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Preface

If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one sentence passed on
to the next generations of creatures, what statement would contain the most information in the fewest
words? | believe it is the atomic hypothesis (or the atomic fact, or whatever you wish to call it) that
all things are made of atoms-little particles that move around in perpetual motion, attracting each other
when they are a little distance apart, but repelling upon being squeezed into one another. In that one
sentence, you will see, there is an enormous amount of information about the world, if just a little
imagination and thinking are applied.

Richard P. Feynman

This course is intended mainly for graduate students or advanced undergraduates in chemical engineering. It is
also appropriate for students with backgrounds in physics, chemistry or other fields that can make use of statistical
mechanics, molecular theory and simulations. The emphasis of the course will dygptioation of the principles
of statistical mechanics to the solution of problems of interest in engineering and the sciences. Necessarily, there is a
significant amount of mathematics and theory involved, and the first half of the class is devoted to the development
of the basic machinery of statistical mechanics. By no means is the treatment given here complete, however, so
when appropriate additional references are given where the interested student may seek out additional details. The
second half of the course deals with solving statistical mechanical models numerically throughnusleaflar
simulations A number of practical issues associated with molecular simulations are touched on, and examples
from the some of my research (and other’s) are used to illustrate some of the more important points. Again, a
comprehensive treatment is not intended or possible, but the course and notes should give you enough information
to pursue the topics introduced here in greater detail.

Regarding these notes: the notes you are reading are NOT intended to serve as a textbook. These are simply :
collection of notes that | have prepared over the last two years that provide a basis for our class discussions. Thus
the writing may not appear coherent in some sections, and you may find lots of typos along the way. | will try to
point out mistakes as | encounter them - if you find errors, please bring them to my attention!

| suggest you purchase the textbook by Richard Rovttistical Mechanics for Thermophysical Property
Calculations This book is very easy to read and may help you grasp the material better than these notes or my
lectures alone. In addition, a number of books have been placed on reserve in the Engineering Library in Fitzpatrick
Hall. You should make use of these books in your studies to help clarify issues and reach a deeper understanding of
topics which interest you.

| am indebted to a number of people who introduced me to this field. Much of the material in these notes can
be traced back to old course notes of mine. In particular, | would like to acknowledge the work of Prof. Doros
Theodorou and Prof. Arup Chakraborty, who co-taught a class at Berkeley in 1991 entitled “Molecular Theory for
Chemical Engineers”. | also benefitted greatly from statistical mechanics courses taught by Prof. David Shirley in
1991 and Prof. David Chandler in 1992.
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Chapter 1

Outline and Scope

1.1 Definitions

The course will be broken down into two parts. In the first part, we will develop the essential components of
statistical mechanical theorp handle the second part of the clas®lecular simulationWe will use the following
definitions when discussing these topics.

Statistical Mechanicsis the formalism that provides the link between the microscopic states of matter and
observed macroscopic properties. To actually compute macroscopic properties, we have two basic choices. First,
we can develofbtatistical Mechanical Theories These are rigorous theories that provide an exact relationship
between the properties of interest and the microscopic details of the system. Typically, an exact analytical solution
is impossible for all but the simplest models. Thusaperoximate realitypy constructing simple models which can
be solved with pencil and paper (or minimal amounts of computation). On the other hand, we d4olesdar
Simulationsto attack the problem. Molecular simulations are a numerical solution dbithgtatistical mechanics.

These simulations arexactwithin the numerical accuracy of the computer that is used. Unfortunately, Nature is

so complex that formulating the problem with all the required details makes for calculations that are prohibitively
long. Molecular simulations takets of computer time! To get around this, we often make approximations to the
statistical mechanical models, although these approximations are usually much less severe than are those made i
solving purely theoretical formulations. In practice, we use both of these tools interchangeably, and there is no clear
division. The advent of fast, inexpensive computers has invigorated the area of molecular simulation, such that these
simulations are being carried out in a number of corporate as well as academic research groups.

1.2 Synopsis
In a nutshell, the following major topics will be covered:

1. Equilibrium statistical mechanics: systems in thermodynamic equilibrium

There are?102%3 microscopic variables (degrees of freedom) in a macroscopic system, but a thermodynamic

description involves only a handful of degrees of freedom. This remarkable reduction is a consequence of
statistical laws that govern the behavior of many—body systems. We will discuss these laws in the initial part
of the class.

2. Nonequilibrium statistical mechanics: systems kept off equilibrium

This isn't often treated in statistical mechanics classes, but it turns out to be very useful when conducting
simulations. Thus, we will formulate the statistical mechanics of systems where a perturbing field drives
the system away from equilibrium. The formalism relies upon “irreversible thermodynamics”, and is the

molecular foundation for transport phenomena and chemical kinetics.

1



2 CHAPTER 1. OUTLINE AND SCOPE

3. Statistical mechanical theories

Having discussed the fundamentals, we will touch on various theoretical approaches that are used to un-
derstand the behavior of systems. These theories provide a rigorous formalism for predicting macroscopic
behavior. An exact analytical solution is impossible for all but the simplest molecular models so approxi-
mations are employed involvingimplified modelgi.e. molecular shape, spatial arrangement, interactions,
etc.) and simplifiednathematical formulatioffi.e. Gaussian statistics, etc.). Oftentimes, we do both! Given
these approximations, closed—form solution can be solved either analytically or numerically. Typically, good
approximations yield good results and modest computational effort.

4. Molecular simulations

The last topic to be discussed involves the solution oftliestatistical mechanics. When done propeskact

solution of the molecular model is obtained. People often refer to this approach as “computer experiments”
that track organization and mode of motion of molecules. The macroscopic manifestation of molecular phe-
nomena are monitored during a simulation. My view is that simulations are just another tool, such as a new
spectroscopy, that can be useful in the proper situation. Its main value is its flexibility and that it becomes
more powerful with each passing year, as computational speed continues to double every 18 months. The main
advantages of molecular simulations are that one can palperty predictiondy constructing a model that
faithfully mimics reality. No less importantly, one can also rigorously test molecular theory. Thatdgaan
numerical solution of a model can be obtained to test if the analytic solution obtained from your theory is
correct. The main disadvantage of the technique is that it is computationally intensive. Consequently, you are
typically limited to short simulation times and length scales. However, one can minimize computational re-
guirements by utilizing various “tricks”, using parallel computing techniques, or by invoking approximations
which are generally less severe than those required in statistical mechanical theories.

Purpose of the course: To provié&posureo some fundamental and applied aspects of statistical mechanics
useful in chemical engineering research and practice. This is relevant as Chemical Engineering has been moving
toward a more molecular-level approach to problem solving for several years in response to tighter environmental
controls (conversion, waste, use), growth of specialty markets and increased competition in commodity markets.

A rough outline of the topics to be covered is given below. Note that this may change according to the interests
of the class. In Part 1 of the class, we will develop the basis of statistical mechanics, emphasizing only the essential
features necessary to understand how many modern problems are being addressed with these techniques. Th
following items will be covered:

1.3 Outline of Statistical Mechanics Section

1. From Hamiltonian Dynamics to Statistical Mechanics

e classical mechanics

e phase space

e Liouville equation

e ergodicity and mixing in phase space

2. Introduction to Equilibrium Statistical Mechanics

e ensembles: microcanonical, canonical, grand canonical
e connection with thermodynamics

3. Elementary Statistical Mechanics of Fluids
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e Ideal Gas
e Mean Field Approximations
e Applications (e.g. isotherms)

4. Distribution Functions in Monatomic Fluids
e Pair Distribution Functions
5. Integral Equation Theories

In the second half of the class, we will introduce molecular simulations and cover both theoretical and practical
topics associated with their use. The outline below will be more or less followed:

1.4 Outline of Molecular Simulation Section
1. Why use molecular simulations?

¢ Difficulty in applying statistical mechanics to “real” problems
¢ Relationship between molecular simulation, experiment, and continuum theories

2. Construction of a molecular model

e molecular representation
e potentials
e model system

3. Monte Carlo methods

Importance sampling

Markov chains

Metropolis algorithm

Monte Carlo in different ensembles

4. Molecular Dynamics

e Equations of motion

¢ Integration algorithms

e Molecular systems

e Constraint dynamics

e Extended ensembles

e Structure from MD

e Transport properties (Green-Kubo relations, linear response theory)
¢ Nonequilibrium statistical mechanics, nonequilibrium MD

5. Brownian Dynamics

e Brownian motion
e Langevin equation, Fokker-Planck

6. Transition—State Theory
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Chapter 2

Introduction

A theory is the more impressive the greater the simplicity of its premises, the more different kinds of
things it relates, and the more extended its area of applicability. Therefore the deep impression that
classical thermodynamics made upon me. Itis the only physical theory of universal content which | am
convinced will never be overthrown, within the framework of applicability of its basic concepts.

Albert Einstein

2.1 Historical Perspective

Before embarking on the details of a topic, it is often useful to spend just a little time seeing where the subject came
from. The seeds of statistical mechanics were sown in the early nineteenth century, when classical thermodynamics
was developed. Through the “laws” of thermodynamics, scientists and engineers had a conceptual tool that enabled
them to design and analyze the processes that sparked the industrial revolution. The efficiency of devices such as
steam engines and power plants could be described and predicted using this formalism. Later, thermodynamics was
extended to a host of other situations, including the description of chemical and phase equilibrium. Interestingly,
classical thermodynamics makes no assumption about the nature of matter, and yet it still works fine!

It was only about 100 years ago that people really started to question what makes up the substances around us
The atomistic view of matter was not widely accepted, although people like van der Waals and Boltzmann made
convincing arguments for the existence of atoms. In his Ph.D. thesis of 1873 entitled “On the Continuity of the
Gaseous and Liquid States”, van der Waals writes

We have therefore to explain why it is that particles attracting one another and only separated by empty
space do not fall together: and to do this we must look around for other causes. These we find in the
motion of the molecules themselves, which must be of such a nature that it opposes a diminution of
volume and causes the gas to act as if there were repulsive forces between its particles.

van der Waals then goes on to propose the first cubic equation of state, which is still taught in every thermodynamics
class. He correctly identified the two key concepts that are essential in understanding fluid behavior: (1) matter is
made of molecules that are always moving about, and (2) the molecules have both attractive and repulsive forces
between them, which governs the fluid behavior. Although we now know all this fairly well, it was a remarkable
conceptual breakthrough at the time.

People realized then that, if fluid behavior was determined by the way in which particles move about and interact,
then there must be some link between the behavior of these particles and classical thermodynamics. What was the
link? In other words, if the microscopic interactions of molecules governs macroscopic properties, how do we go
about calculating what those properties are? To the deterministic thinkers of that day, the task looked impossible.
How do you track the movement #62* particles? Even with today’s supercomputers, calculating the interactions
between that many particles would take roughly as much time as the universe has been in existence. We simply

5



6 CHAPTER 2. INTRODUCTION

can't do it. lronically, because there ese manymolecules in a macroscopic fluid element, we actually don’t have

to track all the particles. Just as actuaries and pollsters rely on small samples of huge populations to accurately
predict death rates and election outcomes, so too are we able to say something albwetdbeproperties of
materials by studying small samples. Following all the particles with classical mechanics isn't necessary. Instead,
all we need to do is figure out thetatisticalbehavior of the system, and we can determine macroscopic properties.
Hence the namstatistical mechanicdt was Ludwig Boltzmann who provided this important link between classical
thermodynamics and statistical mechanics when he reinterpreting the Second Law in terms of molecular probability.
Boltzmann was the one who stated that entropy was proportional to the logarithm of the number of quantum states
available to the system (we’ll get into this later). That constant of proportionality is now called Boltzmann’s constant,
and we now recognize him as the father of statistical mechanics. Unfortunately for Boltzmann, he died before ever
seeing his ideas accepted, but his famous equation is inscribed on his tombstone forever reminding us that he was
right.

2.2 Link Between Microscopic and Macroscopic

The methods used to go from a statistical description of molecules to macroscopic properties are complex, and
computational difficulties have limited the use of statistical mechanics in engineering applications. Historically,
statistical mechanical treatments have only been possible of idealized systems, but much progress has been mad
in the last ten to twenty years, so that now fairly complex (and thus interesting) systems can be studied with these
methods. Conceptually, however, the connection is quite simple, as shown in Figure 2.1. What we will do in this
class is show practical ways in which we can make this link.

[ Microscopic ‘ Macroscopic
Behavior: Properties:
molecular motion, [ thermodynamic

intermolecular forces and transport properties
L ) optical properties, etc.

Figure 2.1: Statistical mechanics provides the conceptual link between the microscopic behavior of molecules and
the macroscopically observable properties of a material.

2.3 Practical Problems

The next issue we need to address before getting into detallhéawould one like to perform calculations of

this type or do this kind of modeling? In other words, what are we interested in calculating and why? Aside from
the fact that the field is fun and intellectually pleasing (reason enough for academics!), there are several practical
problems that people are trying to address with statistical mechanics/simulations. We will talk briefly about two
such problems: rational material design and thermophysical property estimation. Part of this class will be devoted
to helping you find applications relevant to your interests or thesis research.

