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1 INTRODUCTION

1 Introduction

1.1 What is statistical thermodynamics?

In your curriculum you have learnt so far

e how macroscopic systems behave when the external conditions (pressure, temperature, concentra-
tiond) are altered = classical thermodynamics

e how to calculate the properties of individual microscopic particles, such as a single atom or a single
molecule = Atombau und Chemische Bindung, Theoretische Chemie

You also know that macroscopic systems are an assembly of microscopic particles. Hence, it stands
to reason that the behaviour of macroscopic systems is determined by the properties of the microscopic

particles it consists of. Statistical thermodynamics provides a quantitative link between the properties of
the microscopic particles and the behaviour of the bulk material.

Classical thermodynamics is a heuristic theory. It allows for quantitative prediction but does not
explain why the systems behave the way they do. For example:

e |deal gas law: PV = nRT. Found experimentally by investigating the behaviour of gas when the
pressure, the volume and the temperature is changed.

e Phase diagrams.

The state of matter of a substance is recorded at different temperatures and
pressures.

It relies on quantities such as C,, AH, AS, AG ... which must be measured experimentally. Statistical

thermodynamics aims at predicting these parameters from the properties of the microscopic particles.
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Figure 1: Typical phase diagram. Source: https://en.wikipedia.org/wiki/Phase_diagram

1.2 Classical thermodynamics is sufficient for most practical matters.

Why
bother studying statistical thermodynamics?

Statistical thermodynamics provides a deeper understanding for otherwise somewhat opaque concepts such
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e thermodynamic equilibrium
e free energy

e entropy

e the laws of thermodynamics

and the role temperature play in all of these. Also, you will understand how measurements of macroscopic
matter can reveal information on the properties of the microscopic constituents. For example, the energy
of a molecule consists of its

e translational energy
e rotational energy
e vibrational energy
e electronic energy.

In any experiment you will find mixture of molecules in different translational, rotational, vibrational, and
electronic states. Thus, to interpret an experimental spectrum, we need to know the distribution of the
molecules across these different energy states. Moreover, the thermodynamic quantities of a complex
molecule can only be derived from experimental data (AH, AS) by applying statistical thermodynamics.

LOM) B

i

NALE) S 2HIN) 2NN 2T P

Figure 2: Infrared rotational-vibration spectrum of hydrochloric acid gas at room temperature. The dubletts
in the IR absorption intensities are caused by the isotopes present in the sample: 1H-35CI 1H-37Cl

1.3 Why is it a statistical theory?

Suppose you wanted to calculate the behaviour of 1 cm? of a gas. You would need to know the exact
position of 10° particles and would have to calculate form these the desired properties. This is impractical.
Hence one uses statistics and works with distributions of position and momenta. Because there are so many
particles in the system, statistic quantities such as expectation values have very little variance. Thus, for a
large number of particles statistical thermodynamics is an extremely precise theory.

Note: The explicit caclulation can be done using molecular dynamics simulations, albeit with typical
box sizes of 5 x 5 x 5 nm?.




1 INTRODUCTION

1.4 Classification of statistical thermodynamics

1. Equilibrium thermodynamics of non-interacting particles

e Simple equations for which relate microscopic properties ot thermodynamic quantities

e Examples: ideal gas, ideal crystal, black body radiation
2. Equilibrium thermodynamics of interacting particles

e intermolecular interaction dominate the behaviour of the system
e complex equation = solved using approximations or simulations

e expamples: real gases, liquids, polymers
3. Non-equilibrium thermodynamics

e descibes the shift from one equilibrium state to another

involves the calculation of time-correlation functions
e is not covered in this lecture

e is an active field of research.

1.5 Quantum states

The quantum state (eigenstate) vs(xx) of a single particle (atom or molecule) & is given by the time-
independent Schrodinger equation

2
ests(xi) = Iy bs(xi) = —;kai s (xx) + Vi (xx) s (xk) (1.1)

where €, is the associated energy eigenvalue. If a system consists of N such particles which do not interact
with each other, the time-independent Schrddinger equation of the system is given as

N
BjWi(x1,...xn) = HUj(x1,...xn) =Y b ¥i(x1,...xn) (1.2)
k=1

The possible quantum state of the system are 1

Ui(x1,...XN) = g1y (X1) @ Ys(2)(X2) -+ @ Py (Xn) (1.3)

where each state j corresponds to a specific placement of the individual particles on the energy levels of
the single-particle system, i.e. to a specific permutation

i {s(1),5(2)...s(N)}; (1.4)

The associated energy level of the system is

N
Ej = ) e (1.5)
k=1

1The wave function needs to be anti-symmetrized if the particles are fermions.
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2 Microstates, macrostates, ensembles

2.1 Definitions

e A particle is a single molecule or a single atom which can occupy energy levels €g, €1, €3,.... . The
energy levels are the eigenvalues of the Hamilton operator which desribes the single-particle system.

e A (thermodynamic) system is a collection of N particles. The particles do not need to be identical.
A system can have different values of (total) energy F1, F, ...

e An ensemble consists of an infinite (or: very large) number of copies of a particular systems.

Part of the difficulties with statistical mechanics arise because the definitions as well as the notations change
when moving from quantum mechanics to a statistial mechanics. For example, in quantum mechanics a
single particle is usually called a "system" and its energy levels are often denoted as F,,. When reading a
text on statistical mechanics (including this script), make sure you understand what the authors mean by
"system", "energy of the system" and similar terms.

In thermodynamics, the world is always divided into a system and its surroundings. The behaviour of the
system depends on how the system can interact with its surroundings: Can it exchange heat or other forms
of energy? Can it exchange particles with the surroundings? To come up with equations for the systems’
behaviour, it will be useful to introduce the concept of an ensemble of systems.

system
surroundings

ensemble of systems

Figure 3: (A) a system with its surroundings; (B) an ensemble of systems.

2.2 Classification of ensembles

The system in an ensemble are typically not all in the same microstate or macrostate, but all of them
interact in the same way with their surroundings. Therefore, ensembles can be classified by the way their
systems interacts with their surroundings.

e An isolated system can neither exchange particles nor energy with its surroundings. The energy F, the
volume and the number of particles IV are constant in these systems — microcanonical ensemble.

e A closed system cannot exchange particles with its surroundings, but it can exchange energy (in form
of heat or work). If the energy exchange occurs via heat but not work, the following parameters are
constant: temperature 7', volume V' and the number of particles N — canonical ensemble

e In a closed system which exchanges energy with its surrounding via heat and work the following
parameters are constant: temperature T', volume p and the number of particles N — isothermal-
isobaric ensemble
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e An open system exchanges particles and heat with its surroundings. The following parameters are
constant temperature 7', volume V' and chemical potential © — grand canonical ensemble

chemical and thermal thermal reservoir
reservoir
open flask closed flask -
T, V, u
grand canonical
ensemble
closed flask closed flask
no piston ﬂ piston

closed flask closed flask closed flask  closed flask

no piston no piston piston no piston
not insulated  insulated not insulated  insulated
T,V,N E,V,N T, p, N E,p,N
canonical microcanonical isothermal-
ensemble ensemble isobaric

ensemble

Figure 4: Classification of thermodynamic ensembles.

2.3 lllustration: Ising model

Consider a particle with two energy levels ¢y and €;. 2 A physical realization of such a particle could be a
particle with spin s = % in an external magnetic fields. The system can be in quantum states my, = —1
and mg = +1 and the associated energies are

€0 = MBBzms = _MBBZ
€1 =upB.ms = +upB,. (21)

where g is the Bohr magneton and B, is the external magnetic field. Now consider N of these particles
arranged in a line (one-dimensional Ising model). The possible permutations for N = 5 particles are shown
in Fig. 2.3. In general 2V permutations are possible for an Ising model of N particles. In statistical
thermodynamics such a permutation is called microstate.

2Caution: such a particle is usually called two-level system - with the quantum mechanical meaning of the term "system".
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Figure 5: Microstates of a system with five spins, the corresponding configurations and macrostates.

Let us assume that the particles do not interact with each other, i.e the energy of a particular spin does
not depend on the orientiation of the neighboring spins. The energy of the system is then given as the sum
of the energies of the individual particles.

N N
Ej = Z,U'BBzms(k) = UBBz st(k) (22)

k=1 k=1
where k is the index of the particles, m) is the spin quantum state of the kth particle, and the Ej is
the energy of the system. A (non-interacting) spin system with five spins, can assume six different energy
values: Fy = —bupB,, Fy = —3upB,, F3 = —1upB,, Fy = lupB,, F5 = 3upB,, and Es = bupB,
(Fig. 2.3). The energy E; together with the number of spins IV in the system define the macrostate of the

system. Thus, the system has 6 macrostates. Note that most macrostates can be realized by more than
one microstate.

Relation to probability theory. An system of N non-interacting spins can be thought of N mutually
independent random experiments, where each experiment has the two possible outcomes: @y = {1,/}.
If the N experiments are combined, the samples space of the combined experiments has n(Qy) = 2V
outcomes. The outcomes for N = 5 are shown in Fig. 2.3. That is, the microstates are the possible
outcomes of this (combined) random experiment. In probability theory, this corresponds to an ordered
sample or permutation. The microstates can be classified according to occupation numbers for the different
energy levels, e.g. (1J41)) — (21,3 ]) This is often called the configuration of the system. In probability
theory, this corresponds to an unordered sample or combination. Finally, the system can be classified by
any macroscopically measurable quantity, such as its total energy in a magnetic field. This means that all
configurations (and associated microstates) have the same energy are grouped into a joint macrostate.
Note: In the Ising model, there is a one-to-one match between configuration and macrostate. This
is however not the case for systems with more than two energy levels. For example, in a system with
M = 3 equidistant energy levels and N particles, the set of occupation numbers n = (%,0, %) yields the
same system energy (macrostate) as n = (0, N,0). Thus in the treatment of more complex systems, the
microstates are first combined into occupation number which are then further combined into macrostates.

ordered sample <> microstate

unordered sample

<> permutation

+» combination <> configuration
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3 Mathematical basics: probability theory

3.1 Random experiment

Probability theory is the mathematical theory for predicting the outcome of a random experiment. An
experiment is called random if it has several possible outcomes. (An experiment which has only one possible
outcome is called deterministic). Additionally, the set of outcomes needs to well-defined, he outcomes need
to be mutually exclusive, and the experiments can be infinitely repeated. Often several outcomes are
equivalent in some sense. One therefore groups them together into events. The formal definitions of a
random experiment has three ingredients

e the sample space Q). This is the set of all possible outcomes of an experiment.
e a set of events X. An event is a subset of all possible outcomes.

e the probability p of each event.

Note that in the following we will consider discrete outcomes (discrete random variables). The theory can
however be extended to continuous variables.

Example 1: Pips when throwing a fair die
e Sample space 2 ={1,2,3,4,5,6}
e Events X ={1,2,3,4,5,6}
111111

(] Pl’obabl|lty Px = {g, 55586

Example 2: Even number of pips when throwing a fair die
e Sample space Q2 ={1,2,3,4,5,6}
o Events X = {even number of pips, odd number of pips} = {{2,4,6},{1,3,5}}

11

e Probability px = {3, 3

Example 3: Six pips when throwing an unfair die fair die. The six is twice as likely as the other faces
of the die.

e Sample space Q = {1,2,3,4,5,6}
e Events X = {six pips, not six pips} = {{6},{1,2,3,4,5}}

e Probability of the individual outcomes po = {%,%, 1 1 1 21 Probability of the set of events

5 s T T T T
px={7>7}

3.2 Combining random events

Consider the following two random events when throwing a fair die
e random event A = an even number of pips

e random event B = the number of pips is large than 3.

These two events occur within the same sample space. But they overlap, i.e the outcomes 3 pips and 6
pips are elements of both events. Therefore, events A and B cannot be simultaneously be part of the same
random experiment. There are two ways to combine A and B into a new event C.

e Union: C = AU B. Either A or B occurs, i.e. the outcome of the experiment is a member of A or
of B. In the example C = {2,4,5,6}.

e Intersection: C' = AN B. The outcome is a member of A and at the same time a member of B. In
the example C' = {4, 6}.
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3.3 Mutually independent random experiments

To caclulate the probability of a particular sequence of a events obtained by a series of random experiments,
one needs to establish whether the experiments are mutually independent or mutually dependent. Two
random experiments are mutually independent, if the sample space €2, the event definition X, the probability
px of one experiment does not depend on the outcome of the other experiment. In this case the probability
of a sequence of events {x1,x2} is given by the production of the probabilities of each individual element

p({z1,22}) = p(z1)p(w2) (3.1)

For mutually dependent experiments one needs to work with conditional probabilities.

Examples: mutually independent

e The probability of first throwing 6 pips and then 3 pips when throwing a fair die twice p({6,3}) =
p(6)p(3) = 55-

e The probability of first throwing 6 pips and more than 3 pips when throwing a fair die twice
p(6.{4,5,6}) = p(6)p({4,5,6}) = 7.
e The probability of first throwing 6 pips with a fair die and then head with a fair coin p(6, head) =

p(6)p(head) = L. (Note: the experiments are not necessarily identical.)

