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Preface

This book started out as two separate documents. One was a set of exercises for the Advanced
Thermodynamics and Catalysis course and the other was a method and theory section at that
time envisioned for my PhD thesis. Only a very small part of the material in this book eventually
made it into the thesis, as the whole would be much too elaborate!

Since I started out in 2010 as a teaching assistant for the Advanced Thermodynamics and
Catalysis course, I have been collecting useful questions to prepare the students for the final
examination. And as is well known, if you give students questions, they demand answers in the
form of detailed solutions. I believe in learning by example, so I was more than happy to write
these solutions down on paper and I have spent many evenings behind my laptop typing the
solutions in BTEX.

At the end of 2015, I was appointed as an assistant professor (tenure track). I was asked
to take over the Advanced Thermodynamics and Catalysis course from Prof. Emiel Hensen,
which I happily accepted. I changed the learning goals a bit to adopt my current research into
the educational track. As a result, I had to come up with new lecture materials and I decided
to bundle everything I made so far: the questions and solutions, the (envisioned) theory and
method section for my thesis and the notes I made when I followed the kinetics course when I
was a student. The result was a monster! My writing style had obviously changed significantly
over the years and there was no clear story. Thus I spent the following two years rewriting the
text.

In 2016, a draft version only containing a set of useful exercises and solutions were given to
the students to practice. In 2017, the first version of the book was ready and about one hundred
copies were printed and given to the second year Bachelor students as lesson material. I found
out that students are really marvelous proofreaders. They will point out every little mistake,
whether it is a spelling mistake or a miscalculation. In these two years, I received about 500
corrections. The current version is yet another iteration further down the road and my intention
is to continuously update and improve the material in this book.

Within this book, I will elaborate on the connection between the smallest quantum scale and
the larger macroscopic scale, providing a theoretical framework on which many kinetic studies in
heterogeneous catalysis are based. I will focus on the underlying quantum chemical mechanism
leading to the observed overall rate laws in chemistry and process engineering.

This book is organized in several chapters. I will start by introducing general kinetics
and the equations governing the rate of change in chemical composition. Next, a statistical
approach is formulated to deduce macroscopic observables from the constituting quantum
chemical properties by means of averaging over many states. Energy, temperature and pressure
are defined as our important parameters and we show how these concepts are connected with
observables such as chemical composition in equilibrium as well as the chemical kinetics leading
to these equilibria. Finally, we explain how the above-mentioned concepts can be used within
the framework of microkinetic modeling in a predictive and illustrative manner to gain insights
in how real-life catalytic processes work.

All chapters have exercises to help you practice with the lesson material. Solutions are
provided in the appendix as well as more challenging exercises at the same difficulty as what can
be expected on the final exam.

Since I am not a native English speaker, there is always the chance that I have used some



odd grammatical structures or made (despite the careful proofreading of many students and
myself) spelling errors. Feedback is thus always very welcome and I invite you to deliver it by
e-mail to i.awfilot@tue.nl. Any useful comment will result in your name being mentioned in
the acknowledgment section (of course, with your permission).

I sincerely hope this book is useful to you and provides you with a more in-depth under-
standing of the beautiful field of (micro-)kinetics!

Ivo Filot Eindhoven, 30 March 2018

Preface to version 1.5

With version 1.5, we have modified the book quite a bit. First of all, we got a lot of constructive
feedback on the lay-out of the book. It was hard to see where a question or exercise would start or
end. Evidently, the solutions to the exercises suffered from the same problem. We have changed
the lay-out in such a way that the exercises and questions are clearly highlighted in the book,
which hopefully makes it easier to find what you are looking for. While we were at it, we also
added tabs on the sides of each page so you can efficiently find the chapter you are looking for.

Note that I have been saying we, instead of I. In the past three months, I have been receiving
a lot of help from Tom van den Berg, who has been working on Chapter 5 of the book. In Chapter
5, a hands-on tutorial to use MKMCXX will be given. This was previously the purpose of Chapter
4, yet it felt short in the sense that it did not provide sufficient explanation in how to set-up such
simulations from scratch. As such, Chapter 4 has been adapted to explain the algorithm behind
microkinetic simulations using a series of simple Python scripts and Chapter 5 now deals to
performing simulations using MKMCXX. Tom has also made a series of exercises to help the
student practice using MKMCXX. We hope that these are beneficial to your understanding of
the topic.

Finally, a lot of spelling, grammar, and other kinds of errors have been resolved on the basis
of the feedback of a lot of people. As is traditional, the list of students can be found on the
acknowledgment page. Enjoy the revision of the book and please keep sending in any questions
and comments you might have!

Ivo Filot Geldrop, 24™ December 2018




Preface to version 1.6

A lot of new content was added to the book in version 1.6. A more thorough introduction of
statistical thermodynamics is given. A detailed derivation of various thermodynamic constants
and their calculation from the canonical partition function is added. The molecular partition
functions is also discussed in more details and their contribution to the heat capacity and entropy
is shown. This led to so much more content of what was previously Chapter 2, that that chapter
was split up into three chapters. Chapter 5 has also received a massive overhaul. The reaction rate
constants are derived from fundamental principles and the number of cases which are shown
has doubled.

The book has also received an upgrade in terms of the lay-out. The styling for exercises has
been changed and the solutions to the exercises are now provided directly after the exercises.
Also, quite some new exercises (and corresponding solutions) have been added to give the reader
some options to practice with the material. Throughout the text, you will notice #-boxes telling
you which exercises match the contents you have just read.

The number of pages has grown from about 200 to over 300 pages, so I hope that there is
much more content for you to enjoy. I have received a lot of feedback on the previous iteration
and I have tried to incorporate as much of it as possible in this iteration; please keep sharing
your opinion, it is highly valued. As usual, you can find the names of the people who contributed
to this work on the next page.

Ivo Filot Geldrop, 7™ January 2020




Preface to version 1.7

This book has steadily been growing over the past years on the basis of valuable input from
both students as well as colleagues. Looking back at the original version which was only about
90 pages, the book has almost quadrupled in size. In Figure 1, you can find the number of
pages for each edition of the book. Besides a lot of additional exercise and detailed workouts,
a lot of content was added as well. In this version, I have expanded upon the collision theory
section which was a bit lacking in the previous edition. Furthermore, a couple of exercises were
modified to better accommodate the content of the corresponding chapter. Because of three
very critical students, a lot of spelling, grammar and mathematical errors were found and fixed.
Anne Slegers, Iris Nogueroles Langa and Ronald Smits, a bit shout-out to you for your valuable
feedback. All the other students who made contributions can be found in the acknowledgements
section on the next page. The list is starting to become quite big.

Number of pages

1.0 11 1.2 13 1.4 15 1.6 1.7

Version
Figure 1: Number of pages for each version of the book.

Ivo Filot Geldrop, 7 December 2020




Preface to version 1.8

The previous academic year proved to be exceptionally difficult due to the - by now - infamous
global pandemic. It put a lot of pressure on us as teachers to develop online educational resources,
but also a lot of pressure on the students, who were forced to work more independently and
isolated than ever before. Such an environment is far from ideal but also shows what items in
the lecture material are subpar and need to be improved. We took the suggestions and feedback
received from the students to heart and have attempted to implement as many of them into
this new iteration. The biggest change noticeable is the vast increase in the number of exam
level exercises, including the highly appreciated workouts. This alone encompasses about 8o
additional pages to the book. The book always contained a lot of exercises, but the demand
for exam level exercises, basically enabling the student to assess their skill level at exam level
difficulty, remained quite popular. We hope that this large set will quench your educational
thirst. The list of students who contributed to this book has also grown as can be seen on the
acknowledgement page. One person deserves special attention, which is Andra Olaru. Andra
has worked very hard and with a lot of dedication incorporating all the additional exam level
questions. This has been highly appreciated and hopefully not only by me, but by you, the
student who is going to use these exercises and workouts, as well. I sincerely hope this iteration
of the book will guide you through the topic of kinetics with ease and efficiency.

Ivo Filot Geldrop, 10 August 2021

Preface to version 1.9

With version 1.9, the book has undergone a modest yet important restructuring. The
most significant change is the removal of Chapter 77, which previously contained tutorials and
explanations related to MKMCXX version 2. MKMCXX, the microkinetics software suite that
I have developed, has since evolved considerably, and version 3 is now available. As a result,
the content of Chapter 7 had become outdated and no longer reflected the current state of the
software.

For future versions, all MKMCXX-related tutorials, examples, and explanations will be
published on the website rather than in this book. This shift will allow for more flexibility in
keeping the material aligned with ongoing software developments, while the book itself will
remain focused on the theoretical and conceptual framework of kinetics and catalysis.

Although this update is smaller in scope than some previous ones, it represents an important
step toward maintaining the relevance and clarity of the book. The remaining chapters have
been slightly adjusted to ensure a smooth progression of topics.

As always, I am very grateful for the continued feedback and enthusiasm from students
and colleagues. Your input remains invaluable in refining both the educational content and the
tools that support it. Please continue to share your thoughts and suggestions; they are always
welcome.

Ivo Filot Geldrop, 24™ October 2025
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CHAPTER

KINETICS

Contents

11 Introduction 1
1.2 The rates of reactions 2
1.2 Time-evaluation of a first-order single elementary reactionstep . . . . . .. ... ... ... 4
1.2.2 Sequential elementary reactionsteps . . . . . . ... Lo o 5
1.3 Chain reactions 9
1.4 Catalytic reactions I
1.4 Langmuir adsorption isotherms . . . . . . ... Lo 12
1.5 Reaction mechanisms in catalysis 16
1.5.1 Potential energy diagram . . . . . . .. ... L 18
1.5.2 Rate-determining step and overall reactionrate . . . . . ... ... ... . ... ..... 19
1.5.3 Thermodynamic limitations . . . . . . .. . ... L 22
1.6 Dependencies in pressure and temperature 24
1.6. Reactionorders . . . . . . . . . 24
1.6.2 Apparent activationenergy . . . . . ... L. 26
17 Differentiating between catalytic mechanisms 29
1.8 Multi-site mechanisms 31
1.9 Exercises 33
110 Solutions 43
Introduction

Kinetics is part of the science of motion. It deals with the rate of chemical reactions and treats
chemistry from a dynamic viewpoint. In this respect, the counterpart of kinetics is thermodynam-
ics, which deals with the static point of view on chemistry. Whereas thermodynamics is mainly
interested in the initial and final states of a system, within kinetics we are interested in the

complete mechanism and the time by which the system is converted from one state to another.

Thermodynamics seeks to find a description of equilibria, whereas in kinetics equilibrium is
a special situation wherein the forward and backward rates are equal to each other. In a way,

& CHAPTER 1
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kinetics can be seen as a more fundamental science than thermodynamics. That being said, the
complexities that occur within the kinetic treatment of chemistry are such that it is difficult to
always apply it with large accuracy and sometimes we find that for a more accurate treatment of
certain properties, thermodynamics gives the more accurate answer.

Underlying both kinetics and thermodynamics are more fundamental theories such as
statistical mechanics and quantum chemistry. The quantum description of matter is only valid
at the smallest length and time scales and the description of large ensembles of particles over
extended periods of time require a statistical description. Hence, kinetics and thermodynamics
are the result of the merge between statistical mechanics and quantum chemistry.

In this chapter, we will start with a detailed description on kinetics with a strong emphasis on
heterogeneous catalysis. This chapter serves as an overview and sets the stage for the contents of
the upcoming chapters. In Chapter 1 we will treat the concept of an elementary reaction simply
as the fundamental building block within a kinetic mechanism. This concept is vastly expanded
in Chapter 4 and treated from the perspective of transition state theory wherein the effect of
configurational degrees of freedom are treated using a statistical thermodynamics approach.
Chapters 2 and 3 serve herein to provide the necessary background to properly introduce transition
state theory. Finally, Chapters 5, 6 and 77 explain how the theory can be brought into practice and
introduces the field of microkinetic modelling.

At the end of this Chapter, you should have a conceptual understanding of what chemokinetic
networks are and how we can describe these in terms of elementary reaction steps. You are able
to construct overall (analytical) rate expressions for typical chemical processes and derive such
expressions on the basis of a reaction mechanism and intelligently chosen assumptions. Finally,
you will be able to express the dependence of these rate expressions on important boundary
conditions such as temperature and pressure.

The rates of reactions

Consider a chemical reaction between molecules A and B that give products C and D according
to the following reaction equation

kT
vaA+ B = vcC + vy D. (r.1)
i

Herein, v is the stoichiometric coefficient of component X and kT/— are the forward and
backward rate constants. The rate of a chemical reaction can hence be defined as either the rate
of disappearance of the reactants or the rate of formation of the products in the following fashion

_ 1d[A]  1d[B] 1d[C] 1 dD)

i T e 2]
where [X] is the concentration of component X and r is the reaction rate. Expression 1.2
derives from the law of mass action, which is the proposition that the rate of a chemical reaction
is directly proportional to the product of the activities or concentrations of the reactants. This
law holds in principle only for so-called elementary reaction steps. A detailed discussion on what
exactly entails an elementary reaction step is given further on in this book!, but for the time
being it is sufficient to know that an elementary reaction step is a chemical reaction in which
one or more chemical species react directly to form products in a single reaction step and with a

single transition state.

'A concise definition would be as follows: An elementary reaction step corresponds to a minimum energy pathway over
the potential energy between two local minima, i.e. stable states, wherein this minimum energy pathway only has a single
transition state with an imaginary frequency in the direction of the reaction coordinate.
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An alternative way to define such an elementary reaction step is given by

R] : Z ViXi . (IS)
7

When v; is negative, compound X; is a reactant. On the other hand, when v; is positive,
compound X; is a product of the reaction. Using the same notation, Equation 1.1 is given by

Rj: Zl/iXi ={-vaA—vpB+v.C+vyD}. (1.4)
%
The general rate expression for an elementary reaction step is then defined as

_ 1d[Xy]
v dt

r; = ,fori=1,2,...,n (15)

Vi
Note that the above considers the rate of a single chemical reaction. Often, we simply wish
to know the rate of chemical change of a particular compound. From the general definition, the
rate of change of a single compound in a single elementary reaction step is then given by

Tr = M =V kT H [XZ]VL — k= H [XZ]VL ’ (16)

dt . .
iEreactants iEproducts

For example, the rate of change of compound A in Equation 1.1 would be

_dAl _

ra=-"2 =va (KA B - k(01 D7) (17)

And in a similar fashion, for product C we would obtain the following rate expression

d[C]

= =vo (KHAABE — k(0O [D]P). (r.8)

rc =

Clearly, the part between the parentheses of Equations 1.7 and 1.8 stays the same for each

compound in the reaction. Hence, we can define the reaction rate of a compound within an
elementary reaction step as follows

re = vzTj. (r.9)

This equation should not come as a surprise as it is basically a rewritten version of Equation
1.5. Furthermore, from the above equations, it should be apparent that r; can be written as

=k I xIv-k ][ XV (1.10)

iEreactants iEproducts

Thus, we have formally defined how to construct the reaction rate expression of a single ele-
mentary reaction step and of a compound inside such a step given the stoichiometric coefficients
and concentration of the compounds and the reaction rate constant of the elementary reaction

& CHAPTER 1
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step. The thing that remains is a motivation why we use an expression such as 1.10 to calculate
the rate of chemical change.

A chemical reaction between compounds A and B can only occur when A and B meet each
other in a chemical mixture. If we consider a tiny volume inside the mixture, the probability that
compound A is inside that volume is directly proportional to the number density of A inside
that volume. This number density is typically expressed as a concentration. In line with this
reasoning, the probability of A and B being in the same volume is proportional to the product of
the concentration of A and B. Hence, we see in formula 1.10 the product of the concentrations of
all compounds on either side of the elementary reaction step.

This leaves us with a motivation for the reaction rate constant k. Whether or not a reaction
event occurs does not only depend on whether A and B find each other in a chemical mixture. It
is for instance also affected by the particular orientation of A and B with respect to each other or
the (kinetic) energy of the compounds. Hence, the term k reflects the chance that a meeting of A
and B results in a chemical reaction event.

For now, we simply use k as some given constant, but later in this book, we will provide a
detailed discussion how the value of k can be calculated on the basis of statistical thermodynamics
and quantum chemistry.

Time-evaluation of a first-order single elementary reaction step

Equation 1.6 is an ordinary differential equation which can be integrated over time to obtain an
expression for the concentration of [X] as a function of time. For simple ordinary differential
equations, analytical solutions can be constructed. Here, we show an example on the procedure.
For more complex chemical systems, we have to resort to numerical approximations using a
procedure known as microkinetic modeling.

For now, assume we have the following simple unimolecular elementary reaction step, given
by

k+
A — B. (r.11)
-

Let us further assume that kT >> k. In other words, the reaction from A to B is considered
to be irreversible? In that scenario, we can rewrite the above equation to

A— B. (r.12)

This gives us the following differential equations3 for compounds A and B

TA= % = —k[A] (r.13)
B = % = k[A] (1.14)

To solve this system of ordinary differential equations, we need to have two initial values for
[A] and [B] at time ¢ = 0. For simplicity, let us assume that [A];—¢ = 1 and [B];—g = 0.

>This is termed the irreversibility assumption and is denoted by a single arrow within the reaction equation. In some
situations, the reversibility of a reaction is taken into account but described by separate forward and backward reactions. In
the text we will make clear which of the above options is used.

3Note that we have replaced kT by k for simplicity.
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Thus we obtain the following expression for A

d[A]

5 = Al (1.15)
% =—k dt (1.16)

(Al aja)
/[A]o A - / a (17)
In[A]; — In[A]p = — (r.18)
n (5‘}:}) — —kt (1.19)
[A); = [Alo exp (—kt) (1.20)
[A]¢ = exp (—kt) (1.21)

and similarly, the following expression for B

diB]

d]f = k[A] (r.22)
% = kexp (—kt) (1.23)
d[B] = kexp (—kt) dt (1.24)

/[B]t 7k/ exp (—kt)d (1.25)

(Bl ~ [Blo = (_m’(k;ktu =2 0))

[Blt =1 —exp (—kt). (1.27)

(1.26)

1.2.2  Sequential elementary reaction steps

The product of one elementary reaction step can be the reactant of another elementary reaction
step. From this, we can easily envision series of connected elementary reaction steps. For
example, consider the overall transformation from some particular reactant R to product P.

R—P (1.28)

that proceeds via the following elementary reaction steps

RSA (r.29)
ASB (1.30)

=c (r.31)
CSP. (1.32)

Note that all elementary reaction steps considered here are unimolecular. If we assume that
these reactions mainly operate in the forward direction (i.e. k¢ >> kj), then we can analytically
derive the expression for the following overall reaction rate.

For each compound in our system, we can construct a differential equation from the rate
expressions. That is,

& CHAPTER 1
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6 Chapter 1. Kinetics
dflf} = —K[R] (1:33)

W W - K (1.34)

% = K/[A] — ¥'[B] (r:35)

A _ wiw) - Wiy (1.36)

M — g (137)

(1:38)

In a similar fashion as the previous subsection, we obtain a set of ordinary differential
equations, which is also called a system of ordinary differential equations. This system is somewhat
more complex than the previous system, but it can still be integrated analytically. For simplicity,
let us assume that the initial values are as follows: [R](¢ = 0) = 1 and all other concentrations at
t = 0 are zero.

Let us introduce some additional terminology. The set of all possible concentrations ¢; is
termed the phase space of the system. Here, this space is defined by

c; €[0,1] (1.39)

and

Z =1 (1.40)

Integration in time of the differential equations is then called propagation in phase space.
The trajectory is the path in phase space corresponding to this time-integration.

The derivation of the analytical expression goes beyond the scope of this book, but the
interested reader may consult any engineering mathematics book.4 The methodology that we
have used to obtain the solution was by using the so-called Laplace transformation.[1] The result
is:

[R] = exp (—K't) (r.47)
[A] = k't - exp (—k:’t) (1.42)
B = 5 (K1) -exp (K1) (1.43)
A= 20D - exp (~4't) (1.44)
[Pl =1—exp (71{%) (1 K+ %(k’t)Q + %(k’t)B) (1.45)

The concentration as a function of time is depicted in Figure 1.1. In this graph, ¥’ = 1
s~1. From this Figure, it can be seen that the concentration of B increases at a slower rate
than the concentration of A and that the concentration of C increases at a slower rate than the
concentration of B. This is of course logical. Each subsequent species in the kinetic network has
to overcome an additional barrier that slows the rate of formation. Despite these barriers, the
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Figure 1.1: Concentration as a function of time. Att = 0, Ry—o = 1. The system converges to the final result
where P = 1 att — oo.

final product P is still formed, because the reactions were considered irreversible. The driving
force in this system is thus the strong negative enthalpy of the reaction.

Conclusively, we have seen how to construct a system of ordinary differential equations from
a set of sequential elementary reaction steps. By setting appropriate initial conditions, we were
able to integrate this system over time.

The above example also illustrates another important concept. In Equation 1.6, we formulated
the rate of change for a single molecule in a single elementary reaction step. Here, we have
shown the situation wherein compound X takes part in multiple elementary reaction steps. In
such scenarios, the rate of change of compound X is simply the sum of all the rates of change of
all elementary reaction steps wherein compound X takes part:

d[X
% =D vxTis (1.46)
5

where vx ; is the stoichiometric coefficient of compounds X in elementary reaction step
and r; is the reaction rate of elementary reaction step ¢. Note that if compound X is not involved
in reaction step 7, vx ; is equal to zero and hence r; does not contribute to the rate of change of
compound X.

Combining the above equation with Equation 1.10 leads to the general expression for the
rate of change of compound X in a chemokinetic network:

Sl L2 LN | it U e S N (r.47)

7 iEreactants i€products

*A good source is Advanced Engineering Mathematics from Erwin Kreyszig.
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8 Chapter 1. Kinetics

The steady state approximation
The procedure shown in the previous subsection is a powerful approach to understand the
time-dependent behavior of a chemical network. The major drawback of this approach is that
when the system of ordinary differential equations cannot be solved analytically, we have to resort
to numerical approximations. Although the system used in the previous session could be solved
analytically, this tends to be more of an exception than a rule. Here, we wish to introduce a
powerful assumption, known as the steady state assumption, that helps us to obtain analytical
expressions for systems of ordinary differential equations. In turn, these analytical expressions
help us to evaluate the complex kinetic behavior.

Let us consider the following overall reaction’, which relates to the decomposition of ozone.

20, — 30, (1.48)

The above overall reaction is a chemokinetic network which can be represented by two
elementary reaction steps as shown below.

0, F, 0,+0 (1.49)
0+ 0, 22, 20, (L.50)

Let us for simplicity assume that both these reactions are irreversible, i.e. they only proceed
in the forward direction. The three differential equations that describe the rate of change of all
compounds in the network are given by

d[Oo

[dj] = — k1[05] — k2[0][0,] (r.51)
O — k110,] - kafolloy] (1.52)
d[dotz} — k1[03} + 2ko [O] [03} (153)

We can solve the above system of ordinary differential equations numerically by providing
initial value conditions, but an alternative method to gain insight in the network is to construct
an overall rate expression. To obtain a simple analytical expression for the rate of production
of oxygen from ozone, we apply an assumption. The assumption we are going to apply is the
steady state approximation. This approximation assumes that the rate of change of one particular
compound is equal to zero. The motivation for this assumption is that the particular compound
for which the approximation is applied is much more reactive than the other compounds in
the network in such a way that its change in concentration over time is zero. It makes sense to
apply this assumption to O as an oxygen radical is known to be very reactive. This leads to the
following expression

d[o]

2 = k(0] ~ ks[0][0;] = 0 (t54

Solving the above equation for [0] gives

_hk

ol = 1%

(1.55)

5An overall reaction is a general kinetic expression that conveys the reactivity of one or more elementary reaction steps
and reflects the stoichiometry of the overall process.
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Inserting this result back into Equation 1.53 results in

4[0,]

i A (£.56)

The above expression emphasizes another important point. We mentioned that Equation
1.48 was an overall reaction. Had we treated it as an elementary reaction step, then we could
readily derive the following differential equation for the rate of change in 0,:

d[0,]
dt

= 3k[0,]. (r57)

Clearly, Equations 1.56 and 1.57 are inherently different and lead to significantly different
kinetics. This simple example illustrates a very important concept in kinetics. An overall reaction
only expresses the stoichiometry (i.e. the mole balance) between the reactants and the products
of a chemical process, but it cannot tell us a priori anything about the rate of change at which
the process takes place (i.e. the kinetics). In contrast, the set of elementary reaction steps that
constitute the process does not only allow us to investigate the kinetics of a reaction, but it is also
a detailed representation of the reaction mechanism.

L Practice your understanding

Exercises 1.1 and 1.2

Chain reactions

A chain reaction is a sequence of elementary reaction steps wherein a reactive product, for
instance a radical, causes additional elementary reaction steps to take place. An illustrative
example is the reaction between hydrogen and chlorine to form hydrochloric acid

H, + Cl, — 2HCl (1.58)

which proceeds by the following set of elementary reaction steps:

al, *aqr. (£59)

a- +H, ¥ Ha+H- (1.60)
H- +cl, %% Ha+a- (1.61)
acl. F4, (1.62)

Note that for this particular set, the reactions only occur in the forward direction. This
is either because the backward reaction is negligible compared to the forward one (which is
the case for the second and third reaction), or because we explicitly model the forward and
backward reaction as separate reactions (which is the case for the first and fourth reaction). In
chain reactions, we can differentiate between initiation, propagation and termination steps. The
first step, the formation of two chlorine radicals, is the initiation step. The second and third
elementary reaction steps are the propagation steps. The fourth step is the reverse of the first
step and is the termination step.

From the above four elementary reaction steps, we are able to derive an analytical expression
for the rate of formation of hydrochloric acid by application of the previously proposed steady

& CHAPTER 1
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state approximation. The reasoning stays the same: on the time scales where the reaction takes
place, we consider the concentration of the highly reactive compounds (i.e. the radicals) to be
constant in time, hence we assume

d[sih] =0 (1.63)
d[i'] —o. (1.64)

Given the above four elementary reaction steps, we obtain the following five differential
equations (i.e. one for each compound in the system of elementary reaction steps)

AL ko) — ksl Jick] + hafal- 2 (265
Wl — gl .66
d[HC]] = ko[Cl-|[H,] + kg[H -][CL,] (.67)
LZ'] = 2k1[CL,] — k[Cl-][H,] + kg[H-][CL,] — 2k4[Cl-]? =0 (1.68)
% = ko[Cl-][H,] — k3[H-][CL,] = 0. (1.69)

To find a rate expression for the change in concentration of HCl, we need to obtain an
equation for the concentration of the radicals (which is constant over time) and plug these into
the rate expression for HCL. The trick to solve this problem, is to realize that given the steady-state
approximation, we are allowed to add and/or subtract Equations 1.68 and 1.69 from any of the
above expressions since Equations 1.68 and 1.69 equate to zero.

Summing 1.68 and 1.69 provides us with an expression for [Cl-]:

BN ZTI; [cL,) (1:70)

Plugging Equation 1.70 back into Equation 1.68 provides us (after some algebra) the following
expression for H -

[H-] — % (I I)
" s /L) 7

Finally, inserting the result of Equations 1.70 and 1.71 into Equation 1.67 gives us the following
expression for the rate of change in HCL:

A — on, \/E [H,][cL]# (172)

If 1.58 would have been an elementary reaction step, the rate expression would be

d[HC]]
dt

= 2k[H,][CL,]. (1.73)
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Hence, we encounter again a situation where the rate expression derived from the set of
elementary reaction steps is significantly different from the simple rate expression assuming that
the overall reaction is an elementary reaction step.

3 . g
%, Practice your understanding

Exercises 1.3 and 1.4

Catalytic reactions

A catalyst is a compound which is added to the reaction mixture that accelerates the reaction
without itself being consumed in the process. In turn, a reaction that uses a catalyst is termed
a catalytic reaction. The key concept of catalysis is thus that the reactants associate with the
catalytic material, undergo a chemical transformation and finally dissociate from the catalyst.
There are different kinds of catalysts, but in this reader, we will focus on heterogeneous catalysts
and the corresponding gas-solid kinetics.

A heterogeneous catalyst can be envisioned as a relatively large extended surface. This surface
is composed of active sites, which are local positions on which a molecule can adsorb, react and
desorb. The total number of active sites is considered constant and equal to N. Furthermore, we
assume for the time being that all sites are equivalent and each site can only be occupied by a
single species or be vacant. If an adsorbate X is adsorbed on a catalytic site, this is denoted by X*.
The fractional coverage of sites covered by X is in turn denoted by 6 x .

In summary, our model assumes the following about active sites:

« The total number of sites is constant.
« All sites are equivalent.
- A single site can only adsorb a single molecule or atom.

From here on, we can define elementary reaction steps which deal with a catalytic surface.
Let us consider the adsorption of reactant R on a catalytic site denoted by *

kY
R 4 % == R« (1.74)
ky

and the reaction in which R* can be converted to product P, which immediately desorbs
from the catalytic surface

N
Re 22, p ey (z.75)

In order to derive kinetic equations for this system, we have to consider the dimensionality
of the reaction rates. For some compounds, the rate of change will be expressed in the three-
dimensional space of the gases. For the species which are associated with the catalyst, their rate
of change pertains to the two-dimensional space of the catalyst surface. Thus, we have to define
the following macroscopic equation for our rates

d[R)]

_y 2
dt

= Nk (1-0R) [R] — Nk] 0R, (1.76)

& CHAPTER 1
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where V is the volume of the gases, N is the total number of catalytic sites in the volume V/,
0 is the fractional coverage of sites covered by R and (1 — ) the number of empty sites. The
latter can also be denoted by 6.

For the rate of change for adsorbed R, we obtain the following expression

dop

Bk (1—0p) (R - (b +55) b (177)

and for the rate of change of product P

diP)
dt

= Nkj0g (1.78)

To obtain a kinetic expression for the rate of production of P, we can again make use of the
steady state approximation. Here, we apply the approximation for the fractional coverage of R on
the surface 6:

o

B — k(1 0g) (R - (ky +#3)6R =0 (1.79)

From this, we can directly establish a relation for 6 as a function of the concentrations of R:

K (R)
ky +kg
0p — 1R 8
L L k] (1.80)
kT +k3
Finally, plugging this result back into Equation 1.78 gives
Ky [R]
P = +
VAPl gy RitRs (1.81)
dt L4 HIE]
ky +k3

In conclusion, we have seen how to model a reaction that uses a catalytic surface. The novelty
here was that we had to introduce additional terms into the kinetic equations to deal with the
dimensionality of the space wherein the species reside (i.e. three-dimensional for the gas-phase
species and two-dimensional for the adsorbates).

1.4 Langmuir adsorption isotherms

The adsorption of compounds on a catalytic surface is a pivotal step in any catalytic cycle, as
without adsorption, no use is made of the catalytic material. The relationship between the surface
coverage of a particular species and its corresponding gas-phase pressure at constant temperature
is known as a Langmuir adsorption isotherm. This isotherm is named after Irving Langmuir, who
studied the deterioration of tungsten filaments in incandescent light bulbs. For this purpose, he
constructed a detailed theoretical framework which he later used to build a kinetic description of
catalytic reactions. For his accomplishment in the field of catalysis, he was awarded with the
Nobel Prize in Chemistry in 1932.

Using the theoretical framework as devised by Irving Langmuir, we are here going to explain
different types of adsorption. The different types of adsorption are named after the nature of
adsorption, which are
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- Direct or associative adsorption: A gas-phase species adsorbs directly on the surface and
retains its internal chemical bonding. A key example is the adsorption of N,, or CO.

- Dissociative adsorption: A gas-phase species adsorbs on the surface and simultaneously
dissociates. The adsorption of H, on many transition metals directly leads to the dissoci-
ation of the H, molecule by which the adsorbed state are two separate hydrogen atoms
bonded to the surface.

» Competitive adsorption: Basically a form of adsorption wherein multiple species compete
for the same type of active site. A typical example is the competitive adsorption of CO and
H,.6

In the next subsections, we will derive the Langmuir isotherm for these three types of
adsorption.

Direct adsorption
In the direct adsorption mechanism, a gas-phase species A adsorbs on the surface wherein its
molecular form stays intact. The corresponding elementary reaction step is

Et
At x=—Ax. (1.82)

This gives the following differential equation? for the rate of change in the surface coverage
of A:

doa _

- =

If we assume that the catalytic surface is composed of only one type of site, then we can
formulate the following mass balance for the fractional coverages

pak O — k™04, (1.83)

0+ 0« =1 (1.84)

Applying Equation 1.84 to Equation 1.83 results in

do 4
dt

Applying the steady state approximation to the above expression gives us an expression for
the fractional coverage as a function of the gas-phase pressure

=pakT (1—604) -k 04. (1.85)

kT
k= PA Kpa

14k, 14 Kpa

04 (1.86)

This functional form is termed a Langmuir adsorption isotherm. Note that in the above
expression, we have used the equilibrium constant K, which is the ratio of the forward reaction
rate constant and the backward reaction rate constant as given by

kT
==

SThere is also a form of competition wherein adsorbates on adjacent active sites tend to repel (or attract) each other.
Such kind of lateral interactions are not meant here.

K (1.87)

7Instead of the concentration of A in the gas phase as shown in the previous example, we here use the pressure as for
gas-solid interactions, the latter is used more often. Both approaches are of course equally valid, as the collision chance
scales linearly with both concentrations as well as pressure.
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Figure 1.2: Langmuir adsorption isotherms. The top line corresponds to an equilibrium constant of K=10 bar— 1, the
middle one has an equilibrium constant of 1 bar— ' and the bottom line has an equilibrium constant of 0.1 bar—*.

In Figure 1.2, several Langmuir adsorption isotherms are plotted using Equation 1.86 with
different values for the equilibrium constant K. From this Figure, we can see that with increasing
value for the equilibrium constant, the surface coverage is higher at a given pressure.

Dissociative adsorption
The adsorption of certain di- or polyatomic molecules results in the immediate dissociation of

these molecules upon adsorption on a catalytic surface. A typical example is the adsorption of

H,, which for a broad range of transition metals gives dissociative adsorption.
The elementary reaction step for the dissociative adsorption of species A, on a catalytic

surface is given by

Kt
A, + 2% —= 2Ax (188)
e
and the corresponding differential equation is
(1.89)

do
A = apy kT (1- 64)° — 2k 6%.
Note that we have the same molar balance as shown in the previous section by which we can

replace 6+ with 1 — 6 4.
Applying the steady state approximation to this differential equation and solving for 6 4 gives

the following Langmuir adsorption isotherm

Kpa,
0p = ———. (1.90)
1+ /Kpa,

In Figure 1.3, a comparison is shown between associative and dissociative adsorption.
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Figure 1.3: Langmuir adsorption isotherms of associative versus dissociative adsorption. The dashed line corresponds
to associative adsorption whereas the solid line represents dissociative adsorption. The equilibrium constant K is the

same for both isotherms.

Competitive adsorption
An interesting case occurs when two species compete for the same active sites. Consider the

situation where compounds A and B both adsorb associatively on the same catalytic surface as

given by the following two elementary reaction steps

ka
At =2 Ax (z-97)
ky
ki
B+ Bx. (r.92)
kg
Applying the steady state approximation to both 6 4 and 6 g gives the following expressions

04 = Kapab« (1.93)
Op = Kpppbx (1.94)
To solve for 6, we introduce a site balance which for this situation is given by
04 +0p+0x=1. (1.95)
Plugging Equations 1.93 and 1.94 into Equation 1.95 gives
(.96)

Kpa0s + Kpppts + 0+ =1
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Figure 1.4: Langmuir adsorption isotherms of competitive adsorption of A and B.

Collecting all terms in 6« gives

(Kapa+Kppp+1)0x=1 (1.97)

from which we can readily derive

1
Ox = . 1.98
* T 1+ Kapa+ Kppp (99
Plugging this expression back into 1.93 and 1.94 gives
Kapa
04 = (1.99)
1+ Kapa + Kppp
K
g = BPB (r.100)

14+ Kapa+ Kppp'

The above two equations are the two Langmuir adsorption isotherms for competitive adsorp-
tion.

In Figure 1.4, a contour plot is given for competitive adsorption. The equilibrium constants
K 4 and K g are both set to 1 bar—!. The competition between the two adsorbates is clearly seen
from the result that the coverage of B decreases with increasing pressure of A. Furthermore,
because the equilibrium constants for both adsorption isotherms are equal to each other, the
surface coverage of both components at elevated pressures equals 4 = 65 = +

5
Reaction mechanisms in catalysis

Quite often, one is interested in the net production of a particular compound in a chemical
reaction. In process engineering, it is common to consider part of the chemical process as a
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black box and model the system (or chemical reactor) purely on the basis of the long-living and
stable compounds within the system. In other words, one neglects the intermediates or radicals
as these are very short-lived and would be difficult to measure experimentally.

Given these limitations, macroscopic reaction rates are employed to express the production
rates in terms of the concentration of the reactants. These production rates (or for that matter
reaction rates) are often so-called power laws and are based on the overall reaction. An example of
such an overall reaction is the oxidation of carbon monoxide over a car-exhaust clean-up catalyst
as given by the following overall reaction equation:

CO + 1O2 — CO,. (1.101)
2

A simple approach for expressing overall reaction rates is to set up a rate based on a power
law where the exponents in these power laws are set equal to the stoichiometric coefficients in
the reaction equation. For example,

r = k[CO][0,] 3. (1.102)

However, many experiments showed that such an approach was too naive. It is rarely the
case that the stoichiometric coefficient of the reactants are equal to the exponents in these power
laws. The underlying reason for this is that such power laws do not properly describe the kinetics
of the reaction. In order to have a proper description, we need to describe the kinetics of the
elementary reaction steps constituting the overall reaction.

For example, the catalytic oxidation of CO can be decomposed in the following elementary
reaction steps:8

CO + * = COx (r.103)
0, + 2% & 20% (r.104)
CO * +0% S CO, * +* (r.103%)
CO, + * S CO,* (1.106)

Describing the kinetics of these four elementary reaction steps can give an overall rate ex-
pression for this reaction. Constructing a set of elementary reaction steps constituting the overall
reaction is typically based on a mixture of chemical intuition, logics and carefully conducted
experiments. For heterogeneous catalytic reactions, a good approach to construct a set of ele-
mentary reaction steps is to decompose the reactants on the catalytic surface to their constituting
elements and subsequently (re-)Jassemble these elements into their final product.

To exemplify, let us consider ammonia synthesis. Herein, nitrogen and hydrogen gas is
converted to ammonia over a catalytic surface. The first step is decomposing the nitrogen and
hydrogen molecules to nitrogen and hydrogen atoms. In other words, the nitrogen and hydrogen
molecules are dissociated over the catalytic surface. The corresponding elementary reaction
steps are:

N, + 2% = 2 Nx (r.I0y)
H, + 2% S 2 Hx (1.108)

You might argue that nitrogen does not adsorb dissociatively? and that the nitrogen dissocia-
tion actually proceeds in two elementary reaction steps:

8Note that in Equation 1.105 a vacant site is formed after recombination of adsorbed CO and O.
9In fact, I gave this as an example for associative adsorption previously. Moreover, it is known that the N3 bond is very
strong, hence making such a pathway unlikely.
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N, + % S N,x (r.109)
N, * +#* S 2 Nx (r.110)

In principle, both paths are valid. In order to resolve whether this happens in one or two
steps is by using the definition of an elementary reaction step. An elementary reaction step has a
single transition state. As it turns out, for some metals, nitrogen adsorption immediately results
in dissociation via a single transition state, while for other metals, nitrogen first molecularly
adsorbs and then dissociates.

After adsorption and dissociation, ammonia is made by subsequent hydrogenation of the
nitrogen atom on the surface. Each of these hydrogenation steps are elementary reaction steps
as the formation of a single N-H bond occurs via a single transition state.

N s +Hx* & NH % + % (.111)
NH * +Hx* S NH, * + * (r.112)
NH, * +Hx S NH; * + * (1.113)

Finally, after the ammonia has been formed on the surface, it needs to desorb. This occurs in
a single elementary reaction step. For some reactions, the final hydrogenation step immediately
leads to desorption (such as is the case for methane). In that case, both hydrogenation and
desorption occur in the same elementary reaction step, because it happens via a single transition
state.

NH;* = NH; + = (r.114)

We started this chapter by mentioning that the construction of power laws is a poor approach.
You might argue against this, as in principle, you can still construct a single power law expression
by fitting the exponents in the power law to a number of experiments. Such an approach however
would not reveal much of the underlying process. Consider now what kind of advantages one
would gain by loosing the black-box assumption and developing a complete (micro)kinetic model.
One would have a better description of the short-lived intermediates or radicals. The effect
of temperature and pressure could be studied in much greater detail. One could identify the
elementary reaction step that limits the overall reaction and look for new catalytic materials that
lower the reaction barrier of this elementary reaction step.

Potential energy diagram

If the set of elementary reaction steps that describe the mechanism is relatively simple, it is
possible to construct a potential energy diagram (sometimes also termed a reaction energy
diagram) from this set. The potential energy diagram describes the change in energy between
the different thermodynamic states in the reaction and also shows the barrier of each elementary
reaction step.

The potential energy diagram of a single elementary reaction step is given in Figure 1.5.
In this Figure, the initial, transition and final state of the reaction are shown. The difference
in energy between the initial and transition state corresponds to the activation energy. This
is the barrier in terms of energy that has to be crossed in order for this reaction to proceed.
The difference between the initial and final state corresponds to the reaction energy and is the
amount of heat released by the elementary reaction step.

If you would approach this reaction from the right hand side, i.e. from the final state towards
the initial state, then you would still need to cross the barrier imposed by the transition state. This
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Transition state

AFB;ct

Initial state

AHg

Final state

Figure 1.5: Potential energy diagram of a single elementary reaction step

CO+ 1o,

Figure 1.6: Conceptual potential energy diagram for the CO oxidation reaction. AH x corresponds to the adsorption
energy of compound X . A Fq is the activation energy for the recombination reaction between adsorbed CO and O.

barrier for the backward reaction is simply named the activation energy in the backward direction
and is defined as the difference between the transition state and the final state. Conclusively,
all elementary reaction steps can proceed in both the forward and the backward direction and
regardless of the direction, you will encounter a barrier. The principle behind this is termed
microscopic reversibility.

The potential energy diagram for CO oxidation is shown in Figure 1.6. In this diagram,
on the left hand side, CO and %02 in the gas phase are given. First, CO and O adsorb on the
surface. Recall that O, adsorbs dissociatively and only a single oxygen is required for the CO
oxidation, hence we only need to adsorb a single O atom. CO* can react with O* to form CO,* on
the surface, which in turn can leave the surface. Note that adsorption reactions are exothermic
as new chemical bonds with the catalytic surface are formed. Similarly, dissociation steps are
endothermic as chemical bonds with the catalytic surface are broken.

The potential energy diagram is a powerful concept to study the energetics of a reaction
mechanism. Despite this, it only conveys the relative energy levels of the thermodynamic states
and has therefore limited information about the kinetics of the reaction. To study the kinetics,
one has to construct an expression for the overall reaction rate in terms of the set of elementary
reaction steps, which will be the topic of the next section.

Rate-determining step and overall reaction rate

Given that we have a full understanding of the set of all elementary reaction steps of a catalytic
reaction, how can we then construct an analytic expression for the overall reaction rate? The key
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20 Chapter 1. Kinetics

assumption to use is to consider that one of the elementary reaction steps, typically a step over
the catalytic surface, is the rate-determining step. In other words, the rate of the overall reaction
equals the rate of the slowest elementary reaction step.

Let us consider again the example of CO oxidation towards CO,, which occurs via the following
four elementary reaction steps

CO + * & COx (1.115)
0, + 2% S 20% (1.116)
CO * +0% & CO, * + * (1.117)
CO, + * 5 CO,* (1.118)

We wish to develop an analytical expression for the rate of production for CO, for this system.
From the set of elementary reaction steps as defined above we are of course able to construct a
set of ordinary differential equations and solve this set numerically given appropriate boundary
conditions. However, if we wish to pursue an analytical expression, we are going to make a series
of assumptions:

+ We assume that the surface oxidation step (CO  +0x < CO, * +x) is the rate-determining
step. Thus, the overall reaction rate equals the rate of this elementary reaction step.

We assume that all steps other than the rate-determining step are in quasi-equilibrium.
This means that on the time scales by which the overall reaction occurs, all steps other
than the rate-determining step have already reached a pseudo- or quasi-equilibrium. In
other words, their rate of change is zero.

.

We assume that CO and CO, adsorb associatively whereas O, adsorbs dissociatively. We
have previously seen how to construct Langmuir adsorption isotherms for such a situation.
Note that we had to assume a quasi-equilibrium in order to establish these Langmuir ad-
sorption isotherms. In this situation, we have competitive adsorption of three components,
but we will shortly see that it is not more complicated than competitive adsorption for two
components.

Finally, we employ a mean-field approximation. In this assumption, we neglect the local
topology of the catalyst surface and assume that every compound on the catalytic surface
can interact with every other compound on the catalytic surface. This concept is further
illustrated in Figure 1.7. In this Figure, we note that all adsorbates (denoted by squares
and circles) are randomly placed on the catalytic surface. In reality, an adsorbate sitting at
the left bottom corner of the catalytic surface will never react with an adsorbate at the right
top of the catalytic surface, however, within the mean-field approximation, we assume that
everything is continuously randomly distributed and such interactions do occur. In other
words, we neglect the local topology and thus we can describe the rate of reaction using
simply the surface fractions of the adsorbed species.

Using the above assumptions, i.e. the quasi-equilibrium approximation, the rate-determining
step approximation and the mean-field approximation, we obtain the following three equations
for the surface coverage of CO, O and CO,:
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Figure 1.7: Schematic depiction of a surface catalyst. A catalytic surface can be modelled as a square lattice where
each lattice point corresponds to an active site. On these active sites, a single species can adsorb. In the mean-field
approximation, it is assumed that there is no interaction between the adsorbed species and all species are distributed
randomly over the surface.

K
feo = CoPco (1.110)
1+ Kcopco + /Ko, po, + Kco,pco,

/Ko, po,

0o = (1.120)
1+ Kcoprco + 4/Ko,po, + Kco,pco,

0 Kco,pco,
co, =
1+ Kcopco + /Ko, po, + Kco,pco,

The overall rate is equal to the rate of the rate-determining step, hence

(1.121)

rco, = k3 0coflo — k3 Oco O (r.122)

ki Kcopco,/Ko,po, — ks Kco,pco,

= (r.123)

2
(1 + Kcorco + /Ko, po, + Kcozpcoz)

This equation can be further simplified when we assume that the rate-determining step is
irreversible. In such circumstances, the forward rate is much larger than the backward rate and
hence the equation simplifies to

ks Kcopco /Ko, po,
5
(1 + Kcopco + /Ko, po, + Kcozpcoz>

With the irreversible step approximation set, the reverse reaction is not occurring, but any
product formed can still readsorb on the surface.’® Thus, we see a term in the denominator

Tco, = (r.124)

'°In principle, all elementary reaction steps are reversible because of the principle of microscopic reversibility. (see
section 1.5.1 on page 19) This assumption merely states that under the given conditions, the barrier for the reverse reaction
is significantly high and that we can therefore assume that the rate in the reverse direction is negligible.
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22 Chapter 1. Kinetics

corresponding to adsorbed CO,. On top of the irreversible step approximation we are allowed to
make an even more stringent assumption termed the zero-conversion approximation. As the
name implies, within this assumption no products are being formed and hence all components
that are formed after the rate-determining step can be ignored and will thus not occur on the
catalytic surface. The reaction rate then further simplifies to

k3 Kcopco/ Ko po,
5
(1 + Kcopco + 1/K02p02)

Note that despite that the zero-conversion approximation and the irreversible step approxi-
mation are different approximations, under the zero-conversion limit the same kind of effects
are present as under the irreversible step approximation. Whereas the zero-conversion limit
does not state that the rate-determining step cannot proceed in the reverse direction, due to the
fact that no product has been formed (i.e. we are working at zero conversion), there is no product
present for the reverse reaction to occur. Admittedly, the difference is subtle, yet the reader is
advised to use the approximations with caution and not to treat them as synonymous.

With these additional approximations installed, we can even further simplify this equation by
making another assumption. Often, catalytic reactions have a surface compound which adsorbs
much stronger than the other adsorbates. Thus, we expect to find that the surface is mainly
covered with that compound and some free sites. For example, let us assume that CO binds
much stronger that the other compounds. In that case,

reo, = (1.125)

Kcopco > /Ko, po,: Kco,pco, (1.126)

and the above equation then simplifies to

ki Kcopco,/ Ko, po,
-
(1+ Kcopco)

In this situation, we say that CO is the MARI, which stands for the Most Abundant Reaction
Intermediate. The final assumption we can make is to consider that we are working at very low
temperature by which the surface coverage of CO is not merely the most abundant intermediate
among the reaction intermediates, the coverage of CO is also greater than the amount of available
empty sites. In that case, the reaction rate simplifies to

k3 /Ko po, .
rco = —F/— . (I.IZ )
> Kcopco

rco, = (1.127)

At this point, we have found the equation under the condition that the whole surface is
covered with CO and thus that CO is poisoning the catalytic reaction. It should be noted that
this assumption is rarely valid, except at very low temperature, i.e. well below typical operating
conditions.

Thermodynamic limitations

In the previous subsection, we derived the overall reaction rate under the zero-conversion limit.
This assumption greatly simplifies the mathematics, however, it blinds us from the important
principle that any chemical reaction proceeds towards equilibrium, but can never surpass the
equilibrium condition. As such, we will derive the overall rate equation for a simple chemical
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system, but without invoking the zero-conversion limit. It will hence be seen that the limiting
equilibrium condition arises naturally in the final result.
Assume the same set of elementary reaction steps as in the previous subsection:

CO + * = COx (r.129)
0, + 2% & 20% (r.130)
CO * +0% & CO, * + * (r.131)
CO, + * = CO,* (r.132)

The overall reaction rate, including the reverse reaction is given by

rco, = k3 Ocobo — k3 Oco, 0+ (1.133)

K K
i copcoy/Ko,po, .
(1 + Kcorco + /Ko, po, + Kcozpcoz)

Kco,pco,

2
(1 + Kcopco + /Ko, po, + Kcozpcoz)

Note that equation 1.134 only differs in form, but is the same as equation 1.123. We can
rewrite equation 1.134 as

o=k

(r.134)

Kcorcoy/Ko,po, . kg Kco,pco,
2|7 o+ e o
ks K K
(1 + Kcopco + /Ko, po, + Kcozpcoz) 3 hcobcoy/ o, Po,

rco, = k;r

(r.135)

= kg KCOPCOM S 1- k3 Kco, Pco, )
(1 + Kcopco + /Ko, po, + Kcozpcoz) k3 Kco /Ko, Pcoy/Po,
(1.136)

s 1-
K3Kco, /Ko PCO\/PO,
(1 + Kcorco + /Ko po, + Kcozpcoz> 3ncoy o,

Kcopcoy/Ko,po, Kco PCco
=ky 1 2 2
)

The last two quotient terms in equation 1.137 are important in our analysis. The second to
last quotient

Kco, 1

_— = (1.138)
K 3 K, co K o, K €q

is the inverse of the equilibrium constant for the overall reaction. This constant only depends
on temperature, which we here assume to be constant. The other term,

Pco

2

_— I.T
pco+/Po, (r-139)
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corresponds to the quotient of the pressures of the reactants and products. This term, as
seen in equation 1.139, equals the equilibrium constant Keq when the reaction is at equilibrium.
It can now readily be seen that at chemical equilibrium, the product of these last two terms
equals one, by which the term within the round brackets equals zero and thus the overall reaction
rate equals zero.™

Conclusively, all chemical reactions proceed towards chemical equilibrium, but can never
surpass this equilibrium. Another way of saying this, is noting that at chemical equilibrium,
the forward and backward reaction rates are equal. It should be mentioned that a chemical
equilibrium is a dynamic equilibrium in the sense that reactants are converted to products and
vice versa. The system is not stagnant, but is in a state where no net change is observed.

Dependencies in pressure and temperature

The overall reaction rate critically depends on the applied pressure and the operating temperature.
This dependency can be probed by investigating the reaction order or the apparent activation
energy. The former probes the effect on the overall reaction rate due to an infinitesimal change to
the pressure, relative to a preset working point of given reaction rate and pressure. Similarly, the
apparent activation energy probes the effect of an infinitesimal change in temperature. These
analytical tools provide us with important information under the working state of the catalyst.
We will treat these concepts in this section.

Reaction orders

The overall reaction rate depends on the pressures of the reactants and this dependency is
reflected by the reaction order. The reaction order is basically a number which defines the scaling
behavior of the reaction, i.e. if for instance the reaction order is 2, the rate of the reaction will
quadruple if the pressure is doubled.

The reaction order can be calculated using the following formula™

_ort/rt (1.140)
X7 opx/px '
dlnrt
= (1141
PX

The plus sign in 7+ is to indicate that we are only considering the reaction in the forward
direction in this analysis. Considering only the forward direction is synonymous to performing
the analysis at low conversion.

To exemplify the procedure, let us calculate the reaction order in CO for the CO oxidation
reaction. We assume that the quasi-equilibrium assumption holds and furthermore we consider
CO to be the MARI.

"Since Kq depends on temperature, it is also evident that temperature plays a very important role in chemical equilibria.
By carefully chosing the temperature of the reaction, any thermodynamically limiting conditions can potentially be avoided.

'2Note that the reaction order probes relative changes, as can be seen by the division of 7 in the numerator and px in
the denominator. This formula can be rewritten as the derivative of the natural logarithm. As will become clear in this
section, the application of a natural logarithm allows for efficient evaluation of the reaction orders.
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Olnrt
nco =pco 5, (1.142)
dln K3 Koopco /Ko, po, ﬁciiso Y K;)S .
=pco 8pC;°p = (1.143)
0 N 1 1
=Pco 6pco 11’1 k3 + 11’1 KCO + ll’lpco + 5 11’1 I(O2 + 5 11’1po2 — 211’1 (1 + Kcopco)
(r.144)
=Pcog, (Inpco — 21n (1 + Kcopco)) (1.145)
Oln (1 + Kcop
-1 QPCO% (1.146)
_1_o_ Pco 9 (1 + Kcopco) (1.147)
(1+ Kcopco) dpco
_1_o_ fcopco (1.148)
(14 Kcopco)
=1-20co (1.149)
(1.150)

The above result can be interpreted as follows. At very low surface coverage of CO, the
reaction order in CO is equal to 1. This means that when we double the CO pressure, we expect
that the reaction rate will double as well. Alternatively, at very high surface coverage of CO, the
reaction order will be -1. In this case, doubling the CO pressure will result in a reduction of the
reaction rate by a factor 2. The latter condition is the poisoning regime. Here, the CO surface
coverage is so high that there are no available free sites for 0, to adsorb and hence the reaction
rate decreases with increasing CO pressure.

If CO is not the MARI, we have the following equation for the reaction rate.

ki Kcopco /Ko, po,

’f‘Co2 = 2 (I'ISI)
(1 + Kcorco + /Ko, po, + Kcozpcoz>
In a similar fashion as shown above, we can calculate the reaction orders to be
nco =1 - 29(:0 (I.ISZ)
1
no, =5 —fo (1.153)
nco, = — 20co, (1.154)

The reaction rate as a function of coverage is shown in Figure 1.8 and the corresponding
reaction order is given in Figure 1.9. From these Figures, we can see that the reaction order in
0, is constant as a function of temperature, whereas the reaction order in CO changes from -1 to
+1. In Figure 1.10, the surface coverages for CO*, O* and * are given. Using this Figure, we can
rationalize the results obtained for the reaction orders. At low temperature, the surface is mainly
covered with CO, hence the reaction order in CO is negative. With increasing temperature, the
surface coverage of CO decreases and the amount of available sites increases. As a consequence,
the reaction order in CO increases from -1 to +1. Because the surface coverage of O is very low in
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/\ @ CO, production
8 R
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Figure 1.8: Rate of CO, formation as a function of temperature

the temperature range under consideration, its corresponding reaction order is constant and
amounts to ng_ = % for the whole range.

£ Practice your understanding

Exercises 1.5, 1.6, 1.7, 1.8, 1.9, and 1.10

Apparent activation energy

To express the dependence of the overall rate on the temperature, typically the concept of the
apparent activation energy is employed. The higher the energy of the apparent activation energy,
the higher the energy barrier that the overall reaction has to cross. The expression for the
apparent activation energy is as follows™

dlnrt
AEXP = RT? o (r.155)

where R is the gas constant and T is the temperature. Applying the above equation to the
(simplified) reaction rate for CO, formation as given in Equation 1.1277

B Although not explicitly shown here, the apparent activation energy also probes a relative change, similar to the reaction
order. This gives rise to the logarithmic term as shown in equation 1.155.
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Figure 1.9: Reaction order in CO and O, as a function of temperature

k3 Kcopco |/ Ko, po,
Ooln| ———————

(1+Kcopco)?
a

AEPP =RT? o7 (1.156)

9 O + 1 1
=RT ﬁ 1l’1k3 +1In Kco + Inpco + 511’1[{02 + 511‘1}702 —2In(1+ Kcopco)
(r.157)

0O [ . 1

=RT T h’lk:B +In Kco + 511’1}{02 —2In(1+ Kcopco) (IIS8)

Let us take one step back from the above equation and study the results obtained so far before
we continue deriving the final result. In the last step, we note that we have four terms that we
have to differentiate. One term corresponds to the derivative towards T of the natural logarithm
of the reaction rate constant, two similar terms but then for the equilibrium constant and a final
term that corresponds to the part of the denominator of the overall reaction equation. To solve
the last term, we need to apply the chain rule. Let us first solve the first three terms for which we
need to know how k and K depend on the temperature. From thermodynamics (we will discuss
this in more detail in Chapter 2), these terms depend on temperature in the following fashion:

—AFE,
k=vexp ( ad) ,

— LI
AT (.159)

where v is the pre-exponential factor and A E,; is the reaction barrier for the corresponding
elementary reaction step. Plugging the above in our expression and solving for the first term
gives

& CHAPTER 1
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Figure 1.10: Surface coverage of CO and O as a function of temperature

1o} *AEact _ 0 *AEact
8—T1n (Vexp( AT )> =57 (ln (v) + AT ) (1.160)
AEac‘c
=72 (1.161)

Similarly, the temperature dependence of the equilibrium constant is reflected by the follow-
ing equation

K =exp (_25R> = exp (%) = exp (_}ADJI;IR> exp (A;R) s (I.162)

where AGp is the Gibbs Free energy, AHy, is the reaction enthalpy and ASg is the reaction
entropy. Thus, we can now solve for the second and third term in Equation 1.158

i (on (o) op (221 (169
-2 [ln (e (2222 ) e (e (Ag«))} a6

9 (—AHR _ASR

_6T( RT | R ) (1.165)
AHg

=572 (1.166)

Finally, we have to solve for the fourth term in Equation 1.158 which can be done by using
the chain rule and applying the result of Equation 1.166.
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(2In (1 + Kcopco)) =2 R (In (1 + Kcopco)) (1.167)
oT oT
I§
=2 681’;06 27; Wlth a=1+ Kcopco (1168)
=2 laﬁ Wlth a=1 + Kcopco (1169)
o dT

0K
—p PCO_ ¢7cCo (r.170)
1+ Kcopco OT

—AH, AS,
Pco 8exp( RTR)exp (—RR)
1+ Kcopco orT
pcoKco AHco

=2 1.172
14 Kcopco RT? (r.172)

(1.171)

Note that the term % corresponds to the Langmuir adsorption isotherm for CO

under the conditions that CO is the MARI, hence, we can further reduce the above equation to

0
aT (2In (1 + Kcopco)) =2 bco

(r.173)

Combining all four terms provides us with the following equation for the apparent activation
energy

o 1
AE:gtp :RT2 8—T (h’l kg_ +1In KCO —+ 5 In K02 —2In (1 + Kcopco)) (II74)
1
ZAEact + AHCO + iAHOZ — QAHcoacO (1175)
1
=AFEat + AHpoo (1 — 2900) + EAHOZ (1.176)

We can interpret this equation on the basis of Figure 1.6. The overall activation energy of the
kinetic network depends on the barrier of the rate-determining step. The barrier is decreased by
the half of the adsorption heat of 0, as oxygen adsorption is exothermic (i.e. AH for adsorption
is always negative) and releases heat. The barrier is further decreased by the adsorption heat
of CO, however, with increasing amount of CO on the surface, the reduction of the barrier by
CO adsorption decreases to the point that at coverages larger than o.5, the reaction barrier is
increased by the heat of adsorption of CO.

£ Practice your understanding

Exercises 1.I1, 1.12, 1.13, 1.14, I.I5 and 1.16

Differentiating between catalytic mechanisms

The apparent activation energy and the reaction order are two ways by which a (catalytic) reaction
can be experimentally probed. By proposing a particular reaction mechanism and assuming
a rate-determining step, it is possible to falsify a postulated reaction mechanism by means
of an experiment. This has become a very important technique in the elucidation of reaction
mechanisms. In this section, we will provide a simple example how this procedure works.
We will herein focus on the reaction order, but similar strategies are possible for the apparent
activation energy.
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Consider the CO oxidation reaction. We can postulate this overall reaction to proceed in the
following two ways:

1. CO and O, both adsorb on the catalytic surface. CO adsorbs molecularly and O, adsorbs
dissociatively. Adsorbed CO and adsorbed O can react to form CO, which can leave the
surface.

2. O, adsorbs dissociatively on the catalytic surface and CO reacts, directly from the gas
phase and without first adsorbing on the surface, with an adsorbed oxygen. This result in
C-0O bond formation and an adsorbed CO, molecule which can finally desorb from the
surface.

Reactions wherein all adsorbates first have to adsorb on the catalytic surface before they can
react (situation 1) are termed Langmuir-Hinshelwood type of reaction mechanisms. In contrast,
reaction mechanisms wherein one of the reactants directly react from the gas phase (situation 2)
are known as Eley-Rideal type of mechanisms.

Let us assume that in both cases the reaction that results in the formation of adsorbed CO,,
is the rate-determining step. Furthermore, we assume a quasi-equilibrium for all elementary
reaction steps before the rate-determining step and further operate under the zero-conversion
limit. With these assumptions in place, we can readily derive an equation for the rate of formation
of CO, as function of the partial pressures of CO and O,,.

For a Langmuir-Hinshelwood mechanism, the overall reaction rate was already derived in
previous sections and corresponds to

N Kcopcoy/Ko,po,
=k 5
(1 + Kcopco + \/Kozpoz)

For the Eley-Rideal type of mechanism, the situation is a bit different. Let us derive it starting
from the fundamental rate equation for the rate-determining step.

TLH (r.177)

rErR = k200Pco- (r.178)

Only for O, adsorption a corresponding Langmuir adsorption isotherm is needed to obtain
an overall rate expression as function of partial pressures, equilibrium constants and reaction
rate constants. Plugging the Langmuir adsorption isotherm for O, in the above equation yields

pcoy/ Ko, po,
(1 + Kcorco + \/Kozpoz)

The most salient difference between equation 1.177 and 1.179 is the lack of a Langmuir
adsorption isotherm for CO in the latter equation and consequently no longer the squaring
of the denominator. This latter aspect should be clear; in an Eley-Rideal type of mechanism,
only a single active site on the catalyst is required whereas in a Langmuir-Hinshelwood type of
mechanism, two such sites are necessary for the reaction to proceed.

Let us derive the reaction orders in CO for these two mechanisms. For the Langmuir-
Hinshelwood mechanism, this has already been done in previous sections and the result is

rgr = kT (1.179)

nCo,LH = 1-— 29co. (1.180)
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For the Eley-Rideal mechanism, the result is

nco,ir = 1 — Oco- (1.181)

For the Langmuir-Hinshelwood mechanism, the reaction order in CO will thus be between 1
and -1, whereas for the Eley-Rideal mechanism, it will be between 1 and o. Thus if an experimental
situation is produced wherein the CO coverage is high and a negative reaction order in CO is
found, this would be in favor for rejecting the hypothesis wherein an Eley-Rideal mechanism is
postulated. Furthermore, this result also nicely shows that in an Eley-Rideal mechanism, surface
poisoning by CO is impossible as CO is not required to adsorb on the surface.

Conclusively, by postulating a reaction mechanism and deriving analytical expressions for
the reaction rate and subsequently for the reaction orders allows for a combined theoretical /ex-
perimental procedure to falsify reaction mechanisms.

£ Practice your understanding

Exercises 1.17

Multi-site mechanisms

So far, we have dealt with catalytic surfaces harboring only a single type of active site. We can
readily extend this methodology for two or even multiple types of active sites. These different
active sites can for instance have different preferences for which compounds can be readily
adsorbed. To obtain analytical solutions, it is nevertheless required that the fundamental assump-
tions such as the rate-determining step approximation and pseudo-equilibrium approximation
remain in place. To illustrate the principle, let us consider an example.

We revisit the pedagogical problem of CO oxidation. Let us assume that CO adsorbs on one
type of active site, denoted by * and O adsorbs on another type of active sites, denoted by #. The
rate-determining step is the recombination of CO with O utilizing the two different types of
active sites. We assume that the resulting CO, can only be adsorbed on a * type of active site.
Following these assumptions, the set of elementary reaction steps would then be

CO + x = CO% (1.182)

O, + 2# = 20# (1.183)

CO * +-O# — CO, * +# (1.184)
CO, + % = CO, (r.185)

Assuming a pseudo-equilibrium, the following Langmuir adsorption isotherms would be
obtained

K,
fco = coPco (1.186)
1+ Kcopco + Kco,pco,
Kco,pco
bco, = = (1.187)

1+ Kcopco + Kco,pco,

/Ko, po,

o= (1.188)

1+,/K02P02’
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wherein we use 7 to denote the fractional coverage of # types of active sites and wherein we
have applied distinct site balances (see e.g. eqaution 1.95) for the 6- and #-type of active sites.
From the rate-determining step approximation, we can now readily derive the overall reaction
rate as function of the partial pressures, equilibrium and reaction rate constants.

r= k}+eco7'o (1189)

N Kcopcoy/Ko,po,

=k (r.190)

(1 + Kcopco + KCOZPCOZ) (1 + \/@)

Comparing equation 1.190 with 1.177 readily shows the result of utilizing different types of
active sites with respect to the overall reaction rate. Instead of a denominator wherein only the
terms corresponding to a single type of active site is found, for a multi-site mechanism, all sites
that participate in the reaction mechanism are found. These differences can have a profound
effect on the catalytic mechanism. In a single-site mechanism, there is a strong competition
between adsorbates that require the same type of active site whereas in a multi-site mechanism,
such competition is partially mitigated. This can be readily seen from the reaction orders.

For a single site mechanism, the reaction orders in CO and O, were established to be

NCO,single-site = 1—20co (1.191)

10, singlesite = 1 — bo, (1.192)

For the dual-site mechanism, these reaction orders are

nco,dualsite = 1 = fco (1.193)
1 1
10, ,dualsite = 5 — 570 (1.194)

Clearly, at very high coverages of CO, the single-site mechanism is prone to poisoning due
to CO preventing the adsorption of O, as found from negative reaction orders. On the other
hand, for the dual-site mechanism, the reaction order in CO can never become negative as #
types of active sites always remain accessible for O, to adsorb on as on this type of active site,
there is no co-adsorption of CO and O. Furthermore, as the different types of mechanism are
expected to show a different kinetic response under the right catalytic conditions, the reaction
order can be utilized to differentiate between the two mechanism, in line with what was shown
in the previous section.

3F . .
%, Practice your understanding

Exercises 1.18
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1.9 Exercises

The answers to the exercises can be found at the end of this Chapter on page 43. The exercises
are marked by a number of gears to indicate their difficulty levels.

@ EXERCISE11 &%

The decomposition of acetaldehyde

CH3CHO — CHy4 + CO (1.195)

proceeds in the gas phase via methyl radicals according to

1. CH3CHO — CHg* + CHO*

2. CH3* + CH3CHO — CH, + CH3CO*

3. CH3CO* — CH3* + CO

4. 2CH3* — CoHg (1.196)

Assume that all reactions are irreversible. Derive the rate expressions for the formation of
CHy4 and CoHg by using the steady-state approximation.

& EXERCISE1.2 &%

N5Os is an unstable compound formed in the atmosphere upon interaction of NOy with
oxygen. Its decomposition

2N905 — 4NOg + O9 (r.I97)

proceeds according to the following rate equation

. 402
dt

= k[N505) (1.198)

Show that the following set of elementary reaction steps leads to this rate equation and
provide an explicit expression for the overall rate constant k. Identify all reaction intermediates
and apply the steady state approximation on these intermediates.

1. NoO5 = NOg + NOj3
2. NOg + NO3 — NO + NOy + O
3. NO + NO3 — 2NO9 (1.199)

& Think deeper...

« Explain why the reaction order with respect to NoOj is unity and not 2 as suggested by
the overall rate equation.

& CHAPTER 1
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« Derive a rate equation for the formation of NO5 and relate it to the rate equation for Oy
formation.

& EXERCISE13 &

Derive the rate expression for N5 O for the reaction

2NO + Hgy — N2O + H50 (r.200)
using the steady-state approximation. The mechanism constitutes the following elementary

reaction steps

1. 2NO = No Oy
2. N9Os + Hy — N2O + H50

€ EXERCISE1.4 £H3¥

The exposure of sunlight to a mixture of methane and bromine gas results in a violent
reaction releasing bromomethane and hydrogen bromide. This reaction proceeds according to
the following mechanism:

1. Brg — 2Br*
2. CH4 + Br* — CHg* + HBr
3. CHg* + Bry — CH3Br + Br*
4. 2Br* — Bro

« Identify the type of elementary reaction step in the above chain reaction. Distinguish
between initiation, propagation and termination reactions.

« Derive a rate expression for the formation of CH3Br. Clearly explain the assumptions you
have used in the derivation.

B EXERCISE1.5 &

Derive the Langmuir adsorption isotherms for the following situations

(a) Molecular adsorption of CO.
(b) Dissociative adsorption of CO.

(c) Competitive adsorption of molecularly adsorbed CO and dissociatively adsorbed Hs. As-
sume there occurs no reaction between CO and Hs.
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(d) Consider the mechanism of methanol formation through consecutive hydrogenation of
CO. The rate-determining step is the first hydrogenation of CO with one H atom. This
step is irreversible. All other steps are fast, except for the desorption of methanol which
is considered to be in equilibrium with the gas phase. CO and Ho adsorption are also
quasi-equilibrated.

« Write down the mechanism.

+ Reason why you only need to take the surface coverages of CO, H and CH,OH into
account.

« Derive an expression for the reaction rate.

+ Give the limits (the domain) of the reaction orders for Ho, CO and methanol.

