+/872I,/h?+/872I,/h2+\/872I./h2? E'/? (A.59)

The partition function (Eq. (A.37)) is then

O :/ N(E)e F/keTqE
0

:2\/87r21a/h2\/87721b/h2\/SwQIC/hQ/ EY2e=B/keT g
0

= 2v/8n%1,/h?\/8n%I, [h?+/8m21 [ h? (kpT)>? / EV2e B gE
0

= w/2\/8n21,kpT[h2 /82l kT h?\/8721 k5T h? (A.60)

since the integral is the Gamma function with the argument 3/2, and I'(3/2) =
\/7/2. This expression is identical to the (approximate) quantum mechanical parti-
tion function in Eq. (A.20).

Example A.4: The Maxwell-Boltzmann distribution for IV interacting mole-
cules

The well-known Maxwell-Boltzmann distribution for the velocity or momentum
distribution associated with the translational motion of a molecule is valid not only
for free molecules but also for interacting molecules, say in a liquid phase. We
start with the general expression, Eq. (A.40), i.e., the Boltzmann distribution for N
identical molecules each with s degrees of freedom:

P(q1,---,qsNsD15-- -, PsN)Aq1 - - - dgsndpy - - - dpsn =
dgqy -+ -dgsndpy - - - dpsn exp(—Hn (q,p)/kpT)
J o [daq---dgsndpy - - - dpsn exp(—Hn (g, p)/ksT)

(A.61)
where ¢, p is a short-hand notation for gi,...,qsn,p1,...,psny and the Hamiltonian
can be written in the form

Hy (Qap) = Ttrans(ptrans) + Trot,vib(prot,vib) + U(q) (A62)

We choose the first 3N momenta to be associated with the Cartesian coordinates of
the centers of mass of the N molecules, that is, the kinetic energy associated with
the translational motion of the N molecules is
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N
Tirans (ptrans) = Z(pin + pzn + pzn)/Zm (A63)
n=1

Trot,vib (Prot,vib) 1s the kinetic energy associated with rotational and vibrational mo-
tion, and U(q) is the potential energy describing the interaction between all mole-
cules.

We want the probability distribution irrespective of all the position coordinates,
q, as well as all the momenta associated with the rotational and vibrational motion,
Prot,vib- Thus, in Eq. (A.61), we integrate over all these coordinates. The form of
the Hamiltonian, Eq. (A.62), implies that the exponentials can be factorized into
three terms, and integration over the three sets of coordinates can be carried out
separately, i.e.,

dpl o dPBN exp(_Ttrans(ptrans)/kBT)
f o f dpl o dp3N exp(_Ttrans(ptrans)/kBT)
(A.64)
Finally, we integrate over the three momentum components for N — 1 of the mole-
cules, i.e., all the molecules except one, and obtain the well-known result

Ptrans(ph e 7p3N)dp1 T deN =

P (pwl,pylvpzl)dpa:ldpyldpzl =

(2rmkpT) /% exp[—(p2, + p32,1 +p21)/(2mkpT))dps1dpy1dp:

(A.65)

The corresponding velocity distribution is obtained after substitution of p,; = muw,1,
Py1 = Muya, and p,1 = muv,.

Further reading/references
[1] D.A. McQuarrie, Statistical mechanics (University Science Books, 2000)
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Microscopic reversibility and
detailed balance

Both Newton’s equation of motion for a classical system and Schrédinger’s equation
for a quantum system are unchanged by time reversal, i.e., when the sign of the time
is changed. Due to this symmetry under time reversal, the transition probability for a
forward and the reverse reaction is the same, and consequently a definite relationship
exists between the cross-sections for forward and reverse reactions. This relationship,
based on the reversibility of the equations of motion, is known as the principle of
microscopic reversibility, sometimes also referred to as the reciprocity theorem. The
statistical relationship between rate constants for forward and reverse reactions at
equilibrium is known as the principle of detailed balance, and we will show that this
principle is a consequence of microscopic reversibility. These relations are very useful
for obtaining information about reverse reactions once the forward rate constants or
cross-sections are known. Let us begin with a discussion of microscopic reversibility.

B.1 Microscopic reversibility
B.1.1 Transition probability

The trajectory of a classical particle may be found by integrating Newton’s equation
of motion

F = m% (%) (B.1)

from say time to to time t;. Let us then introduce the substitution

T=—t+ (to + 1) (B.2)

Femgts (dﬁ))
—mt (j{) (B.3)

As t varies from ¢y to t1, 7 is seen from Eq. (B.2) to vary from t; to tg, so the substi-
tution is equivalent to a time reversal. Since the equations of motion are identical, the
system will follow exactly the same trajectory; the only difference will be that in one

into Eq. (B.1). We find
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case it is followed forward in time from ¢ to ¢1, and in the other case backward in time
from ¢1 to to. In other words, it is not possible from the equation of motion to decide
whether it describes a forward or a reverse propagation in time. This is summarized
by saying that the classical equation of motion has time-reversal symmetry. As a con-
sequence, the probability for a forward scattering process must equal the probability
for the reverse scattering process, where all velocities dr/dt and time have changed
sign (see Eq.(B.3)).

The Schrodinger equation for a quantum system also has time-reversal symmetry.
The solution to the time-dependent Schrodinger equation

o -
ih—- = Hy (B.4)

may be formally written as

W(t) = exp(—iH (t, — to)/R)Y(to)
Uty — to)i(to) (B.5)

where the propagator

Uty —to) = exp(—iH(t1 — to)/h)
=1—iH(t; —to)/h— H*(t; —t9)?/2h% + - - (B.6)

(formally defined by its Taylor expansion) propagates the wave function from time ¢y
to time ¢;. From this definition it is clear that

Ul(to —t1) = UT(ts — to) (B.7)

where { indicates Hermitian conjugation. Suppose now that we propagate the wave
function (1) at time ¢; backward in time to time ¢o; then we have

U(to) = Ulto — t1)v(t1) (B.8)

or

¥ (i) = Ut — to)u" (1) (B.9)
where we have used Eq. (B.6). The propagators in Eqs (B.5) and (B.9) for, respectively,
a forward and a backward propagation in time are identical, and if the wave functions
are real, it is immediately obvious that the same equation may be used for forward and
backward propagation in time as in a classical system; hence the Schrédinger equation
has time-reversal symmetry. In general, however, the wave functions are complex, so
the two equations of motion differ in the sense that it is the wave function itself that is
propagated in the forward direction of time, whereas it is the complex conjugate wave
function that is propagated in the reverse direction of time. The complex conjugation
of the wave packet is equivalent to a change in sign of the momentum of the wave packet
(the Gaussian wave packet, Eq. (4.113), has this property), just like time reversal in a
classical system, where the velocities change sign.
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Then it is remembered that the wave function itself does not have a physical
meaning. So let us, for example, determine the transition probability from say state
|k(to)) at time to to state |m(¢1)) at time ¢;. Then we have

|k(t1)) = U(ts — to)[k(to)) (B.10)
and the transition probability is

Pirteo)y—lm(er)) = [(m(t)|U(tr = to) [k (to))|? (B.11)

This transition probability is now compared to the transition probability for the reverse
process, where we consider the transition from |m(t1)) to |k(t9)). We find

Pty Iitto)y = [ (k(t0)|U (to — t1)|m(t1))|?
= [(m(t1)|U (1 — to) k(to))|? (B.12)

where we have used the relation (k(to)|U (to — t1)|m(t1))* = (m(t:)|U (to — t1)|k(to))
and Eq. (B.7). In other words, the transition probability from state |k(tg)) at time ¢
to state [m(¢1)) at time ¢; is equal to the transition probability for the reverse process,
that is, from |m(t1)) to |k(to)). This is a manifestation of the time-reversal symmetry
of the equation of motion.

The transition probabilities per unit time and per scattering center in Eqs (B.11)
and (B.12) are for a collision process, often written in a more explicit form to emphasize
the particular transition considered:

P(ml, ij;v;, Q) = P(ij,ml;vp, Q) (B.13)

where v; and vy are the initial and final relative speeds, respectively, of the colliding
particles, ij are the initial internal states of the two colliding molecules, ml are the
final internal states of the product molecules, and 2 is the solid angle into which the
particle of interest is scattered. This angle, as measured from the direction of the
initial relative velocities, respectively, v; and vy, is the same for both the forward and
the reverse scattering process. Finally, let us emphasize that the transition probability
P refers to a well-specified initial and final state and that it gives us the probability
per unit time and per scattering center for the scattering process indicated.

B.1.2 Cross-sections

From the fundamental relation in Eqs (B.12) or (B.13), we are now going to derive a
relation between the differential cross-section for the forward and the reverse scattering
process.

As defined previously in Eq. (2.7), differential cross-sections are defined as the flux
of particles scattered into a range of solid angle df) around the solid angle 2 per
unit initial flux and per scattering center. The state-to-state transition probabilities
are already per unit scattering center and, since we do not scatter into one single
final state but a range of final states as given by d2, we need to determine how
many final states are consistent with that uncertainty in the final solid angle. It is
then assumed that the transition probability to that small range of final states is the
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same, irrespective of the state; then the product of the transition probability and the
number of final states will be the total transition probability. The scattering into the
solid angle d2 around 2 with a relative final velocity vy is equivalent to scattering
into a final state with momentum py, ps + dpy. The number of final states in this
range may be determined in the following way. We consider a free particle in one
dimension where the momentum eigenfunction is given by v, (z) = c(p) exp(ipx/h).
In a (macroscopic) box of length L, periodic boundary conditions on the wave function
Yp(x+ L) = 9, (x) imply that exp(ipL/h) =1 or p/h = 2nn/L, where n is an integer.
That is, the spacing between momentum values is h/L, which implies that the density
is L/h. This argument can be extended to three dimensions, and it can be shown that
the density, p(p), is (L/h)® and

v
p(ps)dps = 734y

Vo, .
= mp? sin 6dOdodp ¢ (B.14)

V s
73P7dpsdfd
where we have changed from Cartesian coordinates to spherical coordinates and used
the definition of the solid angle df2.

If the density of particles in the incident beam of A(i) molecules with relative
velocity v; with respect to the B molecules is n4(;), then the magnitude of the incoming
flux is

JA = va(i) = 'UiNA(i)/V (B.15)

and the number of scattered molecules in the solid angle df) per unit time is

Jo = NawP(ml,ij;vi, Q) p(ps)dpy

= Ny P(ml,ij; v, Q)5 prdppdS (B.16)

v
ﬁp
From the definition of the differential cross-section, we obtain'

K Vp%dpfdQ

or(mllij; v, Q)dQS(Ey — E;)dEy = P(ml, ij;v;, Q)U e

(B.17)

The factor 6(Ey — E;)dEy on the left-hand side of the equation has been introduced
to emphasize energy conservation for the process indicated in the argument to og.
The transition probability P on the right-hand side is determined directly from the
equation of motion, so it is therefore not necessary to include the delta function on
the right-hand side.

INote that, in this appendix, we use a notation for the differential cross-sections that differs

somewhat from the one in Chapter 2. Thus, ogr(ml|ij;v;, Q) is dJ—R(ij,v\ml,Q) in the notation of

a2
Chapter 2.
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The cross-section for the reverse reaction may be written analogously:

V VpldpidQ

or(ijlml;ve, Q)dQ(E; — Ef)dE; = P(ij, ml; vy, Q) e (B.18)
vf

When we use Eq. (B.13) and cancel common factors, we find from Eqgs (B.17) and
(B.18) that

.. Vg .. vf

or(mllij; vy, Q)——— = or(ij|lml;ve, Q) (B.19)

| pdpy mtses pidp;

From the energy balance

2 2

Di Py
E; = E; interna =E;=F interna a5 B.20
i i,inte 1+ 2/1@ f f,inte 1+ 2Mf ( )

where p; is the reduced mass for the relative motion of the reactants and ¢ for the
products, we find the following relation between p; and py for fixed internal states:

Di p
dp; = “Lp
i 27
= vidp; = vydpy (B.21)

The desired relation between cross-sections for the forward and the reverse reactions
is thus found to be

pior(milij;vi, Q) = pior(ijlml;vy, Q) (B.22)

This relation expresses the principle of microscopic reversibility for the differential
cross-sections.

Alternatively, using Eq. (4.173) and the symmetry of the S-matrix element, using
Eq. (B.12), we immediately obtain

k2ogr(n, Elm) = k2,0r(m, E|n) (B.23)

where, on the left-hand side, n and m refer to the quantum state of the reactant and
product and, on the right-hand side, the reverse reaction is considered, i.e., the initial
and final quantum states are m and n, respectively. F is the total energy.

Equation (B.23) is the desired relation (at the level of integrated cross-sections),
and it is equivalent to Eq. (B.22), since p = hk.

If the system has an internal angular momentum (associated with rotational states
of molecules) there will, in the absence of an external field, be degeneracies in the
system that will be practical to display explicitly in the expression for microscopic
reversibility in Eq. (B.22). For systems with angular momenta, time reversal of the
quantum equations of motion reverses the signs of both the momenta and their pro-
jections on a given direction, just like in a classical system. To express this explicitly,
Eq. (B.13) is written as

P(ml,ij;v;, Q) = P>i" 5", m*";v5, Q) (B.24)

The ‘starred’” quantum states differ from the ‘unstarred’ ones by the sign of the pro-
jection of their angular momenta, so if the projection of the angular momentum of
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state 7 on the z-axis is m; then the projection of i* on the z-axis is —m;, etc. By an
analysis similar to that used to derive Eq. (B.22), we obtain

pior(mllij;vi, Q) = pior(i*j*|m*1*;vs, Q) (B.25)

Experimental and calculated cross-sections are usually averaged over the degenerate
quantum states associated with the angular momenta when there is no external field. A
more useful statement of microscopic reversibility can therefore be obtained by working
with average cross-sections o, which refer to transitions between sets of degenerate
levels in the initial and final states. Let J; denote the total angular momentum of state
i and m; its projection on the z-axis. Then by summing Eq. (B.24) over all degenerate
states of the reactants and products one obtains

Yoo POmlijiv, Q= > Plij,mlvg, Q) (B.26)

MG, MG, Mem , M| MG, Mg Mo, 1M

where the summations over the my are from —J; to Ji. Note that we have dropped
the star on the quantum states because the range of the mj extends over both positive
and negative values.

Since the p; and py are constant when summed over degenerate states, we may now
use Eqgs (B.17) and (B.26) to introduce a cross-section, o (), where we have summed
over all degenerate states:

_ V Vp2dp rdQ
o) (llijivi, OBy — B)E; = S P(ml,ijiv, Q);%
Mg Mg Mo, M v
(B.27)
So the principle of microscopic reversibility may be rewritten as
p?JR(s) (ml|ij;vi, Q) = p?UR(S) (ij|ml;vp, Q) (B.28)

The or(s) refers to the sum of cross-sections for the transition from the degenerate set
of states 7, 7 to [, m defined for unit flux from each initial state (see Eqs (B.15)—(B.17)).
We may instead operate with an average cross-section G based on an initial flux for
the total set of degenerate states:

N 1 [
19j

where g; is the number of degenerate states, g; = 2J; + 1. Substitution of Eq. (B.29)
into Eq. (B.28) leads to yet another expression of microscopic reversibility, based here
on the average cross-sections for the degenerate states:

pi9ig;or(Ml|ij;v;, Q) = p?cgmgla'R(fﬂmZ; vy, Q) (B.30)

It is noted that this relation only holds in the absence of an external field, when
the sets of states are degenerate. Other degeneracies may also occur in the internal
molecular states. In this case, the g factors should include those degeneracies.
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B.2 Detailed balance

Detailed balance provides a relation between the macroscopic rate constants k¢ and &,
for the forward and reverse reactions, respectively. On a macroscopic level, the relation
is derived by equating the rates of the forward and reverse reactions at equilibrium.
Here it will be shown that the principle of detailed balance can be readily obtained as
a direct consequence of the microscopic reversibility of the fundamental equations of
motion.

On a macroscopic level in the absence of an external field, we cannot distinguish
between sets of degenerate states in the reactants and products; so the most detailed
relation between macroscopic rate constants and microscopic cross-sections will be one
where we have summed over all degenerate states as in Eq. (B.27). The macroscopic
rate constant for a particular transition between degenerate states is then given by

oot (L, 77) = / / vio sy (MG 01, Q) fago () fo) (vn)dQdpadps (B31)

analogous to the relation in Eq. (2.18). This relation is general in the sense that it
applies to both equilibrium and non-equilibrium systems. We now assume that the
velocity distributions for va and vg (or momenta distributions pa and pg) are given
by the equilibrium Maxwell-Boltzmann distribution at temperature 7. We obtain, as
in Section 2.2 (see Eq.(2.29)), the following result:

- 1 . P2

k ml,ij) = ———— [ vio ml|ig;v;) exp| ———— |dp; B.32
where p; is the reduced mass and p; = p;v; is the momentum associated with the
relative translation of the reactants. Similarly, the expression for the rate constant for
the reverse reaction is

- 1 B v}
ko(s)(z]7ml) = W/’UfUR(S)(Z]|mZ,'Uf) exp(—W>dch (B33)

where py refers to the reduced mass and py = pyvy is the relative momentum of
the products. Note that o) (ml]ij; v;) is the integrated cross-section (see Eq. (2.12))
where o g, (ml|ij; vi, ) is integrated over all space angles.