3.4 Permutations and combinations

To correctly group outcocmes into events, you need to understand permutations and combinations of. Con-
sider a set of N distinguishable objects (you can think of them as numbered). Arranging NV distinguishable
objects into a sequence is called a permutation, and the number of possible permutations is as

P(N,N) = N-(N—-1)-(N=2)..-1=N! (3.2)

where N! is called the factorial of NV and is defined as

N
N! = Hi VN e N
=1
0 = 1. (3.3)

The number of ways in which k objects taken from the set of N objects can be arranged in a sequence (i.e.
the number of k-permutations of N) is given as
N! N!

PINE) = NN =1 (N =2 (N b+ 1) = r— v =1~ =Y

with N,k € N° and k£ < N. Note that
N
N! .
i=N—k+1

Splitting a set of N objectso into two subset of size £k and N — k. Consider a set of N numbered
objects which is to be split into two subset of size kg and k1 = N — kg. An example would be n spins of
which kg are "up", and k; = N — kg are "down". The configuration is denoted k = (ko, k1). How many
possible ways are there to realize the configuration k?

We start from the list of possible permutations of all N objects P(N, N) = N!. Then we split each
of these permutations between position k& and k + 1 into two subsequences of size kK and N — k. Each
possible set of £ numbers on the left side of the dividing line can be arranged into k! sequences. Likewise
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each possible set of N — k numbers on the right side can be arranged into (N — k)! sequences. Thus, the
number of possible ways to distribute N objects over these two sets is

NI
(N — k)I&!

(5) = o o
(N —Fk)

The last example can be generalized. Consider a set of NV objects which will be split into m subsets of
sizes kg, ...km—1 with Z;l_ol k; = N. There are

W(k) = (3.6)

where

is called the binomial coefficient.

N N!
W(k) a <k07---km—1) N ko'km_ll (38)

ways to do this. Eq. 3.8 is called the multinomial coefficient.

Example: Choosing three out of five. We want to know the possible subsets of size three (k = 3) within
a set of five objects (n = 5), i.e the number of combinations W (k = (3,2)). There are P(5,3) = 5-4-3 = 60
possible sequences of length three which can be drawn from this set. For example, one can draw the
ordered sequence #1, #2, #3 which corresponds to the (unordered) subset {#1, #2,#3}. However, one
could also draw the ordered sequence #2, #1, #3 which corresponds to the same (unordered) subset
{#1,#2,#3}. In total there are 3-2-1 = 3! = 6 way to arrange the numbers {#1,#2,#3} into a
sequence. Therefore, the subset {#1,#2, #3} appears six times in the list of permutations. The same
is true for all other subsets of size three. The number of subsets (i.e. the number of combinations) is
therefore W(k = (3,2)) = P(5,3)/6 = 60/6 = 10.

Example: Flipping three out of five spins. The framework of permutations and combinations can be
also applied to slightly different type of thought experiment. Consider sequence of five non-interacting spins
(n =5), all of which are in the "up" quantum state. Such a spin model is called an Ising model (see also
section 2). We (one by one) flip three out of these five spins (k = 3) into the "down" quantum state. How
many configurations exist which have two spins "up" and three spins "down"? There are P(5,3) =5-4-3 =
60 sequences in which one can flip the three spins. Each configuration (e.g. |J1]1) can be generated by
3-2-1 = 3! = 6 different sequences. Thus the number of configurations is W(k = (3,2)) = P(5, 3)/6 = 10.

3.5 Binomial probability distribution

The binomial probability distribution models a sequence of N repetitions of an experiments with two
possible outcomes e.g. orientation of a spin © = {1,|}. The probabilities of the two possible outcomes
in an individual experiment is given are p; and p; = 1 — py There are 2N possible sequences. Thus,
the combined experiment has possible 2V outcomes. Since the experiments in the sequence are mutually
independent, the probabilities of the outcome of each experiments can be multplied to obtain the probability
of the corresponding outcome of the combined experiment. E.g.

p(ttl) = propr-pL=pi-py (3.9)

Note that p; and p; are not necessarily equal and hence the probability of the outcomes of the combined
experiments are not uniform. However, all outcomes which belong to the same combination of spin 1 and
spin | have the same probability

p(1) = p(t1) =p(I11) = pf-py. (3.10)

10
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(See also Fig. 3.5). In general terms, the probability of a particular sequence in which & spins are 1 and
N — k spins are | is

Py " = pf(l—p)NT (3.11)

Often one is not interested in the probability of each individual sequence but in the probability that in
N experiments k spins are T and n — k spins are |, i.e. one combines a several sequences (outcomes) into
an event. The number of sequences in which a particular combination of kg = k spins T and k1 = N — k
spins | can be generated is given by the binomial coefficient (eq. 3.7). Thus, the probability of event
X ={k1,N —k ]} is equal to the probability of the configuration k = (kg = k, k1 = N — k)

px =pk) = (]]D pEA —pp)NF = k!(]\ivik)!p’?(l —p)N Tk (3.12)

Eq. 3.12 is called the binomial distribution.
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Figure 6: Possible outcomes in a sequence of three random experiments with two possible events each.

3.6 Multinomial probability distribution

The multinomial probability distribution is the generalization of the binomial probability distribution to
the scenario in which you have a sequence of N repetitions of an experiment with m possible outcomes.
For example, you could draw balls from a urn which contains balls with three different colors (red, blue,
yellow). Every time you draw a ball, you note the color and put the ball back into the urn (drawing with
replacement). The frequencies with which each color occurs determines the probability with which you
draw ball of this color (pred, Pblue Pyellow)- The probability of a particular sequence is given as the product
of the outcome probabilities of the individual experiments, e.g

p(red,red,blue) = pred * Pred * Polue (3.13)
and all permutations of a sequence have the same probability
p(red, red, blue) = p(red, blue, red) = p(blue, red, red) = pfed * Dblue - (3.14)

In general, the probability of a sequence which contains keq red balls, ke blue balls, and kyejion yellow

. .k k k.
balls (with kred + Kblue + Fyellow = V) is prgjd -pbmge -pyé’ﬁg\?vw. There are
N N!
( ) - ory 1 1 (3.15)
kred: kbluea kyellow kred -kblue~kyellow~

possible sequences with this combination of balls. The probability of drawing such a combination is

N! kred . Fblue i kyellow (316)

|pred “DPblue yellow *

P(kred> Fblues Fyellow)
re ue» "vyellow ]{jred!kbh]e!kyellow'

11
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Generalizing to m possible outcomes with probabilities p = {pq, ...pm—1} yields the multinomial probability

distribution

N!

px =pk) = 71’0

A7
kO! : k"rn 1 (3 )

km—1
.pm71 .

This distribution represents the probability of the event that in IV trials the results are distributed as

X =k = (ko k1) (with 7"k = N).
o] o] fee] oo feo] fecf oo [ee]  [o]
e Py 1’ Do Pa D pe- vy 1’ Do Py D" pe-pe P’
Do’ Do’ D" Do Pe " P’ Pe P D Py Do D

Figure 7: Drawing balls from a urn with replacment. Possible outcomes in a sequence of two random

experiments with three possible events each.

3.7 Relation to Statistical Thermodynamics

Probability Theory Statistical Thermodynamics

em—1) energy levels of the single particle

m outcomes in the single random experiment (€0, -

(ordered) sequence of n outcomes / outcome of microstate of a system with n particles

the combined random experiment

combination k = (ko, k1, ...k —1), i.e. k; single configuration of the system k = (ko, k1, ...km—1),

random experiments yielded the outcome i

i.e. number of particles k; in energy leven ¢;

probability of a particular ordered sequence

ko k‘l kmfl
po .pl ...pm_l

probability of a microsate
7n 1

ko K
Po’ " P1' P

number of sequences with a particular combination
k

1
W(k) To!- n 1

ckmoa!

weight of a particular configuration k

W(k) =t

probability of a partlcular combination k

Eon—
p(k) = mpo S Ay

probability of a particular configuration k

Ko —
p(k) = mpo S

Comments:

e This comparison is true for distinguishable particles.

For indistinguishable particles, the equations

need to be modified. In particular, the distinction between fermions and bosones becomes important.

e To characterize the possible states of the system, one would need to evaluate all possible configurations
k which quickly becomes intractable for large numbers of energy levels m and large number of particles
N. Two approximations drastically simplify the equations:

— the Stirling approximation for factorials for large N

— the dominance of the most likely configuration k* at large N

12
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3.8 Stirling’s formula

Stirling's formula

N

Mo~ Yo (3.18)
€

Q

holds very well for large values of N. Taking the logarithm yields
1
InN! = NlnN—N+§1n(27rN) (3.19)

For large N, the first and second term is much bigger than the third, and one can further approximate

InN! ~ NInN-N. (3.20)

3.9 Most likely configuration in the binomial distribution

Consider an experiment with two possible outcomes 0 and 1 (equivalently: a single particle with two energy
levels ¢y and €1). The outcomes are equally likely, i.e. po = p1 = 0.5. The experiment is repeated N
times (equivalently: the system contains non-interacting IV particles). The probability that the outcome
0 is obtained k times and the outcome 1 is obtained N — k times (equivalently: the probability that the
system is in the configuration k = (ko = k, k1 =n —k)) is

N! _ NI

pk) =
Thus, if the outcomes have equal probabilities, the probability of a configuration k is determined by the
number of (ordered) sequences W (k) with which this configuration can be realized (equivalently: by
the number of microstates which give rise to this configuration). W (k) is also called the weight of a
configuration. The most likely configuration k* is the one with the heighest weight. Thus solve

0= d%W(k) (3.22)
Mathematically equivalent but easier is
0 = %an(k) = cﬁflnk‘!(]\‘;vik)! = (;ik; [In N!—Ink! — In(N — k)!]
= —d% In k! — d% In(N — k). (3.23)
Use Stirling’s formula (eq. 3.20)
0 = f% [klnk — k] — % [(N—k)ln(N—k)— (N —-k)]=—Ink+1In(N — k)
0 ? mY—F
k
? N
k= 5 (3.24)
The most likely configuration is k* = (&, &1).

13
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4 The microcanonical ensemble

4.1 Boltzmann distribution - introducing the model

Consider a system with N particles, which is isolated from its surroundings. Thus, the number of particles
N, the energy of the system E and its volume V are constant. To derivation of a statistical framework for
such a system goes back to Ludwig Boltzmann (1844-1904), and is based on a number of assumptions:

1. The single particles systems are distinguishable, e.g. you can imagine them to be numbered.
2. The particles are independent of each other, i.e. they do not interact with each other.
3. Each particle occupies on of N, energy levels: {eg, €2, ...€n. 1}

4. There can be multiple particles in the same energy level. The number of particles in the ith energy
level is denoted k;.

Thus, each particles is modeled as random experiment with N, possible outcomes. The random ex-
periment is repeated N times generating a sequence of outcomes j = (e(1),€(2),...(N)), where €(i) is
the energy level of the ith particle and j denotes the microstate of the system. There are N~ possible
microstates. There number of particles in energy level €, is denoted ks, and k = (ko, k2, ....kn._,) with
Zi\io_l ks = N is called the configuration of the system.

Because the particles are independent of each other, the total energy of the system in microstate j is
given as the sum of the energies of the individual particles, or equivalently as the weighted sum over all

single-particle energy levels with weights according to k

N N—1
E;, = Ze(z) = Z kses - (4.1)
=1 s=0
Note that e(¢) denotes the energy level of the ith particle, whereas e, the sth entry in the sequence of
possible energy levels {eg, €2, ...n, —1}.

The total energy of the system is its macrostate. Given the configuration k, one can calculate the
macrostate of the system. The probability that the system is in a particular configuation k is given by the
multinomial probability distribution

N! ko kN —1
pk) = ol -, a1 PPN (4.2)
To work with this equation, we need to make an assumption on the probability ps with which a particle
occupies the energy level ¢,.

4.2 Postulate of equal a priori probabilities

The postulate of equal a priori probabilities states that

For an isolated system with an exactly known energy and exactly known composition, the system can be
found with equal probability in any microstate consistent with that knowledge.

This is only possible if the probability ps with which a particle occupies the energy level €, is the same for
all states, i.e. ps = Ni Thus,

N
k) = ———.pN. a,
p(k) kol - ey, 1 1® (4.3)

The probability that the system is in a particular configuation k is then proportional to the number of
microstates which give rise to the configuration, i.e. to the weight of this configuration
N!

W(k) = e (4.4)
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4 THE MICROCANONICAL ENSEMBLE

4.3 The most likely configuration k*

Because we work in the limit of large particle numbers N, we assume that the most likely configuration
k* is the dominant configuration, and that it is thus sufficient to know this configuration to determine the
macrostate of the ensemble. Because of the postulate of equal a priori probabilities, this amounts to finding
the configuration with the maximum weight W (k), i.e. the configuration for which the total differential of
W (k) is zero

AWk = Y 8kSW(k)dkS:0. (4.5)

(Interpretation of eq. 4.5: Suppose the number of particles k; in each energy level €, is changed by a small
number dks, then the weight of configuration changes by dW (k). At the maximum of W (k), the change
in W (k) upon a small change in k is zero.)