2.3.1 Material Design

Statistical mechanics plays a central role within the hierarchy of approaches for first principle design of engineer-
ing materials. An alternative design process, utilizing a “shotgun” approach, is caltelinatorial chemistrypf
combinatorial synthesisThe tools discussed in this class are also applicable to this process, as some guidance on
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the molecular level can greatly reduce the number of “trials” one makes and thus can help focus the search for new
materials in the combinatorial approach.
The following figure depicts a rational design “hierarchy” strategy. We seajtlaitum mechanids the most

chemical constitution

¢

[ guantum mechanics ]

molecular geometry
molecular details & interaction energy
and mechanisms
<—| datistical mechanical theory
and computer simulation

materid

morphology material properties

& constitutive laws

continuum engineering processing
science conditions

product performance
(After D. N. Theodorou)

Figure 2.2: Hierarchy of approaches for the rational design of materials (after D. N. Theodorou)

fundamental step in the process, taking information on the chemical constitution of matter and yielding the following
type of information

e potential energy of interactions between atoms and molecules as a function of spatial configuration
e molecular geometry resulting from interactions

Given these inputs from guantum mechangtafistical mechanicprovides a framework for predicting proper-
ties. Note, however, that we may obtain these inputs from other sources, such as experiment. The kind of properties
we can get from statistical mechanics include:

e Thermodynamic properties, such as

— phase diagrams
— volumetric behavior
— heat capacity
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— solubility
— sorption isotherms
— surface and interfacial tension

Mechanical properties, such as

— elastic moduli
— toughness
— strength

Transport and rheological properties, such as

— viscosities

— diffusion coefficients
— thermal conductivities
— relaxation times

Chemical properties, such as

— reaction rate constants
— equilibrium constants

Constitutive laws governing materials (i.e. polymer rheology)

Molecular organization and motion

— mechanisms underlying macroscopic behavior
— insight for “what if” questions

All of these properties are useful in and of themselves. We can compare the results of our calculations with
experimental measurements to assess how well our model does in capturing physical reality. If the models are
good, we can then use the calculations ipradictive modédo help us determine properties for systems where
experiments are difficult, expensive, or impossible. Once the properties of interest are determined, we then use
continuum engineering scient@ move to longer length scales and longer time scales. This enables us to carry out
calculations necessary for actual materials and/or process design. These areas include fields traditionally studied by
engineers and chemists, including

¢ thermodynamics

e transport phenomena

e continuum mechanics

e rheology

e chemical and catalytic kinetics

A rational design strategy whereby the input to continuum models is dezdragletelyfrom quantum and statistical
mechanics does not exist — and probably never will completely exist for many &teasver parts of this strategy
are being developed and used in industry. Recent advances have helped make this possible in:

e molecular-based drug design
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e coatings
e catalysis

Many parts of this strategy have been established qualitatively. We typically call this “experience” or “insight”.
The techniques discussed in this class will help formalize how we obtain this type of molecular insight. In addition
to the usefulness in the design process, traditional experimental investigations are complemented, enhanced, anc
interpreted through use of theory and simulations. My main point here iseban, for someone who considers
themselves to be purely an experimentaksatistical mechanical methods are important and should be considered
in your work!

2.3.2 Thermophysical Property Estimation

Another area where statistical mechanical theory and simulation is making a big impact is in the estimation of ther-
mophysical properties. This is really a subset of the rational design process mentioned above, but it is so important
that | want to emphasize its use in a separate section. To carry out design calculations, the engineer needs ther
mophysical properties. That is, we need to know heats of formation, viscosities, densities, phase diagrams and a
whole host of other properties. Many of these properties have been measured and tabulated for pure substances. W
have much less information regarding mixtures. In addition, there are huge gaps in the data outside relatively mild
laboratory conditions. That is, we often have no information regarding thermophysical properties under extreme
conditions, because experiments in this regime are often too difficult. We are often left no choice but to estimate
thermophysical properties when performing preliminary calculations. (We still must measure many of these proper-
ties before a final design is carried out, but the ratio of final designs to preliminary designs is a small number. Thus,
there is a big incentive for us to be able to estimate properties with reasonable accuracy in a way much cheaper than
experiment). The traditional approach is to develop models to help us predict properties (or worse, we extrapolate
existing data - a dangerous thing to do!). Examples of these models include the large number of activity coefficient
models or equations of state which help us predict vapor-liquid equilibrium behavior. As you know, these models
don’t always work, and typically require some experimental data as input.

To make models more predictive, people have develgpedp contributionmethods. A good example is the
UNIFAC method for predicting activity coefficients. While this method sometimes work, sometimes it doesn't. Is
there another alternative?

People have been working on methods whenetmfecular simulationsould be used to help predict thermo-
physical properties of materials. We will discuss exactly how this is done later, but the vision is that an engineer
could access a corporate database and ask for a thermophysical property (i.e. the viscosity of a hydrocarbon mix-
ture). If experimental data were available, it would be given to the person. If no data exists, a simulation could be
conducted on the company computer using either first-principles or empirical forcefields, and an estimate would be
generated. Obviously, if your job is to figure out how to do the simulations to get the estimate then you need to
know the content of this course. However, even if you are accessing such information, you should know how it gets
generated so that you can have a better idea of its accuracy and the shortcomings of the methods.

2.4 Review of Some Mathematics and Statistics

We will make use of a number of concepts from statistics. This section serves as a review and a way of introducing
nomenclature. For additional details, see McQuaiSitistical Mechanics Much of what follows comes from
McQuarrie, as well as Rowley arndtroductory Statistical Mechanidsy Bowley and Sanchez.

2.4.1 Probability

The everyday meaning of the word “probability” has to deal with the odds of a particular outcome. For example,
we speak of probability as meaning “What are the odds the Packers will win this Sunday or that a given horse will
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win arace?” This is not the interpretation of probability we will be using.

We will think of probability in two ways. The first is thelassical notion of probabilityn which we assign, a
priori, equal probabilities to all possible outcomes of an event. The second nosi@tissical probability which is
a measure of the relative frequency of an event.

Classical Probability

The rule for setting the classical probability is simple: count all the points in a given sample space and assign them
equal probabilities. If there afl@ points in the sample space, then the probability of each pointlig. Thus,

pi = W (2.1)

For example, if we toss a coin, there are two possible outcomes: heads or tails. The probability of getting a
heads is just /2, sincelWW = 2. If we tossed the coiV times, there would b&" possible outcomes (we count
each outcome separately, remember, even though we may not be able to distinguish one “head” from another). The
probability of any one event for this situation is thus

1

pi = 2—N (2.2)

What we have done in this case is to enumerate all possibiiple eventsind assign equal probabilities to each.

A simple event is simply the outcome of a trial that doesn’t depend on any other event. The flipping of a coin is
about as close as we can come to a simple event. Does the concept of a classical probability always work? Let'’s
apply it to the prediction of the sex of a baby. There are two possible outcomes for a baby’s sex: boy or girl. Using
classical probability, we would anticipate thgt,, = 0.5, since in the absence of any other information we assume
that both possible outcomes are equally likely. If we look at the records, however, we fingthat: 0.51 for

most countries. More boys are born than girls. What's wrong with our approach? An even more extreme case can
be found if you use classical probability to predict the weather. Let us predict the probability that it will rain in San
Diego on any given day. Since there are two possibilities, that it rains or that it doesn’t, we might naively assume
thatp,.» = 0.5. If you've ever been to San Diego, you know this is clearly wrong, for it rains only a few days out

of the year. The source of difficulty here is that whether it rains or a boy is born depends on a number of events
acting together. These are not simple events, but are insteagouncevents. Compound events are made up of a
collection of simple events. Clearly, we should test experimentally our a priori assignment of probabilities.

Statistical Probability

Statistical probability is concerned with the experimental method of assigning probabilities to events by measuring
the relative frequency of occurrence. Using a modification of our baby analogy, let's say we want to know what the
probability is that a baby born in the U.S. will have blue eyes, brown eyes, or green eyes. One way of determining
this is to go out and count babies. Let’s say a roving group of graduate students goes to a number of hospitals around
the U.S! The graduate students come back after having examined 1000 babies and they report that 601 of the babies
had brown eyes, 251 of the babies had blue eyes, and 148 had brown eyes. We could then assign probabilities in the
following way:
Porown = 0.601, ppye = 0.251, and Pgreen = 0.148

The advisor of these students isn’t satisfied, however, and tells them to go out and count more babies. They
cheerfully agree and count 9000 more babies. Now their sample size is 10,000. They obtain the following:

Norown = 6,200, npjye = 2,688, Ngreen = 1,107

!Let's forget about local variations in the population, and assume that the U.S. is completely homogeneous for the time being. Of course
this is a terrible assumption, but this example is only for illustrative purposes!
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Their revised probabilities are :
Dorown = 0.6205, pyiye = 0.2688, and pyreen = 0.1107

Mathematically, the relative frequencies are written(xag'N'), wheren; is the number of occurrences and
are the total number of samples or trials. If the relative frequencies tend toward a constamgjoas to infinity,
then this limit is defined as th&atistical probability p;, given as

=i () 23)
In practice,(n;/N) will fluctuate, but should converge to a well-defined limitsisgets very large. For random
events, the fluctuations in the statistical probability diminishiVas!/2; thus the largetV becomes, the more ac-
curately we knowp;. We see that the graduate students probably jumped the gun by assigning probabilities too
soon after only 1000 babies. Hopefully, after many more trials they would see values converge and would assign a
probability according to egn 2.3.

For many simple systems such as dice and cards, it is an axiom that the observation of well defined events tends
to a limit and that a definite probability can be assigned. Las Vegas has thrived using this axiom. Of course, this is
an act of faith, because we can never take an infinite number of trials, but apparently a large number is close enough
to make a fortune!

Now, here is a key point: statistical probabilities are only accurate when the same event occurs many times, so
that the ration;/N') can converge. This is why speaking of the “probability” of the Packers beating the Vikings in
football doesn’'t have the same meaning as our stricter definition of probability. The Packers/Vikings contest will
only occur once. The next time the teams play, it may be on a different field, with different weather and different
players. Another key point: statistical probabilities only have meaning when thgrafity') tends to a limit. You
may ask what is the statistical probability the Dow Jones Industrial Average will close at 7800 tonight. The market
moves up and down, but is not apparently converging on a particular value. Even though it is the same market, it is
drifting (we hope up), and not converging. Therefore statistical probabilities have no meaning in this context.

Axioms of Probability Theory

There are three axioms we must identify in probability theory. First, suppose we have a set of probabiliti¢ise
case of classical probability, we hai® simple events each with a probability = 1/W. In the case of statistical
probability, p; = n;/N, with N going to infinity. In both caseshe probabilities are positive numbers, or zefithis
is the first axiom: all probabilities are either zero or positive numbers.

The second axiom is th#tte probabilities are less than or equal to one

The third axiom concerns compound events. Let us saypthiatthe probability that event occurs, andg;
is the probability that event occurs. If both events cannot occur in a single trial, then the events are said to be
mutually exclusiveThe third axiom is that for mutually exclusive events, the probability of either evecturring
or j occurring is

Pitj =Pi tDpj (2.4)

where the notatiop; . ; refers to the probability that either evertr ; occur. For example, let's say we draw a card
from a pack of cards. The card can't be the ace of spaddshe jack of hearts. These are exclusive events. The
probability of gettingeitherthe ace of spades or the jack of hearts in a single draw is just

PAS+JTH = DAS + PJIH (2.5)

In general, a sel, 2, ..., r) of mutually exclusive events has a set of individual probabili(igsp., . .., p.). The
third axiom states that the probability that one of these events occurs during a single trial is

p=pi+p2+---+p, (2.6)
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Question: Consider an ideal die with 6 sides. What is the statistical probability of rolling an even number?
What is the statistical probability of rolling a number less than 4? What is the chance that either or both occur? Are
these events mutually exclusive?

Independent Events

The probability that two independent events will occur is the product of their individual probabilities. That is, if the
probability of event is p; and the probability oindependenévent; is p;, then the probability that both event occur
must be

Di,j = DiDj (2.7)
As an example, the probability of rolling a 6 on a single die is

1

p6=6

Let's say you have just rolled a 6. What is the probability of rolling another 6? For this particular trial, it is again

1
Pe = %

6
However, if you ask what is the probability of rolling two consecutive 6s, where now we consider the two rolls as a

single “trial”, then the probability is
1
P66 = P6P6 = 3¢
Generalizing this, we can havéndependent events, each with individual probabgityps, . . ., p-. The probability
that they all occur in a single trial is

p=Dpip2---pr (2.8)

2.4.2 Counting

In statistical mechanics, we have to know how to “count” the number of ways things can be arranged, combined, or
permuted. Here are some basic formulas we will use.

Arrangements

The number of ways of arrangingdissimilar objects inalineig! =n x (n—1) x (n—2)--- x 2 x 1. If there are

n objects,p of which are identical, then the number of different ways these can be arrangel glre=or example,

we can arrange the letters A,B,C,D in 24 different wai!y. (However, we can only arrange the letters A,A,B,C in
12 different ways. We can generalize this to the case when werhabgects we wish to arrange in a line, where
we havep objects of one kindg objects of another kind; of another and so on. The number of arrangements in
this case isu!/plglr!---.

Permutations

Let us now say we wish to know how many ways can we arrangigiects out of a total of objects. We call this
the permutationof r objects out ofu. It is given by the following formula

nPr = : (29)
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As an example of how this works, say we have 5 letters A,B,C,D,E and we wish to know the number of ways of
choosing 2 of the 5 letters. The first choice can be any 1 of 5 (i.e. “B”) but the second choice can be only 1 of 4 (i.e.
“C"). This selection then forms a single permutation of the 5 letters, and has the “value” BC. Assuming that the two
choices are independent of each other, the number of permutations can be explicitly worked out. The result for this
particular case follows from eqn 2.9

5P =

Combinations

In many situations, we don't care about the order with which the selections are made. For example, if we have
our letters A-E as above, we might wish to consider BC as being equivalent to CB. We must therefore divide out
the degenerate cases from eqgn 2.9. We call this the nhumlmenabinationsof » objects out ofz, and the general
formula for this is

n!