To relate the rate constants in Eqs (B.32) and (B.33), we substitute Eq. (B.28)
and use the conservation of energy to relate the differentials and limits of integration.
Conservation of energy requires

P} _ P}
i AE,, B.34
2 2py - ' (B.34)
where
AFEyw = Ep + E — (E; + Ej) + Eop — Eo,r (B.35)

is the change in the internal energies associated with the reaction. Ey , is the zero-
point energy of the products and Ej, is the zero-point energy of the reactants. We
then have for the reverse rate constant, using Eqs (B.21), (B.28), and dp = 4mp*dp,
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ka(s) (ij, m[) =

dm /oo 2 ( _ l—|7—.. ) p% AEz‘int dn:
(QW/LkaT)?’/Q o ViPi OR(s) \TTU[2] 5 V;) €XP k5T kpT Di
(B.36)

From Eq. (B.32), we then obtain the following relation between the forward and reverse
rate constants:

kc,(s) (ﬁll_, Ej) _ (ﬂ

3/2
4. exp(—AEins /kgT) = K (ml, i} B.37
P = (B) et AR keT) = KORLT) | (BT

It is noted that the right-hand side is the ratio of the translational partition functions
of products and reactants times the Boltzmann factor for the internal energy change.
In the derivation of this expression we have only used that the translational degrees
of freedom have been equilibrated at T" through the use of the Maxwell-Boltzmann
velocity distribution. No assumption about the internal degrees of freedom has been
used, so they may or may not be equilibrated at the temperature 7. The quantity
K (ml,ij) may therefore be considered as a partial equilibrium constant for reactions
in which the reactants and products are in translational but not necessarily internal
equilibrium.

To obtain the statement of detailed balance for complete equilibrium, with both
translational and internal degrees of freedom in thermal equilibrium, we must sum
over the rate constants in Eqs (B.32) and (B.33), weighting each by its equilibrium
Boltzmann distribution; that is (as in Eq. (2.18)),

ki=Y_ > ko(s) (ML, ij)pacPB@) (B.38)
ij  ml
and -
ki = Z Z ko(s) (i3, ml)pcin)Po (D) (B.39)
ij  ml

Here ky is the rate constant for the forward reaction and &, for the reverse reaction.
PA(5) 1s the probability (mole fraction) of A in any of the set of states 4, which is given by
statistical mechanics according to Eq. (A.4), and similarly for the other constituents.
If we substitute these relations into Eqs (B.38) and (B.39), we obtain

1
hy = QaQsB

S koo (Ml ij) exp(—[E; + E; + Eo|/ksT) (B.40)
ij  ml

and for the reverse reaction

1 . —
ky = o ZJ: %: ko(s)(if, ml) exp(—[E; + Ey, + Eo ) /ksT) (B.41)

Note that the degeneracies g; do not appear explicitly in the equations, because we use
‘barred’ quantities as indices in the sums. They imply a sum over degenerate states;
had we used ‘unbarred’ indices, then the degeneracy factor g; should be included
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explicitly. From Eqgs (B.40) and (B.41) and using Eq. (B.37), we find the following
relation between the rate constants:

3/2
_ (B Qals
=) (a)

N\ 3/2
“(5) (83, oot Bty o
int

where the subscript ‘int’ has been added in order to emphasize that the partition
functions refer to internal (non-translational) degrees of freedom. Furthermore, in
the second line, following Eq. (A.10), the partition functions are evaluated with the
energies measured relative to the zero-point levels of the reactants and products, re-
spectively. Rearranged, the general statement of detailed balance at equilibrium may
be written

k 3/2
k_f: = (’;_f) (gzg];)m exp(—[Eo,p — Eo,)/kpT) = K(T) (B.43)

where K (T') is the equilibrium constant for the reaction. This is the usual statistical
mechanical expression for the equilibrium constant in terms of the molecular partition
functions.

In summary, we have seen that the application of microscopic reversibility for the
forward and reverse cross-sections and the use of complete equilibrium distributions
for the evaluation of the statistical rate constant lead to the usual results known
from equilibrium statistical mechanics. If one knows the cross-section for a forward
reaction, one can always determine the inverse cross-section through the principle of
microscopic reversibility. Also, if one knows the cross-section for the forward reaction,
and in addition one knows that the translational and internal distribution functions of
reactants and products have reached equilibrium, one can calculate the rate constant.
Detailed balance then permits the calculation of the reverse rate constant.

Further reading/references

[1] J.C. Light, J. Ross, and K.E. Shuler, in Kinetic processes in gases and plasmas
(Academic Press, 1969) Chapter 8



C
Cross-sections in various frames

We consider the scattering process between two molecules in the gas phase. In the
laboratory, the experiments are usually done by letting two beams, one consisting of
one kind of molecules and another consisting of the other kind of molecules, cross in
a small volume element, where the collision takes place. The result of the scattering
experiment is usually reported as a scattering angle formed by the velocity of some
molecule after the scattering and one of the incident molecules, and as a differential
cross-section with respect to some space angle, both given in the laboratory coordinate
system. The scattering angle alone does not uniquely specify the direction in which
the scattered molecules move, only that the velocity is somewhere on a cone with an
opening angle that is twice the scattering angle. We also need to specify an azimuthal
angle for rotation around the incident molecular velocity to uniquely determine the
position of the velocity vector on the cone and thereby its direction.

It is intuitively clear that the outcome of the scattering event only depends on
the relative motion of the colliding molecules rather than on the overall motion of the
molecules. In a theoretical calculation of the scattering event, it is therefore natural
to describe it in terms of the center-of-mass motion of the colliding molecules and
their relative motion. The center-of-mass motion, representing the overall motion of
the system, is irrelevant for the scattering event and therefore not followed further,
whereas the relative motion determines the outcome of the scattering event and is
followed in detail.

Since the center-of-mass coordinate system used in a theoretical calculation is
different from the laboratory coordinate system used in an experiment, we need to
determine a relation between the scattering angle x and the azimuthal angle ¢ in the
center-of-mass coordinate system, and the scattering angle © and the azimuthal angle
¢ in the laboratory coordinate system when theoretical and experimental results are
compared. We also need a relation between the differential scattering cross-sections
(do/dSY)e.m. in the center-of-mass coordinate system and (do/d2)ap, in the laboratory
coordinate system, where df) is a space angle.

In the following we first derive a general relation between y, ¢ and ©, £ for an
elastic or inelastic scattering event between two molecules. If the molecules are two
atoms, they will interact with central forces acting along the relative position vector
of the two atoms, and then the scattering event takes place in the plane spanned by
the initial velocities of the molecules. Otherwise, the forces will be non-central and the
angular momentum is therefore not conserved, which infers that there will be out-of-
plane scattering, and the velocities of the scattered molecules will no longer be in the
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plane spanned by the initial velocities of the molecules. From the relations between the
scattering angles and azimuthal angles we derive an expression for the relation between
the differential scattering cross-sections in the two coordinate systems. Finally, the
results are generalized to a reactive scattering event.

C.1 Elastic and inelastic scattering of two molecules

Let us consider the collision between two atoms with masses ma and mg. The center-
of-mass coordinate R and center-of-mass velocity V' of the two-atom system are given
by

R (30 (3
V= (%) vA + (%) vUB (C.1)

ma mp
= (57) %%+ (57) b

M = ma + mp is the total mass of the system and the superscript 0 on the velocities
v; implies the start velocities before the scattering event. The last identity in Eq. (C.1)
follows from the fact that the center-of-mass velocity V' is constant, since the action
forces only depend on the distance between the atoms, making the total force on the
system equal to zero.

The relative coordinate r and relative velocity v are given by

T=T7TA—TB

V= 1vp — VB

C.2
o0 = o} — o} (©2)
o] = 1o’

We have also given the initial relative velocity v° and the 3 parameter determines the
magnitude of the relative velocity after the scattering event. For an elastic scattering
event § = 1, while it will be different from 1 in an inelastic scattering event, where
relative translational energy may be lost to internal degrees of freedom (0 < 3 < 1)
or gained from the internal degrees of freedom (5 > 1).

The definitions in Egs (C.1) and (C.2) for two atoms may easily be generalized
to two molecules. ma and mp are then the masses, ry and rg the center-of-mass
positions, and va and vp the center-of-mass velocities of the two molecules. The
interactions between the two molecules are usually more complex than between atoms
and will most likely not be given in terms of central forces. This means that the angular
momentum for the relative motion will change both in magnitude and direction during
the scattering event, so velocities like va and v after the scattering will no longer be
in the plane spanned by the initial velocities v and v%. However, the center-of-mass
velocity, V', of the two molecules will not change during the scattering event because
there are no external forces acting on the system.

The scattering geometry is illustrated in Fig. C.1.1, often referred to as a New-
ton diagram. The x angle is given as the angle between v and v°, and is the angle
usually determined in a theoretical calculation of the scattering event, whereas the
experimentally determined scattering angle © in the laboratory coordinate system is
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Fig. C.1.1 The geometry for the scattering between two molecules. 1) is the angle between
the two molecular beams. «, 7, and n are auxiliary angles used in the final expressions. x is
the scattering angle and ¢ is the azimuthal angle in the center-of-mass coordinate system.
© is the scattering angle and £ is the azimuthal angle in the laboratory coordinate system.
All velocities are in the plane spanned by the initial velocities v and v3 of the molecules,
when only central forces are acting. Otherwise, v and va will in general be out of the plane
as given by the azimuthal angles ¢ and &.

given by the angle between the va and vQ vectors, the velocities of particle A in the
laboratory coordinate system after and before the scattering event, respectively.

The x angle is, however, not sufficient to specify the orientation of the relative
velocity v. It only limits v to be somewhere on a cone with opening angle 2y and
generated by rotation of v through 27 around v". We therefore introduce an azimuthal
angle ¢ that gives the rotation angle of v around v", with ¢ = 0 when v is in the
plane spanned by the initial velocities of the molecules. The angle ¢ is also determined
in a simulation of the scattering event, and when ¢ = 0 the scattering takes place in
the plane spanned by the initial velocities of the molecules, so all velocities after the
scattering will still be in that plane. This occurs when only central forces are acting,
since the angular momentum of the relative motion is then conserved. Otherwise, v
and v will be out of that plane when non-central forces are acting and in the plane
spanned by v and V.

Likewise, va is bound to be somewhere on a cone with opening angle 20 and
generated by rotation of vs through 27 around v, and we introduce the azimuthal
angle £ to give the rotation angle of v around v$ to completely specify the orientation
of va. Then & = 0 when vy is in the plane spanned by the initial velocities of the
molecules. The ¢ and © angles determine the position of the detector in the laboratory
coordinate system for monitoring the intensity of a scattering experiment that in the
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center-of-mass coordinate system leads to scattering through angles y and ¢.

v and v3 are the velocities of the molecules in the two incident beams. From them
we may determine the center-of-mass velocity V' as shown. Also, the relative velocity
v? = v{ — v is found as illustrated in Fig. C.1.1. The relative velocity v is at an angle
X with respect to v°, rotated through an angle ¢ around v°, and of magnitude 3|v°|
after the scattering event.

The velocity ua of molecule A with respect to the center-of-mass velocity is given
by

Il
S
B

I
<

7N

- (@) v (C.3)

that is, in the same direction as the relative velocity v, as shown in Fig. C.1.1. By
combining uwa with V', we may determine the velocity va of particle A after the
scattering event in the laboratory coordinate system. vy is also shown in the figure.
All these velocities will be in the same plane during the scattering event when only
central forces are acting along r, since the angular momentum of the relative motion
is then conserved. In general, with non-central forces acting, velocities v and va after
the scattering will be in a plane that is rotated around the center-of-mass velocity V,
which is invariant during the scattering since no external forces are acting.

C.1.1 Scattering angle ©

The scattering angle © in the laboratory coordinate system is the angle between v%
and va, as shown in Fig. C.1.1. We have

va 0% = (V 4+ up) - o]
- (v 28] o
= |val[v} ]| cos© (C.4)

where we have used the relation for ua in Eq. (C.3). When we introduce the definition
of the center-of-mass velocity V' from Eq. (C.1), we get

lval|v] | cos©® = (%) v) o] + (%) v ) + (%) vl (C.5)
It will be convenient to introduce the angles ¥, o, and  as defined by their cosines in
the following. 1) is the angle between the molecular beams and defines the geometry
of the scattering experiment. « is an auxiliary angle that is determined by the set-up
of the scattering experiment (see Eq. (C.20)), and ~ is another auxiliary angle that is
determined by the set-up (see Eq.(C.11)). All three angles are shown in Fig. C.1.1.
We have
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0 .,0
vR U
coswzilg ?
vg|[v}]
0 .,,0
V3 -V
cosazﬁio (C.6)
v l[v°]
0
cosy = ——=
|v]|v}]

When the expressions in Eq. (C.6) are introduced into Eq. (C.5), it may be written

ma mp
[oallof|cos® = (52) [wd 2+ (52 [ofl[vh]cos v+ (52 ) [ol[vh|cosy  (C.7)

or

1

cos© = Toa] [( M) | A|—|—< ) |’lJB|CObw+(M)|'U|COb’}/:| (C.8)

The angle v will be given once the y and ¢ angles have been specified, so let us
determine the relation between 7, x, and ¢.

We write v as a sum of three vectors, one along v°, one along the perpendicular
direction to v" in the plane spanned by the initial velocities of the molecules and
specified by the unit vector v, and one along the perpendicular direction to the plane
and specified by the unit vector k. The projections of v onto the three directions are
easily expressed in terms of the angles x and ¢, and we get

v
v = || 0|| cos x v° + |v|sin x cos ¢ VY + |v|sin y sin gk (C.9)
We then take the dot product of v and v to determine the angle v, and use Eq. (C.6)
to find
v ~
v = L}—O||cosxvo + |v|sin x cos p¥Y + |v| siny sinpk| - v}
v
= |v—0|||fvg||v0| cos x cos a + |v|[vY | sin x cos ¢ cos(90 — )
= |v||vY | cos x cosa + |v|[v% | sin x cos ¢ sina
= [v][v} | cosy (C.10)

We have used that, if the angle between two vectors is «, then the angle between one
of the vectors and a vector perpendicular to the other in the plane spanned by the
two vectors is 90 — «. Thus, we have

COS7y = €OS X COs -+ sin y sin« cos @ (C.11)

All quantities on the right-hand side of Eq. (C.8) are now known except for |vy|.
It may be determined from the triangle with sides V', ua, and va, and we find

lwal = V]ual? + V]2 = 2[ua|[V] cos(180 — 1)

:\/(M) |v|2+|V|2+2< )|v||V|cos77 (C.12)
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where 7 is the angle between the center-of-mass velocity V' and v. This angle is, like
v, given when x and ¢ are specified. To obtain the relation to those angles, take the
dot product of V' and v. We find

vV = Mcosx'vo—l—'vsinxcos v + |v| sinx sin k| - %vo—k@vo
0 1 A B
v M M
m m
= VA|vg||v| cosy cosa + WB|U%||U| cos x cos(a+ 1)
+ %WOAHM sin x cos ¢ cos(90 — ) + %h}%”m sin x cos ¢ cos(90 — (a + 1))
= [v||V| cosn (C.13)

which leads to the following relation:

0 0
cosn = M|V, [(% cosa + [vg| cos(a + w)) cos X

M|V m 8
V| B |val " (C.14)
+ (% sin v + v_]g) sin(a + 1/})) cos ¢ sin X}
mB V4|

C.1.2 Azimuthal angle &

The azimuthal angle ¢ for rotation of vy around vg is related to y and ¢ in the
following way. It is clear from the construction of va that it has the same component
perpendicular to the plane spanned by the initial velocities of the molecules as the ua
vector has because V' does not change during the scattering event. This component
may be found by analogy with the construction in Eq.(C.9), and is given by the
component of the unit vector k with |v| replaced by |ua| since the two vectors are
collinear. We may, however, also express the component in terms of the azimuthal
angle ¢ for the rotation of va around v} by a similar construction as in Eq. (C.9), and
we get

|ualsiny sing = |va|sin®© sin& (C.15)

which leads to the relation

) mp |v| siny sin¢
=B 19 X709 1
sing M |va| sin® (C.16)

where we have used Eq. (C.3). A combination of Eqs (C.8), (C.12), and (C.14) allows us
to determine the scattering angle O, and Eq. (C.16) gives the azimuthal angle £ in the
laboratory coordinate system as a function of the theoretically calculated scattering
angles x and ¢ in the center-of-mass coordinate system, since all terms in the equations
are known, remembering that |v| = 3|v°| with 8 = 1 for an elastic scattering event.