As in the example with binomial distribution, we solve the mathematically equivalent but easier problem

N.—1
9
dnW(k) = z::o . In W (k) dks = 0. (4.6)
First we rearrange
NI Ne—1 N
mW(k) = In—g—— =N - [ k=N - Z In k;!
Hz 0 kl' =0
Ne—1 Ne—1
= NInN-N- Y klnk+ > k
=0 =0
N
N.—1
= N InN-— Z k; In k;
Zkl i=0
N:—0
. .
= - Z kiln (4.7)
=0

where we have used Stirling's formula in the second line. Thus, we need to solve

N—1 N=lr g k.
dinW(k) = 2 o, [ Z ki In ] dky = — 2:: [aksksmN] dks =0 (4.8)
Taking the derivatives yields
dlnW(k) = — st_l In ks dks — Nez_l dks =0 (4.9)
s=0 N s=0

This equation has several solutions. But not all solutions are consistent with the problem we stated at the
beginning. In particular, because the system is isolated from its surrounding (microcanonical ensemble),
the total number of particles N needs be constant. This implies that the changes of the number of particles
in each energy level dks need to add up to zero

AN = ) dk,=0. (4.10)
Second, the total energy stays constant, which implies that the changes in energy have to add up to zero

N.—1
> dks e =0. (4.11)
s=0
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4 THE MICROCANONICAL ENSEMBLE

Only solutions which fulfill eq. 4.10 and eq. 4.11 are consistent with the microcanonical ensemble. We use
the method of Lagrange multipliers: since both terms (eq. 4.10 and 4.11) are zero if the constraints are
fulfilled, they can be substracted from eq. 4.9, multiplied by a factors « and 3. The factors o and 3 are
the Lagrange multipliers. One obtains

N

Z gdkudkudk fﬂde €5

N.-1 k
- Z[ NS (a+1)— Bes]dks

dIn W (k)

= (4.12)
This can only be fulfilled if each individual term is zero
0 In X (a+1)-5
= —In— — (a — Bes
N
i )
Ns = e (@tD) g=Fes (4.13)
Requiring that > % =1, we can determine e~ (@1
N1, N.—1 1 1
D= Y =l o e s = 5 (4.14)
e e S e . :
N—1__g.
= N s=0 Zs:O € Bes Q
q is the partition function of a single particle
N.—1
q = Z e e (4.15)
s=0

In summary, the microstate which has the highest probability is the one for which the energy level occupancies
are given as

ks 1
k*: -2 = Zehes 4.16
N (4.16)

If one interprets the relative populations as probabilties, one obtains the Boltzmann distribution

—Bes
— —Bes _ €
ps = -—e€ = v T 4.17
q Z]evo e~fes (17

From the Boltzmann distribution, any ensemble property can be calculated as

1 N.—1
= e e, (4.18)
q s=0

To link the microscopic properties of particles to the macroscopic observables, one needs to know the
Boltzmann distribution.

4.4 Lagrange multiplier

Without derivation:

1

— 4.1
s (4.19)

B =

where kg = 1.381 - 10723 J/K is the Boltzmann constant, and T is the absolute temperature.
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5 THE BOLTZMANN ENTROPY AND BOLTZMANN DISTRIBUTION

5 The Boltzmann entropy and Boltzmann distribution

5.1 Boltzmann entropy

5.2 Physical reason for the logarithm in the Boltzmann entropy.

Consider two independent systems of identical particles, e.g. ideal gases, which are in microstates with
statistical weights W and W,. Associated to the occupation number distributions are the entropies S7 and
Ss. If these two systems are (isothermally) combined into single system, the statistical weight is a product
of the original weights.

W1_2 = W1 . W2. (51)

However, from classical thermodynamics we expect that the total entropy is given as a sum of the original
entropies

Si2 = S1+58, (52)
Therefore, the entropy has to be a function of W which fulfill the following equality
fWig) = f(Wi-Wa) = f(Wi)+ f(Wa). (53)
This is only possible if f is the logarithm of W. Thus, the Boltzamnn equation for the entropy is
S=kphhW (5.4)

where kp = 1.381 - 10723 J/K is the Boltzmann constant.

The Boltzman entropy increases with the number of particles V; it is an extensive property.

5.3 A simple explanation for the second law of thermodynamics.

Second law of thermodynamics as formulated by M. Planck: "Every process occurring in nature
proceeds in the sense in which the sum of the entropies of all bodies taking part in the process is increased."

Consider to occupation number distributions (ensemble microstates) n; and ny, which are accessible to
a system with IV particles. The entropy difference between these occupation number distributions can be
related to the ratio of the statistical weights of these states

AS:527S1 = ,Z{JBIHW2*]C31HW1:I€31H%
1
W- ! AS
2 p—

Note that kg = 1.381 - 10723 is a very small number. Suppose, the ensemble of particles can be in two
microstates 1 and 2 which have the same energy, but which differ by 1.381 - 107!°.J/K in entropy. Then,
according to eq. 5.5, the ratio of the statistical weights is given as

Wy ASY i3
W, = exp < . > = exp(10™7). (5.6)

Even a small entropy difference leads to an enormous difference in the statistical weights. Hence, once
the system is in the states with the higher weight (entropy) it is extremely unlikely that it will visit the
microstate with the lower statistical weight again.
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5 THE BOLTZMANN ENTROPY AND BOLTZMANN DISTRIBUTION

5.4 The dominance of the Boltzmann distribution
The Boltzmann distribution represents one out of many microstates. Yet, it is relevant because for large

number of particles N this is (virtually) the only microstates that is realized.

To illustrate this consider a system with equidistant energy levels {e1, €, ...€x. } (e.g. vibrational states
of a diatomic molecule). Let the Boltzmann distribution yield occupancy numbers {nj, no,..nn.}. The
microstate of the Boltzmann distribution is compared to a microstate in which v particles have been moved
from state ¢ — 1 to state 4, and v particles have been moved to from state 7 + 1 to state 7. Let v be small
in comparison to the occupancy numbers, e.g.

v o= njq-1073 5.7
Jj+

(The occupancy of the state j + 1 is changed by 0.1%.) Since, the energy levels are equidistant the two
occupation number distributions have the same total energy. According to eq. ??, the associated change
in entropy is given as

N. Ne
s
AS = —kp Elljhlﬁj—i-k?B El/7
j=i j=i
(58)

Because the total number in the system has not been changed, the last term is zero, and we obtain

AS = —kp {—Zlvn Ll igln?vj;yln f ]
= kpv {hl j\;l_anﬁ]_Fln ;\}H]
= kprvin LZJH . (5.9)

nj

This entropy difference gives rise to the following ratio of statistical weights of the occupation number

distributions (eq. 5.5)
Wa AS 1 Nj_1Mj41
— — k 1 J J
= exp(kB>_exp<kB Bynl w2

nj—1Mj4+1
J

Consider that v = njyq - 1073, i.e. if the occupancy numbers are in the order of 1 mol (6.022 - 10%?),
Boltzmann distribution is approximately 102° more likely than the new occupation number distribution.
Although, the occupation number distribution cannot be determined unambiguously from the macrostate,
for large numbers, the ambiguity is reduced so drastically, that we effectively have a one-to-one relation
from macrostate to Boltzmann distribution.

5.5 The vastness of conformational space

If we interpret the energy levels as conformational states, then the Boltzmann distribution is a function of
the potential energy of the conformational states plus the kinetic energy. In a classical MD simulation, the
potential energy surface is determined by the force field, and the kinetic energy is given by the velocity
which are distributed according to the Maxwell distribution. Thus, in principle, one could evaluate the
Boltzmann weight of a particular part of the conformational space by simply integrating the Boltzmann
distribution over this space - no need to simulate.

This approach does not work because of the enormous size of the conformational space. Let's approx-
imate the conformational space of an amino acid residue in a protein chain by the space spanned by the
¢~ and 1-backbone angles of this residues (Fig. 5.5.a). Roughly, 65% of this space is visited at room
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Figure 8: (a) Definition of the backbone torsion angles. (b) Ramachandran plot of an alanine residue. (c) Estimate
of the fraction of the conformational space, which is visited, as a function of the peptide chain length.

temperature (i.e. the fraction of the conformational space, which is visited is f=0.65)(Fig. 5.5.b). For the
remaining 35% of the conformations the potential energy is so high (due to steric clashes) that they are
inaccessible at room temperature. For a chain with n residues, the visited conformational space, which is
visited, can be estimated as

f(n) = 0.65" (5.11)
Hence, the fraction of the conformational space which is accessible at room temperature decreases expo-
nentially with the number of residues in a peptide chain (Fig. 5.5.c).

Due to the vastness of the conformational space, the Boltzmann entropy cannot be evaluated directly from
the potential energy function. Instead, a sampling algorithm is needed which samples the relevant regions
of the conformational space with high probability (— importance sampling).

109 residues: f(n = 109) = 4.05094 - 10~2!, Surface 1 cent coin: 2.1904 - 10~°m?, Surface earth:
510072 000km?, Ratio: 4.29429 - 102!
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6 THE CANONICAL ENSEMBLE

6 The canonical ensemble

6.1 The most likely ensemble configuration n*
A system in a canonical ensemble

e cannot exchange particles with its surroundings — constant N
e has constant volume V/

e exchanges energy in the form of heat with a surrounding thermal reservoir — constant 7', but not
constant K

Challenge: Find the most likely configuration k* which is consistent with constant N and 7. But: how
does one introduce “constant 7" as a constraint into the equation?

Thought experiment: Consider a large set Nepsemble Of identical systems with N particles and volume V.
Each of the systems is in contact with the same thermal reservoir at temperature 7', but the set of systems
as whole is isolated from the surroundings. Thus the energy of the ensemble Eqysemble is constant This
setting is called a canonical ensemble.

Each system is in a quantum state \I!j(xl, ...Xny), wWhere zj, are the are the coordinates of the kth
particle within the system. The system quantum state is associated to an system energy via

N
Ej\Ifj(xl,...xN) = ﬁ\I/j(Xl,...XN):ZiLk\I/j(Xl,...XN) (61)
k=1

where H is the Hamiltonian of the system, ﬁk are the Hamiltonians of the individual particles. Thus, within
the ensemble, each system plays the role of a “super-particle”, and we can treat the ensemble as a system
of “super-particles” at constant Nepsemble aNd Fensemble- In analogy to section 4, we have the following
assumptions

1. The systems are distinguishable, e.g. you can imagine them to be numbered.

2. The systems are independent of each other, i.e. they do not interact with each other.
3. Each system occupies on of Ng energy levels: {Ey, Ea,...En,—1}.
4

. There can be multiple systems in the same energy level. The number of particles in the jth energy
level is denoted n;.

The configuration of the ensemble is given by the number of systems in each energy level n = (ng, n1,...nN5—1).
Each configuration can be generated by several ensemble microstates (ordered sequence of systems dis-
tributed according to n). We again assume that the a priori probabilities p; of the energy states E; are
equal. Then the probability of finding the ensemble in a configuration n is given as

Nensemble! Nensemble (62)

p(n) - ’17,0! . ...TLNE,1! .pj

The probability that the ensemble is in a particular configuation n is then proportional to the number of
ensemble microstates which give rise to the configuration, i.e. to the weight of this configuration

W(n) — Nensemble! ) (63)
’fL()! . ...nNE,ﬂ

The most likely confiuration n* is obtained by setting the total derivative of the weight to zero

dan(n):fNillnLdnlfNildnl:0 (6.4)
=0 Nensemble / =0 J ’
and solving the equation under the constraints that the number of systems in the ensemble is constant
Ng—1
dNensemble = Z dnj = 07 (65)
§=0

20



6 THE CANONICAL ENSEMBLE

and that the total energy of the ensemble is constant

Ng—1
dEensemble = Z dnj : Ej =0. (66)
j=0
This yields the Boltzmann probability distribution of finding the system in an energy state E;
1 e PE;
_ —BE; _
p; = —e PEi= — ) 6.7
J Q Ej\f:EO 1 e_BEj ( )
where
NEfl
Q = > e (6.8)
j=0

is the partition function of the system and § = k%T

6.2 Ergodicity

With eq. 6.7, we can make statements about the entire ensemble. For example, we can calculate the
average energy (E) of the systems in the ensemble as

Np—1 1 Np—1

(Bensembie = > pj Bj=5—— > 1B (6.9)

=0 ensemble =0
But how does this help us to characterize the thermodynamic properties of a single system? Each system
exchanges energy with the thermal reservoir and therefore continuously changes its energy state. What we
could calculate for a single system is its average energy measure over a period of time T’

1 &
wmr:ﬂZm» (6.10)

where we assumed that the energy of the single system has been measured at regular intervals A. Then
T = A-Np and E(t) is the energy of the single system measured at time interval . The ergodic hypothesis
relates these two averages

The average time a system spends in energy state E; is proportional to ensemble probability p; of this
state.