The number of combinations of two-letter pairs from five total is now 10, whereas the number of permutations is
20.

Molecules of the same kind are indistinguishable, so we will use combinations to count the number of unique,
distinguishable arrangements. We can generalize the result in eqgn 2.10 to account for different states. For example,
let us say we have 10 total letters. We wish to place three of them in box one, five in box two and the remaining two
in box three. How many ways can this be done? Let’s try to derive a general formula using this specific case.

The first three letters can be chosen with

10!
O3 = ———
10%3 7 31010 — 3)!
number of ways; the second five can be chosen in
7!
705 = ol
ways; the final two are chosen in
2!
202 = 2|—0|

number of ways. Recalling that = 1, and recognizing that each of these evenisdependentwe arrive at the
total number of ways of making the choices as

10!

W = 100370520, = ETRE]

We see that, in general, the number of arrangementd filems withn,; in each state is

N!
= 2.11
W ni! X ng! xngl x --- ( )

where the denominator implies a division by ajl. We will use eqn 2.11 to work out the total number of ways
energy can be arranged between different quantum states.
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2.4.3 Distributions

Let’s suppose that our team of graduate students now wants to determine how tall the average American adult male
is. To do this, they go out and start measuring adult males. They measure 100 men, and arrive at an average heigh
using the following formula

1 N
(h) =+ ; hi (2.12)
where(h) is the average heighly is the total number of men (samples) measured,/ansl the result of measure-

menti. They obtain a value ofh) = 67.4 inches. The raw data are plotted in Figure 2.4.3

Height of Adult Male
N =100

10.0

8.0

6.0

Number of Men

4.0

20

' I

"40.0 60.0 80.0 100.0

Height, in inches

Figure 2.3: Distribution of heights with 100 samples.

What the students don't tell you is that the resolution of their ruler is only about 1/2 an inch, so the heights were
actuallybinnedas shown in the histogram of Figure 2.4.3. Thus,atiial formula used to get the mean was

nbins n hz

() = 2L

5 (2.13)

whereN = Y ™" ;. the sum over all the bins of the number of men having a height within some discrete bin
width. Notice that, in the limit ofV — oo, eqn 2.13 goes to the following

nbins

(h) =" pihi (2.14)
=1

wherep; is thestatistical probabilitythat a man is of height;.
The graduate students are so excited by their results, that they take additional sampl¥'s wit000 and
N = 100, 000; the results are shown in Figures 2.4 - 2.5.
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1 1
40.0 60.0 80.0 100.0
Height, in

Figure 2.4: Distribution of heights with 1000 samples.

5000.0
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3000.0
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Figure 2.5: Distribution of heights with 100,000 samples.

These results show that as the number of samples increases, the distribution becomes smoother and smoothe
Said another way, as the number of samples in each bin gets larger, the statistical probabilities associated with eact
bin become more and more certain. If our ruler has very fine resoldtiginstead of 1/2 inch), we could replace
pi, the probability of being in biri by p(h)dh, wheredh is the differential “bin width” or resolution of our ruler,
andp(h) is a smooth function of. The continuous curvg(h) is called gprobability density distributionThe sum
over the bins becomes an integral, such that

nbins

> opi=1 (2.15)
i=1
becomes
+o0
/ p(h)dh =1 (2.16)

We write the above equation in the general case; for the example we were talking about, the lower limit would
obviously be zero. Note thath) must be a probabilitgensitydistribution with units of(z)~!.

The distribution which fits the data in Figure 2.5 is the most important probability distribution in statistical
mechanics, and one you are familiar with. We call @aussianor normaldistribution, and it is defined by

p(h) = 1 oxp [_1 (M)Q

o

(2.17)
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Only two parameters are needed to define this distribution: the mean vallie;, and the standard deviation,
Let us now set out to more formally define the concepts of discrete and continuous distributions.

Discrete Probability Distributions

Let F'(x) be the value of a discrete functionat If there areM possible values of" (F'(z1), F(x2),... F(x))
with corresponding probabilitieB (P(z1), P(z2), ... P(xyr)) then

M. P(x;)F(x;
Zj:lp(xj)
P(zx) is adiscrete distributionand F'(z) is a discrete random variable Since P is a probability, we know it is
normalized.

(2.18)

M
Y P(z;) =1 (2.19)
j=1
M
(F(z)) =Y P(xj)F(x) (2.20)

Continuous Distributions

X

Figure 2.6: An example of a continuous distribution

Let f represent @ontinuous distribution functionf events that depend an Let p dx be the probability of an
event occurring in the infinitesimal regiafx.

B fdx
C[iX fda

p is the probability density Again, we have normalizedrobabilities ffooj p dxr = 1. Averages with continuous
distributions are calculated as follows:

pdz (2.21)

(F) = JF /(o) do (2.22)

[ f(z)dz
Moments

If F(z) =2zM,then(F(z)) is the Mth moment of the distributio® (). We normally work withcentral moments
however. IfF(z) = (z — (z))M, then(F(z)) is the Mth central moment of(z). Using Rowley’s nomenclature,
we define the Mth central moment as

pur = ((z— <z >)M) (2.23)
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We see thajyg = 1, 1 = 0, andpus = o2, thevariance The square root of the variance is called st@ndard
deviation and measures trepreadof the distribution. Theoefficient of skewnesss, is related to the third central
moment and is typically normalized with respect to the standard deviatips: 13/0. Thecoefficient of kurtosis
is defined asvy, = u4/0*. These coefficients measure the shape of the distribution. A positiv@eans the
distribution is skewed to the right; a negativg means the distribution is skewed to the left. A largecorresponds
to a high, narrow peak.

Gaussian distribution

We have already encountered a Gaussian distribution. Using the symbols for this section, the Gaussian distribution

has the form )
P(z) = ! exp [_(x — (z)) ] (2.24)

-~ (2mo2)1/2 202

Question: What are the first four central moments of the Gaussian distribution?

Binomial and Multinomial Distributions

When we introduced the concept of counting, we discussedbinations The number of combinations @fob-

jects out of a total om was given by eqn 2.10. This equation is the equation for the coefficientbimioaial
distributior?. Similarly, the number of orderings for groupings of more than two particles are the coefficients of a
multinomial distribution That is, the distribution density @¥ things takem, no,...n, atatime is

N! N!
= T
nilng!---n,! Hj:1”j!

(2.25)

where the term in egn 2.25 is known asnalltinomial coefficient Note thatn, + ny---n, = N. An important
feature of multinomial distributions is that the variance goes to zerfy decomes large. In fact, the variance
narrows so rapidly that the peak narrows to a single value. In the limit of an infihjitee distribution collapses to
a single spike. In this limit, then, the entire distributioray be replaced by the maximum tervkie will make use
of this property extensively later on.

2.4.4 Stirling’s Approximation

From the above discussion, it is clear that we will encounter factorials of very large numbers quit€oistion
What isN!if N = 10?3? Itis awkward to calculate factorials of very large numbers directly, but we can develop an
asymptotic approximation valid for large.

N'is a product, butn N'!is a sum.

N
InN! = Z Inm
m=1

If we plot 2 vs Inz as a continuous curve, and also plot: as a series of rectangles, we see that forms an
envelope for the rectanglek z! is the sum of the area of all rectangles (see Figure 2.7).

For smallz, Inz is a poor approximation of the area of the rectangles. However, lzecomes large, the
envelope becomes a very good approximation for the area of the rectangles. For very |arganay write

N N
In N! = Zlnmz/ Ingds = NInN — N (2.26)
1

m=1

where eqn 2.26 is valid only for larg¥. Eqn 2.26 is callectirling’s equation and will be quite useful later on.

2See McQuarrie for a brief discussion of binomial and multinomial expansions.
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ivation of Stirling's Approximation

Figure 2.7: Graphical depiction of Stirling’s approximation (after McQuarrie)

2.4.5 Lagrange Multipliers

Finally, we need to know how to maximize equations subject to constraints (in particular, we will do this for egn
2.25). Considef (z1,z9, ..., x,), Where the variables are connected by other equations, sy¢ctvaszs, ..., z,) =

0, go(x1,29,...,2,) = 0, etc. Thegy, g2, etc. are a series @bnstraints Were it not for the constraints, the ex-
tremum off would be found by

r 8f

df = X_) (a—%> dz; =0 (2.27)
7=1 0

The zero subscript reminds us that eqn 2.27 is zero only whenpbeial derivatives are evaluated at the extremum

of f. The value of each; at the extremum is?.

With no constraints, eacliz; could be varied independently and fdf to be zero,0f/0xz; = 0 for all
4. The result would be equations, from which the value of thez® could be obtained. With one constraint

(9(x1,z2,...,z,) = 0), we wish to find the conditional extremum,a@tsubject to the imposed constraint. We have
an additional equation relating thés (which are now not all independent)
r ag
dg = Z: (8—%> dz; =0 (2.28)
j=1 0

This equation serves as a constraint thatdig must follow, making one of them depend on the other 1. This
equation must also be satisfied at the conditional extremum, giisca constant. There are a few ways to proceed;
in the Lagrange method, one multiplies egn 2.28 by a parametad adds the result to eqn 2.27

i <ﬁ - Aa%g) dz;j =0 (2.29)

j=1 axj J

Thedz; arestill not independent, but eqn 2.28 is an equation giving one ofthén terms of the other — 1
independent ones. Let the dependént be given bydz,,.
Define\ such that the coefficient ez, in eqn 2.29 vanishes:

(9 /9u)o _
(Og/0x )0
where the subscript indicates that the partial derivatives are evaluated at valtesuah thatf is at an extremum
under the constraint of eqn 2.28.
The result is a sum afr — 1) terms in egn 2.29 involving the independet;’s, which can be varied indepen-

dently such that
Y A [(99) _y (2.31)
a’L‘j 0 a’L‘j 0

(2.30)
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forj=1,2,....,pu—1L,un+1,....7
Combine these — 1 equations with our choice fot, and we arrive at

(ﬁ> —A(@> —0 (2.32)
83:]- 0 8:1:]- 0
for all 5.

This givesr equations and unknowns (the values af; at the extremum). Since the solution depends one
actually obtain as roots; (). Thatis,(0f/dz,)o and(dg/0z,)o are evaluated at values of that maximizes (or
minimizes) f; these derivatives are known in terms)ofising egn 2.32.

What isA?

Ais typically determined from physical arguments (see later), and can be found by using the cog(stfah)g =
0.

If there is more than one constraint, the process is similar. We obtain a Lagrange multiplier for each constraint,

and proceed as above to get
of 991 992 B
oz, A1 oz, A2 oz, =0 (2.33)
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Chapter 3

Elementary Concepts in Mechanics and Phase
Space

3.1 Generalized Coordinates

Consider a system with a large number of degrees of freedom:M.enolecules of a monatomic fluid in a 3-D
volume. In thequantum mechanicalescription, the state of the system is described by the wave funclion,
which represents the displacement of a wave as it fluctuates with position andltime®(q, ¢). ¥ is a function
of the configuration of all constituent nuclei and electrons, representagl byote that bold face type will be
used throughout to represent vectorial quantities. In principle, we can solve for this wave function through the
Schidinger equation, subject to the appropriate boundary conditions. Solvirlg floen gives expectation values
for any mechanical property. This is the subject of a course on quantum mechanics, and so will not discussed in
detail here. However, we will refer to quantum mechanics from time to time, as it is somewhat easier to derive
statistical mechanical formalisms by invoking concepts from quantum mechanics.

In classical mechani¢ghe state of the system is described by the set of generalized coordigateshich
represents the position of all the atoms, and the set of generalized momenta of theptom&e know from
the uncertainty principle that we cannot know both the position and momentum of a species exactly, but for most
systems we are interested in, we can ignore this effect. (Note: there are some systems for which quantareeffects
important in determining macroscopic behavior. A good example is the diffusion of hydrogen, especially at lower
temperatures.) By way of example, a system could be described using Cartesian position vectors,

qg¥ =" 3.1
wherer" represents tha N Cartesian components of position and
pY =mv" 3.2)

wherev? is the3N Cartesian components of molecular velocity. Variables other than Cartesian coordinates can
also be used. For example, in Figure 3.1 a commonly-used set of generalized coordinates re used to describe the
conformation of a linear molecule made up of four “beads”. This can be thought of as a crude representation of
n-butane.

Using generalized coordinates, we locate the position of the first atom at Cartesian positi@ather than
specifyr, for atom 2, however, we can equivalently place it by defining Buterian angles¥; and U5, and a
bond length/;. ¥; can range betweeh and 27, while the limits on¥, are betweer® andx. Similarly, atom
3 could be located with a Cartesian vectgr but we can also locate it by specifying: a third Eulerian andig,
which defines the rotation about the axis of the bond between atoms 1 and 2; a bonddeagth abond angle
#,. Atom 4 is placed by defining #rsion (or dihedral) angle¢,, bond lengttYs and bond anglé,. Subsequent

21
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Figure 3.1: Schematic showing one type of generalized coordinate system

atomsi can be defined withb; 3, 6, o and?;_;. The complete set of generalized coordinates is specified by the
vectorq?™
q" = (q1,q,-..,qn) (3.3)
whereq; = ri, q2 = Uy, ¥y, ¢, etc. We will denote the coordinates of the atoms in the most general segSe as
Before going on, you may rightly ask why we would go to all this trouble to define a generalized coordinate
system, when it is easier to think in Cartesian space? The answer is simple: we know things like bond lengths and
bond angles from spectroscopy measurements. When we later develop models for the molecular geometry of these
systems, we want to be able to refer to these generalized coordinates. These are the natural degrees of freedom ¢
interest to us; knowing the relative Cartesian coordinates of adjacent atoms in a molecule isn’t as useful as knowing
the bond lengths, angles, etc.
Thetotal configurational degrees of freedarha classical system are made up of configuration space, given by

a" = (ai1,q2,.--,qn) (3.4)

and momentum space
pN:(plaPQa"'apN) (35)

As mentioned above, simultaneous specification of position and momentum is permitted in the classical limit
(i.e. uncertainty principle limits are unimportant compared to magnituge'oindq’").
We now define thetate vectoor system poinbr representative poirds

xV = (q",p") = (a1,q92-..,an;P1, P2 - -, PN) (3.6)

The 6N—dimensional set from which" takes a value is called thghase spacef the system. The phase space is

an important concept, and is given the special synithdh point onT' represents a microstate of the entire system.