C.1.3 Further development of expressions for ® and &

By algebraic manipulations it is possible to show that the scattering angles © and ¢ in
the laboratory coordinate system may be expressed as functions of the scattering an-
gles x, ¢ in the center-of-mass coordinate system in terms of the following parameters
that characterize the initial geometry and set-up of the scattering event:
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(i) ®: defined by the geometry of the beam experiment as the angle between the
velocities v} and v3 in the beams, 0 < v < m;

(if) ma/mp: the relative mass of the two molecules in the beams;
(iii) [v$|/|vY]: the relative initial speed of the two molecules in the beams.

Let us in the following give explicit expressions for all the relevant variables in Eqs
(C.8), (C.12), and (C.16) and introduce a shorthand notation f; (i = 1,2, 3) for certain
combinations of terms that occur repeatedly:

ma mg\ 2 MAMB
Vi=/(52) g+ (V) o2 +2 A5 g g

_ mB|vA|\/ PRy () bleony
R I? mes LN
mp|v |
_ 1\|4A N (C.17)
[0°] = /1032 + 0§ 2 — 2/ ||of| cos
02 01 coq
— o3y 1+ 8L _ plvnlcosy
V4| V4|
= [v} [V f2 (C.18)
v = Blv°| = BlvR [V fa (C.19)
I T s
[} [[v0] [} [[v°]
I blesy]
v 3|
_ |v3 | cos v
I A
[vR|? o ]vglcosy
\/1+ RhE 2
J3
== (C.20)
V2
€OS7y = cosa cos X + sin a sin y cos ¢ (C.21)

0
mp|v m
cosn = B|Val A cosa +|—|cos(a+1/1) CoS Y
mg v
|

+ (E sina + |— sin(a + 1/))) cos ¢ sinx]
mg v}
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\/lf_ [(m_ cos || || [cos v costp — sin smw]> cos 'y
1

+ (m— sina + : I [sin v cosp + cos bm¢]) cos ¢ sinx]
m
(C.22)
where the shorthand notations f; are defined as
ma\>  |vY)? ma '\ |v3]cosy
= (pa) + R e (F2) et
mp |} | mp [v]]
012 01 cos
fo= 14 10BE vl cosy (C.23)
V4l |val

fm1 Iv%If)osw
[V}l
There is an ambiguity in the definition of the sine of the angle «, but from the usage
in Eq. (C.13), where the angle between v° and v$ is given as 1) + «, it follows that the
signs of both angles are positive, that is, we do not distinguish between ‘clockwise’
and ‘counterclockwise’ rotations, so

sina = V1 —cos?« (C.24)

The introduction of Egs (C.17) and (C.19) into Eq.(C.12) gives the following
expression for |va|:

[val

\/(?;) |U|2+|V|2+2< )|v||V|cos77
%ng\/ﬁ? fo+ fr + 2B/ f1 facosn (C.25)

If we introduce the relations defined above into the expression for ©, Eq. (C.8), we
get the final expression for the scattering angle ©:

ma 4 PRI 4 5/ Ty cosy

cos© = (C.26)
VB fa+ fi + 28V i fecosn
and for the angle ¢ in Eq. (C.16):
sin € = O/ o sinx siné (C.27)
sin© /2 f2 + f1 + 26/ F1f2 cosn

with cosvy and cosn given by the expressions in Eq. (C.21) and Eq.(C.22). These
expressions relate the laboratory scattering angles O, £ to the center-of-mass scattering
angles x, ¢ for the scattering of two molecules, including elastic (3 = 1), inelastic
(8 # 1), in-plane (¢ = 0), and out-of-plane (¢ # 0) scattering.
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C.1.4 Relation between differential cross-sections

The differential cross-section is not invariant when we change our description from
one coordinate system to another, since the space angle df? is not. To find a relation
between the differential cross-section in the laboratory coordinate system, (do/d)1ap,
and in the center-of-mass coordinate system, (do/d))c.m., we write

do _(do dQe .
(), ().,
_(do sin y dx do
B (E) . |8in©dO d¢

(C.28)

N (Z_;)m (dcos 5/3?)@5/@)‘

_(do —siny cosé&
B (E)C.m. (dcos@/dx)(dsin{/dqﬁ)‘

Note that we have taken the absolute value of the second factor on the right-hand side
of the equations since © and £ are, in general, not monotonic functions of x and ¢,
and a negative differential scattering cross-section is meaningless.

An expression for the denominator in the last relation in Eq. (C.28) is easily derived
from Eqgs (C.26) and (C.27), using Eqgs (C.21) and (C.22). It will be convenient to
introduce a shorthand notation for the numerator and denominator in Eq. (C.26) since
they occur repeatedly in the final expressions. This will simplify the equations. We
introduce

ma |vB|cosz/J
= — + 3 cos
fa= s EA Jrcon (C.29)

fs=B%fa+ fL + 2B/ fifacosn
and then find

dcos® 1 (df4>_ Ja (%)
i Vh 232 \ dx

BV <dcos7> B (dcosn)

Vi O\ dx £ dx
BT { , fiv/ i (dcosn)}
= sin a cos y cos ¢ — cos av sin y — C.30
Vi o\ & (€30
where we have used Eq. (C.21), and from Eq. (C.22) we find that
dcosn 1 [ (m | 9l > .
=— |— | —cosa cosa cosp — sina sin®)] | sin y
T B P |
ma v} . . .
+ —sma—i——[sma cos 1) + cosa sin ] | cos ¢ cosx
mp v} |
(C.31)

For the azimuthal angle £ we find
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(dsinf) _ BVfsinycos¢ By fasiny sing [\/f— (dsin@) N sin © (d_f5>}
dp ) Vf5 sin® f5sin? © ° do 2V f5 \ do
_ B+/fa siny |:COS(Z5+ <cos@ <dcos@> BV <dcosn>> singb}

Vf5 sin® sin’ © do s do
(C.32)
with
(dcos@) _ BV (dcosv) B (dcosn)
dp N Ik do
B [anasiny am - 25 ()
= sin v siny sin ¢ + 7. P (C.33)
where we have used Eq. (C.21), and
d(;icz;n = _%f {% sin v + % [sin o costp + cosa sin )] sin x sinfb} (C.34)
1 B A

where we have used Eq. (C.22). Equation (C.30) with Eq. (C.31), and Eq. (C.32) with
Egs (C.33) and (C.34) are introduced into Eq. (C.28) to give the relation between the
differential cross-sections.

In summary, we have derived general relations between the center-of-mass scatter-
ing angles, x and ¢, and the laboratory scattering angles, ©® and &, that are valid for
elastic and inelastic as well as in-plane and out-of-plane scattering events. They are
also used to derive a general relation between the differential scattering cross-sections
in the two coordinate systems. The central results are given in Eqs (C.26)—(C.28) with
Egs (C.20)—(C.24) and Eqgs (C.30)—(C.34). The expressions may be used to convert
theoretical results for the scattering event of two molecules to results that may be
compared directly with experimental results.

C.1.5 The special case with |[v]|/|vQ| =0

For the special case where [v3]/|v%| = 0 or is very small, that is, the target molecules
are at rest before the scattering event, the relations are greatly simplified since V', v,
and v° are collinear. We have

2
flz(%)7 f2:]-7 f3:]-

mp

cosae =1, sina=0, cosy=cosy, C€OS1N =COSY

2 C.35
f4=%+6cosx, f5:ﬂ2+<%> +26(%)cosx ( )
ma mp mp

dcosn _ sin dcosn —0 dcos© _0
A ) The o )~ o )~

With the target molecule at rest, cos v is not defined, but since it is always multiplied
by the ratio of the initial speeds, which is equal to zero, it does not matter. We find
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M + (B cos
cos© = Peosx (C.36)

\/ﬂQ ﬁg +2ﬁ( )COSX

From this we may determine the sine of © as

sin® = /1 — cos2 ©

_ Psinx (C.37)
\/52 :Zg +25(2—§)cosx

[bsin x
A+ feosy
which is identical to the expression derived in Eq. (4.55) for elastic in-plane scattering.
However, the derivations show that it is also valid for out-of-plane scattering since ¢
has not been constrained to be zero.

For the azimuthal angle £ we find

and therefore

tan© = (C.38)

sing = [Bsin x sin ¢
sin ©/f5
_ Psiny sin o/ f5 — sind
Bsinxv/f5
= {=¢ (C.39)

where we have used Eq. (C.37).
For the relation between the differential scattering cross-sections we find

dcos® _ ﬂ(z—g)sinx[%—i—ﬂcosx] ﬁsinx
x (ﬂQ + (2;) +26( cosx) \/52 zg +2ﬂ (mA)C%X

pans 5+ (2) o]

=— 373 (C.40)
(5 ()" 2 (22) cosn)
. dsing _ Psinxcosg _ Bsinxcoss VT
sin{  [sinycos¢  [siny cos 5 B
o~ Jhsme N Feinx cos ¢ = cosé (C.41)
Then
do _(do —sin x cos &
<m>lab B (E>c.m. (dCOS @/dX)(dSng/d(b) ‘
3/2
o (624—(%‘;) +25( )cosx)
_ <_Q> (C.42)
) ;. 32 [64— ( )cosx}
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which is identical to the expression found in the literature for in-plane scattering.
However, the derivations show that it is also valid for out-of-plane scattering since ¢
is not constrained to be zero.

C.2 Reactive scattering between two molecules

We will now show that the expressions for non-reactive scattering may also, with a
few changes, be applied to reactive scattering. Let us consider the reactive scattering
event

A+B—C+D (C.43)

The distinction between elastic and inelastic scattering events in non-reactive scat-
tering becomes meaningless in reactive scattering. Still, we may use the parameter
B introduced in Eq. (C.2) to relate the relative speed of products C and D after the
scattering to the relative speed of the reactants. For non-reactive scattering we may
write the total energy of the system before and after the scattering event as

1m m
Ebefore: —]\4|‘f|2 A B| 0|2—’_‘EA—’_‘EB
1m ! (C.44)
Eafter— ]\4|‘/|2 ATE

———v|*+ Es + Fp

where E{ and EJ are the intramolecular energies (vibrational, rotational, and elec-
tronic) before the scattering event and Ex and Ep are the energies after the scattering
event. Conservation of energy requires that

1mam
Eafter - Ebefore = 5 ?\4 & |’U0|2 [62 - 1] + (EA - EX) + (EB - El%) =0 (C45)

which gives the following equation for (:

g g (Ba= B+ (Ps — BY)
lmAmB|v0|2
27 M

(C.46)

We see that 8 = 1 for elastic scattering, where Ex = E} and Eg = EJ. For the
reactive scattering event in Eq. (C.43) we may write

1
Ebefore - ]\4|‘/|2 mAmB| 0|2 + EO + EB
1 lm m (C.47)
Bater = =M|V]2 + = —"Piy|® + Ec + E
ft 5 IVI|* + 511 |v|* + Ec + Ep

Conservation of energy gives

1 mamgp
02
Eafter_Ebefore = 5 M |’U |

mcmp

o 52— 1} +(Ec+Ep)—(ES+E}) =0 (C.48)

which leads to the following equation for g:

62 . (Ec + Ep) — (Eg + E]%) mAMB
1 maT )02 mpmc

(C.49)

We note that 8 for the inelastic non-reactive scattering event differs from [ for the
reactive scattering event even with (Ec + Ep) — (EQ + E3) = (Ea — E?) + (Ep — EY)
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because of the mass factor (mamg)/(mcmp) in Eq. (C.49). For this special situation
where the difference in the intramolecular energy of the molecules after and before the
scattering is the same, the values of 3 for the two types of scattering event differ and
are related by

mamp

6non—reactive (050)

ﬁreactive =
mcmp

Thus, even in reactive scattering it makes sense to work with the [ parameter as
defined in Eq. (C.2), although it is no longer related to whether the scattering event is
elastic or inelastic. It may always be determined from the simulation of the scattering
event as shown in Eq. (C.49).

C.2.1 Scattering angles ® and ¢

Let us then go through the derivations leading to the results for non-reactive scattering
events and detect where changes are necessary to get a result for a reactive scattering
event. We begin by extending the definition of the center-of-mass velocity in Eq. (C.1)

with the expression
mc

V:(M)W+G§ﬁD (C.51)

and replace the definition of the relative velocity v in Eq. (C.2) by the relative velocity
of the product molecules
v = v — Up (C.52)

We then have to decide how to report the results of the scattering event. Let us choose
to follow product C, so the angle © will be the angle between v} and vc, with y still
being the angle between v” and v. Then we replace Eq. (C.3) by

uc = v¢c — Vv
— v — (1 _ ("o
e (M)"’C (M)"’D
_ (™Mo
- ( = ) v (C.53)
where we have used Eq. (C.51). Equation (C.4) is then replaced by

vc-vg:(V—i—uc)-vR
:(V—l—@'v)-vg

M
= |vc|[v| cos © (C.54)
and Eq. (C.5) is replaced by
ma mp mp
lvg|[v]] cos © = (ﬁ) v} o] + (ﬁ) v vl + (W) v- v} (C.55)

where we have used the last expression in Eq. (C.1) for the center-of-mass velocity V.
Equation (C.16) is replaced by
mp |v] siny sin¢
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With the definitions in Eq. (C.6), we get the equation for ©, equivalent to Eq. (C.8):

cos© = |'U—10| KT;\}A) ]| + ( M) |vg| cosep + ( " ) |v|cosv} (C.57)

and the following equation, equivalent to Eq. (C.12):

lvc| = V/|ucl? + [V |2 = 2|uc||V] cos(180 — n)

:\/(TZ’\?) o2 + [VI2 +2 (52 ) [v][V] cosn (C.58)

Equations (C.17)—(C.24) are the same as before since all are based on the initial set-
up of the scattering event and the direction of v as given by the angles x and ¢.
Equation (C.25) changes to

|vc|=\/(”;;) o2 + [V +2 (52 o[ V] cosn

|A|\/ D »32f2+f1+2( )5\/f1f2€0577 (C.59)

so Eq. (C.57) becomes

ma 4 ‘”B‘L‘é‘“‘w + (’;;g) BV fa cosy
cos® = (C.60)
\/ (22) 2o+ i+ 2 (22) BYTiTs cosn
which replaces Eq. (C.26). Similarly, Eq. (C.16) becomes
mp sin y sin
siné = my V2 sinx sin & (C.61)
sin © \/(mD) B2 fa+ f1+ 252 BV if2cosn
and replaces Eq. (C.27).
C.2.2 Relation between differential cross-sections
From Eq. (C.60) it is seen that Egs (C.29) are replaced by
m v cos m
fa= A |B|70w + <—D> B f2cosy
mp [val
(C.62)

5o = (mB) ﬂ2f2+f1+2< )ﬂ\/flfzcosn

The relations in Egs (C.30) and (C.31) are then replaced by
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dCOS® \/l/_ [sina COS X cOoS ¢ — cos o siny — f4\/ﬁ (w>] (C.63)

dx s\ dx
dcosn 1 [ (m [0l [ w—si . lb]) .
——— = — |- | — cosa+ - [cosa costp — sin « sin sin
dx Vi map v} |
+ <m—sma || || [sin a cos + cos smd;]) cos ¢ cosx}
mp

(C.64)

(dsin§> _ m2p/fasiny
dp ) /fssin©

" lCOSQH— (C.OS@ (dcos@> B el CRVE RN P (dcosn)) sin¢]

sin? © do 5 do
(C.65)
(dcc(l)(z@> = —m_g\/ﬁf_\;g {Sina sinx sin ¢ + f4}£ﬁ (—d(;l(:;n>} (C.66)
decosn 1 [ma |vg| }
o I { a+—— ] [sina costp + cosar sin )] sin x sing| (C.67)

Equation (C.63) with Eq. (C.64), and Eq. (C.65) with Eqgs (C.66) and (C.67) may
then be introduced into Eq. (C.28) to determine the relation between the differential
cross-sections in the center-of-mass coordinate system and in the laboratory coordinate
system.