Thus, ensemble average and time average are equal
1 b Ng—1
<E>time = N7T ;E(t) = Jz:;) pj - Ej = <E>ensemble (6].1)

and we can use eq. 6.7 to characterize the time average of single system.

6.3 Relevance of the time average

A single system in a canonical ensemble fluctuates between different system energy levels ;. Using eq. 6.7
we can calculte its average energy (E). But how representative is the average energy for the current state
of the system?
The total energy of the systems is proportional to the number of particles in the system: E ~ N. The
variance from the mean (fluctuation) is proportional to v/N: AE ~ /N. Thus, the relative fluctuation is
AE VN _ ! 6.12
FT - N UN (6.12)
and decreases with increasing number of particles. For large number of particles, e.g N = 102°, the fluctu-
ation around the average energy is neglible (% ~ 10710), and the system can be accurately characterize
by its average energy. In small systems or for phenomena which involve only few particles in a system, e.g.
phase transitions, the fluctuations of the energy need to be taken into account.
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7 THERMODYNAMIC STATE FUNCTIONS

7 Thermodynamic state functions

In the following, we will express thermodynamics state functions as a function of the partition sum Q. The
functional dependence on () determines whether or not a particular thermodynamics state function can be
easily estimated from MD simulation data

7.1 Average and internal energy

By definition, the average energy is

Ng

szQ = W 261676@ . (7.1)

Because the numerator is essentially a derivative of the partition function

Ng P 9 Ng
o—Bei _ _ | = —pBe;
> e = (%Q(N v, 5))N7V = (aﬁ ;e ) (7.2)

i=1 N.V

we can express the average energy as a function of Q(N,V, 3) only

1 0
® = g (390N 1)

- (;ﬁan(N v, 5)>N7V (7.3)

N,V

One can also express eq. 7.3 as a temperature derivative, rather than a derivative with respect to 3

g ofop _ (1 af (7.4)
oT — 9B oT kgT?) 0B '
where we have used 8 = 1/(kgT'). With this, eq. 7.3 becomes
(E) = kpT? 9 InQ(N,V,T) : (7.5)
oT NV
The average energy is related to the internal energy U by
0
= . = = 2 _
U = N-(E) ( a8 an> = NkpT <8T an) Ny . (7.6)
Often, U is reported as molar quantity in which case
0 0
U = (B)=-(=31 =kpT? | -=1 . 7.7
® == (g510),,, =7 (57) )

In the following, we will use molar quantities.

7.2 Entropy

Also, the entropy can be expressed as a function of the partition function Q(N,V,T). We take eq. ?? as
starting point

S = —kp) pilnp

exp (—izei)  [exo (—ize)

= —kBZ Q In

%
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7 THERMODYNAMIC STATE FUNCTIONS

exp -t 1
_ 7]{:32 X (C;BT >|:k;T€lan:|
1 €; exXp (—IH%TQ) Zexp (—M%ei)l o
T T4 Q 5L Q
g—&-kBanQ;exp (_k TQ)
- %H@an (7.8)

Replacing U by its relation to the partition function (eq. 7.7)

S = NkBT<8an> T kplnQ (7.9)
oT NV

or expressed as a derivative with respect to 3

S

N [0
,? <aﬁan>N7V+kBan. (710)

7.3 Helmholtz free energy

Since the internal energy and the entropy can be expressed as a function of the partition function @, we
can also express the Helmholtz free energy as a function of )

A = UTSUT<Z+kBan>kBT1nQ. (7.11)

7.3.1 Pressure and heat capacity at constant volume

The pressure as a function of the partition function is

0A olnQ
P = —|\— ) =kgT . 7.12
(o), =7 (55), (112
The heat capacity at constant volume as a function of the partition function is
ou
Cy = —
Y (6T)v
0 0
— | NkgT? [ 1
<8T < ’ <8T nQ)N,V))V

) )

ONkpT (

7.4 Enthalpy

In the isothermal-isobaric ensemble, one has to account for the change in volume. The relevant thermody-
namic properties are the enthalpy H and the Gibbs free energy GG. The enthalpy is defined as

H = U+PV. (7.14)

Expressed as a function of Q:

H = NkpT? <68TIHQ> + kpTV <8IHQ) : (7.15)
T

NV v

23
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7.5 Gibbs free energy
The Gibbs free energy is

G = H-TS=A+PV
01
— kpTWQ+ kv (2R (7.16)

ov J)r

name equation

internal energy U= NkpT? (% In Q) y v

entropy S = NkgT (a%an)NV—l-kB InQ

Helmholtz free energy A=—-kgTlnQ

enthalpy H = NkgT? (ZInQ), , + ksTV (3 InQ),,.

Gibbs free energy G=—-kpThQ+kgTV <8$$Q)T

Table 1: Thermodynamic state function.
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8 CRYSTALS

8 Crystals

In the previous lectures, we have derived the canonical partition function and its relation to various ther-
modynamic state functions. Given the energy levels of a system of IV particles, we can now calculate its
energy, its entropy and its free energy. The difficulty with which we will deal in the coming lectures is to
calculate the energy levels of a system with IV particles. A very useful approximation is to assume that the
particles do not interact with each other, because for non-interacting particles the energy of the system is
simply a sum of the energies of the individual particles. This assumption often works well for gases, crystals
and mixtures.

8.1 Non-interacting distinguishable particles

Consider a system of N non-interacting and distinguishable particles. Each particle can be in one of N,
energy levels {1, €9, ...y, }. The single-particle Schrédinger equation is

h2

S Vi s (xk) + Vie(xk) s (x1) (8.1)

esths(x) = hypibs(xy) =

where €, is the associated energy eigenvalue. If a system consists of N such particles which do not interact
with each other and which are distinguishable, the time-independent Schrédinger equation of the system is
given as

N
EjUj(xi,...xy) = HU(xp,...xy) =Y hpU(x1,...Xy) (8.2)
k=1

The possible quantum states of the system are

Uj(x1,..%xN) = Ye)(X1) @ Ys(2)(X2) - @ Ps(vy (Xn) (8.3)

where each state j corresponds to a specific placement of the individual particles on the energy levels of
the single-particle system, i.e. to a specific permutation

i {s(1),5(2)...s(N)}; (8.4)

The associated energy level of the system is

N
Ej = Zes(k) (85)
k=1
The single-particle partition function is given as
Ne
g(N=1V,T) = > exp(—fe,) (8.6)
s=1

There are NV ways to distribute the N particles over the N, energy levels. Each of the resulting configu-
rations gives rise to a system energy

£, = €s(1) T €s(2) T ---€s(N) (8.7)

where €1 is the energy level of the kth particle. The partition function of the system is

Ne N Ne

Q = ZGXP(—ﬁEj)Z ST D exp(—Blesy + sy + €s(2)]) (8.8)

s(l)=1s(m)=1 s(2)=1

In eq. 8.8, there are as many sums as there are particles in the system, such that all possible configurations
are included in the summation. Luckily eq. 8.8 can be simplified.
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8 CRYSTALS

For illustration, consider a system with N = 2 particles which can be in N, = 3 energy levels. The
partition function of this system is

Q

3 3
Z Z exp(—Blesq) + €sm)))

=1 m=1

= e PagBa | g—Bag—Be | —Bey—Bes
e Pezp—Pe +€—5€2e—f3€2 +e—ﬁ626—ﬁ€3+
e Pes o= Be + e Pes g—Be2 + 6*ﬁ638*ﬁ63+

— —Be1 —Be2 —Bes]?
[e +e +e }

e

= 4" (8.9)

This can be generalized to arbitrary values of N and N.. Thus, the partition function of a system of N
non-interacting and distinguishable particles can be factorized as

Q = ¢ (8.10)

where ¢ is the single-particle partition function.

In most realistic systems, the particles are however indistunguishable due to their quantum nature. Thus,
eq. 8.10 only applies to systems in which the particles are nonthelesss distinguishable because they are fixed
to specific position in space. For example, it can be applied to calculate the thermodynamic properties of
ideal crystals.

8.2 Crystals: Dulong-Petit law (1819)

We discuss the heat capacity of crystals

U,
Cony = (aT> ) (8.11)

A first estimate can be obtained without the full formalism of statistical mechanics. The model assumptions
are:

1. Particles in the crystal are bound to fixed positions in the crystal lattice.

2. The particles oscillate around their equilibrium positions in three dimensions (three degrees of freedom
per particle).

3. The oscillations in each dimension are independent from the oscillations in the other diimensions and
independent from the oscillations of other particles in the crystal.

4. The oscillations can be modelled by a harmonic oscillator.

According to the equipartition theorem, every degree of freedom has an average kinetic energy of
1
Egin = ikBT- (8.12)

The average potential energy is equal to the average kinetic enegy E,o¢ = Fiin. Thus, the average total
energy per degree of freedom is

1
Etot == Ekin + Epot =2 ikBT == kBT . (813)
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There are 3N degrees of freedom. The internal energy for 1 Mol particles is then

Thus, the estimate for the heat capacity is

U\ _ (3-RY\ _
Cvm,V - <8T>V_ (aT)V—g R (815)

This is the Dulong-Petit law. |s is a good approximation for many substances at room temperature, but
fails at low and high temperatures.
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Figure 9: Heat capacity. https://commons.wikimedia.org/wiki/File:Cp_Fe.gif

https://commons.wikimedia.org/wiki/File:GraphHeatCapacityOf TheElements.png

8.3 Crystals: Einstein model (1907)

The model of the temperature of the heat capacity at temperatures below 300 K can be drastically improved
by the formalism of the statistical mechanics. The same model apply as for the Dulon-Petit law. However,
in point 4 we use the quantum mechanical harmonic oscillator, and the internal energy is estimated via the
partition function Q.

The energy levels of the Schrodinger equation for the harmonic oscillator (with potential V (z) = 1 ka2

2
where & is the force constant) are

1
€viby = hVO (l/ + 2) (816)

with quantum numbers v = 0, 1,2, ... All energy levels are non-degenerate, i.e. g, = 1 for all v. Thus the
partition function is given as

> 1 1 hyy 1 hyy v
hrg 0
Gwib = ;exp [_kﬂ (hVo <u+2)>} =exp[ . 2T] Ze [—] (8.17)
We combine the constants into a new constant, the characteristic temperature or Einstein temperature
@vib

O = 20 (8.18)
B

and can rearrange eq. 11.12

Wb = exp{ Vb5 } Zexp{ vib7p }_iGXP [@Vib;’DV
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exp [_G)wb%}

1—exp [ "'b} (819)

We have used that vibrational partition function has the form of a geometric series, which converges

> 1
Yogr = — (8.20)
v=0 1- q
N
with ¢ = exp [ ] Note that
w 1 K
Yo 2 2w\ m (8.21)

where m is the mass of the particle. Thus, the characteristic temperature ©,;, on the force constant of
the potential and the mass of the particle.

The partition function of a crystal with IV particles is

L 3N
€xXp _@vibi
Q = @i = [ @27] (8.22)
1 —exp [— %’Jb}
The internal energy is
v )
= kpT? (| =1
o1 (51 “Q>N,v
) 3N
= pr? | Ly | 221 Ovibar] [—GV%ﬁ}
or 1 —exp [— }'b}
N,V
—O, .. L
= kpT? (aT?;Nln e V'thb]
1_ Vi
exp =] |/,
= kpT? i3Nln exp | — Oy —  kpT? i?,Nln
- \ar PLIToveRT ) BE\or P T Ny
) 3N
— T2 i s _ T2' N-|1- Vlb Vlb
o (g7 [-Owar),, = ot [1-e [ H ( { - -52]])..,

-t - w-w-[lexp{fﬁﬂ’wp{ 7)) ()

{_ Svib
3 exp X
= §NI<;BG)\,ib + k3N -Oyp ——F—5-7
1—exp {— ‘I’Jb}
3 1
= §NkB®vib + kp-3N-Oyp-

e. .
exp [ ;‘b} -1
and the molar internal energy is

1

3
U = ENRGVib + R'3N'@vib'@—,~
exp{ ‘T’Jb}—l

(8.24)

For the heat capacity, we obtain

oUp,
e = (o),
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_ .y <®vib>2. exp [@gjb}
(e [] -1)°
e

For high temperatures T' > O,;, or %ib << 1, the Taylor expansion of exp [@‘T’jb} can be truncated

(8.25)

after the linear term, and the equation approach the Dulong-Petit law

o. .
Ouib \° 14 2db 4
Cm,V = R3N< C%/_‘Ib> . (-—)-T 3
)
= R-3N~<1+®1"jb+...>
~ R-3N (8.26)

e In the Einstein model, the heat capacity depends on single substance dependent parameter: O,;p.

e The model can be further by accounting for coupled vibrations in the crystal (Debye theory) and for
magnetic effects.