A KEY POINT to understand is the following: #&" is known at one timeit is completely determined for any

other time (past and presentfirough the classical equations of motion. We can illustrate this, as in Figure 3.2.
As time goes by, the state vector moves in 6N—dimensional phase space, tracing a trajectory on it. The trajectory
is a 1-dimensional line, with each point corresponding to an instant in time. We can describe this using classical
mechanics.

3.2 Review of Classical Mechanics

3.2.1 Newtonian Mechanics
Newton’s equations of motion are commonly written as

dp )
— =p=F 3.7
G =P (3.7)
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N
X.(12>
- trajectory

.XN(ﬂ)

P 11

pS,N

Figure 3.2: The above figure shows a schematic representation of the movement of the syster (@piint a
6N—dimensional phase space from titpdo later timet,. Only 4 of the 6N axes spanning phase space are shown.
(After Reichl, L. E.A Modern Course in Statistical Phys)cs

where the dot above the momentum vector refers to a time derivative, and Wietke force vector. This simply
states that the rate of change of momentum equals the applied force. If mass is independent of time, then we obtain

d_p_ dv

pria i mi = ma (3.8)

where the two dots now represent the second derivative with respect to time and the acceleration vector has beer
defined.

If F = F(z,y,2), eqn 3.7 is a set of 2nd order differential equations in (x,y,z) whose solution, given initial
conditions, gives (x,y,z) as a function of time. Eqgn 3.7 iseguation of motion Recall that you used Newton’s
classical equations of motion to solve elementary physics problems, like computing ballistic trajectories, etc. If
we think of a system with many interacting particles, the equations become much more difficult to solve, but in
principle they can be solved by direct application of the equations of motion.

In the Newtonian formulation, the total energy of the system is made up @fdtemtial energy)’, andkinetic
energy K. For conservative systems (i.e. non-dissipative), the kinetic energy depends only on particle velocities
and mass, though the following equation

Kooy 3.9
; 5 (3.9)
while the potential energy is assumed to depend only on papaséion V = V(q). Thus the total energy, which
is given the symboH, for reasons that will become apparent momentarily, is found from

H(q,v)=K+V (3.10)
The force between pairs of particles in a conservative system is given by
F=-VyV (3.11)
The standard Newtonian equations are fine in Cartesian coordinates, but become unwieldy in other coordinate
systems. This is important, as we have said we would like to use generalized coordinate systems to describe

molecules. An example of the problem with the Newtonian formulation is given in Rowley’s book, and is sketched
out in the following example.
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Example: Computing Planetary Orbits
The gravitational potential and force between two objects of massdm is given by

_MmG

V= (3.12)
T
MmG
F=-V,V=-——"2 (3.13)
T
wherer is the vector between the massdsandm. We can then write eqn 3.8 for the little mass as
M
mi + — ”;Gr =0 (3.14)

r

In Cartesian coordinates, theandy components of the position vectoin the above equation are

. MGz . MGy
T T

0

with 2 = 22 + 4%, It is easiest to solve this problem by changing coordinate systems. We use polar coordinates,
where
x =rcos(f) y=rsin(h)

After some manipulation, we arrive at the final form of the equations in polar coordinates

MmG

mr = mlr —
r2

(3.15)

We see that in polar coordinates, a second force term arises that we call the centrifugal force. This is annoying,
however, because the form of the equations of motion depends on what coordinate system we use! That is, the
equations of motion in polar coordinates do not look like the equations of motion in Cartesian coordinates. There

must be a better way!

We'd like to write the equations of motion in a form thaiglependenof the choice of coordinate system. That
is, we wish to write

mij = F,) (3.16)

wheren is some generalized coordinate system. We'd like to avoid coordinate transformations if possible. It turns
out that there are two popular formulations of the equations of motioratedahdependent of coordinate system.
We refer to these formulations Aagrangianmechanics antlamiltonianmechanics.

3.2.2 Lagrangian Mechanics

Let's consider a single particle; generalizing to multiple particles simply involves the use of vectors instead of
scalars. Lef< be the kinetic energy of the system. In Cartesian coordinates

K(d,9,%) = %[g‘:? + 9% + 27 (3.17)

Let V be the potential energy of the system, which is assumed to only be a function of positidh=.¥(z, y, z).
For a conservative system

=Y (3.18)

ox

so that 9y
mi = (3.19)

Oz
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or generally
mi = —V,V (3.20)

Now let’s introduce a functiorl. called theLagrangian

L(xayazaxayaz) EK(:E,y,Z)—V((II,y,Z) (321)
We then can write oL oK
e 22
ok oz " (3:22)
oL oy
—_—_ _F 2
ox oz v (3.23)
Newton’s equations of motion then become
d (0L oL
Similar expressions hold for the other Cartesian directions so that in general
d
%(VfL) =V,L (3.25)

The advantage of the Lagrangian formulation is that it is independent of coordinate system, so that if (x,y,z) are

transformed tdqqs, ¢2, q3)
d (0L oL
— ===, 7=1,2,3 3.26
That is, eqgn 3.26 is of the form of eqgn 3.16, which satisfies our goal of arriving at equations of motion that are
independent of coordinate system.

Notice that eqn 3.26 comprises 3 second order differential equations. To solve them, we must specify initial
velocities as

(1(0),42(0),43(0))
and initial positions as
(¢1(0), 42(0), g3(0))

Given these initial conditions and eqn 3.26, all future and past trajectories can be determined. Note that for N
particles, there are 3N Lagrange equations and 6N initial conditions.

3.2.3 Hamiltonian Mechanics

Now that we have achieved our goal of writing a set of equations of motion that are independent of coordinate
system, why go on? It turns out that tHamiltonianequations of motion are more convenient to use in some cases
than the Lagrangian formulation. We will therefore proceed to derive the Hamiltonian form of the equations of
motion. Starting with eqn 3.22, we can write the generalized momentum as

8—1_3, j=1,2,3,...,N (3.27)

We say that the generalized momentunsasjugateto the generalized positiagy. We now define the Hamiltonian
of a 1-particle system as

3
H(p1,p2,p3,01,02,q3) = Y _pjdj — L (3.28)
j=1
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Notice thatH is a function of generalizechomentaand generalized coordinates, wherdais a function of
generalized coordinates awmdlocities Assuming thatk is quadratic in generalized velocities we can write

N
Z (q1,92,93)4 (3.29)

If we again assume that is only a function of generalized positions, then

oL 0K

= = o = 204, 3.30
Dj aq] aq] a;q; ( )

Recall, however, thall = "3, p;; — L, s0

N
H=> 2a;;—L=2K-K+U (3.31)

j=1
H=K+U (3.32)

You can easily show by partial differentiation of eqn 3.32 that

o0H

— s 3.33
OH
T _p. 3.34
3qj pj ( )

Egns 3.33 and 3.34 are Hamilton’s equations of motion. They constitute 6N 1st order differential equations, and
require 3N initial positionsq(0)) and 3N initial momentag(0)) to solve. It can be shown that If # L(t) then
dd—if = 0. SinceH = K + U, this means the systemadsnservativdi.e. energy is conserved).
Why do we use a Hamiltonian? There are two main reasons. First, just like in Lagrangian medHamids,
tonian mechanics are independent of coordinate systemThis means if we change coordinates from the set
(q1,92+--) to (¢}, 5, --), and also change the conjugate momenta ffpmp, - --) to (p,p), - ), wherep' is
defined in terms of’ by p; = ‘g—g, the element of volume ify, p) space is equal to the element of voluméh p')
space

dqidgs - - - dpidpy - - - = dqdqsy - - - dpdphy - -

That is, the Jacobian of the transformatignp) — (¢',p’) is unity. In addition,H is total energy, a quantity of
great interest in quantum and statistical mechanics.

To emphasize again, giveli(xV) = H(p",q"), knowledge ofx" (¢;) enablesx (¢,) to be uniquely deter-
mined for allts (t2 < t; andie > 7). Hamiltonian dynamics are completely time reversible(see Goldstein, H.;
Classical Mechanigs

3.3 Phase Space and Ergodicity

We have now shown that the Hamiltonian of a conservative system equals the total energy, which is a constant. This
means thatd (x") = H(p",q") = E, E being a constant, is a 6N-1 dimensional hypersurface in phase space,
on which the system must lie if its energy is constant and equal to E. (One degree of freedom is removed by the
constraint that energy must be constant). This allows us to make two interesting observations regarding Hamiltonian
trajectories in phase space:
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1. Distinct trajectories on a constant energy hypersurface will never cross.

Letx'Y (1) andx® (¢) be state points of two systems characterized by the same Hamiltonian in phase space
at timety, such thatc!Y (¢1) # x¥(¢1). Then,the trajectories traced by systems A and B in phase space
will never cross at all future (and past) times

Proof. If the two systems crossed &t then by integrating Hamilton’s equations of motion backward in time
to #1, the systems would have to be at the same state point. The} {$;) = x¥ (1), which violates our
initial proposition. Thus, the trajectories traced by A and B may never cross.

2. The trajectory traced by a conservative system on a constant energy hypersurface as time evolves can neve
intersect itself. ltanform a closed loop, however. Pictorially, we can represent these ideas as follows:

i mpOSS| ble poﬁ ble

X(t1)=x(t2)

p p

Figure 3.3: Phase space trajectory that crosses itself (left, unallowed) and a trajectory that forms a loop (right,
allowed)

Proof. Assume the trajectory crosses, so thét(t;) = x” (t3) for ty > ¢, (see Figure 3.4). If a closed loop
is not formed, we can always locate a pait(ty), to < t1 and(t; — to) < (t2 — t1). (i.e. xV(ty) does not
lie on the loop).

But this is impossible!

e Start atx” (¢;) and integrate backward in time fér;, — to). We reachx™ (tg).

e Start atx™V (¢,) and integrate backward in time f¢t; — ty). We reach a point betweexV (¢;) and
x™ (t,) that isnecessarilydistinct fromx™ (¢y). Trajectory may not cross itself, unless it forms a single
loop.

Do you see why a single loop is allowed?

3.4 Probability Density and the Liouville Equation

As stated earlier, measured macroscopic quantities such as pressure, temperature and density arise from molecule
interaction and motion. We cardetectthe relationship between molecular motion and macroscopic properties. In
addition, we can'’t detect differences between systems existing in different microstates (distinct state vectors) but
satisfying the same macroscopic conditions, such as volume and energy. That is to say, a system under certain
macroscopic conditions is not a single state, but rather imfamnte number of statesn the same energy hyper-
surface. In other words, when we have a material under certain conditions, it consistsllgiction of systems,
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X(t0)

p

Figure 3.4: Schematic showing why trajectories on a constant energy hypersurface may never cross themselves a:
time evolves.

identical in composition and macroscopic conditions, but existing in different microstates. Such a collection of
systems was termed a&msembleby J. W. Gibbs. We’'ll say more about ensembles later, but for now all we'll say is
that an ensemble corresponds to a large number of state gdintsx”™ (p¥, q) in phase space.

3.4.1 Probability Density
At any given time, we can describe an ensemble by a probability des(sity, ¢) of phase space. By definition:

p(x",1) dx™ = p(p",q") dpVdq" (3.35)

where
IO(XNvt) = p(ph L, PNsAL, 7qN)dp17' o 7dedq17 T 7qu (336)

Physically, eqn 3.35 defines the probability that state poihties within volume element” to x" + dx" at time
t. Note that an ensemble i®@mpletely specifiedy p(x", t)!
Some characteristics of ensemble probability densities:

1. Probability densities are normalized
/ p(x™,1) / p(p",q")dp"dq" (3.37)
r

where the integral takes place over all of phase space,

2. The probability of finding the state point in a small regi®of '-space at time is:

P(R,t) / o(p t)dp", dq” (3.38)
That is, to findP (R, t), we simply integrate the probability density over

Now, we wish to see how the probability density evolves. The result will be an important equation called the
Liouville equation. This equation is simply a conservation equation for probability. As such, | will show a derivation
that is probably most familiar to engineers, who have derived general conservation equations in the study of fluid
mechanics. Many alternative derivations are possible!



3.4. PROBABILITY DENSITY AND THE LIOUVILLE EQUATION 29

3.4.2 Evolution of Probability Density — Engineering Approach

As time evolves, the state points constituting the ensemble move along trajectories. We can think of the state
points as particles or fluid elements moving in 3—dimensional space. The question we wish to answer is: How does
the probability density evolve with time? To answer this, we simply need to derive the “continuity” equation for
p(x, t) using a fluid mechanics approach.

Let V be an arbitrary 6N—dimensional closed domain in phase spaoe a (6N-1)-dimensional “surfacetN
be the 6N—dimensional vectop’, q"), and letn(p¥, q¥) be the vector locally normal t§ at (p",q") (see
Figure 3.5).

ay volume, V

surface, S

Py

Figure 3.5: Flow of state points through a regidrwith surfaceS.