In summary, we have derived a general relation between the center-of-mass scat-
tering angles, x, ¢, and the laboratory scattering angles, O, ¢, for reactive scattering
events. The central results are given in Eqs (C.60), (C.61), and (C.28) with Eqs (C.20)—
(C.24) and Egs (C.62)—(C.67). We see that, in order to get the results for the reactive
scattering process in Eq. (C.43), we may use the general results for an inelastic non-
reactive scattering event with § replaced by g (mp/mg), when we follow product
molecule C. Had we followed product molecule D, we would just need to replace (8
by 3 (mc/mg). The angles x and ¢, and the parameter 3 and differential scattering
cross-section in the center-of-mass coordinate system may be obtained in a simula-
tion of the process, and the expressions above may be used to convert the simulation
results from the center-of-mass coordinate description to the laboratory coordinate
system used in experiments.

C.2.3 Resolution of ambiguity in the determination of &

The angle ¢ is not given directly in Eqs (C.27) or (C.61) but indirectly as the sine
of the angle. This introduces an ambiguity in the determination of £, since £ has the
same sine as m —&. The other azimuthal angle ¢ is given in the range from 0 to 27, and
we need to resolve the ambiguity in the determination of £ to get the correct position
for the detector in an experiment. The problem is that the arcsine function returns
angles in the range from —m/2 to m/2. A simple way to resolve the ambiguity is to
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determine whether the projection of v onto the plane spanned by the initial velocities
of the molecules has a component ‘above’ or ‘below’ v% in Fig. C.1.1. We introduce a
Cartesian coordinate system with the z-axis along v§ and the y-axis perpendicular to
that vector in the plane of the initial velocities of the molecules and ‘pointing’ upward
in the figure.

We write sin £ = a and let the y-component of the projection of vo onto the plane
be va 4. Then the following four cases may arise:

(i) va,y >0 and ¢ > 0 = & = arcsin(a);

(i) vay <0and a > 0= § = — arcsin(a); (C.68)
(ili) vay <0and a <0 = { =7+ |arcsin(a);
(iv) va,y >0and a <0 = & = 27 — | arcsin(a)|.
The y-component of v, is determined in the following way. We have from Egs (C.1),
(C.3), and (C.9) that

vAa =V +up

on mBo mpg
TMAT T Y
ma o  mB o mp [ |v]

Tmaf + e+ 52 | L cosw +|v|smxcowuﬂvhmxmwk}

(C.69)
The y-component of v{ is zero and for v%, v°, and VE)_ we find
v, = |vpsing
vg = —|vd|siny (C.70)

vLy—bln(9O—a) =cosa = f3/\/fa

so the y-component of vy is

VAy = %|v%| sin®) + mﬁ [—H|UB| cos x sin® + |v| sin x cos ¢ cosa]

0 0
= M Vs {@ sin) — ﬂ@ cos x sint + B/ fasin x cos ¢ cos a} (C.71)
Mo []] vl

The sign of va , is given by the sign of the expression in the square brackets. A positive
sign means that the y-component is positive, whereas a negative sign means that it is
negative. The logic presented above is used to decide the proper angle &.

In the case of a reactive scattering event, g is replaced by G(mp/mpg), as we did
above for the scattering angles and differential cross-sections.




D

Classical mechanics, coordinate
transformations

When the dynamics of a molecular system is studied, we have to choose a set of
coordinates to describe the system. There are many possibilities and in the following
we will focus on coordinates that are convenient in the analysis of molecular collisions
and chemical reactions.

D.1 Diagonalization of the internal kinetic energy

It is often useful to transform from simple Cartesian coordinates to other sets of coor-
dinates when we study collision processes including chemical reactions. In a collision
process, it is obvious that the relative positions of the reactants are relevant and not
the absolute positions as given by the simple Cartesian coordinates. It is therefore
customary to change from simple Cartesian coordinates to a set describing the rela-
tive motions of the atoms and the overall motion of the atoms. For the latter motion
the center-of-mass motion is usually chosen. In the following we will describe a gen-
eral method of transformation from Cartesian coordinates to internal coordinates and
determine its effect on the expression for the kinetic energy.

A system of N particles is described by the N position coordinates 71, ...,y and

N momenta p1,...,py. Here p; = m;7;, since we use Cartesian coordinates.
By a linear transformation, let us introduce a new set of coordinates R1,..., Ry:
R = Ar (D.1)

R is a column vector with N elements R;, r is a column vector with N elements r;,
and A is an N x N square matrix with constant elements A;;. The new momenta P;
may be determined using the definition in Eq. (4.61). From Eq. (D.1) we obtain

R= A7 (D.2)
and find from Eq. (4.61)

pi=) (;—éj) <%1::> = Xj:PjAjz‘ (D.3)

J

In matrix form this equation may be written

p=ATP (D.4)
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where AT is the transpose of A. In Cartesian laboratory coordinates, the kinetic
energy has the form
1 _

Tyin = §me 'p (D.5)
where m™" is a diagonal square matrix with elements m; !, In the new coordinates,
the expression for the kinetic energy may be found by substitution of Eq. (D.4). We
find

1

Tiin = %PTAm_lATP (D.6)

The N x N matrix Am~'A” will in general not be diagonal, so there will be cross
terms of the kind F;P; in the expression for the kinetic energy. This may sometimes
be inconvenient, and we shall see in the following how one may choose the matrix A in
such a way that the kinetic energy is still diagonal in the new momenta. This leads to
the so-called Jacobi coordinates that are often used in reaction dynamics calculations.

First we want to single out the overall motion of the system, where all atoms move
by the same amount, so all distances will be preserved. This is done by introducing
the following condition on the matrix elements in A:

N
ZAM = 0k,N (D.7)

If all particles are displaced by the amount w to the position r; + u, then coordi-
nates Ry,..., Ry_1 are seen from Eq. (D.1) not to change because of the condition
in Eq. (D.7), while Ry is displaced by uw. Ry, ..., Ry_1 are thus internal coordinates,
whereas Ry describes the overall position of the system. For the momenta, we get

N N N N
D opi=3 > Pidui=3) Py =Py (D8)
i=1

i=1 k=1 k=1

The moment Py, conjugate to coordinate Ry, is therefore the total momentum of

the system.
Usually, Ry is chosen as the center-of-mass coordinate:
N N
Ry = Z Mr M = Zm (D.9)
1=1 =1
so the elements in the last row of the matrix A are
s
An; = MZ (D.10)

If we develop the matrix product in Eq. (D.6) then we get

—1N-1
Tkin = Z Z <Z —Aszlz> Ijl +Tcm (Dll)

k=1 =1 i=1

The kinetic energy has been divided into two contributions: an internal kinetic energy
(the first term) and an external center-of-mass kinetic energy T¢ ., where
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N
1 m? P32
Towm =Y — 2Py =2 D.12
;2%1\42 N oM (D-12)

The condition for the internal kinetic energy to be ‘diagonal’, so that there will be
no cross term, is seen from Eq. (D.11) to be

N

> ! ApiAi; =0 for k#1 and kl#N (D.13)
o 2mi

If we introduce the notation

Ny 1
E A% — D.14
P om; F T 2M, ( )

then the internal kinetic energy Ti,y will be

N-1

1
Tine = ) —2MkP,3 (D.15)
k=1 .

Such internal coordinates for which the internal kinetic energy is diagonal are called
generalized Jacobi coordinates when more than two particles are considered.

D.1.1 An example

In this example we shall describe a systematic way to choose the matrix elements such
that the kinetic energy will be ‘diagonal’; that is, with no cross terms. The procedure
is to couple the particles with the aid of the center-of-mass coordinates for larger and
larger clusters of particles. Let us illustrate the method for a five-particle system. We
start with particles one and two. For the first row in A we find, using Eq. (D.7),

Ali: -1 a1 0 0 0

where «; is a constant. Then, using Eq. (D.13) for rows one and two, and Eq. (D.7)
for row two, we get

Agi: —0427:—21 —0527:—22 (6] 0 0, So = m1 + mo

Particles one and two are now coupled in the center-of-mass coordinates for those two
particles. This center is now coupled to particle three. Again we use Eq.(D.13) for
rows two and three, and Eq. (D.7) for row three to get

. m m m _
Azt a3t —asgE —azr oas 0, 53 =m1 + ma +m3

The particles one, two, and three are now coupled and we continue with particle four
in the same way:

ma
S4

M2 s Ly, S4 =M1+ mo +ms3+ my

A4i: -0y 54 54 54

—ouy

The fifth row is finally given by
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Ar . mia m2 ma3 ma ms
ot S5 S5 S5 S5 S5

, S5 =m1 +ma +m3 +mg +ms

which is the center-of-mass coordinate for the five-particle system. Then, from Eq.
(D.14) we find the effective masses for the internal coordinates:
1 aj [ 1 1
Coordinate Rj: =1 — 4+ =
! 2M1 2 RSN mo

1 211 29 2
Coordinate Rs: 2—]\/[2:% —<m) +_<_2> + =

1 2 i 1 2 1 2 1 2 1
Coordinate R3: —— = S I (LN VI T (A IRy (2 R
2M3 2 mi S3 mo S3 ms S3 may

Coordinate Ry:

1 a2 |1 /m\* 1 (me\? 1 (ms\® 1 (ms\® 1
== |—(—) +—=(—) +—=|=) +—(—) +—
2M4 2 ma S4 mao Sq ms S4 my S4 ms

Here we recognize the mass associated with coordinate R; as the reduced mass M; for
a two-particle system (as in Eq. (2.25)). With these generalized Jacobi coordinates,
the internal kinetic energy has the simple form without cross terms according to
Eq. (D.15):

P? P2 P2 P?

Tp= —b 4 -2 4 -3 i
2M1 2M2 2M3 2M4
Often one chooses to set a; = as = az = a4 = 1 in the expressions for the effective
masses. Another possibility would be to choose values of «; so that all the effective

masses will be equal to one, that is,

|:1 1:|1/2
Q) = |— + —

(D.16)

mi ma

—1/2

1 /mi\? 1 [ma\? 1 /
vm=——) +—(—) +—
mi So mo S2 ms

and similarly for the other as. Then the internal kinetic energy will have the simple
form

(D.17)

P2 P? P} P}
Tt = o+ = +2+—2 (D.18)

When the potential energy, V' = V(R1, Re, R3, R,), only depends on the internal
coordinates, Hamilton’s equations of motion are (use Eq. (4.63))

: ov
Pl__am
2 (D.19)
po__9V
T T OR;
. ov

" OR,
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and
. P,
R1 = Mll or P1
. P.
R2 = MQ or P2
P2 (D.20)
R3 = ﬁz or Pj
. P,
R, = ﬁt or Py

where the first case on the right-hand side of the equality sign refers to the kinetic
energy expression in Eq. (D.16) and the second case to the expression in Eq. (D.18).

D.1.2 Mass-weighted skewed angle coordinate systems

Sometimes a mass-weighted skewed angle coordinate system rather than a rectangular
system is used to plot the potential energy surface and the trajectories for a simple
triatomic reaction like

A+BC— AB+C (D.21)

For simplicity, we assume that the collision is collinear, say along the x-axis. The
atoms A, B, and C are numbered 1, 2, and 3, respectively, to harmonize the notation
with the previous section. Then, according to the analysis above, the following internal
Jacobi coordinates are consistent with a ‘diagonal’ kinetic energy:

X1 = 041(332 - xl)

m (D.22)
Xo = |(z3 —22) + S—;(xz — 1)

We note that the coordinate X; directly reflects the distance between atoms one and
two, whereas the coordinate X5 reflects a combination of both distances. Therefore,
a knowledge of the two coordinates does not directly tell us what the distances are
between the involved atoms. Also, for the potential energy function in a collinear
collision, the natural variables will be the distances between atoms A and B and atoms
B and C. These variables appear as the components along a new set of coordinate
axes, if instead of a rectangular coordinate system we use a mass-weighted skewed
angle coordinate system.

Let X; and X5 be the coordinates in a rectangular Cartesian coordinate system
with X7 along the ordinate axis and X5 along the abscissa axis. One of the axes in the
new coordinate system is now chosen to be collinear with the abscissa axis in the rec-
tangular coordinate system, and we let the coordinate along this axis be the first term
in the expression for Xo in Eq. (D.22), namely as (x5 —22). The situation is sketched in
Fig. D.1.1. The other axis with a coordinate proportional to the other distance x5 —
forms an angle ¢ with the first. This angle is determined from the requirements that
the projections of this coordinate on the X; coordinate axis is aq(z2 — 1) and on
the X5 coordinate axis is agm;(ze — 21)/s2. If we let the proportionality constant of
T9 — 21 be [, then we have
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X

ar(zey — 1) +—— ——

B(z2 — x1)

0627?—;(@ - $1)

Fig. D.1.1 Sketch of an ordinary Cartesian coordinate system and the associated

mass-weighted skewed angle coordinate system.

ai(ry — 1) = B(we — x1) sin(¢)

m
ags—;(xg —x1) = f(z2 — 1) cos(@)
Thus
tan(p) = 172
mie
and

52

2
= ai +a3 (m)

For the case where a; = as = 1, we find

tan(¢) = -2
571/2
(3]
042—1

(D.23)

(D.24)

(D.25)

(D.26)

and for the case where all reduced masses are equal to one, the « values are given in

Eq. (D.17) and we find
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tan(p) = 212;33
1/2
_ [ma(ma +m3)
B= [T} (D.27)
M3S2 1/2
Qo = .

If we consider the potential energy as a function of the Jacobi coordinates X; and
X5 and draw the energy contours in the X;—Xs plane, then the entrance and exit
valleys will asymptotically be at an angle ¢ to one another and in the mass-weighted
skewed angle coordinate system parallel to its axes. So the idea with this coordinate
system is that it allows us to directly determine the atomic distances as they develop in
time and that it shows us the asymptotic directions of the entrance and exit channels.

It is important to note that the dynamics is done in the Jacobi coordinates, because
they make the equations of motion (see Egs (D.19) and (D.20)) particularly simple.
The idea of choosing the as as in Eq. (D.17) is that all masses M}, equal one, so the
equations of motion are analogous to those for a particle of mass one with coordinates
X1 and XQ.

In fact, we can construct a mechanical analogue to the trajectories generated by
the equations of motion by rolling a particle of mass one on a hard surface under the
influence of gravity. The topography of this analogue surface is closely related to that
of the potential energy surface. It is determined by realizing that we have to transform
from a potential energy surface to a position surface or ‘mountain landscape’, so the
energy axis is converted into a position axis with a coordinate giving the ‘height’
of the particle above the X;—X5 plane. In Fig. D.1.2(a) a cut through the potential
energy surface and the force at some point Xy are shown. In Fig. D.1.2(b) the same
cut through the ‘mountain landscape’ of the analogue surface is shown. The tangential
component Fy of the gravity force mg (here m = 1) causes the particle to move on the

@ O

o

X X
Xo Xo

Fig. D.1.2 (a) A cut through the potential energy surface V. (b) The same cut as in (a)
through the analogue ‘physical surface’ h(X).



336 Classical mechanics, coordinate transformations

analogue surface. We can construct the analogue surface, h(X), by requiring that this
force shall equal the force derived from the potential energy function at any point;

that is,
Fy = —mgsinf = —g—;
or .
o
sinf = _8_V 9
g 0X 0X

(D.28)

(D.29)

Thus, the analogue surface should be constructed in such a way that 6 at any point

X1, X satisfies Eq. (D.29).

Further reading/references
(1] J.O. Hirschfelder, Int. J. Quant. Chem. 3, 17 (1969)



E

Small-amplitude vibrations,
normal-mode coordinates

In the following we show that a simple description of the (quantum or classical) dy-
namics can be obtained in a multidimensional system close to a stationary point.
Thus, the system can be described by a set of uncoupled harmonic oscillators. The
formalism is related to the generalization of the harmonic expansion in Eq.(1.7) to
multidimensional systems.

E.1 Diagonalization of the potential energy

We consider a potential energy surface expressed in Cartesian laboratory coordinates,
q; (i=1,...,n), for a system of n = 3N (where N is the number of nuclei) degrees of
freedom. A Taylor expansion of the potential V' around the point (¢?,...,¢%) gives

0 0 2 : oV / 2 : >’V /ol
i v/ 0 i U0

(E.1)

where 7} = q; — ¢? is the displacement from the point of expansion.