@ EXERCISE1.6 {HH¥

Recent work has shown that the rate of catalytic synthesis of methanol from CO5 and Ho
scales first-order with the partial pressure of CO5 and % order with the partial pressure of Ho.
The overall reaction equation is

CO9 + 3Hy — CH30H + Ho0O (1.201)

The mechanism is thought to proceed in the following manner

1. Hy + 2% = 2H*
2. COq + % = COg*
3. CO9* + H* = HCOO* + x
4. HCOO* + H* = HyCOO* + *
5. HyCOO* + H* = H3CO* + O%
6. H3CO* + H¥ = H3COH¥* + *
7. H3COH + * = H3COH*

a) Complete the mechanism by adding three elementary reaction steps which remove O* as
H»O involving equilibrium between water in the gas phase and the adsorbed state.

b) Determine which step is most likely the rate-determining step considering the reaction orders
as obtained from the experimental results. Assume that the reaction is operated under zero
conversion.

c) Derive the corresponding rate equation for methanol formation, assuming that the rate-
determining step is irreversible (proceeds only in the forward direction) and all other steps are in
3

quasi-equilibrium. Furthermore, assume that the surface is nearly empty. Show thatny_ = 3.

& Think deeper...

At which molar fraction of Hy is the reaction rate at its optimum?
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@ EXERCISE17 %

During the course lectures, CO oxidation was studied as a typical example of surface catalysis.
It relates to the clean-up of exhaust gases from the combustion of transport fuels. The rate
equation has been derived assuming that the surface reaction is the rate-determining step.
Furthermore assume that the rate-determining step is irreversible. Consider the following
mechanism:

1. CO + = < CO*
2. Og + 2% — 20%
3. CO* 4+ O* — COy + 2% (1.202)

a) Which assumptions do you propose to compute the surface coverage of O atoms? Recall that
we are considering in this question car-exhaust clean-up in the three-way automotive catalyst.
Should the surface oxygen coverage be high or low in this process and why?

b) Derive the overall rate equation for the above mechanism.

@ EXERCISE1.8 £

Consider the steam reforming of methane, which is a large-scale industrial process for the
production of synthesis gas:

CHy4 + HoO — CO +3H3 (r.203)
For a Ni catalyst supported on alumina, we find that the reaction orders are the following
e ncy, >0
* ny,0 <0
e ny, >0

a) What is synthesis gas and name at least two chemical processes that use synthesis gas as its
feedstock.

b) In case we wish to produce Hs, for instance in ammonia production, what other important
chemical reaction can be utilized to increase the amount of Hy that can be produced from
methane?

c) Why is steam reforming carried out under moderate pressure and high temperature?

d) Propose a mechanism involving recombination of adsorbed C* and adsorbed O* to form
adsorbed CO* as the rate-determining step. Derive a reaction rate equation assuming that O* is
the MARI. Assume that the adsorption of CHy is dissociative, whereas the adsorption of H5O is
molecular.

€) Are the experimental orders for Ni consistent with this model?

f) Derive another rate equation assuming that methane dissociation is rate-determining and
assume again that O* is the MARI. What are the reaction orders in this case?
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@ EXERCISE 1.9 £H¥

The catalytic hydrogenolysis of ethane into methane is composed of the following elementary
reaction steps

& CHAPTER 1

1. CoHg + 2+ = CoHg* 4+ H¥*
2. CoHs* + H* 5 2CHg*
3. CHg* + H* = CHy + 2«
4. Hy + 2% S 2H*

Assume that step (2) is rate-determining and that all other elementary reaction steps are in
quasi-equilibrium.

a) If a small amount of Dy is added to the reactants, CoHg_,, D, is observed in the gas phase.
Explain this phenomenon.

b) Deduce the rate equation for step (2).
¢) Derive the expressions for the surface coverages of ethyl, methyl and hydrogen.

d) Give the full rate equation including the terms relevant when the reaction approaches equilib-
rium. In other words, explicitly assume that the rate-determining step is reversible.

e) Give the simplified rate equation in the case that H* is the MARI and very low conversion of
ethane.

& Think deeper...

Derive an expression for the apparent activation energy for the latter case.

@ EXERCISE 110 £H¥

Consider the reaction between NO and CO in the presence of O5 on a Rh catalyst. NO
and CO adsorb molecularly. The surface NO dissociation step is much slower than all other
elementary reaction steps. The rate of CO* + O* is comparable to the rate of dissociative Oq
adsorption. The other steps are quasi-equilibrated.

1. NO + * = NO*
2. CO + * 5 CO¥*
3. Og + 2% — 20%
4. Ny + 2% = 2N*
5. NO* + % — N* 4 O%
6. CO* + O — COq + 2+

Derive the rate equation for Ny and CO4 formation. Use the steady-state approximation on
O* to derive this expression.
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& Think deeper...

In which technological application are these reactions important?

EXERCISE 111 £H¥

Ethylene oxide is an important feedstock in the production of ethylene glycol. Ethylene oxide
is made by partial oxidation of ethylene (CoHy) over a Ag catalyst. In this process, ethylene
adsorbs molecularly whereas oxygen adsorbs dissociatively. The transition state for the formation
of ethylene oxide has such a high barrier that this elementary reaction step is considered to be
rate-determining. Assume that ethylene oxide immediately and irreversibly desorbs from the
catalytic surface after formation. Further assume that all other elementary reaction steps are in
quasi-equilibrium.

a) Provide an expression for the surface coverage of ethylene as a function of the partial pressure
of ethylene and oxygen.

b) Derive an expression for the rate of formation of ethylene oxide as a function of the partial
pressures of ethylene, ethylene oxide and oxygen.

c) Atlow temperature, itis found that oxygen is strongly adsorbed. Derive a simplified expression
for this situation. What are the reaction orders in ethylene and oxygen?

d) Describe the surface composition for the situation described in item (c).

e) Derive an expression for the apparent activation energy for the situation described in item (c).

@ EXERCISE 112 $HH}

Consider the catalytic oxidation of sulfur dioxide with molecular oxygen to sulfur trioxide.
The overall reaction equation is

SOg + %Og — SO3 (r.204)

The catalytic reaction proceeds over a catalytic surface containing only one type of surface
sites. SO5 adsorbs molecularly, whereas O5 adsorbs dissociatively. SOg is formed on the catalytic
surface by bond formation between adsorbed SO9 and O. Adsorbed SOj is in quasi-equilibrium
with SO3 in the gas phase.

a) Give the elementary reaction steps of this proceses.

b) Assume that the surface reaction between SO and O is the rate-determining step and is
irreversible. Derive an expression for the rate of formation of SOj3.

) Give the limits of the reaction orders in SO5, SO3 and Os.

Assume from here on that O is strongly adsorbed whereas SO, and SO, are only weakly
adsorbed.™

“Note that O, adsorbs dissociatively, so it is the oxygen atom that adsorbs strongly.
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d) Provide an expression for the rate of formation of SOg and derive the reaction orders in terms
of the surface composition (fractional occupancies).

e) Derive an expression for the apparent activation energy in terms of the surface composition
(fractional occupancies).

Using a different catalyst, the following rate expression was found

1/2 1/2
K Ko, 'p
r= < SO PS04, ) O2 ¥Oq (1.205)

1+ Ks0,Ps50, + Ks03P504 1+ Kc1)/2pé/2
2 2

f) Provide a reasoning why the above rate expression differs from the previously described
catalyst. What is the essential difference?

@ EXERCISE 113 £HH¥

Platinum is an efficient catalyst for oxidative dehydrogenation of ethanol towards acetaldehyde.
The oxidizing agent is molecular oxygen. Mechanistic studies have shown that ethanol adsorbs
molecularly, whereas oxygen adsorbs dissociatively. The rate-limiting step is the dehydrogenation
of adsorbed ethanol to acetaldehyde coinciding with the release of a water molecule.

CoH5OH* 4+ O* — Co9H40 + HyO + 2% (1.2.06)

a) Derive an expression for the surface coverage of ethanol and oxygen in terms of their corre-
sponding partial pressures.

b) Derive an expression for the rate of formation of acetaldehyde as a function of the partial
pressures of ethanol, oxygen, acetaldehyde, and water.

Assume that at very low temperature, ethanol adsorbs strongly.

) Provide an expression for the rate of formation considering the above assumption. What are
the reaction orders in ethanol and in oxygen?

d) Derive an expression for the apparent activation energy and explain this result in terms of the
surface composition and the reaction profile.

Assume the temperature is increased.

e) Describe the surface composition in this scenario.

& CHAPTER 1
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@ EXERCISE 114 $HH}

The synthesis of water from Hy and O over a Pt surface proceeds via the following elementary
reaction steps:

1. Hy + 2% = 2H*
2. Og + 2% 5 20%
3. 0% + H* & OH* + «
4. OH* 4+ H* 5 HyO% + %
5. HyO + x 5 HyO%

a) Assume that step (3) is the rate-determining step and provide a rate expression for this step
containing both the forward as well as the backward rate.

b) Show that the rate expression can also be expressed as the equation shown below. Provide
an equality for the constant Keqyilibrium in terms of the equilibrium constants of the individual
elementary reaction steps.

PH20 2
r=ki/KiKspu,po, | 1— 2 02 1.207
3 158 2PH2 PO2 K \/@ ( )

equilibriumPH2
¢) Assume that oxygen is the MARI. Provide an expression for 6x using this assumption.

d) Provide an expression for the reaction orders in hydrogen, oxygen and water under the
assumption that O is the MARI and that the reaction is far from equilibrium.

e) Assume that the surface is nearly empty. Calculate the optimal gas phase composition (the

ratio between hydrogen and oxygen) to find the best rate. Again assume that the reaction is
operated far from equilibrium.

& Think deeper...

Derive for case () an expression for the apparent activation energy and explain your results
in terms of the surface processes and surface composition.

@ EXERCISE 115 £HHF

Consider the reaction between NO and CO over a Pt surface. NO and CO adsorb molecularly.
The surface NO dissociation step is considered to be much slower than all other elementary
reaction steps in the system. As such, assume that NO dissociation is the rate-limiting step
and that all other steps are in quasi-equilibrium. Note that step (5) is reversible and as such the
reverse reaction needs to be taken into account as well.
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1. NO + % = NO*
2. CO + *x = CO*
3. Ng + % = No*
4. No* + % = 2N*
5. NO* + x & N* 4+ O* (1.208)
6. CO* + O* < COg* + x
7.COg + * = COg*

a) Derive the rate equation for Ny formation. Take the reversibility of the reaction into account
and use an overall equilibrium constant Keq in the term corresponding to the reverse reaction.

Assume that O* is the MARI

b) Derive a simplified rate equation for this case and give expressions for the reaction orders in
NO, CO, Ny and COs. Explain these dependencies in terms of the surface coverages.

The apparent activation energy is determined under the condition that the surface is nearly
empty.

c) Derive an expression for the apparent activation energy in terms of the activation energy of
the rate-determining step and the enthalpy changes of the other steps.

& Think deeper...

What is the expression for the apparent activation energy for case (b)?

@ EXERCISE 116 #HH¥

The synthesis of hydrogen peroxide from hydrogen and oxygen over a metal surface proceeds
via the following elementary reaction steps:

1. Ho + 2% = 2H*
2. 0g + x S Og*
3. Og* + H* = OOH* + «
4. OOH* + H* = HyOo* +
5. HyOg + * = HyOo*
a) Derive an expression for the rate of H,O, formation assuming that step (3) is the slowest

step. Take the reverse reaction explicitly into account (i.e. do not assume zero-conversion or an
irreversible step approximation).

b) Assume now that the surface is nearly completely occupied with O, and that the reaction
is conducted at very low conversion; simplify the above expression and determine the reaction
orders with respect to Hg, O and HyO5.

¢) Derive an expression for the apparent activation energy under these conditions.
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d) Derive also an expression for the apparent activation energy in the high-temperature limit
when the surface is nearly empty.

@ EXERCISE 117 HHHY

The hydrogenation of acetylene can occur via two different mechanisms: Langmuir-Hinshelwood
or Eley-Rideal. The former assumes that both acetylene and hydrogen adsorb on neighboring
sites before (two-fold) hydrogenation takes place, whereas the latter assumes that hydrogen
directly reacts from the gas phase with adsorbed acetylene.

Assume that the rate-determining step of each mechanism is

« Langmuir-Hinshelwood: C,H,* + H* — CH,CH* + *

+ Eley-Rideal: C,H,* + H, —C,H,*

When constructing the mechanism, assume that hydrogen adsorbs dissociatively in both
mechanisms. Furthermore, despite that hydrogen adsorption is not needed in the Eley-Rideal
mechanism, allow hydrogen to co-adsorb. To simplify upon the mathematics, assume that the
reaction is conducted at zero-conversion.

a) Write down the elementary reaction steps for both mechanisms.

b) Show that these mechanisms can be differentiated by their reaction orders. Mention what
conditions are required to show this difference.

@ EXERCISE 118 $HIHS

Methanol synthesis can proceed in the direct pathway by fourfold hydrogenation of CO to
methanol. For this process, a catalyst is used which contains two types of active sites indicated
by 6 and 7. The active sites have a specific surface topology by which carbonaceous compounds,
i.e. CHzO, can only adsorb on site 6, but H can adsorb on both these sites. An asterisk (*) is
used to indicate adsorbed compounds on site 6, whereas a pound sign (#) is used to indicate
adsorbed compounds on site 7.

Assume the following:

+ Methanol is formed by threefold hydrogenation of C to CH;0 and finally hydrogenating
the O moiety to form methanol.

The rate-determining step in this reaction is the hydrogenation of CHO to form CH, 0.

.

The rate-determining step is irreversible and the system is assumed to operate in the zero
conversion limit.

Hydrogen adsorbs dissociatively at both the 6 as well as the 7 site. These sites are oriented
in such a fashion that a single hydrogen molecule cannot adsorb on both these sites
simultaneously.

« There is no migration of H between the 6 and T sites.
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« All elementary reaction steps on the surface, i.e. between CH;O* and H#, proceed
between the two different active sites.

« Although H* will not directly react with any CH; O* species, the adsorption of H* does
result in an inhibiting term which needs to be modeled adequately.

a) Construct the set of elementary reaction steps that define this chemo-kinetic network. Use
an asterisk (*) to indicate § sites and a pound sign (#) to denote 7 sites.

b) Derive the Langmuir adsorption isotherm for dissociative adsorption of hydrogen on the +
sites.

c) Derive an expression for the overall reaction rate as a function of the partial pressures of the
reactants, the reaction rate constant of the rate-determining step and the equilibrium constants of
the relevant elementary reaction steps. Identify the inhibiting term corresponding to adsorption
of H on a 0 site.

d) Derive the reaction order in Hy and in CO.

e€) Derive the apparent activation energy as a function of the relevant partial surface coverages.

Solutions

The solutions below pertain to the exercises of Chapter 1 on page 33 and further.

(¢' SOLUTION 1.1

d[CHy]
dt

The target is to express short-lived intermediates (such as radicals) in terms of gas-phase
concentrations. Here, the unknown variable is [CH3*] and can be found by using the steady state

approximation. In the steady-state approximation, the time-derivative of one or more compounds,
CHg*]

= ko[CH3*][CH3CHO] (1.209)

typically the reaction intermediates, is set to zero. We apply this approximation to ‘HT and
d[CH3CO%
dt .
*
% —k1[CH3CHO] — ko[CH3*|[CH3CHO]
+ k3[CH3CO*] — 2k4[CH3*]? = 0 (1.210)
and
% = ko[CH3*][CH3CHO] — k3[CH3CO*] =0 (1.211)

Combining Equations 1.210 and 1.211 yields

[CH3*] = \/g [CH3CHOJ'/2. (1.212)

& CHAPTER 1
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Inserting Equation 1.212 into Equation 1.209 gives

d[CHy]
dt

— oy | L (CHyCHOP/2, (1.213)
2k,
and the rate of formation for [CoHg] becomes

d[CaHe] _

o% 2 — ﬁ -
en k4[CH3*]* = 3 [CH3CHO] (1.214)

(¢ SOLUTION 1.2

The problem in the exercise can be solved by either applying the steady-state approximation
or by assuming a pre-equilibrium. Here, we have applied the former as such an approximation
is more general and also better exemplifies the mathematical procedure. Obviously, a derivation
based on the pre-equilibrium assumption is also valid.

d[Os]
dt

= k2[NO2][NO3] (1.215)

Applying the steady-state approximation to NO and NOg yield

d[dNtO] = ko[NO2][NO3] — k3[NO][NO3] =0 (1.216)
and
AINOS) — ke N05] — k7 INOJINOg] — k5NO,JINO3] — k5 NOJINOg] = 0. (r217)

By subtracting Equation 1.216 from 1.217, we obtain

k+
[NO][NO3] = ——L—[N, 03] (1.218)
kl —+ kz

which we can readily insert into the rate equation of O9 formation, resulting in

doy] _ kihy o o
dt k] + 2k

& Think deeper...

« The reason why the reaction order is unity, rather than two, is because the overall reaction
is not an elementary reaction step.
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« For NOy, the rate equation is

d[NOg]
dt

= kT[N205] - k;[NOQ][NO;g] + 2k3[NOJ[NO3]. (1.220)

Inserting Equations 1.216 and 1.218 into 1.220 gives

d|NO Kk kT ko
his ] =k [N2O5] — —1—L—[N305] + —~——[N05] (r.221)
dt kl + 2ko kl + 2ko
kT kT 2k k
= kf‘ - 71 14 — 172 [N2O5] (1.222)
kl —+ 2k2 kl + 2k2
Lt
=L (kg +2ky — k] +2k2) [N2O5] (1.223)
ki + 2ko
kT
=——L——4ky[N505] (1.224)
ki + 2ka
:4d[(32] . (1.225)
Applying the steady-state approximation to [NoOo] gives
d[N,O _
% =k; [NOJ2 — k] [N2Og] — kg[N20g][Ha] = 0. (1.226)
From this expression, we can equate the [NoOs] to
Na0g) = T INOP (1.227)
kl + k2[H2}
The rate of formation of [N5O] is then found to be
d[N,O kak; [NOJ?[Hy]
20—ty INy0niHy) = 22 (1.228)
kl + kQ[HQ]
+ 2
ky (NOJ (1.229)

Ttk (kg [Ha))

& CHAPTER 1
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(¢' SOLUTION 1.4

In the overall chain reaction, the elementary reaction steps are denoted as
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Bro — 2Br* initiation

CHy + Br* — CH3* + HBr propagation
CHgz* + Bro — CH3Br + Br* propagation
2Br* — Bry termination

The steady-state approximation can be readily applied to the reaction rates of the intermedi-
ates.

d[Br*]

G = 2ka[Bra] — ky[CHy][Br¥] + k3[CH3*|[Brs] — 2k4[Br¥)? = 0 (r.230)
% = ko[CH4][Br*] — k3[CH3*][Bra] = 0 (1.231)

Inserting Equation 1.230 in 1.231 results in

. 1/2
[Br¥] = <ki[Br2]> . (1.232)

Applying Equation 1.232 to 1.231 yields

1/2
ka[CHy) (2 (Br2))
k3[Bra]

 koky/?[CHY]

i/Q[Brz}l/g .

[CH3*] =
= (r.233)
ksk

Finally substituting the result of Equation 1.233 for the concentration of [CH3*] in the
formation rate of [CH3Br] results in

1/2
d[CH3B , kok
A = kalCHyBry) = S5l (CH B! /2 (r234)

4
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(¢’ SOLUTION 1.5

a) The elementary reaction step for CO adsorption is

& CHAPTER 1

CO + * = CO* (1.235)

Assuming an equilibrium of the above reaction and only one type of surface site yields

6
KCO = CO. . (1236)

Furthermore, we can apply the site-balance defined as

O« + GCO =1. (12‘37)
Hence,
fco =Kcopcot= = Kcopco(l — bco) (1.238)
0co(1 + Kcopco) =Kcopco (1.239)
Kcopco
Oco =—F7"—"—. (r.240)
1+ Kcopco

b) The elementary reaction step for dissociative CO adsorption is

CO + 2* = C* + O*. (1.241)

Assuming equilibrium of the above reaction and only one type of surface site gives us

0cho
Kco = 5 (1.242)
pcofs

For the mass balance (or site balance), we get

Ox +0c + 6o =1. (1.243)

Because the surface fraction of C and O are equal

2
Kco = e 5 (1.244)
pcobs

Thus,
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fc =v/'Kcopcobs = v/ Kcopco (1 — 20c)
fc(1 + 2+/Kcopco) =V Kcopco
o = Vv Ecopco
1+ 2/ Kcopco

¢) The two elementary reaction steps for co-adsorption are

CO + * = CO*
H, + 2% 5 2H*.

Assuming pre-equilibrium of these two elementary reaction steps gives

fco
Kco =
pcoe‘k
and
02
Ky, = —1
T

and thus for the fractional coverages in terms of the fraction of free sites

Oy = /KHszQQ*

fco =Kcopcob

Using the site balance,

Oco+0u+6+«=1

and inserting the equation for the surface fraction into the equation

(1+ Kcopco + £/ KH,PH, )0+ = 1

and rearranging for 6 finally yields

1
= .
1+ Kcopco + v/ KH,PH,

(1.245)
(1.246)

(1.247)

(1.248)
(1.249)

(1.250)

(1.251)

(1.252)
(1-253)

(1.254)

(1.255)

(1.256)

This equation can be reinserted into the equations for the surface fractions to obtain

9]—[ _ \ KHQPHQ
14+ Kcopco + +/Kn,pH,
Kcopco

fco =
1+ Kcopco + v/ KH,PH,

(1-257)
(1.258)

(1-259)
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d) ¢ Write down the mechanism.
The mechanism is given by

CO + * = CO*

H, + 2% = 2H*

CO* + H* & HCO* + *
HCO* + H* = HyCO* 4 *
HoCO% + H¥ = HyCO* + *
H3CO* + H* = HyCOH¥* + *
H3COH + * < H3COH*

NS gk W

¢ Reason why you only need to take the surface coverages of CO, H and CH;OH into account.

For the construction of the site balance, we only need to take into account those compounds
of which we can reasonably expect that they have a non-negligible surface coverage. These are
always those compounds before the rate-determining step (i.e. CO and H,). In addition, the
question states that we can consider the RDS to be irreversible and that all steps after the RDS,
except the last step, are very fast. From this piece of information, we can assume that once
CO reacts with H on the surface, methanol is formed rapidly in the subsequent hydrogenation
steps. Desorption of methanol is considered to be in equilibrium though, thus we anticipate
that methanol has a non-negligible surface coverage. Conclusively, for the construction of the
site-balance, we only need to consider CO, H, and CH3OH.

¢ Derive an expression for the reaction rate.
The third step is considered to be the rate-determining step. This gives the following expression
for the overall rate

r =k 0coby. (1.260)

We here use the result of question 5c and note that besides CO and Hy, methanol is also
equilibrated with the surface. Hence the Langmuir isotherms of CO and Hy are

V KHaPH, (1.261)

Oy =
1+ Kcopco + +/Ku,pH, + KcH;0HPCH;0H
K
GCO cobco (1‘262.)

1+ Kcopco + /Ku,ph, + KcHyoHPCH;0H

And the overall rate is

/f;r v Eun,prH, Kcopco

=
(1 + Kcopco + v Ku,pH, + KCHgOHPCHgOH)

r =

(1.263)

€ Give the limits (the domain) of the reaction orders for Hy, CO and methanol.
To obtain the reaction order for CO, Hy and methanol, one needs to solve the following differen-
tial:
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dln(rt)
MHy =PH
2 2 8pH2
=D1 — 2Dy

(1.264)

(1.265)

Here, we are going to split up the complex differential into two smaller (and hopefully simpler)

differentials:
Ik +imKky, +3m +InKco +1n
3 ) Hy T 5 INPH, Cco Ppco
Dy =pHu, 3
DH,
b dln (1 + Kcopco + v/ KH,PH, + KCHgOHpCHg.OH)
2 = PH,

OpH,

D; can be readily solved as all the terms except the Inpyy, cancel out giving

8% Inpy,
Opu,

Dq is a bit more complex and requires applying the chain-rule

Oln(a) da
Oda  OpH,

D2 = PH»

where

a =1+ Kcopco + 1/ KH,PH, + KcH;0HPCH;0H
Thus

10 (1 + Kcopco + vV EKu,pH, + KCHgOHPCHgOH)
Dy =py, -

1/1 —1/2
=PH, E (5 KHZPH2 )
1 < vV KH,PH, )

2 \ 1+ Kcopco + /K, pH, + KcHa0HPCH;0H

OpH,

1
=-0
5VH

(1.266)

(1.267)

(1.268)
(1.269)

(r.270)

(1.271)

(1.272)

(1.2773)
(1-274)

(1-275)

(1.2776)
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and the final result is
_ Bln(r"")
M =P T (t277)
:% ~ oy (1.278)
We can now easily establish the lower and upper limit of the reaction order in Ho:
11
0y €[0,1] — ny, € [—5, 5]. (1.279)

The derivations for the reaction order in CO and methanol are quite similar to the one for Hgy

and result in:

dln(rt)
nco :pCOT
Pco
=1—20co
and
dln(rt)
MCH30H =ch3OHm
3
= — 20cH;0H

This gives for the lower and upper limits for CO and methanol:

QCO € [071] —nco € [717 1]

and

fcHzon € [0,1] = ncHzon € [—2,0]

(¢° SOLUTION 1.6

(1.280)

(1.281)

(1.282)

(1.283)

(1.284)

(1.285)

a) The three steps leading to oxygen removal are:

8. Ho0 4 * = HyO*
9. Hzo‘k + * &= QH* + H*
10. OH* + * = O* + H*

(1.286)
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b) The reaction order is determined by the rate-limiting step and all the steps that are in equilib-
rium before it. This is most likely step (5) as it involves a hydrogenation step subsequent to two
other hydrogenation steps.

c) The overall rate equation, based on the rate-determining step, is given by
r = ki 61,c000H (1.287)

We need to substitute the surface coverages by expressions that only contain gas-phase pressures
and reaction rate constants. To start, we assume quasi-equilibrium of all elementary reaction
steps before the rate-determining step.

Oy =, /KlpH20>‘: (1288)

9(:02 :KQPCOQH* (12.89)
K30co,0u
OHcoo :TQ (1.290)
K40ucoobu
Or,C00 =H€7¢ (1.291)

By substituting the expressions for 6y and 6o, in Equation 1.290, we get

frcoo = K34/ K1pH, Kapco, 0+ (1.292)

This result can be readily inserted into Equation 1.291 to obtain

On,coo = K4K3Kapco, K1pH, 0+ (1.293)

Now, we need to use the above expressions in combination with the site-balance to construct the
expression for the free sites

0u + fco, + Oncoo + Onyco0 + 0+ =1 (1.294)

0= (1 + 1/ K1pH, + Kapco, + K34/ K1pn, Ka2pco, + K4K3K2pC02K1pH2) =1 (r.295)

This leads to

1

O =
1+ /Kipu, + Kapco, + K3/ K1pH, Kopco, + K4 K3Kopco, K1PH,

(1.296)

Using Equations 1.288, 1.293, and 1.296, we can construct the overall rate equation



1.10 Solutions 53
r = k2 On,co00 (1.297)
= ki K4 K3Kopco, K1pH, \/ K1pH, 02 (r.298)

kT KyK3Kopco, K1pm, v/ K1pH,

2
(1 + Kipn, + Kopco, + K3/ Kipn, Kapco, + K4K3K2pc02K1pH2)
(1.299)

3/2
ki KyK3Kopco, (K1p,) /

2
(1 + Kipn, + Kapco, + K3/ Kipn, Kapco, + K4K3K2pc02K1pH2>
(1.300)

Let us now check whether our hypothesis that the order in Hy is 3/2 is correct. To make things a
bit easier, let us assume that the surface is nearly empty and that 6x = 1, the rate equation then is

3/2
r k;K4K3K2pCO2 (Klsz) / (I.}OI)
and
3/2
(9lan2
H, = PHz =3/2 (1.302)
sz
& Think deeper...

In order to find the optimal fraction, we define the constant « which is the ratio between the
partial pressure of Hy and COs.

PH
_ PHy (1:303)
PCo,
From this, the total pressure becomes
PT = PCo, + PH, = Pco, + apco, = (1 + a)pco, (r:304)
and we can relate the partial pressure of Hy and COs, to the total pressure as
apr
=L 1.30
PH2 = T (1.305)
pT
= 1.306
pco2 = 7o (1:300)
(1307)

Filling out these new expressions and assuming that the surface is nearly empty results in

3/2
pr apr
r =k KyK3K, o (K1 I a) (1.308)
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To find out the optimal value in «, we need to take the first derivative towards « and equate
this to zero. Therefore, we can simplify the above equation by collecting all variables that do not
depend on «

03/2
r= cm (1.309)

where c is a factor that does not depend on «a.

o 30214723032 (14+0)%2
da (1+a)d

=0 (r.310)

To find the value for «, only the numerator of the above expression is relevant and we can
ignore the denominator

galm (1—}-&)5/2 — goz?’/z(l—i-a)W2 =0 (r.311)
gal/Q 1+ a)5/2 = ga3/2 1+ a)3/2 (1.312)
1+a= ga (1.313)

a=? (314)

This result is to be expected, as the best ratio between the partial pressures of the reactants
is of course the ratio between the reaction orders of said reactants. The fraction of COq in terms
of the total pressure is then % and the fraction of Hy is then %

(¢' SOLUTION 17

a) We assume the steady-state approximation on 6. Furthermore, we assume that 6co > 6o
and that CO is in quasi-equilibrium with the surface.

b) First, we apply the quasi-equilibrium assumption to CO giving

0co = K1pcob+ (1.315)

Next, we apply the steady-state assumption to 6o

do,
TS = 2]{:;])02 9? — k;@COeO =0 (1316)

Note that the second and third elementary reaction step in our mechanism are irreversible,
significantly reducing the complexity of the equation. The above result gives us an expression
for the partial coverage of O as
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2k po
0o = —2-292 L3I
b oo (1:317)

To obtain the expression for the free site coverage we assume that o > 0p giving

GCO +0x=1 (1318)

0« (1+ Kypco) =1 (1319)
1

P = —— 1.320

1+ KlpCO ( 3 )

Plugging this result into the overall rate equation yields

T = k;recoeo (1.321)

+
+ Kipco 2’“21’022

— 2 (r.322)
3 1+ KlPCO k;reco
2 -1
_ .+ Kipco 2k3 Po, 1 Kipco (1323)
31+ Kipco ki 1+ Kipco 1+ K1pco
2k
2 PO (1.324)

(1+ K1pco)?

Note that from the above expression, we can easily see that the order in Os is +1 and the order in
CO is between -2 and o.

(¢" SOLUTION 1.8

a) Synthesis gas is a mixture of CO and Hs. It is used in Fischer-Tropsch catalysis and in
methanol formation. The former reaction is typically performed over a Fe or Co catalyst. The
latter reaction is typically performed over a Cu catalyst.

b) In order to further increase the production of Hg, CO can be mixed with H2O to give CO2
and Hs. This reaction is called water-gas shift.

¢) From the reaction equation (CH4 + HoO < CO + 3Ho ) we can see that the reaction produces
more moles of gas than are consumed. Hence, in principle the reaction should be performed
at low pressure to drive the equilibrium to the right hand side of the equation. However, in a
typical reactor a moderate pressure is used as to reduce the reactor volume.

Furthermore, the reaction needs to be performed at high temperature, because this reaction is
strongly endothermic. Again, the high temperature pushes the equilibrium to the right hand
side of the equation.

& CHAPTER 1
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d) To start, we need to propose a reaction mechanism in terms of a set of elementary reaction
steps. To convert methane and water into synthesis gas, a set of 10 elementary reaction steps is
necessary.

CH, + 2% < CHg* + H¥
CH3* + * & CHo* + H¥
CHy* + * & CH* 4 H¥*
CH¥* + * = C* 4+ H*
Ho0 + * = HyO*
HyO% 4 * < OH* + H*
OH* 4 * & O* + H*

Hy + 2% < 2H*

C* 4 O* = CO* + *

CO + * = CO*

© X N AW N

-
IS

We assume that all the above steps, except the rate-limiting step (9) are in quasi-equilibrium. As
such, we can express all surface coverages by one or more equilibrium constants as follows

Oco = K1opcob+ (1.325)
o = [ Fommat 1326)
0,0 = K5pH,00+ (1.327)

Kgbu,00x  KsKepu,o
oy — To0Ha00x _ 00, (1328)

On VKspH,

K5 Kopuyo o
0o — Kqfonts _ ' /Kspu, * _ K5KeKy PH,0

% 1.32
Oy V/ KgpH, 0« Ks  pH, (1:329)

In the above expressions for O and OH, we have applied subsequent substitution of the surface
coverages in such a way that we can express every surface coverage in terms of the partial pres-
sures of the reactants or products and the equilibrium constants. These equilibrium constants
correspond to the elementary reaction steps that connect the partial pressures with the surface
coverages. Below, the same is done for the surface coverages of the CH;, intermediates

Och, = ———t s (1330)
*  /Kspu,
K1 Kapcu,
HCH = 0. I1.331
2 KgpH, (1.331)
K1 Ko Kspcy
Ocu = 73/249* (1.332)
(KSsz)
K1 KoK3K4pcH
0c=—"—""5+ 4 O (1.333)
(Ksph,)

Now we can construct the site-balance
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Oco + 0 + 0,0 + 0o + 0o + Och, +0ch, +0cH +0c + 0+ =1 (1.334)

and plug the above equations for the surface coverages into it

KsKgpn,0 | KsKgK7 pH,0 | Kipcu
0« = | 1+ K10pco + 1/ KspH, + K5pH,0 + - 4 = + S
v K8pH, Kg PH, v/ K8pH,
-1
Ki1Kopch, , KiKeKspcn, , K1K2K3K4pch,

Kgpy, (KSPH2)3/2 (KSPH2)2

(1:335)

Since the overall rate is determined by the rate of step 9 we can construct the following expression

= kg 0co — kg Ocofs (1.336)
+ ky
= k¢ 0co — K—gocoe* (1337)

If we assume that there is an equilibrium r = 0, we can express Kg as

o _ bcot Pcopy, K3Ko pcopy, 1 (1338)
9= = = .
0cbo  pH,oPcH, K1K2K3K K5KeK7  pHy0PcH, Keq
and using this result for Ky for our overall rate expression results in
= kg 0o — kg Ocobs (1.339)
1 Ocobs
=kdOclo (11— — 1340
9CO( K99C90> (34)
3
4+ K1 Ko K3 Ky K5 KgK7pcH,PH,0 1 PcoPp, 1 2
= kg 5 1———H2 — ) p2 (1.341)
(Kspu,) K9 pu,pch, Keq

Further assuming that O is the MARI, we can use the following equation for the free sites

-1

KsKgK

O =1+ 251617 PH20 (1.342)
Kg  pH,

giving

3
K1 K2 K3 Ky K5 K¢ K7pcu, Puyo (1_1 PcoPh, 1 )

3
<K8pl—[2> K9 puyopch, Keq
r = kg

5 (1:343)
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For low conversions, the second term between parentheses in the numerator can be neglected,
further simplifying the equation to

-2
K1 KoK3K K5 Kg K K5 Kg K
r=k9+ 1582 K384 K5 K6 87DCH,PH,0 (1+ 576 7pH20> (r.344)

(Kspn,)” Ks  pu,

€) Note that for CHy and CO, there are no dependencies in the term between parentheses, so
we only need to evaluate the derivative for the part in front of the parentheses. Again, we apply
the same trick as in the previous exercise, so that we obtain:

Aln(rt
ncH, = Pcmﬁ =1 (1.345)
4
Aln(rt
nco = pco# =0 (1.346)

The reaction order in HoO and Hs is a bit more complicated but with some rewriting the
derivatives equate to

dln(r) K5KgK7  OpH,0/0PH,0
nH,0 =PH,0 5 =1 —2pH,0 . (1.347)
** dpuyo 2 Kg 1+ %ZKN;?TQ;
-1
K5 KgK Ky KgK
:1_2w Hy0 1+MPH720 (1_348)
Kgpy Kg  pH,
=1-200 (1349)
and similarly for Hy
dln(rt
nH, = PH, # = -3+ 20o (1:350)
DH,

From the above expressions for the order, we note that the experimental results are not within
the limits of the reaction orders. Consequently, the proposed reaction mechanism is not in
agreement with the experiment and needs to be revised.

f) Applying the same procedure as previously, the reaction rate now equates to

PCH4

2
K5 KgKr Phgo
(1 + Ks PHy )

_ 1.+
r=k{

(-351)

Note that steps 2-4 do not appear in the rate equation, because only the first dissociative methane
adsorption step is kinetically relevant. The equilibrium constants for steps 5-8 appear in the
denominator because they control the amount of O on the surface.

From the above rate equation, we can establish the reaction orders to be
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NCH, = PCH, 8812((;;2) = (1:352)
nco = Pco% = (1.353)
np,0 = PHQO%Z? = —20o (1:354)
nH, = PH, %;ﬂ = 200 (1:355)

2

These results are consistent with the experimental observation.

(£ SOLUTION 1.9

a) CyHg adsorption coincides with Do adsorption. Upon adsorption, the hydrogen in the CoHg
complex can be exchanged for a deuterium by successive dehydrogenation, deuteration and a
desorption step.

b)
7= ky Oc,m, 01 — kg 024, (£350)
c) The steady state equation applied to elementary reaction steps 1,3 and 4 and considering

competitive adsorption, the Langmuir isotherms for ethyl, methyl and hydrogen become as
follows

Kipc,n

0C2H5 = 0H2 . 0’% (1.357)
PCH

Oc, = ngf{ 02 (1:358)

O = 1/ K4p, 0 (1359)

Plugging Equation 1.359 into 1.357 and into 1.358, gives

_ Kipc,yH, 0,

0 = 1.360
CoH5 JKipn, (1.360)

& CHAPTER 1
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and

PCH4

0 =——2 0 1.361
CHg K3 \/m ( 3 )
Using the site balance, we obtain the following equations
1
0x = Kipcyn PcH e (1362)
1 216 4 K
+ V' Kapu, + K3\/Kapu, + 4PH,
Kipcyug
VK.
OcoHs = e (1.363)
2Hs 14 Kipcyng + PcHy +W
VEaipny, = Kz/Kaipn, 4PH
PcHy
K3\/Kapu
9CH3 = 1 Kipcyug PcHy ) T (1'364)
+ VKapu,y + K3\/Kapu, + 4PH,
011 = VEan, (£365)
Kipcyn P e ’
1 276 4 K
+ VKapu, * K3\/Kapu, * 4PH,
d) Plugging the above equations into the overall rate equation yields
ki Kip 1- i
2 C2Hg K1K2 K3 KapcyngPH,
o (1.366)

2
Kipcyn PcH
1 2He 4 /K
( + VKaipn, + K3\/Kaipn, * 4P]—[2)

e) Applying the MARI approximation and assuming low conversion simplifies the overall rate
equation to

B k;_KM’CgHG

(1 + K4PH2)2

& Think deeper...

The apparent activation energy can be readily evaluated to

An(rT)
AERP = RTQT (1:368)
o [0k omK, O (1 + \/K4PH2)
=RT + -2 (1.369)
oT or oT

2 1 4
— B +a8) —oyan (1.370)
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(¢' SOLUTION 1.10

From the quasi-equilibrated steps (1), (2) and (4), it follows that

& CHAPTER 1

Ono = K1pNob+ (1.371)

0co = Kopcob« (1.372)

ON = \/ K4PN, 0 (1.373)

To derive the surface coverage of O*, we apply the steady-state approximation to this surface
intermediate

2k3 0,07 — kg Ocobo = 0 (1374)

Note that we have neglected the term lc5+ Onofo, because we assume that NO dissociation is
rate-determining. Therefore, this term is negligible compared to the other two terms.
It follows then that

2k3 po
0o = —32242 137
koo (1:375)
Combining this expression with the expression for 6o, we obtain
2ks 2k
o= 500 g2 T3P0 4 (1.376)
kg Kopcob+ kd Kapco
Applying the site balance for all surface intermediates yields
1
0 — ™ (:377)
O
1+ Kipno + Kapco + k+l3( o T VEPN,
Finally, we can evaluate the rate of Ny and CO4 production
1;+
1 1 skg Kipno
TNy = 51”5 = EkgeNoea: = 275 2 (I378)
1+ Kipno + Kopco + k+;(p02 +/ 4PN2>
2k+po
rco, =16 = kg Ocofo = 2 (1.379)

3
1+ Kipno + Kapco + k+;<p;2 + v/ 4PN2>

& Think deeper...

This catalytic reaction pertains to three-way catalytic convertors for environmental pollution
control.
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(¢' SOLUTION 1.1

1.CoHy + * = CoHy* (1.380)
2.09 + 2% 5 20% (z.381)
3.CoHy* 4+ O* — CoH40 + 2* (1.382)

(1:383)

Applying a quasi-equilibrium approximation, we obtain the following expressions for the partial
coverages as a function of the partial pressures and equilibrium constants

Oc 1, = K1PcyH, O+ (1.384)

and

00 = 4 /K2p029~,': (1385)

Note that because ethylene-oxide desorbs rapidly, the surface coverage of ethylene-oxide is
negligible. Thus, we obtain by constructing a site-balance (not shown here), the following
Langmuir-Hinshelwood isotherms:

KlpCQ Hy

0 = 1.386

CoHy 1+K1pC2H4 + /7K2p02 ( 3 )
and

Kopo,

0o = . 1.38

°T 1y Kipc,n, + v/ K2po, (:387)
b)

rCyH,0 = k30c,H,00 (1.388)

_ k3 Kipcyn, v/ E2po, (1389)

2
(1 + Kipc,n, + \/K2p02>

) If oxygen strongly adsorbs, we can assume that oxygen is the MARI and hence the overall rate
expression simplifies to

k3 K1pcot, v/ K2po,
p)
(1 + szoz)

TCyH,0 = (1:390)

The reaction orders in oxygen and ethylene are
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I
(@]
o
_ dln(rt) (1391)
NCyHy = PCyHy Opcatts -39
_, (1392)
dln(rt)
n, = D 1.
Oz O2 9po, (1.393)
1
=——0 .
5 ~fo (1:394)
d) The surface is predominantly occupied with adsorbed O.
€)
dln(rt)
AEZP = RT2T (1:395)
3 1 1 2
=B + AHaEds) + (5 - ‘90) AHzEds) (1:396)
a)
1.809 + * 5 SOg* (1397)
2.09 + 2% 5 20% (1-398)
3.509*% + O* — SOz* + * (1.399)
4.SO3 + * < SO3z* (r.400)
b)
rs05 = k3050,00 (1.401)

Applying the pre-equilibrium, the irreversible step and the rate-limiting step approximation we
can derive the following expression for the free sites and for the overall reaction rate.

1
e = (r.402)
1+ Kipso, + v/ K2po, + K4pso,
k3 K1pso,/Kapo
1"503 = 2 2 (I403)

2
(1 + Kipso, + v/ K2po, + K4psog)
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¢) From the form of the overall reaction equation, the limits of the reaction orders can be
established as

1o, € [-1,1] (1.404)

nso, € [—2,0] (1.405)
11

no, € [—5, 5] (1.4006)

d) If Og strongly adsorbs, then we can apply the MARI approximation for O. This gives the
following expression for the rate and the reaction orders

_ k3Kipso, v/ Kapo,

7"503 P} (1407)
(1+ VKzpo,)
ns0, = 1 (1408)
nso, = 0 (1.409)
1
noy = 57 o (1.410)
€)
+
AEYP — RTZ% (1.411)
3 1 1 2
=5+ an) + (5~ 00) an) (.412)

f) From the form of the equation, it is clear that two different types of Langmuir isotherms are
present. This indicates that there are two different types of surface sites that have particular
adsorbates that adsorb on these sites. The rate-determining step proceeds between two species
that are adsorbed on these two different sites.

(¢' SOLUTION 1.13

a)

1.CoH5OH + * = CoH5OH* (1.413)

2.02 + 2% = 20%* (1.414)

3.CoH5OH* + O* — CoH40 + HoO + 2x (1.415)
K1pc,Hy0H

OcoHs0H = 225 (1.416)

1+ KipcoHs0H + /K2po,

_ Kapo,
1+ KipcoHs0H + /K2po,

o (1.417)
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b)

k3 K1pc,Hs0H v/ K2po,

r = k30c,H;0H00 = 5 (r.418)
(1 + K1pcyHs0H + / K2P02)
9
k3 K1pc,Hson+/K2po
r = k30c,ns0n00 = =2 5 (1.419)
(1+ K1pc,H50H)
nc,Hs0H € [—1,1] (1.420)
1
no, = 5 (1-421)
d)
dln(rt)
AEP = RT? “—ar (1.422)
3 1) , 1 2
= E:Ect) + (1 = 20c,H50H) AH:Eds) + QAHaEds) (1.423)

The apparent activation energy depends on the reaction barrier of the rate-determining step
and all kinetically relevant steps that proceed before the rate-determining step (which are at
equilibrium). In this particular case, this means that the apparent activation energy is decreased
due to the release of energy by the O, adsorption and is increased in the case that there is a high
surface coverage of ethanol. When the surface coverage of ethanol is high, one ethanol molecule
needs to desorb in order to form a vacant site necessary for this reaction to occur. If on the other
hand the surface coverage of ethanol is very low (and a sufficiently large amount of free sites are
present), the apparent activation energy is decreased even more as the adsorption heat of ethanol
further decreases the apparent activation energy.

e) In the case of elevated temperatures, both ethanol and oxygen only sporadically adsorb on

the surface as these compounds have a higher entropy in the gas phase than adsorbed on the
surface. Consequently, the catalytic surface is predominantly empty.

(£ SOLUTION 1.4

= k3 0004 — k3 Oopts (1.424)

b) The surface concentrations of 0y, 6o, 0oy and 6« can be found using the pre-equilibrium
approximation. In that way, we can express these surface concentrations as a function of the
partial pressures and the equilibrium constants.

& CHAPTER 1
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O = \/K1pH, 0+ (r.425)
90 = 1/K2p02 0 (1426)

01,0 = K5PH,00+ (1-427)
011,00+

oy = 297 428

OH = Kn (1.428)

(1-429)

Substituting these surface concentrations into the rate equation yields

01,00
= k;\/KlpHQG:\-‘/KQpO29* — k3 KieH 0 (1430)
_  Kspu,00?
= k3 \/K1K2p1,00,0% — k o g, (1.431)
2 3 Ky\/Kipu, 0+
- Kspa,o o
=k \/K1Kapr,p0, 03 — ky ———22—03 (1.432)
e 3 Ky4\/Kipn,

- Kspu,0
= ki \/K1Kopr,p0,0% | 1—k 2 (1.433)
3 e 3 k';rK4K1PH2 Kapo,
PH,0
= ki \/K1Kopr,po, 03 [ 1— ——2>— (1.434)
2 2 KequQ'\/pOQ

From the last two expressions, it is clear that the equilbrium constant has to be

K1V KaK3Ky

Keq = Ki (T-435)

5

¢) The free site coverage can be readily obtained from the expressions of the surface coverages
in terms of equilibrium constants and the site balance:

1
O« = oo (1.430)
L+ /Kipu, +/Ka2po, + \/ﬁ + K5pH,0

This expression simplifies by applying the MARI approximation (alternatively, you can start by
defining a site balance only containing O* and then derive the expression below).

1
_ I.
1+ /Ka2po, (1-437)

d) To establish the reaction order, first fill out the expression for the free sites in the overall rate
equation

2
PH,0 1
r = ki \/K1Kopu,po, (1 - s : (r-438)
3 272 Kequ2 /POy 1+ 4/ K2p02
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Because we assume that the reaction is far from equilibrium, we can neglect the second term
between the first set of brackets giving

B k$ \/K1K2pn,po,
= 2
(1 + \/K2P02)

From the above expression, the following reaction orders can be derived (please refer to the
previous answers for a more thorough derivation).

(1-439)

1
MHy = 5 (1.440)
1
no, =5 — 0o (1.441)
NMH,0 = 0 (14‘42‘)

e) For very low surface coverage, the rate equals to

r = k3 \/K1Kapu,po, (1-443)

Plugging in the following expressions for py, and po,

PHy = @ PT (1.444)
po, = (1—a) pr (1-445)
we obtain

r = ki /K1 Kya(l - a)pr (1-4406)

Taking the first derivative and equating to zero yields (g—; =0):

a= % (r.447)

In other words: the partial pressure of hydrogen and of oxygen need to be equal.

& Think deeper...

The apparent activation energy is

+
AP = pr2 () 12(; ) _g® 4 %AHSS) + %AHﬁS) (1.448)

The reaction takes place on a nearly empty surface. For the reaction to take place we need
to have one H and one O to be adsorbed. Their adsorption facilitates the process (lowers the
apparent activation energy) by half the adsorption enthalpy of the corresponding molecule.
The only positive contribution to the apparent activation energy originates from the barrier of
elementary reaction step #3.

& CHAPTER 1




68 Chapter 1. Kinetics

(¢' SOLUTION 1.15

a)
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1 1 _
™ =575 =3 <k;6N00~,\- . eNeo) (1.449)

Because all other steps are quasi-equilibrated, we can write

Ono = K1pNobx (1.450)

0co = Kapcobx (1.451)

ON, = K3pN, 0+ (1-452)

GN = \/K49N20~k = \/K4K3pN29*9»}: = \/K3K4pN20~J: (I453)

0co,0«  Krpco, 0«0« K7pco

bo=-7"—= 2 20 (1-454)
Kebco  KoKapcobs  KaKepco

0co, = K7pco, 0« (1.455)

Using the site balance, this results in

1
O« = (1.456)

2
1+ K1pno + Kapco + K3pN, + /K3KapN, + K;K;Zio + K7pco,

Plugging this into the overall rate expression and defining an overall reaction equilibrium
constant we obtain

Ko (1 5 1)

pcobno Ko
Ty = 5
(1 + Kipno + Kapco + K3pN, + /K3K4pN, + Kz;?g;fjo + K?Pcoz)
(1-457)
where
K1 Ky K5 Ke
Keq=—A—25-0 (1.458)
VvV K4/ K3K7
b) If O is the MARI, then the overall rate equation simplifies to
+ _ \/PNaPcoy 1
k5 Kipno (1 PcopPno Keq)
r5 = 3 (1.459)

K7pco,
(1 T % Kepco

Note that the reaction order is always defined by the derivative of the forward direction of the
rate. Hence we do not have to take the second term within the brackets in the numerator into
account. In other words
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kT K
p+— _ "5 MIPNO (1.460)

2
1+ K7pco,
K2 Kepco

We obtain the following reaction orders

nN, =0 (1.461)
nNo =1 (1.462)
nco = 260 (r.463)
nco, = =260 (1-464)

The surface contains only O* and *. There is no No* on the surface, so lowering or increasing
the partial pressure of Ny has no effect on the overall rate. Hence the reaction order in Ny is
o. The rate scales linearly with the partial pressure in NO because its partial pressure directly
controls the amount of surface NO and accordingly, the overall rate. If we increase the CO partial
pressure, the CO coverage increases which lowers the amount of O* on the surface and results
in more sites for NO adsorption. In constrast, adding CO4 will increase the surface coverage of
COg4 and in turn the O* coverage. This leads to a lower NO surface coverage and hence the rate
decreases. Hence, the order in COs is negative.

¢) The apparent activation energy for the nearly empty surface yields

+
app _ pr200(rT) _ (5) (1)

AEalct = RT 877—‘ - Eact + AHads (1465)
The surface is nearly empty and one way to increase the rate, is to adsorb more NO. The latter
depends on its adsorption energy, hence the negative contribution of the adsorption energy to
the apparent activation energy. (note that adsorption energies are always negative, so the (+)-sign
in the equation in conjunction with the negative energy results in a negative contribution)

Alternatively, the barrier for the rate-determining elementary reaction step could be lowered.
Note that this is purely hypothetical. In practice this could perhaps be done using promotors, but
it turns out that lowering the barrier of an elementary reaction step in practice is very difficult to
say the least. Nevertheless, if possible, then a lowering of the barrier of the elementary reaction
step results in a lowering of the apparent activation energy and hence in an increase of the overall
rate.

& Think deeper...

The apparent activation energy in this particular situation would be

72 dln(rt)

5 1 2 6 7
ABE = RT2 21 = ES) + A + 20, (AH§ 2 Al - AH:fdg) (1.466)

Note that the complete derivation of the above expression is more a test of mathematical
stamina than of chemical understanding.

& CHAPTER 1
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(¢’ SOLUTION 1.16

a) If the third elementary reaction step is the RDS, the overall rate towards H, O, is given by the
following equation:

TH,0, = ki 00,01 — k3 Ooom 0+ (1.467)

We assume that all other steps are quasi-equilibrated, hence

9H = \/Klszezk (1468)

902 = K2p029~1: (1469)
f1,0
0 = 2¥2 9, 1.470
ooH = 7 5 (1.470)
Kspn,0,

= 2222 g, (r.471)
K4/K1pu,

01,0, = K5PH,0,0+ (1.472)

By applying the site balance, we can derive the following expression for the free sites

6 = Kps (1.473)
L+ /Kipn, + Kapo, + \/ﬁ + K5PH,0,

Plugging this into the overall rate expression and introducing an equilibrium constant for the
reverse reaction yields

—+ 1 PHs0
ks Kapo, v/ K1PH, (1 ~ R Doy by )
"=TH,0, = 2 (1-474)
P
(1 +V/Kipn, + Kapo, + f/% 5PH202)

b) If O,* is the MARI and we assume a low conversion, the above expression simplifies to

k3§ Kopo,/Kipm,

(1.475)
(1 + K2p02)2
The reaction orders are
1
nHy = 5 (r.476)
no, = 1— 200, (1.477)
NHy0, =0 (1.478)
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¢) The apparent activation energy is given by

AEPP — pr2 dln(rt)

3 2) 1 1
act T - EQ) + (1= 200,) AHG) + SAH, & (1-479)

ads

For a more thorough description how this answer is obtained, please look at the results of the
previous questions.

d) In the high temperature regime, the surface is nearly empty and the rate is then given by

r = ki Kopo,\/K1pm, (r.480)

and the apparent activation energy becomes

Oln(r+
AEYP = RT? 71(;(; )

_g® @ 1,0

=By +AH 0+ §AHads (1.481)
The apparent activation energy constitutes all kinetically relevant steps, which is the rate-limiting
elementary reaction step and the two adsorption steps that precede the rate-limiting step. The
apparent activation energy is set by the barrier of the rate-limiting step and is lowered (in the

case of an empty surface) by the adsorption energy of O and half the adsorption energy of H.

Note that in this particular case, if the absolute value of the sum of the adsorption terms is larger
than the barrier of the elementary reaction step, that the apparent activation energy becomes

negative. This essentially means that the reaction rate is increased with decreasing temperature.

This is readily seen if one considers the Sabatier’s Principle. At the high temperature limit, we
have an empty surface. By decreasing the temperature, more adsorbates will stick to the surface,
hence enhancing the overall rate. In other words, by decreasing the temperature, we are moving
our reaction towards the Sabatier’s optimum.

(¢' SOLUTION 1.7

a) Langmuir-Hinshelwood

CoH, + % 2= CH,» (1.482)
H, + 2+ & 2Hx* (1.483)
CoH, % +Hx — CyHy 4+ (r.484)
CoHjy % +Hx 2 CH, * 4% (1.485)
CH, +% = CH,x (1.486)

Eley-Rideal:

C,H, ++ = CH,% (1.487)
H, + 2% = 2Hx* (1.488)
C2H2 * +H2 — C2H4* (1489)

CoH, + % = CH (1.490)

& CHAPTER 1
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72 Chapter 1. Kinetics

b) First, the reaction order of the Langmuir-Hinshelwood mechanism will be derived.

In order to obtain the reaction order, the reaction rate expression must first be determined. By
applying the rate-determining step assumption, the following rate expressions can be determined
7=k 0c,1,0n — k3 0cn O, (r-497)

which can be simplified using the zero-conversion approximation

r=k30c n 0u (1.492)

To find an expression for the reaction rate, one must first find an expression for the fractional
surface coverages of the different compounds.The individual surface coverages can be derived
from the rates of formation of the corresponding elementary reaction steps.

—22 =k pe,n,0x — ky Ocm, (1.493)
dfy 2 — 2
dt* = 2k3 pu, 03 — 2k5 0F (1.494)
K

By applying that K = = and the steady-state approximation, the following expressions for the

1
surface coverages can be derived:

c,n, = Kipc,H, 0« (1.495)
O = |/ Kapu, 0% (1-496)

The total balance of all the coverages equals

0x +0c p, +0n =1 (1.497)
By substituting the individual expressions into the total balance and rewriting the equation for

0+, the following equation is obtained:

1
= : (r.498)
1+ Kipc u, + 1/ Kaph,

Substituting this expression back into the equations for the fractional surface coverages of carbon
monoxide and oxygen, and consequently substituting these equations into the overall reaction
rate equation yields

0«

k;KlpczH“/szHz
5
(1 + Kipcn, + \/K2PH2>

rig = (1.499)
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Note that denominator is squared, which shows that two active sides are required. From the rate
expression, the reaction order can be readily derived.

Aln(r)
NC,H, = PC,H, e n (1.500)
9 ki Kipc n, /Kopw,
=PC,H In (r.501)

> 0pcH 2
s (1 + Kipcn, + \/K2PH2>

By applying that In(ab) = In(a) + In(b) and that In (%) = In(a) — In(b), we can rewrite this to:

5 2
neH, = PCH, 5o (111(’6;1(1 Kopy,) +In(pc p,) —In <(1 + Kipc u, + \/KQPHZ) >)

(r.502)

Since the first term of the derivative has no dependency on pc 1 , it can be crossed out. Further-
Oln(z) _ dln(xz) Ha
Opc,u, ~ Oo Opcu,

more, we can rewrite the last term by applying . Then, we obtain:

Oln(pc,n,) 9l ((1 + Kipc,n, + \/m + K5pC2H4)2)
NCH, T PGH, ( e, (1 + Kipc i, + \/Kapn,)
(1.503)
(1 + Kipcu, +\/Kapn,)
- Opc,h, > (r.504)
=ret | o2 1 (1.505)
*r\PeH, 14 Kipou, + \/%

=1-20cn, (1.5006)

By working out the equation for the other compounds, we obtain the following reaction orders
for the Langmuir-Hinshelwood mechanism:

LH _
ncle 1 20C2H2

1
i, =5 (1507)

(1.508)

Il

|

I
>
T

Following the same strategy for the Eyel-Rideal mechanism, the following reaction rate equation
and corresponding reaction orders can be obtained:

ki Kipc,m,pH,

TER — .
(1 + Kipcn, + \/KZPHZ)

(1.509)
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Note how the denominator is not squared here, indicating only a single reaction site is required.
From the above reaction equation, we can readily derive the reaction orders using the same
strategy as shown for the Langmuir-Hinshelwood mechanism.

n(E:}sz =1- 9C2H2
1
nip =1 S 0H (r.510)

(r.511)

To conclude, the two mechanisms can be differentiated by their reaction orders because they
have different expressions for them. This difference is from an experimental point of view most
easily probed at high pressure or at low temperature. Under these conditions, it is expected
that the surface coverages are high which is expected to result in the largest difference between
equations 1.508 and 1.511.

(¢ SOLUTION 1.8

a) The set of elementary reaction steps that describe the dual-site kinetic network is:

1. CO + * = COx* (r.512)
2. H, + 2% < 2Hx (1.513)
3. H, + 2# = 2H# (r.514)
4. CO % +H# = HCO * +# (1.515)
5. HCO * +H# — H,CO * +# (1.516)
6. H,CO * +H# = HyCO * +# (1:517)
7. HyCO x +H# = H,COH x +# (1.518)
8. HyCOH + = Hy;COHx* (1.519)

b) From elementary reaction step (3) and the site balance for 7, we obtain in a similar fashion as
shown in previous exercises the following Langmuir isotherm for H on 7 sites.

B \/K3pH,
= H\/iKTpHZ (r.520)

¢) The rate-determining step approximation allows us to construct the following rate expression:

TH

r = ksfncoT- (r.521)

By applying a zero-conversion and irreversible step approximation, we only need to derive Lang-
muir expressions for H, CO, and HCO on 0 sites. Using the pseudo-equilibrium approximation,
we obtain the following expressions:
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bco = K1pcob (1.522)

On = Me* (1.523)

Onco = K1+ K3K4pco/pH, O« (1.524)

Using the site balance 6co + 0y + Ouco + 0+ = 1, gives

1
O« = . (1.525)
1+ Kipco + 4/ Kapu, + K1/ K3Kypco,/PH,
Using these expressions, we obtain the following final expression for the rate
I K1/ K3K4pco./PH, \/ Ksph, (1.526)
= ks .
1+ Kipco + 4/ Kapu, + K1/ K3Ky4pco,/PH, 1+ ,/K3pH,
d) The reaction order in H, is given by
1 1 1
=1——6yg— -0 - = 1.52
ny, 501 — 50hco — 57 (1.527)
and the reaction order for CO is given by
nco =1 —0co — fuco (1.528)

Note that in contrast to single-site kinetic networks, in dual-site catalysis the effect of competitive
adsorptions is decreased leading to an increase of the lower limit in the reaction order. This
shows that such systems suffer to a lesser extend from poisoning conditions.

€) The apparent activation energy pertaining to the rate expression as given in equation 1.526 is
derived as follows. The first step is to split up the complex equation into smaller parts by making
use of the natural logarithm.

0
ABY = RTQ@ In(r) (1.529)
—rr2 2 {m (k5K1\/K3K4) —In(a)+1n (\/K?,) —In (5)} , (1.530)
or
wherein

a=1+ Kipco + +/Kopu, + K1V K3K4pco./PH, (1.531)
B=1+,/K3spu,- (1.532)

& CHAPTER 1




76 Chapter 1. Kinetics

fid
w
=
o
<
T
o
L]

Note that in equation 1.530, we have already omitted all terms that do not explicitly depend on
the temperature, i.e. the partial pressures in CO and H,. We will now derive all four terms in
equation 1.530, one-by-one.

For the first term, we split up the logarithm containing a product of equilibrium constants into a
sum of logarithms each containing only a single equilibrium constant, and solve these terms.

B 9 1
RTQB—T In (k5K1\/K3K4> = RT28—T {ln ks +In Ky + oKz +1n K4} (1.533)

1
= AEY) y AH, + SAHs + AH, (1.534)

act

For the second term, we have to use the chain-rule to solve the differential.

RT? Olna 3705
9o OT (1.535)
21 Oa
=RT"——— (1:536)
1 0
:RTzaa—; {Klpco + /Kzpu, + K1V K3sKapco \/;lﬁz} (1:537)
1 1 1
:E {AHlKlpco + EAHQ, /I(ng2 + (AHl + EAHJ + AH4) K1/ KsKapco /sz}
(r538)
AH Kipco + 3AHz/Kapu, + (AH1 + $AHs + AHy) KivK3Kapeo,/Pr,
= (1:539)
1+ Kipco + /Kapn, + K1V KsKypco /P,
1 1
=AH0co + iAHzeﬂ + (AHl + 5AH3 + AH4> Ouco (1.540)
In a similar fashion, we obtain the following two results for the third and fourth term.
2 8 < ) o 2 8 1
RT*—1 K3 ) =RT*“—-1In(K 1.541
5T I VK3 a7 3 (K3) (1.541)
1
= iAH?’ (1.542)
and
o1 o) 10
rr29mB 98 _ g2l 08 (1.543)
98 T 30T
108
2
= RT“—— K: I.
50T {\/ 3sz} (1.544)
1
= EAH?)TH (1.545)

Finally combining all terms and factoring everything in terms of the enthalpies for the individual
elementary reaction steps gives
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5
AER = AEaEct) +AH; (1 —6co — Ouco)
1
+ AH, (7591{)

1 1
AH3(1— =1y — =6
- 3( 2 M7 5 HCO)

+ AHy (1 = 6pco) - (1.546)
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Introduction

In the previous chapter, we discussed kinetics from a general point of view wherein the values
for the reaction rate constants and equilibrium constants were assumed to be known. In this and

the following chapters, we aim to obtain numeric values for these constants from first principles.

Thus, our problem is to calculate macroscopic properties, i.e. chemical equilibria and reaction
rate constants, from molecular properties. As the number of molecules involved in typical
reaction mixtures easily exceeds 1029, we should employ some clever strategy to average out
irrelevant details to obtain the relevant observables of interest. In this chapter, we are going to
introduce statistical thermodynamics which describes how the properties of individual molecules
propagate to observables at the macroscale by means of statistical averaging.

Y
i
w
=
o
<
T
(&)
o




[
[
w
=
o
<
T
(&)
L]

2.2
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Table 2.1: Number of students with a given grade.

Grade ol1|2(3|4|5|6|7]|8|9]|10
Numberofstudents || 1 | 1 | 1 |1 |2 |2 |0 |3 ]|2|2]|T1

We start this chapter by giving a short summary of the statistical method. Next, we introduce
the postulates of thermodynamics. We derive the Maxwell-Boltzmann equation and introduce
the concept of partition functions. From these partition functions, mechanical properties such
as pressure, energy, volume and the number of molecules can be computed. By making the
connection with classical thermodynamics, also non-mechanical properties such as temperature,
entropy, free energy and chemical potential can be calculated.

Probability theory

Because of the statistical interpretation we are going to employ to treat thermodynamics, we will
briefly discuss probability theory in this section using a couple of examples. Consider a class of
sixteen students, whose grades for the kinetics course are as given in Table 2.1.

The total number of students in the class is given by

N = Zn(i), (2.1)

which in our example equals 16. In Figure 2.1, a histogram of the above data is depicted.

Number of students

Grade

Figure 2.1: Histogram showing the number of students, n(i) with grade 3.

Let us now ask the following questions

1. What is the chance that when I select a student at random from this class, that his/her
grade will be a 10?
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2. What is the most probable grade?

3. What is the median grade?

4. What is the average grade?

5. What is the average of the square of the grades?

Let us answer these questions one by one.
The chance or probability to obtain a particular student with a grade ¢ is given by

P;(i) = % (2.2)

For the case of a grade of 10, this chance equals

1

Pg = % (23)

The most probable' grade is found by evaluating at which grade ¢, n(¢) has the largest value.

This corresponds to a grade of .

The median grade corresponds to that grade for which the probability of getting a larger
result is equal to getting a smaller result. This would be a grade of 6, as 8 students have a lower
grade and 8 students have a higher grade than a 6.

The average? grade can be found by evaluating

iin(i) 0+1+2+43+2-4+2-5+3-7+2-8+2-94+10 89

(1) = 4 N T =156~ 5.6. (2.4)
=0
Finally, the average of the square of the grades can be found by evaluating
0o .9 .
2\ _ N n)
(=3 2 R 39.5625. (2.5)

=0

Number of students

o N W & U o N ® ©
Number of students

ok N WA OO N ®©

5
Grade Grade

Figure 2.2: Two histograms with the same median, average and most probable value, but showing a vastly different
distribution.

In principle, two distributions can have the same average, but still look vastly different. For
example, let us consider the two histograms as given in Figure 2.2. The most notable difference

‘Sometimes also called the mode in statistics.
>Sometimes termed the expectation value.

& CHAPTER 2
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82 Chapter 2. Statistical Thermodynamics

is the amount of spread in each distribution. The one of the left has a significantly larger spread
than the one on the right. To quantify the spread, you can use the variance of the distribution o2
as given by

o2 = ((ai)?). (2.6)

Note that the square root of the variance o is known as the standard deviation, which can be
written as

o =1/(2) - ()% (2:7)

So far, we have been dealing with discrete variables, but the above can be generalized to
continuous distributions. A continuous distribution has infinitesimal intervals by which the
probability is proportional to the length of the interval. Because of the infinitesimal intervals,
we can no longer speak about the probability, but have to introduce the concept of a probability
density p(x). The probability that z lies between a and b, a finite interval, is then given by the
integral

b
Pab:/p(x)dz. (2.8)

The previously obtained formulas for discrete distributions can now be cast into continuous
form. An important feature of the probability density and thus of distribution functions is that
they are normalized in the sense that

/ p(z)dz =1, (2.9)
— 00
to ensure that the probability density integrated over all possible space equals unity, as the
object to which the probability refers has to be somewhere. For the average of =, we evaluate

oo

(z) = /wp(m)dm. (2.10)

— 00

And for the variance we evaluate

o? = <502> —(x)?. (2.11)

Once the distribution function of a system is given, we can readily evaluate the average value
of some observable property of interest. For example, consider a ball bouncing between two
walls separated by a distance 2L on either side of the origin of the coordinate system as shown
in Figure 2.3.

The probability density to find the ball at position z on the interval [— L, L] is constant and
equal to some value A and outside this interval the probability density to find the ball is equal to
zero. To find the value of A, we can use Equation 2.9.

oo

p(x)dx = / Adr = A2L =1 (2.12)
[ serie= |

—o0 —L
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L L

Figure 2.3: Schematic depiction of a ball, located at the origin, bouncing between two walls (dashed lines). The
complete domain has length 2L and is centered around the origin.

From this equation, it follows that A = ﬁ and that the distribution function for the ball is
given by

p(z) = % for —L<z<L. (2.13)

We can intuitively guess what the average value for the position z of the ball would be. Since
the probability function is symmetrical around the origin, the average position of the ball would
be at z = 0. If we apply Equation 2.10, we indeed obtain this result.

[%9) L L
T z2 L2 — (—L)2
(z) = / zp(z)dr = / Edm =1 =—a - 0 (2.14)
e “r ~L

For the average squared value of the position, we need to evaluate

2 3|k

T Ly T
<x2> = / 22 p(x)dx :/ ﬁdx = oL
—L
—00 -

And from this result, we can readily obtain the standard deviation

(2.15)

0':\/<:l‘2>—<:l‘>2: %2:% (2.16)

In general, if we are interested in evaluating some property a, we need to cast our distribution
function in such a way that the probability density p is expressed as a function of a. Next, to
obtain an expression for the average value of a, we need to evaluate

(a) = /ap(a)da. (2.17)

Equation 2.17 together with Equation 2.9 will be used extensively in this chapter and forms
the basis for evaluating many properties in statistical thermodynamics.

& CHAPTER 2
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Ensembles and postulates

In the previous section, we discussed the statistical background necessary to calculate average
properties of molecules. Before we do so, we first need to introduce two important concepts
in statistical thermodynamics: ensembles and the fundamental postulates. An ensemble is a
(mental) collection of a very large number A of systems. Each of these systems is constructed in
such a way that it resembles the thermodynamic properties of the actual thermodynamic system
we are studying. It is possible to define several types of ensembles, however, in this chapter we
are going to focus on the so-called canonical ensemble.

The canonical ensemble is a supersystem consisting of A/ subsystems wherein each subsys-
tem has a fixed number of particles (e.g. atoms or molecules) NV, a fixed volume V and a fixed
temperature T'. Each of these subsystems acts as a representative ensemble for our prototype
system for which we wish to calculate mechanical and thermodynamic properties. A schematic
depiction of the canonical ensemble is provided in Figure 2.4. Each of the subsystems is placed
in a lattice and is compartmentalized by impermeable, heat conducting walls. In other words, the
particles in the subsystems are not allowed to leave the system, but the subsystems are allowed
to exchange energy via the walls. Observe that each of the subsystems is essentially immersed in
a large heat bath at temperature 7T of the other ' — 1 subsystems in the ensemble as is required
for the subsystem to be representative of the original thermodynamic (i.e. prototype) system.
The supersystem (i.e. the canonical ensemble) itself is placed in complete thermal insulation, by
which its constraints are a fixed number of particles AN, a fixed volume AV and a fixed energy
E. We assume that the number of systems A is very large (i.e. N > 1029) by which we are
allowed to explore the limit of N’ — oo.

canonical ensemble
(supersystem - NVE)

NVTiNVT:NVT NVT:NVT

NVT:NVT:NVT|NVT|NVT

\—¥
NVT NVT NVT NVT NVT[[ Subsystem

NVT: NVT:NVT:NVT :NVT

impermeable,

AY
NVTNVT:NVTiNVTNVT|| hec?lt conducting
walls

S~ thermal insulation

Figure 2.4: Schematic depiction of the canonical ensemble.