Continuity requires that state points are neither created nor destroyed, so the net number of state points leaving
S per unit time equals the rate of decrease of state points in volime

7{ n-xVp(x",t)dS = —2/ p(xV, t)dx™ (3.39)
5 ot Jv

We can use the divergence theorem to convert the surface integral into a volume integral. Define the operator
Yoy = < 0 0 0 0 >
N — e — e, —
op1 opn’ Oqi dan
Then continuity becomes
/ |:VXN (p(xN, 1)xN) + % p(xN,t)] dx" =0 (3.40)
v

From eqgn 3.40 and the use of Hamilton’s equations, you can show that

Ven - %V =0 (3.41)

Eqgn 3.41 is entirely analogous to the incompressibility condition in fluid mechalcsy = 0. It shows that
the collection of state points in an ensemble flow asnaompressible fluics a result of Hamilton's equations of
motion.
From eqn 3.41, we get that
op
5=
Again, this is analogous to the continuity equation for fluid mechanics
op

N

%N Vonp+ 0 (3.42)
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It is common to use the substantial or total time derivative

D 0 .y
E = a +x - VXN
so that continuity becomes
Dp
el 3.43
D =0 (3.43)

Let's pause for a moment and look at the physical interpretations of the equations we just derived. Egn 3.42
states that at a fixed point in phase space, the time rate of change of the ensemble probability density will be related
to the density gradient through a continuity equation. Egn 3.43 says that, moving along a representative point in
I'—space, the density of state points in the immediate vicinity will be constant.

Given this, we can use Hamilton’s equations in egn 3.42 to obtain

dp L (OH 9 O9H 9\
ot ; <0pi 0q;  Oq; 8pi> p=0 (3.44)

Egn 3.44 is theLiouville equation, and is arguably the most fundamental equation in statistical mechanics. That
is because, given an ensemble with a specified Hamiltonian, the Liouville equation completely specifies the evolu-
tion of the probability density of the ensemble in phase space. The Liouville equation is often expressed in other
equivalent forms, such as

op 4
o THP=0 (3.45)
or 8
. _,0 _ ~
Yo TP (3.46)
where .
A OH 0O OH 0O
. ; <8Pi dq;  dq; 3pi> (3.47)
and

L=—if (3.48)

H is the Poisson bracket operator ahd= —i H is the Liouville operator, a Hermitian operator.

The Liouville equation provides a time reversible description of the evolution of a classical dynamical system.
If the direction of time is reversed, the Liouville operator changes sign and the equation retains itQfstion:
How does a system decay irreversibly to an equilibrium probability distribution if it follows the Liouville equation
and such an equation is time reversible? The problem of obtaining an irreversible decay from the Liouville equation
is one of the central problems of statistical physics.

3.5 Ergodicity and Mixing in Phase Space

Having reviewed classical mechanics and derived the evolution equation for the probability density of an equilibrium
system, we now turn our attention to a the question posed at the end of the last section. In particular, we will concern
ourselves with the topic afrgodicity.

Let us restrict our attention to conservative systems evolving under the constraint of constant energy. We know
that the state vectors of such a system forooastant energy hypersurfacerresponding to energlf. The “area”
of such a hypersurface can be written as

S(E) = /F S(H(xY) — E) dx™ (3.49)
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whered(H (xV) — E) is a Dirac delta function that selects points on fehypersurface. Thus the 6N-dimensional
integral is converted to a (6N-1)—dimensional integral over the hypersurface.

A fundamental assumption of equilibrium thermodynamics (an assumption, | should add, that is well supported
by our experience) is that isolated systems prepared under arbitrary initial conditions evolve to a state of equilib-
rium. At equilibrium, macroscopic properties are time—independent. Thus, we expect that for an ensemble of such
systems, the probability densiiy(x”, t) will decay to theequilibrium probability densityp®? (x'V).

Now, we just derived an expression for the evolution of the probability density, so we expect that the evolution
of p(x",t) will be described by this equation (the Liouville equation, eqn 3.44). More@véfx”") will be a
stationary (time—independent) solution of the Liouville equation. Thatf$x") will characterize arquilibrium
ensembleinder the given external constraints.

As an example, consider the case where a number of gas molecules are injected into an initially empty, rigid
container (see Figure 3.6. Collisions with the container walls are elastic, but the gas moleculeswiteraath
other. If the walls are insulated, the system can be conside@dted An ensemble of such systems would be
characterized by(x",0), theinitial probability distribution of the system. This probability density is highly local-
ized in a small region of phase space. As time evolves, we expect that collisions will make the system explore the

perfectly reflecting
walls

@
time ?

')
o -®
* ."f

o0 0

initial state final state

Figure 3.6: An isolated system &f interacting particles in a container decays to equilibrium

entire volumeandthat the molecules will assume a velocity distribution. Our experience suggestistiat) will

decay tg®(x"), so that the molecules will become uniformly smeared over the (6N-1)—dimensional hypersurface.
However, there is nothing in the Liouville equation (egn 3.44) which suggests such an irreversible decay! Using
Hamiltonian mechanics, we could start with the phase point on the right of Figure 3.6 and integrate the equations
of motion backward in time (with infinite accuracy), only to arrive at the highly ordered point on the left. Our
experience tells us, however, that this will “neveriappen. We expect an “irreversible” decay to equilibrium.

This can only mean thdhe origins of decay to equilibrium do not come from Newtonian (i.e. classical) me-
chanics but from the nature of the interactions encountered in physical systems. The study of the conditions under
which irreversible decay is observed is an intriguing problem in statistical mechanics and mathematics, but will only
be touched on here. This is more in the realm of chaos theory and nonlinear mathematics. The key concepts which
we will address in the context of this class are the following:

e ergodic flow

e mixing flow

3.5.1 Ergodic Flow

The flow of state points on the energy hypersurface is defined ¢agaelicif almost all pointsx™¥ (p", q) on the
surface move such that they pass through every small finite neighborhood on the energy surface. That is, each state

10K, almost never!
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point, excluding a set of points of measure zero, follow a trajectory that will pass arbitrarily close to any other point
on the energy hypersurface.

Below we sketch out thErgodic Theorem (Birkhoff, 1931).

Consider an integrable functigf{x”) of the state poink”™ on a hypersurface with fixed ener@y Thephase
averageof the functionf (x") is

1

<f>NVE = ﬁ

/F S(H(xN) — B)f(xN) dxN (3.50)

Jp0(H(N) = B)f(xN) dx"
_ 3.51
(v [ 6(H(xN) — E) dxN (3-51)
where the subscriphVV E refers to constantumber of particlesyolume of the system, anehergy. This defines
the microcanonical ensemble, as we will discuss shortly. The important point is to recognize that the phase average
is taken by averaging over all state points on the constant energy hypersurface.
We can also define tame averagef f

I 1 to+t N 352
(f)e = lim ~ ; f(x7(t)) dt (3.52)
where now the average is taken over a series of “snapshots” as the system evolves wathetjuigbrium
We say that a system is ergodic if for all phase functipfs ), the following statements are true:

1. The time average of eqn 3.52 exists for aimosk&ll(all but a set of measure zero).
2. When the time average exists, it is equal to the phase average; {figtis (f)nve

In physical terms, the ergodic theorem says that two things are true. First, the phase space trajectory of almost
any representative point on ti&-hypersurface passes arbitrarily close to almost any other point on the hypersurface.
That is, given sufficient time, the trajectory will cover all of the-hypersurface. Second, to compute an average of
f, we can do two things:

1. Ride on a single trajectory and experience all regions of phase sffage (
2. Take a snapshot of thé-hypersurface at a given time and tally all representative points {ifi)il§ ).

The ergodic hypothesis states that either way of averaging is equivalent.

In Figure 3.7, a schematic diagram of a two-dimensional constant energy hypersurface is shown. The lines
trace out paths on the generalized position, generalized momentum surface. We see that some of the lines meande
along the surface (but never crossing!), while others form closed loops. Recall that we have already shown that
trajectories on a constati—hypersurface of phase space can appear as either non—crossing lines or closed loops.
Does this diagram represent an ergodic system? No! The system shown in Figure 3.7 is clearly non—ergodic. If the
system were ergodic, practically all the lines shown would be sections of a single long trajectory. That trajectory,
which would span the entir&—hypersurface, would have to be a loop. Imagine if a trajectory started on a point
within a closed loop. In such a case, it would be impossible for that trajectory to explore all (or nearly all) of the
phase space. Instead, it would get “trapped” in a localized region of the energy hypersurface. Clearly, a time average
of such a trajectory wouldotrepresent the phase average.

The time required to traverse an “ergodic loop” is the Poiaagacurrence time or the Poineatycle. For a
system of N particles, the Poincartycle is of the ordee’¥. For macroscopic systemsV(~ 10%3), this is an
enormously long time. By way of reference, the age of the universel®'® years. From my standpoint, this is an
infinite amount of time!

It is easy to come up with Newtonian trajectories that are non—ergodic. For example, in Figure 3.8, a single
particle with momentunp traveling between two perfectly reflecting walls in a three—dimensional box displays
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Figure 3.7: Schematic of trajectories on a two—dimensional constant energy hypersurface. If this were an ergodic
system, all trajectories would be sections of the same loop. (After Allen and Tildesley).

perfectly

reflecting
p
@

Figure 3.8: An example of a non—ergodic flow in phase space.

non-ergodic behavior. Note that for this example, only a single particle that does not interact with the walls is
chosen. What will happen for this particular case? The energy of the particle is corEtrang"—%) at all times. The
particle will travel on the line between the two walls forever. The configuration spaiableconsists of the entire

box volume and the momentum spaailableconsists of all orientations gf consistent with the constant energy
constraint. The probability density of an ensemble of such particles set initially to travel along the same direction
with the same momentu would be a periodic function of time, and would never reach a stationary equilibrium
limit. (Question: what would happen if we placed two particles in the box that could interact with each other over
finite distances? Or, what if we allowed the patrticle to interact with an atomistic wall?)

3.5.2 Mixing Flow

It turns out that ergodic flow is not a sufficient requirement for an arbitrary ensemble probability dexsityt)
to decay to a stationary equilibrium probability densityf(x¥). Why? There is no guarantee that the swarm
of particles in an ergodic system definipgx? , ¢) will disperse itself on theZ—hypersurface as time goes by; it
may retain its integrity and wander around as a whole such that the whole swarm visits the entire hypersurface. A
stronger requirement than ergodicity is required to guarantee the decay to equilibrium. This is the requirement that
the flow of state points through phase spacenipeng
One can show that j§(x", t) is a nonstationary probability density for a mixing system " ) any dynam-
ical function, then in the limit of long time,

(fO) = | Mo, 0)s(H (xY) — B) dx™ (3.53)
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In other words, the time—dependent probability densjiyeads outvith time and ultimately evolves into the
stationary equilibrium ensemble distribution Hi(x") = E, thenpyy e (xY) = ﬁ; otherwise pny (xV) = 0.

Mixing flow is ergodic, but ergodic flows are not always mixing. Mixing flowcitsaoticand causes any initial
probability distribution to spread through phase space. State points which are initially close to one another spread
out exponentially with time, and soon arrive at entirely different parts of the energy hypersurface.

Ergodicity and mixing behavior have been proved for some simple systems (such as hard spheres). For most
systems in nature, interparticle interactions are sufficiently many and complex that Hamiltonian dynamics leads to
ergodic and mixing behavior. Thus, ergodicity is an excellent working hypothesis in statistical mechanics. We must
be careful, however. There are some systems (such as glasses) that by their very nature are prevented from sampling
their equilibrium states. We must be aware of these special cases.



Chapter 4

Equilibrium Ensembles

What we wish to do in this chapter is set up a statistical mechanical framework. From this framework, we hope to
derive the laws of macroscopic thermodynamics from a fundamental set of postulates governing the microscopic
state of the system. Most important to us for this class is the form of the expressions for thermodynamic quantities,
such as equations of state, heat capacities, etc. We want to show how these observable quantities are obtaine
from nothing more than molecular interactions. Besides these macroscopic quantities, we can also obtain important
microscopic details such as molecular organization, motion, and structure.

A central concept is thequilibrium ensembléNe have already been introduced (briefly) to the constant energy
(microcanonical) ensemble, and the name has cropped up in our earlier discussions. We now define the word
ensemble formally:An equilibrium ensemble describes the equilibrium probability density distribution in phase
space of a system subject to given external constraibifferent ensembles correspond to systems having different
constraints. Depending on the system, one of several different ensembles may lend itself to the types of properties
to be calculatedAll ensembleyield the same thermodynamic behavior.

4.1 Basic Postulates

Before introducing the various ensembles, we state two postulates which we will use.

Postulate I Ergodic Hypothesis: Given enough time, a system will sample all microstates consistent with the
constraints imposed. That is, time averages are equivalent to ensemble averages. (We have already addressed th
concept). Mathematically, we have

_oimipy 1 s

where p; is the probability density of state Postulate 2 Equal a Priori Probabilities: All microstates having
the same energy are equally probable. (We use this postulate to construct distribution functions based solely on
energetics). Mathematically,

pi = pi(E;) (4.2)

4.2 Microcanonical Ensemble

Given these two postulates, we now proceed to describe describidi¢hecanonical (NVE) Ensemble The
microcanonical ensemble is an equilibrium ensemble with constraints of constant number of particle, volume, and
energy (NVE). It is ansolatedsystem. Microstates are discrete in a quantum mechanical description, and so is
the probability distribution of the microstates. That is, we have microstate probabilities, not probability densities of
phase space.