We now assume that the expansion of the potential is around a stationary point
(stable or unstable, depending on the sign of the second-order derivatives), that is,
all the first-order derivatives vanish. The energy is measured relative to the value at
equilibrium, and we obtain

0V .
Vg, ....qn) =1/2) Fada )
1 J 0

i,

=1/2) Vi
ij

=1/2(n")"V'y' (E.2)

where (/)T (“I" for transpose) and i’ are row and column vectors, respectively, and
V' is an n X n matrix.
We introduce mass-weighted displacement coordinates

Ni = Ni\/mi (E.3)

In these coordinates, the potential takes the form



338 Small-amplitude vibrations, normal-mode coordinates

V =1/2n"Fn (E.4)

where Fj; = V/;/(\/mi\/my;) is the symmetric mass-weighted force constant matrix.
In the potential of Eq. (E.4), we still find that all the coordinates are coupled, i.e.,
it contains off-diagonal terms of the form n;n; with ¢ # j. However, since the potential
is a quadratic form, we know from mathematics that it is possible to introduce a linear
transformation of the coordinates such that the potential takes a diagonal form in the
new coordinates. To that end, normal-mode coordinates, Q, are introduced by the
following linear transformation of the mass-weighted displacement coordinates:

n=1LQ (E.5)
where L is an n X n matrix. The potential can now be written in the form
V =1/2n"Fn
=1/2QTL"FLQ (E.6)

and we are going to determine L such that the matrix LT F'L becomes diagonal. The
columns of L are now chosen as eigenvectors of the matrix F'. Thus,

Llj Llj
F| : [=uwi| : (E.7)
Lnj Lnj
where wjz (j = 1,...,n) are the corresponding eigenvalues, which are determined as

roots to the equation |F — w?I| = 0. Since F is real and symmetric, we know from
matrix theory that the column vectors of L are mutually orthogonal. If the column
vectors are normalized to unit length, then L becomes an orthogonal matrix. The
inverse of an orthogonal matrix is obtained by transponation, L=' = LT, that is,
LTL =1 or equivalently > L)a(L)ik = O
Equation (E.7) can be written in the form

FL = Lu? (E.8)
where w? is a diagonal matrix with the n eigenvalues along the diagonal (note that
Lw? # w?L) and

w?=L'FL
=LTFL (E.9)

since the inverse of L is obtained by transponation. Using Egs (E.6) and (E.9), we
obtain

V=1/2Q"L"FLQ
=1/2Q7w2Q

=3 (1/22Q? (E.10)

We have now obtained the desired diagonal form of the potential energy. If all
the frequencies, w?, are positive then the stationary point represents a minimum on

ERl



Transformation of the kinetic energy 339

(a) — —

® -0

Fig. E.1.1 (a) Symmetric and (b) anti-symmetric stretch in a symmetric molecule like CO»3.
Note that the C atom does not participate in the symmetric stretch motion.

C— — -

06

Fig. E.1.2 One of the two stretch modes in OCS. Note that this mode, essentially, corre-
sponds to a pure CO vibration.

the potential energy surface. If, on the other hand, one or more frequencies, w,%, are
negative (which implies that wj is imaginary) then the potential corresponds to an
inverted harmonic potential in that mode and the associated motion is not oscillatory
but unbound. A saddle point is an example of such an unstable point.

In practice, from a given potential we first calculate the mass-weighted force con-
stant matrix F' (Eq. (E.4)). The eigenvalues of this matrix give the normal-mode fre-
quencies (Eq. (E.7)). The corresponding eigenvectors give, according to Eq. (E.5), the
normal-mode coordinates expressed as a linear combination of atomic (mass-weighted)
displacement coordinates; thus, @ = L”n. The normal modes are often presented in
graphical form by ‘arrows’ that represent (the magnitude and sign of) the coefficients
in the linear combinations of the atomic displacement coordinates.

Some examples are given in Figs E.1.1 and E.1.2, for triatomic molecules. A linear
triatomic molecule has four (3 x 3 —5) vibrational modes: two bond-stretching modes

and two (degenerate) bending modes. Fig. E.1.2 shows one of the four normal modes
in OCS.

E.2 Transformation of the kinetic energy

As shown above, the potential energy can be expressed as a sum of harmonic potentials.
We now consider the expression for the kinetic energy in classical as well as quantum
mechanical form. In classical mechanics,

T=1/2 Zmidi%
=1/2)  maii;
- LT .
=1/2n"7 (E.11)

where we have introduced mass-weighted coordinates according to Eq.(E.3). Ex-
pressed in normal-mode coordinates, the kinetic energy takes the form
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T =1/20"17
=1/2Q"L'LQ

= 1/226@5 (E.12)

Thus, from Egs (E.12) and (E.10) we see that the classical dynamics of the normal
modes is just the dynamics of n uncoupled harmonic oscillators.
In quantum mechanics the kinetic energy is represented by the operator

. h? 02
T==2 o og
h? 9?

where the relation 9/9q; = \/m;0/0n; was used in order to derive the second line. Since
Q1 = >, (LT)mp, the chain rule gives 9/9n; = Y,(0Q1/0n:)(8/0Q;) = >,(L)10/0Q,
and

. h? 02

T="2%ap

I
|
m|:;g
/ﬁ
B
5
=
N——
NE
Q
8-
ol

n K2 82

Thus, with this result for the kinetic energy and Eq. (E.10) for the potential energy,
we conclude that the quantum dynamics of the normal modes is just the dynamics of
n uncoupled harmonic oscillators; that is,

. S L o
H=— Zl Tage T > (1/2)wiQ? (E.15)

s=1

The total wave function can, accordingly, be written as a product of wave functions
corresponding to each mode. The energy eigenfunctions corresponding to each mode
are, in particular, just the well-known eigenfunctions for a harmonic oscillator.

E.3 Transformation of phase-space volumes

We consider here the relation between volume elements in phase space; in particu-
lar, the relation between dqdp and dQdP, where dq = dq; - - - dg, refers to Carte-
sian coordinates in a laboratory fixed coordinate system, d@Q = dQ; ---dQ, refers
to normal-mode coordinates, and p and P are the associated generalized conjugate
momenta.
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For coordinate transformations we generally have the following relation between
the volume elements: dg = |J|dQ, where |J| is the absolute value of the Jacobian J,
which is given by the determinant

041/0Q1 9q1/0Qz> -+ 0a1/0Qn
0q2/0Q1  0g2/0Q-

_ (E.16)
9qn/0Q1 o 0gn/0Qy
From Eq. (E.5), we get ¢; = ¢° + \/% Zj L;;j@Q;, and therefore
1
8q1‘/8Q]’ = \/—WLU (El?)
S0
1
Tl sl T Lin
S \/;m—szl \/;m—zLQQ
1 1
anl \/TTnLnn
\/rln_1 (1) 0 Ly Lz -+ Ly
B 0 % O Loy Loy -+ -e-
1
=—— |L| (E.18)

MM~ - My,

Since L is an orthogonal matrix, |[LLT| = [I], i.e., |L| - |LT| = 1, which implies that
|L| = £1. That is,
1
dg = ———dQ (E.19)
m1m2 PR mn
is the relation between the volume elements in configuration space.

In momentum space, we have the similar relation dp = |J|dP. The Jacobian is
given by a determinant similar to the one in Eq. (E.16), now with the elements dp; /0 P;.
The momenta are defined by Eq. (4.61), that is, p; = 0L/J¢; and P; = OL/0Q);, where
L is the Lagrange function. The relation between the two sets of momenta is

pi = 0L/0q;

_ Za_Lan
J an BQZ

N p 29
= Zj:PJ P (E.20)
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From Eq. (E.5), we get Q = L77, that is, Qj =% Lirj/mirgr. Thus,

Opi/OP; = \/m;Ls; (E.21)
and
vmiLlyn  /miLliz -+ /miLli,
; VmaLar  /maLas e
/mp L1 A A /My, Ly,
vmi 0 e 0 Ly Lz -+ L1,
0 /Mo 0 Lor Loy ---
0 N T Lpi -+ o Lpn
= /mimag -y, |L| (E.22)
Thus,
dp = /mims - m,dP (E.23)
and finally,
dqdp = dQdP (E.24)

demonstrating the invariance of the volume element in phase space. It can be shown
that this invariance of the volume element in phase space holds in general, i.e., for any
two sets of coordinates and their conjugate momenta. That is, ¢ and @ can be any
two sets of coordinates that describe the same point.

Further reading/references
[1] H. Goldstein, Classical mechanics, second edition (Addison—Wesley, 1980)
[2] E.B. Wilson, J.C. Decius, and P.C. Cross, Molecular vibrations (Dover, 1980)



F
Quantum mechanics

In the following we present the axioms or basic postulates of quantum mechanics and
accompany them by their classical counterparts in the Hamiltonian formalism. We
begin the presentation with a brief summary of some of the mathematical background
essential for the developments in the following. It is by no means a comprehensive
presentation, and the reader is supposed to have some basic knowledge about quan-
tum mechanics that may be obtained from any of the many introductory textbooks
in quantum mechanics. The focus here is on results of particular relevance to the sub-
jects of this book. We consider, for example, a derivation of a formal expression for
the flux density operator in quantum mechanics and its coordinate representation. A
systematic way of generating any representation of any combination of operators is
set up, and is of immediate usage for the time autocorrelation function of the flux
operator used to determine the rate constants of a chemical process.

F.1 Basic axioms of quantum mechanics
Before describing the axioms of quantum mechanics, one needs some mathematical
background in linear vector spaces. Since this may be acquired from any of the in-
troductory textbooks on quantum mechanics, we shall just review some of the main
points without going into much detail.

We use the ket symbol |¢) introduced by Dirac to denote the state of a physical
system. The scalar product (the ‘dot product’) between two vectors is a complex
number denoted by

(Bly) = (¢lo) (F.1)

Physical observables are represented by Hermitian operators ), where a Hermitian
operator is defined by ) = OF. Here QF is the so-called adjoint operator defined by
the relation X X
(@1920y) = (YIQF|g)* (F.2)
We can expand the state vector |1) in any orthonormal basis of basis vectors, e.g.,
the eigenstates of the position operator:

) = [ davianlan) (F3)
where the eigenstates and eigenvalues associated with the position are given by
Gilai) = ailai) (F.4)

where (q|g:) = (¢} — ¢i)-
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To identify the expansion coefficients in Eq. (F.3), 1(g;), we multiply from the left
with the bra (¢;|:

() = / dgstb(ai)dlas)
=(q;) (F.5)

and 1(g;) is referred to as the representation of |¢/) in coordinate space, i.e., the
ordinary wave function in coordinate space. Using this result, we may write Eq. (F.3)
as

1) :/inw(Qi)|Qi>
Z/in<Qi|¢>|Qi>
— [ dalatalv) (F.6)

When written like this, we immediately see that the identity operator I can be written
in the form

f:/in|Qi><Qi| (F.7)

This is a very important relation that we will be using over and over again in the
following. The operator P,, = |¢;)(g;| is called the projection operator for the ket |g;).
Equation (F.7), which is called the completeness relation, or closure relation, expresses
the identity operator as a sum over projection operators. The relation is true for any
orthonormal basis we may choose.

We consider a system of N particles. To keep the notation simple, we have chosen
only to consider the coordinate ¢; and conjugate momentum p;, and we neglect all the
other coordinates and momenta in all the derivations to follow. The straightforward
generalization to include all coordinates and momenta will be discussed toward the
end of the appendix.

(1) In classical mechanics, the state of the system is specified by ¢(t) and p(t), i.e., as
a point in the 6 N-dimensional phase space of the N-particle system.
In quantum mechanics, the state of the system is represented by a vector [i(t))
in Hilbert space.

(2) In classical mechanics, every dynamical variable w is a function of coordinates g
and conjugate momenta p, i.e., w = w(q,p).

In quantum mechanics, the independent variables ¢ and p of classical mechanics
are represented by the Hermitian operators ¢ and p with the following matrix
elements in the Cartesian coordinate basis |g), here just written for the coordinate
¢; and the conjugate momentum p;:

(¢ildilai) = aid(ai — qi) (F.8)

and
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N d d
<QilpiIQQ>=—Zﬁ@5( G —q;) = Zhd 6(qi — q;)

= —ihdy, (¢i — q;) = ih 6 (; — q;) (F.9)

The prime on the delta function indicates differentiation with respect to the vari-
able given in the subscript. The prime on the coordinate is just another coordinate
value, different from the coordinate without a prime. This prime should not be con-
fused with the prime on the delta function. The operator corresponding to a depen-
dent variable w(q, p) is given by a Hermitian operator Q((j, P)=w(qg— q¢,p—p).
At the end of this section the complete expression for the relations with all coor-
dinates is given. For brevity of notation, we usually only include the coordinate
of interest, as in Eqgs (F.8) and (F.9).

In classical mechanics, if a system is in a given state (¢, p), the measurement of
the dynamical variable w will yield a value w(q, p). The state of the system will
remain unaffected.

In quantum mechanics, if a system is in the state [1), the measurement of the dy-
namical variable corresponding to the operator Q will yield one of the eigenvalues
w with a probability P(w) = |(w]t)|?. The state of the system will change from
[1) to |w) as a result of the measurement.

The expectation value () of an operator in a state [1) is just the mean value as
defined in statistics:

n

Plwi)wi = Y [{wil)* wi

=1

<'€[’|‘JJ%><‘JJ%|¢>

Q) =

I

s
Il
—

<¢|Qlwz><wz|¢>

HM: NgE

N

wl ) (F.10)

—~ =

where we have assumed that the eigenstates of Q) are discrete and have used a
completeness relation similar to Eq. (F.7) for the eigenstates |w;) of Q2. In particu-
lar, the expectation value of the projection operator P,, = |¢;){(q:| (see Eq. (F.7))
is

(Pyi) = (¥lai) (@) = " (q:)9(ai) (F.11)
which is the probability density for the ith coordinate being equal to g;.

In classical mechanics, the state variables change with time according to Hamil-
ton’s equations of motion

 oH

qi = apl_a

pi:_aHa 121,3N
9q;

i=1,3N
(F.12)
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In quantum mechanics, the state vector |¢) obeys the Schrodinger equation

d N
ih= [ (6) = HIp(?)) (F.13)
where ﬁ(d,ﬁ) = H(q — ¢,p — p) is the Hamilton operator for the system.

F.2 Application of the axioms—examples
F.2.1 The action of the position operator

Suppose we are in a state |1)). Then determine the action of the operator ¢;, that is,

Gile) = [") (F.14)

From the axioms, we have
(gildilas) = i 6(qi — q7) (F.15)
so let us convert Eq. (F.14) to a form that has the matrix element in Eq. (F.15). To do

that, we multiply Eq. (F.14) from the left by the bra (g;| and insert the unit operator
| ddlld})(d}], according to Eq. (F.7), between ¢; and |¢) to give

/ dg! (@ldi1a) (@) = (@ld) (F.16)

and with Eq. (F.15) we have

/ dg; qi 0(qi — ) {q; V) = qilail) = qi¥(q) (F.17)

That is, in the coordinate representation the action of ¢; is simply a multiplication of
the coordinate representation of the wave function with g;.

Then, what is the action of §2? We write the operator as §;g;, multiply from the
left by the bra (g;|, and insert two unit operators, one between the operators and one
between the operator and |¢) to introduce the matrix elements of the operator in the
coordinate representation that are known from the axioms. We get

/ dq; dg;’ (qildgi|ai)(qi|dilai’) / dg; da} ¢: 6(a: — 4;) 4; 6(q; — i) (@' )

= / dg; ¢ 6(qi — a;) q; (a;])
=g {qlv) = ¢} ¥(q) (F.18)

that is, the wave function is multiplied by ¢?. This result is easily generalized to any
function f of the position operator, i.e., in the coordinate representation it is simply

given by f(q:).

F.2.2 The action of the momentum operator

We now want to determine the action of the momentum operator

pild) = [¥') (F.19)

In order to use the axioms, we need to recast Eq.(F.19) such that the coordinate
representation of the momentum operator appears. This is done by first multiplying
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the equation from the left by the bra (g;|, then introducing the unit operator Eq. (F.7)
between the operator and [¢), and finally using partial integration to evaluate the
resulting integral:

(ailpil) = / A il ) 1)
- / dg (~ih) & (gi — q) () = / dq. (ih) 8 (4 — 4!) (a])

m(w(qi—qz W%~ [ ddldta ) ﬁ(;))

dw( dy(q;)
_zﬁ/dql g —q;) aa! = h( da! )qi_q; (F.20)

The term [§(q; — q}) ¥(q})]>®s always equals zero since 9(q}) = 0 for ¢, — +oo. The
momentum operator in the coordinate representation is therefore a differential oper-
ator and the result of its action is the derivative of the wave function at ¢; multiplied
by —ih, a standard result given in any textbook on quantum mechanics, here deduced
directly from the axioms of quantum mechanics.