Specic heat capacity of demand |
compared b Eirslen's madal

[ a =
15 nh
Debye
L i OB ========= Einalen
= ” oy
= o | mr
] a4 B Dala as of 1906
. ni
- n= 1220 K
" -
4 e 1300 K e
-' g 0 P | A i
T i} a n.a s .0 12 LE
T/T,
Figure 10:  Heat capacity. http://www.hep.manchester.ac.uk/u/forshaw/BoseFermi/main.htm,

https://commons.wikimedia.org/wiki/File:DebyeVSEinstein.jpg
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9 FERMI-DIRAC, BOSE-EINSTEIN, AND MAXWELL-BOLTZMANN STATISTICS

9 Fermi-Dirac, Bose-Einstein, and Maxwell-Boltzmann statistics

9.1 Non-interacting indistinguishable particles

For a system of IV non-interacting distinguishable particles, the wave functions is given as

Ui(x1,...XN) = g1y (X1) @ Pys(2)(X2) - @ Py (Xn) (9.1)

where each state j corresponds to a specific placement of the individual particles on the energy levels of
the single-particle system, i.e. to a specific permutation / microstate

joe {s(1),s(2)...s(N)}y (9.2)
with an associated energy of
N
Ej = Zes(k) . (93)
k=1

The total number of microstates (analogous to the sample space in probability theory) is
Q=NN (9.4)

where N, is the number of energy levels in the single particle system. (The are N, choices to place the fist
particle, N, choices to place the second particle etc.)

Example: Consider a system with N = 2 indistinguishable particles, denoted i and j. Each of the
particles can occupy N, = 3 energy levels. The total number of microstates is 2 = 32 = 9. The possible
configurations and their associated weights (number of microstates per configuration) are

2!
2!

ky =(0,2,0) = W(ks) = ool — !
2!

ks = (2,0,0) = W(ks)= gm0 =1
2!
2!

ks = (1,07 1) = W(k5) = o =2
2!

yielding a total of 9 microstates. 3. Represented as a table the microstates are

J
€1 €9 €3
e | (2,0,0) (1,1,0) (1,0,1)
i e | (1,1,0) (0,2,0) (0,1,1)
es | (1,0,1) (0,1,1) (0,0,2)

Note that, by exchanging particles ¢ and j, there are two ways the generate the configurations in the off-
diagonal matrix elements, and hence W (k) = W(ks) = W(kg) = 2, but there is only one way to generate
the configurations in which both particles occupy the same energy level.

3Remember that the number of microstates per configuration k is given as W (k) = ko']l\clz‘v o
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9.2 Fermi-Dirac statistics

For fermions, the wave function change its sign upon the exchange of two particles k£ and [, but otherwise
remains the same

Uj(X1, 0 Xp, X1 XN) = g1y (X1) @1y (Xi) @ sy (X1) @ -+ @ Yy (X)
= ) (X1) @ . Yoy (X1) @ Y1) (X)) @ -+ @ Yy (Xnv)
= _\IJj(Xh-nXl,Xk-nXN) (96)

This implies that there is can be at most 1 particle per spin-energy state, which further implies that N. > N.
In the two-particle example this means that microstates on opposited sites of the diagonal in this table are
identical and only count once to the number of microstates. Thus, W(ky) = W(ks) = W(ks) = 1. The
fact that the wave function has to change sign upon the exchange of two particles k£ and [ implies that ther
can be at most a single particle in each energy state. Proof: Consider a microstate with two particles in

state ¥,(x)

WXty Xp, X1 XN) = Y1) (X1) @ - Py (Xk) @ Yy (X1) @ - @ g (vy (Xv)
= Ys)(X1) @ - Py (X1) @ Yy (Xk) @ - @ Yoy (Xv)
= Ui(x1,...X,Xp...XN)
# —V(x1,... X, Xp ... XN) - (9.7)

In the two-particle example, this means that W (k;) = W(ks) = Wi(ks) =0

The total number of microstates for a system of N fermoins is equal to the number of ways in which
N indistinguishable particles can be places in N, single-particle quantum states, with the limitation of one
particle per single-particle quantum state. The number of ways in which N distinguishable particles can be
places in N, single-particle quantum states, with the limitation of one particle per single-particle quantum
state is

N!
Ne-(Ne—1)-...(N.—N+1) = .=V (9.8)

To account for the fact that the particles are indistinguishable, one has to divide by the number of permu-
tation of the IV particles and obtains

N!

Q rmion ™ T a7 ATNI AT .
fe (N. — N)IN! (99)

In general, we however have an infinite number of single-particle quantum states. To account for this,
we consider the density of states D(e;), i.e. the number of qunatum states g; in an small energy interval
€; + O¢

gi = D(e;)d¢, (9.10)

and the average number of particles IV; per quantum state ¢;

N
fleg) = — (9-11)
9i
(Fig. 11). For fermions, f(;) € [0,1], or equivalently N; < g;. We assume that the particles in ¢; + d¢
can exchange with particles in the neighboring energy intervals. In equilibrium, the temperature 1" and the
chemical potential p are the same in all energy intervals.

Let A;, U;, and S; be the free energy, the internal energy and the entropy of the subsystem, which are
related by the Gibb-Helmholtz equation

Ay =U;—TS;. (9.12)
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=il
-

g}

Figure 11: Density of states. W. Gopel, H.-D. Wiemhofer, aStatistische Thermodynamik", Spektrum
Akademischer Verlag (2000)

The chemical potential is given as a the derivative of the free energy A; with respect to the number of
particles N; in the subsystem

0A; oU; 05,
_ _ _T = . 1
: (aNi>T,V (aNi>T,V (aNi>T,V const (9 3)

If §e is very small, we have

Ui = Niei (914)

The Boltzmann entropy is

where ; denotes the number of microstates in the energy interal €; + de (extension of W - the number of
microstates per configuration - which we had earlier in the course). €; depends on the number of quantum
states g; and the number of particles N; in this energy interval. Inserting eqs. 9.14 and 9.15 into eq. 9.16

yields

8ln Qz
w = € —kgT ( ) = const. (9.16)
ON; TV
For fermions, §2; is analogous to eq. 9.9
gi!
Qi fermion = Ty 9.17
e (i — Ni)IN;! 6-17)
Using the Stirling approximation, the derivative with respect to the number of particles in eq. 9.16 is
Jln Qz fermion) |:gz - Nz:|
—_ ~ In 9.18
< ON; TV N; ( )
and thus
i — N;
4 = e—kpTl {9 ~ } = const. (9.19)
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The average number of particles per quantum state for a system of fermions is

f (&) Ni _exp (G141 - (9.20)
ermions \ €3 = = X .
f 9 P\ kst

9.3 Bose-Einstein statistics

For bosones, the wave function does not change upon the exchange of two particles k and [

WXty Xpe, X XN) = 1) (X1) @ - s (r) (X)) ® sy (X1) @ -+ @ gy (Xv)
= Ys)(X1) @ - Yy (X1) @ Y1) (Xk) @+ -+ @ Yy (X)
= VU,(x1,...X,X; ... XN) (9.21)

In the two-particle example this means that microstates on opposited sites of the diagonal in this table
are identical and only count once to the number of microstates. Thus for bosones, W(ky) = Wi(ks) =
W (kg) = 1. But wave functions with more than one particle per single-particle quantum state are permitted:
W(ky) =Wi(ky) =Wi(ks) = 1.
The total number of microstates for a system with N bosones and NN, single-particle quantum states is
~ (N+N.-1)!
Qbosoncs - (N'(NE — 1)' (922)
(The derivation is more complicated than for fermions.) The extension to single particle quantum states
is analogous the derivation for the fermions (egs. 9.10 - 9.16). The number of microstates in the energy
interval ¢; + de for bosones is
(Ni+gi—1)!

Qi bosones = m (9.23)

Using the Stirling approximation, the derivative with respect to the number of particles in eq. 9.16 is

aln Q’L bosones N’L + 9i — 1 N’L + gi
_— ~ In|—F——| ~In|——= 24
( ON; >TV n{ N; } n{ N; (5:24)
and thus
N; + g
i = € —kgTln [ +{g } = const. (9.25)

The average number of particles per quantum state for a system of bosones is

fbosones(ei) = & = [GXP ( ;CBT’U> - 1:| (926)

9i

9.4 Maxwell-Boltzmann statistics

Bose-Einstein statistics and Fermi-Dirac statistics only differ by a in the sign before 1 in the numerator. If
€; > u, the exponential function becomes large, and the term 1 can be neglected. The resulting average
number of particles per quantum state is the Maxwell-Boltzmann distribution

-1

ffermions ~ fbosones ~ fMaxwell—Boltzmann = [exp <€;€BTM>:| (927)
In all three types of statistic the average number of particles per quantum state is determined by the
chemical potential within the energy scale i and the temperature T'. In some systems (e.g. diluted gases
of atoms or molecules), the chemical potential can be much lower than the lowest single-particle energy -
€; >  for all €; > €y - and the Maxwell-Boltzmann statistics can be used.
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The chemical potential i can be related to the single-particle partition function ¢
-1
_ _ , G —H
e

- ! kgT

€ [ [

_ ; _ . —q- 2
;g exp ( k:BT> exp (kBT) q-exp (kBT) (9.28)

and thus

= —kBTln%. (9.29)

For g; > N;, the expressions for the chemical potential for fermions and bosones (egs. 9.19 and 9.30)
simplify

p = € —kgTln i _ const. (9.30)

N;
These two equations for ;1 can be combined to obtain an expression for the relative number of particles in
the single-particle quantum state ¢

Ni — fMaxwell—Boltzmann _ exp <_ kBIT) (9 31)
giN N q '

This is the Boltzmann distribution.
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10 Ideal mono-atomic gas

In a system with N indistinguishable bosones, eq. 8.10 overcounts the number of terms. One can correct
this by dividing the partition function by the number of permutations for N particles

N

q
Q = W (10.1)

Eq. 10.1 is called Maxwell-Boltzmann statistics. It is an approximation to the true partition function,
because ¢V contains terms in which two or more particles occupy the same singl-particle energy level for
which less than N! permutations exist. Thus, by dividing everything by N! one underestimates the partition
function. The deviation from the true partition function is only significant if the number of microstates with
two or more particles in the same energy level is a sizeable compared to the total number of microstates.
In most physical systems, the number of single-particle energy levels is much larger than the number of
particles, i.e. N, > N, and the Maxwell-Boltzmann statistics is an excellent approximation.

10.1 Partition function

Consider a gas of N non-interacting atoms with mass m (ideal mono-atomic gas). Let us assume that the
gas follows the Maxwell-Boltzmann statistics. Thus, its partition function is given as

Q = Jé,q’v (10.2)

where ¢ is the single-particle partition function. The gas is confined to a container of volume
V=L, L, L, (10.3)

where L., Ly, andd L, are the length of the container in z, ¥, and z direction. Since the gas of atoms
the only contributions to its energy are the translational energy and the electronic energy. We neglect the
contributions by the electronic energy, i.e we assume that all atoms are in the electronic ground state. The
translational energy is given by the quantum mechanical treatment of a particle in a box (see exercise 2)

() () (2)

where ng, ny, n, € Ny are the quantum numbers. The single-particle partition function is hence given as

h2

- (10.4)

€trans = €g T €yt €=

B o) o o €m+€y+€z
Gtrans = Z Z z exp [M]
ng=1ny=1n.=1
00 h2 2 e h2n2
- : T (105
nz_leXp[ i T8mL2} Z R T8mL2 nz_leXp{ kBTsng} (105)

At room temperature, the energy level are so closely spaced that we can assume an energy continuum
(half-classical approximation)

& h2n2 o0 h2n2
M Re " _lgn,. 10.
ZGXP[ k;BTSngl /0 eXp[ k:BT8mL3l " (106)

Ngy=1

This integral is analogous to an integral over a GauB3 function

o 1
/0 exp(—qa?)dr = 3 g (10.7)

Hence, we can write the single-particle partition function in a closed form

Gtrans

35



10 IDEAL MONO-ATOMIC GAS

o) h2 0 h2 o0 h2
/ exp [—Qni} dng / exp [—27@} dny / exp [—Qni} dn,
0 kpT'8mL?2 0 kpT8mL; 0 kpT8mL?2

1\/ kpTSmL2 1\/ kpT8mL? 1\/ kpTSmL?2
e

2 h? 2 h? 2

ormkpT\>/?
<h2> Vv (10.8)

where we have used eq. 10.3. The translational single-particle partition function depends on V, T', and m
as

Gtrans "~ Vv
Gtrans "~ T3/2
Gtrans "~ m3/2 . (109)
Let us abbreviate eq. 10.8 as
e
Gtrans = ﬁ (1010)
with
h2 1/2

The partition function for the system of N particles is given as
N
1 1 1%
QR = ﬁqé\fans =N (/\3> (10.12)

Thermal de Broglie wavelength. The factor A has units of meters and can be interpreted as the wave
length of the particle. It is also called the thermal de Boglie wavelength can be used to estimate at which
particle densities the half-classical approximation breaks down and quantum effects start playing a role

(Xf)s <. (10.13)

That is, if the volume per particle is smaller than A3, the approximation is not valid.