35
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1
Microstate 2| @ )

Microstate 3

Microstate 1
constant N,V ,E

Microstate 4

Imagine a system comprised 8f molecules in a volumé&” with total energyE. Referring to Figure 4.2 we
can think of this microstate as being like microstate 1, in which all the molecules are arranged in a certain way.
Now imagine that we rearrange the molecules in a different way (in reality, take the molecules to another point
in phase space so that they have different positions and/or momenta), but keep the external constraints of constan
volume, number of molecules and energy fixed. Perhaps microstates 2,3 and 4 are such statesenfuas
simply a collection of a large number of such states that satisfy the external constraints. Because each state is in
the microcanonical ensemble, the “walls” surrounding each microstate would be impermeable to energy transfer,
impermeable to the addition or deletion of molecules, and they would be rigid to maintain a constant volume.
We say that such a systemisolated Under this condition, we could imagine the molecules in each microstate
“box” would happily move about on a constant energy hypersurface, exploring a different region of phase space.
As the molecules change their positions and/or momenta, they probe a different microstate. One way of tracking
these molecules would be to integrate the Hamiltonian (or Newtonian) equations of motion, since we know these
equations conserve energy. We can imagine that if we change any of the external constraints, we would get a
completely different set of microstates (or configurational “snapshots”).

To formalize these concepts, Bf(N, V, E) be the number of microstates with energy betwBesndF — 6 F,
whered E is characteristic of the limits of our ability to specify the exact energy level. Equal a priori probabilities
means that for a given microstate

PJVVE:{W’ ifE—(?E<E,,<E; (4.3)
0, otherwise.

wherePMV'F is the probability of a microstate, not an energy level. The probability of an energy Eygs found
by multiplying PNVE by the degeneracy of that level.

Classically microstates form a continuum in phase space. We have an equilibrium probadsigity o™V (p™v, q™V),
given by

1 H N N .
NVE,_N = IfE—5E<H(p q)<E,
= (N,V,E)> . ’ 4.4
P (P~ a") {0, otherwise. (4.4)
where
Y(N,V,E) = / dp™dq" (4.5)
1"/

The shorthand notatiofi’ refers to the region of phase space where- 6E < H(p",q") < E. Note that the
dimensions opVE are(pq) 3N, which is consistent.
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In the classical formulation, we define a dimensionless quantity that corresponds to the number of microstates
in the quantum mechanical formulation:

1 1
W(N,V,B) = sz B(N,V, B) = S5 /F dp"dg" (4.6)
The prefacton /(A3 N!) simply ensures consistency between classical and quantum mechanical picturg$" The
tells us there is a lower limit to the resolution with which we can define state points, and hfalésensionless.
The N! arises from the indistinguishability of molecules (correct “Boltzmann counting”).

Now, it turns out that the microcanonical ensemble, while perhaps easiest to understand, isn’t the most useful
ensemble. The reason is that we rarely perform experiments in the lab in which the density and energy are kept
constant. However, because the standard equations of motion are at constant energy, the NVE ensemble is the mo:s
natural ensemble for conducting molecular dynamics simulations (more on this later). We will shortly develop
the canonical ensemble (constant volume, number of particleteampkeraturg and show the link between this
ensemble and the others. For now, though, we can make a few links between the statistical mechanical statement o
the microcanonical ensemble and classical thermodynamics.

4.2.1 Connection With Thermodynamics

We make the connection between statistical mechanics and classical thermodynamics through the entropy. Let us
assume that there al® (N, V, E') possible microstates (or more properly, quantum states) available to our system.
We now invoke Boltzmann'’s hypothesis, thhe entropy of a system is related to the probability of its being in
a quantum state The probability of each state js = 1/W, if there areW quantum states. We can express
Boltzmann’s hypothesis as

S = p(W) 4.7)

whereg (W) is some unknown function d#.
To determinep(W), we use an approach due to Einstein. Consider two systearsd B which are not inter-
acting so they are independent of each other. Their entropies are

Sa = ¢(Wa) (4.8)

and
Sp = ¢(Wp) (4.9)

Instead of considering the two systems separately, we could just as well think of them as a single system with
entropyS4p and probabilitypsp = 1/W 4. The total entropy is then the sum of the entropies of the two systems

Sap =54+ S =0¢(Wup) (4.10)

We can say this because the sum of the independent systems is the sum of their individual entropies. This just means
that entropy is amxtensivevariable. Because the two systems are independent, the total number of states available
isWap = W4Wg, so that

¢(Wap) = p(WaWg) = ¢(Wa) + ¢(Wg) (4.11)
The solution to eqn 4.11 ig(W) = kg In(W), wherekp is a universal constant. Thus we see that Boltzmann’s
hypothesis leads to a mathematical expression for the entropy involving a universal chpstalttéd theBoltzmann

constant
S(N,V,E) = kg nW (N, V, E) (4.12)

This is an extremely important equation, from which we can derive all thermodynamics.
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To illustrate the power of this equation and the way in which statistical mechanics can be used, consider the
following simple derivatioh We will think of a dilute gas as consisting &f non-interacting molecules moving in
a volumeV. Imagine that we specify the position of each molecule by sub-dividing the total space into cells, each
of volume AV. The number of ways of placing one particular molecule in the voluni® is V//AV'. Since each
molecule is non-interacting, the number of ways of arrangihmolecules igV/AV)". Hence, according to egn
4.12, the entropy is
S =kpIn(V/AV)Y = NkpIn(V/AV) (4.13)

We see from this expression that the entropy depends on our choice of the cell valdmeHowever, this is
arbitrary, because remember that we are most concernediiff@éhencesn entropy. Thus, as we change the volume
of the system}V/, but kept the cell volumes constant, the difference in entropy between the initial and final state
would be

AS =87 —8; = Nkpln(Vy/V;) (4.14)

which we see is independent Afl/.
From classical thermodynamics, we know that the pressure of a system is given by

oS
P=T|— 4.15
<3V> U (4-19)
Using this equation with our expression for the entropy of our dilute gas, we obtain
NkgT
P = 4.16
& (4.16)

One can use the same arguments to derive an expression for the osmotic pressure of molecules in solution. The
van't Hoff equation, which has the same form as eqn 4.16, results.

While egn 4.16 is not exactly revolutionary, we do see how the connection with thermodynamics can be made.
In addition, we have obtained an expression for the Boltzmann constant, namelyR/N 4, whereR is the gas
constant andv 4 is Avagadro’s number. Of course, the van't Hoff equation and the ideal gas law were known before
Einstein’s time, so one could argue that the above derivation is no big deal. However, as should be apparent, we
can relax our assumption of non-interacting molecules and try to account for the finite size of the molecules and
intermolecular interactions. The results of such efforts are increasingly sophistcptations of statéhat attempt
to capture the P-V-T behavior of fluids. This represents an active area of research to this very day.

In addition to the ideal gas law, we can define a temperature. Recall that

(g—Z,)Ny =1/T (4.17)

where we are loosely using andU equivalently. Thus, we see that

8= (kpT) ' = (alanEW>NV (4.18)

The thermodynamic condition that temperature is positive requiresith@, vV, E) be a monotonic increasing
function of .

4.2.2 Second Law of Thermodynamics

We can make other connections with thermodynamics. In this section, we will briefly show how the Second Law
can be obtained from eqn 4.12. For additional details, see Chammdieduction to Modern Statistical Mechanics

We start from a variational statement of the Second Law: The entropy of an isolated system at equilibrium is at
a maximum with respect to the imposition of any internal constraint on the system. Internal constraints couple to
extensive variables, but do not change the value of those extensive variables.
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Total System: N, V, E

system A system B
N, Ng
Va Vg
Ea Eg
internal (X)nstrai nt

Figure 4.1: System with an internal constraint

To illustrate this concept, consider a system at equilibrium, with fixed N, V, E (fig 4.1). An internal constraint
is imposed so as to divide the system into two subsystems, A and B. The total number of molecules, volume and
energy are given byN4, + Ng = N, V4 + Vg =V andE4 + Ep = E. The set of microstates accessible to the
partitioned system is necessarily less than the system could assume without the constraint. Thus,

W(N,V,E) > W(N,V, E; constraint) (4.19)

and

S(N,V,E) > S(N,V, E; constraint) (4.20)

Eqn 4.20 is the variational statement of the second law. The equilibrium state is the state &t Wjdh E; constraint)
has its global maximum.

Question Consider a system with enerdy partitioned withE:"** and Ei"*! in subsystems 1 and 2 (See
Figure 4.2). What is the final partitioning of energy? That is, at equilibrium, what must be true about theBsalues
andEs?

system isolated
from surroundings

E; Ex

Heat conducting wall divides
subsystems 1) and 2)

Figure 4.2: Example of partitioned system which will maximize entropy

This derivation was originally put forth by Einstein in his “miracle year”, 1905.
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4.2.3 Third Law of Thermodynamics

The Boltzmann equation (eqn 4.12) establishes an absolute scale for entropy. At absolute zero, a perfect crystalline
substance localizes in the lowest—energy quantum microstate (the “ground state”). Excitations into higher energy
states are impossible. Thus,

W(N,V,E) =1 (4.21)
S=kplnW(N,V,E) =0 (4.22)
Equation 4.22 is the third law.

4.3 Canonical Ensemble

When we introduced the microcanonical ensemble, we thought of individual systems having a fixed number of
particles, volume and energy. Now imagine a collection of systems (ensemble) with the same number of particles
and volumeput the energy is allowed to fluctuatEnergy can be passed from one system to its neighbors, so that

the energy of each system fluctuates. Each system is in thermal contact with the remainder, which acts as a heat
bath for the system. This can be represented by Figure 4.3. The ensemble is made up of a collection of cells, each

Figure 4.3: Depiction of the canonical ensemble. Each cell has a constant volume and occupation, and the temper-
ature is fixed. However, the energy of each cell can fluctuate.

with rigid, impermeable walls (hence constant N and V) that can exchange heat with one another (constant T). The
entire collection is brought to a fixed energy and then made adiabatic. Thienttlesystentan be treated as an

NVE system, but each cell is at constant NVT. Remember: T is constant for each replicate (cell), but the energy of
each cell fluctuates. This ensemble is calleddaeonical ensembleThe name comes from the fact that a system

in contact with a heat bath is said to be in its canonical state. The word “canonical” is derived from the word canon,
which means a rule or law. Canonical therefore means conforming to a general rule or standard. In our context then,
canonical means a standard. Most experimental systems are in contact with heat baths, so this is a more natura
ensemble than the microcanonical ensemble. In fact, the canonical (NVT) ensemble is the workhorse of statistical
mechanics.

Our goal is to obtain the probability distribution and partition function for this ensemble. We start by assuming
that we have\V' members of a canonical ensemble. Each member represents the whole macroscopic sistem of
molecules in a particular microscopic state. I\gtrepresent the number of ensemble members in staswing
energyE;. Then we know that the sum over all members in each statk give the total number of members:

N =3 N (4.23)
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In addition, the total energy is
E = ZME’ (4.24)
i

We seek to determine the number of possible states (ensemble members) among the various microscopic states
For any of these distributions, we know the probability of finding ensemble members in th¢h state is:

Nj
Pj = N
This doesn’t help much, since this is just the probability of any distribujioWe need to replacd/; with the
expectation valué\;) determined from all combinations of thé ensemble members.
We assume equal priori probabilities (that is, equal probabilities for energetically degenerate states). To get
the distribution function, we determine the number of ways of distributihthings,\/; at a time.

N1
ey

This is the multinomial distribution function (eqn 2.25). This distribution function can be used {d\ggtand the
probability of \/; systems in microstates
It turns out that the degeneracy of microstates leading to the same thermodynamic state is huge. As we saw
before, this enables us to replace the actual distribution fungtiarnth its maximum term,f*, without loss of
accuracy. Therefore, we can write
Wiy _ 1w NF ST

TN TN ST

o iN;f* B /\/]*

PI=N —N

Egn 4.28 tells us that the probability of statecan be found by finding the maximum of the distributigff,

The maximum otn f will also give f*, so we maximizén f using Lagrange’s method of undetermined multipliers.
Our constraints are given by eqns 4.23 and 4.24.

(4.25)

(4.26)

(4.27)

(4.28)

=Inf+aN — ZN )+ B(E ZNE (4.29)

F=InN!— Zln/\f'+a/\/ ZN )+ B(E ZNE (4.30)

«a andg are the undetermined multlpllers.
Next, we use Stirling’s approximation and differentidte

(;f; > —InN;—a—-BE; =0 (4.31)
Nz

Resulting in

Nj = e e PE (4.32)

How do we determiner and3? We must use our constraint relations. First, sifce= Ej/\/j applies toall
distributions, it most certainly can be appliedtib@ most probabléistribution. Thus

N =Y N;F=> e (4.33)
J J

or
,a N
J
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Substituting eqns 4.32 and 4.34 into eqn 4.28 yields

e~ PEk
o = > —; (4.35)
This is the probability distribution we want! It can be used to find the expectation value of any mechanical property
that depends upon the microscopic state of the system. All we need do now is figure oyt iehat
First, we note that the denominator of egn 4.35 is the normalization term for the distribution of all states. Itis
an important quantity which will appear in all canonical ensemble averages, and so is given a hame.

Q(N,V. ) = Ze—ﬁEk (4.36)

Q is thecanonical ensemble partition functioso called because it is a sum over all the states partitioned by energy
level.
If we knew whats was, we could form ensemble averages. How? For mechanical quéntity

Je BEk
k k Q
We will make a physical connection with thermodynamics, and use this to idghtipr example, the thermo-
dynamic internal energy is found by calculating the expectation value of the energy

E; e PE;
ZEM Y=o (4.38)
J
Similarly for pressure
Pje~ BE;
ZPM > - o (4.39)

J
We postulate thatP) corresponds to the thermodynamlc pressure and(fiiatorresponds to the thermody-

namic energy. Eqn 4.38 givds in terms ofS3, which could in principle be solved fg# in terms of E. In practice,
it is more desirable to havE as a function of3, rather than the other way around, however.