This result may be used to determine the eigenstates |p;) of the momentum oper-
ator, defined by

pilpi) = pilpi) (F.21)

in the coordinate representation. We may use the result from above if we replace

1) with |p;) and [¢') by pi|pi) in Eq. (F.19), and therefore ¢(g;) = {gi|1)) by (gilpi)

and ¢'(¢;) by pi{¢gi|p;) in Eq. (F.20). This gives the following first-order differential
equation in (g;|p:):

d{qi|pi

2

— pilaslps F.22
da Pi{qilpi) (F.22)

where (g;|p;) is the momentum eigenfunction in the coordinate representation. Equa-
tion (F.22) is easily solved, and we get

(gilpi) = \/21771 exp(ipiqi/h) (F.23)

where we have used the normalization (p;|p;) = é(p; — p}), and the representation of
the delta function (with p; = k;h)

o(k;) = % /_OO dx exp(ik;x) (F.24)

F.2.3 The displacement operator

In Section 4.2.2, we used the displacement (translation) operator exp(—ibp;/h). We
consider here this operator and its action on the state |¢), i.e., we consider the
momentum-space and coordinate-space representations of |¢y) = exp(—ibp;/h)|¢).
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In the momentum-space representation, we have
(pildw) = (pile™ P/ @)
= [ o100 )
=/M@VWWM@W

/@ =00/, — )l 6)
= =i/ B[ g) (F.25)

where Eq. (F.21) was used in the third line. Using this result and Eq. (F.23), we get,
in the coordinate-space representation,

<mm=/m@mmmw
_ (27Tﬁ)71/2/dp¢ eip'ilh/he*ibpi/h<pi|¢>
= (27rh)*1/2/dpi eipi(qrb)/h<pi|¢>

= /dpi<Qi — blpi)(pi|®)
g — bl (F.26)

which demonstrates that the operator exp(—ibp/h) generates a displacement of b in
coordinate space.

F.2.4 Equivalence of spatial and momentum projection operators

In Section 5.2.1, we used the equivalence of the two projection operators

Py, = lim exp(iHt/h)h(7) exp(—iHt/h)
T R R (F.27)
P, = tlim exp(iHt/h)h(p1) exp(—iHt/h)

where h(x) is the Heaviside step function. In momentum space we defined the reactant
region as the one where the translational momentum in the reaction coordinate was
negative, while positive in the product region. In coordinate space we define the reac-
tant region as the one with a negative reaction coordinate and the product region as
the one with a positive reaction coordinate, with the reaction coordinate r; = 0 sepa-
rating the two regions. Intuitively, such a modification should be possible because the
definition in momentum space implies an equivalent motion in the reaction coordinate
that therefore may also be used to define the reactant and product regions.

We consider in the following the proof that the projection operators in Eq. (F.27)
are equivalent. We introduce the unit operator exp(—iHot/h)exp(iHot/h) on both
sides of the Heaviside step functions. We find
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Pr, = lim exp(iHt/h) exp(—iHot/h) exp(iHot/B)h(F1)
x exp(—iHot/h) exp(iHot/h) exp(—iHt/h)
= lim Q_ exp(iHot /h)h(f1) exp(—iHot/h)QT (F.28)
and similarly for 75,71 we have

Py, = Jlim Q_ exp(iHot/h)h(p) exp(—iHot/h)Q (F.29)

where Q_ is the Mgller operator in Eq. (4.133). Comparing the operators in Eqs (F.28)
and (F.29), we just need to prove that

Py, = lim exp(iHot/M)h(i1) exp(~iHot/h) (F.30)
is equal to
Py, = lim exp(iflot/h)h(pr) exp(—iHot/h) (F.31)

This is done by writing down the coordinate representations of the operators using the
methodology presented in this appendix. We introduce unit operators on both sides
of the Heaviside step function using the momentum eigenstates and find

(1P, 1) = (1 exp(i ot /TR (r) exp(—i Lot /B)lr)
= [ v [ dtotlexptite/ Cam)lon) o G0l
X (o lexp(=ip3t/ (2uh) )
[ v [ it lexotinte/ ot )3 1)
x (p' lexp(—ipiPt/(2uh))|r1)
.

— o [ [ v explimr/m) explinte/ (2u) b3~ 51)

x exp(—ip’t/(2uh)) exp(—ipiri/h)
1

- %/ dpy exp(ip17’ /h)h(p1) exp(—ipir1/h)

1 > .
= %/0 dpy exp(ip1(ry —r1)/h) (F.32)

In the second line of the equation we have used that ﬁo, in this one degree of freedom
case, contains only kinetic energy in the coordinate r; since the potential energy
term is zero in the reactant/product region. In the sixth line we have introduced the
momentum eigenfunctions in the coordinate representation, using Eq. (F.23).
Similarly, for the 7521 operator, we introduce unit operators on both sides of the
Heaviside step function, but using the coordinate eigenfunctions in this case:
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(4 [PO 1) = (rilexp(iHot/h)h(#1) exp(—iHot /h)|r1)
= [t [t ettt mln o i )
x (r{’|exp(—iHot/h)|r1)
= /00 dry / drt!" (v lexp (i Hot /B) [P YR(r) S (Y — ")
x (" |exp(—iHot /h)|r1)

/ dr'! (v |exp(iHot /B)| ! Yh(ri ) () lexp(—iHot /1) r1 ) (F.33)

The matrix elements in the integral are evaluated by introducing a unit operator using
the momentum eigenfunctions between the operator and the coordinate eigenfunction:

(rilexp(iflot/D)|r{) = / dpy (1! |exp(ipit/(2uh)) p1)(p1|r7)

- / dpa (r" lexp(ip?t/ (2uh))|p1) (o1 77

1 . . .
oa | dovexplivtt () explirtps /) exp(~ir{p, /1)

or | dorexplivit/uh) + ipa (ot~ )/

= [ ep(intrt — )2 20 (©.31)

In the first line we have introduced the unit operator using the momentum eigen-
states because we may then evaluate the resulting matrix elements. In the third
line we have introduced the momentum eigenfunctions in the coordinate represen-
tation, and in the last line we have used the standard integral [ dz exp(—p?2? £qx) =
exp(q?/(4p?))\/7/p. For the second matrix element in Eq. (F.33) we find by analogy
that

(rf[exp(—iHot/h)|r1) = \/—h\/ﬁexp(w( r1)?/(2ht)) (F.35)

The expressions in Eqs (F.34) and (F.35) are finally introduced in Eq. (F.33) and
we find

1Py = [ dntesplintn =11 = (0 = )/ (200

= ﬁ /O dri/ exp[z’u(( - rl ) + 27'1 ( — T’1))/(2ht)]
= L explin(r} - r2)/(201)

2mht
X / dr explipr! (r] —r1)/(Rht)] (F.36)
0
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For comparison with the result in Eq. (F.32), we introduce the substitution r{ = p1t/p
in Eq. (F.36) and find

(RIP i) = 5oz expitr? = )/ 2h0) [ oy explipa (s = )/

= 27rh/ dpy explip1 (1} —r1)/h] (F.37)

when the limit ¢ — oo is taken. We then see that the expression is identical to the
one in Eq. (F.32) and have thereby proven the equivalence of the two expressions in
Eq. (F.27).

F.3 The flux operator

In Section 5.2, we used an expression for the flux operator. In most quantum me-
chanics textbooks expressions for the probability current density, or probability flux
density, are given in terms of the wave function in the coordinate representation. We
need an expression for the flux density operator without reference to any particular
representation, and since it is rarely found in the textbooks, let us in the following
derive this expression.

Consider the Hermitian position projection operator (17:7 )qi=r:

(Pa)gi=r = ([a:){@i))gi=r = Ir)(r] = Pr (F.38)

It is related to the probability density for one of the coordinates of a particle to be r.
This is seen by forming the expectation value of P, for the system in the state |¢).
We find

(WIL ) = (wlr)(rlw) = " (r)y(r) = p(r) (F.39)

where we have introduced the symbol p(r) for the probability density.

We seek an expression for the flux operator by deriving an expression for the time
variation of the position projection operator PT, and compare the resulting equation
with the standard continuity equation known in several branches of physics, for ex-
ample, in fluid dynamics:

dp _
ot

which expresses that the rate of change in density is equal to the net flux of mass in
and out of the volume element, as given by the divergence of the flux density of mass
F, as defined in Eq. (F.40).

Let us therefore determine the rate of change of the position projection operator for
the coordinate ¢;, which in the Heisenberg picture is given by the following commutator
equation:

~-V.F, (F.40)

dP, i . -
— LA, p, F.41

where H is the Hamiltonian of the system. Since all momenta operators pj; and
position operators §;x; commute with p; and ¢; we only need to include the momentum
operator for the coordinate ¢; in the kinetic energy term of the Hamiltonian, and find
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= 7, P + £[V(4), Py (F.42)

Note that the potential energy term in general cannot be split up into a term only
depending on the coordinate ¢; like the kinetic energy term. The commutator [p?, P]
may be written

= AZP szrpz + szrpz - Prﬁf
= pi(piBr — Popi) + (pi P — Popi)ii
= pilpi, Pr] + [pi, Prps (F.43)

The commutator [p;, PT] is found in the usual way by forming the matrix element with
any two states |¢) and |¢):

<¢|[ﬁz, Pr]|w> = <¢|ﬁzpr - Prﬁzhﬁ)
= (@lpilr)(rl) — (lr)(r|p:|v)

= (@lpilr)v(r) — ¢ (r){rlp:l¢) (F.44)
The matrix elements involving the momentum operator were evaluated in Eq. (F.20):
(rlpsks) = i (%“)_ (F.45)
and similarly for
@l = i) = in (2100 (k.16)
z q;=T

using that the momentum operator is Hermitian. These results are inserted into
Eq. (F.44) and we get

do* ((Iz‘
dql

)
dqz qi=T

d
d_ (b'qz qu )
qi=r
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Ol qz|}|¢>)

qi=T1

=1h

F.47
dqz )qb_r (F.47)
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and from this

A P, __dP,
[pi, Pr] = ih < da ) = ih—- (F.48)
qi=T

The commutator [V/(§), P,] is found in the same way. We get
(@IV(@), PlIe) = (V@ P lv) = (@B (@)])
— [ da ) @iV @saz) i) o0)

_ / da; ([r) (r|V (G453 a2 |ai) (i)
_ / da; " (a:)V (gi3 4y0)5(q; — P)o(r)

/ sz Q77 Qj;ﬁz)(s(ch' - r)w(%)
=" (N)V(r;qjz)0(r) — ¢"(r)V (r; qjzi)¢(r)
=0 (F.49)
that is, R
V(q),P]=0 (F.50)

With the results in Eqs (F.48) and (F.50) introduced into Eq. (F.42), we find
dpr i
dt h

1 d - d -
- 5 (L L p 5
2m; l (dql ql) ,i:TjL (di %)qb—rp]
1 (d .o~ .
S (d_q { P, —|—Pq1.pz}> (F.51)
3 (2 qi=r

When we compare with Eq. (F.40), we see that the flux (density) operator related to
the coordinate ¢;, at ¢; = r, is given by the expression

{ﬁlquz + P Jal} = ! {ﬁzpr + Prﬁz} (F'52)
qi=r 2m;

We note that the flux is a vector and the expression in Eq. (F.52) is therefore the
tth component of the quantum flux operator. The quantum flux of probability through
a surface given by S(¢) = 0 for a system in the quantum state |¢)) may therefore be
determined as the dot product of the quantum flux and the normalized gradient vector
V.S, and integrated over the entire surface.
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Let us then derive an expression for the matrix element of the flux operator in
the coordinate representation, an expression we need in order to develop the time
autocorrelation function of the flux operator in the coordinate representation. We
use the axiom for the matrix element of the momentum operator in the coordinate
representation, and obtain

A 1 7 oa Aoy
(il Fr1ai) = 5— [(@ili Prlad) + (@il Priilad)]
]. [ A / ~ /
= 5 [(@lpilr)rlad) + (@l rlilal) |
1 d , o d ,
= o |3l — 1)3lal )+ i 1) 00— )
ok ) d . 4 d )
= o (800t = ) 8l = 1) = 30 1) 30— )|
h
= (o) = 1) 8, (a5 — ) = 8las = 1) by (r — )] (.53)

The primes on the delta functions in the last line of the equation indicate differentiation
with, respectively, ¢; and ;.

As an example we use this expression for the matrix element of the flux operator
in the coordinate representation to determine the flux at r for a system in the state
[1). The expectation value of the flux operator is

(| Erly)

/ da; / dg, (W)l By la) 1)

dg;

da; ¥ (¢i)[6(q; — )05, (@ — 1) — (g5 — )0, (r — )] (q7)
(F.54)

Partial integration is used to evaluate the terms. Let us begin with the first term:

/ dg; / da} v (0:)5(a. — ) 8, (g; — 1) (a))
= [ ad {[6(% (@) 8 — ) () [

~ [ a8t 1) g 07 e =y wla) |

/dqz/dql Qz —’f’ (qz )w(%)dwdq(z )

— vt (25 ))qi_r (F.55)

since the first term on the right-hand side of the equation in the second line is zero,
because ¥ (g;) = 0 for ¢; — £oo. Similarly, we find for the second term:
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- [ da: [ adv @sta - 1) 6 = yta)
- [aa {[w D0 (@) 8(as — ) 9

&

- [ daiotr—ap 2z 7@ 8@ = 1) ;))}
= [ da. [ dai ot~ i) ot w(qi)dﬁ?

=*(r) (%—?)(IH (F.56)

that is, we have

1) = [w*m ("), v (T ))_] (F.57)

which is the expression for the ith component of the flux density found in many
textbooks. It is immediately evident from this expression that the flux density in a
system where the wave function is real will be zero.

F.4 Time-correlation function of the flux operator

In Section 5.2, we have seen how the rate constant for a chemical reaction may be
determined as a time integral of the auto-time-correlation function of the flux operator
given by

Cr(t) = Te[FUTFU) (F.58)

with
U = exp(—iHt/h) exp(—H /2kpT)

N . . (F.59)
Ut = exp(iHt/h) exp(—H /2kpT)

In order to use this formal expression in a calculation of the rate constant we need
to choose a representation. In the following we will determine the coordinate repre-
sentation of the correlation function. We use the coordinate representation of the flux
operator as derived above. It is introduced in the expression for the time-correlation
function by introducing three unit operators like

()= [ dai [ adt [ ag [ aai"tal P a0 a0l 1Flai") 61O

h2
T am2 /dqz‘/dqé/dq /dqm “laid, '" [ Jayay Ugra, (F.60)

where the expressions for the matrix element of the flux operator in Eq. (F.53) are
used. We have introduced the following shorthand notations:
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Ubgr = (@1 g} = (a/|Ua})" = Uy
Uq;”q (q NI|U|(11>

d(g; — 1) 05, (g — ) = (g5 — 1) 6y (r — q7)]
(g — 1) by (g — 1) —0(g] — 1) dg (r — ¢")]

We see that there are four terms to be evaluated, and each term is evaluated by
partial integration with respect to, respectively, ¢;, ¢;, ¢/, and ¢;’. They may look a
little complicated, so let us take them term by term. Let us start with an evaluation
of the two terms associated with [ |4, 4. The first term in [-- -], 4 in Eq. (F.61) gives

/d(h‘/dq;/dq /dq/// 5/ )é(q; —r) U;:,q: [ . ']q;’q;” Uq;”qi
/dq7/dq /dq'”{ —7)6(q, — 1) Urar [ Jarar Ugtrr ) s

d *
- /dQI 5(Q7 - T)_ (5(q7{ - T) Uq/lilq//i [ . ] "l U’IW%)}

dU {II 5
/dql/dqz/dq /dqm5 )8(q, )Uq,,q: [-- ]q,,q;,, di;»q

(F.62)

F.61
[' ’ ']qiq [ ( )
[

[ lgpay =

using that [6(g; — ) --- 132> equals zero since r takes a finite value. Similarly, the

next term in [+ 4,4 in Eq. (F.61) gives

—/dqi/dqg/dq /dq'” Oor(r—qi) 6(qi — ) wra b laray U,
—— [aac [aat [ { ot i) o = 1) U L U %

d *
— /dq; (5(7’ — qz) d (5(% - 7’) Uq;’q; [ . .]q;,q;// Uqg//qi)}

/dql/dql/dq /dqm (T _Lh)[ ’ ]qg’qi” U‘I;” qi dqq%/q%

Then we need to evaluate the two terms associated with the [- -], operator in each
of the equations above. We begin with the result in Eq. (F.62), combine it with the
first term in [---J;r g in Eq. (F.61), and use partial integration over g;":

* dUQ:;,,Qi
_/dqi/dql’»/dq /dq”’5 )6(a; — 1) Ugngr 0 (q' — 1) 0(q" — 1) o
" / " * qug”th >
dql dqz dq q'L - T) 6((11 - T) 6((11 - T) 6((]1 - T)Uqfi’q; T
d Uy,
- [ aaotat =) (3 = )80t = )8 = ) Uy )
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’ / dU*{, : dU g

_ /dqi /dqg/dq /dq/// ((]7 — 7“) 5((]7/ - 7") 5((];/ - 7') d;’;{/q1 dq(;zq
(F.64)

and finally combine the result in Eq. (F.62) with the last term in |
and use partial integration over ¢}

dU 1.
/dql/dql/dq /dq”’ )o(q: — ) g 5;2// (r—q")o(q) —r) —2 %

dg;
/// / " * quf”(Ii, >
/dqv/dqz/dq i) 6(qi —7)d(q; —7)d(q; —r)Uy g
/dq///6 /// d

dU///
d,/,<5(q1—7")5(q;—7“)(5( —T)Un, i %)}

“qrq in Eq. (F.61),

q; 4; sz
d2U 11
/ dg; / dq; / dq} / dq}" 6( )d(q; —7)0(g] —r)o(r —ai") Uy dq///q d;

Similarly, the result in Eq. (F.63) is combined with the first term in [
Eq. (F.61), and we use partial integration over ¢!