Using the definition of the de Broglie wave length, we obtain

2 1/2
A = ﬁ: _ R
P 2mmkgT
(3
= /2mmkgT (10.14)

for the momentum of a single particle. The effective kinetic energy of a single particle is then

p

p2

This expression differs from the average kinetic energy of an ideal gas particle, which is Ey;,, = U = 3/2kpT
and will be derived in the following section. This is because eq. 10.15 has been derived from the single-
particle partition function, i.e it does not acount for the fact that there are N particles in the box and that
the particles are indistinguishable. The expression in eq. 10.15 exists. | however could not find out in which
situations it is useful.
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10.2 Thermodynamic state functions

Most thermodynamic state functions are a function of the logarithm of the partition function. Thus,

N
n@Q = lni <V>

NIAN3
= Nln [;} —In N!
%4

~ Nln ’El — NIn[N]+ N (10.16)
where we have used Stirling's approximation.
The Helmholtz free energy is given as

A %
= —kgTInQ@ =—kgTNIn ’el + kTN (In[N]—-1) . (10.17)

The ideal gas law is obtained by deriving eq. 10.17 with respect to the volume

<8A) kTN nRT
p = - = =
T,N

v v v (10.18)

where the ideal gas constant is given as R = kgN4. Ny is Avogadro's constant and n = N/Ny4. The
molar inner energy (N = N,) is given as

U, = kpT? <61HQ)
V,N

oT
9 1
= kgT? (NA In )
oT Moy

P ];2 —3/2
= kpT?Na| —=In|—
ks A(aTn(27rkaT)
V,N

3/ 0 2rmkgT
_ 2 e R
= s (i (),

31 ’
= kpT?Np=—
B AQT

3
= §kBTNA

= %RT. (10.19)

The molar heat capacity is given as

oU 3
_ —°p 10.2
Cim (6T>N,v 2" (10.20)

The entropy of mono-atomic ideal gas is given as

U—-A
T
3 v
= 5/€3N+k3N1n ﬁ 71€BN(1D [N] — 1)
3 v
= kpN <2—|—1+1n L\?)] —1In [N])

B 5 3 14
= kpN (2 In [A*] +1In [ND
5 3 h? V
= ksN <2 Dk {%kaT] in M)
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B 5 3 [2rmkg] | 3 v

This is the Sackur-Tetrode equation, which one also finds in the following rearrangements

s = o (3| (3) (52) )
= kpN (ZJrln (X;) @7::%)3/2 ) (10.22)
and
S = kBN<;+ln L\;;D (10.23)

10.3 Gibbs paradoxon

From a theoretical point of view, atoms are indistinguihsable and need to be described by quantum me-
chanics. Thus, the factor N! arises in eq. 10.2. But is this factor consistent with macroscopic observations?
Let’s reformulated the entropy of an ideal gas without the factor N! (i.e. assuming distinguishable particles).
Eq. 10.21 then becomes

3 |4
ST = QkBN‘l' kN In |:)\3:| (1024)

If we double the system (i.e. N — 2N, N — 2V) the entropy of a gas of distinguishable particles is

3kpN + k2N In {QV}

So e

3kpN + kp2N In [;] +kp2N In[2]
= 28 +kp2Nn[2] (10.25)

This is in contrast to the observation in classical thermodynamics, which requires that the entropies doubles
of the systems size doubles

Sy =251 . (10.26)

One the other hand, eq. 10.23, which was derived for indistinguishable particles, fulfills the observed addi-
tivity of the entropy. Hence, the factor N! is necessary in the partition function of ideal gases.
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11 Ideal gas with internal degrees of freedom

In this chapter we consider a gas of N molecules which do not interact with each other. Hence, the partition
function @ can be factorized into the single-particle partition functions ¢ and, assuming Maxwell-Boltzmann
statistics, it is given as

N

q
Q = W (11.1)

To calculate the single-particle partition function, we need to know the total energy of a single molecule.
At moderate temperatures, the energy of a single molecule can be approximated by a sum over seperate
energy term

€molecule = €0 1 €trans 1 €yip t €Erot + €c + €5 . (11.2)

€int
€o is the energy of the molecule if all contributing terms are in the ground state, i.e. the ground state
energy is moved to seperate term and all other terms are zero for the lowest quantum number. €¢rans is
the translational energy. The following four terms are grouped together to yield the internal energy ¢,,.: the
vibrational energy €,;p, the rotational energy €rot, the electronic energy €., and the energy of the nuclear
degrees of freedom ¢€,. The single-particle partition function is thus given as a product

Gmolecule = 40 * Gtrans * Qvib * qrot * Ge " Qn *
—_—
Qint
= Gtrans " {int * e /BT, (11.3)
and the partition function of the system is given as
1 N
Q = mqmolecule
1 N —Neo/kpT

_ N
= ﬁqtrans “Gint " €

= Qtrans - Qint - e~ Ne/knT y (11-4)

where we have incorporated the factor 1/n1 into the translational partition function. In chapter 10, we have
derived an expression for the translational partition function

1 /v\Y
Qtrans = ]\”()\3> (11.5)

where V is the volume and ) is the

11.1 Electronic partition function

The electronic partition function is given as

oo Gei
B § - 11.6
! i:og TP < kBT) ( )

where €. ; is the energy of the ith electronic state and g.; is the degeneracy of this state. The ground
state electronic energy is incorporated into the term ¢j in the total moleculer energy. Thus, €. = 0 and
the first term only contains the degeneracy of the electronic ground state

€ ,1 € ,2
Ge = Ge,0t ge,1€XP <_ k;T) + ge,2 €XP <_ k‘;T) + o (117)
For most molecules at moderate temperatures, the first excited electronic state is high compared to kgT.

Hence, the higher electronic states are hardly populated and can be neglected.

Ge = Gepo if €ci>1 — €c,0 > kBT (11.8)

For most molecules, the degeneracy of the electronic ground state is g.o = 1 and therefore ¢, = 1.
Exceptions are molecules with an odd number of electrons, such as NO or NO5, but also Os.
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11.2 Nuclear partition function

Similar to the electronic energy levels, typically only the nuclear ground state of an atom is populated (at
moderate temperatures). Hence the nuclear partition function is given by the degeneracy of the nuclear
ground state which for an atom with nuclear spin I is given as

Zn = gno=2I+1 (11.9)

For a molecule with Natom atoms, one needs to take the degeneracy of the nuclear ground state of all
atoms into account and thus

N om
m o= JJ@L+1). (11.10)
1

at
1=

Many atoms have spin I = 0 and contribute a factor g, o = 1 to the partition function. One has however
to pay attention to molecules with a rotational symmetry. Atoms which are symmetry equivalent are also
indistinguishable. If these atoms additionally have a spin greater than zero, the rotational partition function
cannot be decoupled from the rotational partition function.

11.3 Vibrational partition function

Two-atomic molecules. For a two-atomic molecule, the molecular vibration can be modelled by a one-
dimensional harmonic potential along the bond vector. The corresponding Schrédinger equation is the
Schrédinger equation for the harmonic oscillator with energy levels

1
evib,y = hl/o <I/ + 2) (1111)
with quantum numbers v = 0,1,2,... All energy levels are non-degenerate, i.e. g, = 1 for all v. The

ground state energy € = 1/2h1y is incorporated into the ground state energy of the molecule €. Thus the
partition function is given as

1 1 1
) E : I = E ———vh 11.12
b v=0 P { kT (GVIbW 2 VO>} =0 P [ kBTV VO:| ( )

We combine the constants into a new constant, the characteristic temperature O,

h
O, = X (11.13)
kp
and can rearrange eq. 11.12
oo v o0 1 14
Qvib = Zexp {_Qvibf} :Z eXp _@vibf
v=0 v=0
1
(11.14)

1 —exp {—%} '

We have used that vibrational partition function has the form of a geometric series, which converges

gt = — (11.15)

with ¢ = exp {— @%ib}.
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Molecules with more than two atoms. Using a normal mode analysis, one can decompose the complex
vibration of a molecule with more than two atoms in a superposition of harmonic oscillations. The vibration
in each of these so-called normal modes can be described by an independent harmonic oscillator with a
specific ground state frequency 1. Thus, the total vibrational energy of a molecule is given as sum of the
energies of harmonic oscillators. For linear molecules, this sum has 3Natom — 5 terms and for non-linear
molecules, it has 3Natom — 6 terms

3Natom —6(5) 1
€ib = > ebviivos) — Shvio
i=1
3Natom —6(5)
= S iy (11.16)

i=1

where we shifted the ground state energy to zero. The single-particle vibrational partition function is the
thus given as

Qib = ii i exp |:_]€;T€vib(l/i):|

v1=0v2=0 V3Nn_6(5)=0

00 3Natom —6(5)

o oo
Gvib,i
= E E .. E exp E T v;
v1=0v2=0 V3N_6(5)=0 =1

oo 3Natom—6(5)

SID 3D D SEE | e A

v1=0v2=0 wv3N_6(5)=0 1=1

3Natom*6(5) [e’] v;
@ 1 y *
H Z (e [ wb,z])
i=1 v;=0

3Natom —6(5)

= IT  wib®ubs) (11.17)

i=1

* The characteristic frequencies 1 ; of the normal modes can be obtained by carrying out a normal mode
analysis using a quantum chemistry software. Alternatively, they can be measured by IR or Raman spec-
troscopy Note however that this approach is only useful for relatively small molecules. For large molecules
the assumption that vibrational and rotational modes are decoupled is not valid. Moreover, the normal
mode analysis is only valid for a molecule close to a minimum in the potential energy surface. Should the
potential energy surface have more than one minimum, i.e. should the molecule have several conformations,
the normal mode analysis needs to be carried out for each minimum and the different conformations need
to be accounted for in the partition function.

4You can exchange sum and product, e.g.

3 3 2 3 3
ZZH” = ZZm-xz=1-1+1-2+1-3+2-1+2-2+2-3+3-1+3-2+2-3
rx1=1x9=11i=1 x1=1x2=1
2 3
= (+243)-0+2+3)=[][> =

i=1z;=1
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11 IDEAL GAS WITH INTERNAL DEGREES OF FREEDOM

11.4 Rotational partition function

Molecules rotate around their axes of inertia. The moment of intertia I for a diatomic molecule is given as
I = mur? +mors = urg (11.18)

where my and mo are the masses of the two atoms and r; and 7 are the respective distances to the center
of mass. The rotation can be described by an equivalent one-particle problem, in which the particle with
reduced mass

mimso

_ _Mmam2 11.19
1 p— ( )

rotates around a fixed center at a radius
rg = Tr1+7ro. (1120)

The quantum mechanical treatment of this problem is called the "quantum-mechanical rigid rotator" and
yield energy levels
h2
€rot,;y = J(J+ 1)877721 with J =0,1,2, ... (11.21)

where J is the rotational quantum number. The energy levels are degenerate with a degeneracy factor
95 = 2J+41. (11.22)

(Note that the rotational ground state with J = 0 and g; = 1 is the only rotational state which is not
degenerate.) Hence we obtain for the rotational partition function

- 1 h?
Grot = ;(QJ + 1) exp |:MJ(J+ 1)87{'2[ . (1123)

Analogously to the vibrational partition function, we combine the constants in the exponent into a new
constant, the characteristic temperature for the rotation O,

h2
Orot Enan?l (11.24)
and rewrite the rotational partition function as
> @rot
Grot = Z(2J—|— 1) exp |:—J(J+ 1) T :| . (11.25)
J=0

For many common molecules, the rotational characteristic temperature is very small - in the order of 0.1
to 1 K. Molecules with a small moment of intertia can have larger characteristic temperatures, which are
however still well below room temperature. Examples are Hy: ©,r = 87.6 K or HF: ©,,; = 30.2 K (see
https://en.wikipedia.org/wiki/Rotational_temperature)

Population of the rotational energy levels. The relative population of the rotational energy levels p;
is given as
by = N

(11.26)

~ (27 +1)exp {—J(J+1)@;t} .

where N is the number of particles in rotational state J (see Fig. 12). The rotational level with the highest

relative population is given as
| T 1
Jmax = - —. 11.27
° 26rot 2 ( )

This value is a measure how dense the rotational states are. Since the shape of the population distribution
is the same for all diatomic molecules, Jnax tells us how many states can be found before the maximum.
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11 IDEAL GAS WITH INTERNAL DEGREES OF FREEDOM

12C _160 160 160

Oror = 2779 K Oror = 2.080 K
T =500 K I I =500 K
| — " IIlllll)

Figure 12: Population of the rotational levels for diatomic molecules. a: '2C-160Q; b: 160-160.

High temperature approximation: diatomic unsymmetric molecules At high temperatures (i.e.
Ot > T), the energy levels of diatomic molecules are sufficiently closely spaced that we can replace
the sum in eq. 11.23 by an integral.