Next, we introduce the two fundamental postulates. The first postulate states that the long-
time average of a mechanical variable M in the thermodynamic system of interest is equal to the
ensemble average of M, in the limit that N' — oo, provided that the systems of the ensemble replicate
the thermodynamic state and environment of the actual system of interest.[2] In other words, we are
allowed to replace a time-average for an ensemble-average. So if we observe a single subsystem
in the canonical ensemble for a very long time, its time average would be equal to the ensemble
average of the supersystem probed at a single point in time. The first postulate by itself is
however insufficient to calculate any properties, hence we will introduce the second postulate.

The second postulate states that in an ensemble N' — oo representative of an isolated thermody-
namic system, the (sub)systems of the ensemble are distributed uniformly, that is, with equal probability
or frequency, over the possible quantum states consistent with the specified values of N, V, and E.[2].
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In other words, if I select a subsystem at random from the ensemble, the chance to find it in any
particular quantum state is the same for all possible (i.e. allowed) quantum states. This means
that each quantum state is represented by the same number of systems in the ensemble.

Connecting the first and second postulates, we can infer that the supersystem spends equal
amounts of time, over a long time period, in each of the available quantum states. The latter is
known as the quantum ergodic hypothesis, while the second postulate is known as the principle
of equal a priori probabilities.[2]

Let us explore these concepts by means of a simple example. Assume that we have a canonical
ensemble consisting of four subsystems (4, B, C, D) and where each subsystem can be in one
of four possible energy states Ey — E'3, where the index of the energy state (0 — 3) corresponds
to how many units of energy that energy state contains (e.g. Eg = 0, E1 = 1---).3 The total
energy E of the canonical ensemble is set at E,, = 4 in the sense that

Ejp+Ep+Ec+ Ep = By = 4 (2.18)

We now define a distribution or macrostate as the number of energy states n; present in
the supersystem for each energy state E;. Given these constraints, there are four different
distributions or macrostates as given by

I. ng=2,n1 =1,n9g =0,n3 =1
2. ng=2,n1=0,n0=2,n3 =0
3. ng=1,n1 =2,np=1,n3=0
4. ng =0,n1 =4,n9 =0,n3 =0

where each distribution complies with

Bl = Y _ni B (2.19)
7

consistent with Equation 2.18.
2662 06 3¢ 02 20 o8 o8 62 32 %2 B¢

8818 &8ssl o8 &858 28 85 e

50 80 66 o8

Figure 2.5: Schematic depiction of a canonical ensemble of only four subsystems. Each subsystem is only allowed to
be in one of four energy states. Each row corresponds to a different macrostate, each image in the row to a different
microstate. The shades of gray of the circles represent the different energy states.

For each macrostate, there are one or more ways the energy levels can be arranged among the
different subsystems as depicted in Figure 2.5 by the various configurations which are ordered in
rows per possible macrostate. A single arrangement is termed a microstate and what is referred

3In this discussion, it does not matter what a “unit of energy” actually is.
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to as the possible quantum states in the second postulate. The second postulate now dictates that
the probability for each of these microstates is equal in the sense that the supersystem spends
equal amounts of time in each of the possible microstates. A critical implication of the second
postulate is that the number of microstates dictates the chance (or weight) to find the system in
a particular macrostate in the sense that
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2
W = —=—— 2.20
= (2.20)

where Q; is the number of microstates for macrostate i. For instance, in our example the
chance to find the supersystem in the fourth macrostate (all systems are in energy state F;)
is twelve times less likely than to find the supersystem in the first macrostate (two systems in
energy state Eq, one system in energy state £ and one system in energy state E3).

The number of microstates for each macrostate can be calculated using the following combi-
natorial formula

!
Q; = L (2.21)
[T ns!
For example, the number of microstates for the third macrostate is given by
4! 24
Qo — =22 19, 2.22
ST wrar T 2 (2.22)

consistent with Figure 2.5. The number of microstates for each macrostate not only defines
the chance to encounter a particular macrostate, it also defines the chance to encounter a particular
energy state in any of the subsystems by

12 n,
p=_—_=2 7% .
TN Y9 (2-23)

where n; ; is the number of systems in energy state F; for macrostate j.

Observe that Equation 2.23 is similar to Equation 2.4. The chance for example to encounter
any of the subsystems in energy state E is given by

112-246-2+12-1+1-0 48 12

Py= = = — ==, 2.2
073 124641241 124 31 (2-24)
Furthermore, note that Equation 2.23 is consistent with
> op=1, (2.25)
i

as is to be expected. With this framework in place, we are able to calculate any desired
ensemble average. For example, the average energy of the system is given by

1 Zj Qjni } - 1. (2.26)

(E) =ZP¢Ei => {NZjQJ’EZ

%
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and <E2> is given by

1 2.5 25m4 61
(%)= Sret =5 | et = e
i % 777

Technically, Equation 2.23 is sufficient to calculate canonical ensemble averages of mechanical
variables, however, for very large systems (i.e. realistic systems we are typically dealing with),
summing over the vast array of possible macrostates is far from feasible. Thus, we wish to obtain
a more explicit expression for P;. In the next section, we will elaborate on how we can simplify
Equation 2.23 by considering the hypothesis that a single macrostate has a weight w — 1 in the
limit N — oo.

2.4 Macrostate dominance

Let us explore what happens in the example of the previous section in the limit of N' — oco. If the
total energy remains limited to Ej,, = 4, the number of possible macrostates remains the same,
however the number of microstates per macrostate will increase. Increasing the total number of
systems N effectively results in adding systems with an energy level of E to the set.4 Thus the
possible configurations (macrostates) as function of A" become

. ng=N—-2,n1 =1,np0 =0,n3 =1
2. ng =N —2,n1 =0,n0 =2,n3 =0
3. ng=N —3,n1 =2,np=1,n3 =0
4. ng=N—4,n1 =4,n3=0,n3 =0

From this, we can readily calculate the number of microstates per macrostate by application
of Equation 2.21 which gives for V' > 4

Q = ﬁ —NW—1) (2.28)
Qg = ﬁ = N (2.29)
Q3 = ﬁ = %/\/(/\f— 1) (N —2) (2:30)
94:ﬁ:iN(/\/—1)(N—2)(N—3) (2.31)

(2:32)

and the chance to encounter (or the weight of) macrostate i can be calculated from Equation
2.23 which gives after some careful algebra

24
LT NTRIN 18 233
12

2T NZLIN 18 (234)

wy = N 24 (235)
N2 47N +18

wy = PN G (2:36)
N2 47N +18° '

4Check this for yourself: Start by listing all the possible macrostate configurations for ' = 5, then for N’ = 6, and
N = 7. Do you see a pattern arising?

& CHAPTER 2




[
fid
w
=
o
<
T
o
L]

2.5

88 Chapter 2. Statistical Thermodynamics

Note that the sum of the numerators is equal to the denominator

24412+ [12V — 24+ [V2 = 5N + 6] = N2+ 7N + 18, (2.37)

in agreement with Equation 2.25. The probabilities to encounter each macrostate are depicted
in Figure 2.6. From this picture, it can be readily observed that even for a relatively few number
of systems N, with increasing number of systems, the probability of a single macrostate goes to
unity by which this macrostate becomes the dominant macrostate.

EEm Macrostate 1 —— Macrostate 1

== Macrostate 2 1000 0o ! ! ! | o —4— Macrostate 2
08 W Macrostate 3 —%— Macrostate 3
o Macrostate 4 o \ Macrostate 4
8 5107
g 8
g 06 8 1072
E £ A
b} k3
2oa z 107 e,
£ I £ 10 AR s ey
<02 B = \\"\\
I I I 105 RS
Kt |
0.0 I | TP 10-6 oo
5 10 15 20 25 30 20 40 60 80 100 120 140

Number of systems. Number of systems.

Figure 2.6: Weight of each macrostate as function of the number of systems N

Although we here demonstrated the principle of macrostate dominance for a relatively few
allowed energy states, the result can be readily extended towards canonical ensembles which
have many possible energy states E;. This result enables us to greatly simplify the calculation of
ensemble averages, as we only have to take the dominant macrostate into account as the weight
of all other macrostates will become negligibly small for sufficiently large systems. Equation
2.23 thus simplifies to

P= 11, (2:38)

where n; is the number of systems in energy state E; for the dominant macrostate only.

£ Practice your understanding

Exercise 2.1

Maxwell-Boltzmann distribution law

In the previous section we have seen that there is a single macrostate that has so many microstates
that its weight towards the ensemble average dominates. Thus, our objective is to find the
configuration of n; that maximizes 2 for that macrostate. From here on, we define the number
of microstates corresponding to the dominant macrostate by the variable Q.5 Furthermore,
instead of Equation 2.21 wherein we iterated over the number of subsystems, we will here iterate
over the set of possible energy states E;, taking explicitly the degeneracy factor g; of each energy
state into account as given by

op = T2 (2:30)

5The 'D’ refers to distinguishable.
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In this formula, the degeneracy factor g; corresponds to the number of quantum states that
have the same energy.® To optimize a function, we can take its first derivative and set this equal
to o. For the multi-variable function Q p (n;), this gives

% _y, (2.40)
on;

for all n; and corresponding to a maximum for Q j, under the restriction that the values for
n; adhere to Equations 2.41 and 2.42.

nj +”2+--~EZ"iZN (2.41)
i

niEy +ngBy+..=> ;B =E (2.42)
[

where N is the number of subsystems in the canonical ensemble and F the total energy
of the system. By changing the values of ny, no, - - - n; by a small amount dn;, the value Qp is
changed by the small amount 92 p:

o0 o0 o0
Np = i 2} onq + =D ong +---+ D on;. (2-43)
onq Ong on;

According to Equation 2.41, the above gives

Oni +0ng+---+0n;+---=0 (2-44)

and similarly Equation 2.42 yields

E18n1 =+ EQ@’NQ + -+ Eiani + .- =0. (245)

Maximizing Qp, subject to these restrictive conditions can be done by means of Lagrange’s
method of undetermined multipliers.? We therefore introduce two new variables 8 and ~, the
Lagrange multipliers, by which we obtain

o0 = 9 g ong+ (22— 5By ) ong
8”1 8n2
o0
+ +< D—7—5E1>3m (2-46)
on;

When Qp has a maximum value, i.e.

op =0, (2.47)

®In quantum mechanics, an energy level is degenerate if it corresponds to two or more different measurable states of a
quantum system. Conversely, two or more different states of a quantum mechanical system are said to be degenerate if they
give the same value of energy upon measurement.

7See Appendix B.6 on page 280.
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the values of n; must therefore be such that the left-hand side of Equation 2.46 vanishes.
Suppose that we choose arbitrary values for dng, Ony,--- ,9n;, - - -, then Onq, dng should be
chosen in such a way that Equations 2.44 and 2.45 hold. Since Equation 2.46 holds for any
and 3, let us choose values for v and 3 such that:

o

on. Y PEL=0 (2-48)

ny

o0

G~ BBy =0 (2.49)
ng

The only way to ensure that the right-hand side of Equation 2.46 is zero for any small values

of dng,Ony, -+ ,0n;,- - is to equate all values between the brackets to zero, which generalizes
to
o0
Dy BE;=0(=1,23,-). (2.50)
on;

The distribution function that gives the largest Q) is also the distribution giving the largest
InQ p, since In z increases monotonically with z. It turns out to be more convenient to maximize
InQp instead of Q p, thus we will focus on solving Equation 2.51 instead of 2.50.

dIn(Q
72‘9( D) —v—BE; =0 (2-51)
ng

By applying Stirling’s approximation (see appendix B.2) to Equation 2.51 we obtain the
following equation

anD:NlnN—N—&-Z(nilngi)—Z(nilnni—ni) (2.52)

K3 3

and taking the first derivative of the above yields

0lnQp
on;

=1Ing; —Inn,. (2.53)

By combining expression 2.51 and 2.53 this yields

Ing; —Inn; —y—BE; =0 (2.54)

and with some rearranging, this gives

Inn; =Ing; — v — BE;. (2:55)

Finally taking the exponent on both sides, we obtain

n; = g; exp (=) exp (—BE;) . (256)

Note that the above equation is the Maxwell-Boltzmann distribution law, which gives the
values for each 7; for the most probable distribution of systems among the energy levels (i.e. the
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dominant macrostate). On the basis of Equation 2.44, the sum of the most probable distribution
of systems should be equal to unity, thus giving:

Sn= A, (2:57)

where n;* is the number of subsystems in state i for the most probable distribution Q.
Furthermore,

N = gy exp(—7v)exp(—=BE1) + goexp (—7) exp (—BE2) + -+ + g;exp (=) exp (—BE;) + - -

=exp(—) (91 exp (—BE1) + gaexp (—BE2) + - + giexp (—BE;) + -+ -)

=exp(—7) Z g; exp (—BE;) (2:58)
Hence,
N N
(=) = Sigiep (—BE;) ¢’ (2:59)
where
q=>_giexp(—BE;). (2.60)

The sum g is coined by Planck as the Zustandssumme, but is also called the molecular partition
function or sum-over-states. So far, we have been talking about subsystems and supersystems (i.e. the
canonical ensemble), but what are now these systems and subsystems. Given the thermodynamic
system of interest which is represented by the canonical ensemble (e.g. a set of molecules in a
container), the subsystems can be (but are certainly not limited to)

« Different molecules.

« Different degrees of freedom in the same molecule (wherein the supersystem is a set of
identical molecules).

« Molecules adsorbed on different active sites on a catalytic surface.

For example, let us consider the subsystems to be the same molecule (particle) which can be
in each of two possible energy states. The term partition function becomes obvious when one
wants to evaluate the fraction of molecules in each of the energy states, for example:

Mgk 0 9y€Xp (=BE;) (2.61)

" gjexp (*BE]‘)

In other words, for a given assembly of particles, the partition function shows how the
molecules are allocated among the different energy levels or equivalently, how the total energy is
partitioned among the molecules.

In principle, we can drop the degeneracy factor g; by including the degenerate states as sepa-
rate (though identical in energy) states in the summation. Using this approach, the probability
to encounter the system in state ¢ is then given by

& CHAPTER 2
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p— o (=PE;)

= m (2.62)

The only remaining matter is to define 8. From thermodynamic considerations it is obvious
that there is some relation between the value 3 and the temperature 7. We will derive an
expression for 8 in the upcoming section.

£ Practice your understanding

Exercise 2.2

Thermodynamic variables

In Figure 2.7, the general procedure for obtaining any thermodynamic property, both mechanical
as well as non-mechanical, is shown. In the previous sections, we showed how we can utilize
probability theory to calculate averages from the canonical ensemble. From the definition of
the partition function as given in Equation 2.61, we are able to calculate a probability density or
distribution function using the approach as shown in section 2.2. In turn, from this distribution
function, we can calculate the average value for a mechanical thermodynamic property using the
discrete form of Equation 2.17 as given by

(M) = Z M; P, (2.63)

where M; is a mechanical thermodynamic value M for state ¢ and P; is the probability of
state .

Probabilit Mechanical Non-mechanical
e Distributior);s —>| Thermodynamic |- | Thermodynamic
Properties Properties
classical

postulates statistics thermodynamics

Figure 2.7: Flow diagram of the general procedure to obtain mechanical and non-mechanical thermodynamic
properties from the canonical ensemble.

By appealing to classical thermodynamics we can also calculate non-mechanical thermody-
namic properties from the mechanical thermodynamic properties. In the upcoming subsections,
we will derive expressions for the total energy, pressure, heat capacity, the entropy and enthalpy,
the chemical potential and the Helmholtz free energy from the (canonical) partition function as
given in Equation 2.6o0.

Internal energy and heat capacity

The total energy E for a system can thus be readily calculated by application of Equation 2.63.
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(B)=)_PBE; (2-64)
A
_ Tifien (77) 65
> i exp ( EBETi )
_ > Eiexp ( kBT) (2.66)
— .
_ 20Ing
= kpT? . (267)

Once we have obtained an expression for (E), we can also calculate the heat capacity at

constant volume Cy by

cy = 2B)
oT

(2.68)

Note that the heat capacity is a non-mechanical property and we calculate its value from the
average energy, which is a mechanical thermodynamic property. In other words, we have derived a

non-mechanical thermodynamic property from a mechanical one by using classical thermodynamics.

2.6.2 Entropy
The average energy E is given by

(B)=>_ PE;.

Taking the differential of (E) gives

d(E) =Y E;dP;+»_PdE;
% %

OE;

1
:_Bzi:(lnpi+lnq)dPi+zi:Pi (av)NdV'

Using the equalities

> op=1, > dP; =0
% i

and

d (Z P;ln Pi) => WPdp,
% %

(2.70)

(2.71)

(2.72)

(2.73)
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we can rewrite Equation 2.71 to

—%d S PP | = d(E)+ (p)av. (2.74)
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This result can be readily associated to the following expression in classical thermodynamics

T dS = dE + p dV, (2.75)

where T is the temperature, S the entropy, p the pressure and V' the volume. Thus we obtain
the following association

TdS<—>—%d > Pnp|, (2.76)

K2

which can be rewritten as

dsS — BLTdG’ (2.77)
wherein
G=— > PP, (2.78)
i

From classical thermodynamics we know that the left side of Equation 2.77 is an exact
differential®, hence the right side of the equation also has to be an exact differential. This
condition will be met if ﬁ% is any function of G, in such a way that

dS +— ¢(G)dG = df (@), (2.79)
where

76 = [ e(cac (2.80)
and

?(G) = % (2.81)

Integrating Equation 2.79 then yields

S f(G) +¢ (2.82)

8 A differential is said to be exact if the corresponding vector field is conservative. The thermodynamic function G is a
so-called state function, which holds the property that a change of a state function during a process depends only on the
initial and final states of the system, not on the path of the process.
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where cis an integration constant independent of G and therefore independent of the variables
on which G depends. From experiment, it is known that the entropy always involves the difference
in entropy between two states. Therefore, the constant ¢ will cancel out upon calculation of such
a difference and we are thus allowed to set ¢ = 0 for convenience.

We now wish to obtain an expression for the function f(G). From thermodynamics, it is
known that the entropy is an additive property in the sense that

S(AN B) = S(A) + S(B). (2.83)

Thus the function f(G) should also have this property in the sense that,

f(Ga+Gp)=f(Ga)+ f(Gp)- (2-84)

or in more general terms

fle+y) = f(@) + fy)- (2-85)

Differentiating Equation 2.85 gives

df(+y) O +y) _ df(@+y) _ di(z)

= (2.86)
dlz+y) Oz d(z +vy) dz
df(z+y) dz+y) _ df(z+y) _ df(y) (2.87)
diz+y) 9y d(z + y) dy ‘
hence
df (x) _ df (y) ] (2.88)

dx dy
In other words, a function of z is equal to the same function of y. The only function that
satisfies this property is a constant. Thus

—k (2.89)

flz) =kz+c (2:90)

where c is another constant. In order to satisfy Equation 2.85, we have to set this constant to
¢ =0and f(z) = kz. Plugging this result into Equation 2.82 yields

S +— f(G) = kG (2.91)
S +— —k Z P;In P;. (2.92)

?

Furthermore, from Equation 2.79 we have

HG)= —-=k=— (2.93)
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or

1 1
— «— Bk, — .
T B B

T (2.94)

The constant k is at this point still unknown, but can be derived from experiment. Typically,
it is derived from the pressure of an ideal gas by which it can be found that k¥ = kg. Thus we
obtain the following expressions for calculating the entropy from the partition function:

E; E;
exp exp (—
= —kBZ ( ) In ( . E ) (2-95)
= kg ZP +kBZP In (g) (2.96)
= <1iE% Al (q)> (2:97)
— kT (881;(1) +kplng (2.98)
= i (kgT'1ngq) 2
= 57 (ksTIng). (2:99)
Free energy and the chemical potential
If we substitute Equation 2.62 into Equation 2.92, we obtain
_(B) _E A
SfT—ﬁ-kBlan? ok (2.100)

where A corresponds to the Helmholtz free energy as given by the classical thermodynamical
expression

dA = —SdT —pdV + _ p;dN;.

i

(2.101)

By rewriting Equation 2.100 and inserting the expressions for the internal energy and the
entropy (Equations 2.67 and 2.99), we can derive an expression for the Helmholtz free energy by

A=E-TS (2.102)
1
= kT2 88;" - Ta% (kgT'ngq) (2.103)
0l o0l
= kBTQ% - kBTQ% —kgTIng (2.104)
and by noting that the first two terms cancel each other out, we obtain
A= —kgTlng. (2.105)

From the Helmholtz free energy, we can derive an expression for the pressure as
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0A dlng
=—(= = kT . 106
b (3V)T,N ° ( oV )T,N (3:106]
And for the chemical potential we have
0A Olng
=| = = —kgT . .
K <6N)T,V B ( ON )T,V (2.107)

Finally, for the enthalpy we obtain

1
H=E+pV = kyr2 204

Olng
kgT V. 108
e ( ov )TN (3209}

2.7 Partition functions of subsystems

Sometimes it makes sense to calculate the overall partition function of a system by considering
the individual partition functions of its subsystems. If a system can be divided into IV subsystems
with negligible interaction, then the overall partition function? is given by

Q= Hfh'- (2.109)

For example, the total partition function for an ensemble of N distinguishable particles
which all have the same partition function, the overall partition functions can be calculated from
the product of the partition function of its subsystem. If the partition function of each of these
subsystems is the same, the overall partition function is given by

Q=4". (2.110)

If the subsystems are identical particles’®, which are impossible to distinguish from each
other, the partition function is calculated by

gV
— K3
Q= H N;l (2.111)
7

which reduces to

Q=— (2.112)

when the individual partition functions for the particles are the same.

9Sometimes a capital Q is used to distinguish the partition function pertaining to an ensemble versus the partition
function of a single species or a single subsystem. In other cases, subscripted labels will be used to indicate the meaning. It
should be clear from the context what is exactly meant.

°We mean with identical here in the quantum mechanical sense.
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Gibbs Paradox

At this point, you might wonder where the 1/N! correction in Equation 2.112 comes from. The
1/N'! correction is best explained using Gibbs paradox, which is a semi-classical derivation of the
entropy that does not take into account the indistinguishability of particles, yielding an expression
for the entropy which is not extensive (thus a paradox). The paradox goes as follows: Consider
an ideal gas of N (indistinguishable) particles in a container with a fixed volume V. A partition
separates the container into two sections with volumes V; and V5 in such a way that
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Vi+Vo=V. (2.113)

Also, there are N7 particles in the volume V; and N» particles in the volume V5. Itis assumed
that the number density is the same throughout the system as given by

Ny Ng

R TATA (2.114)

Consider what would happen to the total entropy if the partition would be removed. Since
the particles are identical, the total entropy should not increase upon removal of the divisor as
the particles cannot be distinguished from each other. Let us first calculate the entropy without
the 1/N! factor and then calculate the entropy with the 1/N! factor.

Figure 2.8: Gibbs Paradox: What would happen to the total entropy when going from the left situation to the right?
The entropy of the particles in the container on the left is the same as that for the particles in the container on the
right.

The total entropy without the 1/N! factor is given by

0
S = 7T (kgT1ngq) (2.115)
7]
=57 (NkgTIlng(V)) (2.116)
= NkBTa% Ing(V)+ Nkglng(V). (2.117)

Thus the total entropy before and after are

0 0
Spefore = N1kp TB—T Ing(Vy) +In q(Vl)] + Nokg [Ta—T Ing (V2) +Ing(Va)|, (2.118)
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and

1o}
Suer =k (V1 + M) (T (Vi +13) + g (Vi + V2) ) (2.119)

respectively. Thus, the difference in entropy AS is given by

& CHAPTER 2

AS = Safier — Spefore (2.120)
_ 9 a(V) a(V) 9 a(V) a(V)
= kgNy |:T8Tln <q(V1)> +1In (!](Vl)):| + kg No |:T8T]n <q(V2)> +1In <q(V2)>:| .
(2.121)

Since the volume V is constant, V cannot be a function of 7. Furthermore, g scales linearly
with V in the sense that V is only a multiplicative factor in the partition function g. Thus, the
term V cancels out when taking the derivative of ¢ towards 7" and the following identity holds™

8iTlnq(Vl) = 8iTlnq(VQ) = 8iTlnq(Vl +V3). (2.122)

Using the identity above, we can further simplify the expression for AS as

AS = kgNpIn (;((\‘/?)> + kgNaIn <:((“//2))> # 0. (2.123)

Since the entropy is an extensive property, AS should be equal to zero. Let us now introduce
the correction factor 1/N! and apply the Stirling approximation In N! & NIn N — N. We then
obtain for S7 and Sy

S1 = Nikgp {Ta%lnq(Vl) +Ing(Vy) —InNy + 1] (2.124)
19}
So = Nokp {Tﬁ Ing(Va) +Ing(Va) —In Ny + 1] (2.125)

and for the situation after the divisor has been removed
0
Safter = kB (N1 + N2) Tor Ing(V4 + Vo) +Ing (V1 + V2) —In(Ny + No) + 1) . (2.126)

Taking the difference between these two and using the identity as shown in Equation 2.122
yields the following expression for the change in entropy upon removal of the divisor

AS = Spefore — Safter (2.127)
— kgNyIn (;(ﬂ?)) 4 kgNoIn (qq((“/;))> — kgN;In <]]VV1> — kgNoIn <]]\>f2>
(2.128)
_ a(V) N q(V) Na
=kgNiln ( N q(V1)> + kgNa In < N q(V2)> . (2.129)

2
V' by which you can

: 3/
“In Chapter 3, the translational partition function will be shown to be gr = (W;#)

verify that this statement is indeed valid.
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We already stated earlier that g scales linearly with V. Since all other properties upon which ¢
depend are the same because the gas particles are the same, this implies that the only difference
between the partition functions comes from the value of V. In other words,

av) _ (V) (2.130)
aV1) W
Using this equality gives
V Ny V No
AS =kgNiIn| —— kgNoln | ——=]. .
B 1H<NV1>+BQH<NV2> (2.137)
Since the number density is the same in both partitions of the volume as given by
N N. N
_M_M_N (2.132)
1% Vo \%4
this implies that
_ P P
AS = kgNiln (7) + kg Ng In (7) y (2133)
p P

by which the logarithmic terms vanish as In(1) = 0, giving the expected result of AS = 0.
Thus, it seems that the 1/N! term is absolutely necessary to resolve the paradox.

Quantum mechanical explanation

Although we have now found a practical way to resolve the entropy problem, it does not readily
explain why the factor of 1/N! is required. The answer to that question originates from quan-
tum mechanics. From a quantum-mechanical point of view, the arrangement of the particles
is operationally indistinguishable from any other arrangement as the particles themselves are
indistinguishable. In our formulation of the partition functions as shown in Equation 2.60,
we sum over the particles but we should sum over all the quantum states of the system. If
two indistinguishable particles are swapped, no one would be able to tell. In fact, all possible
permutations of the indistinguishable particles pertain to the same single quantum state and
should thus only be counted once.

Thus, if we know the total number of possible permutations that leave the system in the same
state, we can calculate the correction factor. Consider a system of only five particles. How many
different permutations are possible? The answer to this question is relatively straightforward.
We can place the first particle in any of the five options, for the next particle, only four options
remain. For the third particle, there are only three options left and so on. Thus, the total
number of possible arrangements is 5 -4 - 3-2 -1 = 5! = 120. In general, there are N! possible
arrangements for IV particles and from this we can readily see that the correction factor to resolve
the over-counting is 1/N!. 12

2t should be noted here that this correction factor is only valid in the limit where the number of available states is
significantly larger than the number of particles by which we can safely assume that two particles rarely find themselves
in the same state. If this assumption cannot be made, Bose-Einstein or Fermi-Dirac statistics has to be used of which the
Boltzmann statistics as presented here is a limiting case.
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Equilibrium constants

Consider the arbitrary reaction that proceeds in a closed vessel at constant volume V and pressure
p as given by the following reaction equation

kT
IJAA—FI/BB‘k_—_\IJCc—FI/DD. (2.134)

The Gibbs free energy of this reaction is defined as

AG = win; = vopg + VDID — VARA — VBIB- (2.135)

K2

At equilibrium, the Gibbs free energy is equal to zero. By insertion of Equation 2.107 in
Equation 2.135 and using Equation 2.112 (because molecules are indistinguishable particles), we
obtain

9 g
> —vikgT—— |In | - =0, (2.136)
. AN; N;!

K2

where g; is the partition function of molecule i and N; is the total number of molecules s.

Because the kg7 term does not depend on the index i, we can drop it. Furthermore, we can also
drop the minus sign.® Thus, we can rewrite the above equation to'4

e %
0= ; zzlkBTaNi In Nl (2.137)
N.
N 9
= ;’/z N, In A (2.138)
:Z:V‘i [N;In(q;) —In(N;1)] (2.139)
; ZaN,L (2 X2 K2
=> v [Niln(g;) — NiIn(Ng) + N;] (2.140)
—~ " ON;
N
= v |In(g) —In(N;) — =L +1 (2.141)
i Ni
= Z v; [In (g;) —In (N;)] (2.142)
%
=t | [[d/ | -m (][] N (2.143)
i %
= \I1a" ) - (IIN ) =0 (2.144)
% i

BBecause the equation is equal to zero, we are allowed to multiply both sides by -1.
4Note that in the derivation, we have used Stirling’s approximation to simplify the In (N'!) term. More information
about Stirling’s approximation can be found in Appendix B.2 on page 278.
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by which we obtain

Kn(T,V)=]]d/ =N/, (2.145)
7 %
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wherein Ky, is a number-based equilibrium constant that depends on temperature and
volume. Applying the above formula to our example reaction yields

NVC NVD ql/c qVD
c D C D

Kn(T,V) = NVANVB ~ VA VB’ (2.146)
A VB 94 9B

thus the number of molecules at equilibrium is related to their corresponding partition
functions. It is often convenient to express the equilibrium constants in terms of concentrations
or number densities. We can do this by dividing both g and N by the volume V such that p = N/V,
by which we obtain

(No/V)7C (Np/V)'P  (ac/V)" (ap/V)"P

(Na/V)"A (Ng/V)™P (aa/V)"* (aB/V)"®’ (2.147)
which is equal to
ey (ac/V)" ap/V)"P (2.148)

Pitey (aa/V)™ (ap/V)"”

wherein K¢(T') is a number-density-based equilibrium constant that only depends on the
temperature 7. Multiplying all terms by kgT" and assuming the ideal gas law, yields

pe’Pp’ _ (acksT/V)™ (apksT/V)™ _
Vi VB VA 75 = Kp(T), (2.149)
P4 Pp (qaksT/V)"* (qpksT/V)

by which we can define a pressure-based equilibrium constant K (7).

The various kinds of equilibrium constants can be connected to the standard Gibbs free
energy of reaction as follows. First, we need to define the so-called thermodynamic equilibrium
constant|3] as given by

K

. AG?
(a;)"" = exp < kBir“ ) ) (2.150)

7

Next, the chemical potential 1 is related to the standard chemical potential 1© by

pi =+ kpTn (a;) = pf + kpT'ln (qsz» ;%) : (2.151)

wherein p is the standard chemical potential for the pure phase, which is the chemical
potential under specified standard conditions (i.e. being in the standard state; typically p = 1 atm
and T = 298.15K), a; the activity of component 4, p* is the standard pressure and ¢; the fugacity
coefficient of component ¢, which from here onwards we will consider to be unity.

Insertion of Equation 2.151 into Equation 2.150 and expanding the natural logarithms gives
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In(K)=1n (H (pi/pe)”) (2.152)

= Z viln (Pz‘/l’e> (2.153)
i
i = pg
= Z Vi (2.154)
©
= - AG . (2.155)
kT

From this, we can readily relate the thermodynamic equilibrium constant, to the other
equilibrium constants, essentially connecting these to the Gibbs free energy of the reaction. For
the pressure-based equilibrium constant we obtain

Kp(T) = H(pz i = H (qiksT/V)" = K (I,e)A" _ <pe)AV oxp ( AGf) |

kgT

(2.156)
where

Av=>"v;. (2.157)

For the number-based equilibrium constant we obtain

Av
kgT < AGE
HNVZ_H Vl:(B ) Kp=<i‘T/> exp<_kG:;>7
B B

(2.158)

and for the number-density-based equilibrium constant

o \ Av °
Ke(T) = Hp”’ = H (ai/V)"" = (keT)2 Kp = <:BT> P ( AkBG% ) '

(2-159)

In summary, we have defined three different variants of the equilibrium constant, which
differ only by the variables of interest that we use. These are the number-based equilibrium
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constant Ky (T, V), the number-density based equilibrium constant K.(T) and a pressure-based
equilibrium constant K (7T"). These three different types of equilibrium constants can in turn be
connected to the standard Gibbs free energy of the reaction via the thermodynamic equilibrium
constant.
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2.9 Application of partition functions

Let us consider a simple example to illustrate the theory shown in this chapter. Consider two
systems (A and B) which each have two states separated by an energy AE and where the ground
state energy of A lies AFE lower in energy than system B. The partition function for system A is
then given by

AE;
— o _ 2.160
a4 ;gz Xp< kBT) (2.160)

=1+exp <_kA§> (2.161)
B

and for system B by

_ _ _AE;
4B = ) _ giexp ( kBT) (2.162)

(2.163)
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Figure 2.9: Partition function q for system with particles A and B and the occupancies of the energy states of A as
function of temperature.
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In Figure 2.9, the partition function of A and B as well as the occupancy (n) of energy states
Ag and A; are shown as function of temperature. At very low temperature (please note the
logarithmic plot), only the ground state of A is occupied as this is the lowest state. With increasing
temperature, the first excited state of A becomes increasingly occupied. At very high temperature,
system A is half the time in the ground state and half the time in the first excited state. From the
ergodicity principle, this is the same as saying that if we would construct a large ensemble of
particles of A, half of these particles would be in the ground state and half in the first excited
state at any point in time. These occupancies are reflected by the partition function of A. As at
low temperature only the ground state of A is occupied, the partition function equals unity as
this is the only state that A can reside in. With increasing temperature, the first excited state
of A becomes accessible and hence the partition function increases towards a value of 2 with
increasing temperature.

For system B, a similar reasoning is valid. Since the ground state of B lies higher than the
ground state of A, at very low temperature it is unoccupied. Hence, the partition function of B
is around zero at very low temperature as there are no states the system can occupy and hence
there are no configurations possible. With increasing temperature, both the ground state as well
as the first excited state increase in occupancy and the total partition function for B increases
towards 2.

We can define an equilibrium between A and B with a corresponding equilibrium constant

_ap _ o (CRF) rer (CHF)
T w(RD) o

1.0 — Equilibrium constant K= qg/qa /—-—

o
©

o
o

o
IS

Equilibrium constant K (dimensionless)
I
N

0.0

1072 107! 10° 10! 107
Temperature T in AE/k

Figure 2.10: Equilibrium constant K between A and B as function of temperature.

The value for the equilibrium constant K as function of temperature is depicted in Figure
2.10. Herein, we can see that at very low temperature the value for K is almost o as at this
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temperature only states of A are occupied. At the very high temperature limit, all states of A and
B are equally occupied. This is reflected by K, which has a value of unity.
We could for example also calculate the total energy, which for system A would be

Ey = kgT? (881;‘1) (2.165)
- W (2.166)
and for system B
Ep = kyT? (i}l);q) (2.167)
AR o
O ™

Careful examination of the above two formula shows that the total energy is simply the
occupation fraction of a particular state multiplied by the energy of that state. This is of course
exactly what you would expect for the total energy. At the lowest temperature, the total energy of
a molecule corresponds to the energy of the ground state and with increasing temperature, the
total energy increases as well as more states at higher energy are occupied.

From the above, it should be clear that once the partition function of a system has been
defined, we are able to calculate many meaningful thermodynamic properties. In section 3.3, we
will calculate heat capacities using molecular partition functions and in section 4.2, partition
functions are used to construct expressions for the reaction rate constants.

%
Qe

£¥; Practice your understanding

Exercise 2.3, 2.4, 2.5 and 2.6

T Challenges

Exercise 2.7
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Exercises

The answers to the exercises can be found at the end of this Chapter on page 111. The exercises
are marked by a number of gears to indicate their difficulty levels.

@ EXERCISE 201 LHH}

Consider a canonical ensemble of ' = 5 subsystems. There are six allowed energy levels
Eg, E1, Ea, E3, Ey4, Es5, where the index i in E; corresponds to how many units of energy are in
the energy state E;. The total energy of the canonical ensemble is set at Ey,,; = 5.

a) List the set of different macrostate configurations. How many macrostates are there in total?

b) How many microstates are there for each macrostate? You are not expected to list all the
possible configurations.

¢) Which macrostate will be the dominant macrostate in the limit ' — oco?

@ EXERCISE2.2 %

In NMR spectroscopy, a magnetic field is applied to create an energetic difference between
spin-up (o) and spin-down (3) protons, creating a two-level system. Assume that the spin-up
protons are aligned with the magnetic field (more favorable and thus exothermic) and spin-down
protons are oppositely aligned (less favorable and therefore endothermic). Their energies are
then given by

1
Eq = —E’YNBOH (2.169)
Eg = +%'yNBOh (2.170)

Calculate the distribution of protons that are in the excited state as given by the ratlo
at room temperature. Assume that the NMR has a magnetic field strength of 1.4 Tesla. The
gyromagnetic ratio vy of a proton is 42.577 MHz / Tesla.

@ EXERCISE 2.3 {H

Consider the equilibrium for the dissociation of A in B and C according to

ASB+C (2.171)

A has four energy levels. One ground state, two degenerate excited states AE above its
ground state and a second excited state 2A E above the ground state. B has two energy levels of
which the lowest energy level is AE above the ground state of A and another energy level that
lies 2AE above the ground state of A. The ground state of C lies at the same level as the ground
state of B. Furthermore, there are two degenerate excited states that lie 2A E above the ground
state of C.

& CHAPTER 2
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a) Provide the equilibrium condition for this system.
b) Express the equilibrium constant K in terms of the partition functions of A, B, and C.

¢) What are the limiting values of K at zero and at infinite temperature?

& EXERCISE 2.4 $H¥

A molecule A has two energy states separated by AE.

a) Derive an expression for the partition function of A and calculate the value of the partition
function at o K and infinitely high temperature.

b) Suppose that A is in equilibrium with its isomer B which has the following energy levels
with respect to the ground state of isomer A: AE/2, 3AFE/4 and AE. Derive an expression for
the equilibrium constant K and compute the limiting values of K at low and high temperature.

EXERCISE 2.5 {HH

Two isomers A and B are in equilibrium and possess the following spectroscopically deter-
mined energy levels

EZA =iAE (2.172)
B_ (]
Ey = (5 + 1) AE (2.173)

with4,j =0,1,2,3, ....

Provide an expression for the equilibrium constant for the isomerization between A and B as
a function of temperature and provide values for this constant at 7' = 0.1AE /kg, T = 2AE /kg,
and T = 10AE/kg and at infinitely high temperature. You will get an infinite geometric series
for which an exact solution is known. If you forgot about geometric series, have a look at Appendix

B.5 on page 279.

& EXERCISE 2.6 $HH}

Consider the equilibrium:

A+B=C+3D. (2.174)
Assume that:

+ A has three energy levels separated by AE.

« B has two energy levels, all separated by AE and the ground state at the same level as the
ground state of A.
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« Cand D both have only a double-degenerate ground state located 2A E above the ground
state of A.

a) Draw a schematic representation of the energy levels of all the molecules.

& CHAPTER 2

b) Derive the partition function for each of the molecules.

) Derive the equilibrium constant for this system.

d) What is the value for the equilibrium constant at very low and very high temperature? Provide
a chemical interpretation for your findings.

€ EXERCISE 2.7 {HHH}

In this exercise, we are going to explore the Maxwell-Boltzmann distribution in greater detail
by considering a relatively simple example. Consider an ensemble of 5 particles among which
you can distribute 6 units of energy. There are a number of ways that 6 units of energy can be
distributed over these 5 particles. For example, one way to distribute 6 units of energy among 5
particles is by placing all 6 energy units into a single particle and leaving the other four particles
in the ground state. This can be done for each of the 5 particles, hence there are 5 ways of doing
this.

To make this exercise a bit more tangible, we will differentiate between macrostates and
microstates. We define a macrostate by only stating the number of particles in each energy level.
Placing all 6 energy units into a single particle and leaving the other four in the ground state
is in this terminology called a macrostate. Exactly which particle is excited and which are left
in the ground state is in turn termed as a microstate. One way to look at this differentiation
is by considering whether or not we treat the particles as distinguishable.’s If the particles are
indistinguishable, then we could only differentiate between the macrostates, but once we consider
particles to be distinguishable, we can differentiate between many more states. Those additional
states are termed microstates and each microstate can be categorized as a representation of a
particular macrostate.

The description above is schematically represented in Figure 2.11. In this Figure, three
macrostates and their corresponding number of microstates are given.

Within a Maxwell-Boltzmann distribution, all particles are distinguishable from each other.
Hence, for the first macrostate as shown in Figure 2.11, there are 5 microstates. For the second
and third macrostate, there are 20 microstates.

a) Show that the number of microstates for each macrostate is given by

N!

Q; = mv (2.175)

where N is the total number of particles and n; is the number of particles in energy level i. You
only need to show that this formula is correct for the first three macrostates. You are not expected
to derive this formula (although of course extra credits if you are able to do so).

SRecall that within a Maxwell-Boltzmann distribution, particles are considered to be distinguishable.
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Q=5 Q=20 Q=20
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Figure 2.11: Schematic depiction of the first three macrostates for distributing G units of energy over 5 particles.
Above each subfigure is the number of microstates for that particular macrostate given.

b) Find the other macrostates (there are 10 in total) and show that the total number of microstates
of all macrostates amounts to 210. You can identify the remaining macrostates by using the same
schemes as shown in Figure 2.11, but another way of classifying them is by making "sumrows”.
A sumrow is constructed using a set of numbers which are added together to create the sum. In
our case, the sum is always equals 6 and you can only use in total 5 digits. To exemplify this, the
macrostates as shown in Figure 2.11 are the following sumrows:

(a) 6+o+o+o+o
(b) s+1+o+o+o

() 4+2+0+0+0

Choose the method of your preference and show all 10 macrostates and calculate their corre-
sponding number of microstates.

¢) Show that the total number of microstates for distributing g levels of energy over N particles
is given by

(2.176)

Q(N,q) = <‘I+N1> _lg+N-1!

q g (N -1

Again, you only have to show that Equation 2.176 is valid for this example.
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d) Calculate the average number of particles in each energy level using the following formula

Q.
nj =3 cin . (2.177)

K3

where Q; is the number of microstates in macrostate i, Q is the total number of microstates
and n; ; is the number of particles in energy level j in macrostate 4. Plot this average number
as a function of energy level i and determine the parameters A and c by fitting the following
distribution function

n; =A-exp(—c- E;) (2.178)

where E; is the total energy of the system using arbitrary “units of energy” AE.

Compare your distribution function with the Maxwell-Boltzmann distribution function. How
well does the distribution function you constructed deviate from the exact Maxwell-Boltzmann
distribution function? For example, you can calculate the R? of your fit, but a visual inspection
is sufficient. Why does your distribution deviate from the exact result?

€) Use the equation you have obtained to calculate the temperature of this ensemble given that
the energy levels are separated by 2 kJ/mol.

Solutions

The solutions below pertain to the exercises of Chapter 2 on page 107 and further.

(¢' SOLUTION 2.

a) In total, there are 7 possible macrostates. These are

(@)
(b)
(©

(4,0,0,0,0,1)
(
(
(d) (2,2,0,1,0,0)
(
(
(

3,1,0,0,1,0)

3,0,1,1,0,0)

()
()
(g)

2,1,2,0,0,0)
1,3,1,0,0,0)
0,5,0,0,0,0)

In this notation, a macrostate is given by

(no,m1,n2,n3,n4,n5) (2.179)
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where n; is the number of systems in quantum state i. Note that for each macrostate, it can be

found that
: 5
% N = Z ni=5 (2.180)
=0
and
5
Ey = Z n; - E’L = 5. (2..181)
=0

b) The number of microstates per macrostate can be calculated using Equation 2.21. These are
Q1 =5, Qy = 20, Qg = 20, Qy = 30, U = 30, Vg = 20, U7 = 1.

¢) Expanding the size of the ensemble beyond A = 5 does not provide any new macrostate
configurations, but only adds additional states of E to the configurations. The macrostate which
will become the dominant macrostate is that state which has the least amount of subsystems
with energy Ey. This corresponds to S7, which will have N — 5 subsystems with energy Ej,
whereas all other macrostates have ng > A — 5.

(¢' SOLUTION 2.2

The energy difference can be calculated using the given formula.

YN Boh

AE = vy Boh = (2.182)
2T
From this, the distribution can be readily calculated, giving

ni B —AFE

e =P < T (2.183)
_ —InBoh
= exp <27rkBT > (2.184)
= 0.999998472 (2.185)

In conclusion, there is a slightly smaller fraction of H-nuclei in the excited spin-state.
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(¢’ SOLUTION 23

€1
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AE AE

aj

bo

€0

AE AE AE

ag

Figure 2.12: Energy level diagram of A, B, and C.
a) The equilibrium constant in terms of the partition functions is given by

i gBdc
K = ¢ = 2= 2.186
I =5 (2.136)
b)
2 €
aa = Z gj eXp _kBT (2.187)
7=0
AE E

=142 - - 188
+ exp( kBT>+exp< kT) (2.188)
= ex _AE + ex _28E (2.189)
qB = exp knT P kT 189
=ex _AE + 2ex _3aE (2.190)

qc = exp kpT P kpT 19

A 2AFE 3AE
K= (exp< W)Jrexp(i kBT)) (exp( kT)JrQexp(ikT)) (2.191)
1+ 2exp (f kAB%:) + exp (*%?7@)
9
im K= 29 _
YlnanOK =7 = 0 (2.192)
2-3 3
lim K=—=— .

T 4 2 (2193)
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The partition function for molecule A is

1
_ &
aa = ;ew < kBT> (2-194)

AFE
=1+exp <_kBT> (2.195)

The partition function at ' — 0 gives

li =1 .196
Jimga (2.190)

The partition function at T' — oo gives

Tlim qa =2 (2.197)
—00
ai AE bo
4y by
M¢
AE [ A7

py

The partition function for molecule B is

2
€
qB = igoexp < kBZT> (2.198)

B\ 3AE | AE 2199)
= X e — € _—— ex _—— .
P\ "2t ) TP\ T dkpT P\ T heT 29

The equilibrium between A and B is given by

K=]]d" (2.200)
i=0
=8 (2.201)
7N
E 3AE AE
_ o (cayr) +ew (CiRF) e (CR7) (2.202)
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The equilibrium constant for T' — 0 yields

0
lim K=-=0 (2.203)
T—0 1

The equilibrium constant for T — oo yields

3
li K=—- 2.20
Tg)noo 2 ( 4)

(¢' SOLUTION 2.5

Note that the spectroscopically determined energy levels of A and B are an infinite series of
energy levels. The series of molecule B starts somewhat higher (A E) than the series of molecule
A and furthermore, the energy separation of molecule B is half the size of that of molecule A.

AE
a;
AE
2
AE — b
AE
2
ag A, b2
AE
2
AE — b
AE
2
ai — b
AE AE

ag

Figure 2.13: Energy level diagram of the spectroscopically determined energy levels of A and B.
The partition function for A yields

aa = Zexp - ZT (2.205)
i=0 B
oo
AFE
g =) exp <szT> (2.206)
1=0

. INAY
= ;Jexp <kBT> (2.207)

The partition function for B yields

& CHAPTER 2
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qB = Z exp —kB—JT (2.208)
7=0
= Z exp ( (% + 1) kT) (2.209)
=0 B

AE\ & INAY
=exp| ——— Z exp | ——— (2.210)
kgT = 2kgT

The above sums are geometric series (see Appendix B.5 on page 279). These series can be
simplified using the formula below

i a
Z ar® = 1 for |r| < 1 (2.211)
k=0 -

Thus we can write

—

w=— - (2.212)
1 —exp <7 é?’)

and

e (~£2)

= — P\ RT) (2.213)
AE
1 —exp (— 2kBT>
This gives for the equilibrium constant
AE AE
e (1) (“exp (*W)) ara)
K==L 2.214
AFE
qA 1—exp (_W)
The values for the equilibrium constant K are then:
K(T = 0.1AE/kg) = 0.000045 (2.215)
K(T =2AE/kg) = 1.079 (2.2106)
K(T = 10AE/kg) = 1.766 (2.217)
K(T - oc0) =2 (2.218)

In other words, at very low temperature, only levels of A are occupied. Hence, at low temperature
the equilibrium condition states that nearly all species will be in the A configuration. With
increasing temperature, more and more levels of B are occupied and the equilibrium shifts to
the situation where A and B states have same occupational fraction. Due to the fact that there
are twice as many levels of B (because of its separation which is half the separation of the energy
levels of A); the equilibrium constant yields 2 at infinite temperature.
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To solve for the limiting case (" — o0), it can help to employ 'Hopital’s rule (see Appendix B.y
on 281), which states

o f@) ()
:vlgl;la m = mgna g/(gg) (2'219)

Applying this rule, yields

AE AFE
e (-7 (1 - exp (‘r)>
K(T — c0) = lim (2.220)
T—oo 1—exp (— 2y )
2ksT
AE AE 2AE
s T2 (eXP (_7T) (1 —exp (—ﬁ)) —exp (‘m))
= Tlim AL
e 2k 12 P ( 2I~cBT)
) (2.221)
_|[AEa0-
= Thm B - (2.222)
oo oy T2
[_ AR
. kgT
=1 2.22
TE)noo —AE :| ( 3
| 2kpT2
=2 (2.224)
AEI
s
A B C D
Figure 2.14: Energy level diagram of the A, B, C and D.
a)
b)
1+ AL + 280 (2.225)
= €X] e— €X] — .
qa p kpT p kg T 5
AFE
1 _ 2.226
qg =1+ exp < kBT> ( )
2 28E (2.227)
=2e - .
qc Xp nT 7
2AFE
=2 — 2.228
o =sen 2) -
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9
o
&
5 acd
3 K=—= (2.229)
o dA4B
16 exp (— Skéql? )
= (2.230)
AE 2AE AE
(1 +exp (_kTT> +exp (_ ks T ) (1 + exp (_kTT))
d) Taking the limits, yields the following results for the equilibrium constant:
0
K(T —0) = 1 =0 (2.231)
K(T — o0) = 31—62 = g (2.232)

At zero temperature, only the ground states of A and B are occupied. At infinite temperature, all
states have equal probability to be occupied and hence the equilibrium constant should reflect
the quotient of the product of states of both sides of the equation, which corresponds to 2 - 23
states on the right hand side and 3 - 2 states on the left hand side.

(¢' SOLUTION 27

a) The total set of macrostates and the corresponding number of microstates for each macrostate
is schematically represented in Figure 2.15. The number of microstates were calculated using

Equation 2.175 on page 109. For example, the number of microstates for macrostate 4 is given
by:

Qy = o! —120—30 (2.233)
AT oo 10022l 4 0 233

b) The total set of possible macrostates is shown in Figure 2.15. Each subfigure represents one
particular macrostate. Above each subfigure the number of microstates is given.
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Figure 2.15: Schematic depiction of all macrostates for distributing 6 units of energy over 5 particles.
¢) The total number of microstates is calculated as

Q. q) = B3 =D _ 3628800
V=g 500 T 72024

(2234)

d) We calculated the average number of particles per energy state using Equation 2.177 on page
111. We obtained the following numbers as given in Table 2.2.

Table 2.2: Average number of particles n; per energy level .

3 ng

2.000

1.333
0.833
0.476
0.238
0.095
0.024

AN | D [w(Nd|[~]|O

e) The average number of particles in energy state ¢ is shown in Figure 2.16. We used a simple
curve fitting procedure to fit the data as shown in Table 2.2 to Equation 2.178 on page 111. The
result of this fit is shown in the same Figure. Note that the distribution we derived using only
five particles and six energy units approximates the exact Maxwell-Boltzmann distribution to a
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very large extent. Increasing the number of particles would result in a better match with respect
to the exact solution. Typically, you would consider a number of particles in the order of 1023,
which would give the exact solution.™

Average population at energy level i

2,001 &

o e = = = =
U N =) N U N
o o S & o a
! ! ! | ! )

0.25 4

0.00 4

Energy level i

Figure 2.16: Average number of particles as a function of the energy level. The dotted line represents the curve fit.

We obtained a value of A = 2.15 and ¢ = 0.538. From this, the temperature is easily calculated
(using AE = 2000 ]) as

(2-235)

Reproduce  the results of subquestions d) and
e) by reviewing this Google Spreadsheet?:
2 https://docs.google.com/spreadsheets/d/
1KBcpOAJIVmM7aIDCqAGRIOKVDe9EWr4DgNnS7vb51XcPw/
edit?usp=sharing

“Credit to Douwe Orij for creating this Spreadsheet.

16 Although figuring out all the macrostates and number of microstates would become nearly impossible, but that is
exactly why we employ statistics.


https://docs.google.com/spreadsheets/d/1KBcp0AJVm7aIDCqA6RI9KVDe9Ewr4DqNnS7vb51XcPw/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1KBcp0AJVm7aIDCqA6RI9KVDe9Ewr4DqNnS7vb51XcPw/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1KBcp0AJVm7aIDCqA6RI9KVDe9Ewr4DqNnS7vb51XcPw/edit?usp=sharing
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Introduction

In the previous chapter, we covered the fundamentals of statistical thermodynamics. The concept
of partition functions was introduced and we showed how important thermodynamic variables can
be readily calculated from these partition functions. The partition functions employed were quite
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general. In this chapter, we will derive specific expressions for the canonical partition functions
for molecular systems. Herein, we will utilize the principle of independent subsystems. We start
this chapter by first introducing the concept of the potential energy surface and the identification
of important points on this surface, as it helps in the understanding of the association of degrees
of freedom to the partition functions. Thereafter, the molecular partition functions are derived
and a few applications of these are shown. This chapter acts as the foundation of the next chapter
which treats transition state theory and the chapter thereafter, which applies the concepts of
molecular partition functions and transition state theory to calculate rate expressions from first
principles.

The potential energy surface

As mentioned in the introduction, before we continue with looking in more detail into the relevant
partition functions pertaining to molecules, we first make a brief excursion to the concept of the
potential energy surface (PES). Many important concepts that might appear to be mathematically
challenging can be more easily understood with the insights provided by the idea of the PES.
Indeed, the PES is a powerful concept on which we can build when explaining the contents of
the upcoming sections of this chapter and the following chapter.

Visualization and interpretation

Consider the dihydrogen molecule as shown in Figure 3.1a. We can express its potential energy as
a function of its interatomic distance. This is schematically depicted in Figure 3.2. The graph as
shown in Figure 3.2 is called a potential energy surface, although for a one-dimensional system
it can be called a potential energy curve. From this Figure, it can be seen that the potential
energy of H, shows a minimum as function of the H-H distance. This minimum corresponds
to the equilibrium bond distance of H,. Furthermore, we can observe that upon compressing
the H, molecule, the potential energy rapidly increases due to Pauli repulsion. Elongation of
the H-H bond also leads to an increase of the potential energy, albeit less steeply, due to the
lack of favorable orbital overlap. At a very large H-H bond distance, dihydrogen dissociates into
its two H-atom fragments. As the potential energy is given with respect to all atoms at infinite
separation, the potential energy converges to zero at very large interatomic distances.

‘ 2.
H

H

H 0.7A H O

0.97A

(@) H, (b) H,0
Figure 3.1: Schematic depiction of the molecular structures of H, and H,O. H, has a single internal degree of

freedom (DOF), which is the H-H bond distance. H,O has two internal degrees of freedom when it is constrained to
its Co, symmetry. A bond distance and an angle.

In general terms, the potential energy of a diatomic molecule is a function that depends only
on a single variable r, as given by

E = f(r), (3.1)
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0.2

0.0

-0.1

Energy in HT

-

-0.2

\_

0.5 1.0 15 2.0 2.5 3.0
H-H bond distance in A

-0.3

Figure 3.2: Potential energy curve of the dilydrogen molecule. Dihydrogen has only a single degree of freedom
(DOF) and hence its energy can be given as function of only the interatomic distance.

where FE is the potential energy and r the interatomic distance. From our chemical intuition,
we know that translation or rotation of the molecule does not change its energy.! Another way
of saying this is that the potential energy of a molecule or atom is invariant under translations
or rotations. Thus, the only way by which the potential energy can be changed is by changing
the distances between the atoms. Hence, the potential energy of a diatomic molecule is a one-
dimensional function depending only on the interatomic distance. Another way of saying this is
that the potential energy of a diatomic molecule has only a single degree of freedom. In more
mathematical terms, the function f is a so-called map as given by

f: RZO — R, (3.2)

where R~ means the set of real numbers greater than or equal to 0.2

A map is a way of associating unique objects to every element in a given set. In the case
of potential energy surfaces, we associate a potential energy to a geometry as described by a
set of variables. Maps allow us to look at functions in a more abstract sense. Maps such as the
one in Equation 3.2 are typically depicted in a graph by a single curve. It is easy to conceive a
molecular system with two or more degrees of freedom. Let us consider H, O constrained to its
Cgy symmetry as shown in Figure 3.1b. Under this constraint, we are only allowed to change
the O-H bond distance of the two O-H bonds simultaneously and change the H-O-H dihedral
angle3 Thus, given these restrictions, H,O has two degrees of freedom and its potential energy
becomes a function of two coordinates as given by

E= f(rv 9)7 (33)
where r is the O-H bond distance and 6 the H-O-H dihedral angle. Herein, f is a map# that

"From the perspective of this theoretical analysis, it is considered to be in full vacuum.

Distances between atoms correspond to vector lengths and these cannot be negative. As such, the function f always
takes a non-zero value as its input.

3Convince yourself that changing only one of the two O-H bond distances would result in a breaking of the Ca,
symmetry.

4This map takes two values as an input and a single value as an output. The input values are the set of non-negative
real numbers and an angle. Because of symmetry constraints, we only need to supply the angles on the interval [0, 7].

& CHAPTER 3
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associates a scalar (i.e. the potential energy) to an interatomic bond distance and an angle as
given by

I {RZO’ [Orﬂ} — R. (3-4)

Clearly, we can no longer construct a potential energy curve for this system, but we are able
to depict the potential energy using a contour plot as given in Figure 3.3. On the left hand side in
Figure 3.3, the potential energy as function of the O-H bond distance r and the H-O-H dihedral
angle 0 is shown. In the contour plot, darker shaded areas indicate a lower potential energy,
lighter shaded areas indicate a higher potential energy.5 From this plot, it can thus already be
seen that the minimum energy configuration of H,O corresponds to r= 0.97 A and 6 = 103.6°.
A perhaps more elegant way to visualize the same result is by using a polar plot. Herein, the
polar angle in the plot corresponds to the H-O-H dihedral angle and the radius to the O-H bond
distance. The polar plot readily shows the symmetry of the system as the upper part of the graph
(corresponding to 0 < 6 < 180 °) is a reflection of the lower part.

90°

0.000

—0.075

—-0.150

-0.225

—0.300

—-0.375

O-H bond distance in &

0.74

—0.450
0.6 1
—0.525

0.5 T T y T T T T T 1
0 20 40 60 80 100 120 140 160 180
Angle in degrees

Figure 3.3: Potential energy surface of H,O. The minimum energy configuration of H,O correspondstor = 0.974A
and 0 = 103.6°. All energies are given in Ht.

In general, given the geometry of the molecule, an energy corresponding to that specific
configuration can be defined or calculated. A system containing N atoms has 3N independent
coordinates, as each atom can be moved along three of the Cartesian axes. Nevertheless, we saw
that for the construction of the PES, fewer degrees of freedom are considered as rotations and
translations do not change the potential energy of the molecule. It is therefore useful to be a bit
more specific as not all degrees of freedom are the same. A system consisting of N atoms is said
to have 3NV degrees of configurational freedom corresponding to the three-dimensional space
wherein it exists. The value of 3N is easily enough understood as each atom in the system can
move alongside each of the three Cartesian direction.

A fewer number than 3N is however necessary to construct the potential energy surface of a
molecular system and we refer to those degrees of freedom as internal degrees of freedom. The
number of internal DOFs can then be calculated by subtracting the number of translational and
rotational DOFs from the total number of configurational DOFs. The system as a whole can
also move along three Cartesian axes, hence any system in three-dimensional space has three
translational DOFs.

Furthermore, depending on the number of atoms and their configuration, a system in three-
dimensional space can have zero, two or three rotational DOFs. Single atoms are considered
to be point particles. Since we cannot define a rotation around a single point, a single atom
has zero rotational degrees of freedom. Linear molecules, such as CO, N, or CO,, have two

SRecall that lower potential energies correspond to stabler configurations.
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rotational degrees of freedom. The rotational angles of these molecules are perpendicular to
the bond axis. This is schematically illustrated in Figure 3.4a for the CO, molecule. Non-
linear polyatomic molecules, such as H, O, have three rotational degrees of freedom. This is
schematically illustrated in Figure 3.4b.

(a) Schematic depiction of the rotational and trans-
lational axes of the CO, molecule. Because CO, is a
linear molecule, it has only two rotational degrees of
freedom and three translational degrees of freedom.

As atoms are point particles and a rotational around a (b) Schematic depiction of the rotational and trans-
point is undefined, CO, lacks a rotational axis along- lational axes of the H,O molecule. H,O has three
side the O-C-O bond axes. translational and three rotational degrees of freedom.

In summary, the number of internal degrees of freedom are

Ndofint = 3N — 5, for linear molecules (3-5)

Ndofint = 3NN — 6, for non-linear molecules (3.6)

and the function that calculates the potential energy of a polyatomic molecule consisting of
N atoms corresponds to a map that associates a scalar ton = 3N — 5 or n = 3N — 6 internal
degrees of freedom as given by

f:R3V=5 1 R for linear moleculesf : R3Y =6 s R for non-linear molecules. (3-7)

Functions that depend on a single variable are easily plotted in a graph. Two-dimensional
functions can be visualized using a contour plot or a heat map as shown in Figures 3.3. For
three-dimensional functions you could create an isosurface plot, but for any higher-dimensional
function you need to reduce the dimensionality in order to produce a plot. Hence, the full
potential energy surfaces can rarely be depicted in a single graph. The reason we were able to do
so for H, or H,O was because the number of internal degrees of freedom was either very low
(n < 2) or because we applied a symmetry constraint to reduce the number of (relevant) degrees
of freedom.

Stable points

Using the PES, we can define what it means for a molecular system to be considered stable.
Chemical stability is closely connected to the potential energy of the molecular system. A
molecule is considered stable when it resides in a so-called local minimum on the PES. The
term local refers to the possibility that several such minima exist on the PES, of which only one is
the lowest. This lowest minimum is referred to as the global minimum. You can imagine these
local minima as valleys on the potential energy landscape that are separated by mountainous
regions. Once a molecular geometry lies within such a valley, it is considered stable, as energy
must be supplied to move the system out of that valley.

©For example, by heating or excitation with photons.
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An example of multiple minima on the PES is shown in Figure 3.5a. Here, the various
isomers of hydroxyformaldoxime are explored as a function of the C-O-H (¢) and N-O-H (¢)
dihedral angles. These isomers correspond to local minima on the potential energy surface, and
the mountainous regions dividing them represent the minimum energy required to move from
one configuration to another.”

—11.6000
-11.6225
—11.6450
-11.6675

—11.6900

¢ in degrees

-11.7125

—11.7350

-11.7575

—11.7800

150 175 200 225 250
6 in degrees

(a) Potential energy surface. (b) Chemical structure.

Figure 3.5: Potential energy surface (PES) and chemical structure of hydroxyformaldoxime. The PES shows four
minima, but only one corresponds to the global minimum. All energies are given in HT.

From a more intuitive perspective, the molecules encountered in everyday life generally
reside in relatively deep valleys on their PES. Molecules such as H,O and CO,, are particularly
stable and correspond to very deep minima. It is well known that a significant amount of energy
is required to make H,O or CO, react.® A chemical reaction can therefore be envisioned as
a transition from one valley to another, requiring the system to cross the energetic mountain
separating them. These ideas will be further developed in Chapter 4.2, where transition state
theory is discussed.

Before doing so, let us examine how these stable points on the PES can be identified mathe-
matically. We will use the H, molecule as an example. The minimum energy configuration of
H, corresponds to its equilibrium bond length, which represents an extremum (a point of zero
slope) on its potential energy curve (PEC).9 To locate such points, we take the first derivative
of the energy with respect to its degrees of freedom (DOFs) and set it equal to zero. Figure 3.6
shows the potential energy E, the first derivative (%—E) , and the second derivative %25
function of the bond distance r. The local minimum on the PEC is indicated by a black circle
in all three graphs. From the left and center panels, it can be seen that the local minimum

OF

in E corresponds to (W) = 0. This condition only tells us that the point is an extremum.

To determine whether it is a minimum or a maximum, we inspect the second derivative: a
negative value corresponds to a maximum, while a positive value indicates a minimum. From
the right panel, we observe that the second derivative is positive, and thus this extremum is a
local minimum.

as a

The above reasoning can be extended to polyatomic molecules, i.e., to higher-dimensional
space. Consider the function f that calculates the potential energy as a function of n degrees of

7See exercise 3.2 on page 153.
8This is, of course, why catalysts are often used.
9The other kind of extremum is a maximum.
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Figure 3.6: Potential energy curve of H, and its first and second derivatives with respect to the interatomic bond
distance.

freedom of a molecular system, as given by

f:R" =R (3-8)

The gradient of the scalar-valued differentiable function f is given by
n
0
Vi =3 L e 3.9)
= ox;

and defines the vector field of f as

f:R" =R, Vi:R" - R™ (3.10)
A point where

Vi) =0 (3-11)

is called a critical point (or stationary point) of f. To determine whether this point is a

minimum, maximum, or saddle point, we must consider the second derivatives, which are
collected in the Hessian matrix:

H(F) = V2£(7) (3.12)

[ LT
B |: Ox;0x (F):| i1 ' (3-13)

From the definition of the V operator, it is clear that the second derivatives form a matrix
termed the Hessian matrix, with each element given by

2 f
H;: = . .
i1 = Pas, (3-14)

& CHAPTER 3
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Thus, for a system with n DOFs, the second derivatives form the n x n matrix H. H describes
the local curvature around the point 7 and is symmetric in the sense that

=H

J

If all eigenvalues™® of H are positive, the critical point 7 corresponds to a local minimum; if
all are negative, it corresponds to a maximum; and if both positive and negative eigenvalues are
present, it corresponds to a saddle point. In principle, one could attempt to assess this property
Dby calculating the determinant and trace of H, since det(H) is the product and Tr(H) the sum of
its eigenvalues. However, this approach is only valid in two dimensions. For higher dimensions,
positive determinant and trace do not guarantee that all eigenvalues are positive. The rigorous
condition for a minimum is that H is positive definite.

In practice, we directly evaluate the eigenvalues (and corresponding eigenvectors) of the
molecular system and ignore any eigenvalues very close to zero, as these correspond to rotations
and translations.” Because calculating the eigenvalues also forms the basis for determining
vibrational frequencies—and since constructing the Hessian matrix is the most computationally
expensive step—the nature of stable points on the PES is identified through a so-called frequency
analysis.

Frequency analysis

Let us explore the relatively complex mathematical concepts of the previous section by an example.
Let us revisit the H, O molecule, but now we are going to constrain the geometry of H, O to the
two-dimensional plane as shown in Figure 3.7. In other words, all atoms of the H, O are fixed
on the zy-plane. The total number of DOFs is thus 2N = 6. The point 7 on the PES can be
defined by six coordinates and the Hessian matrix H will be a 6x6 square symmetric matrix.
Let us consider the situation wherein we have optimized'> the geometry in the sense that we
have found the most stable configuration of H, O corresponding to a point 7 on the PES. We can
probe the curvature of the PES around this point by systematically moving all the atoms in both
the positive and negative z- and y-direction by a small amount and evaluating the effect on the
potential energy. For our example systemn, it turns out that the Hessian matrix™ looks as shown
in Equation 3.16.

H H

Figure 3.7: H,O molecule constrained to the xy-plane.

°See Appendix B.8 on page 282 for a brief explanation of the matrix diagonalization procedure and the concept of
eigenvalues.

“Think about this: the second derivative of the energy resembles a force constant. If the energy does not change as a
function of a particular degree of freedom, that degree of freedom would have a force constant of zero.

*The exact procedure behind the geometry optimization of the molecule is outside the scope of this textbook.

B All values are given in HT/bohr?
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0.621 0.000 —0.310 0.245 —-0.310 —0.245
0.000 0.427 0.187 —-0.214 -0.187 —0.214
_ —-0.310  0.187 0.341 —-0.216 —0.031  0.029 (3.16)
0.245 —-0.214 —-0.216 0.203 —0.029 0.010
-0.310 -0.187 —0.031 —0.029 0.341 0.216
—0.245 -0.214 0.029 0.010 0.216 0.203

Each of the elements in the Hessian matrix how the i-th component of the force changes
when the j-th coordinate is displaced. This perhaps sounds relatively complicated, but let us
look into a couple of values. First, we need to define which elements of H correspond to which
atoms and which directions. The elements are given in the following order: O(1)z, O(1)y, H(2)z,
H(2)y, H(3)2z, H(3)y. So the first element Hy; probes the force on the oxygen atom in the
x-direction when perturbing the oxygen atom an infinitesimal amount in the z-direction. The
positive value in the matrix tells us that movement of the oxygen atom increases the force in the
z-direction. The second element Hjo = Haq, which is the first off-diagonal element, probes
the effect on the force on the oxygen atom in the y-direction when perturbing the oxygen in the
z-direction or alternatively, it probes the force in the z-direction when perturbing the oxygen
atom an infinitesimal amount in the y-direction.’4 The value of zero shows that a perturbation
in the z-direction has no effect on the force in the y-direction for the O atom, and vice versa.
As a final example, let us consider an interaction between two different atoms. The element
Hy3 = Hsj probes the effect on the force on the oxygen atom in the z-direction upon perturbing
the H(2) atom in the z-direction. The negative second derivative shows that this perturbation
leads to a force in the opposite direction, that is, the force in the negative z-direction for the H(2)
increases when perturbing the O atom in the positive z-direction.

The reason the Hessian matrix H was constructed was to explore the nature of the critical
point 7 on the PES. In the previous section it was explained that we can assess the nature by
calculating the eigenvalues of the Hessian matrix H. Calculation of the eigenvalues proceeds by
performing a so-called matrix diagonalization. The procedure is briefly explained in Appendix
B.8 on 282. The eigenvalues of H in Equation 3.16 are

1.125
0.857
0.157

A= . .
0.000 (-17)
0.000
0.000

Typically, we order the eigenvalues from high to low. Note that the three lowest eigenvalues
are zero. These pertain to two translations and one rotation. As the system is constrained to
the plane, there are two translational and one rotational degrees of freedom with zero curvature,
consistent with the invariance of the potential energy under translation and rotation in the plane.
The other three eigenvalues pertain to the internal degrees of freedom of the molecule and are
thus of interest for our analysis. Since the remaining (non-zero) eigenvalues are positive, we can
conclude that the point 7 on the PES corresponds to a minimum.