[ [ ad [ agt [ aq"sta

g in

ARV "o mno_ dU‘z{lqi
)o(r —q;) 5(1;' (¢; —7)é(q;” — 1) Ugpr

dU*// / o0
— [ [ [ aa{ [ = 1)0(as = )00 = ) S(al" — Wi, e

3

27 7%
I/I _ 1" " d U{,/'
dg; | dq; [ dq} | dg; )0(q; —7)d(q; MUy g 70

— | dd’ s(d — i Slas — ) 80 — a) §(d" U dUlZ'q;‘,
qi (ql T)dq'»’ (ql 'I’) (T qz) (qz ) q! q;

ai'q;
- T) 5((11' - )UqL qi dql( dq{’
(F.66)
and finally combine the result in Eq. (F.63) with the last term in [- - -] ;74 in Eq. (F.61),
and use partial integration over ¢}”:

—/dqi/dql’»/dq /dq”’ (r—qz)d ///(

" " dU // /
r—q;)6(q; —r)Uqp

q; 4i dq;
AU 1%
= [ [ i [ aa {[ ") e = )8 = )3 = Ui, |
q; —o00
" " d / 1 dU*// /

q; 4;
- 2]
dU v dU ///
q; 4q;
=/dqz—/dq§/dq /dq’” g —r)o(r—q;)o(q —r)o(r—q” ad] dqgu

(F.67)
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These results are now introduced into Eq. (F.60), and we have

2
i [ [ dai [ dai [ ad st =) otat =) dtat = r)8tr -l

2 2T Tk * *
% « d U(]:;”(b‘, + U » d qﬁ;’qé _ qué/Q; qug//Qi B qu;/q; dUQ;HQi
Whodgdg; " dgjdg!  dgl dg; dg;  dq}”

2 2T T*
_ h? U* d Uq;”qa T U d Uq;’qi
4m2 " dq;l/ dq?’ " " dq; dq’;l /7 1
qi=q}"=r q;=q}/=r

(M) () (%) (%
dqy dimr dgi ) 4=, da; g g ) i,

(F.68)

This may be written in a more compact form. Consider the following expression:

d2|quq§ 2 . d*( U;i q Ug; ‘12)
dg; dg, L dg; dg, )
G=q,=r g=q,=r

- d U dUl;iq:; U* dU(h q;
= d_qz qi49} dq, + Vs q; dq, ,
qi=q;="

* *
quiqg dU(Ii‘IE quiqg quiqg }
qi=q;=r

dg;  dq] dg, dgq,

—U ngl;‘qE LU ng‘ZiQ;
-\ dg; dg} , "\ dg; dg! )
qi=aj=r ai=qj=r

N (dUW> AU, N (dU,;;T> (dU@)
in qi=T dqi q§ =r in qi=T dq; q;=r

(F.69)

We see that the first two terms in the square parenthesis in Eq. (F.68) are identical

to the first two terms in Eq. (F.69). The next two terms in the equations are also almost
identical, except for the sign. Taking this into account we see that the coordinate
representation of the time-correlation function in Eq. (F.58) may finally be written as

BN ’
¢ qi=q;=r

The discussion has so far been restricted to one degree of freedom, that is, one co-
ordinate and its conjugate momentum, to make the notation simple. When we extend

d

2
—U,.
dqz qiq;

_4‘
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our description to a system of N particles with 3V degrees of freedom, there will be a
modification of the equations in axiom 2. Corresponding to 3N Cartesian coordinates
q1,---,q3n describing the classical system, there exist in quantum mechanics 3/N mu-
tually commuting operators ¢y, ..., ¢sn. In the eigenvector basis |q1, ..., gsn) of these
operators, called the coordinate basis and normalized as

(@1, qsnldhs - day) = TN 6(q; — ¢f) (F.71)
we have the following correspondence:

' , - (F.72)
(a1, - @sn|pilds - - asn) = —ihd, (@i — g2 6(q; — IEY, 16(q5 — ¢f)

The other axioms remain the same.

Further reading/references

[1] C. Cohen-Tannoudji, B. Diu, and F. Laloé, Quantum mechanics, volume one (Wi-
ley, 1977)



G
An integral

The two-dimensional integral in Eq. (11.11) may be reduced to two one-dimensional
integrals by a change of variables. This is illustrated in Fig. G.0.1, which shows a
Cartesian coordinate system with unit axes (4, j) and associated coordinates 7 and
T2.

We now rotate the (4,7) system by 45° to the (i, ') system. The orthonormal
transformation is given by

V2 V2
i 1=l J [L i] (G1)

rR= 7|7}

E
V2 =2 /

— [Z ]] [ 2 2 ‘| {71:|
V2 V2|1
2 2

oM

=[i j] {Tg] (G.2)

i(m)
3'(73) i'(r7)

i(m)

t

Fig. G.0.1 A sketch of the coordinate transformation for the evaluation of the double inte-
gral in Eq. (11.11).
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Then the relation between the ‘old” and ‘new’ coordinates is

-4 %]

V2
2
V2 .
s 2
or the inverse -
/ V2
G 2
=2
2

T2

1

¢ - o
and, since the Jacobian determinant for the transformation is unity, the area element
in the new coordinate system is identical to the one in the old coordinate system, that
is, dridmy = dr{d7}. The integral spans the ‘hatched’ square with side ¢ in Fig. G.0.1.
To cover the same area in the new coordinate system, the integral is divided into
two integrals, one for the triangle below the line [ and one for the triangle above this
line. This division is naturally introduced in order to set the limits for 75 when we
integrate over 7. For the lower triangle we see from Eqgs (G.3) and (G.4) that the
region spanned by 74 for a given value of 7] is

—V271 <7, < V27 (G.5)
and for the upper triangle
—2t —\/21] < 7h <2t — V27 (G.6)

The integral in Eq. (11.11) then becomes

\/Et/Q \/57'1
/ MM dr} exp(7V/2r)b(V/2r)
0

—v2n
\/gt 2157\/57’1 (G.7)
o a7 drfexar)olvER)
V2t/2 —(2t—V271)

where we have used Eq. (11.7) for the correlation function of the random force. We
may now introduce the substitution

v =2

G.8
n =27} (©8)
into Eq. (G.7) and find
2t 2t—1p
/ d¢/ dn exp(v)$(n) —/ dw/ o dnexp(y)p(n) =
2t
5 [ dvetrwr+ g [ avenuser-v)
(G.9)
where we have used ;
£6) = [ o000~ 1 = f(o0) (G.10)

Our assumption that ¢(0) is sharply peaked around 6 = 0 and drops to zero for 6 > 7.
implies that its integral f(z) reaches a constant value f = f(oo) for 7 ~ 7. Therefore,
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when we are interested in much longer times, we may replace f(¢) and f(2t — 1)) by
their constant asymptotic value f in the right-hand side of Eq. (G.9). Hence we may
write, for t > .,

lf/tdw o)+ 21 [ dpexprn) = Lr [ dvexpire)
D) . Py B ; PlY =3 . Py
_exp(2yt) — 1

Substitution of this result for the double integral in Eq.(11.11) finally gives us Eq.
(11.12).



H
Dynamics of random processes

In this appendix we will give a review of the general theory of random or stochastic
processes.

Let y denote the variable or set of variables in which we are interested. It may
be the position or the velocity or both for a Brownian particle, for example. If y is a
deterministic quantity, we can construct a function of time y(¢) that determines the
value of y at every time t given appropriate initial data at ¢ = 0. If it is a random
variable, such a function does not exist. At every given time, the variable y can have
any value whatsoever within its range of variation. To every possible value there is
attached a certain probability, which may have any value between zero and one. As we
assume ¥y to be a continuous variable, it is easier to speak about probability densities.
We say that the value of y has a probability density P(y;t) at time ¢ if there is a
probability P(y;t)dy of finding the value of the variable in the infinitesimal interval
(y,y + dy). The mere knowledge of the probability density P(y;t) is not sufficient, in
general, for the characterization of the process. If we know that the variable has the
value y; at t1, then this knowledge will influence the probability of finding the value
Y2 at time ¢y because the various values of y are not necessarily independent; there
could be a correlation between what happens at t; and what happens at t5. That
is, the joint probability density of finding the value y; at ¢; and the value y, at to,
W (y2;ta|y1;t1), cannot necessarily be inferred from a knowledge of P(y1;¢1). Hence,
for a complete characterization of the random process, we must in principle specify all
the joint probability densities P(y1;t1), Wa(y2;t2|y1;t1), Ws(ys;ts|y2;talyi;t), and
so on. The W,, must satisfy the following obvious conditions:

(a) W, > 0 because they are probabilities;

(b) Walyn;tn|---|y1;t1) must be symmetric with respect to permutation of the group
of variables among each other, because W), represents a joint probability;

(€) Wilyrstr -+ lyist1) = [ dypsr - dynWa(yn;tn| -+ - Jy1;t1) for any value of k in
the range 1 < k < n—1, so W,, must be compatible with all the lower-order joint
probabilities.

Notice that the arguments for the joint probabilities are ordered such that ¢; < to--- <
t,, so the ‘order of events’ should be read from the right to the left. To continue we must
somehow truncate the series of higher-order joint probability densities. The simplest
case (often referred to as a purely random process) is one in which the knowledge of
P(y;t) suffices for the solution of the problem. In particular,
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Wa(y2;talyists) = Pye;t2) P(y1;t1) (H.1)

so correlations in time are completely absent. This is, however, a very unrealistic
assumption in a continuous physical process; indeed, for short enough time intervals
there must be a causal relationship between successive events.

The next simplest case is of fundamental importance in statistical physics and
is called the Markov process. The whole information is now contained in the two
functions P and Ws. To help characterize the problem precisely, it is conventional to
introduce the concept of a transition probability wa(yz;t2|y1;t1) defined by

Wo(y2: talyis t1) = wa(ya: talyis t1) P(y1;t1) (H.2)

This relation defines wy and tells us that the joint probability density of finding y; at
t1 and ys at to equals the probability density of finding y; at ¢; times the probability
of a transition from y; to ys in time to — #1.

Conditions (a)—(c) above imply the following properties of wa:
(') wa(ya;ta|y1;t1) = 0, because it is a transition probability;
(b)) [ dyswa(y2;taly1;t1) = 1, because the system has to go somewhere;

(c') Plyastz) = [ Walyastolyi;tr)dyr = [wa(yastaly; t1) P(yis ti)dy:.

The nth-order transition probability ws, (yn;tn| -« - |y1;t1) is defined as the conditional
probability of finding the value y,, at time ¢, given that y had values y,_1,...,y1 at
the respective times ¢,,_1,...,t;. We now define a Markov process by the condition

W (Ynitnl - Y15 t1) = wo(Yn; tn|Yn—1;tn—1) (H.3)

This definition implies that, for a Markov process, the probability of a transition at
time t,_1 from a value y,_1 to a value y, at time t,, depends only on the value of y
at the time t,_1 of the transition and not at all on the previous history of the system.

For example, it is easy to see how W3 can be expressed in terms of P and Ws.
When we use Eq. (H.3), W3 can be written as

Wa(ys; talya; talyr; tr) = walys; t3lye; t2)wa (ye; talyrs t) Pyi; 1)
= wa(y3; t3ly2; t2) Wa(y2; taly1; t1)
_ Walys;talya; t2) Wa(ya; taly; tr)
a P(y2;t2)

If we use proposition (c) then we may write
Wa(ysitslyrita) = /dy2W3(y3;t3|y2; taly1;t1)

=/dyzwz(y3;t3|y2;t2)w2(92;t2|yl;tl)P(yl;tl)
= wa(ysitslyr;t1) P(y1s t1) (H.5)

From Eq. (H.5) we finally get

wa(y3;ta|yrit) :/dy2w2(y3;t3|y2;t2)w2(y2;t2|y1;t1) (H.6)
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This is an important integral equation for the transition probability and is often taken
as the definition of a Markov process. It is called the Chapman—Kolgomorov equation
or sometimes the Smoluchowski equation. The physical interpretation of this equation
is: the probability of a transition from y; at t; to y3 at t3 can be calculated by taking
the product of the probability of a transition to some value ys at an intermediate
time to and the probability of a transition from that value to the final one at t3 and
summing over all possible intermediate values. Note that nothing is said about the
choice of t9, only that it should be an intermediate time.

In the physical applications that will be of interest to us, the transition probability
and probability density do not depend on the times ¢; and t5 at which transitions
occur but only on the time interval to — ¢1. This is the condition of stationarity, which
means that the statistics of the process is invariant to a change of the origin of time
or to a translation in time. Equation (H.6) may then be written

wa(ys3ly1;t) = /dy2w2(y3|y2;t — ta)wa(yaly1;t2) (H.7)

where we have set t; = 0.

H.1 The Fokker—Planck equation

Continuous Markov processes occurring in physical systems like the Brownian particle
system are characterized by frequent and small changes in the stochastic variable.
When the changes are small, a differential equation for the distribution function P(y;t)
may be obtained in the following way. We suppose that the changes in the variable
occur at intervals of the order of 7., while the distribution function changes in times
of order 7,.. If the changes of the variables are very small compared to typical values
of the variable, and if the changes are very rapid, then we may expect the two time
scales to be widely separated; in other words, we may expect that a time 7 exists that
satisfies the conditions

Te L T L Ty (H.8)

With this in mind, we may write the Markov integral equation in Eq.(H.7) for a
stationary process as

wa(yly15t) = /dysz(yzlyl;t—T)wz(ylyz;f) (H.9)

or in a slightly more convenient form

wa(ylys; t +7) = / dysws (s Oyws (ylye; 7) (HL.10)

This equation can be said to relate the wy function at two slightly separated time
instants, both at finite time, with the limiting form of the function for very short
times 7. This function is only non-zero for very small changes in y due to the small
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time period of 7. The assumption of small changes in the variable during 7 may be
exploited by substituting

y—y2=Ay (H.11)
SO
dys = —d(Ay) (H.12)
Then Eq. (H.10) may be written
wa(ylyr;t+71) = /d(Ay)wg(y — Aylyr; thwa(yly — Ay; 1) (H.13)

The minus sign in Eq. (H.12) has been absorbed in an inversion of the limits of inte-
gration in Eq. (H.13). Then comes a somewhat ‘tricky’ point. The second wy function
in the integrand is the limiting form of the function for short times. It expresses the
probability that y will undergo a transition Ay in a time interval 7 starting from
y — Ay. It is plausible that ws in the short time interval limit is a function of Ay, so
in order to emphasize this it is customary to introduce a particular notation, namely

wa(yly — Ay; 7) = e (Ayly — Ay; 1) (H.14)

so we may write Eq. (H.13) as

ws(ylysst + 1) = / d(Ay)ws(y — Aglys: )da(Ayly — Ay; 7) (H.15)

One confusion is that y — Ay in the argument does not express the Ay dependence but
merely the starting point for the transition through Ay in the time interval 7. Now
the Ay dependence is underlined rather than a y dependence. This also enables us to
distinguish among the two functions, but it is a rather subtle point. wa(y|y1;t + 7) is
now expanded in a Taylor series of powers of T about ws (y|y1; t); by virtue of the right-
hand inequality in Eq. (H.8) the expansion may be truncated after the first-order term.
We also expand the product in the integrand around we(y|y1;t)wa(Ayly; 7) = watle
and obtain

P X o 1 82
woy + T% 4= /dAy [wng — Aya—y(wzwz) + i(Ay)z?(wng)
w2t + 22 (A + (11.16)
TR T gy YT 5 g, NS '
where we have used the normalization condition
[ danaa(dglyin) =1 (H17)

and (---) is the average of the enclosed variable, conditional upon the given initial
value of y:

(@) = [ ddw)(@y) aa(delyi7) (1.13)

Division by 7 finally gives the equation
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2
i wa(0lni) = = 5 (A walulynit) + 5 55 (Bualolnit)  (H19)
with A
A = i,

(H.20)

Bly) — tiuy (A0

T—0

which are the averages of Ay and Ay? over the transition probability rates. They will
only be meaningful if the averages are proportional to 7, so there will be no explicit
7 dependence. This is usually the case. Eq. (H.19) is known as the Fokker—Planck
equation; the solutions are the transition probability ws.