- ®rot
Gt = (27 +1)exp [—J(JH) T }
J=0
~ /(2J—|—1 exp{ mt] dJ
= 2J +1)exp [ m] 1

|: rot:|
= exp X
oo [,
T

= . 11.28
®rot ( )

This equation is valid for diatomic unsymmetric molecules, such as CO, NO or 3*CI3"Cl and linear unsym-
metric molecules with more than two atoms, such as OCS and HCCD.

High temperature approximation: diatomic symmetric molecules In symmetric linear molecules,
such as Hy, CO5, CyHo, a rotation around their symmetry axis by 180° generates a structure which
is indistinguishable from the original structure. Therefore only half of the rotational wavefunctions are
allowed (whether wave function with odd or even symmetry are allowed depends on the nuclear spins)
(see Fig. 12.b) and the rotational partition function is reduced by the factor 2 compared to an analogous
unsymmetric molecule.

1
ot = = . 11.29
Grot 2 Oror ( )
Eq. 11.28 and eq. 11.29 can be summarized as
1T o =1 unsymmetric linear molecule
Grot - o (1130)
T Orot =2 symmetric linear molecule

where o is the symmetry number.

High temperature approximation: nonlinear molecules Linear molecules have two rotational axes A
and B with identical moments of inertia I4 = I and hence Ot = Oror, 4 = Orot, . Nonlinear molecules
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11 IDEAL GAS WITH INTERNAL DEGREES OF FREEDOM

have three rotational axes A, B, and C with different moments of inertia 4, Ig, and I. Each of the axes
has its own characteristic temperature ot 4, Orot,B, and O, For the rotational partition function of
nonlinear molecules one obtains

a2 T T T }1/2_<87rk;BT>3/2 (nIalplc)t/?
= (=

Grot (11.31)

g @rot,A ®rot,B @rot,C o

Again o is the symmetry number, i.e the number of symmetry operations which yield conformation which
is indistinguishable from the starting conformation. For example o(HCl) = 1, o(Hz2) = 2, o(NH3) = 3,
o0(CHy) = 12, o(benzene) = 12.

Nuclear spins and rotational states: O, The stable isotopes of oxygen are
e 160, abundance: 99.757%, nuclear spin: I =0
e 170, abundance: 0.038%, nuclear spin: I = 2
e 80, abundance: 0.205%, nuclear spin: I =0

The molecular wave function O5 is

\II(OQ) ~ 'L/)trans . wrot . wvib : ¢e : wn (1132)

If the Oy molecule consists of atomes of the same isotope, the wavefunction must obey the symmetry /
anti-symmetry properties of the corresponding isotopes, i.e.

a. U(0s) is symmetric for the exchange of the two atoms
—‘y-\I/(Oz) exchange + \I’(Og)
if the isotopes are bosones (160 or 180)
b. W(O3) is anti-symmetric for the exchange of the two atoms

+\IJ(02) exchange — \I’(Og)

if the isotopes are fermions (170)

The electronic ground state of Og is anti-symmetric with respect to the exchange of the two atoms.
and i, depend on the positions of the center of mass and the distance between the two atoms and are
therefore symmetric with respect to an exchange of the two atoms. Thus the product ©irans - Wyib * Ye is
anti-symmetric for all isotopes. Whether the molecule wave function ¥(O5) is symmetric or anti-symmetric
depends on the symmetry of ot - 9y.

For the two bosone isotopes (160 or 20), v, is symmetric because both nuclei can only be in one quantum
state: 1 = 0. Thus for 160-160 and 80-'80 , the rotational wave function 1, must be antisymmetric
such that the molecular wave function is symmetric. This means, that rotational states with even quantum
number J = 0,2,4... are not allowed and only rotational states with odd quantum numbers J =1,3,5, ...
are occupied (see Fig. 12.b). By far the vast majority of the molecules in natural oxygen are 160-160. In
these molecules half of the rotational are "missing". By comparison, 160-170 has the full set of rotational
states.

For the fermion isotope (170, I = 5/2), each nucleus can assume 21 + 1 = 6 different quantum states. The
nuclear wave function 1, has hence a degeneracy of

gn=02I+1)-(2I+1)=36.

Of these 36 degenerate states, 15 have a antisymmetric nuclear wavefunction and 21 have a symmetric
nuclear wavefunction. Therefore 170-170 exists in two different variants: (i) 1, anti-symmetric, and (i)
tn symmetric. In variant ¢ the rotational wavefunction has to be anti-symmetric such that ¥(O3) is
antisymmetric (= only J = 1, 3,5.. allowed), whereas in variant ii the rotational wavefunction has to be
symmetric such the ¥(Oz) is antisymmetric (= only J =0, 2,4, ... allowed).
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11 IDEAL GAS WITH INTERNAL DEGREES OF FREEDOM

Rotational vibrational spectroscopy Let us consider the rotational vibrational spectrum of 'H3°CI. The
absorption lines in this spectrum correspond to transitions form the rotational states J of the vibrational
ground state v = 0 to the rotational states J’ of the first excited vibrational states v/ = 1. The selection
ruleis J' = J £ 1.

The transition (v =0,J =0) — (¢ =1,J' = 0) is not allowed but would occur at an energy of
AFE = hyy = Oy, - kp = 35.463 kJ/mol = 2964 cm ™! (11.33)
where we used ©,;, = 4265 K.

The transitition into higher rotational states (v =0, J) — (v = 1,J' = J+1) (R-branch of the spectrum)
occur at energies

AE = 2964cm ' + (J+1)(J+1+ 1)@t - kp — J(J 4+ 1)Oyo - ki
2064cm ™! 4 (2J +2) - Ot - ki

2964 cm ™! + (2J +2) - 0.1249 kJ/mol

2964cm™t + (2J +2) - 10.44cm ™! (11.34)

where we have used O,,; = 15.021 K. Likewise the transitions to lower rotational states (v = 0,J) — (V' =

1,J' = J — 1) (R-branch of the spectrum) occur at energies

AE = 2964cm ™+ (J —1)(J =1+ 1)@t - kp — J(J 4+ 1)Orot - kp

2964cm™! — 27 - O1 - kp

2964 cm™! — 2.7 - 0.1249 kJ /mol

2964cm~t —2J - 10.44cm™! (11.35)

The relative heights of the absorption lines is given by the population of the initial state, i.e. by eq. 11.26.

L0 B

o tUTHHHEL) Tt

Hl

Figure 13: Infrared rotational-vibration spectrum of hydrochloric acid gas at room temperature. The
dubletts in the IR absorption intensities are caused by the isotopes present in the sample: 'H-3°Cl and
1H_37C|
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12 MIXTURES OF IDEAL GASES

12 Mixtures of ideal gases

Consider a container with volume V' which is subdivided by a wall into two containers with volumes V4
and Vg. Container with volume V4 contains N4 particles of an ideal gas A and container with volume Vg
contains N particles of a different ideal gas B. The partition function for this system is

A (Va, T) qn?(Vs,T)

Qr = Qa(Na,Va,T)-Qp(Np,Vy,T) = Na Nl

(12.1)

If the dividing wall is removed, all particles can access the entire volume V = V4 + Vg, and the partition
function of the system is
(V. T) qp®(V,T)

— 12.2
Qu N 4! Np! (122)

Note that since particles of type A are still distinguishable from particles of type B, one has to divide by
N4! and Npg! rather than by NI

12.1 The change of thermodynamic state functions upon mixing

The partition functions QQ; and Q; differ only in the volume. The partition function of an ideal gas particle
depends on the volume only throught the translational partition function

2rmkT\ >/
Qtrans — <h23> V (123)
Thus, we can write
aa(V,T) = TV
a(V,T) = BTV (12.4)

where (4 and (g are functions which depend on the single-particle partition function of gas A and B. For
the partition function of the two systems, we obtain

N N, N N
CAA AA . CBBVBB

12.5
@r Ny4! Ng! (125)
and
C,]IAVNA CngNB
= . . 12.
Qrr o (126)
The free energies of the two systems are
A[ = —kBTan[
= —kgT [NA InCa+NalnVa+ Npln{g+ NglnVp —In Ny! — lnNB!] (127)
and
Arr = —kpThQyp
= —kT[Naln{s+NosInV+ Ngln(g+ NglnV —InN4! —In Ng!] (12.8)

The free energy of mixing is given as the free energy difference

AA = Ay — A,
—kBT[NAan—FNBan—NAhlVA—NBIHVB]
Vi

Va
= kT |Naln—=— + Ngln —
B AIIV+BHV
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12 MIXTURES OF IDEAL GASES

V. V
= (Na+ Np)kpT |4 1n7A +zp mVB (12.9)
where we defined the molar fractions
Na
T4 = —
4 Na+ Np
Np
= —. 12.1
e Na+ Np (12.10)

Thus for ideal gases, the free energy of mixing depends on the temperature via kg1 on the relative size of
the original volumes and the number of molecules in these volumes. It is independent of partition functions
for the internal degrees of freedom.

For the change of entropy and the change of internal energy upon mixing, we obtain

AS = (W) _ o4 (12.11)
oT NANp.V T
and
AU = AA+TAS=0. (12.12)

The pressure is defined as minus the partial derivative of the free energy with respect to the volume. Thus
for system I1, we have

OArr Ny Np
Prpo= - ( ) =kpT— +kpT— =Pa+ Pp (12.13)
oV Na.Ng.T 1% \%

where P4 and Pg are the partial pressures of the two components in the mixture.
For mixing two ideal gases at constant pressure, the equations for the thermodynamic state functions are

more complicated. A particularly simple form however arises of the pressure in the two containers A and B
is the same. Then

N
AT NV
Ng Vg

= 2= 12.14

Upon removal of the barrier neither the pressure nor the volume changes and the volume work is zero

PAV =0. (12.15)
Hence,
AH = AU=0 (12.16)
AG = AA=(Ns+ Np)kpT[zalnzs +axglnzg] (12.17)
and
AS = —(Na+ Nplkplzalnzy+2axplnzg]. (12.18)
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12 MIXTURES OF IDEAL GASES

12.2 The chemical potential

Egs. 12.7 to 12.9 suggest that the sensitivity of the free energy with respect to a change of particle numbers
might be a useful property

" (51411)
A =
ON4 Np, T,V
= kBT<a[NAIHCA+NAan+N31nCB+N31nVlnNA!111NB!]>
ONa Ng, T,V
0
= —k‘BT([NAIIICA‘FNA]HV—NAIDNA—I—NA])
8NA Ng, T,V
1
= kBT|:1HCA+lIIV1nNANA+1:|
Na
CaV qa
= —kpTlnh>2— = —kgTIn— 12.1
kp HNA kp HNA (12.19)

14 ist the chemical potential of the component A in a mixture. If the mixture consists of more than one
component, the chemical potential of the kth component is given as

A
b = (8 ) — kT withj £k, (12.20)
N;, T,V Nk

ON},

That is, one consideres the change of free energy upon a change of the particle numbers of component &
while keeping the temperature, the volume and the particle numbers of all other components fixed.

In eq. 12.19, we replace

NkgT
V = 12.21
L (1221)
and
PaV
Ny = — 12.22
A T ( )
(where P, ist the partial pressure of component A in the mixture) and obtain
B [ CakpT PAV
A = kgT _ln D +InN —1In T
[ CakpT PV PAV
= —kpT |1 1 —1
N R o e e
CakpT P
kp _n D + nPA
_ CakpT Py
= —kpTIn 2=+ kpTin (12.23)
At standard pressure, i.e. P = P% =1 bar:
Py
pa = u?4+kBTlnﬁ (12.24)
where
T
14 = —kgTln CAZ;DB (12.25)

is the standard chemical potential of component A.
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13 CHEMICAL EQUILIBRIUM

13 Chemical equilibrium

So far we have considered physical changes (changes in temperature, pressure, volume...) and the properties
of spectra. Next, we will consider actual chemical reactions. In fact, one can calculate the equilibrium
constant of a reaction from the microscopic properties of the reagents and the products. For reactions of
small molecules in the gas phase this approach yields very accurate results. It is useful for reactions which
occur under such extreme conditions that the equilibrium constant cannot be probed experimentally (e.g.
in explosions, volcanoes etc.).

13.1 From the partition functions to equilibrium constants

The equilibrium condition for the generic chemical reaction

vaA+vgB = veC+vpD (13.1)

vapa +VBpUB = Vcolic +VDpUD (13.2)

where vy, is the stoichiometric number of the kth component and py is chemical potential. Let us assume
the reaction takes place in the gas phase and all reactants and products behave as ideal gases. The the
chemical potential is given as

V,T
e = —kBTm%;) k=AB,CD (13.3)

Inserting in eq. 13.2 yields a simple equilibrium condition

VAllA +VBUB = Vouc + VDUD
qa(V,T) qs(V,T) qc(V,T) qap(V,T)
In —~"-—2 In —=/—""-~2 = In —=/—-~—2 In ="~
valn Na +vpin Np Vo In Ne +vpln Np
44 4B Ny Ng
Q(VJCQBD _ NCV‘CNBD (13 4)
iy’ Ni*Np® '

Equilibrium constant. Using absolute particle numbers is impracticle. We therefore replace the particle
numbers by dimensionless concentrations

N,
e = —%  k=ADB,C,D. (13.5)
v
with
%4
where V0 is the standard volume. We obtain
NchED B CECCVDD ,UUCUI/D B qéchDD (13 7)
NXANEB - CZACVBB VYAYVE qZAqu’BB . :

We define the equilibrium constant K as

_eer (s ()
S YR TR (159)

In an ideal gas, the single-particle function depends linearly on the volume
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Thus the property

T
& _ %’“VO — %Vo =V (T) k=ABCD. (13.10)
v

corresponds to the single-particle partition function in a standard volume V0 and only depends on the
temperature. Eq. 13.8 defines the equilibrium constant in a standard volume, which then only depends on
the temperature.