We will now evaluates. First, we recognize that when a system is in sjaiély; = —P;dV is the work done
on the system when its volume is increasediby, keeping/V constant.P; is the pressure associated with state
Thus we can write OF

P =— —J> 4.40
g ( oV ) n (4.40)
We can use this in eqn 4.39 to write
OF; BE;
av )€
ST . ke (41
J J Q

Next, we differentiate eqn 4.38 with respectifo keepingg and N constant.

OE; o—BE; OF; ePE;j
(8_U> :Z ( )ﬁN _ﬁz ( )ﬁN + (4.42)

Eje—ﬁE] (6_E& e~ BEx

o)
Ty e
i k
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This simplifies to

oUu
(57)  =—P)+E-P) - BENP) (443
BN
Similarly, we differentiate eqn 4.39 with respect@oThe result is
oP
(55). = @B —(P-B) (4.42)
B ) Ny
Combining eqgns 4.43 and 4.44, we get that
8E> <8P>
e +B8 | == =-P 4.45
<3V N8 B o8/ Ny (4.43)

Note: £ (or more exactly{ E)), is a function ofN, V, 3. This refers to the population of energy levels;, on the
other handis the energy level itself, and depends onlydrandV.
Let's compare eqgn 4.45 with another equation which we know from thermodynamics

oUu oP
(67w =7 (57 v = (449
Rewrite this in terms of /T instead ofl" and changing notatiorl{ = E)
8E> 1 ( oP )
— + === =P 4.47
<3V vyt T \O/T) ) yy @an

Comparing egns 4.47 and 4.45, we idenfify= ¢/T', ¢ being a constant. The value ofs taken as g, Boltzmann’s
constant, by applying the result obtained here to an ideal gas. We will come back to this later. Thus we have the

important relation

1
g = T (4.48)

It is conventional to let = 1/kpT, so we will use this symbol throughout this course.

4.3.1 Relationship Between the Canonical Ensemble and Thermodynamics

We now can write down some thermodynamics. Eqn 4.38 can alternately be expressed as

dln@Q dln@Q
U—=— ( > = kpT? ( > 4.49
o8 Jvn b or Jvn (4.49)
and the expression fdP can be written as
B 0lnQ
P_@T<8V>MT (4.50)

The two equations above are nice; they tell us that we can obtain pressure and energy from knowledge of the partition
function. If an expression for entropy can be found, we will be able to determine all the thermodynamics of the
canonical ensemble.

We know S is related tdJ and PV (for fixed V) by

(dU + PdV)

ds = T

(4.51)
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But we know that
U=> piVTE; (4.52)
J
where we have been explicit in stating that the probability density of the canonical ensemble is used. Thus

dv =3 [pj.v VT4E; + EdpY VT} (4.53)
J

OE;

NVT J NVT
= W (P25 gy 4 Eidpl
;{’” (57) v + B}
= —PdV + ) Ejdp}V"
j

Combining these last two equations, we obtain

_ (=PdV + Y2, E;dpVT + PdV)

ds = - (4.54)
BjdpNVT
s — ZJ”T”J (4.55)

Recall thatp; = % which we can solve foF; in terms ofp;, and use this in eqn 4.55. The result is

(I p XV Tdp VT + I QdpV™) (4.56)
pT '

Since)_; p}'V'"" = 1, the second term in the numerator is zero. We thus obtain what we sought

as = —

dS = —kgy p) Tdp¥V" (4.57)
J
Eqn 4.57 is an important equation, in that it establishes the link between entropy and the microscopic state of a

system. It can be integrated (the integration constant set S§¢7as= 0) = 0 for a perfect crystal) and the resulting
equivalent equations obtained

U B dln@Q
S—T—i-kBan—kBT( T >N’V+kBan (458)
S = —k:Bij-VVT lnpj-VVT (4.59)
J
S = —kp(lnpi'T) (4.60)

All of the above equations tells us that, if we kndyy we know everything about the thermodynamics of the
system. As we will see, this means that a primary challenge of ours is to evéluafes this possible? That
means we have to obtain tig’s of an N-body system! It turns out that we will approximate the problem by only
considering one- ,two- , and perhaps three—body problems as an approximation of the actual systems).

To continue, we now wish to derive an expression for the Helmholtz free endrgg, terms of(). A is the
natural thermodynamic potential of the canonical ensemble. We know that

A=U-TS (4.61)
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SO
0lnQ dlnQ
A = kgT? —k T2< > — kgT1 4.62
B ( or )N,V B oT )Ny sTInG (4.62)
or

We can derive all other thermodynamic quantities easily from egn 4.63 using standard thermodynamic manipula-
tions.

In the above development, we have implicitly considered a single component system. In a multicomponent
system, the formulation proceeds identically to that here (starting at eqn 4.26), except that we use the sum of
particlesN; + N» + - - - in place of N, and the produciV{!N5! - - - in place of N!.

4.3.2 Using the Canonical Ensemble

Equipartition of Energy

Many physical systems have Hamiltonians of the form
H=Y Aigg+> Bip; (4.64)
i i

wheregq; andp; are generalized coordinates and momentum. In an ideal gas of spherical particles, for example,
B; = 1/2m, with p; a component of momentum in each of three coordinate directidns= 0. In general, iff
of the constantsl; and B; are non-vanishing, then it is easy to show that within the classical limit of the canonical
ensemble

U=(H)=1/2fkgT (4.65)

This says that each independent harmonic term in the Hamiltonian contrib(2ég T to the total energy of the
system. This is théheorem of equipartition of energyhis theorem only holds for degrees of freedom which can
be treated classically; it breaks down when quantum effects are important.

Fluctuations

What is the magnitude of energy fluctuations in the canonical ensemble? The variance of energy is

(6B)*) = ((E - (E))*) = (B* = 2B(E) + (E)*) = (E?) — (E)? (4.66)
What is each term here? . E2e-PE) s
oy _ 2gtyye 7 10 o~ BE;
But this can be simplified 5
1
(E?) —@%(<E>Q)
_ O(E) 0lnQ
(E?) = o5 (E) a8

Finally, we get with a little more algebra

(22) = k22 1 (2

Thus, egn 4.66 becomes
O(E)

((0E)*) = kpT? <8—T> o kpT? <g—g> . (4.67)

’
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Our usual thermodynamic definition of heat capacity is

oUu
L= — 4.68
¢ <3T> NV (4.69)
Thus we see that
((OE)?) = kpT*C, (4.69)

Look at what eqn 4.69 says: the size of spontaneous fluctuations in energy at equilibrium is related to the rate at
which the energy of the system will change with changes in temperature. Egn 4.69 serves as the basis for estimating
the heat capacity through simulations carried out at a single temperature in the canonical ensemble.

To appreciate the order of magnitude of energy fluctuations in a macroscopic system, let's compare the standard
deviation of energy to its average value

(GE))Y? (kpT*C,)Y?

() (B

For an ideal gas,F) is of order(NkgT) andC, is of order(Nkp). Thus,

<(5E)2>1/2 ~ (N—I/Z)
(E)
If IV is on the order 010?° or so, this is an extremely small number. Note that this argument can be applied in the
“thermodynamic limit”, far from critical points. (Fluctuations become large near critical points...)

This tells us that the probability distribution for energy is a sharp Gaussian, that for all practical purposes is a
delta function. Also, it says thdt, > 0 always. This result, which falls naturally out of the statistical mechanical
formulation, constitutes a criterion for thermodynamic stability.

4.4 Elementary Statistical Mechanics of Fluids

We will eventually introduce other ensembles, but at this point it is worthwhile to stop for a moment and see how
we can use what we have learned. Since the canonical ensemble is the most commonly used ensemble, now is «
good time to digress and show some elementary statistical mechanical calculations as applied to fluids.

As we saw with the heat capacity, the canonical ensemble provides a powerful framework for calculating ther-
modynamic properties of gases and liquids from molecular-level information. Consider a fligafticles in
volumeV at temperaturd. To specify a microstate in configuration space, we must determine the position, orien-
tation and shape of all molecules. For a molecule afoms, this means there are @egrees of freedom. Recall
that either Cartesian or generalized coordinates can be used. As we touched on earlier, there is an advantage t
specifying a molecular configuration with the more conceptually difficult generalized coordinates than with simple
Cartesian coordinates. Let us again show how generalized coordinates are used in an example.

Consider a linear molecule, such as the one shown in Figure 4.4. This could be a representation of chlorine, for
example. To uniquely determine the conformation of this molecule in space, we could specify the three Cartesian
coordinates of both atoms, which would give a total of six degrees of freedom for this molecule. Alternatively, we
could specify the three Cartesian coordinates of the molecular center of mass, two “Eulerian” émgles ¥,)
which give the overall orientation (we will refer to these as “rotational” degrees of freedom), and 3s-5 internal bond
lengths and/or angles (“vibrational” degrees of freedamlor this particular molecule, = 2 so there is one bond
length which must be specifiedl,. Thus we must specify six generalized coordinates to describe the configuration
of this molecule - the same number as the Cartesian coordinate specification.

We could also have a nonlinear, flexible molecule, such as the one shown in Figure 4.5. We could again specify
Cartesian coordinates for each atom, or we could define the configuration in terms of generalized coordinates. For
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bond length, |

=

.

Figure 4.4: Degrees of freedom for a linear molecule (suchas N

¢ dihedral

(after Theodorou)

Figure 4.5: Degrees of freedom for a flexible, non—linear molecule (such as 1,2-dichloroethane).

this case, three translational and three rotational degrees of freeB@are(required to specify the position of the
center of mass and the overall orientation. If the molecule can isomerize conformationally, it alstorgsnal
(dihedral) degrees of freedom. In addition, there ate 8 - 6 vibrational degrees of freedom for a nonlinear

molecule. In the representation of 1,2-dichloroethane shown in Figure 4.5, there is one torsional and 17 vibrational
degrees of freedom (7 bond lengths and 10 bond angles).

We now wish to classify the different degrees of freedom. This can be done on a number of ways:

1. Internal/external degrees of freedom

¢ “Internal” degrees of freedom: vibrational and torsional.

e “External” degrees of freedom: translational and rotational

2. Hard/soft degrees of freedom

e “Hard” degrees of freedom: vibrational
e “Soft” degrees of freedom: all others

3. inter—/intra—molecular degrees of freedom

e Intramolecularcontributions: nuclear, electronic, vibrational, and torsional
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¢ Intermolecularcontributions: potential energy of interaction between molecules. This is a function of
position and orientation of constituent parts of different molecules.

4. internal/external degrees of freedom

e “internal” part: nuclear, electronic, vibrational, and rotational degrees of freedom.
Note that these degrees of freedom roeaffected by other molecules.

e “external” part: all other degrees of freedom.

Based on the separation of energy intargrrnal part and amexternalpart, we make the following assumptions:
1) Fast, vibrational degrees of freedom of a polyatomic molecule are not greatly affected by the environment of the
molecule. Thus we can lump vibrational energy into the internal part; 2) The kinetic energy associated with the
tumbling of molecules in a fluid is also independent of fluid configuration. We therefore add this to the internal part
of the potential. This is acceptable if the molecules have no internal torsional degrees of freedom that can cause
changes in their shape; 3) The kinetic energy associatednaitblationis always included in the “external” part of
the energy, since this will depend on the environment.

With this separation of energy, we can factor the partition function in the following way

QINV,T)= > e

microstates

N
= Y expl-BY B - BB

microstates

(e agor) (5 emione)

internal external

N
T X eotm) (X owl-oe)
i=1 \internal external
where the sums over “internal” and “external” refer to all possible combinations of internal and external degrees of
freedom, respectively.
Finally we get
QN,V,T) = [¢"(T)]" Qeat(N, V, T) (4.70)

The Hamiltonian forQ.,; consists of contributions from all kinetic energy modesincluded ing;,:, and from
the potential energy of the systei, which depends on the system configuration. That is

V=V(q)

A comment on notation: we will use the vectqrto represent all the generalized coordinates of a molecule of
collection of molecules under discussion.

As a simple case, consider a system of inflexible molecules, in which the total potential energy can be expressed
solely as a function of the center of mass coordinates. That is

V= V(I‘l)

wherer is the vector of Cartesian coordinates describing the position of the molecules.

Such a representation is a good approximation for molecules that “look” like spheres (such as xenon or methane).
Long, flexible molecules, such as polymers, are poorly approximated in this way. Likewise, molecules with strong
orientationally—dependent dipolar interactions (such as water) are not well-represented in this way. In these cases,
we need to treat the potential as a function of the full configuration spaee¥(q)).
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However, under the condition th&t= V(r;), we can derive).,; from the following Hamiltonian
N pz
He:vt(rNa pN) = ]C(pN) + V(rN) = Z ﬁ +V(re, TN (4.71)
i=1

Notice in egn 4.71 that the potential energy isiatermolecularpotential energy. The kinetic energy depends
exclusively on momenta, while the potential energy term depends exclusively on position. Thus, in forming the
partition function for this Hamiltonian, we maeparatethe two contributions

dp” x / exp[—AV(r1, - ry)] dr™ (4.72)

1 N p2

Recall that the factow arises when going from a discrete representation to the classical (continuous) rep-
resentation of). (We can also do a separation of this type for more complicated molecules, as long as all the
configurational degrees of freedom can be treated classically. More on this later.)