It is easy to see that the probability P(y;t) itself also satisfies a Fokker—Planck
equation, when we use the relation from proposition (c¢):

Ply:t) = / dyrwn(ylys;t — )Pl ) (H.21)

which gives the probability at (y;¢) when it is known at (y1;¢1). Then we find

2P0 = [ g (wallnst - 1) Pluiit) (11.22)

Substituting the right-hand side of Eq. (H.19) we get
ZPtit) = [~ 2 (Ahwatoli - 0)) + 5 o (Blwatlnit - 0)] Plons )
ot Yyst) = Y1 y y)w2(y|y1; 1 2 0y? Yy)w2 y|y1; 1 Yiil1

(H.23)
Now the integration over y; simply gives P(y;t), so the Fokker—Planck equation for
Pis
2 plyst) =~ (AP 0) + 225 (B Py ) (124)
g Wit =~ (AW)P(y; 29,7 PP :
with the initial condition P(y;0) = d(y — y1).

We now specialize the Fokker—Planck equation to the case of Brownian motion in
Section 11.1. In this case, the variable y is the velocity v of the Brownian particle. We
also note that the average of a function of the velocity v at time ¢, given that v = vy
at t = tg, is simply expressed in terms of the transition probability by

(f(v) = / dof (wyws(vlvo; t — to) (11.25)

So we can therefore immediately use our results obtained from the Langevin equation
in order to evaluate the coefficients A(v) and B(v) in the Fokker-Planck equation.
From Eq. (11.9), we obtain

(v — o) = voexp(—yAt) — vg
= —yupAt + O((At?))
= —y(v(1 +7At))At + O((At?))
= —At + O((At?)) (H.26)
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Hence, from Eq. (H.20),
A(’U) = —yv (H27)

Similarly, we obtain from Eq. (11.15) that

(v =w0)%) = (v*) + v — 2(v)vo

kT kT
=252 (vﬁ—i> (1—29At+---) 402 — 203(1 — At ---)

M M
2’7kBT
=———A¢t H.2
M (H.28)
SO
2’kaT
B(v) = H.2
(v) 7 (H.29)
The Fokker—Planck equation for the Brownian particle system is then
0 0 kpT 02
— P(v;t) = —y—(vP(v; —— —P(y; H.
o P(v:1) =~y (0P(0:0)) + 7 o A Py ) (11.30)

The physical mechanism described by this equation can be understood by starting
at time zero with a velocity distribution sharply peaked at v = vy. As time passes,
the maximum of this distribution is shifted toward smaller velocities, as a result of
a systematic friction undergone by the particles (first term on the right-hand side of
the equation). Furthermore, the peak broadens progressively as a result of diffusion
in velocity space (second term on the right-hand side, which is the velocity space
equivalent of the similar coordinate space term in Fick’s law of diffusion). The final
time-independent distribution reached by the Brownian particle is nothing more than
the familiar Maxwell distribution:

P(v;00) = Cexp(—Mv?/(2kpT)) (H.31)

This is seen by substitution of this distribution into Eq. (H.30), and with O0P/0t = 0
at equilibrium the right-hand side should be identical to zero. This is indeed the case;
we get

Mv?
kT

—~C exp(—Mv?/(2kpT)) + Cvyexp(—Mv*/(2kpT))
2 (H.32)
M

T exp(—Muv?/(2kpT)) — vC exp(—Mv?/(2kpT)) = 0

+~C

The picture offered by the Fokker—Planck equation is, of course, in complete agreement
with the Langevin equation and the assumptions made about the process. If we can
solve the partial differential equation we can determine the probability density or
eventually the transition probabilities at any time, and thereby determine any average
value of functions of v by simple quadratures.
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H.2 The Chandrasekhar equation

The idea in Kramers theory is to describe the motion in the reaction coordinate as
that of a one-dimensional Brownian particle and in that way include the effects of
the solvent on the rate constants. Above we have seen how the probability density
for the velocity of a Brownian particle satisfies the Fokker—Planck equation that must
be solved. Before we do that, it will be useful to generalize the equation slightly to
include two variables explicitly, namely both the coordinate r and the velocity v, since
both are needed in order to determine the rate constant in transition-state theory.

For the Markovian random process (r,v), the integral equation Eq. (H.15) can be
written

wa(r,vlry, vt +7) = // d(Ar)d(Av)ws (r — Ar,v — Av|ry, vy;t)
X Wa(Ar, Av|r — Ar,v — Av; T)

(H.33)

T is, as before, long compared to the time scale of molecular fluctuations but short
compared to the decay time of the particle velocity, so Av and Ar are small. Indeed,
Ar is not independent and may be written as

Ar = vt (H.34)
so the Ar dependence in w- can be pulled out into a delta function as follows:
wo (Ar, Avlr — Ar,v — Av; 1) = §(Ar — vr)wa (Avjv — Av; 7) (H.35)

Integration of Eq. (H.33) with respect to d(Ar) gives
wo(r,v|r, vt +7) = /d(Av)wQ(r — T, v — Av|ry, vy; t)we(Avjv — Av; ) (H.36)

As before, we now expand the left-hand side about ¢ and the integrand in a Taylor
series about wa (7, v|ry, v1;t)we(Av|v; T), and obtain

wy + T%(’wz) = /d(AU) {wzﬁa - (AU)%(W@?)

1 0? . 9, .
+ g(Av)2—(w2w2) - m'g(wgwg)

ov?
= wy — ’UT%(U}Q) - %(<AU>’U}2) + %%(((Azﬂ»u@) (H.37)
with
((Av)™) = /d(Av)(Av)”wg(Avw;T) (H.38)
and
/ d(Av)is(Avlv; 7) = 1 (H.39)

From this, the version of the Fokker—Planck equation for the transition probability
density with two variables r and v is seen to be
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0 0
&(wg(r,vvl,vl; t) + vg(wg(r,vvl,vl;t)) =
0 1 92
- %(A(v)wg(r,mrl,vl;t)) + §W(B(U)IUQ(T,U|T1,U1;7§))
(H.40)
with
T— T
(H.41)
2
B(v) = lim LAU) )
7—0 T

The probability density P(r,v;t) also satisfies a Fokker-Planck equation. This was
shown in Eq. (H.24) with one stochastic variable, and similarly we find in this case

OP(r,v;t) L OP(r,v;t) 0 102

ot v =~ (P(rvit) A()) + 555 (P(rvit) Bv) - (HA42)

02

As before, (Av) and ((Av)?) may be determined from the Langevin equation. It differs
slightly from the Langevin equation in Eq. (11.5), since the motion takes place in an
external potential U(r), as sketched in Fig. 11.0.2. This is the potential from the gas
phase modified by the interactions from the solvent molecules.

So the Langevin equation for this problem may be written

dv 1 <8U(r)

&= (T o 143

From this equation we can determine Av and (Av)? using the separation in time
scales indicated in Eq. (H.8). We obtain

T dv 1 [0U(r) s
o 14 o ’ ’
Av = /t dt o [’yv + i ( 5 )] T —i—/t dt'F(t") (H.44)

and therefore

(Av)? = — ['yv + % (837@)} T / o dt'F (1)

t s s (H.45)
v [ dn [ @) 06
Hence,
(Av) = — {’YU + % (8%7(&7"))} T (H.46)
and
(Aw)?) = fr+0(r*) (BA7)

where f is given by Eq. (11.14).
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These results are now used to determine A(v) and B(v) in Eq. (H.41). We find

Aw) = —yv— - <8U(T)> (H.48)

M or

which is different from before, and

- 2’}/kBT

Bv) = 2

(H.49)
which is the same as before. These relations are introduced into Eq. (H.42) and we get
the Fokker—Planck equation, sometimes also called the Chandrasekhar equation, for
the position and velocity of a particle:

OP(r,vit)  OP(r,uit) 1 0UOP(rvit) 0 . vkpT 0*P(r,v;t)
o~ o Tamar av apPrhuit D07
(H.50)

It describes the diffusion of a point in phase space for a one-dimensional Brownian
particle and is used in Kramers theory.
Further reading/references

[1] N.G. van Kampen, Stochastic processes in physics and chemistry (North-Holland,
1981)
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Multidimensional integrals,
Monte Carlo method

The Monte Carlo method is a very powerful numerical technique used to evaluate
multidimensional integrals in statistical mechanics and other branches of physics and
chemistry. It is also used when initial conditions are chosen in classical reaction dy-
namics calculations, as we have discussed in Chapter 4. It will therefore be appropriate
here to give a brief introduction to the method and to the ideas behind the method.

From Appendix A on statistical mechanics we have seen that the thermodynamic
average value of an observable A is given by the expression

(A) = [ dpdq Ap,q) exp(—=H(p,q)/ksT)
[ dpdq exp(—H(p,q)/kpT)

In a system with N atoms there are 3N momenta p and position coordinates ¢, so the
integrals are 6 N-dimensional. A(p, ¢) is an observable depending on the coordinates
and momenta of the atoms and H (p,q) is the Hamiltonian of the system. Since the
kinetic energy term in H is quadratic in the momenta, the integration over momenta
can be carried out analytically. Hence, averages of functions that depend on momenta
only are usually easy to evaluate. The very difficult problem is the computation of
averages of functions depending on the positions g. Except for a few special cases, it is
impossible to compute the 3/N-dimensional configurational integral analytically, and
in all other cases numerical techniques must be used.

The most straightforward approach may appear to be an evaluation of the integrals
by numerical quadrature, for instance using Simpson’s rule. It is, however, easy to see
that such a method quickly becomes hopeless to use. Suppose, for example, that we
consider a system with N atoms. Let us assume that we take m equidistant points
along each of the 3N Cartesian axes. The total number of points at which the integrand
must be evaluated is then equal to m3". For all but the smallest systems this number
becomes very large, even for small values of m. For instance, if we take m = 5 in a
system with 100 atoms, then we need to evaluate the integrand at 53°° = 102'° points!
This clearly demonstrates that better numerical techniques are needed to compute
thermal averages. One such technique is the Monte Carlo method or, more precisely,
the Monte Carlo importance sampling algorithm introduced by Metropolis et al. in
1953 [1], when simulating the neutron flux in the core of nuclear reactors.

(L1)
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I.L1 Random sampling and importance sampling

The Monte Carlo method includes both a random sampling scheme and an importance
sampling scheme. Both sampling schemes have been used in Section 4.1 on classical
trajectory calculations.

Let us first look at the simple random sampling scheme. Suppose we want to
evaluate the one-dimensional integral

b
Sz/ dx f(x) (1.2)

A simple quadrature scheme for evaluating this integral may look like

b
S = / dz f(x)
’ L41

=220 flat =) 5 (b a)/D)

Lt i —1)x(b—a
:(b_a)z:i:1 (a"‘(lLl) (b )/L)E(b—a)<f> (L.3)

where the z-axis is divided into L equidistant intervals Az of magnitude (b — a)/L.
The integral is determined as the product sum of Az and f evaluated at L = values.
Division of the sum by L, as in the last part of Eq. (I.3), gives a simple average (f) of
f(z) in the interval [a, b], where each point has the same weight, 1/L.

In brute force Monte Carlo, this average is determined by evaluating f(x) at a
large number, say L, of x values randomly distributed in the interval [a,b]. This is
equivalent to giving each x value the same weight in the summation, just like in the
average in Eq. (I.3). No x values are preferred to others, and in the limit as L — oo
there will be the same number of x values in each interval, no matter where the interval
is chosen between a and b. Hence, an estimate of the integral may be found from

S~ (b—a)x* flx) (1.4)

==
-

1=1

However, like conventional quadrature, this method is of little use for the evaluation
of averages such as in Eq. (I.1) because most of the computing is spent at points
where the Boltzmann factor is negligible and the integral is therefore zero. Obviously,
it would be more preferable to sample many points in regions where the Boltzmann
factor is larger than zero and few elsewhere. This is the basic idea behind importance
sampling.

That is, instead of sampling the independent variable z in Eq. (I1.2), and position
coordinates ¢ in Eq. (I.1), as in brute force Monte Carlo, we should choose the inde-
pendent variables according to some distribution function, that is, some values are
chosen more frequently than others.

Let us begin with the one-dimensional case in Eq. (I.2). Suppose we want to com-
pute the definite integral by Monte Carlo importance sampling with sampling points
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distributed non-uniformly over the interval [a, b], according to some non-negative nor-
malized probability density w(z), that is,

b
/ drw(x) =1 (I.5)

Clearly, we may multiply and divide the integrand by w(z), and thereby rewrite the
integral in the form

b
S = / dzw(x) /() (1.6)
a w(z)
Let us now assume that there exists a function u(z) satisfying the relation
du = w(x)dx (I.7)

with u(b) —u(a) = 1, such that w(x) is normalized as expressed in Eq. (I.5). It is not
always possible to find such a function u, as we shall see below, but for the moment
we assume that it is possible. Then the integral can be written as

o [T )

u(a) w(x(u))

In Eq. (I.8) we have written z(u) to indicate that, if we consider u as the integration

variable, then x must be expressed as a function of u by inverting the relation u = u(z).

The expression in Eq. (I.8) is now similar to the expression in Eq. (I.3) and may be

evaluated by generating L random numbers u; of u in the interval [u(a), u(a)+ 1]. We
then obtain the following estimate of the integral:

L
1 f(o(w))

S~ = — (1.9)
L ; w(z(u;))

An obvious question now is what have we gained by rewriting the integral in Eq. (I.2)

in the form of Eq.(1.8)? To see this, let us form the variance o2 in the value of the
estimate of the integral. We find

-SSR ) (- (E) oo

i=1 j=1

(L8)

Here the bracket (---) denotes the true average as obtained for L — oco. Since the
different samples ¢ and j are random and therefore statistically independent, all cross
terms between 7 and j vanish when we evaluate the expression in Eq. (I.10). It may

therefore be written
L 2
oo LS (Lt (1))
(]

L
This shows that the variance behaves as 1/L, independent of the formulation of the
integrals, which is clear when we set w(z) = 1. However, we may reduce the variance
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significantly, for a given L, by a proper choice of w. For instance, if w = f, so f/w is
a constant, then the variance will be zero. This is the ideal situation, but if we choose
a w such that the ratio f/w will be a smoothly-varying function, we may still get a
very small variance. In contrast, if w(z) is chosen constant, as in brute force Monte
Carlo sampling, there may be large fluctuations in the ratio f/w, which is equivalent
to a poor determination of the integral.

This becomes even more clear when we consider the multidimensional integrals
encountered in statistical mechanics. Then only a very small fraction of the points in
phase space are accessible, that is, correspond to states with a non-zero Boltzmann
factor. So, even if L is very large, only pL of the points will be in such a region
corresponding to a sampling of the function with only pL points, and thus a variance
which behaves as 1/(pL) rather than 1/L. Here p is the fraction of points in phase
space accessible to the system. The variance in a random sampling may indeed be
very large when it is observed that for a liquid of 100 atoms it has been estimated
that the Boltzmann factor will be non-zero for 1 out of about 1020 points in phase
space, that is, p = 107260,

Hence, it would clearly be advisable to carry out a non-uniform Monte Carlo
importance sampling of configuration space with a w approximately proportional to
the Boltzmann factor.

Unfortunately, the simple importance sampling as described above cannot be used
to sample multidimensional integrals over configuration space as in Eq.(I.1). The
reason is simply that we do not know how to construct the transformation in Eq. (1.7)
that will enable us to generate points in configuration space with a probability density
as given by the Boltzmann factor. In fact, in order to do so, we must be able to
compute analytically the partition function of the system. If we could do that, there
would hardly be any need for computer simulations!

In many cases in statistical mechanics, we are not interested in the configurational
part of the partition function itself, but in averages of the type in Eq. (I.1), where the
ratio between integrals is involved. Metropolis et al. [1] showed that it is possible to
devise an efficient Monte Carlo scheme to sample such a ratio even when we do not
know the probability density P(g) in configuration space:

~ exp(—H(q)/ksT)
P(q) = [ dq exp(—H(q)/kgpT)

but only know the numerator in Eq. (I.12), that is, the relative probability density of
the various regions in phase space.

(L12)

Further reading/references

[1] N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.N. Teller, and E. Teller, .J.
Chem. Phys. 21, 1087 (1953)
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