From the Hessian matrix H, it is possible to construct the vibrational spectrum of the molecule
under the harmonic approximation. This is termed a (harmonic) frequency analysis. The
frequency analysis provides us with vibrational frequencies (i.e. the strengths of the vibrations)
as well as the vibrational modes (i.e. the direction of the vibrations). The result of this analysis
can directly be compared to an infrared (IR) measurement. The procedure is as follows.

“Note that because the matrix is symmetric, we are allowed to swap the x and y direction.
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Using a Taylor expansion’, we can construct Equation 3.18 for the potential energy around a
critical point 7y on the potential energy surface. Note that we are going to use V instead of E for
the potential energy as we are going to use F for the total energy.

N N
V- 1erY <§V> CEERESS ( a4 ) (e i) (25 —50) - 519

— \ Oz;x;
1,3 v

wherein V corresponds to the potential energy, V; is the potential energy at the critical point
7, and z; are the Cartesian directions in which we can perturb the atoms. Within the harmonic
approximation, we retain only the second-order term, neglecting all higher-order contributions.
Furthermore, since we are assessing a critical point on the PES, the linear term is equal to zero.16
Thus, the equation simplifies to

[}
fid
w
=
o
<
T
o
L]

N [ 92y
2,]

To calculate the normal modes, we consider that the total vibrational energy is always con-
served according to

E=T+YV, (3.20)

wherein T is the kinetic energy and V' the potential energy.

For a system of N atoms, this gives the following expression for the vibrational energy around
a critical point on the potential energy surface with respect to the electronic ground state at that
critical point'7

1 Y . 13N p2v
p= it 13 (e ) (5 0) (s - 220). 521

We now introduce a change of coordinates. Instead of using the spatial coordinates z;, we
are going to use root-mass-weighted coordinates with respect to the critical point 7 as given by

& =vmj (Ii - Ii,o) ; (3-22)

wherein z; ¢ is the equilibrium position of the atom i in the direction of . Applying this
coordinate transformation to Equation 3.21, results in

3N 3N 2
1 N2 1 0°V
E == . — —_— i&q. 2
5 Ei (51) +2§;<8&85j>&£] (3-23)
kinetic energy potential energy

Equation 3.23 can be rewritten as a matrix equation as given by

B(§) = 37é + e, (3:24)

5See Appendix B.4 on page 278.

1Recall that VV' = 0 at a critical point.

7In other words, the expression for E as shown in equation 3.21 has its zero-of-energy set at the level of the electronic
ground state implying that Vo = 0
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where £ and £ are the vectors consisting of the root-mass-weighted coordinates and the
first derivatives, respectively and H is the mass-weighted Hessian matrix. Each element in the
Hessian matrix is given by:

S 4 (3-25)
t og;0¢; ) 3.
The matrix Equation 3.24 can be written in diagonal form'8

1.0 1_
E(q) = 4T+ S qLq, (3.26)

wherein L is a diagonal matrix and q a matrix consisting of orthogonal column vectors. Each
g; corresponds to a single oscillator as described by

q;(t) = Acos (wit + ;) (3-27)
wherein
w; = ﬁ, (3-28)
g

where w; is the angular frequency, k; the force constant and p; the reduced mass.

Note that due to the choice of coordinates in the matrix H, the elements on the diagonal of L
are the squared angular frequencies (w?) of the harmonic oscillators and the eigenvalues of H. L
and q can be obtained from H by the process of a matrix diagonalization according to

L = ATHA. (3-29)

The column vectors in A are herein the eigenvectors as given by

3N
a4 =Y A& (3:30)
i

The above derivation might look complicated, especially if you are not used to the mathematics
behind it. The main idea behind the procedure is to obtain so-called normal modes. A normal
mode is an independent, synchronous motion of atoms that may be excited without leading
to the excitation of any other normal mode.’ This property can be readily assessed from the
orthogonality property of the eigenvectors. If you would excite the molecular system with an
amount of energy corresponding to the strength of the oscillator, the atoms in the molecule
would start to vibrate according to the eigenvector corresponding to that harmonic oscillator.

The procedure behind the frequency analysis can be summarized in the following set of
steps.

1. Find a critical point on the PES.

2. Construct the Hessian matrix.

BThis is yet another coordinate transformation, but in such a way that the matrix H has only non-zero terms on its
diagonal.
9This independence is important when constructing the vibrational partition functions in section 3.7 on page 146.
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3. Convert the Hessian matrix to a root-mass-weighted Hessian matrix.
4. Perform a matrix diagonalization to obtain eigenvectors and eigenvalues.

Let us look back to the example with which we started this section. In Equation 3.16 the
Hessian matrix for H, O is given. The next step is to convert this matrix to a mass-weighted
Hessian matrix. This can be done by dividing each element of the matrix by the masses of its
corresponding atoms, as given by

Hij = ———, (3-31)
™M

[}
fid
w
=
o
<
T
o
L]

where H! . is an element of the mass-weighted Hessian matrix, H;; is the regular Hessian
matrix and m; and m;; are the masses of the atoms i and j. Note that from here on, we are going
to drop the prime for the mass-weighted Hessian matrix.

For the first element H;; in Equation 3.16, we have to divide by the mass of the oxygen atom.
It is convenient to use atomic units for the masses as the matrix elements are given in units
of HT/bohr?. The mass of oxygen is 16 amu, by which the value for the element H' {1 in the

mass-weighted Hessian matrix becomes

i), = 202 ss. (3-32)
V16 - 16

The units for the mass-weighted Hessian matrix are in HT/bohr2/amu, where amu is the
atomic mass unit. For the first interatomic element, the value becomes

—0.310
His= == —0.0776. (3-33)

Applying the procedure for all elements in Equation 3.16 gives the mass-weighted Hessian
matrix as given in Equation 3.34.

0.039 0.000 —-0.078 0.061 —0.078 —0.061
0.000 0.027 0.047 —0.053 —0.047 —0.053
H= —0.078  0.047 0.341 —-0.216 —-0.031  0.029 (3.34)
0.061 —0.053 —-0.216 0.203 —0.029 0.010
-0.078 —0.047 -0.031 -0.029 0.341 0.216
—0.061 —0.053  0.029 0.010 0.216 0.203

The eigenvalues ()) of this matrix correspond to the squared angular frequencies ("%2) and
are

0.542
0.515
0.00976
0.000 | (3-35)
0.000
0.000

The eigenvalues are in the same units as the original elements (HT/bohr2/amu). Converting
these to SI-units and taking the square root gives us units of angular frequency (rad - s—1). These



3.2 The potential energy surface 133

can be converted to vibrational frequency (in s~! or Hz) by dividing by 27. As the value of the
vibrational frequency is typically in the order of 1012, they are often given in THz.

The angular frequencies for the three strongest oscillators (i.e. the three largest eigenvalues)
are

wp =713-102 rad - 57! (3-36)
wo =695-10"2 rad - s~ 1 (3:37)
wsg =303-10'2 rad - s~ 1. (3-38)

The corresponding ordinary frequencies are (v = %)

v1 =114 THz (3-39)
vo =111 THz (3.40)
v3 = 48.1 THz. (3.41)

Vibrational frequencies can be probed using infrared (IR) spectroscopy. Herein, the oscillator
strength is typically given in wavenumbers (7)in cm !, which we can obtain by multiplying the
vibrational frequency v by the conversion factor 33.35641.2° For our H, O example, this gives the
following wavenumbers

7q = 3772 cm ™! (3-42)
Ty = 3674 cm ™! (3-43)
73 = 1601 cm ™ L. (3-44)

Besides the oscillator strength, we can also obtain the eigenvectors corresponding to the
eigenvalues. These eigenvectors pertain to the normal modes. The three eigenvectors for the
three strongest oscillators are

—0.267
0.000
.| 0535
—0.422
0.535
0.422

0.000
—0.195
& —0.574 (3.45)
2= | o390 |’ 3-45
0.574
0.390

0.000
0.270
_ | —0.414
—0.541
0.414
—0.541

*°We leave it as an exercise to the reader to derive this conversion factor.
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A schematic depiction of the three vibrational modes is given in Figure 3.8. The strongest
two oscillators correspond to the asymmetric and symmetric stretch. The weakest oscillator of
the three is the bending mode.

0 oY oA
—>

H/ \H H/\H ) H>NA & H ’

asymmetric stretch symmetric stretch bend

Figure 3.8: The three vibrational modes of the H,O molecule.

In summary, in this section we have introduced the concept of the potential energy surface
and a number of mathematical techniques how we can describe such a surface. Local minima on
the PES correspond to stable states of the molecules. In order to assess whether a critical point
on the PES is a local minimum, we can perform a frequency analysis. If all non-zero eigenvalues
of the mass-weighted Hessian are positive, the critical point corresponds to a local minimum. If
one or more eigenvalues are negative, the point is a saddle point or transition state.

2t . .
%, Practice your understanding

Exercises 3.1 and 3.2

The transition state

So far, we have seen that local minima on the potential energy surface (PES) correspond to
stable molecular configurations. These minima represent equilibrium geometries, for which the
potential energy increases when the nuclear coordinates are slightly perturbed. However, not all
stationary points on the PES are minima. Between two neighboring local minima there typically
exists another special kind of stationary point, located at the highest energy along the path of
lowest possible energy connecting the two minima. Such a point is known as a transition state,
or more generally, a saddle point.

From a mathematical point of view, a transition state is a critical point on the PES, meaning
that the first derivatives of the potential energy with respect to all nuclear coordinates vanish:

VV(frs) =0, (3.46)

where 75 denotes the position of the transition state on the PES. Whether this critical point
corresponds to a minimum, a maximum, or a saddle point is determined by the curvature of the
PES in the vicinity of #rg, which is described by the Hessian matrix H(7rs).

At a transition state, the Hessian matrix has exactly one negative eigenvalue. This means
that there is one direction in configuration space along which the potential energy decreases
when the system is displaced away from the transition state. This direction is known as the
reaction coordinate. Along all other directions, the curvature of the PES is positive, so the energy
increases upon displacement. In this sense, the transition state is a maximum along the reaction
coordinate, but a minimum with respect to all directions perpendicular to it.

Physically, the transition state represents the energy barrier that must be crossed for a chemical
reaction to occur. In a one-dimensional reaction coordinate diagram, it appears as the peak
separating two valleys corresponding to the reactant and product minima. The energy difference
between the transition state and the reactant minimum is called the activation energy (A E;t):

AEa\ct = ETS - Ereactants- (347)
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Within the harmonic approximation, introduced in Section 3.2.3, the curvature of the PES is
directly related to the vibrational motion of the system. The eigenvalues of the mass-weighted
Hessian correspond to the squared angular frequencies of the normal modes. A negative
eigenvalue at the transition state therefore leads to an imaginary vibrational frequency. This
reflects the fact that the transition state is not mechanically stable: even an infinitesimally small
displacement along the reaction coordinate causes the system to move away from the transition
state and descend the PES toward either the reactant or the product minimum. For this reason,
the transition state represents a fleeting configuration that can only be located by imposing the
condition that the forces vanish.

In practice, this property provides a simple and powerful computational criterion: a stationary
structure that exhibits one and only one imaginary vibrational frequency is identified as a
transition state.

These ideas are summarized in the following formal definition.

Definition (Transition State). A transition state is a first-order saddle point on the potential
energy surface (PES). It is a stationary configuration g satisfying

VV(rrs) =0,

for which the Hessian matrix has exactly one negative eigenvalue. Equivalently, within the
harmonic approximation, the vibrational spectrum of a transition state contains one and
only one imaginary frequency.

The corresponding eigenmode defines the reaction coordinate and points along the minimum
energy path connecting two adjacent local minima corresponding to the reactant and product
states. All remaining normal modes have real frequencies and describe stable vibrations
orthogonal to the reaction pathway.

The transition state thus forms the bottleneck along the minimum energy path and plays a
central role in determining reaction rates. The quantitative connection between the properties
of the transition state and the rate of a chemical reaction will be developed in Section 4.2, which
introduces transition state theory.

Molecular partition functions

In the previous sections, we introduced the concept of the potential energy surface (PES) and
discussed how its local curvature around a minimum defines the normal modes of vibration
of a molecule. Each normal mode represents an independent, quantized motion of the nuclei
about the equilibrium geometry. The frequencies of these normal modes are obtained from the
eigenvalues of the mass-weighted Hessian matrix H. As such, the PES not only determines the
equilibrium structure of a molecule but also the spectrum of possible vibrational energy levels.

These normal modes, together with the translational and rotational degrees of freedom that
correspond to zero eigenvalues of H, form the basis for constructing the molecular partition
function. Each type of motion, translation, rotation, and vibration, contributes independently
to the total partition function of a molecule. In other words, the curvature of the PES defines
the quantized energy levels associated with these motions, and the statistical distribution of
molecules among these levels gives rise to the thermodynamic properties of the system.

With this connection established between the PES and the quantized energy levels of a
molecule, we can now evaluate the partition function for a single molecule. Once the partition
function of a molecule is known, many important thermodynamic properties can be readily
calculated.

Energies must always be defined with respect to a reference state.?’ Several conventions
are commonly used. One approach defines all energies with respect to the separated atoms

*'There is no such thing as an absolute energy.
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(7 — o0) at rest, while another defines the zero of energy relative to the electronic ground state
of the molecule. The different choices are illustrated in Figure 3.9. In this figure, the zero of
energy corresponds to the situation where the atoms are infinitely far apart and at rest. An
alternative reference is the depth of the potential well, denoted by D.. Although the choice of the
zero of energy affects the absolute form of the energy expressions and hence the mathematical
form of the partition functions, it has no influence on the resulting thermodynamic quantities
(such as equilibrium constants) as long as the same energy reference is used consistently for all
(sub)systems.

2.0 T
—— Ground state

—== First excited state

15

1.04

0.5 -

0.0 Ferererercrnsioredhrcinions

Energy E/Eg

-0.5

-1.0

-15 T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Interatomic distance r/re

Figure 3.9: Ground state (and first excited) state of the electronic energy E as function of the internuclear separation.
Ey refers to the energy of the electronic ground state and r¢ to the equilibrium interatomic distance. A few vibrational
energy levels are denoted.

For the different energy terms that constitute the total molecular energy, we make the
following assumptions

The electronic energy is only a function of the positions of the nuclei.

The molecule is allowed to move freely, i.e. without any change in its corresponding
energy, inside a volume V and once the center of mass is outside of this box, we assume
that the energy becomes infinite. In other words, the molecule can never leave the box.

We assume rotational and vibrational motions to be decoupled. The rotational motion is
considered to be that of a rigid, free rotator.

« Vibrational motions are considered to correspond to a set of simple harmonic oscillators
as described by the normal modes.

Under these assumptions, the total molecular energy E: is composed of the following series
of energy terms, each corresponding to independent subsystems, as given by
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Et - Etrans + Erot + Evib + Eel + Enuc7 (348)

where Eians, Erot, Fyily» Eel, and Enyc are the translational, rotational, vibrational, electronic
and nuclear energies, respectively. The translational, rotational, vibrational, electronic and
nuclear energies can each be associated to a partition function by which we obtain translational,
rotational, vibrational, nuclear and electronic partition functions, by means of the following
(general) equation

_ —E}
aG =Y _exp ot | (3-49)
%

where k can be any of the above mentioned types. The total molecular partition function
Gmol €an be calculated using Equation 2.109 which gives

dmol = H q; = QtransqrotQyihY9elecdnuc- (350)
7

For the partition function of an ensemble of N molecules, we have to divide by the factor
1/N! to account for the indistinguishability of the molecules, which gives

1 N
Q= mqmol’ (3-51)
where @ is the partition function for an ensemble of N identical molecules and g, the total
molecular partition function.??

Electronic and nuclear partition functions

For the construction of the molecular partition function, we can neglect the contribution of the
excited states of the nuclear and electronic subsystems. As the energy difference between excited
nuclear states and the nuclear ground state is extremely large, for almost all terrestrial purposes
(i.e. relatively low T'), only the ground state of the nuclear energy is occupied. Therefore, within
this work, we assume that the influence of the nuclear partition function is negligible and that
the term cancels out, corresponding to

Gnuc = 1 (352)

For the electronic excited states we will provide a similar reasoning. On average, the electronic
states are separated by about 2 eV (equivalent to a wave number of 15000 cm™1). Therefore, for
low T, only the ground state is occupied and the electronic partition function with respect to the
atoms at infinite distance is

De
Gelec = We,0 €XP kBiT , (3-53)

*2Sometimes a capital Q is used to distinguish the partition function pertaining to an ensemble versus the partition
function of a single species or a single subsystem. In other cases, subscripted labels will be used to indicate the meaning. It
should be clear from the context what is exactly meant.
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where w,  is the degeneracy of the electronic ground state and De is depth of the potential
energy well (as shown in Figure 3.9).>3 For most molecules, w, o = 1. A notable exception is for
instance O,, which has a degenerate ground state. If we express the electronic partition function
however with respect to the depth of the energy well, it simplifies to

Gelec = We,0- (3-54)

Translational partition function

The translational partition function corresponds to the number of energy states associated with
the movement of the center of mass of the molecule. Herein, we assume that the molecule exists
within a volume defined by a rectangular box of dimensions a x b x ¢ wherein the potential
energy of the molecule does not change and wherein interactions with other molecules or atoms
are being neglected. This corresponds to the quantum mechanical textbook problem?4 of a
particle in a three-dimensional box of which the solutions are known to be

B2 (p2 p2 2
Bprs=— (240 L% .
prs = g <a2 teta) (3-55)

where h is Planck’s constant and m is the mass of the particle and the labels p,r, s are
particular translational quantum states such that

Qtrans = qxqyqdz — Z E_Em (P)/ksT Z E_Ey(r)/kBT Z e_EZ(S)/kBT (356)
p r s

Combining the two Equations 3.55 and 3.56 yields

A2 _ p2 2
Gtrans = Z € Ap Z € Br Z € Cs (3-57)
p=1 r=1 s=1

where A, B, C are

R g
A= —— .
8ma?kgT (3-50)
h2
B=—"— .
8mb2kpT (3-59)
h2
o= 8mc2kgT (3:60)

We can replace the sum in Equation 3.57 by an integral if, in passing from one energy level to
the next higher level, AE < kgT, for in this case the summand will change its value essentially
continuously with as function of p, r and gq. We then obtain

o oo oo
Gtrans = / epr2 dp/ eiBT2 dr/ 67C52 ds. (3.61)
0 0 0

By applying the standard integral

*Note that D, corresponds to the electronic binding energy for polyatomic molecules.
*4See for instance Introduction to Quantum Mechanics of Griffiths.
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1
. 1
I :/O e gy = % (%) ’ (3.62)

the expression for the translational partition function becomes

3 3
(2mmkgT)2 abc  (2amkgT)2 V
qtrans = "3 = 3 . (363)

The above formula corresponds to the three-dimensional translational partition function.

As the energy levels for translation in one direction are independent of the energy levels for
translation in any of the two other direction (if they are orthogonal to each other and to the first
direction), we can define the partition functions for one translational degree of freedom as shown
in Equation 3.64.

L/27mkgT

Qtrans = T (364)

3.5.1 Thermodynamic properties

Mono-atomic gases only have translational degrees of freedom.25 Thus, we can readily calculate
the average energy (Equation 2.67) and heat capacity (Equation 2.68) of a mono-atomic gas. The
total energy of a mono-atomic gas is given by20

dlng
E) = kpT? .
(E) = k727 (3.65)
3 N
Sln % ((277771]233?) 2 V>
= kpT? .66
B aT (3.66)
Oln ((mezlcng)gv>
= NkpT? . .
kg 5T (3-67)
- %NkBT. (3.68)
or simply
3
(B) = SksT, (3-69)
per atom.
From this, we can calculate the heat capacity as
_o(E) _3
Cy = oT = 2kB7 (3-70)

?5Recall that we cannot rotate around a point particle, so there are no rotational degrees of freedom. Furthermore, there
are no chemical bonds in atoms, so there are no vibrational degrees of freedom either.

26Recall that atoms are indistinguishable particles, so we have to apply Equation 2.112 to get the partition function of the
full ensemble (i.e. many atoms).
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which for one mole of gas results in

(%m:;@Nh:gR:HAHﬂmUK (3.71)

We can readily compare this result with the molar heat capacities of gases such as Ar, He,
and Kr, which have values of 12.55, 12.64, and 12.48 J/mol/K, respectively.

Rotational partition function

For the construction of the rotational partition function, we differentiate between diatomic (and
linear) molecules and the more general situation of polyatomic molecules.

Diatomic molecules

The rotational energy for a diatomic molecule is given by
J(J +1)h?
Bror) = —gr3p (3.72)

where J is any non-negative integer and I is the moment of inertia about an axis perpendicular
to the molecular axis passing through the center of mass of the molecule. As the energy level

Eiyoy(yy is degenerate with degeneracy grot = 2J + 1, the rotational partition function is
0 2
—J(J+1)h
= 2J+1 —_— . .
Grot }éo( + )em>< S72TkgT ) 373)

In Figure 3.10, the contribution of rotational energy level J to the total rotational partition
function for a N, molecule at room temperature is shown. The contributions pass through a
maximum as the population decreases exponentially while the degeneracy increases linearly.

10 T T T
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i : PPt 100
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Figure 3.10: Contribution of rotational energy level J to the total rotational partition function for a N, molecule at
room temperature. The vibrational temperature of N, is 2.88 K.

Similar to the derivation of the translational partition function, we replace the sum over
states by an integral, thus obtaining
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o0 —J(J +1)R?
- 2J +1 e \dJ .
Grot /0 (27 + )exp( Se2 kT ) (3.74)
yielding
8r2 kT
Grot = TBv (3-75)

wherein I is the moment of inertia about the center of mass as defined as

_ > mirlz

1 . 76
S 3:76)

Equation 3.75 is derived for a diatomic molecule.?7 In that case, the moment of inertia can
be further simplified to

mimoR?

Tdiatomic = [ wR=, (3-77)

wherein R is the interatomic distance between atoms 1 and 2 and p is called the reduced
mass and is defined as

mim2
= e (3.78)
m1 + mo
Just like we have seen for the vibrational frequencies, a part of the above formula has
the dimension of temperature and we can define the characteristic temperature for rotation
represented by Orot as

h2

Orot = m (3'79)

which turns Equation 3.75 into

T

qrot = ——
e rot

(3-80)

For a homonuclear diatomic molecule, rotating the molecule by 18c degrees brings the
molecule into a configuration which is indistinguishable from the original configuration. This
leads to an overcounting of the accessible states, hence we need to correct this by introducing a
correction factor o which is termed the symmetry number.2® The symmetry number corresponds
to the number of distinct ways by which a molecule can be brought into identical configuration
by a rotation. For a homonuclear diatomic molecule (e.g. H,, N,, O,, the symmetry numbers
equals o = 2, whereas for a heteronuclear diatomic molecule (e.g. CO, NO, CN), o = 1 as given
by

2 for homonuclear diatomic molecules

o= . . (3-81)
1 for heteronuclear diatomic molecules

*7Please note that Equation 3.75 contains both rotational degrees of freedom.
8 A detailed explanation of the origin of the symmetry number and the calculation of its value is provided in section
3.6.2 on page 144.
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Thus, the final result becomes

8m2IkgT
Arotdiatom = — 75 (3. 82‘)
oh

Note that the above formula is only valid at sufficiently high temperature, i.e. T > Orqt. If
this is not the case, you can use the following formula
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T Orot
9rot,diatom — aot (1 + 31; + - ) . (383)

or use Equation 3.73 explicitly, but limit the number of terms.

3.6.2 Polyatomic molecules

To derive the rotational partition function for a polyatomic molecule, we first have to evaluate its
principal moments of inertia I 4, I and I . A rather elegant way of describing the principal
moments of inertia is as follows.29 Locate the center of mass of the equilibrium configuration of
the molecule. Next, consider any straight line passing through the center of mass. A moment of
inertia can be calculated about this line: I = 3=, m; d%, where d; is the perpendicular distance of
the mass m; from the line. On this line, mark off a distance on both sides of the center of mass
proportional to I~2/2 calculated about the line. Now choose other lines through the center of
mass and on each of these lines mark off distances proportional to 7~1/2 about the line. The loci
of the marks will form an ellipsoid, called the ellipsoid of inertia. The longest line corresponds
to a principal axis of the ellipsoid, and the associated moment of inertia I is the smallest of the
three principal moments. The shortest line likewise defines a principal axis, and its associated
moment of inertia is the largest. The third principal moment of inertia corresponds to the axis
perpendicular to the first two.

x  Moment of inertia marks
@ Atom positions

y-coordinate in A

-15
-15 -10  -05 0.0 05 10 15
x-coordinate in A

(@) (b) ()

Figure 3.11: (a) Atomic positions and moment of inertia marks of CH,. (b,c) Three-dimensional render of the
molecular configuration and the ellipsoid of inertia.

In Figures 3.11, 3.12, and 3.13, this procedure is shown for methane, ammonia and caffeine.
Different shapes of molecules give different ellipsoids of inertia. For a highly symmetrical

*9See An introduction to Statistical Thermodynamics by Hill, Dover.
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molecule such as methane, we obtain a sphere corresponding to three equal moments of inertia,
whereas for low symmetrical molecule such as caffeine, we obtain an ellipsoid with three different
moments of inertia.

The mathematical procedure for calculating the moments of inertia is as follows. Given the
set of coordinates that defines the positions of the atoms, we first center the molecule around its
center of mass. The center of mass for a polyatomic molecule is defined as the point for which
the following identities hold.

D> omii =Y miy =y mz (3-84)
3 i i

Next, we construct the inertia tensor as given by

1= |Ioy Iyy Iy |, (3-85)

where
Low =Y m; (v7 +27) (3.86)
i
Iyy = m; (%2 + Zf) (3-87)
i
Lz = m; (%2 + yf) (3-88)
i
Ioy = =Y m; (z3y;) (3.39)
i
Iyz == m; (¥iz) (3.90)
i
Ipr = — Zmz (xizi) (391)
i

To obtain the moments of inertia and the axes of inertia, we perform a matrix diagonalization
procedure on the inertia tensor. The resulting eigenvalues correspond to the principal moments
of inertia and the eigenvectors to the principal moments of inertia. For example, the three
moments of inertia of methane each have avalue of Iy = Ig = Iz =3.20 amu A%, The moments
of inertia for ammonia are I 4 = 1.73 amu A2, Ig =173 amu AQ, and I =2.66 amu A% Two of
the principal moments of inertia of ammonia thus have the same value. The moments of inertia
for caffeine are I 4 = 479 amu AQ, Ip =722 amu A% and Ic =1192 amu A%

If all three moments of inertia are the same, the molecule is called a spherical top. If only
two out of the three moments of inertia are the same, the molecule is a symmetric top. If all
three moments of inertia are different, the molecule is an asymmetric top.

Once the principal moments of inertia are established, we can readily calculate the rotational
partition function for a polyatomic molecule. Without any further derivation, the rotational
partition function for a polyatomic molecule is given by

V7 |872I0kpT [872IgkpT [872IokgT
Qrotasym = o n2 h2 h2 (3-92)

& CHAPTER 3




144 Chapter 3. Molecular partition functions
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Figure 3.12: (@) Atomic positions and moment of inertia marks of NH;. (b,c) Three-dimensional render of the
molecular configuration and the ellipsoid of inertia.
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Figure 3.13: (@) Atomic positions and moment of inertia marks of caffeine (C3H,,N,O,). (b,c) Three-dimensional
render of the molecular configuration and the ellipsoid of inertia. The moment of inertia marks and the ellipsoid
have been scaled by a factor of 100.

which can also be written as

VT
qrotasym = 7

T3

©4056¢

(3-93)

using Equation 3.79 for the rotational temperatures.

Symmetry number

Similar to the result obtained for the diatomic molecules, also for polyatomic molecules there
is a symmetry number o corresponding to the number of distinct ways the molecule can be
rotated onto itself. The fundamental origin of the symmetry number relates to the number
of forbidden rotational states due to symmetry constraints.3° This is best explained using the
(simple) example of 160,. Because the 160 nucleus is a boson, its total wave function should be

3°The explanation relates to that given in section 2.7.2 on page 100.
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symmetrical under interchange of the two nuclei.3! The total wave function is the product of the
nuclear, electronic, rotational, vibrational and translational wave function as given by

Yrotal = Ynuc X Yelee X Ptrans X Yrot X Pyip- (3-94)

Under exchange of the nuclei, the electronic ground state for 160, is 0dd32, the nuclear spin
wave function is even33, the vibrational wave function is also even and the translational wave
function only depends on the motion of the center of mass and therefore has no effect on the
overall symmetry. Thus, in order for the total wave function for O, to be even, the rotational
wave functions have to be odd. In other words, the even rotational wave functions are forbidden.

In the construction of the diatomic rotational partition function as provided in Equation 3.82,

we integrated over all rotational levels, but for O,, only half of the values of J are allowed (i.e.

only the odd values). To correct for this, we have to divide by a factor of 2.34

For polyatomic molecules, the situation can be significantly more complicated because there
can be more than two identical nuclei, the vibrational wave function are not necessarily all
symmetrical and the rotational wave function are more complicated for polyatomic molecules.35
Luckily, there is an easy way to calculate the symmetry number of a molecule by considering its
point group. The symmetry number o is then equal to the number of rotational operators in the
point group. An overview of the o value for common point groups is provided in Table 3.1

Table 3.1: Rotational symmetry number o of the most common point groups in chemistry. Table taken from reference

[5-

Q

Point group ‘

Cq 1
Cs 1
C! 2 2
Cav 2
Cyv 3
Coov 1
D,y 4
Dy, 6
Dy, 10
Dooh 2
Dy

Ty 12
Oy 24

Let us consider a couple of examples. Methane corresponds to the Ty point group and thus

3'For fermions, e.g. 1H, the nuclear wave function is antisymmetrical under exchange.

3*This is actually a rare exception. Most diatomic molecules have the symmetric b E; electronic ground state. O,
however has the anti-symmetric > X, ground state.

3 Because it is composed of bosons.

3#It has to be noted that at low temperature, this trick is only approximately correct as we are still including the inaccessible
J = 0 state. Because at low temperature only a few rotational energy levels are populated, this leads to a relatively large
error in the rotational partition function. Nevertheless, the classical approximation is in general quite good, especially at
elevated temperature (i.e. above room temperature). The main exception here is H, below room temperature.

35In principle, one has to evaluate the correct nuclear degeneracy for each rovibrational state by the evaluation of the direct
product between the permutation group symmetries of the rovibrational states and the nuclear spin wave functions.[4, 5]
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has a symmetry number of 12. The water molecule with C,y symmetry has a symmetry number
of 2 and the methyl radical with the Dy}, point group has a rotational symmetry number of 6.

Thermodynamic properties

From the rotational partition function, we can readily calculate the contribution of rotations to for
instance the energy or the molar heat capacity using Equations 2.67 and 2.68. For a polyatomic
molecule with three rotational degrees of freedom, these are36

3
(Bror) = 5 NkgT (3.95)
and
3 3
C’u,rot,m = §NkB = 5R- (396)

For a diatomic molecule, we obtain very similar results, which are

(Erot) = NkgT (3.97)
and
Cv,rot,m = NkB =R. (398)

From these results, we can conclude that each rotational degree of freedom (similar to each
translational degree of freedom), contributes %N kpT to the total energy and & Nkg to the molar
heat capacity.

Vibrational partition function

To obtain an expression for the vibrational partition function, we will first elaborate how the
vibrational partition function is obtained for a diatomic molecule and continue to extend this
result to polyatomic molecules.

Diatomic molecules

Let the equilibrium internuclear distance be re. Then according to Hooke’s law, contraction
or elongation of the interatomic distance results in an increase of the potential energy of the
molecule as given by:
L 2
Vi=gk(r—re) (3-99)
where k is the force constant which can be calculated from the PES as shown in section 3.2.3.

The variation of » with time is in classical mechanics the simple harmonic motion, for which the
angular frequency w is given by

(3.100)

where 1 is the reduced mass of the molecule, which for a diatomic molecule is given by

30We leave the derivation as an exercise to the reader.
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mam
p=—ATB (3.101)
mp+mp
wherein m 4 and mp are the masses of the two nuclei. The permitted vibrational energy
levels are found, according to quantum mechanics, to be

By, = (z + %) hw = (z + %) hv (3.102)

where w is the angular frequency in rad - s—1, 7 is the vibrational quantum number which
can have any non-negative integer value, i is Planck’s constant divided by 27 and v the vibrational
frequency in s—1. In Figure 3.14, the potential energy curves for CO and N, are given including
the harmonic approximation of their vibrational mode. From the bottom two graphs in this
figure, it can be seen that the harmonic approximation is a reasonable fit of the potential energy
close to the equilibrium position. The gray lines in the harmonic approximation correspond to
the first 25 vibrational energy levels. The stronger N-N bond as compared to the C-O bond is
reflected by the steeper increase in the potential energy (and thus a larger force constant) as well
as by the greater distance between the vibrational energy levels for N, as compared to CO.

The above energy levels are defined with respect to the electronic ground state. The energy
difference between the electronic ground state and the lowest vibrational state is termed the zero
point energy3” and is given by

ki
Ezpe = % (3.103)

If we express the vibrational energy levels with respect to the lowest vibrational energy level,

we can omit the term % in the value for the vibrational energy E;, by which we obtain

Egp = thw = ihv, (3.104)

hence the partition function for a diatomic molecule is
o0
Qyib, = Z exp (—ihv/kgT) . (3.105)
=0

To evaluate this summation, the right hand side of the above equation is written as

exp (—ihv/kgT) = o' (3-1006)

and Equation 3.105 can be written as

o0
qvibzzx’:1+x+x2+x3+m4+--- (3-107)
1=0

This type of an infinite series is known as the geometric series3®, which converges to

7 The reason why the lowest vibrational state lies E,,. above the electronic ground state has its origins in quantum
mechanics. If the lowest vibrational state would be at the electronic ground state, this would imply that its momentum is
zero and that the uncertainty of measuring both the position and momentum is also zero. This is a direct violation of the
Heisenberg uncertainty principle, which states that Az Ap > h/2.

38See Appendix B.5 on page 279.
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Figure 3.14: (top) The potential energy curve of CO and N, and the first 25 vibrational energy levels under the
harmonic approximation. (bottom) Close-up of the potential energy curve and the harmonic approximation around
the equilibrium position.

1

Avib = 1—_exp (—hl//kBT) (3.108)

The quantity hv/kg has the dimensions of temperature and is often denoted as the charac-
teristic temperature for vibration and written as ©, so that we can rewrite the previous equation
as

1

Gvib = W (3.109)

or with respect to the electronic ground state as
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exp (—%@/T)

1—exp (—©/T) B-120)

vib =

L Practice your understanding

Exercise 3.3

& CHAPTER 3

3.7.2 Polyatomic molecules

The question that now arises is how to define Equation 3.109 for a polyatomic molecule. For any
given (non-linear) polyatomic molecule with a fixed center of mass, n = 3N — 6 independent
coordinates can be given for the relative position of each atom with respect to one another,
where N is the number of atoms within the molecule.39 Similar to how the three-dimensional
translational partition functions can be decomposed into three independent one-dimensional
partition functions (with orthogonal translational directions), we would like to decompose the
molecule into a set of independent vibrational modes. As demonstrated in section 3.2.3, this is
possible by the construction of the normal modes, which are defined as independent, synchronous
motions of atoms that may be excited without leading to the excitation of any of the other normal
modes. Within this framework, the contribution to the potential energy of one normal mode is
independent of the other normal modes by which we can express the total potential energy as
the following sum

3N—6
V=Vi+W+V3+ -+ V3ny_g= Z Vi (3.111)
=1

The normal modes are constructed by a change of basis, wherein we can express the contri-
bution to the potential energy of a single normal mode by

1 0 2
Vi = 5’% (fh’ - qi) (3.112)

wherein k; is the force constant of the normal mode, g; is a coordinate in the new basis, and
q? the equilibrium value of g;.

Coordinates g; chosen in such a way that Equations 3.111 and 3.112 are valid are termed
normal coordinates. The associated frequencies of these normal coordinates are similar to those
of the diatomic molecule as given by Equation 3.104. Considering that we are dealing with
n = 3N — 6 normal modes for a given polyatomic molecule, we can rewrite Equation 3.109 for
the full vibrational partition function as:

3N—6 1
Ayib = H W (3.113)

i

However, it is more convenient to use the vibrational partition function per normal mode,
which is

39For a linear molecule we obtain n = 3N — 5 independent coordinates.
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1
L —exp (—hv; /kgT)’

Gib,i = (3-114)

which is essentially the same formula as given for the vibrational partition function of a
diatomic molecule. Equation 3.114 is defined with respect to the zero point energy state. With
respect to the electronic ground state, we have to correct the partition function by a factor
exp (—%hu/kBT) , which gives:
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exp (—%hl/l/kBT)
yib,i = 1—exp (—th'/kBT) (3.115)

3.7.3 Thermodynamic properties
Using the expressions for the vibrational partition function, we can readily derive expressions
for important thermodynamic properties. The contributions to the total energy for a non-linear
polyatomic molecule by the vibrational partition function, with respect to all atoms at infinite
distance and at rest, is given by4°

3N'—6
hy; hv; /kgT
(Eyip) = NkgT Z ok ZT + i/kp (3.116)
i=1 B (exp (hl/,b/kBT) — 1)
and the contributions to the the molar heat capacity are4!
(3.117)

3N 6 hy; 2 exp (hv; /kpT)
Cv,vib,m =R Z ﬁ PR
i=1 B (exp (hv;/kgT) — l)

Thus, the total energy from all contributions (i.e. translational, rotational and vibrational) is

3N’'—6

3 hy; hv; /kgT
E)=NkgT | =+ = L L
(E) BT |5+ 5+ ;

+
2kgT (exp (hv; /kBT) — 1>

— De, (3.118)

where De is the bonding energy of the molecule.4> The molar heat capacity from all contri-
butions is

3N'—6

2
; hv; /kgT
Com =R %+g+ S <:";) exp (hi/kpT) 5| - (3.119)
i=1 B (exp (hv; /kpT) — 1)

4°Note that IV refers to the total number of molecules and N’ (note the prime) refers to the number of atoms within the
molecule.

#'Observe that when calculating molar properties that the N kg term is replaced for the gas constant R.

#*This is a positive number for a stable complex. It corresponds to the depth of the potential well on the potential energy
surface with respect to the atoms at infinite distance.
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For a diatomic molecule, the above equations simplify to

(B = Nkgr | 3 4 24 | v hw/kpT ~ De, (3.120)
3
22 2kT (exp (hv/kpT) — 1)
and
2
hv/kgT
Com =R g+ ; + (:;) o (hv/ksT) 5| (3-121)
B (exp (hv/kgT) — 1)

as a diatomic molecule only has two rotational degrees of freedom and one vibrational degree
of freedom.
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Figure 3.15: Heat capacity of N,O as function of temperature. Note that the thermodynamic calculation matches
the experimental results quite well.

Let us compare how Equation 3.119 holds up to experiment. Consider the N, O molecule,
which is a polyatomic linear molecule. It has three translational, two rotational and four vi-
brational degrees of freedom. The heat capacity of a di- and polyatomic molecule depends
on temperature only due to the vibrational degrees of freedom. The contributions to the heat
capacity of the translational and rotational degrees of freedom equal %N kg. For the vibrational
contributions, vibrational temperatures of ©; of 850, 850, 1840 and 3200 K are used.43 In Figure
3.15, the calculated heat capacity is compared against experimental values. From this Figure, it
can be seen that the computed values are in close agreement with the experiment.

Final remarks

In this chapter, the molecular partition functions commonly seen in chemical systems were
derived. In the next chapter, we will employ these concepts in the derivation of transition state
theory. Furthermore, in the chapter thereafter, the molecular partition functions will be used

“3Note that two of the four vibrational temperatures have the same value, this is not a mistake.

& CHAPTER 3




152 Chapter 3. Molecular partition functions

to construct specific expressions for the reaction rate constants in various elementary reaction
steps.

L Practice your understanding

Exercises 3.4 and 3.5

7= Challenges

Exercise 3.6 and 3.7
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Exercises

The answers to the exercises can be found at the end of this Chapter on page 156. The exercises
are marked by a number of gears to indicate their difficulty levels.

EXERCISE 31 $H(}

The Morse potential is a relatively simple interatomic interaction model for the potential
energy of a diatomic molecule. Using the Morse potential, one could build the potential energy
curve of a diatomic molecule.

The Morse potential is given by

V(r) = De (1 —exp (—a(r— 're)))2 , (3.122)

where r is the distance between the atoms, r, the equilibrium distance between the atoms,
D the well depth and « a parameter that controls the ‘width’ of the potential.

a) Show that the first derivative of the potential equals zero when r = re.

b) Calculate the force constant at the equilibrium position of the potential as a function of De
and a.

) The Morse potential values for HCl are D¢ = 43291 cm~! and o = 1.7314A . Calculate
the vibrational frequency v in THz and the wavenumber T of the H-Cl stretching vibration.

Hint: Think about how wavenumbers (7, typically expressed in cm 1) are related to the energy
of a wave. Recall that energy (E) can be expressed using the relation

E = hcv, (3.123)

where h is Planck’s constant and cis the speed of light. This connection hints at how wavenumbers
inherently reflect the energy of photons.

d) How does the wavenumber change when you swap the hydrogen atom for a deuterium atom?

@ EXERCISE3.2 $HHF

In Figure 3.5a on page 1206, the potential energy surface of hydroxyformaldoxime is drawn as
a function of two bond angles.

a) Identify the four local minima on the potential energy surface.

b) Schematically draw the four stable isomers of hydroxyformaldoxime and indicate their posi-
tions on the potential energy surface.

c) Draw a path on the potential energy surface that connects the two local minima at the top and
bottom left on the potential energy surface. The path has to be constructed in such a fashion
that is as low in energy as possible. This path is termed the minimum energy pathway. Indicate
the highest point in this path.
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d) Schematically draw the potential energy curve corresponding to this path. In other words,
place the progress along this path on the z-axis and the potential energy on the y-axis.

€) What is the highest point on the potential energy curve called? What would the corresponding
structure look like?

f) Determine the energy difference between the lowest and highest point on the potential energy
curve. To what kinetic parameter does this value correspond?

@ EXERCISE33 H£H¥

Calculate the molar fraction of the first four (vibrational) energy levels of Cl, at 200, 800,
and 1000 K. Assume that Cl, has infinitely many vibrational energy levels, each separated by a

vibrational temperature defined as ©y, = %’; =810K.

EXERCISE 3.4 HH}

a) Calculate the translational partition function of a Ny molecule at 7' = 298.15 Kand at p=1
atm. Assume that N, can be treated as an ideal gas.

b) The wave number for the stretching frequency of N is 2330 cm 1. Calculate the vibrational
partition function corresponding to this vibrational mode and with respect to the vibrational
ground state.

) Calculate the moment of inertia of N,. Assume that the interatomic distance is 1.1069 A.
d) Calculate the rotational partition function of N5 at 298.15 K.
e) Calculate the total molecular partition function of No.

f) Calculate the molar heat capacity of N, at standard conditions.

B EXERCISE 3.5 {HHHS

a) Derive the average energy ((E)) for a mono-atomic ideal gas.

b) Derive the entropy for a mono-atomic ideal gas and substitute the temperature T in this
expression for U = (E) as constructed in the previous subquestion. Show that the result
corresponds to the Sackur-Tetrode equation.

+ g (3.124)
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3 EXERCISE 3.6 LHIHHHY

a) Derive an expression for the entropy of a diatomic molecule based on its partition functions.
b) Calculate the value for the molar entropy of CO at standard conditions (7' =298.15 Kand p =

1 atm). Use a rotational temperature ©; = 2.77 K and a vibrational temperature ©y = 3070 K.
Compare your results to the experimentally obtained result of 197.9 J/mol/K.

@ EXERCISE 37 THIHHHS

Equation 3.82 on page 142 works well in the case where 7' >> Oyt For H, however, this
is not the case and the explicit form as shown in Equation 3.73 on page 140 has to be used.
Furthermore, in H,, the spin states of the nuclei play a very important role. In this exercise, we
will calculate the rotational contribution to the heat capacity of H, in the lower temperature limit
and show its deviation from an ideal gas Cyrot = kg. We will first start by deriving the rotational
contribution to the heat capacity for HD, which is somewhat simpler, after which we will derive
it for H,.

a) Insert ©yt into Equation 3.73.

b) Calculate the contribution of the rotations to the average (internal) energy Erot. Use Equation
2.67 on page 93.

¢) Calculate the contribution of the rotations to the heat capacity Cyrot. Use Equation 2.68 on
page 93.

d) The answer of the previous question looks quite complicated44, but if you study it carefully,
you will note that a lot of terms are actually the same. Use a spreadsheet program such as Excel
and calculate the rotational contribution to the heat capacity as a function of the temperature.
You do not have to take a lot of terms J for the answer to converge, about 30 terms should be
sufficient.45 The rotational temperature of HD is 64.0K.

e€) The situation for H, is a bit more complicated, as H, has, because of its identical nuclei,
two different forms known as para-hydrogen and ortho-hydrogen. Para-hydrogen has an an-
tisymmetric (odd) nuclear wave function and ortho-hydrogen has a symmetric (even) nuclear
wave function. The total wave function should be anti-symmetric as the two hydrogen atoms
are fermions. Thus, for para-hydrogen, only the even rotational wave functions are allowed,
whereas for ortho-hydrogen, only the odd rotational wave functions are allowed.4® Furthermore,
the ortho-hydrogen state is triple degenerate as the odd rotational wave functions are triple
degenerate.

Calculate the rotational contribution to the heat capacity for para- and ortho-hydrogen. For
para-hydrogen, only include the even terms in J (i.e. J = 0,2, ---), while for ortho-hydrogen,
only the odd terms in | (i.e. J =1,3,5, - -) should be used.

44Feel free to peak at the solutions if you have trouble deriving it. I will not judge you.
4 Bonus question: How many terms are required for convergence, e.g. up to the fourth decimal?
46Note that odd X even gives odd.
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f) Finally calculate the rotational contribution to the heat capacity including both even and
odd terms, but increase the weight of the odd terms by a factor of 3 to account for the triple
degeneracy of the para-hydrogen state. Compare your results with a simple mixture of para- and
ortho-hydrogen at a ratio of 1:3 using the results obtained in the previous subquestion. Why is
there a significant difference between the two?

Solutions

The solutions below pertain to the exercises of Chapter 3 on page 153 and further.

(¢' SOLUTION 3.

a) Taking the first derivative of the potential energy towards the internuclear distance, yields

ov

B = 2Decoc-exp (—a (r —re)) - (1 —exp (—a(r— re))) . (3.125)

Filling out r = re gives

ov

E(r:re) =2Dca-1-(1-1)=0 (3-.126)

You would expect this result, as the equilibrium distance is a critical point on the potential energy
curve.

b)
2
87‘2/ =202 De exp (—a(r—re)) (2 exp (—a(r—re)) — 1) (3.127)

Filling out r = re gives

o%v

o (r=re)=202Dc-1-(2—1) =2a2De (3.128)
2
9
2 10)?
k=2Dea? =2-43291-h-c-100 - (1.7314 -10 ) = 515.6N/m (3.129)
p= e 61410727 kg (3-130)
mc| + My
1 [k
v=—4/— =289.95THz (3.131)
2\l p
v =v-10"2/c = 3000 cm™! (3.132)

d) The wavenumber scales roughly by a factor 1/v/2. Repeating the above calculation gives a
value of 7 = 2150cm—1.
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(¢' SOLUTION 3.2

a) The four minima correspond to the four darkly shaded areas on the PES. They are indicated
by the arrows in Figure 3.16.

b) In Figure 3.16, a schematic depiction of the four configuration of hydroxyformaldoxime are
given and their position on the PES is indicated.

¢) The white dotted line in Figure 3.16 corresponds to the minimum energy pathway connecting
the two stable states at the bottom left and top right of the PES. The highest point along this
minimum energy pathway has been indicated by a circle.

¢ in degrpes

150 175 200 225 350
6 in degrees

Figure 3.16: The four local minima of hydroxyformaldoxime and one of the depicted transition states.

d) The one-dimensional projection of the PES along the minimum energy pathway is shown in
Figure 3.17.

e) The highest point along the minimum energy pathway is termed the transition state. In
Figure 3.16, a schematic depiction of the transition structure is provided (center structure on the
left).

f) The energetic difference is roughly o0.035 HT (which is about 9o kJ/mol). This energetic
difference corresponds to the activation energy for crossing the reaction barrier.
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Figure 3.17: Potential energy curve of hydroxyformaldoxime along the minimum energy path.

(¢' SOLUTION 33

The partition function is given by47

go, = D exp (fT“b) (3.133)
j=0
1
_ I
1 —exp (—=Oy/T) (3-134)

The molar fraction of energy level i can then be calculated by

M =exp (—iOy,/T) - (1 — exp (—evib/T)> (3-135)

n; =
qc,

which gives the results as presented in Table 3.2.

Table 3.2: Molar fraction of energy level i as function of T'.

lz‘/T H 200 K [ 800 K ‘IOOOK‘

o 0.9825 | 0.6367 | o0.5551
I 0.0I71 | 0.2313 | 0.2470
2 0.0002 | 0.0840 | 0.1099
3 0.0000 | 0.0305 | 0.0489

47 Similar to 2.5, we used the geometric series to evaluate the infinite sum.
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(¢' SOLUTION 3.4

a) The translational partition function in three dimensions using the ideal gas law is:

2rmkpT)3/2
or = % (3.136)
kpT (2mmkpT)3/2
_ BT (Qrmip 1) 3 ) (3.137)

Plugging in the values gives

_ 1.3806488 - 10~ 23 ] . K~1.298.15 K
B 1.01325 - 105 Pa

3/2
(27r -28-10"3%kg / (6.0221409 . 1023> -1.3806488 - 10723 J . K—1 . 298.15 K)

(6.62607004 - 10~34 m?2 . kg -s—1)3

(3-138)
= 5.8236 - 100 (3-139)
b)
1
v = (3-140)
1 —exp ( >
1
= — (3-141)
_ 6.62607004-10— 34 m2-kg-s— 1299792458 -m-s—1-233000 m—
1.3806488:10—23 J.K—1.298 K
= 1.000013 =~ (3-142)

Note that the vibrational partition function under typical atmospheric conditions usually equals
unity.

) The moment of inertia is calculated by4®

I=pr? (3-143)
mim
= ﬁﬂ (3.144)
=2 (3.145)
—1 2
_ 1 g (60221409 10%) - (1.1069 - 10~ 10m) (3.146)
2
=1.424.10"40 kg - m? (3.147)

48 Note that m represents the mass of a single nitrogen atom, not that of the dinitrogen molecule.
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d) The rotational partition function is given by:

_ 8m2IkpT

®R=—— (3-148)

Please note that this partition function represents rotation for a diatomic molecule in two
dimensions. In other words, this partition function represents two degrees of freedom!

Plugging in the values yields

8n2 - 1.424 - 1046 kg - m?2 - 1.3806488 - 1023 J. K—1 . 298.15 K

w”= 2(6.62607004 - 10—34 m2 . kg - s—1)2 (3-149)
=02 (3.150)

€)
Q = qravar (3-151)
= 5.8236 - 105 - 1.000013 - 52.71 (3.152)
=3.070- 108 (3.153)

Note that the translational partition function represents 3 degrees of freedom, the rotational
partition function 2 degrees of freedom and the vibrational partition function 1 degree of freedom.
Summing up these numbers gives a total of 6 degrees of freedom, exactly what we would expect
from a diatomic molecule!

f) The heat capacity can be calculated using Equation 3.121 on page I51.

2
3 2 hv exp (hv/kpT)
Com = . o T T .
m = Nkg |+ 2+ (kBT> (exp (o T - 1)2 (3-154)
2
_ 2 hv exp (hv/kpT)
(exp (hv/kgT) 1)
= 20.80 J/mol/K (3.156)

"|—I'| l,

s

Perform the above calculations on repl.it:
2 https://repl.it/@ifilot/N2-partition-functions

[t I'Iulll g |


https://repl.it/@ifilot/N2-partition-functions
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(¢' SOLUTION 3.5

a) The average energy is given by

%]
— 2 Y
(E) = kpT*" - In(Q) (3-157)
a7
with Q = N (3-158)
3
and gy = <2MZ#) : \% (3.159)
Readily solving the derivative then yields
_ 2 0 3N (27rkaT) _ ,
(E) = kgT 5T In 5 In T +In (V) — In(N!) (3-160)
ity {fwe
=kgT 3T 2Nln (T) (3-161)
= gNkBT or SRT on a per mole basis. (3.162)
(3.163)
b) The fundamental expression for the entropy is given by
$= 2 (T (@)} (3.164)
=57 B 3.164
o1
— kpn (Q) + kT 2D (3.165)

oT

Plugging in the relevant terms and recycling the answer of the previous subquestion readily
yields

S:ng{zln (W)-i—ln(V)—ln(N)-&-l}—i-gNkB (3-166)
_ 3 2mmkgT _ 5
= Nkp {2 In (7]12 ) +In(V)—In(N)+ 2} (3-167)
3
S (2rmkgT\ 2 - 5
TICB =In (T) +In(V)—In(N) + 5 (3.168)
3
_ K 2rmkgT \ 2 §
=1In { N (7}12 ) } t3 (3-169)
in which,
2 (FE
=245 (3.170)

" 3 Nkg
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162 Chapter 3. Molecular partition functions

Thus,

3
2(E) \ 2
S Y 2rmi 3J<Vk>‘3 42 (3.171)
— =In{ — | ——— - .
Nkg N 12 2 317
3
Y (EmUAEL S (3.172)
B AT 2’ 347
which is fully consistent with the Sackur-Tetrode equation.
a) The entropy can be derived from the partition functions by
S=2 (kgTing) (3-173)
= — n .
ar B 3.173
where
_ 1 N
4= 1 (araravee) ™, (3-174)

where N is the amount of molecules. Note that we have to introduce the % factor because CO
molecules are indistinguishable particles. Let us first calculate the individual entropy contribu-
tions of translational, rotational, vibrational and electronic partition functions and then combine
them into the final formula. Note that we evaluate all partition functions with respect to the
electronic ground state. We will incorporate the % only in the evaluation of the translational
partition function.49

Let us start with the most simple contribution, that of the electronic partition function. Since we
evaluate all partition function with respect to the electronic ground state and since we assume
that only the electronic ground state is occupied, the electronic partition function becomes

de = We 0 (3175)

where we g corresponds to the degeneracy of the electronic ground state.>° Next, we evaluate the
contribution of the translations, which gives

49This choice is fully arbitrary here. Yet if we use it for the translational partition functions, we can recycle the result for
the derivation of the entropy of a mono-atomic gas.
5°Which is usually equal to one, so note that the entropic contribution of the electronic ground state is typically zero.
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_2 a

St = 9T kgT'ln (N' ) (3I76)
e af’ o’
= kBTﬁ In (N') + kgln (N' (3.177)
B P 1 2rmkg \ 3/2 3 @
_kBTﬁ ln(ﬁ)+Nln (( 2 ) |4 +5Nln(T) + kpln ¥l

(3-178)
o (3

= kBT% {ENln (T)} + kg (NIn(gr) —In(N)) (3-179)
:gNkB-l—Nk,‘Blan—k‘B(NlnN—N) (3180)
= Nkp (g+lnqrflnN+1) (3.181)

3/2 exp 5}
27kaBT) v (2) (3182.)

= Nkgln ( s ~

Note that in the derivation above, we applied Stirling’s approximation to evaluate In (N!). For the
entropy contribution due to rotations, we get

9
St= = {kBTln <q§V>} (3.183)
_ 9 N N
= kpT oz In (a') +kpin (af") (3.184)
8 812IkgT
= NkBTa—Tln <o‘h2> + Nkpln(qr) (3-185)
= NkBT% In(T) + Nkgln (gr) (3I86)
2
= Nkgln 8m°TkpT exp(1) . (3.187)
oh?

And finally for the vibrational partition function we obtain

& CHAPTER 3
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Sy = ;T {kBTln (qv )} (3.188)

- kBTaa i () + ks n (af)) (3.189)
hv

= NkBTa%ln 1e_xpefp)> + NkglIn(qy) (3.190)

0 hv hv
= NkBT87T (— QkBT> —1In (1 — exp <_/€BT>) + Nkgln (gy) (3.191)

hv hv
h %o T2 FP\ T BT
= NkgT < Y >+ ke T < hi ) + Nkgln(gy) (3.192)
1o (<)

hv
= NkgT hy + ke T - hy _ 2 In|1—exp —ﬂ
2kp T2 exp (k%) _1 2kpT? T kT

(3-193)

khl”:r hv
=Nkg | —2~——-In|1-exp (—) . (3.194)
eXp( hy ) -1 ( kpT

Note that we have multiplied by exp (—i-k};—’%) in equation 3.192 to get rid of the exponent in the

[}
fid
w
=
o
<
T
o
L]

numerator to obtain equation 3.193. Combining all three results yields

5
Sm 2mmkpT\3/2 __exp (?) 872 IkpT exp(1)
—— =In —_— \% +In| ————] -+
Nkg h2 N oh?

hv
h
..+IZ‘37T In 1exp<k,;ﬂ> +1Inwe 0. (3-195)
exp<7l€ T) 1 B

b) Applying the ideal gas law and calculating per mole of molecules gives

5
Sm 2mmkgT\ %2 kyT €XP (?) 872 TkgT exp(1)
— =In - — +n| —M——= ) .-
R h?2 D 1 oh?

hv h
v
~~+T7T—ln 1 —exp <_k’T> + Inwe - (3-196)
y )
exp <m> —1 B

Let us first calculate the values for the translational, rotational and vibrational partition functions,
which yield the results at standard conditions

g = 5.824 - 105 (3.197)
qr = 1.076 - 102 (3-198)
gy = 1.000. (3.199)
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From these results, we can already conclude that we are allowed to neglect vibrational contribu-
tions®, significantly simplifying the equation to

3/2 kT 2 kg T exp(1
Sm=R{n (%) @e@(§) i (S RET R ) L o)
h P 2 oh

& CHAPTER 3

Identifying the formulas for the partition functions in the above equation gives

Sm =R {ln (qT exp (2)) +1In (qr exp(l))} . (3.201)

And upon filling out the values for the partition functions we obtain the final result of Sm =

197.52 J/mol/K. This result is in very close agreement to the experimental result of S; = 197.9
J/mol/K.

(¢' SOLUTION 37

a)
Grot = i (2J + 1) exp (W) (3.202)
J=0
b)
Erot = kpT? 8% In grot (3.203)

S (27 + 1)J(J + 1)Orot exp (M)

= kB
—J(J+1)Oyo
23020(2J+ 1) exp <7( T ) )

(3.204)

5'Feel free to include the vibrational contribution; you will see it only starts to matter for the final answer at the third
digit after the decimal point.
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9

1o}
Cv,rot = 7Erot (3'2‘05)

oT
J(J + 1)9rot>

9 > F0(2J +1)J(J + 1)Orot exp (7 T

o (3-200)

oT X0+ Dexp (,W)
R R Gy )

T2 272027 + 1) exp (W)

2
(Z?"—o(zJ +1) (J(J 4 1)Orot) exp (_J(J+T1)®mt>)
| J(J+1)© 2 (3-207)
<230_0(2J +1)exp (_(JFT)rot)>

A Note the minus sign between the two terms in the square brackets.

d) You should obtain an answer similar to what is shown in Figure 3.18. Note that the results
converges to Cyrot = kp at higher temperatures, which is the result obtained for an ideal diatomic
gas.

o =
<] o
———

o
o
—

Rotational partition function in units of k
o
S
—_—

=] [=}
=) [N}
\

0 50 100 150 200 250 300
Temperature [K]

Figure 3.18: Rotational contribution to the heat capacity in units of kg for the hydrogen-deuterium molecule.

€) You should obtain an answer similar to what is shown in Figure 3.19. Note that para-hydrogen
is lower in energy (its first allowed rotational energy level is at J = 0) and thus its contribution
to the heat capacity starts at lower temperature.

f) You should obtain an answer similar to what is shown in Figure 3.20. The main reason for the
difference is that the 1:3 mixture is the high-temperature ratio between para- and ortho-hydrogen
(corresponding to the degeneracy of their nuclear states). However due to the allowed rotational
energy levels, the distribution between ortho- and para- will change as a function of temperature.
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Rotational partition function in units of k
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Figure 3.19: Rotational contribution to the heat capacity in units of kg for para- and ortho-hydrogen.

Rotational partition function in units of k

—— p/o = 1/3 mixture
—=—=- equilibrium mixture
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Figure 3.20: Rotational contribution to the heat capacity in units of kg for a 1:3 mixture and the equilibrium

composition.

Explore the rotational contribution to the heat capacities of H, and
HD online using this Wolfram Cloud app:

2 https://demonstrations.wolfram.com/
LowTemperatureHeatCapacityOfHydrogenMolecules/
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Collision theory

Before we discuss transition state theory and derive the corresponding rate equation within this
theory, we will first treat collision theory which is a somewhat simpler theory enabling us to
calculate reaction rates, yet conveys a lot of important principles behind transition state theory.

Our derivation of collision theory proceeds in a couple of steps. First, we estimate the number
of collisions as a function of the velocity of a molecule. Next, we derive an equation to calculate
the average velocity of a particle as a function of temperature and use this speed distribution to

obtain an expression for the average velocity between two molecules as a function of temperature.

As not all collisions lead to a reaction, we finally introduce a correction factor to account for the
collision efficiency.

Consider a mixture composed of molecules A and B which are able to react upon contact. Let
us furthermore assume that these molecules can be represented as rigid spheres with diameters
d 4 and d g for the two types of molecules A and B with p, and p,; the corresponding number
of molecules per cubic meter. We can then define a bimolecular collision as the situation where
the surfaces of the two spheres make contact with each other.

& CHAPTER 4



<
o«
w
=
o
<<
I
O
L]

170 Chapter 4. Transition state theory

To derive the rate of reaction for the mixture, we first start by calculating the number of
collisions per second for a single molecule of A. For a mixture of A and B, we can consider that
one molecule of A will be moving in an arbitrary direction 7 with a mean velocity relative to a
molecule of type B. A collision between A and B will occur in the situation wherein the center of
molecule B is at a position within a distance o, ;; of the line of flight of the center of molecule A
during the passage of A, wherein o, ; is given by’

oup = ALTIE (4.1

This is schematically depicted in Figure 4.1.

sweeping volume V

/ sphere with diameter d,

sphere with diameter d,

Figure 4.1: Schematic depiction of the cylinder space swept out by molecule A. All molecules whose center are within
the volume as defined by the cylinder will undergo a collision. The radius of this cylinder is equal to half of the sum
of the diameters of the two molecules A and B.

The total number of collisions of molecule A with those of type B per second can then be
estimated from the volume swept out by a cylinder with radius o , ; multiplied by the number
of molecules of type B per cubic meter, p. The required volume is thus

V= WUiB?, (4-2)

where 7 is the mean relative velocity of molecule A. The number of collisions for a single
molecule of A is given by

2
ol = TO 45gTPB- (4-3)

Maxwell-Boltzmann speed distribution

The appropriate mean relative velocity 7 can be calculated from the two-body distribution function
of the molecules A and B. This process involves quite some mathematical steps, so let us proceed
one step at a time. Let us first establish the distribution function for a single molecule and in the
next subsection, we will build a two-body distribution function based on the results found in
this subsection. The chance to encounter a single particle as function of its energy is given by

'In other words, the sweeping radius is essentially the sum of the radii of the potentially colliding particles.
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the Boltzmann distribution of energy as given in Equation 2.61. According to this equation, the
probability that a molecule has energy E; is given by

_ ki _E
. exp( kgq;z? _ exp ( ZkBT) 7 (4.4)
=0 (<)

where Z corresponds to the total translational partition function.
The velocity ¢ has three components, i.e. in the vz, vy and v direction. The translational
energy in each of the Cartesian directions is given by

1
B = jmog, 5)
where E; , corresponds to the total translational energy in the z-direction, m is the mass

of a particle and v, is the velocity in the z-direction. For all three Cartesian directions, we thus
obtain

& CHAPTER 4

1
E; = om (vg + vg + UE) . (4.6)

We can readily plug Equation 4.6 into Equation 4.4. Furthermore, because ¥ can be consid-
ered to be a continuous function, we change the finite chance p; into an infinitesimal chance? f
as given by

L2
— — m ||V
@®=7"ep (‘W) 47)
2 2 2
-1 _ mug _& _ mug
=7 e < 2kBT> P < szT> P < 2kBT> ’ (48)

where f (?) is the infinitesimal chance (probability density) to encounter a particle at velocity
¥ as function of ¢. Because the function f (¢) corresponds to an infinitesimal chance, this
function can be interpreted as a distribution function. The function f (%) is however not yet
normalized. To normalize it, we have to integrate3 over all possible velocities, irrespective of
direction, and set the value of Z—! such that this integral over all possible configurations equals
unity. Hence,

/ f@)=1 (4-9)
oo 2 oo 2 e} 2
:Zil/ exp _ e dvz/ exp _ My dvy/ exp | — MY dv.
oo 2k T oo 2kgT — oo 2kgT
(4.10)
3
= Z_1 (M) 2 3 (4.11)
m

From this, it follows that Z—1 can be interpreted as a normalization constant to ensure
that the integral equals unity. Plugging this normalization constant Z~! back into the original

*If you find this step confusing, have another look at section 2.2. Because ¥ is considered continuous rather than
discrete, to obtain the finite chance (or probability) p from f, we simply integrate f over some domain. In other words, f
can be interpreted as a probability density.

3Have a look at section B.3 in the appendix on page 2778 for a handy set of standard integrals.
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equations yields the following equation for the infinitesimal chance to encounter a particle at
velocity o

3
L m 2 mv% mvg mvg
_ _ — - 12
@) (ZkaT> PN T okgT | TP\ T 2kpT | PN\ T 28T (4-12)

Equation 4.12 is the Maxwell-Boltzmann speed distribution. Considering our problem
formulation wherein we aim to calculate the number of collisions between molecules A and B,
we wish to derive a related expression corresponding to the distribution function of a particle that
only depends on the magnitude of the velocity f(||7||) and irrespective of the particular direction
that the particle is moving in. In other words, we wish to obtain a distribution as function of the
particle’s speed, rather than its velocity.4

To calculate this property, we perform a coordinate transformation from Cartesian to spherical
coordinates and integrate out the parts that depend on the polar angle 6 and the azimuthal angle
¢. In spherical coordinates’, Equation 4.12 is written as

<
o«
w
=
o
<<
I
o
L]

iy
£l 0,9) = <2WZT> e <—";,'€'B£> 1971 sin 6). (@)

Note that the part ||#]|2 sin (§) corresponds to the Jacobian due to the unit transformation
from Cartesian to spherical coordinates. Let us now integrate out the part that depends on the
angles 6 and ¢ by which we obtain the following results®

3
N o m\? 1 G ER
sy = [ do [ sin(o)a0 <27rkBT> exp(w o (4-14)
3 2
i [m 3]
— 4 |1 <2kaT> exp< T (4.15

Since the speed c corresponds to

c= /v + v +v2 =7, (4.16)

let us rewrite Equation 4.15 as

3
2 2
— 42 m _me )
f(e) = 4nc <2kaT> exp < kT (4.17)
Equation 4.17 is the Maxwell-Boltzmann speed distribution, irrespective of the direction of
said velocity.

“#Recall that there is a subtle difference between speed and velocity. Velocity is defined as the speed with a direction,
while speed does not have a direction.

5See Appendix B.1.3 on page 2777.

©Observe that this procedure is analogues to calculating the surface of a sphere of radius r = || 7.
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As seen in section 2.2, we can calculate the average property given a distribution by multiply-
ing that distribution by the variable of interest and integrating over the whole distribution.” From
this distribution, we can thus obtain the average speed or average magnitude for the velocity
by multiplying the distribution function by ¢ and integrating over the complete configuration
space® as given by

[e's) [e's) 3 m 2
Cavg = /O fle)-cde= /O 4mc kT
8kpT
=/ (4.19)
™m

In a similar fashion, we can obtain the root-mean-squared speed, which equals

[ \V][9N)
o
/I\
[\
tAE
SIR™
~_
u
~
1
X

_[r= 2 %, 4 m
Crms = [/0 fle)-c dc} = /0 4mc <27rkBT>
./ 3ksT (4.21)

m

and the most probable speed, which is obtained by solving

3 (2kgT — mc?) exp (—m—lfz)
df(c) =0=4r (2 ZT) ( ) 2t . (4.22)
TTRB

dc kT

Observing that the term before the fraction cannot be zero, neither the exponent term in the
numerator nor the denominator, it follows that

2kgT — mc? = 0, (4-23)
giving
2kgT
Cmp = > (4-24)
m

In Figure 4.2, the speed distribution for a N, molecule for two different temperatures is
given. Note that at higher temperatures, the magnitude of the velocities are more ‘smeared
out’. The most probable speed corresponds to the maximum of the speed distribution. The
average speed lies at somewhat higher speed than the most probable speed, because the speed
distribution tails off at higher speeds.

2t . 5
%, Practice your understanding

Exercise 4.1

7Assuming of course that the distribution is normalized. If not, we have to either normalize the distribution first or
divide the result of the integration by the integral of the distribution over its complete function space.
8In other words, integrating over all possible values of c.
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Maxwell-Boltzmann speed distribution for N, gas.

0.00200 ;
/ ':\I\ — 7 =300k
0.00175 . == T =1000K
/ i —-~- root-mean-squared-speed
0.00150 N\ —-- average speed i
/ | | | \ —-= most probable speed
0.00125 11
S 0.00100 L x_--h"‘
= I 1 L7 Sso
i el S
0.00075 I 'J . ~
/ A0 RN
0.00050 AL S~
’ : ~
7 ~
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’ ’ I
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speed c in [m/s]

Figure 4.2: Maxwell-Boltzmann speed distribution for N, for T' = 300K and T = 1000K. The most probable speed,
average speed and root-mean-square speed are indicated for T" = 300K as well.