Reference energy level. In the chapter 9 we have calculated the molecular partition function ¢° with
respect to reference energy level ¢y, where ¢, was defined as the energy of the quantum mechanical ground
state. To this we shifted the energy levels

& = e —e (13.11)

where ¢; is the true quantum energy and € is the energy with respect to the reference energy level The
partition ¢ is related to the shifted partition function q,g by

1
k. = ZQXP <—M€i)
1 €0
= ;exp (— T (6] + 60)) = gexp (— ) exp (— kBT>
€0
= gqlexp ( kBT> (13.12)

The partition function q,g can be calculated using the approximations discussed in chapter 9. The factor

€
kT

exp (— k;(’T) corrects the partition function, such ¢; applies to the true ground state energy. So far, we

have never explicitly calculated the correction factor. This however becomes necessary when dealing with
chemical reactions. Inserting eq. 13.12 into eq. 13.8 yields

. (qoc/v) ve (qOD/v) vp AGO
K = (q%/v)l/A (qOB/U)VB + €Xp _kBT (1313)
with
Aeg = Voe€o,c + VDp€o,D — VA€o, A — VBE€Q,B - (13.14)

Derivation of eq. 13.2 from eq. 13.1 The chemical reaction in eq. 13.1 takes place in mixture of Ny
particles of type A, Np particles of type B, N¢ particles of type C, and Np particles of type D. Assuming
ideal particles, the partition function of this mixture is

Na Np N¢ Np
48 ¢ 9D

da
= . 13.15
@ N4!' Np! Ng!' Np! ( )

qa, 98, qc, and qp are the single-particle partition functions. The corresponding free energy is

A = —kgThQ
= —kpT [Nalng® + Nglng® + Noelng® + NpIng” —In N4! —In Ng! —In Ne! = In Np!] .
(13.16)

The change of free energy with respect to a change of the particle numbers of one of the substances k
defines the chemical potential of this substance in this reaction

A
ONy N, TV
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If the number of particles are change in all four substances by small amounts dN4, dNg, dN¢, and dNp,
the corresponding change in free energy is given as

AA — (f“)
ONy Ng,N¢,Np, T,V

n (80 ) ING + ()
ON¢ Na,Ng,Np, T,V ONp Na,Ng,N¢, T,V

= [LAdNA+,quNB+,LLOch+MDdND (1318)

B
dNAJr(a >
ONp Na,No,Np, T,V
oD

dNp

dNp

In a chemical reaction the relative the change in the number of particles (the ratio of dN4 to dNp etc.)
is not arbitrary but determined by the stoichiometric coefficients v 4, vg, v¢, and vp in eq. 13.1. That is,
if the number of particles of sustance A changes by —v 4 - N, the number of particles in the other three
substances have to change by —vp - N, v - N, and vp - N (forward reaction). Thus, eq. 13.18 becomes

AA = —vapa—VvBuB +voic + Vpip (13.19)
In equilibrium AA = 0 and hence

VApA + VBB = Voo + Vplp (13.20)

13.2 Exchange reaction in two-atomic molecules
A exchange reaction in two atomic molecules is
Ao+ By S 2AB. (13.21)

Note that number of particles does not change during the reactions, i.e. Av =v 5 —vg —vp = 0. Hence
the equilibrium constant is independent of the volume and only depends on the temperature.

B (QAB/U)2 Aeg
K = qA/UQB/v Oexp _kBT
4 Aegy
_ . _ 13.22
I8 o~ (1322)

We approximate the single-particle partition function as

dk = Gtrans " Qvib " drot " de " dn*
Gtrans * Qvib * qrot * Ge * qn ° e~ /BT (13.23)

We use the approximation from chapter 8 and 9 and obtain

armikpT\ >/ 1 17 2 .
o = <”th> V. oo o geo [[(@La 4 1) el
1 —exp [_%b*} Ok Yrot,k i1

(13.24)

where my, is the mass, @vib,k is the vibrational characteristic temperature, Ot is the rotational charac-
teristic temperature, oy, is the symmetry factor, ge o is the degenerace of the electronic ground state, and
€o,, is the ground state energy of of substance k. I; j; is the spin of the ith in a molecule of substance k.
Inserting eq. 13.24 into eq. 13.21 yields

3/2 2
K = < m,243 ) / . Zvib,AB 4. 6rot,Ag @rot,Bg . gg,O,AB ) e,Aeo/kBT
ma,mp, 2vib, A, ?vib, By @?ot,AB YJe,0,A29e,0,B-
= ftrans . fvib . frot . fe . e_AEO/kBT (13.25)
For a reaction, the ratio of the nuclear partition functions is alwas 1 since
2
[, (245 +1) _ QLA+ )R+ (13.26)
151 (2 a, + DTy (215, +1) (214 +1)(21a +1)(21p +1)(21p + 1) '
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13 CHEMICAL EQUILIBRIUM

Example: formation of hydrogen iodine Hl is form from its elements in an exchange reaction
Hy+ 1, S2HI. (1327)

where we use the most abundant isotope forms of the molecules: *Hs, 271, and LH'27]. The electronic
ground states in Hy, I, and HI are not degenerate and hence
g2
_ Je0AB 4 (13.28)
9e,0,A29¢,0,B
The characteristic rotational temperatures are Oot, 7, = 85.36 K, Orot,1, = 0.0537 K, and Oyot, 51 = 9.246
K yielding

®rot,1;Iz ®r0t,l2 _ 85.36 - 0'2537 = 0.054 (13.29)
G)rot,HI 9246

For the ratios of the translational partition functions we obtain

(%)3/2 _ (( (127 + 1) (a.m.u)? )3/2

ma,Mp, 1+1)- (127 + 127) a.m.u. - a.m.u

= 32.25%/2 = 183.16 (13.30)

The electronic ground state energies are Dy g, = 4.4773 eV, Dy 1, = 1.544 eV, and Dy gr = 3.053 €V,
yielding

Acge = (2-3.053 —4.4773 —1.544) eV = 0.085 eV = 1.36 - 102" J (13.31)

Note that the contributions of the vibrational states to the equlibrium constant depends on the temperature.
We here use precalculated vibrational partition functions, which contain the ground state energy

T/K ‘ Rvib,HI  ?vib,H,  Rvib,I,
298.15 1.000 1.000 1.553
500.00 1.007 1.000 2.703

1000.00 1.014 1.000 3.013

For the equilibrium constant we obtain

T/K ‘ Jrans Jib frot fe  —Aco/ksT ‘ K
208.15 | 183.16 0.6439 4-0.054 1 -3.305
500.00 | 183.16 0.3752 4-0.054 1 -1.971

1000.00 | 183.16 0.3328 4-0.054 1 -0.986

52



14 THE ACTIVATED COMPLEX

14 The activated complex

In chemical reaction, substrates pass a transition state - the so-called activated complex
A+BSC (14.1)

In the statistical thermodynamical theory of the activated complex (AB)T, this complex is treated as a
separated and independent chemical species which is in equilibrium with the substrates and products. The
reaction equation is extended

A+Bs (AB)T = C. (14.2)

During the reaction, the concentration if of the activated complex is very small compared to the concen-
tration of the educts and products. Thus, for the equlibrium constant for the formation of the activated

complex (first part of the reaction scheme) we have
&
Kf = 4B g (14.3)
CACB

The concentrations are again dimensionless properties ¢, = Ny /v with v = V/V. The overall reaction
rate depends on the rate with which the complex reacts into the products.

_dCA

i VTC(AB)TZVTK:[CACB. (14.4)

Both the equilibrium constant of the activated complex K and its decay rate v,. can be calculated using
statistical thermodynamics.

14.1 Decay rate of the actived complex
Consider the reaction
D+H,S(D-H—-H)' - DH+H. (14.5)

The decay of the process will proceed along one of its vibrational normal modes. Assuming that the three
atoms are aligned linearly in the complex, the anti-symmetric stretch vibration will lead to the decay of
the complex. The force constant of this vibration is so small that the complex will decay during the first
vibration. Thus, the decay rate of the complex is equal to the vibrational frequency of this particular mode

v, = v* (14.6)
Thus,
e Find the transition state structure of the reaction.
e Perform a normal mode analysis for this structure.

e Find the normal mode along which the complex will decay. The frequency associated to this mode is
the decay rate v, of the complex.

14.2 The equilibrium constant of the formation of the activated complex.
The equilibrium constant is expressed in terms of the single-particle partition functions

K! Iamt/v

c = az /v 4B/v (14'7)

Let’s consider the single-particle partition function of the activated complex more closely. The vibrational
partition function is given as a product of the vibrational partition functio of all normal modes

3Natoms —6

qin((AB)T) = H Qib(Ovib,i)

i=1
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3Natoms —5

qvib(e)vibﬂ‘) H qvib(evib,i) (148)

i=1,i%r

where Oy ; is the characteristic vibrational temperature of the i¢th normal mode and  is the index of
the reactive mode. The characteristic vibrational temperature of the reactive mode is low and hence the
high-temperature approximation is appropriate

kT

qwb(evib,r) ~ ho* (149)

We define a "truncated partition function" for the activated complex

kBT 3Natoms_6

q = ho* . H qvib(@vib,i) Gtrans Grot 9e dn
i=1, i#r
kT
= WQEAB)* (14.10)
and obtain for the equilibrium constant
it = T Gam/v (14.11)
¢ hv* (IB/'U ‘IB/U

14.3 The reaction rate of a bimolecular reaction
Inserting eq. 14.11 and 14.6 into eq. 14.4 yields

’
dCA *kBT q<AB)T/’U
- = v ——= L __caACB
dt hv* qB/v ‘IB/U
’
kBT q(AB)T/'U cac
ACB -
h qB/U QB/U

(14.12)

The rate constant is

/
. kgT q(AB)T/v

b= PR (14.13)

and reformulated with respect to a common reference energy

kBT q/[(]AB)T/’U AET
k, = 5 71103@ qOB/vexp “wT) (14.14)

where
Al = €0,(AB)t — €0,A — €0,B (14.15)

is the activation energy. The pre-exponential factor has units of s~', i.e. it is a rate. This molecular
reaction rate is related to a molar reaction rate by

RT q/?AB)f/U AET
krm = kNoag=—7F—""F5— — 14.16
’ AT e db ) PN kT ( )

where N4 is Avogadro's number and R is gas constant.

14.4 Example: exchange reaction between D and H,
Consider again the reaction
D+ Hy,— DH+H (14.17)

The activated complex D — H — H has 3N — 5 = 4 normal modes, of which three do not lead to a decay
of the complex
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14 THE ACTIVATED COMPLEX

e a symmetric stretch vibration: 7, = 1740 cm™! (O, = 2508K)
e a two-fold degenerate bending vibration: 7; = 930 cm~! (O, = 1339K)

The frequency of the reactive normal mode cancels in the equation for the rate constant. The characteristic
rotational temperatur is O,ox = 9.799 K. The molar rate constant is given as

1 _ RT 1 dtrans,c/V Grot,C QuibC  ge,0,C ox (_ A€T)
o h VO atrans,my/V dtrans,0/V  Grot,Hy  Quib,Hs  Je,0,HsJe,0,D kT
A€t
= A. — 14.18
exp( kBT) (14.18)

where we used that the rotational and vibrational partition function of a single atom (i.e. D) is 1. The
degeneracy of the electronic ground state of D and of the activated complex is 2, thus

_9e0c 4 (14.19)
9e,0,H29e,0,D

Using the approximations from chapters 8 and 9, we obtain for the pre-exponential factor

oo~ BT (w2 NP me Lo (1o e (1 ey (14.20)
h VO \2rxkgT My, Mp IHg (1_€7hVH2/kBT)71 '

Inserting all the properties in Sl units and choosing V5 =1 cm? = 1-107% m? yields

A = 1.26-10" mol™'s™t (Vo =1cm®) (14.21)
The experimental value is 4 = 0.49 - 10'4 mol~!s~1.

Despite the large number of assumption which we used in the derivation of the reaction rate, the theory
of the activated complex yields a result which has the correct order of magnitude. The theory of the
activated complex is useful to understand how the reaction rate changes if the substrates change. For
example the pre-exponential factor in the analogous reaction

CHs+ Hy — CHy + H (14.22)

is two orders of magnitude smaller because one has to take the rotational partition function of C'H3 into
account.
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