Collision density

In the previous subsection we derived the Maxwell-Boltzmann speed distribution pertaining to a
single particle. To obtain the mean relative velocity between two particles, we have to construct
the distribution for two particles, which is simply the product of two single-particle distribution
functions, as given by

f(’g/UﬁB) :f(ﬁA) .f(ﬁ’B) (4-25)
_ (v \* o (Cmalwl? o (Cme s 426)
27’I’kBT QkBT Qk‘BT ’

The (kinetic) energy terms in this distribution is defined with some arbitrary frame of
reference and the total energy is herein the sum of the kinetic energy of particle A and particle B.
We can introduce a coordinate transformation wherein the total kinetic energy for the two-body
system is given as the sum of the kinetic energy due to movement of the center of mass and the
kinetic energy due to velocities with respect to the center of mass as given by

my ||17AH2 mp H173||2 _1
2 2 2

(ma+mp) HU/HQ + %N”FHz (4-27)

where ¥’ is the velocity of the center of mass, u the reduced mass and  the relative velocity
of particle A with respect to particle B. It can be readily seen that Equation 4.27 is valid if we use
the following definitions for ¥/, y and

- -
& = MUy + Mg

= 28
S (4-23)
mam
p=—ralls (4-29)
m,y +mpg
F=v, —Ug. (4.30)

By using the above definitions, we can rewrite Equation 4.26 as
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F(#7) =1 (@) f (@) (431)
3 2
(VT (ma +mp) [|7]] w17
_< 2kpT ) P <_ 2T P\ T okgT |- (432)

From this equation, we can derive an equation for the distribution only as function of the
relative velocity #* and irrespective of the velocity of the center of mass ¢’ by integrating over all
possible values of #. This gives

3 2
m, My o0 (mA—&—mB)vg /°° (mA+mB)vy
— (MY ATB A B/ E ) g _ A B du,, -
£ ( 2mksT > /ooeXp< 2T Vo | P Y Yy

(4-33)

<
o
Oo (mA +mB)'Ug HHFHQ E
. A TE) Y2 ) gy exp | T .
/,oo P ( 2T V2 OP T kT (4:34) E:
®
3 3/2
_ (VT 2k T S [ w5
2mkgT m, +mpg P 2kgT 435
3/2 2
I3 w7l
- _pir ) 36
(27rkBT> EXP( s T (4:30)

As seen in the previous subsection, by performing a coordinate transformation from Cartesian
to spherical coordinates and integrating out the angles ¢ and 0, we can cast the above equation
into a distribution function that only depends on the magnitude of the relative velocity ||7]| and
thus irrespective of the direction. The above distribution function in spherical coordinates is
given by

3/2 )
7 (Irll,0,6) = <2WZBT> e (’;',;'T> 172 sin. )

Integrating out the angles yields

7 (I7)) = 4nlj72 ( p )3/2 exp <“'F”2> . (4:38)
kg T 2kpT

Observe that Equation 4.38 is very similar to Equation 4.17 on page 172. Instead of the speed
¢, we have the relative speed ||r||. Similarly to how the mean speed was calculated in Equation
4.19, the mean relative speed can be found to be

8kpT\ 1/2
T = (ﬁ) : (4-39)

where m in Equation 4.19 is replaced by the reduced mass p. Note that in the special case
thatm, =mgz =m,

n=" (4-40)
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and

T=V2e (4-41)

Finally, we can plug Equation 4.39 into Equation 4.3 to obtain the number of collisions of a
single molecule of A per second as given by

8mkpT\ /2
Mol = (TB) 0'/2.”3 PB> (4.42)

where p is the number? of molecules per volume as given by

p=1 (4-43)

From this, we can calculate the number of collisions per unit volume per molecule of type A
with molecule B by multiplying n, by p, which gives
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8rkpT \ 1/2
ZAB = (TB) 02 PAPE (4-44)

In the case that molecule A and B are like molecules, the above equation can be further
simplified by substituting o , ; for o and noting that p, = p. Also, we have to introduce a
factor of % to avoid double counting.™®

Z= %ZAB (4-45)
-5 (SWZBT) - 0AnPAPE (4-46)

1 [ 8rkgT 1/ 9 9
2<m/2> o7p (4-47)
—2(72%) P20 (4-48)

41.3 Collision effectiveness

Not all collisions will result in a reaction and there are a number of important factors that
determine the effectiveness of a collision. The most important one we will consider here is that
the molecules that collide should have a minimum relative kinetic energy to overcome some
energetic barrier necessary for the reaction to proceed. Consider the situation such as illustrated
in Figure 4.3a. Molecule A has some relative velocity 7 with respect to molecule B. This relative
velocity 7 is not necessarily oriented in the direction of the vector d , , spanned from the center
of A to the center of B. For example, the vectors #and d , ,, could be oriented at a 9o degrees
angle by which the collision is more like a grazing incident by which only a minimum of the
total kinetic energy of A is transferred to B.

9Please note that we literally mean here the number of molecules, not the number of moles of a molecule.

'°For unlike particles, the number of collisions is counted by considering the volume sweep of molecule A through
a gaseous mixture of B (or vice versa, but only counted once). For like particles, the volume sweep is through a gaseous
mixture of itself resulting in double counting. If this concept is troubling you, have a look at exercise 4.2 on page 190.
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@ (b)

Figure 4.3: (a) Schematic illustration of a collision between molecules A and B where the relative velocity 7'is oriented
at an angle 0 with respect to the vector d , ; pertaining to the line of centers of molecules A of B. Only part of the

kinetic energy that corresponds to the component of the velocity projected on d A can be used to overcome the barrier
for the reaction. (b) Schematic depiction of the sweeping volume V' as function of the relative velocity 7 and the
angle 6. The sweeping volume corresponds to a shell (hollow cylinder) with a circumference of P = 270 , 5 sin 6,
width Al = o , 5 df and a height h = ||7]|.

As such, we need to define some effective kinetic energy, which is determined by the compo-
nent of the relative velocity vector 7 in the direction as given by d , ;. This effective energy is
given by

1
Eineff = 5u|lﬂ|2 cos 0. (4-49)

In the situation wherein we neglected to take the effectiveness of a collision into account, as
shown in the beginning of this section, the number of collisions was calculated by considering
the sweeping volume V = o2 7, wherein o , , corresponds to the collision radius and 7 the
average relative velocity. We were allowed to consider the average relative velocity because the
shape of the sweeping volume given some value for the relative velocity 7 is always a cylinder
with a fixed radius. When the orientation of relative velocity ' starts to play a role, the sweeping
volume is given by a hollow cylinder (or shell) with a different radius depending on the value
and direction of 7 as given in Figure 4.3b.

For a given value of 7, the area of contact between molecules A and B for an angle between
the vectors 7 and d , ; between 6 and 0 + df corresponds to the circumference

P =2m0,5sin6 (4-50)

multiplied by the infinitesimal width

Al=0,,db (4-51)

to give

A =2702 _ sinfde. (4-52)
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The sweeping volume corresponding to the above situation, taking the component of the
relative velocity 7 in the direction of d , 5 into account, is then given by

V= HF’]|27T0§B sin 6 cos 6d6. (4-53)

Let us take one step back and reflect on what we are trying to derive. We want to calculate
the number of collisions between A and B in some mixture with some number density of the
molecules A and B given by p, and pg, respectively. To obtain this number, we consider a
single molecule of A and construct the volume that if a molecule of B is within this volume, a
collision is encountered. By multiplying then this volume V with the number density p;, we
would obtain the total number of collisions per molecule of A. In turn multiplying this result by
the number density of A, would give the total number of collisions between A and B per volume.

In addition to the situation as sketched in this reflection, we have a set of conditions in place
by which the sweeping volume is essentially smaller in size as compared to the situation in
the absence of these conditions. We start out by considering a new sweeping volume V, but
not for any given molecule A, but a molecule of A that has a relative velocity 7 oriented at an
angle 0 with respectto d,, . ™ The volume V as given in Equation 4.53 now corresponds to a
molecule of A with an effective magnitude ||7]| considering that the vector 7 is oriented at an
angle 0 with respect to d , ;. To construct the total number of collisions from this value V, we
need to integrate over all relevant effective magnitudes ||7]| and all relevant angles 6. Herein, the
effective magnitude ||7]| is integrated from the lower bound

[2AE
||FHmin = Tv (4.54)

where AE is the minimum energy to overcome the reaction barrier, and the upper bound of
infinity. For the angle 6, we have a lower bound of o and an upper bound as given by

2F
Omax = arccos UW . (4-55)

Because not all values of ||7]| and 6 are equally distributed in our mixture, our integral has
to take the (normalized) probability of encountering a molecule of A at ||7]| and 6 into account,
which is given by the two-body distribution function in relative spherical coordinates as given in
Equation 4.38. The sweeping volume V is then given by multiplying Equation 4.38 by Equation
4.53 and integrating over ||7]| and 6 using the lower and upper bounds as given above, which
yields

3/2 oo 2 Omax
v=sr2| L 2 / 3 exp [ —2ITIZ / in cos0d6 | d||7|. (4.56
u <27’l’kBT> UAB ||F||mm HTH exp 2kBT 0 sin v cos ||T_“H (45 )

The integral over 6 evaluates to

Omax 1 2AE
in 6 0df = — |1 — .
/0 sin 6 cos Od 5 < P (4-57)

Note that we are allowed to consider the vectors 7 and d_ 4 tolie on the same plane.
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by which Equation 4.56 reduces to

3/2 50 2
2 @ 2 3(,_ 2AFE Al
v =dn <2kaT> o [y 17 (1 M|2>exp< A YAl (a5t

Integrating over ||7]| finally yields

8rkpT \ 1/2 AE
V = (TB) 0,243 exp <kBT) . (4-59)

From Equation 4.59, the collision number Z 4 g can be readily established by multiplying
the sweeping volume V' by the number densities of molecules A and B, giving

8mkpT \ 1/2 AE
ZAB = (T) U%B €xp kT PaPs- (4-60)

Observe now that Equation 4.60 only differs from Equation 4.44 by the energetic penalty
& =exp (— é—?) where ¢ is always between o and 1 as AE corresponds to a barrier and is thus

guaranteed to be a positive number.
Finally, for like particles, equation 4.60 transform to

1/2
Z=2 (WkBT> o2 exp (—AE> 2, (4.61)
m kBT

where the formula has been adapted to mitigate the double counting of like species, similar
to as shown in the derivation of Equation 4.48.

41.4 Unimolecular reactions

There is a special case which deserves a bit of additional attention. Let us consider a unimolecular
reaction. You might argue that such a reaction does not require molecules to meet rendering the
concept of collisions as not very useful. For example, in an isomerization reaction, the molecule
itself transforms to another configuration which in principle does not require a collision.

According to the hypothesis of Lindemann and Christiansen, all molecules acquire and lose
energy by collisions with surrounding molecules. If we assume this hypothesis to be true, then
we can construct the following set of elementary reaction steps for the reaction of A to P activated
by a collision of another molecule M:

ki

A4+ M— Ax+M (4.62)
ky
k+

Ax 25 P (4-63)

Note that in the above equation, the asterisk designates an activated complex rather than an
adsorbed species. Application of the steady state approximation to the reaction intermediate A*
yields

& CHAPTER 4
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d[z*] — ki [A[M] — K [A%] — kT [A%][M] = 0 (4-64)
ki [A][M]
= LT .6
(A ky + ki [M] (4.65)

and hence the rate of reaction becomes

d[P) _ ki k3 [A)[M] (4.66)
dt  kf +ky[M] '
For a mixture only containing A, [M] is [A]. In other words, the reaction of A to P is activated
by a collision with another molecule of A and hence

ap) K kF (A7
dt ki + kT (4] (4-67)
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For sufficiently high pressures of A, this reaction will be first order. However, in the low
pressure regime the above equation can be approximated by

+ 1 A72
R (4.68)
kT + k7 [A]

The above dependency of the rate on the pressure can be verified by experimental means
and it was found that the equation holds for several isomerization and decomposition reactions.
Interestingly, this implies that unimolecular reactions in fact do not exist at all, because collisions
with surrounding molecules are needed to bring the reacting molecule to a sufficiently high
energetic state that it is capable of crossing the reaction barrier of the elementary reaction step.

£ Practice your understanding

Exercise 4.2

4.2 Transition state theory

Within this section, we will derive the formula for the chemical rate using transition state theory.
In principle, many similar derivations exist.[6, 7, 8] Here, we will employ a derivation wherein
we assume that the reaction coordinate can be modeled as a translation.™

4.2 Derivation

To derive a general formula for the reaction rate constant, let us introduce a simple model system.
In Figure 4.4, the potential energy surface of the three-body complex H-H-H for the reaction
Hy + H — H + Ho is shown.[9]

An illustrative video showing the curvature of the PES of Hg can be found on
Youtube using this link:
@ https://www.youtube.com/watch?v=5y0DQhul-CY

There is a somewhat simpler derivation, but we leave this as an exercise to you. See exercise 4.8 on page 195 for an
alternative derivation of the Eyring equation.


https://www.youtube.com/watch?v=5y0DQhu1-CY
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Figure 4.4: Potential energy surface of the one-dimensional tri-atomic hydrogen system. The white dotted line
indicates the reaction coordinate of the elementary reaction step wherein a hydrogen atom is transferred between the
two other hydrogen atoms. All energies are given in HT. A surface plot of the same data is provided in Figure 4.5a.

Within this Figure, the two dark regions (denoted by A and B) designate the stable states,
being the complex H 4-H g with the atomic hydrogen H far away (state A) and the situation
where Hg — H are bonded and H 4 as atomic hydrogen (state B). One can construct a path of
minimum energy between these two states as shown by the white dotted line. This minimum
energy path that connects the two stable states, wherein all the points on the path are higher in
energy than the two stable states, is termed the reaction coordinate. The point highest in energy
along this path corresponds to a meta-stable state, which is termed the transition state (shown
in Figure 4.4 by point TS). The transition state is characterized as being a maximum in energy
along the trajectory of the reaction coordinate and a minimum in all other directions (i.e. in
any direction perpendicular to the reaction coordinate). In mathematical terms, such a point on
the potential energy surface, which is a maximum in one direction and a minimum in all other
directions, is known as a first-order saddle point.™

In addition to the contour plot of Figure 4.4, also a surface plot of the potential energy surface
is provided in Figure 4.5a. Herein, the minimum energy path that connects the two stable states
can be seen as the valley in this plot. The highest point alongside this minimum energy pathway
corresponds to the transition state, which is the first-order saddle point. If we imagine a direction
orthogonal to the direction of the minimum energy pathway, we can see in Figure 4.5a that this
corresponds to a sharp increase in the potential energy, indicating that the transition state is a
minimum in this direction.

We want to derive a rate constant corresponding to the rate of the conversion of the number
of molecules per unit volume per unit time.’# Using a statistical assumption, it is obvious that

BSimilarly, a second-order saddle point is the highest point on the minimum energy pathway between two first-order
saddle points.
“Note that for this analysis, you can readily swap states A and B due to the principle of microscopic reversibility. See
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(a) Surface plot of the potential energy landscape of trilinear H = (b) Example of a saddle point.

Figure 4.5: The transition state of an elementary reaction step corresponds to a saddle point on the potential energy
surface. A saddle point is a point of a function where the derivatives in orthogonal directions are all zero (i.e. critical
point), but which is not a local extremum of the function. A first-order saddle point is a critical point which is a
maximum in one and only one direction and a minimum in all other directions.

such a rate is proportional to the number density of molecules residing in state A.

rate = kp 4 (4-69)

where k is termed the reaction rate constant and has the appropriate dimensions given the
elementary reaction step. In the derivation, we are going to use the following assumptions:

1. The transition state and initial state are in thermal equilibrium in such a way that we
can define an (number-density based) equilibrium constant K to describe the ratio of the
species between the two states.

2. The transition state has a particular “width” in the direction of the reaction coordinate and
species have a particular velocity at which they can cross this width.

3. Species that have passed the transition state from the initial state will immediately move
towards the final state.

Given these three assumptions, an elementary reaction step can be envisioned as the following
reaction sequence

Ris & Rrs —— P (4.70)

irev

for which we can construct the following expression for the reaction rate constant k:

k=vK, (4.71)

where v is a crossing frequency (in s—1) at which species at the transition state migrate to
the final state.’s

One could object to the above assumption as although the above is true for a system in
equilibrium, we are looking for reaction rates, which are also valid out of equilibrium. How
can we be sure that the Equation 4.71 also holds when we study the transient behavior? From

page 19.
51t is unfortunate that the variable v is also used for the stoichiometric coefficient, but we hope that from the context it
is always clear what v represents.
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experiment though, it is found that rate constants do not change when the system approaches
equilibrium[6], therefore, we believe that Equation 4.71 holds, irrespective of whether our system
is in equilibrium or not.

Going back to our model system, for the elementary reaction step Hy + H — H + Ho, the
number-density based equilibrium constant K can be defined as©

AN CUAS
pagrc  (aaB/V)(ac/V)’

K= (4-72)

wherein ¢ corresponds to the molecular partition function in the transition state, gap to
the molecular partition function of the AB complex (H,) and g¢ to the partition function of the
single H atom. All three molecular partition functions are defined with respect to the lowest
electronic ground state. If we extract the electronic partition functions from the total molecular
partition function, we obtain

@ a
" (dag/V)(@L/V) (@e,aB) (ge,0) (4.73)

_ (q/T/V) exp | — AEa,elec
(dhg/V)(aL/V) kT )’

(4.74)

where the prime in ¢’ indicates that we have omitted the electronic partition function from
the total molecular partition function and AE, . corresponds to the electronic activation energy
as given by

reactants

AE;al,elec = Eilec + Z ViEi,elecv (4-75)
Q

where E:]ec is the electronic energy of the complex in the transition state, v; the stoichiometric
coefficient'7, i an iterator for the reactants and E; . the electronic energy of reactant . Note
that all electronic energies are defined with the zero of energy corresponding to all constituting
atoms infinitely far apart and at rest. Furthermore, note that the same holds for the vibrational

partition functions in Equation 4.74, thus they contain the zero point energy term exp (% k};—%)
as shown in Equation 3.115.

For the derivation of v we wish to evaluate some characteristic time 7 for the system to pass
through the transition state (and then set v as the reciprocal value of the average 7). Given a

width § of the transition state and an average velocity v of the species, the time 7 is given by

d
T=C- (4-76)
v
Thus, the reaction rate constant equation so far yields
v (q/T/V) AEa,elec
= — ex — . .
5 W/ ae/V) P\~ kT 477)

®Here, we use a number-density based equilibrium constant as defined in Equation 2.159 on page 103 as we wish to
obtain a rate in terms of the number of molecules converted per unit volume and per unit time. If another type of rate
expression is used, e.g. based on pressures, a different equilibrium constant can be used. Examples of these types of rates
are shown in the next chapter.

7Note that these are per definition negative for reactants
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Next, we extract the partition function corresponding to the reaction coordinate from the
total molecular partition function of the transition state. In this derivation, we model motion
along the reaction coordinate as a one-dimensional translation. This approximation treats the
transition-state complex as quasi-bound in all coordinates except the reaction coordinate, which
is free to move across the dividing surface. By combination of Equation 3.64 and the previous
equation we obtain

_ "y AE.
R 8/2mmksT __(q"1/V) exp <— a’elec> . (4-78)

g h (ahp/V)(ac/V) kgT

Note that we used an additional prime in ¢’ to indicate that we have extracted one translational
degree of freedom from the partition function of the transition state. The average velocity v in
one dimension can be obtained in a similar fashion as shown for the Maxwell-Boltzmann speed

o distribution in section 4.1.1, which yields
2
:
2 2
a fooo exp (_2;;;17’1 ) vdv
v= (4-79)
[e'e) — 2
Jo exp ( 22:?% ) dv

2kpgT
=4/ =B (4.80)
T™m

Plugging this equation into Equation 4.78, and noting the introduction of the “2” in the
denominator of the first term as only half of the crossings are from the IS to the FS, yields

2k T
= e 0/ 2mmkgT (q"T/v) exp [ — AE, dec (4.81)
26 h (dhy/V(@/V) R T
The above equation can be rewritten to
kgT (qi/v) AFE, elec
=22 exp [ — . . .82
h (/M) P\ ket 52

Herein, we have dropped the primes and introduced a § to indicate that one partition function
is extracted from the total motional partition function for the transition state and added a + to
indicate that this reaction rate constant corresponds to the reaction in the (arbitrarily defined)
forward direction. Equation 4.82 is known as the Eyring equation or transition state theory equation.
For the reverse reaction, we would obtain

i AFE — AFE
= — k;Bl (g*/V) e | — < a,elec r,elec) 7 (4.83)
h (qa/V)(gpc/V) kgT

where AE, . corresponds to the electronic energy for the reaction as defined as

AE;clec = Z ViEi,eleC' (4-84)
%
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Combining Equations 4.82 and 4.83 gives

(4-85)

Ko M (aa/V)asc/V) (_ AEr,elec>
k— (qap/V)(ac/V) kgT )’

which is in agreement with Equation 2.159."® Finally, Equations 4.82 and 4.83 pertain to
bimolecular reactions. The general expression for transition state theory becomes'®

L _ kBT (¢t/v) ( AEa,elec> ‘ (4-86)

“h iGa/V) TP\ kT

The above expression was derived for reactions in the gas phase, where the molecular
partition functions are expressed per unit volume. For reactions occurring on surfaces or within
condensed phases, the situation is different. In those cases, the reactive species are confined to
two (or fewer) spatial dimensions, and the partition functions are expressed per surface area or
per adsorption site rather than per volume. Consequently, no volume correction appears in the
expression for the surface reaction rate constant, and its dimensionality is typically s—1. The total
number of available adsorption sites or surface coverage then replaces the role of V in defining
the molecular densities. A detailed treatment of surface reactions is given in Section 5.5.

Furthermore, note that the term [];(g;/V') ensures that the dimensionality of the reaction
rate constant is always consistent with the type of reaction. For example, for a unimolecular
reaction, the term 1/V cancels out with the 1/V term in the numerator of Equation 4.86. Thus

we obtain a dimensionality of s~ for the reaction rate constant for a unimolecular reaction.

Using the same line of thought, we can deduce that for a bimolecular reaction, the reaction rate
constant has a dimensionality of s—1 - m3. Thus, transition state theory can be readily applied to
all kind of reaction events (including the very unlikely trimolecular reactions).

2t . .
%, Practice your understanding

Exercises 4.3, 4.4, 4.5 and 4.6

Comparison between transition state theory and collision theory

The fundamental difference between transition state theory and collision theory is that the
latter considers molecules to be rigid spheres and hence only the translational motion of these
rigid spheres is considered. Hence, the degrees of freedom due to rotation and vibration are
not considered in collision theory. Nevertheless, for a diatomic molecule with an internuclear
distance of o , , without any vibrational degrees of freedom, transition state theory should give
the same result as collision theory. If m, and m  are the masses of the two reactant molecules,
the moment of inertia I is

m,m
I=0f, —4—2— (4-87)

B
m,y +mg

®Note that the exponential term in Equation 4.85 corresponds to the quotient of the electronic partition functions.

91t is important to note that the way the rate was defined influences the form of the reaction rate constant. In the
derivation used in this chapter, the rate was defined as a function of the reaction rate constant and the number-densities of
the reactants. If the rate is defined, for instance, as a function of the reaction rate constant and pressures, the expression
will differ as a different equilibrium constant between initial and transition state has to be used. In the next chapter, we will
showcase a number of situations wherein the rate constant is calculated in different constructions of the rate expression.
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and thus k can be written using expression 4.82 as

kgT tyv —AE
L — B . (¢*/ /) exp a,elec (4.88)
h (qA/V)(qB/V) kgT
D
_ ksT q?rans/vq?ol? —AE, elec 8
) 3D & knT (4-89)
qtrans/vqtrans/v B
(@ (m kg )%/ 8707, G AT kT
_ ksT h3 h2 ex 7AEa,elec (4.90)
~ h (2mm , kgT)3/2 (27 5 ksT)3/2 P kgT 49
h3 h3
1/2
m, +m —AE, g
e (87rkBT72AmBB> aiB exp (kB;f = (4.91)
8mkpT\ 12 AE
= (7# ) aiB exp _kBiT (4-92)

The above formula is equal to Equation 4.60 when multiplied by the number density of A
and B p4 - pp, showing that both theories provide the same rate expression.

Fundamental objection against collision theory

Despite the fact that collision theory and transition state theory give the same results when the
underlying assumption of collision theory is applied to the choice of the partition functions
within transition state theory, collision theory is in conflict with thermodynamics because it
neglects vibrational and rotational degrees of freedom. This becomes immediately apparent if
we derive the equilibrium constant from collision theory

K Ll
== (4-93)
1/2 _
8k T 2 AFE,q,
_ ( Jiab ) %aB e"P( EsT f) (4-94)
- 1/2 :
(8215,35) / o2 exp (—%BEQEM)
2
o I —AH
= a8 [HOD exp< P > : (4-95)
UCD HrAB B

The above formula correctly describes the relation between K and the enthalpy of the reaction,
yet such an expression is only valid at oK or in the case when there is no entropy change. In
principle, this discrepancy could be resolved by introduction of a steric factor P in collision
theory, however such an introduction would result in a loss of the fundamental understanding.

Motivation from sequence of successful collisions

In section 4.1.4, it was shown that molecules undergoing chemical reactions are activated by
collisions. From transition state theory, it follows that, by assuming thermal equilibrium between
the initial and transition state, the reaction rate depends exponentially on A Eact/kgT. Transition
state theory does not explicitly account for molecular collisions; however, thermal equilibrium
can only be established if some form of interaction between molecules exists. Without collisions,
there would be no mechanism for energy transfer.

An elegant heuristic argument showing how collisions can give rise to the exponential form
of the reaction rate was provided by Hinshelwood in his seminal work The Kinetics of Chemical
Change.[10, 11] The idea is as follows. In each collision, a molecule may either gain or lose energy.
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To reach the minimum energy required to react, a molecule must experience a sequence of
“favorable” collisions, i.e. those that increase its energy, until its energy exceeds the activation
energy AE,, which is typically much larger than the average thermal energy.

Let the probability that a favorable run is terminated (i.e., that the next collision is unfavorable)
be

1
Pry = X’ (496)

so that the probability of continuing the favorable sequence is

1
Peontinue =1 — Y (497)

The probability that a favorable run persists for = successive collisions is then

Pnconine®) = (1- 1) = {(1 - ;)X] e (4.98)

In the limit of many collisions, where X — oo while z/X remains finite, we recover

Xlinoo Prun,continue (1‘) = exp (_ %) . (4-99)

Thus, the probability that a molecule successfully undergoes « favorable collisions before an
unfavorable one decays exponentially with the ratio z/X.

In this analogy, = represents the number of successive energy-increasing collisions required
for a molecule to reach the transition state and is therefore proportional to the activation energy
AE,. The quantity X corresponds to the average number of collisions occurring before an
unfavorable one and increases with temperature T'. The ratio z/X can therefore be associated
with AE,/kgT, leading to an exponential dependence of the reaction probability on this ratio.

This argument should not be regarded as a rigorous derivation of the Arrhenius form, but
rather as an illustrative analogy. It demonstrates that an exponential dependence naturally arises
when the probability of completing a long sequence of favorable events is considered.2®

4.2.5 Comparison with the Arrhenius equation

The Arrhenius equation is an empirical relationship between the rate constant of a chemical
reaction and the absolute temperature as given by

AE,
k=vexp (_T;Ct) , (4.100)

wherein the pre-exponential factor v and the activation energy AF,t are determined by
experimental means. The Arrhenius equation works remarkable well and as such it is interesting
how it compares to the Eyring equation.

Given a hypothetical gas-phase reaction

A+B—=C, (4.101)

*°Hinshelwood explicitly emphasizes the heuristic nature of this reasoning—indeed, twice— in his book, as noted in
reference [10].
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the reaction rate constant as established from transition theory is given by?!

T T 3
o — kgT %irans,3d Trot,3d vib %
h 9A trans,3d9A,rot,3d YA vib X 4B trans,3d 9B, rot,3d 4B vib
_AEact,ele&zpe 14
coeexp | ———————— — (4.102)
kT kT

wherein A Eact zpe is the ZPE-corrected activation energy and for simplicity we assume the
vibrational modes (where the ZPE contribution has been peeled of) to be equal to 1.

The activation energy from purely theoretical grounds can be calculated using (observe the
similarity with the apparent activation energy)

Olnk
AFact = kgT oT (4.103)
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which yields for Equation 4.102

Olnk
AFByet = kgT? aT (4.104)
3 3 3 3 3 3
= kpT | 1 - +=-|—-|=+=+=-+=| -1 .10
act,elec+zpe + kB < + |:2 + 2:| |:2 + 2 + 5 + 2:| > (4 5)
= Eyctelectzpe — 3kBT (4.1006)

where the first term within the square brackets corresponds to the derivative of the molecular

partition functions for the transition state and the second term between the square brackets

those terms for the initial state. Note that the value of 3kgT is the result of the following three
set of terms

kT

1. The prefactor ==

2. The difference in translational and rotational degrees of freedom between initial and
transition state.

3. The factor (kBLT> that compensates for the difference in the number of gas phase species.

Considering the second item, each degree of freedom contributes a factor of %kBT. The
initial state has in total 6 translational and 6 rotational degrees of freedom whereas the transition
state only has 3 of each. Consequently, there is a difference of 6 degrees of freedom giving a
value of —3kgT. Because the contribution due to the first item and the third item cancel out, we
obtain a “correction term” of —3kgT.

Since the Arrhenius equation and the Eyring equation aim to model the same chemical
process, both equations should yield the same value for k such that

keyring = Karrhenius- (4.107)

And thus

*'The full derivation and the assumption that go into this is shown in the next chapter, but is not relevant for the point I
want to make here.
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T T i
( AFEact > kgT qtrans,;dqrot,3dqvib
vexp | — =— N

RT h qA,trans,}qu,rot,gdqA,vib X qB,trans,gqu,rot,3quyib

e [ T2 Pactelecrzpe ) [V (4.108)
kT kT

We can establish the value for v in the Arrhenius equation by substituting A E,; for the
value found in Equation 4.106 which yields after some algebra??

T T i
kBT qtrans,;dqrot,3dqvib
v=—= — ) exp(3). (4-109)
h qA trans,;3d9Arot;3d9Ayib X GB,trans,3d9B,rot;3d 4B yib kgT
Conclusively, it should come as to no surprise that the Arrhenius equation works so well. It

only differs from the Eyring equation by a small compensating factor equal to the difference in
degrees of freedom and species between the initial and transition state.

£ Practice your understanding

Exercise 4.7

T Challenges

Exercises 4.8 and 4.9

*Also see the Transition State Theory Exam Exercises 1 and 4.

& CHAPTER 4




<
o«
w
=
o
<<
I
(&)
L]

43

190 Chapter 4. Transition state theory

Exercises

The answers to the exercises can be found at the end of this Chapter on page 196. The exercises
are marked by a number of gears to indicate their difficulty levels.

@3 EXERCISE 4.1 $HH}

a) Calculate the average speed of an Ny molecule at room temperature (I' = 298K). Make use
of the Maxwell-Boltzmann speed distribution as given in Equation 4.17 on page 172. Feel free to
directly use Equation B.27 on page 278 to solve the integral.

b) At which temperature is the average speed of Ng equal to that of He at 7' = 298K?

c) Calculate the average translational energy of 1 mol of N at 100, 298 and 1000 K. Feel free to
directly use Equation B.26 on page 278 to solve the integral.

B EXERCISE 4.2 $H¥

Given a mixture of Ny and Hs in a 1:3 ratio at 1.00 bar and T' = 298K.

a) Calculate the number of molecules Ny and Hg in 1 m3 of this mixture.

b) The collision diameter of Hs is 0.289 nm and the collision diameter of N is 0.364 nm. How
many collisions are there per second between the Hy molecules?

c) How many collisions are there between the No molecules?
d) How many collisions are there between N and Hy molecules?

€) What is the total number of collisions in 1 m3 of this mixture?

B EXERCISE 4.3 %%

a) Provide the general equation for the reaction of a molecule R via the transition state R# to a
product P according to transition state theory. Indicate in detail in which direction the reaction
steps are allowed to proceed and provide a rate expression in terms of the relevant reaction
constant and equilibrium constant. Draw an energy diagram which clearly shows the energy
levels of R, R# and P, as well as the barrier energy AE.

b) Give the general expression for the reaction rate constant according to transition state theory
in terms of the partition functions (no explicit expressions are required here) and AE.

c) What is the essential difference between transition state theory and collision theory?
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B EXERCISE 4.4 THHHHY

Consider the gas phase isomerization of cyclopropane to propylene. We are going to calculate
the reaction rate constant according to transition state theory.

a) How many degrees of freedom does cyclopropane have in total?

b) How many translational, rotational, and vibrational degrees of freedom does cyclopropane
have?

¢) How many translational, rotational, and vibrational degrees of freedom does the complex in
the transition state between cyclopropane and propylene have?

d) Construct the expression for the rate constant according to transition state theory.
e) Calculate the activation energy according to the Arrhenius equation.

f) Assume that ©; > T, where ©; = %’; How can you simplify your answer of the previous
question?

g) Provide an interpretation of the previous two answers in the context of transition state theory.

EXERCISE 4.5 THHIHHE

In the field of astrochemistry, the chemical processes in interstellar dust clouds are being
studied. A particular type of regime indicated as the Cold Neutral Medium (CNM) exhibits an
ambient temperature of about 50-100 K. Under these conditions, the subtle interplay between the
electronic activation energy and the number of accessible configurations in the transition state
can play an important role in determining the dominant kinetic route in reaction mechanisms
between chemical species. In this exercise, we will explore a hypothetical situation wherein a
reactant A can isomerize to a product B via two different (parallel) pathways. The first pathway
has a lower activation energy than the second, but the second pathway has two rotational degrees
of freedom in the transition state, allowing for more accessible configurations. In other words,
whereas the first pathway is favored in terms of energy, the second pathway is favored in terms
of entropy.

Assume an irreversible isomerization reaction

A— B, (4.110)

that can proceed via two parallel pathways which each have a single transition state between
A and B denoted as TS and TSs.

The properties of TS; are

« Zero point energy corrected activation energy AEgclt,)e +zpe
+ 3N — 1 (real) vibrational degrees of freedom
« A single imaginary vibration in the direction of the reaction coordinate

and the properties of TSg are

& CHAPTER 4
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« Zero point energy corrected activation energy AEESCQt?e +zpe
« 2 rotational degrees of freedom with the same rotational temperature ©
+ 3N — 3 (real) vibrational degrees of freedom

« A single imaginary vibration in the direction of the reaction coordinate
Assume that

BN S RN .50

act,e+zpe act,e+zpe

-1
. (1—exp (—JZ—E})) ~1

« The zero point corrected activation energies are given in J/mol (i.e. use R instead of a kg)

« The initial state only has vibrational degrees of freedom

(@) Construct the rate expression for both pathways. Assume that each of the rotational
partition functions can be modeled using

= Z III
qrot = 4/ o (4 )

(b) Construct the transcendental expression at which the rate for both pathways is the same.?3
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(c) Express the transcendental equation in the form

AEdiff)
——= ) =f(6,T), 112
exp (-8 ) = 1 (0.7) (4112
where A Ey; is the difference between the zero point energy corrected activation energies
for the first and second pathways as given by

1 2
AEBgg = AEEEct,)EHZpe - AEZECt?e-FZpe' (4.113)

Produce an explicit expression Te = f(R, ©, AEgy) for the equivalence temperature Te
by performing a Taylor expansion on the exponential term and cutting this expansion off
after the linear term.

(d) Provide a limiting condition with respect to ©, R and A E4;g for which a temperature Te
exists.

(e) Derive the cubic equation that results from a second order expansion of the exponent.

(f) Make a plot of T'//© versus the first and second order expansions of the exponential term
and the exponential term itself. Use the following values: ©=150K and A E4;¢ = 0.3 kj/mol.
Highlight where the lines intersect. How well do the first and second order expansions of
the exponential term compare to the exponential term?

(g) Calculate the value for Te using the first and second order expansions of the exponential
term and compare this to the exact result. How much do the first and second order
solutions differ from each other and how do they compare to the exact solution?24-25

2 A transcendental equation is an equation containing a transcendental function of the variable(s) being solved for. Such
equations often do not have closed-form solutions.

*4Note that your graphical calculator or any modern spreadsheet program have root finding functions by which you can
establish the solution to the transcendental equation.

*51f you want to establish the solution for the cubic equation analytically, have a look at Equation B.6o at page 282.



4.3 Exercises 193

(h) Produce a graph of the rates of conversion via pathways 1 and 2 versus the temperature.

Show that these rates are equal at the equivalence temperature T as calculated in the
previous subquestion. Produce a secondary graph wherein the ratio ko /k; is shown and
show that this ratio equals 1 at the equivalence temperature Te. Provide an interpretation
of your results wherein you elaborate on the subtle interplay between energy and entropy
with respect to the reaction rates.

23 EXERCISE 4.6 {HH¥

a) Derive an expression for the rate constant of O dissociation into two oxygen fragments in
the gas phase according to transition state theory. Provide explicit expressions for all relevant
partition functions. Clearly convey what assumptions you use and relate the partition functions
to the motional degrees of freedom of the system in the initial and transition state.

b) Rewrite your expression in the form of the Arrhenius equation and give the activation energy
and the pre-exponential factor according to the Arrhenius equation.

In your derivation, you will encounter the following term:

hv exp (_%)

(1 e (_,%D

Apply a Taylor expansion to this term, truncating it before the quadratic term, to simplify the
resulting expression.

(4.114)

B3 EXERCISE 4.7 THHHS

In this exercise, we are going to derive the force constants for the linear H; system. For
your convenience, we have constructed a matrix plot (see Figure 4.6 wherein the values of the
potential energy as function of the A-B and B-C distances are shown. This graph uses the same
values as those that were used to construct Figure 4.4. All values are given in kJ/mol.

a) Highlight the cells that correspond to the minimum energy pathway that connects the two
cells which have a value of 0.0 for the potential energy. The cells wherein the potential energy is
zero can be found at positions (2,13) and (13,2).

b) Identify the cell that corresponds to the transition state. What is the value of the potential
energy in this cell?

¢) Calculate the force constant

*v
k=7 (4.115)
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1.2

11

Hp-H. distance in &
g
)

0.9

0.8

16.70 12.89

T
0.8 0.9 1.0 1.1 1.2
H,-Hp distance in A

Figure 4.6: Matrix plot around the transition state of the elementary reaction of proton shuffling in linear Hy. The
data corresponds to the same dataset as used in the potential energy surface as shown in Figure 4.4. All values are
given in kJ/mol.

in the direction of the reaction coordinate and the force constant in the direction perpendicular
to the reaction coordinate. Use the following numerical approximation to calculate these force
constants.

Y (FO - E) - 2\/#(?0) +V (F‘o + E)
[|R|2

) (4.116)

where 7 is the position of the transition state and ||k|| the Euclidean distance (vector norm)
between two diagonally adjacent cells. Note that the length of an edge of a cell is 0.0385 A.

d) Calculate the angular frequencies by w = 4/ % Use the rest mass of a H atom as the value
for the mass m. What property does the frequency in the direction of the reaction coordinate
have?

e€) Based on your frequency analysis for a two-dimensional potential energy surface, propose a
definition for a transition state on a multi-dimensional potential energy surface. Hint: What are
the properties of a stable point on a potential energy surface to be a transition state?
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B3 EXERCISE 4.8 $HMHHS

a) How does the vibrational frequency of a chemical bond relate to the strength of that chemical
bond?

b) Would the frequency corresponding to a vibration in the direction of the reaction coordinate
in the transition state be strong or weak? Relate your answer to the strength of a (to be formed /
broken) bond in the transition state.

) Assume that k = viyossing K, where k is the rate constant according to transition state theory,
Verossing 1S the frequency factor relating to crossing the transition state and K is the equilibrium
constant between the initial state and the transition state. We are going to derive the frequency
factor vrossing using a different assumption.

Assume that v essing corresponds to the vibrational frequency in the direction of the reaction
coordinate (note that the frequency factor veossing and the vibrational frequency v have the
same dimensions!). Write down the expression for K in terms of the partition functions and
separate the partition functions corresponding to motions that are perpendicular to the reaction
coordinate from the single partition function corresponding to a motion in the direction of the
reaction coordinate. Assume that the motion in the direction of the reaction coordinate is a loose
vibration. Show that the answer is:

K = 1 . I; 4 exp | — Eactzpe (4.117)
1—exp(—2%) Il kpT
p Ey T J

where g; are the partition functions in the transition state, g; the partition functions in the initial
state and Eact,zpe the electronic activation energy including zero-point energy correction.

d) Assume that the frequency in the direction of the reaction coordinate is weak and that
IJZ—’% < 1. Use a Taylor series (see Appendix section B.4) that is terminated after the linear term
in z to rewrite the expression for the partition function of the loose vibration. Show that the
answer is:

ky T
o (4.118)

e) Plug the results you have obtained for K in the expression for k and assume that verog5ing = v-
Show that you get the correct expression for the rate constant in transition state theory. Explain
the difference between this derivation of the rate constant in transition state theory and the
derivation earlier in the chapter. What is the similarity between a loose vibration and a translation?
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EXERCISE 4.9 THIHHS

In this exercise, we will be comparing the rate constants k as calculated by collision theory
with experimental results for the union of H, and I, and the dissociation of HI. The experimental
results are taken from the seminal paper of Bodenstein, written in 1899.[12] His results have
been compared earlier using kinetic gas theory by Lewis in 1918[13] and we will use the cross
section o which was used in the latter work.

The elementary reaction step is given by

H, +1, & 2HL (4.119)

Express all reaction rates in mol / m3 / s. Assume that the total concentration of the gas
phase species is 1000 moles / m3.

Table 4.1: Reaction rate constants k for the union of H, and I,. Values taken from references [12] and [13].

666

T [K]

556

629

700

781

k [mol/m3 /s]

4.44.107°

2.25.10~3

1.42-10~2

6.42 - 102

1.34-100

Table 4.2: Reaction rate constants k for the dissociation of HI. Values taken from references [12] and [13].

T [K]

556

629

666

700

781

1.76 - 107

1.51-10~D

1.10-10~4

5.79 - 10~ 4

1.98-10~4

k [mol/m? /s]

a) Provide an expression for the reaction rate constant for the forward reaction (Equation 4.119)
using collision theory. Calculate the reaction rate constant as a function of temperature between
T =550 Kand T = 800K. Use avalue of oy ;. = 2A and an activation energy of 168 kJ/mol.

b) Provide an expression for the reaction rate constant for the backward reaction (Equation 4.119)
using collision theory. Calculate the reaction rate constant as a function of temperature between
T = 550 K and T' = 800K. Use a value of ¢ = 2A and an activation energy of 180 kJ/mol.

c) Compare your results with the results obtained from Bodenstein as provided in Tables 4.1
and 4.2 by plotting them in a graph. Use a logarithmic axis for the reaction rate constant k.

Solutions

The solutions below pertain to the exercises of Chapter 4 on page 190 and further.

(¢' SOLUTION 4.1

a) The Maxwell-Boltzmann distribution expresses the partial fraction of a set of species given
their speed and is given by the following expression

3/2 )
m 2 —me
—4
f=dn (271'k3T> © P ( QkBT>

(4.120)
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To calculate the average speed of an ensemble, you simply have to multiply the Maxwell-

Boltzmann distribution with the speed ¢ and integrate over all possible velocities

2
m(; > cde (4-121)

=4r n v /00 03 ex —me? de (4.122)
R 0 P\ 2rpT 4
2

320 okt
=dm <27rkBT> 2( m ) (4-123)
1/2
- (LkBT) (4.124)
m™m

Note that in the above formula, the mass m is the mass for a single particle. If you want to use
the molecular mass in kg/mol, you have to substitute the Boltzmann constant kg for the gas
constant R. Furthermore, to solve the improper integral, we have used the standard integral as
defined below. Alternatively, you can use the method of integration by parts.

oo 2 |
0 a 2

Calculating the average speed for a set of Ny molecules at room temperature gives

1/2
. (fj;) (4.126)
8-8.3145 J mol ! K—1 . 208K 12
= — — (4-127)
7 28 - 10~ 3kg - mol
=475m.s~! (4.128)

Note that you can remember as a rule of thumb that the speed of sound is roughly 70% of the
average speed of the molecules the medium is made of.

b)
8kgTh 1/2
o e = 1= (4129)
eNy /CHe = 1 = 12
N2/ CHe (SkBT2)1/2 4.129
TCMHe
Rearranging yields
T =Ty N2 — 9090K (4.130)

MHe
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¢) In a similar manner as in a, we can find the translational energy by integrating the following

expression
3/2
& —/0047r L / 2 ex icz 1chdC (4.131)
= kg T P\ 2T | 2 41
3/2
—2 m Y / e 132
I ey o © P orgr ) € (4-132)
3/2 5/2
I kT
=2mn <27rkBT> V12 ( o ) (4.133)
3
= kT (4-134)

Note that in the above expression, e; is the average translational energy per particle, not per mole
of particles. To get the average energy per mole, we need to substitute kg for R. Furthermore, to
solve the improper integral, we have used the standard integral as defined below (this one differs
from the one proposed above!). Alternatively, you can use the method of integration by parts.

<
o«
w
=
o
<<
I
(&)
L]

00 | 2n+1
/ xQTL exp—xZ/a2 de = \/E@ (g> (4.135)
0 n! 2

Plugging in the values for 1 mol of N3 at 100, 298 and 1000 K yields

&(T =100 K) = 1.247k]J - mol ~* (4.136)
&(T =298 K) = 3.71 kJ - mol ~* (4.137)
&(T = 1000 K) = 12.47k]J - mol ~* (4.138)

(¢' SOLUTION 4.2

a) Using the ideal gas law, we can write for the particle density

-2 L (4139)
P=v= G 4139
Plugging in the numbers yields
P 1-10° Pa (4.140)
P~ keT ~ 138064881023 ] . K1 - 208.15K 44
=2.43-102° particles - m 3 (4-141)

Because the partial pressure of Ny is i of the total pressure and the partial pressure of Hy is %
of the partial pressure, their respective number densities are
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PNy = — - 2.43-10%% = 6.157 - 1024 particles - m 3 (4.142)

NG IURNE

PH, = = -2.43-10%% = 1.847 - 10%° particles - m—3 (4.143)

b) The collision density is given by Equation 4.48 on 176:

1/2 1/2
Z=2 (WkBT) o2p? =2 (%) a2p?. (4-144)

m

Note that in the above formula, ¢ is the collision radius as given by

dy +d
o= T, - L (4-145)

Plugging in the values yields

Z(H27 HZ) (4146)

1/2

. . 2 2

=2 %29851 +(2:89- 10710 m)” - (1.847 - 10% particles - m~?)
2-10—3 kg - mol

(4-147)

=1.124 - 103 collision - m~3s~! (4.148)

Note that due to the large difference in the smallest and largest numbers (1023 and 102%), some
calculators have numerical problems (that do not raise an error...) resulting in wrongly calculated
numbers.

Perform this calculation on Wolfram Alpha:

2 https://www.wolframalpha.com/input/?i=2+*+
%28pi+*x+8.3145+*+298+%2F+%282e~3%29%29%5E0Q . 5+ %+
26282 .89e-10%29%5E2+%2%281.847e25%29%5E2

¢) Similar to the above results, we can calculate for the collision between N9 and No

Z(Ng,Ng) (4-149)

1/2

-8.3145 - 298 K 2 . _3\2

=2 = - : (3.64 .10~ 10 m) : (6.157- 1024 particles - m 3)
28 - 10—3 kg - mol

(4-150)
=5.297 - 1033 collision - m 351 (4-151)
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Perform this calculation on Wolfram Alpha:

@ https://www.wolframalpha.com/input/?i=2+*+
%28pi+*x+8.3145+*+298+%2F+%2828e—-3%29%29%5E0Q . 5+%+
%283 .64e-10%29%5E2+%%286.157e24%29%5E2

d) We can calculate the number of collisions between Ny and Hg by plugging in the effective
radius

dy, +du,  (2.89+3.64) - 10710

oAp=—, = 5 =3.265-10719m (4.152)
from which we find
srkpT\ /2
Z(Ng,Hg) = ( s ) 04 BPAPE (4.153)
1/2 2
8.7-8.3145.208K \ "/ (2.89 + 3.64) - 10~10 m
1.86-10—3 kg - mol ~* 2
(1.847 -102% particles - m73> . (6.157~ 102* particles - m73) (4-154)
=7.014- 1034 collision - m 35 ™! (4.155)

Perform this calculation on Wolfram Alpha:

& https://www.wolframalpha.com/input?i=%288+x*+
pi+*+8.3145+*+298+%2F+%281.86e-3%29%29%5E0.5+
*+928%282.89+%2B+3.64%29%1e-10+%2F+2%29%5E2+%1.
847e25+%x+6.157e24

A Note that we directly obtain the total number of collisions between hydrogen and nitrogen
by evaluating the above expression. Swapping hydrogen and nitrogen in the above formula
gives exactly the same number. Since a collision of hydrogen with nitrogen is also a collision of
nitrogen with hydrogen, we only have to evaluate Equation 4.153 once. This principle relates to
the motivation why a factor of % was introduced in Equation 4.45 on 176.

e) The number of collision is just the sum of all possible sets of collisions yielding

Zioral = 1.124 - 105% + 5.297 - 1033 4 7.014 - 1034 (4-156)
= 1.878 - 10%° collision - m 351 (4-157)


https://www.wolframalpha.com/input/?i=2+*+%28pi+*+8.3145+*+298+%2F+%2828e-3%29%29%5E0.5+*+%283.64e-10%29%5E2+*%286.157e24%29%5E2
https://www.wolframalpha.com/input/?i=2+*+%28pi+*+8.3145+*+298+%2F+%2828e-3%29%29%5E0.5+*+%283.64e-10%29%5E2+*%286.157e24%29%5E2
https://www.wolframalpha.com/input/?i=2+*+%28pi+*+8.3145+*+298+%2F+%2828e-3%29%29%5E0.5+*+%283.64e-10%29%5E2+*%286.157e24%29%5E2
https://www.wolframalpha.com/input?i=%288+*+pi+*+8.3145+*+298+%2F+%281.86e-3%29%29%5E0.5+*+%28%282.89+%2B+3.64%29*1e-10+%2F+2%29%5E2+*1.847e25+*+6.157e24
https://www.wolframalpha.com/input?i=%288+*+pi+*+8.3145+*+298+%2F+%281.86e-3%29%29%5E0.5+*+%28%282.89+%2B+3.64%29*1e-10+%2F+2%29%5E2+*1.847e25+*+6.157e24
https://www.wolframalpha.com/input?i=%288+*+pi+*+8.3145+*+298+%2F+%281.86e-3%29%29%5E0.5+*+%28%282.89+%2B+3.64%29*1e-10+%2F+2%29%5E2+*1.847e25+*+6.157e24
https://www.wolframalpha.com/input?i=%288+*+pi+*+8.3145+*+298+%2F+%281.86e-3%29%29%5E0.5+*+%28%282.89+%2B+3.64%29*1e-10+%2F+2%29%5E2+*1.847e25+*+6.157e24
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(¢' SOLUTION 4.3

R#
AFEqct
R
AER
P
a) The general reaction equation being used is
kO,
R=R"—P (4.158)
Ky k2
This gives the following rate expression
r=k2K1[R] (4-159)

b) The general expression is

i
b — kgT M exp < AEa,elec) (4-160)

b TLi@/V) kg T

Note that in the above expression, ¢F denotes the total partition function of the transition state
without the partition function corresponding to the imaginary frequency.

¢) Transition State theory takes all degrees of freedom (rotational, translational as well as vi-
brational) into account and not just the translational degrees of freedom in collision theory
(rendering the latter theory inconsistent with thermodynamics).

(¢' SOLUTION 4.4

a) The chemical formula of cyclopropane is C;Hg. It thus has nine atoms, giving n = 3N = 27
degrees of freedom.

b) Cyclopropane is a non-linear polyatomic molecule (in the gas phase), thus we have to apply
ny = 27 — 6 = 21 for the number of vibrational degrees of freedom. Cyclopropane can move in
three directions and we can identify three rotational axes, hence cyclopropane has 3 translational
and 3 rotational degrees of freedom.
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¢) The complex in the transition state is still a single gas phase species, so the same rules as
above apply with the exception that one of the vibrational modes now corresponds to an imaginary
frequency. Thus we 3 translational, 3 rotational, and 21 vibrational degrees of which one has
an imaginary frequency. The total number of degrees of freedom remains the same and is
n=3N = 27.

d) The general expression is given in Equation 4.86 on page 185. Using the information above,
we can readily construct an expression for the rate constant:

kgT (qi/v) AFEje
k= —— exp [ — 161
W TGa/V) P\ e 410
N
_ kgT (qvib) qrot,qutrans,3D exp <—AEa,e) (4 162)
h (‘1vib)<21) qrot,3Ddtrans,3D kpT

where the { symbol indicates the partition function of the transition state complex and ¢(")
is short-hand notation for [T ¢;. Note that as the activation energy is given with respect to
the electronic ground state, the vibrational partition functions are also set with respect to the
electronic ground state and thus correspond to Equation 3.115 on page 150.

e) Arrhenius theory is an empirical theory which states that

i Olnk
ABERNS = kp T2 = (4.163)

Evaluating the above expression yields
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3] kgT (qi‘ >(2 )qi in D AE,
_ kBT2 aTl ];L vib o rot,3D %trans,3 exp ( - ;,e) (4.I64)
(qvib) 9rot,3Ddtrans,3D B
(q (20)
q q
k2L (1) 41 | AL Zrot3DTwans3D | L AR, (4.165)
orT (q b (21) drot,3DYtrans,3D
(q (20)
9 ib T
2 Vi
= kgT 3T In(T) +In W <T6 > + AEye (4-166)
(i)
<
]
20
o i exp< > <l—exp( hl’%)) %
= kpT? — o7 {0 (1) +1n 51 + AEae S
i eXP( ) 20 _hf
I[1;° [1—exp g
(4-167)
21 hv;
9 H’L (1—eXp <_k:BVT>)
= kpT? — o7 Y (T) +1n + AEaerzpe (4.168)
20 (4 hv}
P\ T ET
1 20 hui hui - 21 hv, hv, -
_ 2 ] 7 7
= kgT — + Z kJBT2 exp +kB,} -1 — ZZ: kg T2 exp <+ kBT> -1 + AFEjetzpe
(4-169)
1 -1
20 ot 21 b
= AFEaeszpe + kT + Z hl/ii exp +kB} -1 — Z hv; | exp <+ kB,}) -1
i i
(4.170)

where AF; eizpe corresponds to the zero point energy corrected activation energy as given by

AEal,e-*—zpe = AEa,e + Z %pe,i - Z €zpe,i» (4.I7I)
i %
where
hv
€zpe = - (4.172)

Note that in the above equation, the T-dependency of the translational and rotational partition
functions cancel out. This is not because they are the same, but because their T-dependency is
the same (which is what we probe with the apparent activation energy).
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f) ©; > T is the same as stating that q,;;, &~ 1. Thus all the terms that depend on the vibrational
partition function can be discarded, yielding

ARAheniUs — A, o one + kpT (4-173)

g) The activation energy of a reaction corresponds to the difference in energy between the
transition state and initial state. As a function of temperature, more and more vibrational energy
levels get excited, increasing the energy of the initial or transition state. From the equation,
we can observe that the total activation energy is the sum of the electronic activation energy,
corrected for the zero-point energies (because these correspond to the lowest occupied vibrational
states) and a term corresponding to the average vibrational energy with respect to the lowest
vibrational state.

Under typical conditions, the separation in energy between the vibrational energy levels is
so high that under terrestrial conditions only the vibrational ground state is occupied. This
means, that the term in the exponent is relatively big. Since we are taking the reciprocal of

this term, we are multiplying hv; by a very small number and thus we can often neglect the
~1

hl/i1 . . 26
hy; | exp | + Tl |~ 1 terms in the equation.

(¢ SOLUTION 4.5

a) Starting at the generalized expression for the Eyring equation and plugging in the partition
functions corresponding to the IS and TS for pathway 1 (using shorthand notation), we find

1)
_ kBT Qi AEact,e
= (4.174)
3N-1 1
_ kpT o™ Y exp | - AP (4-175)
= o .
h qg ) kT
We can readily migrate the ZPE component of the vibrational partition function
-1
hv hv
=|1- - - 176
e (o) () -
N————

ZPE component

*6\We leave it as an additional exercise to the reader to verify that in the limit of T — oo, the term

¥
hv?
o <exp (+ et

exponential term and cutting the expansion off after the linear term. The plus and minus one terms cancel out, leaving a
single kgT" term.

-1
> - 1) ~ kgT. The easiest way to see this is by constructing a Taylor expansion of the
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to the exponent term containing the electronic activation energy, yielding modified g/, resulting

in?7
k k TQ’(3N D _AEeEct)enpe
2 Dl kT
'U
Given that

-1
hv
qW:(l—exp(W)) ~1Vv

we can simplify the reaction rate constant equation even further to

- (1)
k= kT q/1(J3N exp _A acte+zpe
h 7(3N) kgT
AE( )
o kBT ex acte+zpe
n P kT

In a very similar fashion we find

kT Qf AE(2)

act S

——exp
hoQ kpT

3N-3) (2 2
kT dN 0 (sl
B 3N

h qq() ) kT
3N AE?)
. kBT (2) ‘1’1)/8/ acte+zpe
- RAN7<T B I
2
B kBTZ x _AE:Ect?eupe
h oo P kpT

Finally, since r; = k;p 4, we obtain

(1)
kT AEac‘ce+zpe
T = h exp —T PA
(2)
kBT T AEact,e+zpe
ST e | T |

*7Note the primes.

(4.177)

(4-178)

(4.179)

(4.180)

(4.181)

(4.182)

(4.183)

(4-184)

(4.185)

(4-1806)
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b) To determine the transcendental equation that describes the temperature at which the rate of
conversion from A to B would be the same for both pathways, we set

Ty =72 (4-187)

from which it follows that

1 2
AEag(:t,)e+zpe - AE&Ect?e+zpe T
exp | — AT =9 (4.188)
¢) Equation 4.188 can be written as
AE g T
_—diff ) _ 18
(- S00) - 5 (4.189)

Performing a Taylor expansion on the exponential term and cutting this expansion off after the
linear term yields

_ ABgg _ T

l-—r =5 (4-190)

This equation can be rewritten into the following form by which we can readily apply the quadratic
formula (see Equation B.58 on page 282) to find the two roots of the equation.

e
T2 — 0T + ABgg =0 (4.191)

Using the quadratic formula, the temperature of equivalence can be established to be

040 1aEgT

Ty = 5 (4.192)

which can be rewritten to

o+ [@\/1—7 %}

T, = 5 . (4.193)

4AEdﬂ:f

Since 4/1 < 1, the equivalence temperature T, is always positive (assuming its

non-imaginary) by which both roots of the equation are valid solutions.
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d) Because the equivalence temperature T needs to be a real-valued number, the part inside
the square root has to be positive. Hence the limiting condition by which a solution is found is
given by

1A Egif
< 1. 4. 4
RO (4-194)

If the above condition is not met, this implies that one of the two pathways has a universally (i.e.

at all possible temperatures) higher rate as compared to the other.

e) Using a second order expansion implies that the Taylor expansion is cut off after the quadratic
term. This yields the following equation:

AEyg 1 (AEgg\? T
1— - = _. .
RT ' 2 ( RT e (4-195)

We can rewrite this equation into the standard form of a cubic equation as given by

2
AEd-f:f S AEd-ff
T3 —er?e=dflp = (Z2dit) g 196
R s\ R (4-190)
f)
1.0
0.8 e T el s i
—‘/fz,.,.
0.6 ST
L= Z
Z
/
0.4 >
vl
—T/0
0.2 —-=- First order approximation
=== Second order approximation
—— exp(—AEgi#/RT)
0.0 + +
50 75 100 125 150 175 200 225 250

Temperature [K]

Figure 4.7: Comparison of the first and second order expansion of the exponential term with the exponential term
itself. The points of intersection of the exponential term and its approximations with the line T'/© are shown.

g) Solving for the quadratic and cubic equations using equations B.58 and B.60o on page 282,
the first and second order approximations to Te yield the following values28

T, first = 89.5865813 K (4.197)
T, second = 108.3727518 K. (4.198)

We are only showing this many digits after the decimal point for the purpose of comparing the solutions. By no means
do we have the impression that one could measure temperatures at this level of accuracy.
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The exact result is

Te exact = 107.09620097 K, (4.199)

which only starts to differ after the sixth digit after the decimal point with respect to the results as
found using the second order approximation. As such, we can readily conclude that the second
order expansion of the exponential term is a very accurate approximation, whereas the first order
expansion gives a measurable difference with respect to the exact solution.

1013 10!
K
.-
—_=ky v ’4/,/
/./'/ /
— 7
2 1012 o /
;T / < ﬁ
] X
J@' <o 100 <
g ’ 2
S
g &
o 1011
107t
50 100 150 200 250 50 100 150 200 250
Temperature [K] Temperature [K]

Figure 4.8: (left) The rate constant in pathways 1 and 2 as a function of the temperature T'. (right) The ratio
ko /ka as function of temperature. From both figures, it can be observed that below the equivalence temperature Te,
the first pathway (with k1) has the highest rate, whereas above the equivalence temperature, the second pathway
(with k2) has the highest rate.

h) In Figure 4.8, a comparison between the two pathways is shown. From this Figure, it can
be seen that at T < T, the first pathway is the dominant pathway, whereas at T' > T, the
second pathway dominates. The interpretation of this situation is fairly straightforward. At
very low temperature, not that many of the rotational states are accessible and the activation
energy (which resides in the exponent), is the most important term for the rate of the reaction.
With increasing temperature, more and more of the rotational states in the second transition
state become accessible. At temperatures above the equivalence temperature, the number of
accessible quantum states in the second transition state outweighs the extra cost to access this
transition state with respect to the first transition state. In other words, above the equivalence
temperature, the entropic factors are outweighing the energetic factors and in this regime, the
second pathway exhibits a higher rate than the first pathway.

(¢' SOLUTION 4.6

a) For the initial state, it is assumed that the complex has three translational degrees of freedom,
two rotational degrees of freedom and one vibrational degree of freedom corresponding to
the O-O stretching frequency. In the transition state, this vibrational mode will correspond to
dissociation reaction coordinate and thus this mode becomes an imaginary frequency. Using
the Eyring equation, this results in the following expression for the reaction rate constant:
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I 1
k= kgT (qi/v) exp _AEact,elec _ kgT <qr’2Dqt'3D>, exp | — AEalCt,elec
ko Tli(a/V) kgT h  Gvqr2Dqt3D kgT '

(4.200)

where the  symbol refers to the partition function of the transition state. Expressions for the
translational, rotational and vibrational partition functions can be obtained from Equation 3.64,
3.82 and 3.110 respectively.

b) To write down the above expression in Arrhenius-form, normally we are allowed to neglect
the vibrational partition functions. Here, such an assumption is not given, thus we have to
evaluate this expression. Fortunately, because the number of translational and rotational partition
functions is similar for the transition state as for the initial state, their respective contributions
will cancel out and we are allowed to a priori neglect these.

i Ink
A paghenius — 2 88;, (4.201)
dln kT )
2 2
= AE,elec + kBT TTh — kgT 3T In (qv) (4.202)
. hv
dln kT 9 1—exp(—gp
= AEact,elec + kBT2TTh + kBT2 == n # (4.203)
€xp (_ 72kBT)
dln L o) hv hv
= AE, kpT? —f 4 kpT? — |In|1-— -
actelec T BT B G I\ Lo e\ TT ) | T ok
(4.204)

hv
= AEact,elec - ? + kT —

(1—en (C4)) 2

(4.200)

= AEac‘c,zpe + kpT —

where AFatzpe corresponds to the electronic activation energy including zero-point energy
corrections.

O Note that in this derivation, we considered only a single vibrational mode (the O-O stretching
vibration) which becomes the reaction coordinate in the transition state. The corresponding
zero-point energy term hv /2 therefore represents the lowest quantized vibrational level associated
with this mode. The multiplication of the Boltzmann factor for the electronic activation energy
with the exponential term from the vibrational partition function,

AEact,elec hv
exp<kBT exp “okeT ) (4.207)

combines into a single exponential through addition of exponents:
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1
<AEact,elec + ihl/>
expl = | - (4.208)
B

This shows that the apparent activation energy naturally includes the zero-point energy contribu-
tion from this vibrational mode.

For molecules with multiple vibrational degrees of freedom, the same reasoning applies, and the
total correction would be the sum over all vibrational modes, i.e. the difference in total zero-point
energies between the transition and initial states.

Applying a Taylor approximation to the last term, truncating before the quadratic terms, gives

hv exp (—,%’T) ~ hv ( - 1%7%) (4.2009)
(1—exp(—k}%§“>> 1_1+W
hv

This we can further simplify this equation by assuming that Tt < L

ho(1—

h
(7lc;gljﬂ>:kBT 1- 2 ~ kgT (4.210)
171+—kﬁ, kgT

And thus finally obtaining

ABSEPONS = AFycyzpe (4-211)

(¢' SOLUTION 47

a) The minimum energy pathway is highlighted in Figure 4.9.

b) The cell at position (5,5) which has a value of 4.71 kJ/mol for the potential energy.

c) The force constant in the direction of the reaction coordinate is

V(FO —ﬁ) —2V(F0)+V<FO+H)

4.67 kJ/mol — 2|-|Z| |721 kJ/mol + 4.67 kJ/mol
) (v2-0.0385 A>2 s
727.0k]/mol/A2 (4-214)

= —4.48N/m. (4.215)

=
2

(4.212)
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14.90

13.40

11.76

10.06

8.36

6.79

Hp-H. distance in &
g
)

13.59

23.07

20.74

18.23

15.57

12.86

10.23

9.98

32.04

28.87

25.45

21.82

18.09

14.39

10.89

7.83

7.30

41.48

37.44

EEN0)

28.49

23.74

18.98

14.39

10.23

5.30

21.51 16.70 12.89 9.82
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0.8 0.9

T
1.0
H,-Hp distance in A

Figure 4.9: The highlighted cells (in white) correspond to the minimum energy pathway over the potential energy

surface.

The force constant perpendicular to the direction of the reaction coordinate is

V<F07H>72V(F0)+V<Fo+ﬁ)

[In]2

8.23 kJ/mol — 2 - 4.71 kJ/mol + 5.90 kJ/mol

(\/5 -0.0385 A)2

= 1580 kJ/mol/ A
= 264 N/m.

(4.216)

(4.217)

(4.218)
(4.219)

Note that b = v/2 - 0.0385 A because we take the distances across the diagonal of the cells.
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d)
k
W = % (4.220)
. —4.48 N/m (4.221)
“V1.66-10727 kg 4
=51.9i-10'2 rad s71, (4.222)

where i = /—1 and

k
w =4 [—= (4.223)
17
_ 263 N/m (4-224)
1.66 - 10~27 kg '

=397-10'2 rad s~1. (4-225)

The angular frequency corresponding to a vibration in the direction of the reaction coordinate is
the imaginary frequency. This corresponds to the point on the PES to be a maximum in that
direction.

e) A transition state on the multi-dimensional potential energy surface is characterized by one
imaginary frequency in the direction of the reaction coordinate and real frequencies in all other
directions. In other words, a transition state is a maximum in energy in one direction and a
minimum in energy in all other directions. Such a point is considered stable as the forces (the
first derivative of the energy) is zero as given by

v _ 0 for all 4. (4.2206)
dq;

Note though that such a state is meta stable in the sense that a small perturbation in the direction

of the reaction coordinate would propagate this system either towards the initial or the final state
due to the particular shape of the potential energy curve around this point.

(¢' SOLUTION 4.8

a) The vibrational frequency correlates with the strength of a bond. So a stronger bond has a
higher vibrational frequency.

b) The bond between two atoms in the transition state is relatively weak, as such, the frequency
of this bond is weak (or loose) as well.

c) From statistical thermodynamics, we can express K as the quotient of the molecular partition
function in the transition and initial state as
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_ 6«
m= Tiri ILi@/V) (4-227)

wherein we have only assumed that the transition state corresponds to a single complex and
where ¢' is the molecular partition function in the transition state and ¢; is the molecular
partition function of the species in the initial state (; loops here over the species). The molecular
partition function is the product of the electronic, vibrational, translational and rotational partition
functions. We can extract the electronic partition function from the above equation and use it to
define the electronic reaction barrier as follows

(T —Bl _Ee

K = ILT:/V) exp kT / exp <k‘BT> (4.228)
_ @) —(Ed - Ee)
- TV P kgT (4.229)
_ (dT/v) N
T L@ T <_ kpT ) (4-230)

where ¢/T is the configurational partition function in the transition state and q; the configurational
partition function of complex i in the initial state. The configurational partition function is the
product of the rotational, translational and vibrational partition functions.

We now transfer the zero point energy from the vibrational partition function to the activation
energy, by which we obtain

_ @ ABactpe
= @ < T ) (4-231)

and wherein all gy are defined according to Equation 3.109 as given on page 148. From the
configurational partition function in the transition state, we are going to extract the partition
function corresponding to the loose vibration. This yields

— (q/T/V) e _ AEact,zpe
- TV P ( kpT ) (4-232)
1 (q//T/V) < AEac'c,zpe)
= Ty P\ T ke (4-233)
1—exp (,]%) [T:(d,/V) kpT

d) The vibrational partition function for a loose vibration (i.e. the vibration in the direction of
the reaction coordinate at the transition state) is

& CHAPTER 4
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o 1
b = I (4-234)
1—exp(— k;&“)
1
- (4.235)
hv
1-1+ %
1
T~ T (4.236)
kT
kT
= T (4-237)

e) Plugging the result for the loose vibration into the formula for the rate constant and using

Vcrossing = V 8IVeS

n% k = Verossing K (4-238)
i (- (4230
- e ()
= kBTT l_I(j(iq/i ‘//‘)/) exp (— Aize;l)e> (4-241)

where ¢ is the configurational partition function in the transition state without the partition
function corresponding to the loose vibration and ¢; the configurational partition function of a
complex in the initial state with respect to the zpe level. Note that we have dropped all primes.

(¢' SOLUTION 4.9

a) The rate constant for union is given in Equation 4.60 on page 179. Expressing this rate in
moles / m? | s and extracting the reaction rate constant from the expression yields

1 (8rkgT\'/? , N o
k= —p| —— ], 242
£ Nap( p ) Tap &P | T (4-242)

where N, is Avogadro’s number and p is the total density of gas phase molecules in mol / m3.

b) Similar to the previous subquestion, from Equation 4.61 on page 179, the reaction rate
constant k is given by

2 (wkpT\ /2 ~AE
k}b:ﬁap( n]i ) o?exp kBTaCt . (4-243)
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¢) The comparison between the reaction rate constants as calculated from collision theory versus
the experimental results are provided in Figure 4.10. We can readily see from this Figure that
the theory is in agreement with experiment. The main reason for this agreement is that small
diatomic molecules such as H,, I, and HI can be adequately modeled with the framework of
assumptions used in collision theory.

Union of H; and I, Dissociation of HI
1004 ® Experiment . 02] ® Experiment .
~—- Collision theory § 07 3 __. Collision theory pe
107 Sot 1073 et
= >
o) e e
- - " — . g
% 1072 = g0t S
£ -~ ) -
< et < ®
< 993 - 10 7
e 4
. 2
e 4
s 107° o
1074 % . L7
-
L2 P
1077
550 600 650 700 750 550 600 650 700 750
Temperature [K] Temperature [K]

& CHAPTER 4

Figure 4.10: Comparison between reaction rate constants calculated from collision theory versus experiment.
Experimental data are taken from references [12] and [13].
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Introduction

In the previous chapters, the important concepts of statistical thermodynamics to calculate rate
equations from first principles were discussed. In this chapter, we will build further upon this

body of knowledge and derive specific expressions for various types of elementary reaction steps.

The derivation will be very similar to the derivation of the Eyring equation as shown in the
previous Chapter. In short, we start by constructing an expression for the rate of change as a
function of a crossing frequency and a assumed thermal equilibrium between initial and final
state.

rate = vK T[reactants] = k[reactants) (5.1)
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where v is the crossing frequency, K the equilibrium constant between initial and transition
state, [reactants] the concentration, number density or partial pressure of the reactants and k the
reaction rate constants.

Next, we express the equilibrium constant in terms of the partition functions of the initial
and transition state and extract one degree of freedom from the transition state to cancel out the
crossing frequency to obtain an expression for the reaction rate constants as shown for instance
below

b= kgT (qi/v) <_AEa,e> ) (5.2)

T Th TL@/V) TP\ keT

The exact form of the expression for the reaction rate constant may depend on the type of
rate that is desired, as will be shown in this chapter. The partition functions that need to be used
correspond to the degrees of freedom of the complex in the initial and the transition state. For
convenience, we repeat the formulas for the rotational, vibrational and translational partition
functions which were derived in Chapter 3 in Table s5.1.

Table 5.1: Formulas for the translational, vibrational and rotational partition functions.

Partition function Formula
L\/2mmkgT
Translational (1D) #
1
Vibrational (single mode, without ZPE) -
—nv
1 —exp ( T )
—h
€Xp ( Ty T )

Vibrational (single mode, with ZPE)

2
IkgT
Rotational (diatomic) Sm” Ik
h2
21 4kgT 2IgksT 2IckgT
Rotational (polyatomic,asymmetric) v, |87 laks 8m”Ipky SnZlcky
o h2 h2 h2

We proceed by first treating gas phase reactions. Thereafter, we consider gas-solid interactions
and finally we will discuss elementary reaction steps over catalytic surfaces.

Gas phase reactions

The most simple and straightforward application of transition state theory relates to reactions in
the gas phase. We will treat unimolecular and bimolecular reactions. From these two cases, the
reader can readily extend the methodology to more complex cases, e.g. trimolecular reactions.

Unimolecular gas phase reactions

A unimolecular gas phase reaction is a reaction wherein a single molecule is being converted as
given by

A— B (5-3)
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A typical example is an isomerization reaction, for example, between the eclipsed and
staggered conformations of ethane. The fundamental expression for the rate of conversion is
given by

NTkgT kT
=v VB d ‘]; Nig, (5-4)

Opa

ot

_ . 9m
n ot

where N1 is the number of gas phase molecules in the transition state, Nj; the number
of gas phase molecules in the initial state and v the crossing frequency factor. Note that we

use the subscriptum % N to indicate that we only consider the rate of change due to a single

elementary reaction step and only in one direction. Furthermore, in the above equation K
denotes a number-based equilibrium constant as given by

Nt
Kf=—". (5-5)
Nig
From the treatise as presented in section 2.8 on page 101, the number-based equilibrium
constant can be readily related to the partition functions in the initial and transition state, which
gives’

¥
k=9 (5.6)
dis
Let us assume that the gas under consideration is a polyatomic and non-linear, its complete
molecular partition function is then given by

1
Qis = N X Gig,trans,3d X Gis,rot;3d X Gisyib X Yis,elec> (5-7)
18-

by which ¢;s in Equation 5.6 is given by>

Qis = Gis,trans,3d X is,rot,3d X Gisyib X Gis,elec> (58)

wherein g yrans 3d> dis,rot 34 Gisyib> 30 i elec are the three-dimensional translational, three-
dimensional rotational, 3N, — 6-dimensional vibrational partition function and electronic parti-
tion function for the complex in the initial state, respectively. Note that N, corresponds to the
number of atoms in the molecule. The partition functions are herein given by

2mmkgT 3/2
is trans,3d = (7) 14 (5-9)
f 87r21AkBT 8n2IgkpT |8m2IokgT
disrot3d = B2 B2 (5.10)
_ —hv;
3N.—6  exp (zk T)
Qisyib = o (5.11)
i 1l—exp ( l)
—AFE o
Gis,elec = €Xp (lﬁ) . (5.12)

"Herein, we thus assume thermal equilibrium between the initial and transition state.

*Please note that the factor 5 corresponding to the correction factor for identical particles in Equation 5.7 and 5.14
drops out by application of Equation 2.107 (page 97) and taking pis = pus. If this goes too quick for you, the procedure is
shown more explicitly in section 5.3 in the calculation of the rate for adsorption for a mono-atomic gas. Itis also recommended
to review section 2.8 on page 101.
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For the transition state, the complete molecular partition function is given by

to bt t to ot
Q= NTI X qtrans,}d X qrot,;d X it X Delec? (5-13)

by which ¢ in Equation 5.6 is given by

T T T T
9 = qtrans,;d x qrot,;d X 9yip X 9elec’ (514)

wherein we obtain a similar set of equations. The most notable difference between the
partition function for the initial and transition state is in the vibrational and electronic partition
functions, which are

Qisyib = — (5.15)
A s
L e
T _AEelec,ts
Delec = XP (M : (516)
= Note that the quotient
w
~ i
® Delec - [AEGIEC,tS - AEelec,is] —AFEact
= €xp =e&xp | —/— R (517)
is elec kT kgT

which provides the term for the activation energy for isomerization. We can furthermore
assume that the translational and rotational partition functions of the initial and transition state
are very similar, since the geometry and mass distribution of the molecule change only slightly
along the reaction coordinate. Consequently, the moments of inertia (I 4, I, and I7), and
therefore grot, are nearly identical for both states. These partition functions thus cancel out,
yielding the following expression for the equilibrium constant:

T T Tt
Yirans,3d Irot,3d Tyib Tel
K= rans,3d “rot,3d tvib Zelec (5.18)
qis,trans,3dqis,rot,3dqis,vibqis,elec
Tt
_ Dyib 9elec (5 19)

GisyibYis,elec
1
q, —AF.
= —vib_ exp T ad (5.20)
Qisyib kgT

N,—6 —hv;
Hs_“ 1—exp <7’ )
7=1 ksT exp ( (AEact + AEZpe) >

3N,—6 —hy, kgT
| iy {1 — &P ( ks T )}

where j iterates over the vibrational modes in the initial state (numerator) and ¢ loops over
the vibrational modes in the transition state (denominator).

Finally, we wish to get rid of the crossing frequency v, by which we are going to extract the
weak vibrational mode in the transition state that corresponds to a degree of freedom in the
direction of the reaction coordinate. Plugging Equation 5.21 into Equation 5.4 yields

(5.21)
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oxp < (ABact + AEzpe) > kT
kg T

ot h 3N,—T7 —hv;
* IT; 1 —exp ( kﬁ')

]
gt T80 |1 —exp ( BT )% n < (AEBact + AEzpe) > oa (523)

h 3N,—7 —hy; kgT
IT; {1 —exp ( T ’

Note that in Equation 5.23, we loop over 3N, — 7, instead of 3N, — 6 vibrational modes
for the transition state as we have extracted a single vibrational mode to obtain the 2L term
corresponding to the crossing frequency.

On the basis of microscopic reversibility, we can immediately apply Equation 5.23 for the
reverse reaction by swapping the partition functions corresponding to the initial state for the
final state by which we obtain

3N,—6 —hv;
. 1—ex 7
Opp kT HJ |: P ( kT ):| - (AEact,back + AEzpe,balck)
= =_-== exp 2z,
ot h 3N,—7 i kpT
+ HZ 1 —exp ( h; ) B
(5-24)

wherein i thus now iterates over the vibrational modes of the final state. Conclusively, the
reaction rate for a unimolecular reaction A — B, in general terms and without making any
explicit assumptions on the nature of the degrees of freedom, is given by

ot | h d (5-25)

_ O] _ kTt —AB
Pl S

In this expression, ¢’ denotes the product of the translational, rotational and vibrational
partition functions3 as given by

/
4 = Girans;3d X rot,;3d X Qyib (52‘6)

and the § indicates that we extracted a single DOF from the partition function of the transition
state to construct the 22 term for the crossing frequency. Furthermore, note that AE, in
Equation s5.25 refers to the electronic activation energy. This is the activation energy without the
zero-point energy corrections. These terms have to be calculated from the vibrational partition
functions. The reader is recommended to start from Equation 5.25 when constructing reaction
rates rather than to re-derive this equation from first principles. Next, assumptions need to
be made to come up with expressions for the partition function ¢’ and finally a detailed rate
expression can be constructed.

3Thus excluding the electronic partition function as that term is extracted.
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5.2.2 Bimolecular gas phase reactions

Consider the bimolecular gas phase reaction between components A and B to give C as given by

A+B—C. (5-27)

An example of a bimolecular reaction is the Diels-Alder dimerization of cyclopentadiene
to form dicyclopentadiene. A bimolecular reaction goes via a transition state which is an AB-
complex. The most notable difference between a unimolecular and a bimolecular reaction is
that the transition state is only a single species in the gas phase, whereas the initial state are two
species in the gas phase. In other words, several translational and rotational degrees of freedom
have been converted to vibrational degrees of freedom upon formation of the transition state
complex. The number-based equilibrium constant is given by

N t
- gt= A _ 9 (5-28)
: NaANg  qags
5 Pt
:I() _ qtrans,3dqrot,3dqvibqelec (5.29)
L] 4A trans,3d9A,rot,3d 9Avib 9A elec X 4B trans,3d 9B, rot,3d 4B vib 4B, elec
T T T
_ qtrans,;dqrot,gdqvib exp —AFE;jct (5 30)
qA,trans,;qu,rotgdqA,vib X qB,trans,;qu,rot,3qu,vib kBT
We can now construct a rate expression for a bimolecular reaction using
Opa Opg Opc 1 kT
——— =——— =+4+—=vKI—— NN, 31
ot ot ot y AT (531
_, kgT pAV ppV (5.32)
V kT kT '
T 1 s
kT 9rans 3d qrot,;d 9yib

h 4A trans,3d9A rot,3d 9Avib X 4B trans,3d 9B, rot,3d 4B vib

R e Y (L (533)
P\ Tt kT | PAPE: '

As the example reaction used in the derivation of transition state theory in section 4.2.1
on page 180 is also a bimolecular reaction, we should be able to convert the result from above
to the form found in Equation 4.82. The most notable difference is that we here expressed
the rates in terms of change in pressure per unit of time, whereas in the example problem for
the derivation of transition state theory, we expressed the rate in terms of the change in the
number of molecules per unit of volume per unit of time. In other words, we use p in the former
expression whereas we use p in the latter. The pressure p and the number-density p are related
by the ideal gas law by p = pkgT'. Thus we can write
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Opa Opa
ot |, =BT (5-34)
1 i i
- kT qtrans,;dqrot,gdqvib L
h 9A trans,3d9A,rot,3d9Avib X 9B trans,3d 9B, rot,3d 9B yvib
—AFEqct \%
-+ exp <kB;C > (kBT> kgTpaksT pp (5-35)
T T i
kBTapA _ kgT qtrans,}dqrot,3dqvib/v o
ot h qA,trans,3qu,rot,3qu,vib/V X qB,t‘rans,;qu,rot,gqu,vib/V

_AE,
-+ exp (kBTaCt> PAPB; (5:36)

which is equivalent to Equation 4.82. In conclusion, we have now two types of expressions
for the rate of conversion for a bimolecular reaction

_ Opa = _ 9 = Gl ¢ exp =8 Bact v DAP (5-37)
at |y ot h dhydf kpT EpT )-8 :
and
/
Opa _ Opp _ kgT (q i/v) —APFE;yct
T . e T h exp T PAPB; (5:38)
e @ (dorv) (a/v) 2
where
l]/ = Gtrans,3d X Grot,;3d X Qyib- (5-39)

A Take care

The comparison between the derivation done here and the one done in the previous
chapter should highlight that depending on the form of the rate expression, different
expressions of the reaction rate constant are possible, but all are based on the same
transition state theory.

5.3 Adsorption

Consider a catalytic surface in contact with a gas, such as depicted in Figure 5.1. In the gas phase,
any non-linear molecule has three translational degrees of freedom as well as three rotational
degrees of freedom.4 All other degrees of freedom correspond to internal vibrations. However,
when the molecule absorbs, it loses several degrees of motional freedom corresponding to a loss
in entropy. In general, upon (chemical) adsorption, the molecule no longer has any translational
or rotational degrees of freedom and only vibrational degrees of freedom. Let us here derive the
full rate expression r,44 for adsorption by which we readily obtain an expression for the reaction
rate constant k,g.

+A single atom only has translational degrees of freedom. We will cover this situation specifically.
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adsorbed gas

phase
pre-adsorbed

Figure 5.1: Schematic depiction of a catalytic surface in contact with a mono-atomic gas. The adsorbed state, the
pre-adsorbed state and the gas phase state are indicated.

We wish to obtain the rate of change of the surface coverage of component X as function of
the partial pressure of X and the number of free sites on the surface.’

L 00

Tads = E = kpz0x. (5-40)

+

Let us first write down the fundamental expression for the rate of change of the surface
coverage as a function of the number of particles in the transition state for this elementary
reaction step.

a0
+ 00y
Tads = ot

NjT :I/KT@
. N N

(5-41)

where N is the total number of active (i.e. adsorption) sites on the surface and K a number-
based equilibrium constant® as given by

NT
Kt = ) )
Ngw (5:42)

In the above equation, N T is the number of particles in the transition state and Ngys is the
number of particles in the gas phase. We assume thermal equilibrium between the gas phase and
the number of particles that hover directly above a free site in the transition state for adsorption.
Let us start by finding an expression for the equilibrium constant K from the partition functions.
The canonical ensemble partition function for the gas phase species is given by

N
dgas

ans = W (5'43)

5Note that in the following we only consider the reaction in the forward direction, i.e. we ignore for the moment the
part of the reaction corresponding to desorption.
6See Equation 2.145 on page 102.
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and for the transition state by

t
Q"= g~ (ay)” (5-44)
wherein WLNT)' corresponds to the number of possibilities to place NT adsorbates

above M available free sites.” The chemical potential for the gas phase and the pre-adsorbed
state are given by

qNgas
_ 1 gas .
Hgas kgT O Ngas n Ngas! (5-45)
and
. b} M! + N
Pads = _kBTW In <NT'(M—NT)' (qads) : (5-46)

8

Using the Stirling approximation®, we can simplify Equations 5.45 and 5.46 which gives

Ngas
q,
In 8as = Ngas In (qgas) - Ngas In Ngas - Ngas (547)
Nagas!
and
M! 1 NT
n (NT!(M — Ny (okas) > (5-48)
_ v Nt Il T _nt _NT _nt Il i
—MInM—M— NNt 4N (M N )m(M N )+(M N )+N Ingl,
(5-49)
=M M — NP N — (3 = NP)in (a1 = M) + NP gl (5.50)

which yields the following expression for the chemical potentials

qgas
= —kpT'1 .51
Hgas B4 In (Ngas> (5-51)
and
= —kpTl “a M — Nt
Hags = —FBL m( - ) : (5-52)
7Recall that 6, = 24,

N
8See Appendix B.2 on page 278
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For the chemical potential of the pre-adsorbed state, we can assume that the number of
molecules in the pre-adsorbed state is much smaller than the number of available active sites
(M > NT) by which the previous expression simplifies to

M
‘U'Ids = —kgTln (qu;is) . (5-53)

From this, by assuming thermal equilibrium and thus setting igas = #T we obtain the

ads’
following expression for the equilibrium constant

t
Nt
Kt = S = s (5-54)
Ngas qgas
Plugging the above expression into Equation 5.41 yields
+ _ 90z Qg M N, q;rdse N, (5.55)
ri.o=—| =v—= =v—=" . .
2ds ot N dgas N gas dgas *1Vgas 555

By the same procedure as shown in section 4.2.1 on page 184, we extract one DOF from the
partition function for the pre-adsorbed state to cancel out the crossing frequency v, by which we
obtain

[t}
fid
w
=
o
<
T
o
L]

ot = Pa
ads ot

t
_ kBT Yads

0% Noas. 56
LT R e N (5.56)

In conclusion, we have the following (general) rate expressions for an adsorption reaction:

o+ Y=
ads ot

N b dgs gas (5-57)

If we now wish to obtain the rate of change in the partial pressure of component X, we can
readily do so by multiplying equation s5.57 by a factor —N k{‘,T. Note herein the negative sign as
molecules in the gas phase are consumed when this reaction proceeds in the forward direction.

Applying now this factor to the left hand side of equation 5.57 yields

_ 9pz

—_kpT 00
kT Da|

: , (5-58)
v ot 4

which is exactly the differential equation we are looking for. Of course, we need to perform the
same operation on both sides of the equation is we want to equation to remain valid. Multiplying
the right hand side of equation 5.57 by this factor yields

3] —kgT kgT ¢t
+ Px B BL 4
r’o= — =-N—"—. 04« N, .
ads — gt |, Vo h g B (5-59)
—_krT T of
— oyl kT 4, peV (5.60)
Vv h qgas kgT
T _
_ kT, N (5.61)
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Thus, the rate of change for the partial pressure in X is given by

) kgT gt _
rh = % - _BTans OxpaN. (5.62)

Comparing Equation 5.57 with Equation 5.62, we observe that the change in the surface
density of free sites is related to the change in gas phase components by the factor N, which is
simply the number of active sites in our control volume. The ratio N is not easily calculated and
depends on a lot of factors such as the accessible surface of the catalyst, the number of active sites
per accessible surface of the catalyst and the catalyst loading. Equations 5.57 and 5.62 depend
on the details of the adsorption process and various cases can be constructed. In the following
subsections, we will consider a couple of cases.

Adsorption of a mono-atomic gas

Let us start with the most simple case: the adsorption of a mono-atomic gas wherein the atom in
the gas phase has three translational degrees of freedom of which in the transition state only two
translational degrees of freedom remain. This is the situation shown in Figure 5.1. The other
translational degree of freedom, which corresponds to a motion in the direction of the reaction
coordinate, was extracted to cancel out the crossing frequency v. Finally, we assume that there is
no difference in the electronic energy between the initial and transition state, or in other words,
that an adsorption reaction is not activated. With these assumptions in mind, let us derive an
expression for the adsorption rate starting from Equation 5.57:

i
00 kT a
+ _ Pzl _ FBL fadsy nr 6
Tads ot " h qgas *4Vgas (5-63)
 kpT [ 27mkpT\ %2 [ 2mmhpT ~3/2 Apn 6
T h U K2 RZ yorUEs (5-64)
kyT  hA Pz
_ kel hA g, Pr 6
h \/2rmkgT “kgT (5-:65)
A
=Py, (5.66)

v/ 2mmkgT

or alternatively in terms of the rate of the change of the partial pressure by

+ _ p.’L'A N
rt o= ———— 0« —kgT, .6
s = 7 ammkeT V" 67
wherein we have again multiplied both sides of equation 5.66 by a factor 7W]W?T. Note that
in the above equations, A corresponds to the area wherein the atom can freely above above the
active site. Typically, we set A therefore equal to the area of an active site. We can also readily

rationalize the factor %kBT in equation 5.66. The fraction % corresponds to the number of

active sites per volume. In other words, this is the active site density in our control volume. If
molecules are adsorbed on those sites, this results in a decrease of the partial pressure. Assuming
that gaseous X can be adequately described by the ideal gas law, this process scales linearly with
a factor kgT per molecule of X consumed in this fashion.

Finally, since equation 5.66 can also be written as

T

Tads = E n = kOxpz, (568)
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it follows that

A

kygs = —. .6
ads \/W (5 9)

Adsorption of diatomic gas

Adsorption of a diatomic gas is very similar to a mono-atomic gas. The main difference is that
a diatomic gas has rotational degrees of freedom which can either be lost or retained in the
transition state (depending on whether the transition state is a mobile or immobile transition
state). In the case that the transition state is mobile, the expression for diatomic adsorption is
similar to that as for a mono-atomic adsorption.9 We will not explicitly derive it here.

A diatomic molecule has two rotational degrees of freedom. Let us consider how the rate of
adsorption will look like when assuming that both rotational degrees of freedom are converted
to vibrational degrees of freedom. We will start the derivation from the general expression as
shown in Equation 5.57.

4+ 00s  kgT ¢t

e _ at, 70
Tads ot h Qéas e o
e <q'i )(3)
kT i
= b fransad b)) n 579
Gtrans,3d 9rot,2d 4y,

1t 1\ (3)
kT qtrans,zd <qvib> peV
= (1) 0« knT (572‘)
Gtrans,3d 9rot,2d yip, B

Observe that the volume V in the numerator of the final term will cancel with the the
corresponding V' of the three-dimensional translational partition function in the initial state
and the kg7 in the denominator will cancel with the kg7 term in the numerator of the crossing
frequency term. Furthermore, note that the superscript (3) denotes that we have to consider
the vibrational partition function of three vibrational modes. We further assume that only the
vibrational ground state is occupied, by which the vibrational partition function simplifies to

hv
Gyib = €Xp (— 2kBT> ) (5-73)

corresponding to the partition function of the vibrational zero-point energy only. Combining
these two expressions yields

_hv;
ot 2% 4 ew (- Siotr) a2 pad (5:74)
ads = 9t |\ /2rmkgT (_ﬂ> sn2lkgT 707 F :
translations brrons rotations

wherein the origin of each term is mentioned. The first term originates from the difference
between the translational degrees of freedom, which amounts to a single lost translational
degree of freedom in the transition state. The second term originates from the difference in
the vibrational partition functions, which under the approximation that only the ground state

91f we assume that the rotational partition functions and the single vibrational partition function does not change
appreciably from the gas phase to the pre-adsorbed state
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is occupied, results in the difference in the vibrational zero-point energies. The third and last
term corresponds to the difference in the rotational partition function where we observe that all
rotational degrees of freedom are lost.

Desorption

Desorption is the opposite of adsorption: a bound compound leaves the catalytic surface and goes
to the gas phase. The rate of change of the surface coverage of component X (6,4;) as function
of the coverage of X is given by

a0
+ ads _
Tdes = ¢ N = kb,4s-

(575)

Let us first write down the fundamental expression for the rate of change of the surface
coverage as a function of the number of particles in the transition state for this elementary
reaction step.

+ _ ags =0t =vK'e

Tdes = ot N ads>» (576)
wherein
u
q
Kf=——. (577)
Dads

From the partition function of the activated complex, a degree of freedom is extracted to get
rid of the v, by which the general expression for the rate for desorption becomes™

b 90| _ kT 4t

= ——0 78
T des ot + h s ads (57 )

and where the exact expression depends on the nature of the degrees of freedom of the
activated complex and the complex in the initial state. In the following two subsection, we will
explore a couple of cases.

Diatomic desorption

Let us consider the situation wherein a molecule is strongly adsorbed and only has vibrational
degrees of freedom. Upon desorption, it already regains two translational degrees of freedom
and two rotational degrees of freedom in the activated complex. We furthermore assume that all
vibrational partition functions are in their vibrational ground state only. From Equation 5.78, the
rate for desorption can then be calculated as

'°This part of the derivation is exactly the same as what we have seen before for the other types of reactions.
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00
+ _ ads
Tdes =~ (5-79)
des ot i
kT q*
= o — 0,45 (5-80)
Qads
kT + + [AEelec,des + AEzpe,cles]
= h qtrans,qurot,zd &p | — kgT aads (581)
kT  2mmkgT 87T21kBT [AEelec,des + AEzpe,des]
= AT oh2 P T knT Bads (5:82)
kgT A (2nmkgT) 872 1kgT [AEelec,des + AEzpe,des]
=T h2 oh2 P~ kpT Oads (5-83)
kBT3 A (2rmkg) [AEelec,des + AEzpe,des]
T 06 7| kT bads: (5-84)

wherein o corresponds to the symmetry number for the diatomic rotational partition function
as explained on page 144 and O the rotational temperature as shown in Equation 3.79 on page
41.
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5.4.2 Non-linear polyatomic desorption

Let us repeat the case in the previous subsection, but now for a non-linear polyatomic molecule
and assuming three rotational degrees of freedom. The result is quite similar

a6
+ ads
Tdes = (585)
des ot i
kT gt
= ==L, (5.86)
Qads
AE, + AE.
kT + f [ elec,des zpe,des]
I Qirans,2dIrot;3d P | — kgT Bads (5-87)
kpT A (2nmkpT) /7 |872I2kpgT |8m2IgkgT |82l kT
= B v (5.88)
h h? o h? h? h?
[AEelec,des + AEzpe,c‘les]
eXp | — kgT Oads (5-89)
kBT7/2 A (27"3/2ka) [AEelec,des + AEzpe,des] 0
- — , .90
W 00,0560 T kT ads (5-9°)

where © 4, © g, O represent the rotational temperatures corresponding to the three princi-
pal moments of inertia of the complex.™

ISee section 3.6.2 on page 142.
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5.5 Surface reactions

Complexes absorbed on a catalytic surface typically only have vibrational degrees of freedom.
These complexes can associate to form a single new complex (e.g. C* hydrogenation to form
CH*) or they can dissociate and form two new complexes (e.g. CO* dissociation to from C* and
O%). The general expression for a surface reaction is given by

90 kT gt
+ _ _ ads _ "B q 0.
Tsurf ot i h Hz @ H 3 (591)

%

wherein the product II iterates over the surface complexes i in the reactant state. For a
dissociation reaction, there is only a single reactant, whereas for a association reaction, there are
two reactants. We assume that there is only a single transition state complex. In the construction
of Equation 5.91, a single weak vibrational mode was extracted from the partition function in the
transition state to obtain the k‘;lT prefactor as indicated by the  symbol. Using Equation 5.91,
we can readily construct the rate expression for an association and dissociation reaction.

5.5.1 Association reaction

Let us consider the association of two surface complexes, A and B, to form the AB complex.
Because all degrees of freedom are vibrational, this implies that complex A has 3N, vibrational
modes and similarly, complex B has 3V vibrational modes. Because of the extraction of the
weak vibrational mode corresponding to the reaction coordinate, the transition state complex has
one fewer vibrational mode, i.e. ABT has 3(INs + Ng) — 1, for the construction of the vibrational
partition functions. From this, the rate expression is

& CHAPTER 5

kgT ¢f
+ _ %8Bl 4 )
Tsurff h Hi qi1:[074

3(Na+Np)—1 exp < M)

_ kgT 1—[ T 2k T
- h : 1— _ hvy
i=1 €xp EsT
-1
] -1
3Na exp _& 3Ng _ hvy,
H 2ksT @5p 2kgT
j=1|1—exp (—Z;j%) k=1 \1—exp (_kBiqkw)
—AFE,t, elec
ceexp | ——————— ] 056 .02
p < T T A0B (5-92)

We can extract the zero point energy contributions from the vibrational partition functions
and add these to the electronic activation energy to obtain a zero point energy corrected reaction
barrier as given by

3(Na+Np)—1 hy: 3N, 3N huy,
j
AFEactzpe-corr = AE,ctelec + E , 71 - E : 5 E : - (5-93)
i=1 j=1 k=1

Although for many reactions the zero point energy corrections tend to be in the order of 1-5
kJ/mol, which is relatively small in comparison to the difference in electronic energies which are
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roughly in the order of 30-100 kJ/mol, they can become important, especially when dealing with
(de-)hydrogenation reactions and thus can no longer be neglected.

We can furthermore simplify Equation 5.92 by assuming that only the vibrational ground
state is occupied, which gives

T —AF, 5
r+ _ kg . (_ act, zpe corr) 008 (5.94)

kT

Dissociation reaction

Dissociation reactions are the opposite of association reactions, so we can readily derive the
result for these results from the results obtained for the association reaction. These are

kT 4t
+ _ B q 0
Tsurf h Hz 4 1_.[ 2

%

_ s
kT 3(N1'13[) Loew (— 2k:T>
T h : 1— _hy

i=1 €xp ExT

hl/j
3Nag exp | —gp. T
j=1 1 —exp (7%)

< 7AEact, elec)
cexp (- ke ) gy

kT (5-95)

which can be simplified, using the same assumptions as provided in the previous subsection,
to

kpT —AEsct, zpe.
= 2 (B ) g, (596)
Energies, enthalpies and entropies of activation
For a set reaction rate constant k, its enthalpy and entropy of activation are defined as[14]
p = kT AHT Ast (5.97)
= — &X —_— €x e . .
no P ke T P ks 5-97

Using the above expression, we can readily define the Gibbs free energy, enthalpy and entropy
of activation as

AGY = Gy — Gy = —kpTIn K, (5-98)
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B
AHizHgfﬂﬁ:kﬂﬂgmei (5-99)

and

AHY —AGE b
AS¢ = St — Sis = # = ﬁ <kBTani> 9 (S.IOO)

wherein KT is the equilibrium constant used, as necessary, to construct the rate expression.
The 1 is to indicate that one degree of freedom has been extracted from this equilibrium constant
to construct the sz pre-factor. Furthermore, the type of the equilibrium constant K depends on
the rate expression. For example, for an adsorption/desorption step, a number-based equilibrium
constant is used, whereas for a gas-phase reaction, a pressure-based equilibrium constant can be

used.

A Take care

Because of the free choice wherein the rate expression is constructed, this can lead to
different values for the enthalpy, entropy and Gibbs free energy of activation. As such,
it is of the utmost importance that a reference state is defined when expressing these
values.[15]

Let us now compare the Gibbs free energy for activation between a unimolecular and bi-
molecular reaction in the gas phase. We assume that the activation energy for both reactions
is the same. For the unimolecular reaction, the initial and final state have by approximation
the same translational, rotational and vibrational partition functions in the initial and final.
For the bimolecular reaction, we assume that the two reactant molecules are of the same type
(corresponding to the reaction 24 — B) and that the change in the vibrational partition functions
is negligible.

For the unimolecular reaction, the Gibbs free energy of activation is then given by

AGH

unimolecular

= AFEjt. (5.101)

Note that because there is no difference in the configurational partition functions between
the initial and transition state, a lot of terms simply cancel out. Now let us consider how the
Gibbs free energy of activation for the bimolecular looks like

QJr qT
= AEsct — kpT'In | —Hans-rot_ | (5.102)

ecular q o
bimo ( transq )

Clearly, the bimolecular reaction has an additional term corresponding to the difference in
the configurational partition functions. Since the denominator is expected to be much larger
than the numerator, the additional term in Equation 5.102 as compared to Equation 5.102 gives a
positive contribution to the Gibbs free energy of activation, essentially making the reaction more
difficult. This can be easily understood as the initial state has many more degrees of freedom as
compared to the transition state and thus the change from initial to transition state corresponds

& CHAPTER 5
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to a significant loss in entropy. However, before we will explicitly calculate the entropy loss, we
first calculate the enthalpy of activation.™

The pressure-based equilibrium constants for the unimolecular and bimolecular reaction
are given by

% atkpT/V

= .10
P gisksT/V (5.103)
¥
q
T ! (5.104)
dis
and
tepT/V
q
R (5.105)
(aisksT/V')
TV
q
= g \ et 106
s <kBT> (5-100)
oot
Girans % |4
- = Lrotz <> (5.107)
e (Qtrans Qrot) kpT
:I; From these, we can readily calculate the enthalpy of activation as
L]
unimolecular — ABqt. (5-108)

Note that because there is no difference in the configurational partition functions between
the initial and transition state, a lot of terms simply cancel out. Now let us consider how the
Gibbs free energy of activation for the bimolecular looks like

; B 3 3 3 3
AHbimolecular = AEaCt —+ (ikBT + ngT) -2 (ikBT —+ ikBT + kBT (5109)
= AFEjyct — 2kgT. (S.IIO)

From these two results, we can readily calculate the entropy of activation, which gives

Sunimolecular =0 (5.111)

and

qT QT
= kpln | BI04 kg, (5.112)

SI:)C‘ lecul:
Hmotecutar (Qtrans Qrot)

From the equations above, we can readily see that the bimolecular reaction has a negative
entropy of activation, which acts as an additional barrier for the reaction to occur.

It is also possible to directly calculate the Gibbs free energy of activation GT and the enthalpy
of activation H directly from the reaction rate constants using

This is also known as the heat of formation.
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AGY = Gis — Gig = —kgT (5.113)

Inkyr —In (M)
h

and

AHY = Hy — Hy = kBTQB% Inkr — kgT — (n — 1)kgT, (5-114)

where n denotes the molecularity of a gas phase reaction. For a unimolecular reaction, n = 1
and for a bimolecular reaction n = 2.3

Final remarks

The previous sections showed explicit formulas for adsorption, desorption and surface reactions.
In principle, you can use these formulas to describe the majority of the systems out there.
However, we are sometimes interested in that particularly peculiar system, wherein none of
the above expressions are valid. In such a case, one has to start re-deriving the expression for
the reaction rate by first identifying the applicable partition functions, plugging these into the
general rate expression and finally deriving the reaction rate.

In the end, this chapter has shown you how to set up reaction rates. In the upcoming chapter
we will show that the sum of all these elementary reaction steps is the basis of a microkinetic
model which can be used to study the behavior of a chemical system.

£ Practice your understanding

Exercises 5.1, 5.2 and 5.3

T Challenges

Exercise 5.4

BNote that for a surface reaction, n = 1 and the last (n — 1) term disappears.

& CHAPTER 5
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Exercises

The answers to the exercises can be found at the end of this Chapter on page 238. The exercises
are marked by a number of gears to indicate their difficulty levels.

@ EXERCISEsa ¥

a) Calculate the rate constant for CO dissociation in the forward and the backward direction
using appropriate assumptions (given the limited information provided) regarding the nature of
the partition functions. Take a forward barrier of AE; = 80 kj/mol and a backward barrier of
AEy, =120 kJ/mol. Use a temperature of 500K.

b) Calculate the rate constant for CO desorption. Use Equation 5.84. For the surface area of the
adsorption site, assume that CO is adsorbed on a threefold site of an FCC Rh lattice. The Rh-Rh
distance is 2.71 A. Use a rotational temperature () of 2.8K, a desorption energy of 120 kj/mol
and a temperature of 500K.

¢) Calculate the rate constant for CO adsorption. Use the same surface area as you used for
the calculation of the desorption rate constant. Assume a mobile transition state, i.e. that no
rotational degrees of freedom of CO are lost between the initial and transition state.

d) Why is the rate constant for desorption higher than for adsorption?

@ EXERCISEs.2 #HH¥

a) Derive a formula for the entropy of activation for adsorption, assuming that the complex loses
one translational degree of freedom between the initial and transition state. You can neglect any
differences in the rotational and vibrational partition functions between the initial and transition
state. Interpret the final result.

b) Derive a formula for the entropy of activation for desorption, assuming that the complex
regains two translational and two rotational degrees of freedom when migrating from the
adsorbed state to the activated complex. You can neglect any differences in the vibrational
partition functions between initial and transition state. Interpret the final result.

@3 EXERCISEs3 ¥

Consider the catalytic hydrogenation of CH,, - over a stepped surface of a Ru catalyst towards
CH; - as given by

CH, * +Hox — CHj % ++ (5-115)

The electronic activation energies in the forward and backward direction of this elementary
reaction step are 59.0 and 53.6 kJ/mol, respectively. The zero point energy (ZPE) corrections as
given by

Azpe = % (5.116)
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for initial, transition and final state are 76.9, 75.8 and 81.2 kJ/mol. Assume a reaction
temperature of T' = 500K.

a) Calculate the rate in the forward and in the backward direction with and without the ZPE
correction.

b) Calculate the quotient of the rates for including and excluding the ZPE correction.

¢) Calculate the quotient of the equilibrium constant for including and excluding the ZPE
corrections.

d) Motivate why the difference is relatively large.

EXERCISE 5.4 THEHHE

Consider the dissociative adsorption of methane as given by

CH, + 2% — CHy  +Hx (5.117)

Assume that in the transition state, all translational and rotational degrees of freedom are
lost. Furthermore, assume that q\/, b= ﬁ == 1. Use the variable AF, for the
l—exp(— chla“

electronic activation energy and AE;Lpe for the difference in the zero-point energy between the
transition and initial state.

a) Provide the full rate expression and derive from it an expression for the reaction rate constant
for dissociative adsorption of methane from transition state theory under the conditions as given
above.

b) Calculate the enthalpy of activation using

261nk .

AHT = kT kT (5.118)

This expression is very similar to the Arrhenius activation energy, but by subtracting k; T, we
exclude the frequency factor kaT

¢) Derive an expression for the entropy of activation using

Ast = a% kT <ln(k) —In (kth)> . (5.119)

Similar to the expression for the internal energy of activation, we exclude the frequency factor

k”TT in the calculation of the entropy of activation.

d) Calculate the Gibbs free energy of activation using

AGH = AHT —TAST (5.120)

& CHAPTER 5
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and show that the result is consistent with

kT AGT
k= P < ka) . (5.121)

in line with Equation 5.97 on page 232.

Solutions

The solutions below pertain to the exercises of Chapter 5 on page 236 and further.

(¢' SOLUTION 5.1

a) We assume that this reaction occurs over a surface and that the corresponding partition
functions are vibrational. Moreover, we assume that the separation of the vibrational levels is
thus high that only the ground state is occupied and in void of any information, we assume that
we can neglect the ZPE correction. In that case, the reaction rate in the forward and backward
direction are

kyT —AE
Eforward = o exp (/CB'IjIC) (5.122)
- —k};T exp (;iiaCt) (5.123)
=458-10%s7! (5.124)

Perform this calculation on Wolfram Alpha:

2 https://www.wolframalpha.com/input/?i=1.
38064852E-23+%+500+%2F+6.62607004E-34+*+exp%
28-80e3+%2F+%288.3145+%+500%29%29

kT —AFEact
Epackward = A exp < kB';c > (5.125)
kgT —AEFE
= I;L exp( RTaCt) (5.126)

=3.03s"L (5.127)


https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-80e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-80e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-80e3+%2F+%288.3145+*+500%29%29
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Perform this calculation on Wolfram Alpha:

@ https://www.wolframalpha.com/input/?i=1.
38064852E-23+%+500+%2F+6.62607004E-34+*+exp%
28-120e3+%2F+%288.3145+*x+500%29%29

b) The surface area A of the adsorption site (an equilateral triangle) is calculated by

A= ?ﬂ (5.128)
= Fena? 5229
= 3.18 A% (5.130)
=3.18-10720 m? (5.131)
The rate constant for CO desorption is calculated as
kgT3 A (2mmkp) —Ees

k= .
0 ot P\ et (5-132)
=7.90-10% 571 (5-133)

Perform this calculation on Wolfram Alpha:

@ https://www.wolframalpha.com/input/?i=1.
38064852E-23+*+500%5E3+%2F+%286.62607004E-34%
29%5E3+x+3.18E-20+%+%282.0+*+3.141527+%+1.
66053906660E-27+x+28+%+1.38064852E-23%29+%2F+
2.8+x+exp%28-120e3+%2F+%288.3145+*x+500%29%29

¢) The rate constant for the adsorption of CO is calculated by

A
kygs = —F— .
ads \/W (5 134)
=7.08-102Pa~ls7! (5-135)

Perform this calculation on Wolfram Alpha:

2 https://www.wolframalpha.com/input/
?9=3.18E-20+%2F+sqrt%282+%+3.141527+%+1.
66053906660E-27+%+28+%+1.38064852E-023+%+500%29

& CHAPTER 5



https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500+%2F+6.62607004E-34+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500%5E3+%2F+%286.62607004E-34%29%5E3+*+3.18E-20+*+%282.0+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-23%29+%2F+2.8+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500%5E3+%2F+%286.62607004E-34%29%5E3+*+3.18E-20+*+%282.0+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-23%29+%2F+2.8+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500%5E3+%2F+%286.62607004E-34%29%5E3+*+3.18E-20+*+%282.0+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-23%29+%2F+2.8+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500%5E3+%2F+%286.62607004E-34%29%5E3+*+3.18E-20+*+%282.0+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-23%29+%2F+2.8+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23+*+500%5E3+%2F+%286.62607004E-34%29%5E3+*+3.18E-20+*+%282.0+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-23%29+%2F+2.8+*+exp%28-120e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=3.18E-20+%2F+sqrt%282+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-023+*+500%29
https://www.wolframalpha.com/input/?i=3.18E-20+%2F+sqrt%282+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-023+*+500%29
https://www.wolframalpha.com/input/?i=3.18E-20+%2F+sqrt%282+*+3.141527+*+1.66053906660E-27+*+28+*+1.38064852E-023+*+500%29
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d) Despite that the adsorption reaction has no activation energy, the rate for adsorption is lower
than for desorption. The reason for this is that in the desorption reaction the transition state has
more entropy than the initial state, whereas for adsorption the transition state has less entropy
than the initial state. As such, at relatively high temperature, the desorption becomes several
orders of magnitude faster than the adsorption rate.

(¢' SOLUTION 5.2

a) The rate constant is given by

A
b — 136
" \ 2mmkgT (-536)

We can calculate the heat of activation by

0 3
AHY = kBTza—T Inky — kpT =~ kpT. (5-137)

The Gibbs free energy of activation is given by

AGY = —kgT [m kr —In (thT)] (5-138)
A h
= kgTh | —2 " ). .
kg n<\/kaT> (5-139)

and thus the entropy of activation is

AHY — AGH
st — == .
- (5-140)
3 A h
—okeT + kpTIn (m m)

= (5-141)

=k f§+ln A (5-142)
B 2 \/27mkgT kT ’ >4

Note that because kBTT ~ O(1013) and \/ﬁ A~ 0(102), the last term in the brackets gives
B

about 11 negative units of kg. Thus, the entropy of activation is negative as to be expected as we
are loosing entropy upon going from the gas phase to the pre-adsorbed state.

b) The rate constant for desorption is given by

kT 27wmkp AE,
kr = —Todes )
"= T8 e, P T T (5-143)
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We can calculate the heat of activation by

AHY = kBTQ% Inky — kT = AEgeq + 2kgT (5-144)

The Gibbs free energy of activation is given by

AGY = —kgT |Inky —In (kBTT) (5-145)
T2 2rmkg
= AEdes — kgT'In <h2 =y ) . (5146)
and thus the entropy of activation is
AHY - AGH

R (5:147)
T2 2mmkp 3 @
=kg |24+ In|—= . . =
B +n<h2 o0, ) (5I4) &
S
Q

For desorption, the entropy of activation is positive as the complex regains configurational degrees
of freedom upon migrating from the adsorbed state to the activated state.

(¢' SOLUTION 53

a)

AE
k= B _Thadf) 75,106 57! 1
= exp( kT (5-149)

Perform this calculation on Wolfram Alpha:

2 https://www.wolframalpha.com/input/?i=1.
38064852E-23*500%2F6.62607004e-34*exp%28-59e3+
%2F+%288.3145+%x+500%29%29

kT AB,q ¢+ AE]
Kt zpe = BT exp (—W =9.13-100 571 (5-150)


https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-59e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-59e3+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-59e3+%2F+%288.3145+*+500%29%29
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Perform this calculation on Wolfram Alpha:

@ https://www.wolframalpha.com/input/?i=1.
38064852E-23*%500%2F6.62607004e-34*xexp%28-%
2859e3+%2B+75.8e3-76.9e3%29+%2F+%288.3145+%+500%
29%29

e > =262-107 s71 (5.151)

Perform this calculation on Wolfram Alpha:

& https://www.wolframalpha.com/input/?i=1.
38064852E-23*%500%2F6.62607004e-34*xexp%28-%2853.
6e3%29+%2F+%288.3145+*%+500%29%29

knT AFE + AE1L
BY exp | — b T 2pe | g 61,107 51 (5.152)
h kT

s | Perform this calculation on Wolfram Alpha:
y C)J'https://www.wolframalpha.com/'input/?'i:l.
38064852E-23*%500%2F6.62607004e-34*%exp%28-%2853.
6e3+%2B+75.8e3-81.2e3%29+%2F+%288.3145+%+500%29%
29

b) The quotient of the forward rate is

kﬂzpe 913~ 106

= — =1.27 .
k¢ 7.15- 106 (5.153)
and for the backward rate is
’ = — = 3.67 I
Ky 2.62 - 107 (5.154)


https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2859e3+%2B+75.8e3-76.9e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2859e3+%2B+75.8e3-76.9e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2859e3+%2B+75.8e3-76.9e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2859e3+%2B+75.8e3-76.9e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3+%2B+75.8e3-81.2e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3+%2B+75.8e3-81.2e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3+%2B+75.8e3-81.2e3%29+%2F+%288.3145+*+500%29%29
https://www.wolframalpha.com/input/?i=1.38064852E-23*500%2F6.62607004e-34*exp%28-%2853.6e3+%2B+75.8e3-81.2e3%29+%2F+%288.3145+*+500%29%29

5.9 Solutions 243

¢) The quotient of the equilibrium constants is given by

Kzpe kg zpe/ kb zpe 1.27
= e T3 =0 (5-155)
K ke/ky, 3.67

d) The main reason why the differences are relatively large is because hydrogenation reactions
contain light atoms (i.e. hydrogen), which results in relatively large vibrational wave numbers
(and thus vibrational frequencies), in turn giving relatively large zero point energy corrections.

(¢' SOLUTION 5.4

A In this question, we are often making use of the following mathematical trick

P P
5o In(f(ei # 2)aP) = = [m (f(ci # ) +plnx] (5.156)
b
= 5 phe (5-157)
=2 (5.158)

wherein f(c; # x) represents any function (or collection of variables) that do not explicitly
depend on z. We will not explicitly write out this construction in this subquestion and leave it
up to the reader to recognize where this has been applied.

a) The full rate expression is given by Equation 5.57 on page 226

a0 kgT ¢'*
= 87: . = Py, (5.159)
gas

by which the rate constant k is expressed as

4
k= kT q/ (5-160)
h 9gas
-1
_ kgT (27rkaT) —3/2 - /2 T3 o [ APea+ ABzpe
“h h2 o \ e, 0560 P kg T
(5.161)
b) The enthalpy of activation is given by
Olnk
Ut = kBTQ% — kT (5.162)
AFEe, — AE
:kBTzaiT 1nT—%1nT—glnT+% — kgT (5-163)
B

= AFea + AEzpe — 3kpT. (5-164)
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¢) The entropy of activation is given by

Ast = % (ka <ln (k) —In ('“’f))) (5.165)

—1
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Tor |t h2 o \ 46500
AE, AFE,
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Note that in the derivation above, the terms corresponding to the electronic activation energy
and its zero point energy correction cancel out, as indicated by the diagonal lines through these
terms.

d) Finally, the Gibbs free energy of activation is given by

AGH = AT —TAST (5.169)

—1
2emkpT\ ~%/2 1/2 T3
= AEea + AEgpe — kT | In (’"”7‘3) v
h2 o \ 046560

(5:170)

Plugging this result into Equation 5.97 on page 232 gives



5.9 Solutions 245

L kT At
= exp | ———— .
n P\ T (5-1717)
—-3/2 1/2 -1
AEe,a-f—AEzpe—kBT(ln[(?lez{ﬁsT) V_I(Tra \/%) D
kT
) exp | —
h kT
(5.172)
-1
kpT (27rmk:BT)_3/2V_1 wl/2 T3 AEea + AEspe
= —_— —_— ex -
h h2 o \e. 0500 P kn T ’
(5-173)

fully consistent with Equation 5.161.
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Introduction

In Chapter 1, we introduced the concept of elementary reaction steps and the Langmuir-Hinshel-
wood-Hougen-Watson (LHHW) formalism, which provides a framework for describing surface
reactions at the molecular level. In Chapter 2, we explained how systems containing different
chemical compounds can be characterized by a small set of macroscopic parameters, such as
temperature, pressure, and concentration. Chapter 3 then detailed how molecular partition
functions can be used to relate microscopic molecular properties to macroscopic thermodynamic
quantities. In Chapter 4, we introduced transition state theory and derived the Eyring equation,
which expresses the rate of interconversion between chemical species once the activation energy
and partition functions are known. In Chapter 5, we illustrated how these rate expressions apply
to specific types of elementary reaction steps.

In this chapter, we combine these concepts to construct a complete microkinetic model from
the ground up. We show how to connect multiple elementary reaction steps into a reaction
network, formulate the corresponding set of ordinary differential equations (ODEs), and integrate
them in time using appropriate boundary conditions and initial values. Finally, we discuss how
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to derive observable quantities from a microkinetic model and how these can be compared with
experimental data.

Microkinetic modeling of a simple catalytic reaction

In this section, we illustrate how to set up a microkinetic model using a simple example of a
catalytic reaction. To keep the discussion straightforward, we will restrict ourselves to unimolec-
ular elementary reaction steps. More complex chemical systems will be introduced later in this
chapter. The most effective way to understand how microkinetic simulations work is to build one
yourself. To facilitate this, we provide a small set of Python scripts that gradually introduce the
underlying methodology. These scripts are not intended to be the most efficient implementation,
but they serve as a convenient learning tool to grasp the fundamental principles of microkinetic
modeling. We recommend running the scripts in a Python IDE such as Spyder.*
The steps we need to take to construct a microkinetic model are as follows:

1. Construct the set of elementary reaction steps.
2. Derive rate expressions for each of the elementary reaction steps.
3. Convert the set of rate expressions to a set of ordinary differential equations.

4. Define boundary conditions for the system (e.g. partial pressures), the initial values (e.g.
initial surface concentrations) and any model parameters (e.g. temperature).

5. Solve the system of ordinary differential equations.

6. Interpret the results (using our chemical intuition).

Unimolecular catalytic reaction

A unimolecular reaction on a catalytic surface is given by the kinetic network below. In this
network, A adsorbs on the catalytic surface, is then converted to B and finally B desorbs from the
surface.

A—3Ax —>»Bx —> B. (6.1)

The overall reaction for this chemokinetic network is

A — B, (6.2)

which is composed of the following three elementary reaction steps

A+ % S Ax (63)
B+ % S Bx (6.4)
Ax S Bx. (6.5)

The above system has two adsorption-desorption steps and one surface step. We will express
the rates for adsorption-desorption steps by using Hertz-Knudsen kinetics (see Equations 5.69
and 5.84 on pages 228 and 230, respectively). Furthermore, we will use the assumptions as
discussed in section 5.5 on page 231 for the surface reactions. The parameters for the adsorption
and desorption steps are given in Tables 6.1 and 6.2, respectively.

"More information about Spyder can be found at https://www.spyder-ide.org/.
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Table 6.1: Kinetic parameters for the adsorption and desorption steps of A and B in the unimolecular reaction.

Compound | A[m?] [ m(au) [ o[] | Orot [K] | Eges [kJ/mol] |
A 1-10—20 1 1 1 120
B 1-10—20 1 1 1 220

Table 6.2: Kinetic parameters for the conversion of A to B over the catalytic surface in the unimolecular reaction.

| Reaction [ vy[s~!] | v s | EJ [/mol] | EB [k/mol] |
[A* —B* [ 1088 | 1013 ] 50 | 150 |

Note from these two Tables that adsorbed B is significantly more stable than adsorbed A (120
versus 220 kJ/mol, respectively). Furthermore, the reaction on the surface from A to B has a
relatively low activation barrier (50 kJ/mol), while the barrier for the reverse reaction is quite
high (150 kJ/mol). On the basis of the fundamental equations and the data in Tables 6.1 and 6.2,
we can construct the following three Python functions to calculate the reaction rate constants for
adsorption, desorption and the surface reaction as shown in Listing 6.1.

The function calc_k_arr as shown in Listing 6.1 calculates the Arrhenius-type rate constant
as given by Equation 5.91 on page 231. The functions calc_kads and calc_kdes calculate
the reaction rates for adsorption and desorption, respectively. These functions are based on
Equations 5.69 and 5.84 on pages 228 and 230, respectively. The input parameters and the units
of the variables are explained in the comment section of the corresponding functions.

In order to set up a microkinetic model using the above-mentioned kinetic parameters, we
have to specify initial values, boundary conditions and model parameters. These are as follows

« Initial values: The initial values are the initial surface concentrations at time ¢ = 0. For
our system, we will consider the initial surface concentrations of compound A and B at
t =0tobed, = 0p = 0. The fraction of empty surface sites will be set to 6« = 1.

.

Boundary conditions: The partial pressure of Ais settop 4 = 1 atm and the partial pressure
of Bis setto pg = 0 atm. In other words, we operate the reaction at zero conversion. This
choice deserves some additional explanation. Within our microkinetic simulation, we
wish to study the behavior of our catalyst. We wish to compare our theoretical model with
a so-called initial rate experiment, where the production rate is measured close around
X = 0.2 In this situation, the reactants have only barely settled on the catalytic surface
and only the adsorbed species are in a steady state. To ensure zero conversion, we keep the
partial pressures in the gas phase fixed. Nevertheless, if one is interested in the solution at
any non-zero conversion, it is easy to modify these settings by simply changing the gas
phase pressures.

Model parameters: As all rate expressions explicitly depend on the temperature, we also
have to set the temperature as a model parameter. Typically, this is the only mandatory
model parameter, although one could imagine that for more complex types of simulations
other model parameters are required. For example, if one models an electrochemical
reaction, one could consider the pH of the solution or the potential as model parameters.

Using the initial values, boundary conditions and model parameters, the system of ordinary
differential equations is completely defined and can be time-integrated. In contrast with the
types of equations we saw in Chapter 1, this set of equations can no longer be solved analytically3

>This is often termed as that one operates the reaction at differential conditions.
3Recall that for constructing an analytical expression, we require a series of assumptions.
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Listing 6.1: Python functions to calculate the reaction rate constants.

1 def calc_k_arr(T, nu, Eact):

N

def

def

min

Calculate reaction rate constant for a surface reaction

T - Temperature in K
nu - Pre-exponential factor in s"-1
Eact - Activation energy in J/mol

nin

R = 8.3144598 # gas constant
return nu x np.exp(-Eact / (R * T))

calc_kads(T, P, A, m):

nin

Reaction rate constant for adsorption

- Temperature in K

- Pressure in Pa

- Surface area in m"2

- Mass of reactant in kg

S >0

min

kb = 1.38064852E-23 # boltzmann constant
return PxA / np.sqrt(2 * np.pi * m * kb * T)

calc_kdes(T, A, m, sigma, theta_rot, Edes):

min

Reaction rate constant for desorption

T - Temperature in K

A - Surface area in m"2

m - Mass of reactant in kg
sigma - Symmetry number

theta_rot - Rotational temperature in K
Edes - Desorption energy in J/mol

nin

kb = 1.38064852e-23 # boltzmann constant

h = 6.62607004e-34 # planck constant

R = 8.3144598 # gas constant

return kb x Txx3 / hx*3 *x A * (2 x np.pi * m x kb) / \
(sigma * theta_rot) * np.exp(-Edes / (R*T))
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and we have to use a numerical method to integrate this system over time. This can be done
using an ordinary differential equation solver (in short: ODE solver). In this chapter, we will be
using the SciPy library that readily provides an ODE solver.4

The set of ordinary differential equations for this system to solve is given in Equations 6.6 -
6.8. Please note that in these equations k;, refers to the reaction rate constant in the backward
direction and not to the Boltzmann constant.

00
87: = Kads,A DA O« — Kgesp - Oa —kf - Op + Ky - Op (6.6)
00

{TtB =kagsp P 0% — kges - OB +kyf - Op — Ky - Op (6.7)
00

8: = —kads A - PA - O + Kges A - Oa — Kags B - PB - O + Kdes s - OB (6.8)

Using this set of ordinary differential equations and the proper boundary conditions, we
can readily construct our Python code to time-integrate our chemokinetic system. The code is
provided in Listing 6.2. By plotting the return variables of solve_odes(T) we can obtain a
graph. This is done in the main () function of the script as can be seen in Listing 6.3.

Listing 6.3: Python functions to perform the time-integration of the set of ordinary differential equation.

1 def main():

2 plt.figure()

3 X,y = solve_odes(1200)

4 labels = ['A','B','*']

5 for i 1in range(0, len(labels)):

6 plt.semilogx(x, y[:,i], label=labels[i])
7 plt.legend()
8 plt.show()

The ODE solver is constructed using a generic interface as explained in detail on its webpage.’
First, we need to construct a function that takes as input the two parameters ¢ (time) and y
(surface concentrations). Optionally, a list of parameters can be provided. Here, we provide as
additional parameters the boundary conditions, which are the partial pressures and the model
parameters, which is the temperature. In dydt(T, y, params), the first derivative of the
surface concentrations is calculated and returned as a vector. The time-integration is performed
in the function solve_odes (T). Herein, an integration object is constructed and the function
dydt(T, y, params) is passed as input. We use the vode keyword, which stands for Real-
valued Variable-coefficient Ordinary Differential Equation. We set the absolute and relative tolerances
(atoland rtol) to 10~8. The maximum number of steps between two output time steps of the
integrator object is set to 1000, although the default value for this variable would probably suffice.
An important thing to remember about chemokinetic systems is that their underlying set of
ordinary differential equations is a so-called stiff system. Stiff systems require special integration
methods, such as bdf which stands for Backward Differentation Formulas. The bdf is one of
the best methods to solve such systems. The other important thing to take care of is to either
explicitly specify to calculate the Jacobian using finite differences (with_jacobian=true) or
to construct a Jacobian function yourself. Here, we have opted for using the finite difference
method, as it is much easier to use. An explicit function to calculate the Jacobian is however
computationally much faster and is the recommended procedure.®

We have chosen to perform our integration on a logarithmic scale. The main advantage of
this procedure is that we get a fixed number of data points for every time scale, beginning at

“https://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.ode.html
Shttps://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.ode.html
°Consult the web page of SciPy for more information how this is done.
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Listing 6.2: Python functions to perform the time-integration of the set of ordinary differential equation.

def solve_odes(T):
# initial conditions
yo = [0,0,1]
to = 0
tl = le-6 # total integration time
T = 1200 # temperature in K
pa = le5 # pressure of A in Pa
pb =0 # pressure of B in Pa

# construct ODE solver
r = ode(dydt).set_integrator('vode', method='bdf',

atol=1e-8, rtol=1le-8, nsteps=1000, with\_jacobian=True)
r.set_initial_value(y0®, t0).set_f_params([T, pa, pbl)

# integrate on a logaritmic scale
xx = np.linspace(-12.0, np.loglO(tl), int((np.loglO(tl) + 12.0) * 10))
yy =[]
tt = []
for x dn xx:
thew = 10.0%%x
tt.append(tnew)
yy.append(r.integrate(tnew))

return tt, np.matrix(yy)

def dydt(t, y, params):

nin

Set of ordinary differential equations
T = params[0]
pa = params[1]
pb params[2]

dydt = np.zeros(3)

ma = 1.66054e-27
mb = 1.66054e-27

k_ads_a = calc_kads(T, pa, 1le-20, ma)
k_des_a = calc_kdes(T, le-20, ma, 1, 1, 120e3)

k_ads_b = calc_kads(T, pb, 1le-20, mb)
k_des_b = calc_kdes(T, le-20, mb, 1, 1, 220e3)

kf = calc_k_arr (T, lel3, 50e3)
kb = calc_k_arr(T, lel3, 150e3)

dydt[0] k_ads_a * y[2] - k_des_a * y[0] - kf x y[0] + kb % y[1]
dydt[1] = k_ads_b * y[2] - k_des_b x y[1] + kf * y[0] - kb x y[1]
dydt[2] = -k_ads_a * y[2] + k_des_a * y[0] - k_ads_b * y[2] + k_des_b * y[1]

return dydt
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Figure 6.1: Surface coverage as a function of time for the unimolecular catalytic surface reaction.

the smallest time scales (i.e. corresponding to the fastest reactions) and ending at the longest
time-scales (i.e. the slowest reactions). The results would be exactly the same if a linear time
scale is chosen, it is just a preference we like to employ.

Before we start performing the simulations and interpreting its output, we would like to
repeat some nomenclature here. All possible sets of concentrations applicable to our system is
termed the phase space. To exemplify this statement with respect to our system, the complete
phase space is defined by:

GA,BB,G* € [0) 1} (69)

under the constraint (remember that there is conservation of mass)

0pa+0p+6x=1 (6.10)

Furthermore, if our system has no peculiarities such as strong non-linear behavior or bifur-
cations (if you have never heard of these terms before, just ignore them), then our system will
most likely converge to a steady state solution, which is defined as:

90;
— =0 6.11
ot (6.11)
for all ¢, where i is each compound in the system.
Let us apply this newly learned nomenclature to our system which models a unimolecular
reaction. In Figures 6.1a-6.1d, the transient behavior of our system (i.e., the state of our system
as a function of time) has been studied at four different temperatures. In Figures 6.1a-6.1c, a
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similar final result is obtained, which is the catalytic surface fully covered with B. Note that in
Figure 6.1a, the surface concentrations no longer changes at ¢t > 10. Therefore, we can say that
att > 10 the system is at its steady-state solution.

From the other Figures (6.1b-6.1d), we can see that the steady state solution is reached at
different time ¢ given a different temperature. At higher temperatures, the steady state solution
is obtained in a shorter amount of time. This can easily be explained due to the fact that all
elementary reaction rates increase exponentially with increasing temperature. Therefore, our
system converges to the steady-state solution faster at elevated temperatures.

One might wonder then as to why the system in 6.1d (i.e., at a significantly high temperature,
does not converge to a similar-steady solution as the other Figures. In 6.1d, it is found that the
steady state solution has a nearly empty catalytic surface. This has to do with the temperature
dependence of the pre-exponential factors for adsorption and desorption. From Equations 5.69
and 5.84 on pages 228 and 230, respectively, it can be seen that the rate for adsorption drops
with +/T, while the rate for desorption increases by 73. As the latter becomes dominant at high
temperature, at highly elevated temperatures the desorption term dominates resulting in a nearly
empty surface.

In Figure 6.2, the consumption of A and the production of B are shown. Due to the strong
difference in adsorption and desorption rates at different temperatures, a phenomenon similar
to the is seen. The reasoning goes as follows: at very low temperature, all compounds adsorb
easily on the surface, but due to the low temperature, there is not enough energy to overcome
the reaction barrier and no products are formed. At too high temperature, the desorption rate is
several orders of magnitude higher than the adsorption rate and almost no reagents are found on
the surface. The kinetic energy of the gaseous species is too high, thus the molecules just ricochet
off the surface. Due to the existence of these two competing effects, i.e. rate of dissociation
versus surface coverage, the production of compound B with respect to temperature shows an
optimum (at T' = 1175K).

Rate ins7!

B \/
800 900 1000 1100 1200 1300 1400 1500
Temperate T in K

Figure 6.2: Production rates of compounds A and B as a function of temperature.

Finally, the uptake of compound A equals the production of compound B, as to be expected
on the basis of the stoichiometry of the reaction and the inherent mass conservation of the
method.

To summarize, we have shown that the overall (catalytic) unimolecular reaction is in fact a
composition of three elementary reaction steps. By means of transition state theory, we are able
to derive rate equations for these elementary reaction steps. The implementation of these rate
equations reveal interesting transient phenomena and enable us to study the kinetic system as
function of temperature. Despite that the unimolecular catalytic reaction is very illustrative, it
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lacks the details of a more realistic overall reaction. As such, we are going to describe a catalytic
bimolecular reaction.

6.2.2 Bimolecular catalytic reaction

A typical bimolecular reaction in catalysis is the oxidation of CO to CO,. This particular system
is relevant to car-exhaust gas clean-up. The overall reaction is

2CO + 0, — 2CO, (6.12)

and constitutes the following elementary reaction steps

CO + * SCOx (6.13)
0, + 2% S20% (6.14)
CO * +0x SCO, * +* (6.15)
CO, + * SCO,* (6.16)

These elementary reaction steps lead to the following set of ordinary differential equations

90co
or = Fladsbx =K1 desbco — k3, pOcobo + k3 p0c0, b« (6.17)
906
5 = 2k3 4403 — 2k2,des08 — k3, pOcobo + k3 p0co, O+ (6.18)
Do,
o = st — Fadesbco, + k3, p0cobo — k3 pbco, b« (6.19)
90« 2 2
ot = 7k1,adse* + kl,deseco - 2k2,ad59* + 2k2,de390
+ k3, t0cobo — k3 p0co, 0« — kg adsOx + kg gesOco, (6.20)

This reaction is bimolecular in the sense that adsorbed CO needs to recombine with adsorbed
O in order to form CO,. The numerical values for the relevant rate expressions are given in
tables 6.3 and 6.4.

Table 6.3: Parameters for the adsorption and desorption steps in CO oxidation. Note that the values used here are
not necessarily representative for the actual process.

Compound | A[m?] [ m(au) [ o[] [ brot [K] | Eags [kJ/mol] |
CcO 1-10—20 28 I 2.8 8o
0, 1-1020 32 2 2.08 40
Co, 1.10-20 8o I 0.561 10

Combining the data in Tables 6.3 and 6.4 and the set of ordinary differential equations leads
to the Python code as shown in Listing 6.4. Note that we have introduced two auxiliary variables

Table 6.4: Parameters for the surface reaction of CO oxidation. Note that the values used here are not necessarily
representative for the actual process.

| Reaction | vils™ [ wls™Y) | Ed[k/mol] | Eb[kj/mol] |
[ CO¥+0* — CO*+* [ 108 [ 1088 | 120 | 180 |
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Listing 6.4: Python functions to construct the first derivative towards time of the surface concentrations. Note that
we have introduced a set of auxiliary variables (i.e. rif - r4b) to capture similar terms for the reaction rates.

1 def dydt(t, y, params):
N win
3 Set of ordinary differential equations
7 win
5 T = params[0]
6 pa = params[1]
i pb = params[2]
8 pc = params[3]
9
10 dydt = np.zeros(4)
1
12 ma = 28 * 1.66054e-27
3 mb = 32 * 1.66054e-27
14 mc = 80 x 1.66054e-27
]
16 # calculate all reaction rate constants
17 k_ads_1 = calc_kads(T, pa, 1le-20, ma)
18 k_des_1 = calc_kdes(T, le-20, ma, 1, 2.8, 80e3)
19 k_ads_2 = calc_kads(T, pb, 1e-20, mb)
@ 20 k_des_2 = calc_kdes(T, le-20, mb, 2, 2.08, 40e3)
e 21 kf = calc_k_arr(T, lel3, 120e3)
5 22 kb = calc_k_arr(T, lel3, 80e3)
ES 23 k_ads_4 = calc_kads(T, pc, 1le-20, mc)
% 24 k_des_4 = calc_kdes(T, le-20, mc, 1, 0.561, 10e3)
25
26 # collect similar terms in new variables
27 rif = k_ads_1 * y[3]
28 rib = k_des_1 x y[0]
29 r2f = k_ads_2 x y[3]
30 r2b = k_des_2 x y[1]*%x2
31 r3f = kf x y[0] * y[1]
32 r3b = kb * y[2] * y[3]
33 raf = k_ads_4 x y[3]
34 r4b = k_des_4 * y[2]
35
36 dydt[0] = r1f - rib - r3f + r3b
37 dydt[1] = 2.0 * r2f - 2.0 * r2b - r3f + r3b
38 dydt[2] = r3f - r3b + r4f - r4b
39 dydt[3] = -r1f + rlb - 2.0 * r2f + 2.0 * r2b + r3f - r3b - r4f + r4b
40
41 return dydt
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for each elementary reaction step to efficiently collect terms and calculate the first derivatives
with respect to time.

For the boundary conditions, we have used the stoichiometric ratio of 1:2 for the partial
pressure of O, and CO and set the total pressure to 20 atm.
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Figure 6.3: Production rate of CO, and consumption rates of CO and O, as a function of temperature.

The result for this simulation is given in Figure 6.3. From this Figure, we can see that the
uptake of CO is the same as the production of CO,, whereas the uptake of 0, is half the uptake of
CO. This shows that this reaction proceeds according to the stoichiometry, as was to be expected.
Again, we note that there is an optimum in the production as a function of temperature. Similarly
to the unimolecular reaction, this relates to the Sabatier’s principle. If the temperature is too low,
no coupling between CO and O will occuy, if the temperature is too high, CO and 0O, will no
longer adsorb on the surface in order to react.
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Figure 6.4: Surface coverage as a function of temperature.

In Figure 6.4, the surface coverage as a function of temperature is shown. Here we can see
that at low temperature, the surface is mainly covered by CO. This is evident from the relatively
strong adsorption energy of CO (8o kJ/mol). With increasing temperature, the surface coverage
of CO decreases, whereas the number of free sites increases. This confirms our earlier reasoning
regarding the optimal temperature for the reaction. If the temperature is too low, no reaction can
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occur between CO and O. In fact, the temperature is so low that CO poisons the surface (due to
its high adsorption energy) by which the surface coverage of O is too low for an appreciable rate of
coupling between CO and O to occur. With increasing temperature, the CO coverage decreases
and consequently, the rate increases. At elevated temperatures, the CO coverage decreases even
more and the surface becomes empty. At that point, the overall rate decreases again.

Reaction orders

In the previous section we mentioned that at low temperature, CO poisons the surface. Here,
we will show another technique that confirms this fact. If CO indeed poisons the surface at low
temperature, then we expect that the partial pressure of CO negatively influences the rate. A
systematic way of investigating the influence of the reactants and the products on the reaction is
by looking at the reaction order in these components. The reaction order is defined as follows
(see also section 1.6.1 on page 24):

dlnrt
Op;

n; = p; , (6.21)

where n; is the reaction order in component 4, r T is the rate in the forward direction (i.e.
the rate corresponding to an initial rate experiment) and p; the partial pressure of component i.
The reaction orders are calculated using a linear fitting procedure. A short code snippet how
this is done is shown in Listing 6.5. At the end of this chapter, we will also show that for some
systems, an analytical expression can be derived.

In Listing 6.5, the numerical procedure to calculate the reaction order is shown. To calculate
the derivative of the logarithm of the rate towards the partial pressure of CO, we calculate the rate
at five different partial pressures of CO. These five partial pressures are generated by multiplying
the coefficients 0.95, 0.98, 1.0, 1.02 and 1.05 with the partial pressure at the working we are
interested in (in our example, this is 13.33 bar). The derivative is then calculated by performing a
linear fit using the polyfit function. The order is finally calculated by multiplying the slope
(as found in the linear fit) by the partial pressure. At T' = 800 K, this gives a reaction order of
about unity.

The reaction orders of CO and O, as function of temperature is found in Figure 6.5. From
this Figure, we can see that at low temperature, the reaction order in CO is strongly negative.
A value of -1 indicates that if we would double the partial pressure of CO, than the rate would
decrease by a factor 2. With increasing temperature, we see that the reaction order in CO
increases. This can be related to the surface coverage of CO. At sufficient temperature, CO
no longer poisons the surface and a consequence, the reaction order increases to o. Further
increasing the temperature leads to a nearly empty surface. Such a surface is lacking in CO and
increasing the partial pressure of CO would benefit the reaction rate. Thus, a positive reaction
order is seen. In contrast, the reaction order in O, is nearly independent of temperature and has
a constant value of o.5. The value of 0.5 originates from the fact that O, dissociatively adsorbs
on the surface. For the reaction to occur, only half a molecule of O, is needed. Thus doubling
the partial pressure of O, only results in an increase of the overall reaction rate by a factor of v/2.

Another way of looking at these reaction orders is from the perspective of a power law.
Assume that we can model our reaction by the following expression

Veo Vo
r= cpccoopo; , (6.22)

then the reaction orders in CO and O, would match the exponents v; in this expression.
Performing a series of experiments wherein the partial pressures of CO and O, followed by a
fitting procedure would then provide the values for the variables in this equation. Important to
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Listing 6.5: Python functions to calculate the reaction order of CO at temperature T.

1 def main():

min

»

3 Calculate the reaction order in CO
f nin

5 T = 800 # temperature in K

6 p,r = calc_order(T)

7 m,b = np.polyfit(p, r, 1)

8 plt.plot(p, r, 'o', label='Data points')
9

plt.plot(p, mxp+b, '--', label='Linear fit')
10 plt.legend()
1 plt.xlabel('Pressure in Pa')
12 plt.ylabel('log(rate)"')
3 plt.title('Reaction order CO = %f' % (mxp[2]))
14 plt.show()

16 def calc_order(T):

nin

17 ©
8 Calculate reaction order at temperature T =
19 £
oo pt = 20 b
21 pa = 2.0/3.0 x pt * leb5 # pressure of CO in Pa 9
22 pb = 1.0/3.0 x pt * le5 # pressure of 02 in Pa @
23 pc = 0

24 mc = 80 * 1.66054e-27

25

26 # set series of factors to expend pressure in

27 diffs = [0.95, ©.98, 1.0, 1.02, 1.05]

28 rates = []

29 for diff din diffs:

30 X, y = solve_odes(T, pa * diff, pb, pc)

31 r_co2 = calc_kdes(T, le-20, mc, 1, 0.561, 10e3) * y[-1,2]

32 rates.append(r_co2)

34 return np.multiply(diffs, pa), np.log(rates)
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Figure 6.5: Reaction orders in CO and O, as a function of temperature.

realize is that the above expression is limited to a fairly small region in temperature as is evident
from Figure 6.5. A significant variation of the temperature leads to a completely different value
for the reaction order. Another way of looking at this is by saying that this approach is only valid
locally. In contrast, constructing a microkinetic model provides the possibility of modeling a
reaction over a very broad range of temperatures and pressures and is in a way a more global
approach.

Apparent activation energy

Besides analyzing the dependence of the partial pressures of the reactants on the overall reaction
rate by means of calculating the reaction orders, one can also investigate the influence of temper-
ature on the activity by probing the apparent activation energy. The apparent activation energy is
given by the following equation (see also section 1.6.2 on page 26):

App — pr22nrt

W= RTP (6.23)

The procedure is very similar as to the one showed earlier for the calculation of the reaction
orders. A linear fit is performed on the basis of Equation 6.23 as shown in Listing 6.6. The only
differences are that the coefficient interval is much smaller as the rate depends much stronger
on the temperature as compared to the pressure and that we multiply the first derivative towards
temperature by RT2 to obtain an answer in units of energy.

Listing 6.6: Python functions to calculate the apparent activation energy at temperature T.

1 def main():

N nin

3 Calculate the apparent activation energy
A win

5 T = 500 # temperature in K

6 R = 8.3144598 # gas constant

7

8 p,r = calc_eapp(T)

9 m,b = np.polyfit(p, r, 1)

10 plt.plot(p, r, 'o', label='Data points')
1 plt.plot(p, mxp+b, '--', label='Linear fit')
12 plt.legend()

3 plt.title('Eapp = %f kI/mol' % (R*Tx*2xm/le3))
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14 plt.xlabel('Temperature 1in K')
15 plt.ylabel('log(rate)"')
16 plt.show()

18 def calc_eapp(T):

min

20 Calculate the apparent activation energy at temperature T
o nin

22 pt = 20

23 pa = 2.0/3.0 * pt * le5 # pressure of CO in Pa

24 pb = 1.0/3.0 x pt * leb5 # pressure of 02 in Pa

25 pc = 0

26 mc = 80 * 1.66054e-27

27

28 # set series of factors to expend pressure in

29 diffs = [0.998, 0.999, 1.0, 1.001, 1.002]

30 rates = []

31 for diff in diffs:

32 X, y = solve_odes(T * diff, pa, pb, pc)

33 r_co2 = calc_kdes(T * diff, 1e-20, mc, 1, 0.561, 10e3) * y[-1,2]
34 rates.append(r_co2)

35

36 return np.multiply(diffs, T), np.log(rates)

This derivative probes the effect on the overall rate as a result of a change in temperature. A
positive value of the apparent activation energy indicates that the overall reaction rate increases
when the temperature is increased. In contrast, a negative energy indicates that the overall
reaction rate would be decreased as a result of an increase in temperature. Consequently, if the
apparent activation energy is zero, this means that the reaction is at an optimum with respect to
temperature.

150000 \

100000

50000

Apparent activation energy AE, in J/mol

—

400 500 600 700 800 900 1000
Temperate T in K

Figure 6.6: Apparent activation energy as a function of temperature.

In Figure 6.6, the apparent activation energy as a function of temperature is shown. From
this Figure, it can be seen that at low temperature, the apparent activation energy is positive,
whereas at high temperature, it is negative. This result can be directly interpreted in terms of
the Sabatier’s principle. At low temperature, the surface is partially blocked by CO (see Figure
6.4) and increasing the temperature results in more available sites by which the overall reaction
rate can increase. In contrast, at high temperature the apparent activation energy is found to be
negative. Here, lowering the temperature would result in more gaseous species to fixate on the
surface. Thus, lowering the temperature would result in an increase of the overall reaction rate.
Finally, around T=575K, the apparent activation energy is zero. Looking at Figure 6.3, we see
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that at this particular temperature, the overall reaction rate is at an optimum. This was to be
expected, as finding the extremum of a function can be done by equating the first derivative of a
function to zero.

Interestingly, a lot of chemical processes are run under certain conditions where the apparent
activation energy is positive. Given the above explanation, one could reason that increasing the
temperature would result in a higher activity and wonder why this is not done. The argument for
not increasing the temperature is that the apparent activation energy only gives us an indication
whether the overall reaction rate would increase or decrease with respect to temperature. It does
not convey anything about the selectivity of the reaction. Typically, increasing the temperature
of the reaction results in the production of unfavorable side products that eventually have to
be removed from the production stream. As such, overall activity is rarely the most important
criterion in deciding at which temperature the reaction should be operated.

The above discussion already shows that the rate r in Equation 6.23 is not in a sense unique
and has to be chosen with care. Rates are calculated with respect to a so-called key component.
Here, we have always chosen the key component to be one of the reactants. This is of course a
sensible choice, but if you are looking at a reaction wherein multiple products can be produced,
it might be more sensible to pick one of these products that is of interest. Thus, the apparent
activation energy is not some universal value for an overall reaction, but depends on the specific
key component that has been chosen. As such, in the literature, the formula that is used to fit
the apparent activation energy to the experiment is shown to make the matter clear. Often, the
fitting of the apparent activation energy is combined with the fitting of the reaction orders and a
formula such as the following is used:

AEP )
rj =vexp <R;"Ct P, (6.24)
A

where r; is the rate of production or consumption of key component j, p; is the partial
pressure of reactant 4, v; is the stoechiometric coefficient of reactant 4, Eory is the apparent
activation energy and v is a pre-exponential factor.

In the results as shown in Figure 6.6, we have chosen CO to be the key component. It should
be clear though that, due to the stoichiometry, if we had chosen any other key component for our
analysis, we would have obtained exactly the same result.

Degree of rate control

From the previous two sections, we have shown how to calculate the reaction orders and the
apparent activation energy. Another step further is to investigate the effect of the reaction barrier
of each of the elementary reaction steps on the overall reaction rate. To do this, we use the
method of as introduced by Campbell and coworkers. Herein, a degree of rate control coefficient
of a single elementary reaction step is defined as

dlnr
Xi = <81nk4> ’ (6:25)
v/ kj#ki, K,

where y; is the degree of rate control coefficient, r the overall reaction rate, k; the reaction
rate constant for elementary reaction step i and K; the equilibrium constant of elementary
reaction step ¢ as defined by

K= i (6.26)
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Loosely speaking, the effect of lowering or increasing the reaction barrier of an elementary
reaction step on the overall reaction rate is probed. Importantly, only the barrier is varied. All
equilibrium constants including the reaction Gibbs free energy is kept constant. Schematically,
this is depicted in Figure 6.7.

initial state

final state

Figure 6.7: Schematic representation of varying the reaction barrier of an elementary reaction step while keeping
the Gibbs free energy of the reaction constant.

A positive value of x; indicates that the elementary reaction step is rate-controlling. In other
words, decreasing the reaction barrier for this elementary reaction step results in an increase of
the overall reaction rate. In contrast, a negative value of x; means that the elementary reaction
step is rate-inhibiting. Lowering the apparent activation energy then results in a decrease of the
overall reaction rate. Finally, the sum of all DRC coefficients of all elementary reaction steps
should be unity” as given by

Z x; = L. (6.27)

The DRC analysis for CO oxidation is given in Figure 6.8. From this Figure, we can see that
independent of temperature, CO+O recombination on the catalytic surface is the rate-limiting
step. This was to be expected as adsorption-desorption steps are rarely rate-limiting and this is
the only elementary reaction step that occurs on the surface.

Nevertheless, this result is very important as will become clearer in the next section. In the
case that the DRC analysis shows that only one elementary reaction step has a DRC coefficient
X = 1 and that all other elementary reaction steps have x = 0, then this means that this
elementary reaction step is rate-determining. In other words, the overall reaction rate r only
depends on the rate of this elementary reaction step. All other elementary reaction steps prior to
the rate-determining elementary reaction step are then at pseudo-equilibrium. We will use this
valuable approximation to create an analytic model of our kinetic system.

Finally, we should make an important note here. In the calculation of the degree of rate
control, we have used the overall reaction rate r. In principle, one can also use the rate for any
kind of particular reactant or product. The rate for this compound does not necessarily have to
be the same as the overall reaction rate, though for reactions where there is only a single product,
this is the case. But consider the situation wherein one reactant can form two different product.
In that case, the degree of rate control of one particular product will not be the same as the degree
of rate control of the reactant. It is up to the researcher to decide which rate is important and
relevant in your analysis and it might be that several degree of rate control simulations have
to be performed in order to fully convey the sensitivity on the elementary reaction steps of the
reaction mechanism.

Degree of selectivity control

Besides the degree of rate control, it can also be of interest what the influence of a particular
elementary reaction step is on the selectivity rather than the activity of a reaction. In this

7The proof for this equality is given in section B.10 of the Appendix.
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Figure 6.8: Degree of rate control coefficient as function of temperature.

evaluation, one solves the following differential

©
fid
w
=
o
<
T
o
L]

o= < s ) , (6.28)
NG ) etk K
7k K

where ¢; .. is the degree of selectivity coefficient of compound ¢ due to a change in elementary
reaction step ¢ and 7 is the selectivity of compound c.

Once the degree of rate control coefficients are known, it is fairly straightforward to calculate
the ¢; . coefficients as can be seen from the following derivation:

on
€i,c = <81n2-> (6.29)
g k‘j#ki,Ki
Olnn
= e <aln kc> (6:30)
v ky#ki K
Olnre/r
=T <<9lnck/r> (6.31)
g k:j#k‘i,Ki
Olnre Olnry
_ _ 6.
" <8lnki>k~;ﬁkv K; <8lnki>k-7ﬁk~ K; (632
J i V4 i IZEAN
=17 <Xc,i - Xm‘) (6.33)

In other words, the degree of selectivity control is the degree of rate control using the rate
of the compound you are interested in minus the degree of rate control using the rate of the
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overall reaction (i.e. of a specific reactant), multiplied by the selectivity of the compound wherein
you are interested. A positive degree of selectivity coefficient indicates that the selectivity of
this compound will increase when the barrier of the corresponding elementary reaction step is
lowered and a negative value indicates that the selectivity decreases if the barrier is lowered.

From the sum-rule for the degree of rate control coefficients, another sum rule can be
constructed. It is fairly straightforward to see that

D e =0. (6.34)
7,C

6.7 Comparison with Langmuir-Hinshelwood kinetics

In the previous section we have seen that some kinetic networks have only a single elementary
reaction step thatis rate-controlling. In other words, that elementary reaction step is automatically
the rate-determining elementary reaction step. Such a system has the requirements by which the
Langmuir-Hinshelwood-Hougen-Watson approximation applies. Here, we will demonstrate this
by solving the system for CO oxidation in an analytic fashion.

If CO * +0% — CO, * +x is the rate-determining step and we operate at zero conversion,
then we can assume that all other steps that precede this step are at pseudo-equilibrium. Thus,

CO + * 5 COx (6.35)
0, + 2% 5 20% (6.36)

and consequently

0
Ko = 29 (6.37)
Pcobx
2
Ko = LOQ, (6.38)
2 POZH*

where Kj is the equilibrium constant for adsorption of compound 4, 6; is the surface coverage
of compound i and 6+ is the fraction of free sites on the surface.
By introducing a mass balance, 8

HCO + 90 + 0« =1, (639)

we can calculate the fraction of free sites as a function of the equilibrium constants and the
partial pressures.

1=10co + 0o + 0« (640)

= Kcopcofx + /Ko, po,0x + 0« (6.41)
(1 + Kcopco + \/Kozpoz) O (6.42)

1
6 = (6.43)

1+ Kcopco + /Ko, po,

8Note that we have neglected to take the surface coverage of CO,. The motivation for this assumption is that we operate
at zero conversion. This means that the partial pressure of CO, is zero so that any CO, that is formed on the surface,
immediately desorbs to the gas phase.
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We can use this result to explicitly calculate the coverages for 6co and 6o ,

K
CcoPco (6.44)

bco =
1+ Kcopco + /Ko, po,
) \/Ko,_po, (6.45
o= . 45
1+ Kcopco + /Ko, po,

At zero coverage, the overall rate is given by the forward rate of the rate-determining elemen-
tary reaction step as

r= krd59C0902 (6.46)

krsKcopco/Ko,po,

= : (6-47)

2
(1 + Kcopco + \/Kozpoz)

At this point, we have an analytic expression for the overall rate. From this expression, we
can derive analytic expressions for the reaction orders and the apparent activation energy.

Olnr
nco = Pcoy, (6-48)
Pco
) o kras Kcopeo |/ Ko, Po, ]
@ (1+Kcopco+, /Kozp()z)
o =p 6
3 co pco (6.49)
Q 1
=Dy + ;D2 — 2Ds, (6:50)
where
dln (kogs Kcop
Dy = pcow 6.50)
Pco
811’1 (Kozpoz)
Ds = peo——y -t (652
PCo
Oln <1 + Kcopco + \/Kozpoz)
D3 = pco Orco : (6.53)
The terms D, can be readily solved, which give
Dy =1 (6.54)
Dy =0 (6-55)
K,
D3 = CcoPco (656)

1+ Kcopco + /Ko, po,

and combining these three terms results in
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nco =1 —20co. (6.57)

In a similar fashion, we obtain

1
no, =5 —fo. (658)
These results are completely in line with the numerical results as shown in Figure 6.5, though
here we have gained the insight that the reaction order can be directly related to the surface
coverages. At a high surface coverage of CO, we see that the second term in the equation becomes
1, which gives a reaction order of nco = 1 — 2 - 1 = —1. With decreasing surface coverage, the

reaction order increases and finally at low surface coverage of CO, the reaction order becomes 1.

For ng_, we can see from Figure 6.4 that the surface coverage of O* is negligible at all
temperatures (9o ~ 0). From our analytical derivation we can see that the reaction order in O,
should then be no, = % —-1-0= % This confirms our results as seen in Figure 6.5 where
indeed a reaction order of % is seen for O,.

The apparent activation energy can also be readily derived.

Olnr
2
AP = RT = (6:59)
ol kras Kcopco /Ko, po, ]
<1+Kcopco+1/Kozp02>
= RT? (6.60)
oT
=D1+ Do+ %Dg — 2Dy (6.61)
where
D = Rr2 M Fs (6.62)
orT
In K,
Dy = RT?—9 :
2 = RT°—— (6.63)
In K,
Dy = RT?2220 :
3 =RT"— (6.64)
Oln (1 + Kcopco + \/Kozpoz)
Dy = RT? . 6.6
4 =R T (6.65)
which resolve to
Dy = Ay, (6.66)
Dy = AHco (6.67)
Dy = AHo (6.68)
+/Ko,po
Dy = AHco Kcopco EUN > (6.69)

+ =AHp .
1+ Kcopco + /Ko, po, 2 1+ Kcopco + /Ko, po,

Combining these terms gives
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1
AEP = AB 4+ AHco (1 - 20c0) + AHo, (5 - 90) : (6:70)

Note that in the above expression, the part between the round brackets are equal to the
reaction orders:

ABR = AEys + AHco (nco) + AHo, (noz) - (6.71)

In other words, there is a clear relation between the apparent activation energy and the
reaction order. As these reaction orders in turn depend on the surface coverages, the apparent
activation energy also strongly depends on these surface coverages.

Again, the analytic expression provides us with a valuable insight what terms contribute to
the apparent activation energy. Importantly, the dominant term of in the apparent activation
energy is the barrier of the rate-determining step. All other terms relate to the energetics of all
elementary reaction steps that precede the rate-determining step. Here, the adsorption of CO
and O, are the two elementary reaction steps that precede the recombination of surface CO with
O. Thus, the energetics of these steps (A H;) are seen in the expression of the apparent activation
energy.

The apparent activation energy in our example for CO dissociation can be interpreted as
follows. For the overall reaction to proceed, the system should have enough energy (temperature)
to overcome the barrier of the rate-determining step. When the surface is completely covered
with CO, there are no free sites for O, to adsorb on. As such, first a CO needs to be desorbed
before 0, can adsorb. This desorption costs energy and therefore the apparent activation energy
increases. Once CO is desorbed, oxygen can adsorb. As the adsorption process is exothermic,
some energy is released which decreases the apparent activation energy. Let us assume that
the surface coverage of CO is unity (completely covered), then the apparent activation energy
becomes

AEY = ABys + AHco (nco) + AHo, (noz) (6.72)
= 120k]J/mol + 80k]J/mol — 0.5 - 40k]/mol (6.73)
= 180k]J/mol (6.74)

From Figure 6.6 we can see that around 400K, the apparent activation energy indeed has a
value of around 180 kJ/mol. Furthermore, from Figure 6.4 we see that this situation corresponds
to a surface nearly fully covered with CO. Indeed, from the coverages as obtained from Figure
6.4 and using the formula for the apparent activation energy, Figure 6.6 can be completely
reproduced.

3 . g
%, Practice your understanding

Exercise 6.1 and 6.2
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Exercises

The answers to the exercises can be found at the end of this Chapter on page 269. The exercises
are marked by a number of gears to indicate their difficulty levels.

@ EXERCISE 61 $H¥

a) Calculate the degree of rate control parameters for all elementary reaction steps in the CO
oxidation reaction from the analytical expression as given in Equation 6.47.

b) Derive the reaction order for O, in the CO oxidation reaction and show that your result
matches that of Equation 6.58. Hint: You need to use the chain-rule.

EXERCISE 6.2 ¥H¥

a) Show that Equation 6.34 holds using the proof for the sum rule of the degree of rate control
coefficients (eq. 6.27).

Solutions

The solutions below pertain to the exercises of Chapter 6 on page 269 and further.

(' SOLUTION 6.1

a) As evident by the assumption used in the derivation, the DRC coefficient voor CO dissociation
is unity, whereas all other DRC coefficients are zero.

b)
dlnr
no, =po, 5 (6.75)
o1 ks Kcopeo /Ko, po,
n 2
<1+Kc0pco+, /K02P02>
=po (6.76)
> dpco
=D+ éDz - 2D3, (6.77)

where
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dIn (kyasKcopco)

Dy =
L=ro, dpco
dln (1 /Kozpoz>
Dy =po, T o

2

Oln (1 + Kcopco + \/Kozpoz)

D3 =po, oo

2

The terms D, can be readily solved, which give

Dy =0

1

Do = =

273
1 \/ Ko, po,

Dy ==

2

1+ Kcoprco + /Ko, po,

and combining these three terms results in

nco = - —bo

(¢' SOLUTION 6.2

(6.78)

(6.79)

(6.80)

(6.81)
(6.82)

To proof that the sum-rule for the degree of selectivity holds, we need to convert the sum of
degree of selectivity coefficients to a sum of degree of rate control coefficients.
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_ One
O o35
i,c i,c
_ Olnne
=2 nc@lnki (6.86)
i,c
_ Olnre/ry
= ,2%78111 P (6.87)
i,c
. Olnre Olnry
=2 (Blnki N 8lnki> (6.88)
i,c
= ch (Xc — xr) (6.89)
i,c

=> ney. (Xc,i - Xr,i) (6.90)

%

=> ne (Z Xeyi — ZXr,i) (6.91)
=> ne(1-1) (6.92)

=0 (6.93)

From a conceptual point of view, the above can be rationalized. Due to conservation of
mass, you can only generate more of one particular product in expense of another product. So
if one particular elementary reaction steps favors the product of a compound, there are other
elementary reaction steps that favor another product by the same magnitude.
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APPENDIX

DATA COMPENDIUM

A1 Fundamental constants

l Constant Symbol | Value [ Units
Speed of light c 2.99792458 - 10% m.s !
Planck’s constant h 6.62606957 - 1034 J-s
Boltzmann’s constant kp 1.3806488 - 10~ 23 J-K-1
Avogadro’s constant Ny 6.02214129 - 1023 mol ~1
Gas constant R 8.3144621 J-K~1.mol ~!
Atomic mass constant (amu) my 1.660538921 - 10~27 | kg

A.2 Clebsch-Gordan Coefficients

<
2 x
11,5 ]
[ af+1 ) J oJ o
1/2x1/2]| ! 1 ofiz 12 2 1 o Notation: |\ g
1 10 0+1[1/2-1/2] 0 0 0 — @

1 2

[+1/21;;/21/; 1/(2) 1/2 T +1 -1 (SIS
15 11751751751 0 o0l23 o0-13[2 1 my  my | Coefficients
-1+101/6-172 1/3[ -1 1 .
[-172-172] 1 —

o-10172 172| 2
-1 0j1/2-1/2|-2
=11

Figure A.1: Clebsch-Gordan Coefficients for two spin-% and two spin-1 particles.
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Coordinate systems

Cartesian coordinates

& APPENDIX B

Gradient operator:

0 0 0
i@y =g+ 2 (B1)

Laplacian operator:

82
V2 oe) = 5%+

8%f 92
—5 +
y? = 0z

~

(B.2)

[ )

Jacobian (differential volume):

dV =dx dy dz (B.3)
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B.1.2  Cylindrical coordinates

xT

Figure B.1: Cylindrical coordinate system.

The cylindrical coordinates (see Figure B.1) are related to the Cartesian coordinates by means of
the following unit transformation

T = pcosf (B.4)
y = psinf (B.5)
2=z (B.6)
and
p =22 +y? (B7)
@ 0 = arctan (g) (B.8)
>E< T
i r=z (B.9)
<
L]

Gradient operator:

of  10f  of

VF(p,0,2) =L B.
f(p;0,2) 8p+p80 e (B.10)
Laplacian operator:
10 [of 1 82f  92%f
V2f(p0.2)=-2 (L) 0 9 B.
Fp0.2) =12 ( a,,) e e (B.11)

Jacobian (differential volume):

dV = pdpde¢ dz (B.12)
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B.1.3 Spherical coordinates

Figure B.2: Spherical coordinate system. Note that the physics convention is used for the coordinate symbols, as set
in ISO 80000-2:2019.

The spherical coordinates (see Figure B.2) are related to the Cartesian coordinates by means of
the following unit transformation

T = rsinfcos ¢ (B.13)

y = rsinfsin¢ (B.14)

z =rcosf (B.15)
and

& APPENDIX B

r= /22 +y2 + 22 (B.16)

0 = arctan <M> (B.17)
z
¢ = arctan (E) (B.18)
x

Gradient operator:

o5 105, 1 o
Vfr,6,9) = or * r 00 * rsin @ d¢ (B-19)
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Laplacian operator:

v2f (T,9,¢) = iQ (72%) + ! o (S]-neﬂ
T

ar r2sin6 00
Jacobian (differential volume):

dV = r2sin6 dr do de

B.2 Stirling Approximation

Stirling’s theorem states:

1 1
V2rn™T2e™™ < nl < V2rn T2 (1 + ™
n

Therefore,

In(n!) = (n+ %)ln(n) -n+C

1

00

)

)+

1 82%f
r2sin2 0 8702 (B-20)
(B.21)
(B.22)
(B.23)

where C is a number between 0.9189 and 0.9189 + In (1 + ﬁ) For large values of n, this

reduces to the simpler form,
In(n!) ® nln(n) —n
B.3 Gaussian integrals

o 2
/ exp ¥ dr =7

— 00

n! 2

2n-+1
/OO 22" exp_gcQ/a2 dz = \/?7(271)! (E)
0

oo 2, 2 |
/ z2n+1 exp™® /a® g — %a2n+2
0

B.4 Taylor expansion for the exponential function

o
£
[=]
P4
w
o
o
<
o

given by the following formula

> £(n)(q
@ =3 86 ap
n=0 :

(B.24)

(B.25)

(B.26)

(B.27)

A Taylor series is a representation of a function as an infinite sum of terms that are calculated
from the values of the function’s derivatives at a single point. Mathematically, the Taylor series is

(B.28)

where f(z) is the function we wish to approximate, f (1) is the nth order derivative of f(z)
and a is the point from which we wish to evaluate the derivatives. When a = 0 is chosen, the
series is also called a Maclaurin series. Here, we are going to apply the above formula to derive a

Maclaurin series for the exponential function.
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> f(n)
expx = Z fil(a)(a: —a)" (B.29)
oo dexpx | o
de 2=V n
_ B.
ngo = (B:30)
o0 {L‘n
> (B31)
n=0 """
T I TR (B:32)
=ldo+ ot (B-33)

From the factorial in the denominator, you can already guess that this series converges quite
rapidly. Furthermore, when z is much smaller than one, only the first few terms have to be
considered of this series. If we for instance only take the first term into consideration, we say
that we cut the series off at the linear term so that our Taylor approximation becomes

expr =1+ forz <1 (B-34)

Geometric series

In mathematics, a geometric series is a series with a constant ratio between successive terms.

Here, we will derive an expression for a special case of an infinite geometric series.
Consider the geometric series

(oo}
a+ar+ar2+ar3+~--:Zm“k, (B.35)
k=0

Such a series can converge when the absolute value of  is sufficiently small as

& a
Z arf = = for|r| < 1. (B.36)
=0 1—r

Consider also the following two converging series

o0

ar

kz: ak -k = m Jfor |r| < 1 (B-37)
=1

and

oo
Sak-(1—k) Pl =2 forr| < L. (B.38)
=1 r—1
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Figure B.3: Illustration of the constrained optimization problem using Lagrange’s method of undetermined multipliers.
The objective function f is depicted by the dashed surface and the projected constraint function g is depicted by the
black curve.

Lagrange’s method of undetermined multipliers

When optimizing a (multivariable) function f under a constraint, we can use Lagrange’s method
of undetermined multipliers. We introduce for each constraint a new variable (\;) called a
Lagrange multiplier and study the Lagrange function

L(zy, @9, @, AL, A2, A) = f@n, @, @) — D N - gi(@, @2, 2;), (B.39)

7

where g; is a function representing constraint ¢. The constrained extrema of f are then the
critical points of the Lagrangian £. Thus we solve

V[,($1,J32,"' 7$i7>‘17>‘27"' 7>‘1,):0 (B40)

Let us illustrate the above procedure with an example as shown in Figure B.3.
Suppose we wish to maximize

flz,y) =z + 3y (B.41)

subject to the constraint

22 +y% =1 (B.42)

The Lagrangian for this problem is

L(z,y,\) = + 3y — A <x2 +% - 1) . (B.43)
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This leads to
%—g 1- 2z
VL(z,y,\) = oy | = 3—-2\y =0. (B.44)
oL 2 2 _
Y T4y 1

This set of equations has two solutions as given by

3
— — B.
z % Y o’ (B.45)

which, substituted into the constraint 22 + y2 = 1, yields

A= i@. (B.46)

which implies that the stationary points are

1 3 VI0 1 3 V1o
(£E7y,A): T T =y 4 and iy B S I (B47)
V10" V10 2 Vio© Vio' 2
Evaluating the objective function yields
fz,y) =z + 3y = £V10, (B.48)

where the positive solution corresponds to a maximum and the negative solution to a mini-

mum.

I’'Hépital’s Rule

When evaluating a limit that is the quotient of two functions and the limit of those functions are
either zero or infinity, then I’'Hopital’s Rule states that

im 1@ _ oy L@ (B.49)

r—a g(m) rz—a g/(gg)

The differentiation of the numerator and denominator often simplifies the quotient or
converts it to a limit that can be evaluated directly.
For example:

lim exp (z) — 1 _ exp (z)

B.so

z—0 224 x1n021+1 (B-50)
1

T2.041 (51

=1 (B.52)
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B.8 Matrix diagonalization

A square matrix A can be diagonalized if there exists an invertible matrix P such that

D =Pr"lAp, (B.53)

where D is a diagonal matrix. The values on the diagonal are then the eigenvalues, whereas
the columns in P are the corresponding right-eigenvectors. For many applications, the square
matrix A is a real-symmetric matrix (i.e. all values are real and A; ; = A; ;). In such a case, the
inverse of the matrix P equals its transpose P~1 = PT.

For example, consider the matrix

-2 -2 1
A=|-1 3 -1]. (B.54)
2 -4 3

P=|1 o0 -1 (B.55)

and a diagonal matrix

1
D=0 (B.56)
0

o = O
o O O

The eigenvalues are thus A\; = 1, Ay = 1 and A3 = 6 with corresponding eigenvectors as
columns in matrix P.

B.9 Roots of quadratic and cubic equations

The roots of the quadratic equation

ax® +bx+c=0 (B.57)
m
)g( are given by
<
] _ b2 —

v b+ Vb 4ac' (B.58)

2a
The roots of the cubic equation
3 2 —
az” + bz +cx+d=0 (B.59)

are given by

r=Vq+s+ ¥q—s+p, (B.6o)
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where

—b

p=g (B.61)

3 bc—3ad

q= a2 (B.62)
C

- (B.63)

s=1/q2 + (r—p2)3 (B.64)

Sum of degree of rate control coefficients

Assume that we can write the rate of an overall reaction as a sum of the rates of its constituting
elementary reaction steps multiplied by an (as yet unknown) contribution constant n; as

Toverall = Z"z ki HCij —k; Hcij (B.63)
T J J

= ankz Hcij - K;l Hcij , (B.66)
i J J

where n; € R.
To obtain the contribution of an elementary reaction step to the overall reaction, we can use
the DRC analysis as given by

i = e (B.67)
= Ooverall ki (B.68)
Oki  Toyerall
00X jnjk; (chjk—Kj_ll_[kcjk) k; B.6
- Oki > njkj (Hk cjk — K T, Cjk) 369
nik; (Hj cij — KT Cij) (B270)

- — ,
>inik; (Hk cjle — K T, Cjk)

Since n; € R, this gives x; € R. When x; > 0, the reaction contributes to the overall reaction

and is rate-limiting. When x; < 0, the reaction reduces the overall reaction and is rate-limiting.

Summing over x; gives

L i — KT ¢
in: >oiniky (HJ ij — K Hj 2]) (B71)

i >oinjk; (Hk Cjk —Kfl [ Cjk)
=1 (B.72)
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APPENDIX

EXAM PRACTICE EXERCISES

Explanation

The set of questions introduced here can be used as practice material for the examination of
the course 6A5Xo. The difficulty of these questions is expressed by the number of gears, where
three gears (KH#R¥) is considered average and five gears (RHEHIHIRE) is the highest difficulty
level. Solutions to these questions are provided in the next chapter on page 309.

Kinetics
7= EXAM PRACTICE QUESTION Kinetics 1 3}

CO oxidation proceeds by molecular adsorption of CO and dissociative adsorption of O,,
followed by recombination of CO and O on the catalytic surface, and finally by desorbing CO,,
from the catalyst. Recombination of CO and O on the surface is considered to be the rate-
determining step. You are not allowed to use the zero-conversion approximation in this exercise.

a) Show the four elementary reaction steps that represent this process.

b) Derive the Langmuir adsorption isotherms of CO and O. Which assumption are you required
to employ?

) Derive the expression for the rate of formation of CO, as a function of the gas phase pressures
of the relevant compounds. Assume that the rate-determining step is irreversible.

Assume for the remainder of this question that CO adsorbs much stronger than any of the other
compounds.

d) What approximation are we allowed to use given the above assumption?
e) Derive the reaction order in CO. What are the limits of the reaction order in CO?
f) Derive the apparent activation energy for CO, formation.

g) Why is the apparent activation energy negative at very high temperature?
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7= EXAM PRACTICE QUESTION Kinetics 2 $#H¥

A novel route for the selective oxidation of methane towards methanol is to use sulfur-trioxide
(SO;) as an oxidant. In this reaction, adsorbed SO; is in equilibrium with adsorbed oxygen and
SO, in the gas phase.

SO;* 5 SO, + Ox (C1)

Methane adsorbs molecularly after which it can react with adsorbed oxygen to form methanol
on the catalytic surface. This reaction is considered to be the rate-determining step and further-
more assumed to be irreversible. Adsorbed methanol is in equilibrium with methanol in the gas
phase.

a) Provide all elementary reaction steps for the overall reaction CH, + SO, — CH,O0H + SO,.

b) Derive an expression for the surface coverage of methane, methanol, sulfur-trioxide and
oxygen as a function of the relevant equilibrium constants and partial pressures.

c) Derive an expression for the rate of formation of methanol as function of the partial pressures
of methane, methanol, sulfur-trioxide, sulfur-dioxide and oxygen.
For the next subquestions, assume that at low temperature methanol adsorbs significantly

stronger on the catalytic surface than any of the other surface intermediates.

d) Describe how the surface looks given the above assumption. Which species is the MARI
(most abundant reaction intermediate)?

e) Derive an expression for the rate of formation of methanol. Deduce the reaction orders in
methanol and methane.

f) Derive an expression for the apparent activation energy and connect the terms to the physical
process. In other words, rationalize your obtained expression.

7= EXAM PRACTICE QUESTION Kinetics 3 £H¥¥

Ethylene (C,H,) can be oxidized to epoxide (C,H,O) using N, 0. This process proceeds over
an Fe catalyst. In this process, ethylene adsorbs molecularly whereas N, O adsorbs dissociatively
according to the following reaction equation

N,O + % 5 N, + Ox (C.2)

Two elementary reaction steps occur on the catalytic surface, which is the selective oxidation
of ethylene towards epoxide

C H, % +0% — C,H, 0 x 4+ (C3)

and the recombination of two surface oxygen atoms to molecular oxygen in the gas phase

20% — O, + 2% (C.4)
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Assume that these processes occur on a catalytic surface with only one type of surface sites.
Further assume that adsorbed ethylene is in equilibrium with gas phase ethylene and adsorbed
epoxide is in equilibrium with gas phase epoxide. Finally, assume that both reactions C.3 and
C.4 are rate-determining for the formation of epoxide and oxygen, respectively.

a) Write down all elementary reaction steps for the above mechanism.
b) Derive an expression for the rate of formation of gas phase epoxide.
c) Derive an expression for the rate of formation of gas phase molecular oxygen.

d) Deduce the lower and upper limit for the reaction orders in oxygen, nitrogen, nitrous oxide,
ethylene and epoxide for both rate expressions.

Assume that for the next subquestions, ethylene and epoxide adsorb very weakly as compared to
dissociative adsorption of nitrous oxide.

€) Derive an expression for the rate of formation of epoxide and molecular oxygen and relate the

reaction orders in oxygen, nitrogen, nitrous oxide, ethylene and epoxide to the surface coverages.

f) Derive an expression for the apparent activation energy for the formation of epoxide and
molecular oxygen.

7= EXAM PRACTICE QUESTION Kinetics 4 RHEHE

Methanol synthesis can proceed in the direct pathway by fourfold hydrogenation of CO to
methanol. For this process, a catalyst is used which contains two types of active sites indicated
by 6 and 7. The active sites have a specific surface topology by which carbonaceous compounds,
i.e. CHzO, can only adsorb on site ¢, but H can adsorb on both these sites. An asterisk (*) is
used to indicate adsorbed compounds on site 6, whereas a pound sign (#) is used to indicate
adsorbed compounds on site 7.

Assume the following:

+ Methanol is formed by threefold hydrogenation of C to CH;0 and finally hydrogenating
the O moiety to form methanol.

The rate-determining step in this reaction is the hydrogenation of CHO to form CH,O0.

The rate-determining step is irreversible and the system is assumed to operate in the zero
conversion limit.

.

Hydrogen adsorbs dissociatively at both the 8 as well as the 7 site. These sites are oriented
in such a fashion that a single hydrogen molecule cannot adsorb on both these sites
simultaneously.

.

There is no migration of H between the 6 and 7 sites.

.

All elementary reaction steps on the surface, i.e. between CH,O* and H#, proceed
between the two different active sites.

Although H* will not directly react with any CH, O* species, the adsorption of H* does
result in an inhibiting term which needs to be modeled adequately.
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a) Construct the set of elementary reaction steps that define this chemo-kinetic network. Use
an asterisk (*) to indicate 0 sites and a pound sign (#) to denote 7 sites.

b) Derive the Langmuir adsorption isotherm for dissociative adsorption of hydrogen on the ~
sites.

¢) Derive an expression for the overall reaction rate as a function of the partial pressures of the
reactants, the reaction rate constant of the rate-determining step and the equilibrium constants of
the relevant elementary reaction steps. Identify the inhibiting term corresponding to adsorption
of H on a 6 site.

d) Derive the reaction order in Hg and in CO.

e€) Derive the apparent activation energy as a function of the relevant partial surface coverages.

7= EXAM PRACTICE QUESTION Kinetics 5 R

Ethylene oxide is an important chemical feedstock for the synthesis of ethylene glycol, glycol
ethers, ethanolamines, ethoxylates and acrylonitrile. Ethylene oxide is industrially produced by
oxidation of ethylene in the presence of a silver catalyst.

The catalytic mechanism is envisioned to proceed by the molecular adsorption of ethylene as
well as the dissociative adsorption of oxygen, followed by recombination of adsorbed ethylene
and an adsorbed oxygen atom to form adsorbed ethylene epoxide and finally desorption of the
epoxide.

Unless stated otherwise, assume in the following questions that:

« The surface recombination of adsorbed ethylene and the oxygen atom is the rate-determining
step.

« The rate-determining step is irreversible.

« The reaction is operating at a finite conversion. This means that you are not allowed to
assume a zero-conversion approximation.

a) Construct the set of four elementary reaction steps that describe the catalytic oxidation of
ethylene to form ethylene epoxide. Clearly indicate which step is the rate-determining step.

b) Derive an expression for the rate of formation of ethylene epoxide.

c) How does the rate expression derived in the previous question change when you can apply a
zero-conversion approximation?

d) In addition to the zero-conversion approximation, also assume that C2H4 adsorbs much
stronger than all other surface intermediates. Which component is the MARI under these
conditions? Simplify the rate expression even further using these assumptions.

e) Derive the reaction orders in C2H4, O2 and C2H40 as function of the relevant surface
coverages under these conditions. What are the minimum and maximum reaction orders for
C2Hy4, O2 and C2H40?

f) Derive an expression for the apparent activation energy as function of the relevant surface
coverages.
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g) Why is the apparent activation energy negative at very high temperature?

h) Detailed experiments have revealed that the reaction rate turns out to be

k3Kipc,n,/K2po, ©s)
r= 5
(14 Kipc,n,)(1 + v/ K2p0;)

Provide an explanation in terms of the underlying catalytic mechanism why the above rate
expression is observed.

7= EXAM PRACTICE QUESTION Kinetics 6 ¥

Consider a catalytic termolecular reaction as given by

A+B+C—=D (C.6)

where A,B and C all occupy different catalytic sites 6, 7 and o, respectively. Assume that
adsorption/desorption steps are not rate-limiting and that the recombinatory trimolecular el-
ementary reaction step over the catalytic surface is irreversible. Finally, assume that D only
adsorbs on 6 and that the reaction is operated at finite conversion.

a) Construct the minimum set of elementary reaction steps that describes the above overall
reaction.

b) Derive an expression for the rate of formation of D.

¢) Calculate the reaction orders in A, B, C, and D as function of the relevant surface coverages.
What are the minimum and maximum reaction orders in A, B, C, and D?

d) Derive an expression for the apparent activation energy as function of the relevant surface
coverages.

7= EXAM PRACTICE QUESTION Kinetics 7 ¥

Consider the oxidation of CO on a Pt surface. CO adsorbs molecularly and its adsorbed form
is in equilibrium with gas-phase CO. O, adsorbs dissociatively. The oxygen atom reacts with
adsorbed CO to form CO, that immediately desorbs from the catalytic surface. Assume that the
rate of dissociative adsorption is equal to the rate of the surface reaction.

a) Rationalize why it is likely (or realistic) that CO, immediately desorbs from the catalytic
surface after its formation.

b) Show by means of a mathematical proof that, under the conditions as described above, the
reaction order in CO can be -2.
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7= EXAM PRACTICE QUESTION Kinetics 8 ¥

CO oxidation can proceed over a Rh catalyst to produce CO,. This reaction proceeds according
to a Langmuir-Hinshelwood mechanism wherein O, adsorbs in a molecular fashion.

a) Construct the set of 5 elementary reaction steps that describe this chemo-kinetic network.

b) Assume that CO oxidation is the rate-determining step. Construct a rate expression for the
rate of formation of CO, at arbitrary non-zero conversion. Clearly show which assumptions are
used and to which steps in your derivation these pertain.

¢) Show, on the basis of your rate expression in the previous subquestion, that the reaction rate
is equal to zero at equilibrium.

d) Derive an expression for the reaction order in CO as function of the partial pressures of the
reactants and/or products.

e) Derive an expression for the reaction order in O, as function of the partial pressures of
the reactants and/or products. You are not expected to repeat parts of the derivation that are
analogous with the previous subquestion as long as you properly refer to these steps.

f) Derive an expression for the apparent activation energy.

g) Motivate why the apparent activation energy is typically observed to be negative at very high
temperature.

7= EXAM PRACTICE QUESTION Kinetics 9 RHMHM¥

Consider the reaction between hydrogen and chlorine gas that proceeds according to the following
elementary reaction steps.’

1. Cl, — 2C1- (C)
2.Cl- +H, — HCl+ H- (C.8)
3.H- +Cl, — HCl+Cl- (C.9)
4.2Cl- = dl, (C.10)
5.H- 4+ HCl — H, +Cl- (C.11)

(C.12)

a) Derive an expression for the rate of formation of HCI as function of the partial pressures of
H, and Cl,.

b) How does the rate expression as found in (a) change when an additional elementary reaction
step (6) corresponding to a parallel and identical pathway of the elementary reaction step (5) is
added to the chemokinetic network?

¢) Derive the reaction orders in H, and Cl, for this chemokinetic network, including the addi-
tional elementary reaction step (6).

If you were not able to construct an answer in (b), try to answer this question without the
additional elementary reaction step (6).

"Recall that in the notation X - the radical of X is meant.
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d) Derive an expression for the apparent activation energy for this reaction, including the
additional elementary reaction step (6).

If you were not able to construct an answer in (b), try to answer this question without the
additional elementary reaction step (6).

€) What is the effect on the apparent activation energy by inclusion of the additional elementary
reaction step (6)? Provide a rationalization for your findings.

Statistical thermodynamics

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 1

Consider the following reaction which is at equilibrium:

A+B=C+D (C.13)

.

Molecule A has three energetic states. The ground state of A lies AE higher than the
ground state of molecule B and the excited states are separated by 2AE.

Molecule B also has three energetic states. The two excited states are degenerate (i.e. they
have the same energy) and lie 3AE above the ground state.

Molecule C only has a single energetic state which lies equal in energy as compared to the
ground state of molecule A.

« Finally, molecule D has three energetic states. Its ground state equals that of the ground
state of molecule C in energy. Its two excited states lie 4AE above the ground state.

a) Draw a schematic representation of the distribution of the energetic states over the four
molecules. In this drawing, the separation in energy between the states within the same molecule
as well as the separation in energy between the ground states of the different molecules should
be clearly conveyed.

b) Construct the partition function for each of the molecules A, B, C, D.
¢) Derive the equilibrium constant K as function of the previously defined partition functions.

d) Calculate the limits of the equilibrium constant for 7' — 0 and T' — co. Provide a physical
interpretation of your results (i.e. rationalize the obtained values).

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 2 ¥

Consider the following reaction which is at equilibrium:

A+B=C+D (C.14)
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.

Molecule A has five energetic states. The ground state of A lies AE higher than the ground
state of B and the excited states are separated by 2AE.

Molecule B also has three energetic states. The two excited states are degenerate (i.e. they
have the same energy) and lie 3AE above the ground state.

.

Molecule C only has a single energetic state which lies equal in energy as compared to the
ground state of A.

Finally, Molecule D has three energetic states. Its ground state equals that of the ground
state of C in energy. Its two excited states lie 4A E above the ground state.

a) Draw a schematic representation of the distribution of the energetic states over the four
molecules. In this drawing, the separation in energy between the states within the same molecule
as well as the separation in energy between the ground states of the different molecules should
be clearly conveyed.

b) Construct the partition function for each of the molecules A, B, C, D.

) Calculate the average energy of molecule B at T' — 0 and T' — co. Rationalize this results on
the basis of the partial occupation of the states of B at these two temperature extremes.

d) Derive the equilibrium constant K as function of the previously defined partition functions.

e) Calculate the limits of the equilibrium constant for T — 0 and 7' — co. Provide a physical
interpretation of your results (i.e. rationalize the obtained values).

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 3 ¥

Consider the hypothetical reaction:

A+B—C (C.15)

+ A and B both have a double-degenerate ground state which are all equal in energy with
respect to each other.

« Ahas a single excited state at AE above the ground state of A.

« B has two excited states at 2AE and 3AE with respect to the ground state of B. Finally, C
has a triple degenerate ground state and no excited states. The reaction is exothermic by
AE.

a) Provide a schematic drawing of the energy levels of the system.
b) Construct the partition functions for A, B and C.

¢) Calculate the average energy of A, B and C with respect to the lowest energetic quantum state
available.

d) Calculate the molar reaction entropy ASpg ,, in the limit that T— oo .

e€) Provide a rationalization or interpretation for the sign (i.e. positive or negative) for the answer
you have obtained for ASg ,,.
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7= EXAM PRACTICE QUESTION Statistical Thermodynamics 4

Consider the equilibrium:

A+B=C+D (C.16)
+ Molecule A has three energy levels separated by AE = ¢

« Molecule B has two energy levels, separated by AE = € and the ground state at the same
level as the ground state of molecule A.

« Molecules C and D both have a double-degenerate ground state located AE = 2e above
the ground state of molecule A and no excited states.

a) Draw a schematic representation of the energy levels of all the molecules.
b) Derive the partition function for each of the molecules.
c) Derive the equilibrium constant for this system.

d) What is the value for the equilibrium constant at very low and very high temperature? Provide
a chemical interpretation for your findings.

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 5 ¥

Steam reforming is an industrially used process for the production of synthesis gas. In this
process, water and methane is converted to carbon monoxide and hydrogen gas.
Consider the equilibrium:

CH, + H,0 ¢ CO + 3H, (C.17)
Assume that:
+ CH, has three energy levels, separated by A E=.

« H, 0 has two energy levels, separated by A E = ¢ and the ground state at the same level as
the ground state of CH,.

« CO and H,, both have only a double-degenerate ground state located at A E = 2¢ above the
ground state of CH,,.

a) Draw a schematic representation of the energy levels of the molecules.
b) Derive the partition function for each of the molecules.
¢) Derive an expression for the equilibrium constant of the system.

d) What is the value of the equilibrium constant at very low and at very high temperature?
Provide a clear interpretation of your findings in terms of the occupation of the energy levels.
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= EXAM PRACTICE QUESTION Statistical Thermodynamics 6 RS

A metallic nanoparticle exhibits two types of surfaces, each with a unique topology, on which
CO can adsorb. In this exercise, we will refer to these surfaces as surface A and surface B. From
single crystal temperature programmed desorption experiments, it has been determined that
CO adsorbs 40 kJ/mol stronger on surface A as compared to surface B. The number of active
sites on both surfaces was determined using a titration experiment to be the same. The surface
coverage of surface A is represented by the variable 6 4 and the surface coverage of surface B is
represented by 6.

a) Draw a schematic depiction of the situation described above.

b) Construct the partition function for both surfaces from the following fundamental expression

Q=w.¢% (C.18)

wherein S represent the number of occupied active sites and W a binomial weight factor repre-
senting the total number of possible configurations. This weight factor is given by

N!

wherein N represents the total number of available sites. You are not expected in this exercise
to derive the weight factor. Clearly distinguish between the different surfaces when using the
above variables. For example, use subscripts to refer to surface A or B.

¢) Construct an expression for the ratio between 6 4 and 6. (hint: assume that the chemical
potential of both surfaces is equal and solve for the ratio)

d) Calculate the ratio between 6 4 and 6 in the limit of very low and very high temperature.

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 7 ¥

Consider a model system of a catalytic surface consisting of 2 x 2 active sites as depicted
in Figure C.1a. In this model, we differentiate between two types of active sites, schematically
depicted as light and dark tiles. In a similar fashion, adsorbates are represented as black and
white pieces. A black piece on a dark tile or a white piece on a light tile has an energy of E = —e.
In contrast, a black piece on a light tile or vice versa corresponds to an energy E = 0.

a) Show that there are six different configurations to place 2 black and 2 white tiles on the model
catalytic surface. Confirm that the most stable configuration has an energy E = —4e and the
least stable configuration has an energy E = 0.

b) Categorize the six microstates you have found into three macrostates and construct the
partition function for this system.

c) Derive the expression for the average energy (E) for this system. Determine the limits at
T — 0and T' — co. Rationalize the values you have found for these expressions.
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o
o

(a) Empty surface. (b) Most stable configuration.

Figure C.1: Schematic depiction of the model catalytic surface. The surface consists of two dark and two light tiles in
a checkerboard fashion.

d) We introduce an occupancy factor n, which is the fraction of pieces on the most stable tiles. For

example, n = 1 for the most stable configuration and n = 0 for the most unstable configuration.

Derive an expression for the expected or average value for 7 as a function of temperature using
the partition function. What are the limiting values for n at T'— 0 and T' — co? Rationalize the
values you found at these limits.

e) Identify the correlation between (n) and (E) and rationalize this correlation.

7= EXAM PRACTICE QUESTION Statistical Thermodynamics 8 ¥

Consider the isomerization reaction
ASB (C.20)
« A has infinitely many quantum states separated by an energy AE.
« B also has infinitely many quantum states, but separated by an energy 2AE.
« The isomerization reaction is exothermic by 3AE.

a) Construct a closed-form expression for the partition functions for A and B.

Hint: The series solution corresponding to the infinitely many quantum states converges by
which a closed-form expression is possible.

b) Calculate the average reaction energy for the isomerization reaction as function of the tem-
perature T.

¢) Determine the reaction energy in the limits T —o and T —oo. Provide a rationalization of
your findings.

d) Calculate the molar entropy of the reaction as function of the temperature T.

e€) Construct an expression for the equilibrium constant K for this reaction and show that under
a first-order approximation of the exponent (hint: perform a Taylor expansion and cut this off
after the first term) that the temperature at which the concentrations of A and B are equal (i.e.
when K = 1) is given by

6
" kgAE

(C.21)
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= EXAM PRACTICE QUESTION Statistical Thermodynamics g RS

Consider a ensemble of 5 particles among which you can distribute 6 units of energy. There
are a number of ways in which 6 units of energy can be distributed over these 5 particles. One
way to distribute 6 units of energy among 5 particles is by placing all 6 units of energy into a
single particle and leaving the other four particles in the ground state. This can be done for each
of the 5 particles, hence there are 5 ways of doing this.

In this procedure, we differentiate between macrostates and microstates. We define a
macrostate by only stating the number of particles in each energy level. Placing all 6 energy
units into a single particle and leaving the other four in the ground state is, in this terminology,
termed as a macrostate. Exactly which particle is excited and which are left in the ground state is,
in turn, termed as a microstate. This procedure is schematically shown in Figure C.2. Herein,
three macrostates and their corresponding number of microstates are given.

5 20 20
61 ® 6 6
5 51 @ 5
41 4 1 44 @
31 31 31
2 2 2 °
1 1 ° 1
01 e e 00 |0 oo o (0 oo o

Figure C.2: Schematic depiction of the first three macrostates for distributing 6 units of energy over 5 particles.
Above each subfigure, the total number of microstates for that particular macrostate is given.

Within a Maxwell-Boltzmann distribution, all particles are distinguishable from each other.
Hence, for the first macrostate as shown in Figure C.2, there are 5 microstates. For the second
and third macrostate, there are 20 microstates.

a) Show that the number of microstates for each macrostate is given by

Qi = ——, (C.22)
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where N is the total number of particles and n; is the number of particles in energy level i. You
only need to show that this formula is correct for the first three macrostates. You are not expected
to derive this formula.

b) Find the other macrostates (there are 10 in total) and show that the total number of microstates
of all macrostates amounts to 210. You can identify the remaining macrostates by using the same
schemes as shown in Figure C.2, but another way of classifying them is by making “sumrows”.
A sumrow is constructed using a set of numbers which are added together to create the sum. In
our case, the sum always equals 6 (corresponding to the units of energy) and you can only use in
total 5 digits (the number of particles). To exemplify this, the macrostates as shown in Figure
C.2 correspond to the following sumrows:

(a) 6+o+o+o+o
(b) s+1+o+o+o

(c) 4+2+0+0+0

Choose the method of your preference and show all 10 macrostates and calculate their corre-
sponding number of microstates.

c) Show that the total number of microstates for distributing ¢ levels of energy over N particles
is given by

Q(N,q) = <‘I+N1> _ g+ N -1

q g'(N =1t~
Again, you only have to show that equation C.23 is valid for this example.

d) Calculate the average number of particles in each energy level using the following formula

Q.
nj=3y ﬁz”iw (C.24)

where ; is the number of microstates in macrostate ¢, €2 is the total number of microstates and
n;,; is the number of particles in energy level j in macrostate 4. Draw a graph wherein you show
the average number of particles in each energy level as a function of the energy level :.

e) Show that the distribution complies with a Boltzmann-distribution as given by

i - AE
n; = Aexp (—Z AT ) , (C.25)

where A is a normalization constant and ¢ corresponds to the energy level. What is the value for
AP

f) Linearize the above Maxwell-Boltzmann equation and that it equals

y=a-x+b (C.26)

What are the values of a, b, z, and y? Match the following four terms with these variables:
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(@) InA

(b) Inn;

(¢) iAE

@ zr
g) Estimate the temperature T of the ensemble using the linearization. Use a value of 10 kJ/mol
for AE.

A Note: I do not expect you to perform a linear regression. Simply using the first and last data point
in the series and assuming that all other points lie on a straight line between these points suffices. This
is not a very accurate method, but suffices here. If you seek a challenge, put the numbers in Excel and
perform a true fit.

Transition state theory

7= EXAM PRACTICE QUESTION Transition State Theory 1 3

Ozone (O;) can adsorb on a metal surface. Upon adsorption, the molecule can neither
translate, nor rotate on the surface. Assume that all vibrational partition functions equal unity,
with exception of the one corresponding to the reaction coordinate. We consider two situations:

1. O, dissociates to O and O,, where the O, immediately desorbs from the surface:
03* — O, + Ox

2. Oy dissociates to adsorbed O and adsorbed O,:
03*+*—>Oz*+0*

a) Provide a schematic depiction of the reaction for situation (1) (i.e. make a drawing of the
reacting fragments on the catalytic surface). Clearly indicate the reaction coordinate. The
0, fragment cannot translate in the transition state, but it is able to rotate in one dimension.
Because this rotation is unhindered, you are allowed to approximate it using a one-dimensional
translational partition function. Derive an expression for the reaction rate of this dissociation
reaction within the framework of transition state theory. Pay careful attention to the number
and nature of the involved partition functions.

b) Use the expression obtained in the previous subquestion and compare it to the Arrhenius
expression. Assuming that both expressions give the same rate, what would be the activation
energy and the pre-exponential factor of the Arrhenius equation if the previously obtained
equation is cast to the Arrhenius formulation?

¢) Provide a schematic depiction of the reaction for situation (2). In the transition state, O,
can neither rotate, nor translate. Derive an expression for the reaction rate of this dissociation
reaction within the framework of transition state theory. Pay careful attention to the number
and nature of the involved partition functions.

d) What is in situation (2) the activation energy and pre-exponential factor if the rate expression
of the previous subquestion is cast to Arrhenius form?

e) In which of the two situations will the reaction rate for dissociation be the largest if we assume
that the activation energy for situation (1) and (2) is identical? Rationalize your result using the
concept of entropy and relate this to the partition functions.
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7= EXAM PRACTICE QUESTION Transition State Theory 2 KHIHEE

In this question, you are going to derive the Eyring expression from basic principles. The
Eyring expression describes the rate of change between two stable states (i.e. initial and final
state) via a transition state that connects these two states.

a) What are the fundamental assumptions of the Eyring equation? Use these assumptions to
construct the following equation:

k=kK, (C.27)

where k is the rate constant, & is a prefactor with dimensionality s—! and K is an equilibrium
constant (dimensionless). Explain which equilibrium the equilibrium constant K represents.

b) Express the equilibrium constant as a function of the partition functions of the involved states.

For the time being, do not make any assumptions about the number and nature of the degrees
of freedom.

c) We assume that the motion over the transition state can be modeled as a very weak vibration.

Show (i.e. provide a clear and detailed derivation) that using this assumption we are able to
derive the following expression for the reaction rate constant:

1 _
k= H;}L% exp <AEM> , (C.28)
1 —exp (;B:F) Q1s kpT

where @ is the product of the partition functions of one or more degrees of freedom, the subscripts
IS and TS refer to initial and final state, respectively, and v is the frequency of the vibration (in

s~1). Please note the dagger superscript (1) in Q;S!

d) Provide a supporting motivation for the assumption that the vibration over the transition state
is weak. Use in your explanation the concept that a vibrational degree of freedom corresponds to
a chemical bond.

€) When ‘ ;BhTV ‘ < 1, the expression for the vibrational partition function can be simplified.

Use the Taylor-expansion of the exponential function:

2 43 g4

=1 z C
expx = +x+§+§+z~- (C.29)

to show that the vibrational partition function can be simplified to

Y

P (C.30)

qu

by excluding all terms in the Taylor expression beyond the linear term (i.e. discard all quadratic
and higher order terms).
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f) Finally, which two variables need to be equal to obtain the general Eyring equation as given by

n
k= M%ex <AE2‘C‘> . (C31)

h  Qrs

7= EXAM PRACTICE QUESTION Transition State Theory 3 SHH¥E

CO dissociation can proceed over a Co(111) surface, which is a hexagonal arrangement of
Co atoms on a two-dimensional plane.? If we assume that the catalytic surface, i.e. the Co(111)
surface, is completely static, then the potential energy E can be expressed as a six-dimensional
function as given by

E=f(r¢,ro), (€32)

where r¢ and 7 are the positions of C and O, respectively. Note that

(C.33)

!
Il
ISEESI Y

Plotting a six-dimensional potential energy surface requires some kind of dimensionality
reduction, hence we resort to providing a two-dimensional projection of E as shown in Figure
C.3. In this Figure, the potential energy surface in the vicinity of the initial and transition state
are given.

(a) Initial state (b) Transition state

Figure C.3: Two-dimensional projection of the six-dimensional potential energy surface representing CO dissociation
over a catalytic surface. A1 and A2 correspond to parameterized (orthonormal) directions. At \1 = Ao = 0, the
initial state (left image) and the transition state (right image) are situated.

>The exact topology of this surface is not relevant for answering this question.
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a) Explain why the dimensionality of the potential energy surface for CO dissociation is six. Use
the concept of degrees of freedom in your answering.

b) The two potential energy surfaces in Figure C.3 can each be further deconvoluted into two
one-dimensional potential energy curves. These curves are parabola of E versus either A1 or Ao.
Draw these four one-dimensional potential energy curves (two for the initial state and two for
the transition state). Copy the labels from the two-dimensional surfaces and indicate for each of
the curves the nature of the parabola (i.e. mountain- or valley-type parabola).3

¢) To which motion on the potential energy surface does the parameterized coordinate \{
correspond® What is the sign of the force constant k (i.e. the 274 derivative) of this parabola?
Provide a chemical interpretation of this result.

d) Detailed quantum chemical calculations were conducted for the initial and transition state
of CO dissociation over Co(r11). These calculations revealed that the wavenumbers 7y and 75
corresponding to a vibration in the direction of A; and A, were found to be

DT = 1200i cm ! (C.34)
75 =600 cm ™~ L. (C.35)

Why is the wavenumber 77 complex?

€) Calculate the average number of occupied vibrational states for the vibration in the direction
corresponding to Ay. Note that v = 600 cm ™~ corresponds to w = 18.0 THz, where w is the
frequency.

f) Provide an expression for the reaction rate constant k at T = 500 K for CO dissociation over
Co(111) using transition state theory. You may assume that 7; > 1500 cm—1! for all vibrations,
unless stated otherwise in this question. Explicitly calculate the numeric values for the pre-
exponential factor as well as for the quotient of the total partition function corresponding to
motional non-imaginary degrees of freedom of the transition state and the initial state as given
by

I1; a5

Kt = .
N

(C36)

g) Recast the expression of the reaction rate constant of the previous subquestion into Arrhenius
form by calculating the activation energy and the pre-exponential factor.

3These types correspond to the shape of the parabola. In mathematical terms, a mountain parabola has a maximum,
whereas a valley parabola has a minimum.
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7= EXAM PRACTICE QUESTION Transition State Theory 4 $H¥H¥

In this question, we look into CO dissociation over a (flat) catalytic surface.

« In the initial state, CO has two translational degrees of freedom and otherwise only
vibrational degrees of freedom.

« In the transition state, CO has only one translational degree of freedom and otherwise
only vibrational degrees of freedom.

« In the final state, the separated C and O atoms have only vibrational degrees of freedom.
a) What is the total amount of degrees of freedom for CO in initial, transition and final state?
b) What is special about one of the vibrational degrees of freedom of CO in the transition state?

¢) Construct the Eyring equation for the forward and backward reaction rate constant for CO
dissociation. Explicitly show in your construction the nature and number of the partition
functions in your expression.

For the remainder of this question, assume that all vibrational partition functions have a value of
unity, as given by

4 wib =1 for all i. (C.37)

d) What is the equilibrium constant for CO dissociation?

€) What is the activation energy and pre-exponential factor of the forward reaction rate constant
in Arrhenius form?

7 EXAM PRACTICE QUESTION Transition State Theory 5 S

The Diels-Alder reaction between two cyclopentadiene (C;Hg) molecules proceeds in the gas
phase. In this question, you are tasked to obtain a reaction rate constant for this reaction.

a) How many translational, rotational and vibrational degrees of freedom does a single cyclopen-
tadiene molecule have in the gas phase?

b) How many translational, rotational and vibrational degrees of freedom does this reaction
have in the initial state? Note: the reaction proceeds between two cyclopentadiene molecules.
Motivate your answer.

¢) How many translational, rotational and vibrational degrees of freedom does this reaction have
in the transition state? What is special about one of these vibrational degrees of freedom?

d) How many translational, rotational and vibrational degrees of freedom does this reaction
have in the final state? Note that the final state corresponds to dicyclopentadiene, which is a
single molecule.

e) Provide an expression for the reaction rate constant using transition state theory. Assume that
all vibrational partition functions based on a frequency with a positive force constant are equal
to unity for this subquestion and all following subquestions. Explicitly write out the partition
functions in terms of their corresponding parameters (e.g. pressure, temperature, length, etc).
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f) Compare your reaction rate constant to the one obtained using the Arrhenius equation. What
is the (apparent) activation energy of the Arrhenius equation when describing the same reaction.
What is the value of corresponding pre-exponential factor of the Arrhenius equation? Hint:
remember that ktst = kgprhenius-

g) What is the fundamental difference between transition state theory and collision theory?

7= EXAM PRACTICE QUESTION Transition State Theory 6 H¥HY

Consider the the gas-phase Diels-Alder reaction of butadiene with ethylene to form cyclo-
hexene. In this exercise, we aim to determine the entropy of activation of this reaction. We will
guide you to the procedure in the form of the subquestions.

« The first three subquestions pertain to generating the mathematical expressions for the
three types of configurational partition functions.

« Next, the Eyring equation for the reaction is constructed based on the given conditions.
- Finally, the entropy of activation, for this reaction, is derived.

a) Calculate the entropic contribution of a translational partition function.

b) Calculate the entropic contribution of a rotational partition function.

c) Calculate the entropic contribution of a vibrational partition function.

d) Construct the Eyring equation for the above reaction. Clearly indicate the nature and number
of the partition functions in the initial and transition state. For the vibrational partition functions,
construct the relevant product.

Hints:
« Recall that the initial state consists of two gas-phase molecules and the transition state of a
single (weakly-bonded) complex.

- Ethylene is not a linear molecule!

e) The entropy of activation is defined as

ASget = Sts — Sis (C'38)

Determine the expression for the entropy of activation.

A Note: If you were not able to construct the entropic contributions of the three types of partition
functions or are in doubt whether you have the correct answer, please answer the following two
questions instead:

(@) Why are we allowed to neglect the entropic contributions of the nuclear and electronic
partition functions?

& APPENDIX C

(b) Given the situation sketched, do you expect the entropy of activation to be positive or
negative?



o
X
=}
=4
w
[
[
<<
o

304 Appendix C. Exam Practice Exercises

7= EXAM PRACTICE QUESTION Transition State Theory 7 ¥

Consider the following reaction

H, + Br, — 2HBr (C.39)

which occurs at T' = 450 K. Consider this reaction to be an elementary reaction step. The
rate equation is hence given by

7 = Kreaction [H2][BI>] (C.40)

Collision theory can be utilized to calculate the collision frequency. The frequency is given
by
1/2
T
sy (C41)
T

The masses of atomic hydrogen and bromine are 1.008 Da and 79.904 Da, respectively. A
Dalton equals 1.66054 - 10~ 27 kg. The effective collision diameter of H, and Br, are 1.5 A and

2.8 A, respectively. The Boltzmann constant is given by kg = 1.38064852 - 10~23 m? kg s—2
K1

2
Ecollisions = md (

a) Calculate the value for the collision frequency between H, and Br, using collision theory
given the above conditions.

b) What are the dimensions of k¢gjision’

¢) Explain in the context of collision theory why the number of collisions that results in a reaction
is very low and why this number increases rapidly with temperature.

d) How does the number of effective collisions (i.e. that lead to a reaction) scale with respect to
temperature? Choose between constant, linear, quadratic, exponential and logarithmic scaling
and rationalize, on the basis of statistical thermodynamics, your choice.

e) Provide an expression for the rate constant kyeaction and calculate its value at T = 450K.
Assume that the activation energy is AE, = 200 kJ/mol.

f) Besides collision theory, there also exists transition state theory. Why do these two theories
not give the same equilibrium constant when applying these to the same reaction? Consider the
nature of the degrees of freedom involved in both theories.

7= EXAM PRACTICE QUESTION Transition State Theory 8 RS

Consider the dissociative adsorption of methane as given by

CH, + 2% — CHy * +Hx (C.42)

Assume that in the transition state, all translational and rotational DOF are lost. Furthermore,
assume that g,;;, = 1. Use the variable AE . ,; for the electronic activation energy and AEZPe
for the difference in the zero-point energy between the transition and initial state.
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a) Provide an expression for the reaction rate constant for dissociative adsorption of methane
from transition state theory under the conditions as given above.

b) Provide an expression for the internal energy of activation. Use

AUT = kg

Olnk
T287T — kgT. (C.43)

This expression is very similar to the Arrhenius activation energy, but by subtracting k7', we
exclude the frequency factor kBTT

¢) Derive an expression for the entropy of activation using

Ast = a% kgT <ln(k) —In (thT)> . (C.44)

Similar to the expression for the internal energy of activation, we exclude the frequency factor

k‘;lT in the calculation of the entropy of activation.

d) Derive an expression for the Gibbs free energy of activation. Ignore the gas-expansion term
by which

AT~ AUT, (C.45)

and make use of

AGH = AHT —TAST (C.46)

€) Show that your expression for the Gibbs free energy of activation is consistent with

_ kgT AGH
k= exp <— rnT ) : (C.47)

= EXAM PRACTICE QUESTION Transition State Theory 9 SHHIE

Consider the hypothetical reaction between ethylene and hydrogen in the gas phase to produce
ethane. It is assumed that this reaction can proceed in a single elementary reaction step.

a) Provide a listing of the number and nature of all motional partition functions of ethylene and
hydrogen.

b) Provide a listing of the number of nature of all motional partition functions of the transition
state complex of the reaction.
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¢) Construct a complete rate expression as function of the relevant partition functions for this
reaction, based on transition state theory. Use a number-density based equilibrium constant in
your derivation. Assume that the ideal gas law holds for all reactants and product.

You are not expected to provide a numerical value, but you are expected to write explicit expres-
sions for the individual partition functions. You do not have to simplify the numerical expression
obtained.

Clearly indicate to which molecules each of the partition functions pertain. For example, you can
use subscripts for that (e for ethylene, h for hydrogen and ts for the transition state complex).

Hint 1: To save on writing a lot of expressions, feel free to use the product operator (Hi]\il) or
sum operator (322¥ ;) when looping over multiple similar partition functions.

Hint 2: Do not forget about the zero-point energy.
Hint 3: Since the reaction pertains to a bimolecular reaction using number densities, do not

forget about the volume correction.

d) Often, the rate expression is simplified by assuming the condition as shown mathematically
by the formula below. Under which conditions is the assumption as given below valid?

1
L e (C48)
1 — exp(— thj'f

7= EXAM PRACTICE QUESTION Transition State Theory 10 f#H}

Consider the Diels-Alder reaction between butadiene and ethylene to form cyclohexene which
can proceed via a single elementary reaction step as given by

C2H4 + C4H6 — CgH;o (C.49)

To analyze the elementary reaction step, a potential energy surface is constructed as function
of the distances between carbon atoms (1 and 6) and (4 and 5). The labeling of the carbon atoms
is shown in Figure C.4.

(cis)—butadieni/4. L N
5
| | —

.-6

-~ ethylene cyclohexene

Figure C.4: Figure showing labeling of the carbon atoms.

The potential energy surface corresponding to this reaction is shown in the image below.

a) Provide a schematic drawing of the potential energy curve based on the heatmap. Clearly label
the axes. Explain or draw how the potential energy curve can be extracted from the heatmap.
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b) Identify the positions on the potential energy surface of the two stable states and the transition
state using the energetic values as found from the heatmap. Provide the coordinates and a
schematic drawing of the molecular complexes.

¢) Determine the activation energy for the reaction in the forward and the backward direction.

d) Calculate the vibrational frequencies of the two vibrations in the parallel and perpendicular
direction with respect to the reaction coordinate at the stable state that is lowest in energy. Clearly
emphasize which assumptions you use in calculating these frequencies.

e€) Calculate the vibrational frequency in the parallel and perpendicular direction with respect
to the reaction coordinate at the transition state. What is the striking difference between the
results found in this subquestion and the previous subquestion? Provide a rationalization of
your findings.

& APPENDIX C
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APPENDIX

EXAM EXERCISES SOLUTIONS

Introduction

Below, the solutions to the exam practice questions are provided. These solutions are written
in a concise fashion, sometimes omitting trivial steps in the derivation. If you are unable to
follow some or more of the derivations, it is recommended that you look back at one of the earlier
exercises of the corresponding chapter. More elaborate solutions are provided there which might
help you in understanding.

Kinetics

3 EXAM SOLUTION Kinetics 1

a) The set of elementary reaction steps is given below. Herein, Equation D.3 is the rate-
determining step.

1. CO + % = COx (D.1)
2.0, + 2 = 20% (D.2)
3. CO * +0% — CO, * +x (D.3)
4. CO, + x = CO,* (D.4)

Note: Microscopically speaking, equation D.3 is a reversible reaction but we consider it to be
irreversible. A right arrow is used to describe the rate-determining step in order to emphasize
this quasi-ideal assumption.

b) The required assumption to employ here is the quasi-equilibrium assumption. Based on this
assumption, we need to find the Langmuir isotherms corresponding to all relevant coverages.
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0,
K co
Pcobx
2
po, 0 2

fco, «

O«pco,

which leads to

Oco = K1pcob«

6o = \/Kapo, 0«

0co, = Kupco, 0«

The site balance for * is

O« +900+00+9co2=1

leading to

O — Kipco
co =
1+ Kipco + 4/Kapo, + Kapco,

/Kapo,
1+ Kipco + 4/ K2po, + Kapco,

Kypco,
bco, =
1+ Kipco + 1/ Kapo, + Kapco,

>
o)
Il

¢) From the RDS (rate-determining step), the rate expression is as follows

rco, = k30cobo

Combining all terms that have been derived in subquestion (a), we get

_ k3 K11/ Kapco./Po,
* (14 Kipco + /Kapo, + Kapco,)?

Tco

(D.8)

(D.9)
(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

d) The assumption that can be made is that CO is the Most Abundant Reaction Intermediate

(MARI).
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€) Applying the MARI enables us to neglect those coverage terms in the denominator which do
not correspond to the MARI. Next, the differential for the reaction is solved for the simplified
rate expression to obtain the reaction order in CO.

, k3 K1/ Kapco./Po, (D.17)
co, = -
: (1+ K1pco)?
dlnrco
nco =Pco—g (D.18)
Pco
Oln Oon(l+ K
— o( pco _ ,9n( 1Pco)) (D.19)
Opco Opco
K
=1-9—1PCO (D.20)
1+ Kipco
=1- 29CO (D.ZI)
The limits for the reaction order in CO are
nco € [—1; 1] (D.2.2.)
f) The apparent activation energy is given by
Olnrco
app _ pp2 2
ABqe = RT"—0 (D.23)
n /K
_ RT2 Oln kg n Oln Ky n Oln 2 2811’1 (14 Kipco) (D.24)
or or or or
(3) 1) (2) (1)
_ RT2 AEact + AI-Iatds EAHads _9 Kipco AIiads (D.25)
RT? RT? 2 RT? 1+ Kipco RT? '
_ (3) @ 1 (2)
= ABggp + (1= 20c0) Ay, + S AH G (D.26)

g) Atvery high temperature, the surface is nearly empty. Therefore, both CO and O, need to
adsorb on the surface before reaction can take place. The adsorption enthalpy is always negative,
which (in most of the cases) leads to a negative apparent activation energy at high temperatures.

@ EXAM SOLUTION Kinetics 2

a) The set of elementary reaction steps is given below. Herein, Equation D.30 is the rate-
determining step.

1. $O,% 5 SO, + O (D.27)
2. CH, +* S CH, * (D.28)
3. SO; 4% = SO, * (D.29)
4. CH, * +0% — CH;OH * + * (D.30)
5 CHSOH + xS CHBOH* (D.31)
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Note: Microscopically speaking, equation D.30 is a reversible reaction but we consider it to
be irreversible. A right arrow is used to describe the rate-determining step, emphasizing this
quasi-ideal assumption.

b) Assume a quasi-equilibrium for all the elementary reaction steps before the rate-determining
step. From these, the following Langmuir adsorption isotherms can be derived.

) Kapch, b
CH, = K1 K3pso, (D32)
1+ Kapch, + K3pso, + K5pcH,0H + 50—
) K3pso, b
50, 7 K Kapso, (D:33)
1+ Kapch, + K3pso, + K5PcH,0H + —p5—
; Kspch,0n b
CH3OH = K1K3p503 ( 34)
L+ Kapcn, + K3pso, + KspcH,0H + —5;
K1 K3pso,
DPso
_ 2 D.
%o K1 Kspso, (D35)
1+ Kapen, + Kspso, + Kspen,on + —55—
(D36)

¢) The rate of formation for methanol can be directly found by plugging in the relevant Langmuir
isotherms in the rate expression for elementary reaction step (4).

rcH,0H =k4bch o (D.37)
K1 K3pso
k4K2PCH4pT3 g
_ 2 D.
K1K3Pso3 2 (D35)
1+ Kapcn, + K3pso, + Kspch,0H + —5—

d) Adsorbed methanol is the MARI, hence the surface mainly contains methanol and vacant
sites.

e) Applying the MARI enables us to neglect those coverage terms in the denominator which do
not correspond to the MARI. Next, the differential for the reaction is solved for the simplified
rate expression to obtain the reaction order in methanol and methane.

K1 K3pso
3
kaKapen, —po-

rcu,on = kafcn o = 5 (D-39)
(1 + K5PCH30H>
Olnr
NCH,0H = PCH,0H 5~ = —20cH,oH (D.40)
3 > Opch,on 3
Olnr
nCH4 = pCH4 5 =1 (D4I)
PCH,
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f) The apparent activation energy is given by

AEPP = R

act T

—AEW 4+ AHy + AHy + AH; — 20cH, 01 AHs (D.42)

T2 % act

The apparent activation energy is the amount of energy which needs to invested for the overall
reaction to occur. This energy is equal to the activation energy of the rate-determining step and
is reduced by the adsorption energy of particular components when the surface is vacant but
increased when the surface is poisoned. The latter can be interpreted in the sense that some
energy needs to be invested to remove a component from the surface. In this particular case,
the reaction can be inhibited by methanol as is seen from the (negative) dependence on the
methanol surface coverage.

2 EXAM SOLUTION Kinetics 3

a) The set of elementary reaction steps is given below. Herein, equations D.45 and D.46 are
rate-determining for the formation of epoxide and oxygen, respectively.

1. N,0 4+ * S N, 4 Ox (D.43)
2.CH, + x5 CHy x (D.44)
3. CuHy * +0% — C,H, O * +x (D.45)
4.0, + 2% — 20% (D.46)
5.C,H, 0 + * = C,H, 0% (D.47)

Note: Microscopically speaking, equations D.45 and D.46 are reversible reactions but we consider
them to be irreversible. A right arrow is used to describe the rate-determining steps, emphasizing
this quasi-ideal assumption.

b) The the rate of formation of gas phase epoxide is:

rc,H,0 = k30c 1,0 (D-48)

The same procedure, as in exercise Kinetics 1, can be employed to derive the relevant Langmuir
isotherms. Finally, one can plug in those to get the final expression for the rate of formation of
the gas phase epoxide.

PN
K
LI'p

,0
v, Kepc,h,

rc,H,0 = k3 (D-49)

[}

2
D
(1 + Ky ;; + Kapcn, + K5PC2H4O)

2

c) For deriving the rate of formation of molecular gas, one can repeat the same procedure as in
the previous subquestion.
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ro, =k403 (D.50)

PN, 0 2
2
(K1 PN, )

2
+ Kapc,H, + Kspcsz)

=ky (D.51)
PN, o
PN

2

(1+K1

d) A table containing the upper and lower limit for the reaction orders in oxygen, nitrogen,
nitrous oxide, ethylene and epoxide has been constructed for each one of the two rate expression.

reaction orders ‘ 0, ‘ N, ‘ N,O ‘ C,H, ‘ C,H,0
LI LI -2,0 (D.52)

-1,1

ro -2,0 | 0,2 -2,0 -2,0

2

TC,H,0 o
o

e) Taking into consideration that ethylene and epoxide adsorb very weakly as compared to
dissociative adsorption of nitrous oxide, the expressions for the rate formation of ethylene oxide
and molecular oxygen simplify to:

N, O
Ky 5= Kapc H,

re,H,0 =hg et (D.53)

(1 + Ky p;NO)

PN, 0 2

(5:)

ro, =k4——"5- (D-54)

(1 + K1 TTZO>

We obtain the the following reaction order for the epoxide
no, =0 (D-55)
nN, = — 14 200 (DSG)
TLNZO =1—- 290 (D57)
ne,n, =1 (D.58)
nc,u,0 =0 (D.59)
and for molecular oxygen

no, =0 (D.6o)
nN, = — 2+ 290 (D.GI)
nN,0 =2 - 290 (D62)
S (D.63)
nc,H,0 =0 (D.64)
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f) The apparent activation energy for epoxide formation is:

AEPP = AE3 + AHy (1 —260) + AHa, (D.65)

act —

and for the formation of molecular oxygen is:

AEPP = AE4 + AHy (2 —260). (D.66)

act

& EXAM SOLUTION Kinetics 4

a) The set of elementary reaction steps is given below. Herein, Equation D.71 is the irreversible
rate-determining step.

1. CO + * = COx (D.6y)
2. H, + 2% = 2Hx* (D.68)
3. H, + 24 = 2H# (D.69)
4. CO % +H# = CHO  +# (D.70)
5. CHO * +H# — CH,0 * +# (D.71)
6. CH,0 # +H# = CH,0 * +# (D.72)
7. CH,O % +H# = CH,OH x +# (D.73)
8. CH,OH + * = CH,OHx (D.74)

Finally, note that H* does not directly react with any CH, O* species, but it acts as an inhibiting
term.

b) Equation D.69 represents the dissociative adsorption of hydrogen on the 7 sites. From this,
it follows that

-2
H
Ky=—5 (D.75)
PH, Ty

TH = T#,/ K3pn, (D76)

The site-balance for site # is

=1 (D.77)

leading to

TH= ——F—— (D.78)
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¢) From the RDS (rate-determining step), the rate expression is as follows

r = ks0cHOTH- (D.79)

Next, we need to find the Langmuir isotherms corresponding to all relevant surface coverages.
We start by assuming pseudo-equilibrium, which gives

Ky = Jco (D.80)
Pcofdx

K. % (D.81)

5 = .81
pH, 0%

Ky = dcHoT# (D.82)
bcotn

which leads to

0co = K1pcobx (D.83)

O = /Kopn, 0% (D.84)
K1 K pcomub

fcHo = % = K1K4pcoy/Kspn, b« (D.85)

The site-balance for * is

Oco +0u +0cyo +0x=1 (D.86)
leading to
0c Kipco (D.87)

0=
14+ Kipco + /Kopu, + K1 Kqpco,/K3pH,

\/Kapu, 88

O = (D.33)
1+ Kipco + /Kopn, + K1K4pco,/Ksph,

K1Kapco,/K3ph,

Ocrio = (D-89)

1+ Kipco + 4/ Kaopu, + K1Kapco,/K3pu,

Finally, we can plug everything into our rate expression, by which we obtain

K1 KypcoKsph,
(1 + Kipco + /Kapu, + K1K4PCO\/KSPH2) (1 + \/Kssz)

A Note: There are two different terms in the denominator corresponding to two different types
of catalytic sites. Furthermore, the (,/Kopy, ) term corresponds to H, coadsorption on the *
sites which acts as an inhibiting term.

r = kg

(D-99)
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d) Determining the reaction order in H,

Jlnr
TH, = PH, 5 (D.91)
PH,
17}
= 1 —In(1+ K K s
PH, Por, (Inpu, —In(1+ Kipco + 4/ Kaph,
-+ K1K4pcoy/Kspu,) —In(1 + /K3pn)) (D.92)
A/ K
1 2PH,
=13

1+ Kipco + 4/ Kapu, + K1K4PCO\/K3PH
K1 K4pco/K3ph,
2 + Kipco + /Kopu, + K1K4PCO\/K3PH
1 \/K3PH2
T, (D.93)
1+ ,/K3pn,

1

1 1
=1- ~0y — ~fcno — - D.
50— 5fcHo — 5 (D.94)

A Note: Because of the dual site mechanism, the reaction order in H, can never become negative.

Determining the reaction order in CO

Olnr
nco =pcoy, (D.9s)
e}
=Pcog, <1npco —In (1 + Kipco + 1/ Kaopu, + K1K4PCO\/K3PH2)>
(D.96)
-1 Kipco

1+ Kipco + 4/ Kapu, + K1Kapcoy/K3ph,
K1 K4pcoy/K3pH,
. (D-97)
14+ Kiypco + /Kopu, + K1 Kapco./KspH,

=1-0co — fcno (D.98)

e) Deriving the apparent activation energy
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Olnr
a 2
AEXP — RT or (D-99)
5 0
= RT Frd Inks +InKy +InK3+1InKy--
—In (1 + Kipco + 1/ Kapu, + K1K4PCO\/K3PH2)
—In (1 + Kng > (D.100)

—AE®) L AH, + AHs + AHy---

act

K
 AHy 1Pco

1+ Kipco + 1/ Kapu, + K1 K4pcoy/Kspu,
1 /Kopu,
.~ ZAHy
2 1+ Kipco + 4/ Kapu, + K1 Kapcoy/K3pu,

1
- (AH1 + AHy + §AH3)

K1 K4pco/K3pH,
14+ Kipco + /Kopu, + K1 Kapcoy/KspH,
1 1/K3PH2
— —AHy3——F——— (D.101)

2 L+ ,/K3py,

5 1
— ABS) + AHY (1 - b0 — bcro) — S AH20m

1 1
+AH3 (1— §0CHO_ 57’1{) +AH4 (I_GCHO) (D.IOZ)

& EXAM SOLUTION Kinetics 5

a) The set of four elementary reaction steps that describe the catalytic oxidation of ethylene to
ethylene epoxide is showed below.

1. CH, + % = CH % (D.103)
2. 0, + 2% & 20% (D.104)
3. CHy * +0% — C,H, 0 * +x (D.105)
4. C,H,0 + * = C,H, O (D.106)

Note: Microscopically speaking, equation D.105 is a reversible reaction but we consider it to be
irreversible. A right arrow is used to describe the rate-determining step in order to emphasize
this quasi-ideal assumption.
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b) The expression describing the rate of formation of ethylene epoxide is

kT K /K.
3 K1Pc,H 2Po,

: 5 (D.107)
(1 + Kipc,u, +4/Kapo, + K4PC2H4O)

¢) No products are formed, so the term corresponding to C,H, O will not be in the inhibiting
term. The simplified version can be seen below.

r =

k3Kipc u, 4/ Kapo,
r= ! 5 (D.108)
(1 + Kipc,n, + \/K2poz)

d) C,H, is the MARI. The corresponding final simplified version for the rate formation expres-
sion is

k3Kipc u, 4/ Kapo,
4 (D.109)

r =
2
(1 + KlPC2H4)

e)

ne,H, = 1-— 29(;2H4 (D.110)
1

no, = 5 (D.111)
nC,H,0 = 0 (D.112)

f)

1

AFqct = ABy 3 + (1 - 20C2H4) AHy + S AHy (D.113)

g) Atvery high temperature, the surface is nearly empty. Therefore, both C,H, and O, need to
adsorb on the surface before reaction can take place. The adsorption enthalpy is always negative,
which (in most of the cases) leads to a negative apparent activation energy at high temperatures.

h) From the two Langmuir-Hinshelwood isotherms it can be seen that this reaction takes place
between two different types of active sites, each only adsorbing one of the reactants.

@ EXAM SOLUTION Kinetics 6

a) The set of five elementary reaction steps is given below.
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1A+ %2 Ax (D.114)
2. B4 # & B# (D.115)
3.C+s=Cs (D.116)
4. Ax+B#+Cs > Dxx+#+s (D.117)
5.D + x = Dx (D.118)

where * denotes a free sites of type 0, # denotes a free site of type 7 and s denotes a free site of
type o.

b) Assume pseudo-equilibrium for all gas-solid reactions, we have the following equilibrium
constants:

0a

Ky = (D.119)
PAD«
Kp = B (D.120)
PBT#
e
Ko =—— (D.121)
pPCOs
0
Kp = D (D.122)
ppOx

There are 3 site-balances as given by

1=0+4+0,+6p (D.123)
l=m+71p (D.124)
l=0s+o0¢ (D.125)

The general rate expression is given by

r= k49ATBUC' (D.126)

Combining the pseudo-equilibria with the site balances and plugging these into the fundamental
rate expression gives

—k KapaKpppKcorc D
=k : (D.127)
(1+Kapa +Kppp) (L + Kppp) (1+ Kcpe)
¢) The reaction order in A can be calculated as follows:
ng=pAa Olnr (D.128)
O
ALk, KapraKprpKcore (D.12)
A (14 Kapa + Kppp) (1+ Kppp) (1+ Kcpe)
0
=1-pag —in [((L+ Kapa + Kppp) (1+ Kppp) (1+ Kopo)| (D.130)
=1-6,4 (D.131)
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Using a similar strategy, the reaction orders in B, C and D are:

ng=1—71p (D.132)
nc=1-o¢ (D.133)
np =—0p (D.134)

This gives the following limits on the orders:

ny € 0,1] (D.135)
ng € [0,1] (D.136)
ng € [0,1] (D.137)
np € [—1,0] (D.138)

d) An expression for the apparent activation energy as function of the relevant surface coverages
is given below.

Olnr
2
AE;‘EE’ =RT T (D.139)
3] K K K
= rR72 L Iy In AraKpppKcrc (D.140)
ar (1+ Kapa +Kpprp) (1+ Kppp) (1+ Kcpc)

—EW L AH, + AHp + AHG -

act

1}
<= =i [(1+ Kapa + Kppp) (1+ Kppp) (14 Kope)| (D.147)

=BY L AH, + AHp + AHG -

act

oo RT2 %KAPA + %KBPB + %chc + %KDPD
(1+ Kapa+ Kprp) (1+ Kppg) (1 + Kepe)

= B + AHA(1-04) + AHR(1 - m) + AHo(1 - 0¢) — AHpbp (D.143)

act

(D.142)

3 EXAM SOLUTION Kinetics 7

a) CO, has a fulfilled octet configuration, hence it can be assumed to be coordinatively saturated.

It can thus only weakly bond to the catalyst surface using a van der Waals interaction.
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b) The set of elementary reaction steps is

CO + * = COx (D.144)
0, + 2% — 20% (D.145)
CO * +0x — CO, + 2x (D.146)

Because the dissociative adsorption has the same rate as the CO recombination, we are not
allowed to impose a rate-determining step approximation. Hence, we have to resort to employing
a steady-state assumption. Because the question statement offers us the freedom to impose an
irreversible-step approximation, we do this on the second and third elementary reaction step.

From this, we can obtain the following two expressions

dbo
~p = 2k390,0% — ki bcolo = 0 (D.147)
d [co,]

N
= ng_@co@o, (D.148)

where N is the total number of active sites on the catalyst surface in mol and V the volume
wherein the catalyst resides.

By means of the steady-state approximation on the surface fraction of monoatomic oxygen, we
get the following steady-state surface coverage

2k po. 62
2 PO, Yx
o= — 210 (D.149)
k3 fco
From the problem statement, we are allowed to use a quasi-equilibrium approximation for the
surface coverage of CO, which yields

0co = Kipcobx (D.150)

Insertion of equation D.150 into equation D.149 yields

2k3 po 6
0o = # (D.151)
k3 Kipco

By construction of a site balance, we can readily find the steady-state surface coverage for the
free sites.

O« = ! (D.152)

2k3 po
1+ Kip + o2 PO,
1Pco k;Klpco

Application of equation D.152 in conjunction with the other expressions for the surface expressions
yields the following rate expression

+
N 2ky p
- 270, 5 (D.153)
V 2]{}3—p0
]_ K <7 72
+ Kipco + kT Kipeo
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To proof that the order in CO can be as low as -2, it makes sense to assume strongly poisoning
conditions of CO. As such, we readily employ a MARI approximation on CO, by which the above
rate expression can be simplified to

N 2k]po
r==— 2" (D.154)
V (14 K1pco)

In a further straightforward manner, we can readily find an expression for the reaction order in
CO as given by

dlnrt

nco = Pco %

= —20co (D.155)

In the situation wherein 6o = 1, a reaction order of -2 is found. Q.E.D.

EXAM SOLUTION Kinetics 8

a) The set of elementary reaction steps is given below.

1. CO + * = COx* (D.136)
2.0, + % = 0,* (D.157)
3.0, * 4% = 20% (D.158)
4. CO * +0% =2 CO,, * +x* (D.159)
5. CO, + * = CO,* (D.160)

b) Because we have non-zero conversion, the site-balance includes all surface intermediates

1=0x40co + Hco2 + 0o + 902 (D.IGI)

We apply the quasi-equilibrium approximation to steps 1,2,3 and .

0CO = Klpcoe* (D.I62)
902 = KZPOZG* (D163)
03 = K300 0« — 0o = /Ko K3Po, 0+ (D.164)
fco, = K5Pco, 0+ (D.165)

The coverage of free sites can be obtained by substituting equation D.161

6, — ! (D.166)

1+ K1Pco+ KoPo, +/K2K3Po, + KsPco,
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leading to
K1 Pco
fco = (D.167)
1+ Ky Pco + KaFPo, +/K2K3Po, + KsPeo,
Ko P
0o, = 270, (D.168)

' 1+ Ki1Pco +KaoPo, + \/K2K73POZ+ KsFeo,
9 \/K2K3Po, D.16
1+ KiPeo + KaPo, + \[KaK3Po, + K5Peo, o
KsPco,

bco, = (D.170)
" 1+ Kj1Pco +KoPo, +,/KaK3Po, + K5Pco,

CO oxidation (step 4) is the rate-determining step. The rate expression (including the backward
reaction at non-zero conversion) is as follows

T = kiecoao — k; 9(:02 9*

ki KiPcoy/K2K3Po, — ky KsPco,

= 5 (D.1y1)
(1 + Ky Pco + KoPo, + /K2K3Po + K5Pcoz>
c) We can rewrite the rate expression
K5 Pco
k+K1PC01 /Ko K3Po 1-— 2
4 * K4K1Pco\/K2K3Po2
T = D)
(1 + K1Pco + KoPo, + /K2K3Fo, + K5Pcoz)
+ TR RaPe 1 Peo
k‘4 KyPcoy/KoKsPo |1 — = —F—
2 €4 Pcoy/Po,
= (D.172)

2
(1 + K1 Pco + KoPo, +4/K2K3FPo + K5Pcoz)

With Keq the overall reaction equilibrium constant, obtained from the microkinetic network

Ko = ——1Y =228 (D.73)

= (D.174)
Pco,/FPo,
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Therefore, at equilibrium
ki K1Pco\/KaK3Po, (1 - Kleq Keq>
re 5 =0 (D.175)
(1 + K1 Pco + KoFPo, +/K2K3FPo + K5Pcoz)
d) Recall that the reaction order is defined with respect to the forward reaction
ki K1Pco/KaK3P
4 K1FPcoy/K2K3Po,
rt= 3 (D.176)
(1 + K1 Pco + KoFo, +/K2K3Po + K5Pcoz)
dlnrt
= P, Du
nco = Feo5p— (D.177)
+
dlnPeo _Olng, OWMk{Ki\/K2K3Po,
= Pco +2 + (D.178)
OFPco OPco dPco
Jln PCO 1
-5 T B (D.179)
9Pco  Feo
Okl Ky, /KyK3Pg
4 2
=0 (D.180)
1 1 1
Olnbs dln (K) 8@ _ o 3@ D18
__ : . (D.181)
OPco 80— OPco OPco
BQL 8(1+K1PC0+K2P02+1/K2K3P02 +K5PCOZ)
* = Kl (D.ISZ)
9Pco 9Pco
1
nco = PCO <P — 2K10*> =1- 2K1PC()G* =1- 29(:0 (DISS)
Cco
€)
dlnrt
=P D.18
"0 =10 G, (D.184)
19InPo,  9ng. 9k} KiPco/KaKy
Py | = 2 42 +
2\ 2 apo2 81:'02 E)Po2
8% 8(K2P02 +\/K2K31/P02) 1 K2K3
+ = =Kg+ =, [—223 (D.185)
P, P, 2\ Po,
1 am— 1
'r7,02 = 5 — 2K2P020* — K2K3P029* = 5 — 2902 — 90 (D186)
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f)

dlnrt
2
AEXP = RT 7 (D.187)

1 1
= R:ﬂé% (m@ +InKy + 51111(2 + Eh’lKg +21n0*)

1 1
—AEW LAl + 5AHz + S AHg — 20, (AHlKlPCO .

act

AHy + AH:
“+ AHKoPo + %m%— AHSKE)PCOZ) (D.188)
YN SN Oco) + AHy &
= act T 1(1_2CO)+ Hoy 5—2902—90
1
-+ + AHs (5 — 90) — 2AH56C02 (D189)

g) Athigh temperature, the surface will be almost empty. A single reaction event will then be
a concerted process of adsorption, reaction and desorption. The adsorption step tends to be
exothermic as bonds are formed between adsorbate and the surface. As a result, this energy
directly benefits the activation of the adsorbed complex, lowering the apparent barrier.

1 1
Jlim ABRP = AE() + AHy + SAHy + SAH; (D.190)

EXAM SOLUTION Kinetics 9

a) Apply the steady-state approximation on the intermediates.!

[H-] = ka[Cl-][H,] — k3[H-][CL,] — k5[H - ][HCI] = 0 (D.197)

[C1-] = 2k [CL] — ka[Cl-][H,] + ks[H-][CL,] - 2kg[cl]2 + k5[H JHC] =0 (D.192)

Combining equations D.191 and D.192 yields

=/ %[Clﬂ' (D193)

Inserting equation D.193 into equation D.191 then gives after some trivial rearrangement

k) FE[CLL)[H,]

= Kglct) + ksfrct (D194

"Recall that in the notation X - the radical of X is meant.
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Using these two equations for the steady-state concentration of the intermediates, we can readily
derive the rate expression to be

r = k[l J[Hy] + ks[H-][CL,] — ks[H - JIHC) (D.195)
k k
I o /B (L) o/ B L)
= ko E[CIZHHZ] + kgm Cl,] — k5m[HCI] (D.196)
_ k1 k3(Cl,] — ks[HCY)
= ko H[CIZMHZ] <1 + W) (D.197)
Y _ 2kslClL]
=ko ka [CL,][H,)] <k3 [CL,] + ks [HC]}) (D.198)
2kpksy/ FL [H,][C1,]%/2
- (D199)

k3[CL,] + ks [HC]]

b) Since the pathway is in parallel, one is allowed to lump the two rate constants k5 and kg
together. Replacing ks in the above derivation by k5 + kg will result in the following answer

2k2k3\/> JJcL,]32
"o k3[Cl,] + (ks + kg)[HCI] (D.200)

¢) Determining the reaction orders is moderately straightforward and applying the fundamental
formula readily results in

dlnrt 3 k3[CL,]

na, = LI SET =3 T hay) + kd] (D201
ny, = [Hz]aal[rll{r} =1 (D.202)

d) Using the formal definition of the apparent activation energy gives

dlnrt
A = ATV o
d
= RT? 2 {lnkz + 5 Inky — 1“’“4 Hlnks =
—In (k3[CL] + (k5 + ks)[HCH)} (P204)
_ AE(Z) + EAEiclt) - EAE(M + AE.S)
3 5 6
AEa(ct) k3[CL] + (AE( ks, + AE( )ke)[HCH (D.205)

k3[CL,] + (k5 + kg)[HCI]

€) By the inclusion of the additional pathway, an additional (positive) contribution to the apparent
activation energy is found. This can be readily rationalized as the inclusion of a secondary parallel
retardation path results in a decrease of the overall product of HCL.

& APPENDIX D
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D.3 Statistical thermodynamics

& EXAM SOLUTION Statistical Thermodynamics 1

a) A schematic representation of the distribution of the energetic states over the four molecules
is provided below

a B — di 2
2AE
ay b1,2 4AE
2AE
3AFE
ap €0 do
by

Figure D.1: Energy level diagram of A, B, C, and D.

b) The energy level of b is set to the global ground state (i.e. zero). From this, the partition
functions for each molecule are

—AE —3AE —5AE
g4 = exp <kBT> + exp ( T T > + exp < T > (D.200)
g =1+2exp <_:BATE> (D.207)
qc = exp <_]€BA;E> (D.208)
qp = exp <]€BA,Z€) + 2exp <:BATE> (D.209)

¢) The equilibrium constant K for the above reaction is

K = 4c9D (D.210)
9A9B

d) When T" — 0, all exponentials go to zero, whereas at T — oo, all exponentials go to unity.
Thus the limits for the equilibrium constant are

-0

K(T — 0) =lim T0°= 0 (D.211)
1- 1

K(T — o0) =lim s 1 (D.212)
3-3 3

At T — 0, only the lowest state, also known as ground state, is occupied, which is by. Hence,
the equilibrium constant is 0. At T — oo, all states are equally likely to be occupied. Hence,
our equilibrium constant should resemble the ratio of the products of the number of states of
each component (which is basically the definition of the partition function at infinitely high
temperature).
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& EXAM SOLUTION Statistical Thermodynamics 2

a) A schematic representation of the distribution of the energetic states over the four molecules
is provided below

aq

2AE
a3z
2AE
ag  — dy,2
2AE
ay b1,2 4AE
2AE
3AE
ag 0 do
bo
Figure D.2: Energy level diagram of A, B, C, and D.
b) Set the energy level of b, to the global ground state (i.e. zero)
AE n 3AE n 5AFE
=exp | ——— exp | ——— exp | — e
A=\ T LA P\ " T
" TAE n 9IAE (D.213)
cotexp | ——— exp | ——— .
P\ " T P\ T 3
3AE
gB =1+ 2exp <_kBT> (D.214)
AE
= -—— D.a1
qc =exp < kBT> (D-215)
AE 5AFE
= e 2 - D.216
qp =exp < kBT) + 2exp ( kBT> ( )

¢) The average energy of molecule B is given by

Olng
(Bp) =ksT?—_F (D.217)
2-3AFE -exp _34E
- (-5r) (D.218)

14 2exp (——kajg")

AtT — 0, {Ep) = 0 as only the ground state is occupied which has an energy value of o.
AtT — oo, (Ep) = 2AE, as all its states are equally occupied. Hence, we get the arithmetic
average of the energy values of all these states.
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d) The equilibrium constant K for the above reaction is

K - 9ciD

(D.219)
dA9B

e) When T' — 0, all exponentials go to zero, whereas at T — oo, all exponentials go to unity.
Thus:
(D.220)

(D.221)

At T — 0, only the lowest state is occupied, which is by. Hence, the equilibrium constant is o.
At T — oo, all states are equally likely to be occupied. Hence, our equilibrium constant should
resemble the ratio of the products of the number of states of each component (which is basically
the definition of the partition function at infinitely high temperature).

3 EXAM SOLUTION Statistical Thermodynamics 3

a) The energy levels are given in Figure D.3, where we have set the energy of the ground state of
molecule C as Ey = 0.

b) We use a Boltzmann distribution to determine the occupation of the energy levels

2 —AE + — (D.222)
= 2z €X ex .
94 P Gt P\ T
9 —AE N —3AE n —4AE (D.223)
= z€X ex €X] .
4B P kpT p kpT p knT 3
9c =3 (D.224)

A Note: The energies here are given per molecule.

c) Considering isolated molecules

(B) = Z @ (D.225)
2AEexp< v >+2AEexp< 2AE)
(Ea) = 2emp ( AL ) e <7I€2BATE> (D.226)
_5ep (5F) +3850n (305) 155 (436
(Ep) = 2 exp ( _AE >+exp( ) +exp< 4AE) (D.227)
(Ec) = g =0 (D.228)
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molecule A molecule B molecule C

4AFE

3AE

Figure D.3: Energy levels for molecules A, B and C.

d) We will consider here a reaction of 1 mole of A and 1 mole of B to yield 1 mole of C. We

now need to account for the distinguishability of the particles in the ensemble. The partition
functions for the initial and final state are given by

Qrs = qgc (D.229)
B~ Not 229
Na Np
94" 9B
=L = D.230
@1 = N TN (B-230)

Inserting the above two expressions into the definition for the entropy?

?Note that the N ! terms in the denominator disappears because we take the derivative towards T". The power in N,
becomes a multiplicative constant because of the natural logarithm. Since we are interested in the molar entropy, we divide
the results by N by which the multiplicative constant N disappears.
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_ 9(kpThQ) alnQ
S = o =kgIn@Q + kgT aT (D.231)
ASRm = Sps — Sis (D.232)
8 (ln <
=RIn(-3C ) 4+ RTM (D.233)
9A9B or
Jdlng; 1 Oq;
_ 194 D.
or g o (D.234)
dqa 1 —AE —2AE
—= = —— | 2AF 2AFE D.
T ~ kgT? ( exP( kT > + eXP( kT >> (D-235)
&I—B = L 2AFE exp ﬂ + 3AE exp —3AE e
or  kgT? kgT kT
—4AFE
--+4AFE D.236
+ exp < T >> (D.236)
dq¢
=0 D.
o7 (D-237)

o[ BAEN 8B (—4nE D238
P\ Tt a5 P\ kT 23

Taking the limit of T — oo:

Tlim gpa =3 (D.239)
—00

lim gqg =4 (D.240)
T—o0

lim go =3 (D.241)
T—o00

Gives for the reaction entropy

lim ASgm =Rl (1) = —RIn(4) (D.242)
T—o00 § 4

We see that the second term in eq. D.231 completely disappears. The same conclusion could be
drawn if a different relation for the entropy was used

) - (E)

lim S= lim — +kglnQ =kgln D.2
X A pm o+ ke Q=kplnQ (D.243)
g q
= lim ASer:Rln< c >:—Rln(4) (D.244)
g T—o0 949B
<<
(1]
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e) If we go towards very high temperatures, we expect the energy levels of all particles to be
occupied with equal probability. The number of permutations over the energy levels correlates
directly to the number of microstates. In going from the initial to the final state, both the number
of energy levels and the number of molecules decreases. The number of microstates therefore
decreases, corresponding to a loss in entropy. This rationalizes the negative sign for the entropy
difference.

If we were to consider the same situation at finite temperature, we would need to consider the
occupation of each energy level, which is contained in the second term of eq. D.238.

3 EXAM SOLUTION Statistical Thermodynamics 4

a) A schematic representation of the distribution of the energy levels of all molecules is provided
below

aq co do
|

ay b1 2e 2e
| |

ag b,

b) The energy levels of ag and by are set to the global ground state (i.e. zero). From this, the
partition functions for each molecule are

qa=1+exp (&) + exp (,;;) (D-245)
g =1+exp (k:T> (D.246)
qc = 2exp (;;;) (D.247)
ap = 2exp (kBZT6> (D.248)

¢) The equilibrium constant K for the above reaction is

2ex

_ 49 _ ( p ) (
—2e
kgT

] )
4AdB (1+exp( )+exp( ))(1+exp( ))

(D.249)

d) When T" — 0, all exponentials go to zero, whereas at ' — oo, all exponentials go to unity.

Thus the limits for the equilibrium constant K are

lim K = v_ 0 (D.250)
T—0 1
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. 2
lim K=-"-=2 (D.251)
T—00 3.2 3

[\
[\

Note: A similar approach was used in Statistical Thermodynamics 1 to determine the limits of K.
If in doubt, go back to to that question and check the explanation.

3 EXAM SOLUTION Statistical Thermodynamics s

a) A schematic representation of the distribution of the energy levels of all molecules is provided
below

— ay co do
g

ay b1 2e 2¢
] ]

ag bo

A Note: a is CH4, bis H,O, cis H, and d is CO.

b) The partition functions for each molecule are

qa=1+exp (lc;T> + exp (,;;) (D.252)
g =1+exp (é;) (D-253)
4 = 2exp <k_3276“> (D.254)
ap =2exp (kB 2;) (D.255)

¢) The equilibrium constant K for the above reaction is

3
_ q?qu (2exp (,;TZ;)) (2exp (;T%E))

K = (D.256)
9A9B (1+exp (ﬁ) + exp (%)) (1+exp (k;—;))
d)
lim K= 2 —0 (D.257)
TS0 1 -257
3.
im k-2 2_10_8 (D.258)
T—o0 3-2 6 3

At T = 0, only the ground state is occupied, hence the system is in its ground state wherein
only A and B exist. In this conditions, the equilibrium constant is zero. At T — oo, all states
are equally likely and thus the equilibrium constants represents the arithmetic average of the
product of the states of C and D over the states of A and B.
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@ EXAM SOLUTION Statistical Thermodynamics 6

a) Many answer are valid here. Either draw a nanoparticle wherein two types of sites are
highlighted or a checkerboard surface wherein two diferent types of cells are shown.

b) Straightforward implementation of the supplied formulas yields the following two expressions
for the partition functions

NA! Sa
_ D.
94 (N4 — 54154174 (D-259)
!
Op=-— B Sp (D.260)

(Ng —Sg)!Sg! "B

In the above formulas, N corresponds to the total number of active sites of a particular site and
S the number of occupied sites.

c) From the above formulas, we can readily calculate the chemical potential by application of the
Stirling approximation

0lnQ 4
—kgT D.26
I\ LT (D.261)
0
= kpT =2~ [ (Na = Sa)In (Na = 54) = (Ng = Sa) -+
B
-~~+SA1nSA—SA—SAlnqA] (D.262)
N, —
= —kgTln <ASAqA> (D.263)
Sa
We obtain a similar expression for p g as given by
N —S
pp = —kgTln <BSBQB> (D.264)
B

To calculate the ratio between the fractional coverage of A and B, we set the two chemical potential
equal to each other, which gives

BA=HB (D.265)
—kgTIn <N1“S_SAqA> = —kgTln (NB_SBqB> (D.266)
A Sp
Njg—S Ng -8
APy =8By (D-267)
Sa Sp
OB
(1;93) _ B (D.268)
<172A) 94

& APPENDIX D



(a]
X
=}
=4
w
o
[
<<
]

336 Appendix D. Exam Exercises Solutions

The right hand side of the above expression can be solved by noting that CO adsorbs 40 kJ/mol
stronger on site A as compared to site B. Hence, we set the zero of energy to the adsorption
energy of A, by which we can set

aB —AE 40K] / mol
= [ A D.
ol P < roT ) eXP( roT (D-269)

d) For find the low and high temperature surface ratios, we need to evaluate the limiting
conditions when 7" — 0 and T — oo.

For very low temperature, the fraction

(+4)

By rearranging the above equation, the following limiting condition can be found

—0 (D.2770)

93/9,4—93'

=0, (D.271)

Since ¢ lies on the interval [0,1], even in the case that g # 0, the limiting conditions is met
when Z—f — 0 as a consequence of g — 0. This answer makes sense as CO adsorbs stronger
on site A than on site B, thus we would anticipate that CO prefers to reside exclusively on site A
at very low temperature.

For very high temperature, the fraction

(%)

This condition is met when 6 4 = 6, which corresponds to CO spreading to all possible surface
sites to maximize its (mixing) entropy.

—1 (D.272)

3 EXAM SOLUTION Statistical Thermodynamics 7

a) The different microstates are given in Figure D.4.

b) The three macrostates are those corresponding to E = —4¢, E = —2e and E = 0. We re-scale
all energies in such a way that the ground state corresponds to £ = 0. The partition function is
thus as follows:

—2e¢ —4e
g=1+4exp (kBT> + exp <kBT> (D.273)
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(€ E = —2¢ HE=0

Figure D.4: The six different configurations (microstates) to place two black and two white tiles on the model
catalytic surface.

) Expression for average energy (E) for this system is

—2 —4
i T2(91nq 86exp(kﬂ§>+4eexp<k7§)
= kg =

ar 1+4ap(%%)+fm(f%) (D.274)

(E)

The limit at very low temperature is from the above equation:

Jim (E) =0 (D.275)

At T = 0, only the ground state is occupied which has an energy of o.

And the limit at very high temperature is

1
lim (E) = o t4€ o (D.276)
T—oo 1+4+1

This answer corresponds to all states being equally occupied, so we get the arithmetic average of
the energies for all the states.

d) Expected or average value for (n) as a function of temperature
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3
(n) = Z Pi-my (D.277)
_ 1 N ten(5F)
= 1+4exp(k_:B2,1§)+exp(’;§1§> 1+ 4exp (’;T%ZE>+6XP<];B47§>
ot 0 (D.278)
e () o )
14 2exp ) 5
= 2
ton () + 0 (F) (P27
At very low temperature, the average occupancy becomes:
Thglo (n) = % =1 (D.280)

At very low temperature, only the ground state is occupied which has an occupancy factor of

unity.

At very high temperature, the average occupancy becomes:

142 1
li =— == D.281
A == 3 (D289

At very high temperature, all states are equally likely and thus the expectation value for the
occupancy corresponds to the arithmetic average of the occupancy of all states.

€) The lowest energy corresponds to the highest occupancy factor and vice versa. The correlation
between occupancy can best be described by the following formula:

(E) = (1 - <77>) - de (D.282)

The correlation is of course evident as the expected occupancy describes how many tiles have a
favorable piece and this in turn determines the overall energetic stability.

@ EXAM SOLUTION Statistical Thermodynamics 8

a) From the Boltzmann-equation, we can readily establish the following partition functions for
Aand B.
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AE\ & iAE
g4 = ( T ) Z exp <— kBT> (D.283)
exp
= ( ) (D.284)
1 —exp ( E)
e AE
5= ; < kT ) (D-285)
S S (D.286)
1 —exp ( 2A15>
Note that we herein applied the solution for a geometric series.3
b) The average energy of state A is given by
0
(Ep) = kBT28—T Ing (D.287)
=3AE — kBTQi In (1 —exp (AE>> (D.288)
aT kgT
ep (7 AE
=AF |3+ (D.289)
1 —exp ( E)
In a similar fashion, we find for B
2AE
(Bp) = s (D.290)
1 —exp (ka—T>
Thus, the average reaction energy is given by
2AE AE
E E4) = AE 2 (-50F) 3. P (-%7) D
(Ep) —(Ea) = SAEN 0T NG (D.291)
17exp< kT) 1fexp<7kET>
) Since the limit
exp
lim < ) =0 (D.292)
T—=01 —exp ( E)
it follows that
Jim ((EB> <EA>) = —3AE. (D.293)

3Have a look at Exercise 2.5 for a detailed derivation.
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The limit for T — oo is rather complex, but let me show you a nice trick to solve it.

2AFE AE

. exp (_2 Tl ) exp (‘ kBT>
Thm AE AR\ 3— NG (D.294)

—0o0 1—exp (7k}37T> 1—exp (kaT>

Observe that we can rewrite the first term as
2AE

exp (7 kT ) _ 2 (D.295)

o (-5F) " on (BF) -1

(D.296)

- AFE AE
(exp <m> — 1) (exp (kBT) + 1)
by which we can combine the first and third terms as given

2 1

@@ G
2 (eXP (R%)+ 1)

=

(exp (ﬁg%) - 1) (exp (kAB%) + 1) (exp (kAB%:) - 1) (exp (klﬁi) + 1)
(D.298)
(1 — exp (é?))
= (D-299)
(exp (kBT) - 1) (exp (kABJZE“) + 1)
1
_— D.
(exp (%) T 1) (D.300)
whose limit can be readily established
lim |- —l. (D.301)
Tmroe (exp (é?) + 1)
Combining all terms then yields
im |z | 220 (-5r) o (“iut) - _TAE. (D.302)
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If you do not like the mathematical struggle, you can also deduce the answer by reasoning. This
reasoning goes as follows.4 The ground state of B is 3A E lower than that of A. For every level of
B, there will be two levels of A. On average, these two levels of A will be %AE higher than that
of B. Thus, %AE need to be subtracted from 3AFE to obtain the final answer.

Interpretation / Rationalization:

« In the limit of lim7_,(, only the ground state is occupied and hence the reaction energy
correspond to the energetic difference between the ground states of A and B.

« In the limit of limp_, ., all states are occupied. State B only has half the number of
energetic levels as compared to state A, on top of A being 3AFE higher in energy. Hence,
considering N states of B, there will be 2NV states of A. On average, the additional excited
states of B will thus be twice as high in energy as compared to those of A. As such, the
excited states of B are on average %AE higher in energy than those of state A, by which
the average reaction energy drops by an additional %AE on top of the —3AE.

d) The molar entropy of A is given by

0
=N— (kgT'1 D.
Sa=Noz (keTlngs) (D-303)
AE
— kyT _ _ _AE
=R - ABY 1 In (1 exp < kBT)> (D.304)
P\ kT
and for B by
%]
2AFE
=R % —In[1—exp <— 2AE> (D.3006)
exp ( Tl ) -1 kgT

by which the molar reaction entropy can be found to be

Sp=Sp—S4 (D.307)
2AE AE 1—exp(— AE
cn| o BE B (mwCER)
exp(kBT>—1 exp(kB—T)—l l_eXP<_kBT)
€) The equilibrium constant is given by
1
1—exp( —28E
K="18 _ 1eo(-Hf) , (D.309)
aA exp(— i@?)

1—exp(—é—?)

4It might help to make a drawing and identify the principal repetitive unit for the infinite system.
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from which it can be found that the following equality should hold

3ALE
exp (f Tl ) 1
AEY NN (D310)
1 —exp (_kBT> 1 —exp (— kBT)
The first-order Taylor approximation of the above equation is
1 - 3BAFE 1
Kr= 38 = , (D.311)
BAE 2BAE

wherein we have introduced the thermodynamic temperature 3 = ,%LT as a means for short-hand
notation.

Solving for 3 yields

B =6AE (D.312)
by which we find that the equilibrium temperature T is given by
 6AE

T kg (D.313)

EXAM SOLUTION Statistical Thermodynamics 9

a) The number of microstate for the first three macrostates can be calculated as follows

5!
= ST 5 (D.314)
5!
Q= ;=5 4=20 (D.315)
5!
Q3= g =5-4=20 (D.316)
The values correspond to the expectations and thus equation C.22 is correct.
b) The complete set of possible configurations (microstates) is given in Figure D.5.
¢) The total number of microstates is given by
(5+46—1)!
QS,G = W =210 (D3I7)

d) The average number of particles is given in Table D.1.

e) A is the value for the lowest energy level, which corresponds to 2.
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5 20 20 30 10

61 @ 6 6 6 6

5 51 @ 5 5 5
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Figure D.5: Set of possible macrostates (and corresponding number of microstates) for placing 6 units of energy
among 5 particles.

Table D.1: Average number of particles n; per energy level <.

7 n;

o | 2.000

I 1.333

2| 0.833

3 | 0476

4 | 0.238

5 | 0.095

6 | 0.024

f) The correct answers are

b=1InAy =lnn; (D.318)
a=1/RT (D.319)
r =1iAE (D.320)
(D.321)

g) The temperature of the ensemble can be approximated as follows. The slope a can be
approximated using
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Inng —Inng
~ 6AE —0AE

In (0.024/2.000)
- 6AE
=-7.371-107°

a

From the slope, we can readily establish the temperature by

1
T=—
R-a
B 1
T 8.3145-—7.384-10°
= 1631.6 K.

(D.322)

(D.323)

(D.324)

(D-325)
(D.3206)

(D:327)

Note that this answer differs substantially from the fitted solution of 2463.42 K due to strong

non-linearity of the trend.
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Transition state theory

@ EXAM SOLUTION Transition State Theory 1

Figure D.6: Schematic depiction of the initial, transition and final state of O, dissociation over a catalytic surface.

Note that this is a side view, where the viewing direction is parallel to the catalytic surface. The reaction coordinate is
shown as a dashed arrow in the image for the transition state.

a) In the transition state, the complex has in total 9 degrees of freedom. One degree of freedom

(DOF) corresponds to the imaginary frequency and is in the direction of the reaction coordinate.

This DOF is represented by kBTT Another DOF is the rotational DOF and all other DOFs are
vibrational. In the initial state, all DOFs are of a vibrational nature.

7) (1
p - kBT gV op [ APt ) _ kT —AF (D.328)
h q’[()g) P kBT 3 qr,1D €Xp kBT -3
wherein we approximate
qr,1D — qt,1D- (D329)

b) The Arrhenius-form activation energy is within this approximation given by:

; Ink
Apggrenins — yr2000 (D330)
orT
Plugging the above rate expression into this formula yields for the activation energy
AEThenius — Ap, 4 ngT. (D.331)

If the two forms (Arrhenius and Eyring) are equal, this yields the following expression for the
pre-exponential factor:

kgT  3/9
Varrhenius = “h e / “qr (D-332)
9
o o 0——0 o o
(¢] o (6]

Figure D.7: Schematic depiction of the initial, transition and final state of O, dissociation over a catalytic surface.

Note that this is a top view, where the viewing direction is perpendicular to the catalytic surface. The reaction
coordinate is shown as a dashed arrow in the image for the transition state.

(8)
ksT qy —AFEact kgT —AFact
k= —— _ | = [ D.
WO e""( kpT ) h exP( kpT > (D-333)
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In the transition state, the complex has in total 9 degrees of freedom. One degree of freedom
(DOF) corresponds to the imaginary frequency and is in the direction of the reaction coordinate.
This DOF is represented by % All other DOFs are vibrational. In the initial state, all DOFs
are of a vibrational nature.

d) The Arrhenius-form activation energy is:

ABRPeNS = AByqi + kgT (D-334)

And the corresponding pre-exponential factor becomes:

kT
Varrhenius = o € (D.335)

€) The important difference between situation (1) and (2) is that in situation (1) the O, fragment
in the transition state has a rotational degree of freedom. Rotational degrees of freedom have
more configurational freedom as compared to vibrational degrees of freedom. Hence, the
transition state of situation (1) is higher in entropy and thus lower in Gibbs free energy (recall
that AG = AH — TAS) as compared to situation (2). We can thus conclude that the reaction of
situation (1) will proceed faster than situation (2).

3 EXAM SOLUTION Transition State Theory 2

a) We assume that the initial state is in thermal equilibrium with the transition state. Hence, we
introduce an equilibrium constant K. To determine the rate constant to go from the initial to the
final state, we introduce a crossing frequency « that represents the number of species that goes
to the final state once that species is at the transition state. This requires us to define another
assumption, which states that once a species has crossed the transition state, it will always go
to the final state. (it can of course go back to the initial state, but that is captured in the rate
expression for the backward reaction)

b) The equilibrium constant is given by

Qs
Q1s

K= (D.336)

¢) The total partition function @ is the product of the molecular partition functions representing
vibrational, rotational and translations degrees of freedom and the electronic partition function.
If we extract the weak vibrational partition function and the electronic partition function, we can
rewrite the above equation to:

le—“s . qT1S,e

K= o weakc Qs ais,e’
,€

(D.337)

wherein the 1 indicates that we have extracted the partition function corresponding to the reaction
coordinate and we have redefined @ to only consist of molecular degrees of freedom (i.e. without
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the electronic partition function). The quotient of the electronic partition functions can be
rewritten using the Boltzmann formula and we can plug in the formula for the vibrational
partition function to obtain:

;
hep L G5 o (ZAFa ) (D.338)
—h\ Qis T\ keT
1 —exp (W)

d) Upon bond-breaking or formation, there exist a transition state wherein the bond is elongated
with respect to the most stable state (i.e. the bonded state). In the transition state, it is thus
expected that the bond is weaker. A weaker bond is represented by a shallower potential, hence
elongation or shortening of the bond will not result in a significant change in the energy. Hence,
the force constant representing the vibrational degree of freedom will be relatively small, thus
rationalizing the assumption to model the transition as a weak vibration.

1
w=— (D-339)
—h
1 —exp ( kgil“/)
1
N— (D.340)
—h
1-1+ (5%)
kpT
~ D.
= (D:341)

f) To obtain the general expression for the Eyring equation, the identity v =  needs to be true
in order to cancel out the « in the equation.

& EXAM SOLUTION Transition State Theory 3

a) The CO molecule consists of two atoms, which each have three independent degrees of free-
dom (i.e. z, y, and z direction). The dimensionality of the potential energy surface corresponds to
these degrees of freedom and is thus a mapping from six-dimensional space to one-dimensional
space:

RS SR (D.342)

b) The one-dimensional deconvoluted plots are provided in Figure D.8. There are three valley-
parabola and one mountain-parabola.

¢) Since the )\ direction corresponds to a mountain parabola, its force constant is negative. A
negative force constant results in an imaginary frequency according to

v=4/—. (D.343)

The only motion in the transition state that has an imaginary frequency is the motion in the
direction of the reaction coordinate. In fact, this is exactly the criterion that defines the transition

& APPENDIX D
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(c) Transition state: \1; mountain parabola (d) Transition state: Ao; valley parabola

Figure D.8: One-dimensional deconvoluted potential energy curves.

state. The chemical interpretation is thus as follows: the transition state corresponds to the
highest point in energy in the direction of the reaction coordinate, while being a minimum in all
other directions. Any perturbation in the direction of A; in the transition state will result in a
lowering of the energy, which is in line with the sign of the force constant.

d) In line with the reasoning of the previous subquestion: if the force constant is negative,
this gives rise to an imaginary frequency. Thus that the wavenumber is complex because the
imaginary part is nonzero.

e) For typical temperatures employed in catalysis (I' < 500 K), typically only the ground state is
occupied for the vibrational frequencies.

1
f=—F——==121%=1, (D.344)
—hl
1—exp ( k}gi’;’)

with w = 18 - 1012 Hz and T = 500 K.

f) The initial state has six vibrational partition functions with v; = 1500 cm~1 and the transition
state has five vibrational partition functions of which one has v = 600 cm~1! and all the others
v; = 1500 cm—1, thus

(1-eo ()
(1-ew(3)) (1-ew(32))

where wy = c¢- v = 1500 - 102 . ¢ = 450 THz and wy = 18 THz. Thus the equilibrium constant

KT =

, (D-345)
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between initial state and final state yields:

2
; (1_6"1’(}%1» 1

KT = = ~ (D340)
—hw 0.8223...
(1 e ( kBT2 ))
The pre-exponential factor is thus:
kgT
Vpre-exp = BTKT ~1.04-108.1.21=1.26- 103 57! (D.347)
g) From transition state theory, the reaction rate constant is given by
kgT —-AE
it = 2B gl eyp | 222 (D.348)
h kpT
—AE
= Upre-exp €XP ( kBTaCt> : (D-349)
The Arrhenius-form activation energy is given by
Olnk
AR = ke T 20 (D.350)

oT

0 —hw
2 _ 1)) ...
— kT 8T(1nT+21n (1 exp< ot >>
~ hus N
c—ln|1- - D.
" ( eXP( kT )) kT ) (D351)

2hw1 exp (7;;;11 ) hwo exp (7;;?[]“ )
+
1—exp (}Z;ﬂl> lfexp(fklgg)3>

~ AByct + kT (D.353)

N

= kT + AEyct — (D352)

The reason we can neglect the last two terms is because they are much smaller than A E,¢t or
kgT. This should not come as a surprise as we are basically calculating the energetic contribution
of vibrational states above the ground state. We already found that under typical conditions only
the ground state is occupied, thus these contributions should be negligible.

To calculate the Arrhenius-style pre-exponential factor, we simply use the principle that both
versions of the reaction rate constant should (of course) be equal to each other

ktSt — karr (D354)
kBl t —AEact _ —AEact - kBT
B R )
thus
kgT
= BTI(]L exp (1) (D.356)
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EXAM SOLUTION Transition State Theory 4

a) CO has two atoms, hence Npop = 3N = 6.

b) In the transition state, one DOF in the direction of the reaction coordinate has a negative
force constant and thus corresponds to an imaginary frequency.

¢) The Eyring equations for the forward and backward reaction rate constants for CO dissociation

are
(4) _
kgT gy g < AE, f>
fp= B e L) (D.357)
f *P 357
h q1()4)q§2) kgT
(4) _
_ kgT qp ' qt AEa,b
ky = T ©) P ( T . (D.358)
)
d) The equilibrium constant for CO dissociation is:
ky
k=L (D359)
b
1 < AEa F— AEa b)
= ——exp| ——*—— (D.360)
qt(2) kT
1 —AHy
_ D.36
(222 o
Note that you can also solve this question by starting from :
K=]]da" (D.362)
i
q
= (D-363)
ar1s
1 Ge,FS
= . (D364)
q; de,IS
1 —AHy
— D.36
(222 ose

e) Note that there is a single translational partition function in the numerator and two in the

denominator, effectively giving one ¢ = Liv%zlkBT term.
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Olnk
AEZ™" = kpT? D.366
a B T ( 3 )
4)
2 kT s —AE,f
= kpT? —1n | 2= : D36
B 8Tn( n @ @ P\ Tt (D-367)
Qv "4y
AFE
— k722 (= L - 250 (D.368)
T 2 kgT
1
= kBT + A,y (D:369)
Arrhenius and Eyring theory should give the same rate constants, hence
karr — ktSt. (D.370)
From the above expression, it follows that:
ktst
arr
= D.
v 1 ks TH+AE, ; ( 371)
exp | —2—F—+—2L Ve 3
kT —AFE, s
ik
= D.
LT+ AB. (D-372)
&p{ — ks T
1
kpT 9t €XP (j)
_ D.
H @ (D373)
q¢

Note that it is not allowed to cancel out two of the translational partition functions as these are a
priori not equal in magnitude.

@ EXAM SOLUTION Transition State Theory 5

a) C;Hg has 11 atoms, hence Npop = 3N = 33. Because C,H is in the gas phase, it has 3
translational, 3 rotational and 27 vibrational degrees of freedom.

b) The initial state corresponds to two molecules, hence 6 translational, 6 rotational and 54
vibrational degrees of freedom.

¢) The transition state should be treated as a single gas phase molecule, hence 3 translational, 3
rotational and 6o vibrational degrees of freedom of which one DOF corresponds to the imaginary
frequency. (alternatively, 59 real vibrational DOF and 1 imaginary vibrational DOF).

d) The final state is a single gas phase molecule, hence 3 translational, 3 rotational and 6o
vibrational degrees of freedom.
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€) Reaction rate constant can be written as:

k=

3/2 (o2 3/2 G
kot (2rmisksT)Y/? (872kgT) " " V/Trsh < AByt alec + ABpe
- exp _— e e -

kpT > » (D-374)

3/2

h 3/2
|:<27rmcpdkBT) / (872k5T) N

where I, corresponds to the product of the individual moments of inertia around the three
rotational axes.
f)

AESE = AEyqt — 2kgT (D.375)

,(3)
kgT 9rot qtrans /

h (6) /V2

ql’Ot qtrans

ko = exp (—2) (D.376)

g) Collision theory considers molecules to be rigid spheres by which they can only contain
translational degrees of freedom. In contrast, in the transition state theory all configurational
(i-e. including rotational and vibrational) degrees of freedom are taken into account.

@ EXAM SOLUTION Transition State Theory 6

a) The total translational partition function for an ensemble of N distinguishable5 molecules is
given by

Qi =q¥ (D377)

From this, the translational entropy is calculated by

0
St = T (kpT'In Qy) (D.378)
5]
=ar (k8T (Nlngqy)) (D.379)
=kg (NIngs) + NkBTa% In gy (D.380)

= Nkgln (qt - exp (2)) (D.381)

b) The total rotational partition function for an ensemble of N distinguishable® molecules is
given by

Qr=q" (D.382)

5We wait to introduce the correction factor % to account for the indistinguishability till subquestion e). So technically
we are now deriving the expression for IV distinguishable molecules.
®See note 1.
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From this, the rotational entropy is calculated by

0
Sr = T (kgT'InQr) (D-383)
1%}
=57 (kT (N1ngr)) (D.384)
0
=kg (Nlngr) + NkBTa—T Ingr (D.385)

— Nkgln (qT - exp (3)) (D.386)

¢) The total vibrational partition function corresponding to a single normal mode for an ensemble
of N distinguishable” molecules is given by

Qv =aq" (D-387)
So = 2 (kT In Qo) D388
v = o (kB n Qv (D.3383)
0
0
=kp(Nlngy) + NkgT — Ingqy (D.390)
oT
LVT hv
=Nkg| —2—— —In[1—exp (—) (D.391)
exp (k};VT) e ( ke T
_ B
= Nbkg [ In(go) + — '~ . (D:392)
e (£24)
d) « Ethylene has 3 translational, 3 rotational and 12 vibrational degrees of freedom.

« Butadiene has 3 translational, 3 rotational and 24 vibrational degrees of freedom.

« The transition state complex has 3 translational, 3 rotational, 41 vibrational degrees of
freedom and one imaginary frequency.

From this, the Eyring equation becomes

41

kgT 4t,t5,3d9rt5,3d L 1i i,v,ts AE?

k= o 12 57 &P\ =7 ) (D393)
9t,e,3d4r,e,3d IL i v,e X 4t,b,3d9r,b,3d I 9,v,b B

wherein the subscript e and b and ¢s refer to ethylene, butadiene and the transition state, re-
spectively and va highlights the fact that the vibrational partition functions cannot a priori be
assumed to be equal. Furthermore, AE* corresponds to the ZPE-corrected electronic activation
energy.

€) Let us first derive a formula for the entropy of a single state, so either for ethylene, butadiene
or the transition state. Let us not forget that we still need to introduce the correction factor 1/N!
to accomodate the fact that molecules of the same type are indistinguishable from a quantum
mechanical perspective.

7See note 1.
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d
ASstate = T (kBT In Qota1) (D-394)
N
d 1
= 3T kgT'In N1 | 9.3d X r,3d % 1:[%,1‘ (D-395)
A NkgT |Ing; 34 +Ing, 30+ » Ingy; | —NInN+N (D.396)
orT s Ty ; )
=8+S+Y Syi—InN (D.397)

K2

The first three terms, i.e. S¢, S and Sy are those that correspond to the subquestions (a), (b)

and (c) and we can thus readily calculate using our previous answer the total entropy for a single
8

state.

3 .
Jé—]i =In QteXp]\<[2> +In <q7‘ exp (2)) +; In (qv,i) + 6@&1;%)_1 (D-398)

This can be done for all three states (ethylene, butadiene and the transition state) by which the
entropy of activation can be readily determined from

Ast = AStg — ASethylene — ASpytadiene- (D-399)
Alternatively, one can answer the following:
(@) The entropic contribution of the nuclear and electronic partition functions can be neglected

as we can assume that the ground state configurations are non-degenerate. (recall that
entropy measures the number of different configurations!)

(b) The entropy of activation can be guestimated to be negative as the configurational degrees
of freedom will vastly decrease when two freely moving gas molecules have to meet to form
a weakly bound transition state complex.

@ EXAM SOLUTION Transition State Theory 7

a) First, we calculate d2,

2
1.5-10710 4 2.8.10—10
d? = < ;L =4.6-10720 m? (D.400)

8Ttis customary to insert the — In IV in the term corresponding to the translational partition function.
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then the reduced mass.

1. -2-79.904 - 2
p= 008 79.90 . 1.66 - 10—27 —=3.30- 10_27 kg (D4OI)
1.008 - 2 4 79.904 - 2

Finally, we plug in the values and we get the value for the collision frequency.

8k, - 450

k=m-46-10720 ( "0 70
T (7r -3.30-10—27

1/2
) =3.16- 10716 collisions - m3 - s ™1 (D.402)

b) The unit for k.oj1;sion iS collisions - m3 - s~ 1.

c) Not every collision immediately results in a reaction. Only those collisions where the particles
have sufficient kinetic energy, i.e. equal or larger than the activation energy, will result in a
reaction. The number of particles that meets this criterion increases with temperature.

d) The average kinetic energy of the particles in the ensemble increases exponentially with
temperature, as can be seen from the Maxwell-Boltzmann velocity distribution and the related
average kinetic energy expression.

)

—AE, 16 —200- 103
Ereaction =Kcollision * €XP ( RT ) =3.16-10 * €xp “R-450 (D.403)
=1.9206713- 10739 m3 . s 71 (D.404)

Note that this is the reaction rate constant on a per-particle basis. On a per molecule basis, the
number is much larger (by about 23 orders of magnitude).

f) In collision theory, only translational degrees of freedom are taken into account, whereas in
transition state theory, also rotational and vibrational degrees of freedom are considered. (Note
that despite this discrepancy in collision theory, since translational degrees of freedom give the
largest partition functions as compared to rotational and vibrational degrees of freedom, collision
theory remains fairly accurate.)

@ EXAM SOLUTION Transition State Theory 8

a) According to transition state theory, the expression for the reaction rate constant for the
dissociative adsorption of methane is:

1 AE,
k= kgT aqar ex _ elec,act (D.405)
kg kgT
kgT 1 AEelec act T AEzpe
=== D.406
0,0 < (D-400)
t
_ kgT QﬂkaT
T h h o \ 04656+ A@ BOC
- exp < AEelec: act + AEZPE) (D.407)
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b) The internal energy of activation is:

3 _1
AW@ﬁam@TKWmmﬂ>vﬁ 78].~
T

h h o | ©40p6¢
AE, + AE
exp | - D clecatt TRTERE NV U o (D.408)
kgT
3 3
= AEelec,act —+ AEZpe —+ kBT — ikBT — EkBT — kBT (D409)
= AFelecact T+ AEzpe — 3kgT (D.410)

¢) The entropy of activation is:

—1
AST£<kBT1n{ |:<V2ﬂ-kaT>3v\/;r TS:|

h ERCICICE

AE, AE
exp <_W> }) (D.411)

3 —1
2mmkgT T3
— kgln {(7””'E‘> vyT } — 3kg

D.
I s \ 040560 (D-412)
d) The Gibbs free energy of activation is:
AGT = AUT —TAST (D.413)
3
v/ 2mmkgT
= AEelec,act + AEZPe - kBTln{ |: <7FZLB) tee
N3 T3 !
NN V4 iy e — } (D.414)
o \©,0560
e) According to definition
kgT AGH
k= [ — D.
n P < kgT ) (D.415)
kgT 1
= h €xp < - ]%7 <AEelec,act + AEzpe - -
3 -1
/ 3
o —kgTln v 2mmkpT Vﬁ _~ (D.416)
h o\ ©,0560
3 _1
_ kgT /2mmkgT ‘/315 T3
T h h o 04,0500
AEelec act T AEZPe
.. - e D'
exp < kT ; (D-417)

which completely matches the result of subquestion (a).
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3 EXAM SOLUTION Transition State Theory g

a) The overall reaction is

C,H, +H, & C,Hg (D.418)

H, is a homonuclear diatomic. The total number of motional degrees of freedom (DOF) is
3N = 6. There are 3 translational DOF, 2 rotational DOF (because the molecule is invariant to
rotation around the interatomic axis) and 1 vibrational DOF.

C,H, has 6 atoms. The total number of motional DOF is 3N = 18. There are 3 translational
DOF, 3 rotational DOF and 18 — 6 = 12 vibrational DOF.

b) The transition state complex will take the form of [E——H,] with E denoting ethylene. This
complex has 8 atoms, with 3N = 24 motional DOF. There are 3 translational DOF, 2 rotational
DOF and 24 — 6 = 18 vibrational DOF. Of these 18 vibrational DOF, 17 will be real and 1 will be
imaginary (corresponding to the reaction coordinate).

¢) The rate constant in the forward direction? is given by

—AE
Kt — kpT Qrs/V exp < act,elec> (D.419)

h Qr/V xXQu2/V kgT

Here, Qg is the motional partition function of the transition state without the imaginary mode.

Qrs = QEQy is the motional partition function of the initial state. Using the listing of the
partition functions obtained in the previous questions, these take the following forms

Qrs = H qgf H H 4y, (D-420)
j=1

Qg = H Qi H 4 H Gy & (D.421)
j=1

i=1
Qu, = H 9 ; H qt,] v, 1 (D.422)

The translational modes depend on the mass of each molecule/complex:
3 (n) 2em (M) kg T H
H =Vi—z (D.423)
The rotational modes depend on the moment of inertia of each molecule/complex, as well as

their symmetry character. For ethylene and the 7'S-complex we have to use the asymmetrical
form of the rotational partition function

(D.424)

9This rate constant is constructed using a number-density based equilibrium constant.
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For hydrogen we use the expression for homonuclear diatomics

H2 f—
[Ta;=—3 (D.425)
The vibrational modes depend on the frequencies of the internal vibrations for each molecule

7}”’12")
P\ 2T
n)

=—~ 7 D.426
Do,k ™ (D.426)
1 —exp ke

ksT

Note here the inclusion of the ZPE term.

Assuming all gases to be ideal, the rate equation based on the partial pressures is then given by

opc
— D.
=K (D.427)
1
— kT PP, D.428
(kgT) EPH, (D.428)
\4 QTS 7AEactelec
= — e o Pr P D.42
h Qo XP( T B PH, (D.429)

Alternatively, one could build the expression in terms of the number-density of the gas phase
reactants.’® In that case, the reaction would be

9pc

_ D.

T= (D.430)
kgTV QTS _AEactelec

_ : D.
5 QEQHze T T PEPH, (D.431)

d) If the vibrational temperature is much larger than the (thermodynamic) temperature

h
Op =L >>T (D.432)
kg

This makes the term in the exponential become strongly negative, such that

1 " 1
1—exp(—%) 1-0

This can occur e.g. if the barrier for vibrational excitation is large with respect to the available
thermal (kinetic) energy. Then, only the vibrational ground state will be occupied, corresponding
to qyi, = 1 (relative to the ZPE level).

=1 (D-433)

'°Both a number-based as well as a pressure-based reaction rate equation are valid.
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& EXAM SOLUTION Transition State Theory 10

a) The potential energy curve is by definition oriented from initial to final state alongside the
reaction coordinate. This reaction coordinate lies alongside the diagonal of the contour plot. The
potential energy curve should correspond to a quasi-parabolic profile wherein the bonded state

(cyclohexene) is lower in energy as compared to the dissociated state (ethylene and butadiene).

The transition state lies higher than both the initial and final state.

b) « The initial state lies at (3.0, 3.0)
« The final state lies at (1.6, 1.6)

« The transition state lies at (2.2, 2.2) and corresponds to highest point on the reaction
coordinate.

The molecular complexes can be easily drawn by considering the C-C bond lengths.

9] « The activation energy in the forward direction is 52.53 kJ/mol.

« The activation energy in the backward direction is 256.2 kJ/mol.

d) Using a three-point finite difference stencil (see exercise 4.7) and assuming a harmonic
potential close around the stable point on the PES, the force constants can be found to be

KFS E(rg —h) —2E(rg) + E(ro + h)

I = 2 (D.434)
27.68 —2 -0+ 3.48
_ D.
012 (D-435)
= 3116k]/A> (D.4306)
E(rg — h) — 2E(rg) + E(rg + h)
K = =0 o) + Blro (D-437)
15.71—-2-0+15.71
= D.438
012 (D.433)
= 3142k]/A2 (D.439)
From these, the frequencies can be calculated by™
k
w=1/—. (D.440)
m

e) Using the same strategy as in the previous subquestion, the force constants are found to be

I = 12 (D'44I)
244.52 — 2 - 256.20 + 254.71

= = (D.442)

= —1317k]J/A> (D.443)

“'Within the scope of this question, it is undefined which mass to use, so depending on your choice of the mass, different
answers are possible.
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E(rg—h) —2E(rg) + E(rog + h
KIS = (ro —h) h(20) (ro +h) (D.444)
257.36 — 2 - 256.20 + 257.36
012 (D.445)
= 232kJ/A2 (D.446)

The result as found here is in line with the definition of a transition state. There is a single
imaginary frequency in the direction of the reaction coordinate and all other frequencies are
real-valued. The most striking difference between this result and the one from the previous
subquestion thus relates to the observation of a single imaginary frequency.
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