The integral in momentum space is easy to evaluate; it is a prod@éf afdependent Gaussian integrals. Recall

that
/+Oo ok gy = VT
0

2a
so we have 8/ independent Gaussian integrals of the form

— 00

+00 p2
/ exp | —B— | dp; = 2rmkpT)"/? (4.73)
2m
This indicates that the center-of-mass momentum vectors obey a Maxwell-Boltzmann distribution of the form

1
MB _
(P) = Grmbptyi P

p

27rkaTl (4.74)

We can then combine eqns 4.70, 4.72, and 4.74 to geteime—classical partition function

3N
. 1 /2mmkgT\ 2
QuNV.T) =l (T2 ) T (4.75)
/exp[—ﬂV(rl, T ,I'N)] dr17 T ,dI'N
or
[g™ (T)]Y
Q(N,V,T) = NN /exp[—ﬁV(rl, <-,ry)]dry, -, dry (4.76)
whereA is the “thermal wavelength” of the molecules
B2 1/2

A is of the order of the de Broglie wavelength for a molecule of masand thermal energggT. Physical sig-
nificance: when intermolecular separations become commensurata vetblassical treatment of the translational
motion is no longer satisfactory. (Can you think of why this is the case?).

Notice in egn 4.76 that we have dropped the explicit reference to a classical partition function, although only for
convenience. We should always keep the distinction clear between the classical and quantum mechanical definitions

of Q).
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Egn 4.76 is often written as

int N
Q(N,V,T) = % Z(N,V,T) (4.78)
where
Z(NV,T) = [ expl-pvies, - o)) e’ (4.79)

Z(N,V,T) is a very important quantity, and is referred to as toafigurational integral The reasor” is so
important is that all the dependence of the partition function (hence, thermodynamics) on spatial extent (density) of
the system is incorporated . For example, pressure is independent of internal modes.

Recall, for example, that a pressure—explicit equation of state was derived as

P= ()5 (o).

1 /0lnQ _ olnZ
P_B< ov >N,T_kBT< ov >N,T (4.80)

Look what this means: If we can separate a system into internal and external degrees of freedom, and if those exter-
nal degrees of freedom can be treated classically, then the equation of state can be obtaineddoofigtivational
part of the partition function only! This is wh¥ is so important!

So that now

More on separation of energy

The total energyis a function of the degrees of freedom (generalized coording)esnd generalized momentum
conjugate to these degrees of freedgh (n addition, nuclear and electronic degrees of freedom can be excited in
some systems at ordinary temperatures, and thus need to be considered in the total eAdigythé successive
energy level separation associated with a degree of freedom, is large compared to the thermal energy, we must trea
the contribution quantum mechanicallifor Example: kT = 4.1 x 10 2L.J/dof at room temperature. Nuclear
spin separations are typicallp—''.7/dof, electronic contributions1(~'".J/dof) and vibrational {0~2°.J/dof)
must be treated quantum mechanically. A classical treatment is acceptable for most cases of rotational, internal
torsional, and translational contributions.

A complete and rigorous calculation ¢f** is complicated by the coupling of various internal modes. We
simplify the problem in a reasonable way by assuming an independence between various modes. The main approx-
imations are the following:

e Born—Oppenheimer Approximation: electron movement is rapid relative to the motion of massive nuclei.
Consequence: the electronic partition functiomidependenof other internal modes.

e Other time scale arguments can be made to separate the other modes.

e Poorest assumption: independence of coupling between rotational and vibrational modes (“rigid rotator”).
Turns out to be a good approximation for many systems. Couphndpe treated rigorously.

The result of the separation is that internal partition function can be factored

int _ r v, .en
=q

q q94q94q
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4.4.1 Thermophysical Properties of Ideal Gases

For a simple application of the principles we've discussed, consider an ideal gas of molecules. Before you grumble
about looking at an ideal gas, stop for a minute. The ideal gas plays a central rolefageace substance
statistical thermodynamic formulations. Thus, it is important that we can handle at least this simplest of all systems.
We will tackle more complex systems in due time!

For an ideal gas adtomic specieghere are no interactions between molecules, thus we can write

V(q) =0 (4.81)

This would not be the case is we had a molecular species with internal energetics; we ignore this case for now. We
can see immediately that the configurational integral, eqn 4.79 reduces to

Z9(N,V,T) = / N = vV (4.82)
The canonical partition function can be written

. int]N N
Qo v =T (35) (.89

We can calculate a number of properties from eqgn 4.83.

e Pressure

Using the equation of state derived earlier (egn 4.80):

. N
PY = kgT (8;‘1/Q> = kT (%) (4.84)
N,T N,T
V

or
PYV = NkgT = nRT

We have once again derived the ideal gas law!

e Helmholtz free energy:

: 1
AY(N,V,T) = —=1n

1 qintV N
3| N1\ TAS

B 1 qintV
=3 l—(NlnN—N)—i—Nln( 13 )]

pA?

NkpT

NA3

wherep = N/V is themolecular density
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e chemical potential:
You can easily show that

. 3
1i9(p, T) = —kpT <8;;VQ> = kpTln <Z§”> (4.85)

where we have used Stirling’s approximation. For a monatomic ideal gas, this simplifies to
19(p,T) = kT In(pA?) (4.86)

This equation defines an absolute scale for chemical potential.

; ou
- (3
aT ),

0|3 5 0 In[g™ NV
=57 [2NkBT+NkBT 5T

¢ heat capacity

Simplifying, i
O In[g™

Oln[g™] 50" In[g™]
or T ar

For an ideal, monatomic gas (such as argon), we see the familiar equation

) 82 ln[qint] N

3
i9 — S NkpT + 2NkpT
Cf = 5 NkpT + 2Nkp oT?

2T

3
—§R+R

C9 =3/2R

The temperature—dependency of the heat capacity arises from molecular structure. Rotational, vibrational
(and even electronic and nuclear) degrees of freedom get incorporaj€d(ifi). It is easy to see now why
correlations for heat capacity have the form

Cp=Cy+R=a+bT+cT?+--

e entropy:
Finally, we can compute the entropy of an ideal gas
. Ui — A9
SY = ———
T
o int|N 3
_ NkgT 3+ T2 ] — NkgT [-1+In 245 ]
N T

0 ln([qmt]N)]
ar
dn([g""N) ]
T

SY = Nkp lg —In(pA3) 4+ In[¢™ N + T

59 =R lg —In(pA®) + In[¢"™ )N +T
We see for an ideal, monatomic gas
S =R E - ln(pA3)}

This last equation is a form of the Sakur-Tetrode equation. The assumption of an ideal, monatomic gas enables
rapid and fairly accurate evaluation of absolute entropies (see Table 4.1).



4.4. ELEMENTARY STATISTICAL MECHANICS OF FLUIDS 53

Gas exp. (e.u.) calc. (e.u})
He 30.13 30.11
Ne 34.95 34.94
Ar 36.98 36.97
Kr 39.19 39.18
Xe 40.53 40.52

C 37.76 37.76
Na 36.72 36.70
Al 39.30 39.36

Ag  41.32 41.31

Hg 41.8 41.78

Table 4.1: Calculated and measured entropies at 1 atm and R9&alculated values were obtained from the
Sakur—Tetrode equation, assuming an ideal, monatomic gas. From McQ8B#atistical Mechanics

4.4.2 Thermodynamic Properties from Ensemble Averages

So far, we have seen that we can calculate thermodynamic properties, if we know the configurational integral (or the
partition function). Our goal is to formulate the statistical mechanical problem in such a way that we can calculate
properties from molecular simulations. One might be tempted to think that molecular simulations are simply a way
of calculatingZ. As we shall see, however, computitgfor non-trivial systems is extremely difficult (but not
impossible). As a result, rarely do we compute configurational integrals directly from molecular simulations, but it
turns out that this is unnecessary for obtaining many properties of interest!

Simulations are generally designed to compansemble averagdsr, equivalently, time averages). What we
would like to do now then is to derive expressions for thermodynamic properties write@arsamble averagesve
will begin by deriving an expression for the pressure of a system.

Virial Theorem: Pressure as an Ensemble Average

There are many ways to derive the virial theorem. We will follow a mechanical derivation, much along the lines of
Clausius’ original derivation. The form given here is after that given by D. N. Theodorou.

Consider an isotropic fluid aV molecules in a volumé& at temperaturd” (see Fig. 4.6). For simplicity, we
consider a fluid of structureless molecules, subject to central forces. This derivation can be extended to molecular
fluids by considering molecules as collections of atoms, some of which interact through bond forces. Newton’s
second law, applied to moleculgrields

d?z;
Analogous formulae apply fay andz. F; is the total force experienced by moleculat a given time. Multiplying
eqgn 4.87 byx; yields
d2z; d Az, dr;\ 2
Summing over all molecules and taking time averages under equilibrium conditions
N N 4 N p2
O wiFe ) = O = (@pie))e — O =) (4.89)
i=1 o dt =1 i

Recall the definition of a time average:

(A); = lim /TAdt
0

T—00
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N molecules, volume V, temperature T

X

Figure 4.6: Schematic of the construct used in deriving the virial theorem. The grey sphere represents the position
of molecule; in a fluid of N particles at temperatufE in volumeV. F; is the total force on the molecule.

dr;

In eqn 4.89, we have used the fact that= m; .
Let us examine the first term after the equal sign in egn 4.89. By definition,

N ST N
<Z%(xipi,x)>t — lim + A [Z%(%pi,x)] dt

T—00
i=1 T i=1

1 7d [
=am [ [Z (wipi’w)] dt

=1

L /TN N
= lim - < Lz:l wzpzx] - LE; wzpzx] 0> (4.90)

The momentum must be bounded (thatzs, cannot be infinite). Also, the positian; is bounded, because
moleculei cannot leave the box. As a consequence, the limit on the right hand side of egn 4.90 must be zero.
Therefore, we have

Yd
O o (zipig))t =0 (4.91)
i=1
Consider the second term in egn 4.89. Motion in the system is isotropic, so
N 2 N 2
Di 1 P: 2

=)= =3 4.92

(Z m; ) 3<;mi>t 3(’C>t (4.92)

=1

where/C is the kinetic energy.
We now invoke the ergodic hypothesis. As we have seen, the kinetic energy is related to the temperature and the

number of degrees of freedom through the equipartition theorem. Thus

N

O %)t = (%) <%> kT = NkpT (4.93)

=1

Combining eqgns 4.89, 4.91, and 4.93

N
(> wiFu) = —NkpT (4.94)
=1
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Similar relationships exist foy andz, thus
1N
= i F;) = —NkpT 4.95
3 (; r; - Fy) B (4.95)

We have dropped the subscrigih eqn 4.95 to denote averaging in any ensemble. The quanfity r; - F; is called
the (total) virial.
Consider the nature of the force on atonl';. There are two sources

1. Forces arising due to interactions with the box walls. We give these forces the syfhbol

2. Forces due to interactions with other fluid molecules. We give this component the Fffibol

Thus, _
F, = Fi"' Lt FV (4.96)
Eqn 4.95 can equivalently be written as
1 (& N .
3 ((Z ri - FY)+ (> ri F;"t>> = —NkgT (4.97)
i=1 i=1

The quantities(1/3) YN, r; - F¥ and (1/3) Y, r; - Fi** are referred to as the wall viri@nd internal viria)
respectively.

Focus on the wall virial term in eqn 4.97, and consider th@mponent. For most physical systems, “wall”
forces are short ranged. Molecules will only experience wall forces if they are within a few molecular diameters of
the wall. As a consequence, all the molecule—wall contributions that contribute to the virial term wilthave,
orz; ~ 0. Thus

N N
O @iFY) = L) Fi)a-1, (4.98)
=1 =1

where(>N F}')z~1, is the average force exerted from the walllaton the gas. Itis minus the average force
exerted by the gas on the wall. Thus, itétated to the pressure

N
(3" F¥)e—r, = —PLyL, (4.99)
=1
Combining eqns 4.98-4.99
N
(> wiFY)=—-PV (4.100)
=1

We then see immediately from egn 4.97 that
N
_ 1 L vinty int
PV = NkpT + 3 > ri-F™) = NkpT + (W™) (4.101)
i=1

where(W) is called theinternal virial.

Eqn 4.101 is theirial theoremand expresses pressure directly in terms of density, temperature, and intermolec-
ular forces. It is perfectly general, and valid for any intermolecular potential. Clearly, it gives the proper behavior
for ideal gases and shows where the source of non-ideality comes from. This equation is in a form amenable for
use in molecular simulations, since the pressure can be calculated from an ensemble average. We have succeeded
deriving our first general expression for a thermodynamic quantity in terms of an ensemble average! We don'’t need
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to compute the complete configurational integral to get the pressure - we must “only” compute the internal virial.
How do we do this?

If the intermolecular forces can be represented paiawisefashion (i.e Fi*! = > ;#i Fij» Fij = —Fji, where
F;; symbolizes the force ondue toj), then eqn 4.101 assumes the form

1 N N
PV = NkgT + 5(2 > (ri—rj) - Fyj) (4.102)
i=1j=i+1

Eqn 4.102 will be very useful in conducting simulations of the PVT behavior of fluids.

Chemical Potential as an Ensemble Average

In general, “statistical” properties such as entropy, chemical potential, and free energies are more difficult to cal-
culate from a simulation in the canonical, microcanonical, or isothermal-isobaric ensembles than “mechanical”
thermodynamic properties such as pressure and internal energy. Because of this, we often would prefer to work in
a different ensemble than the canonical ensemble when trying to get these quantities. For example, we could utilize
a direct approach by conducting the simulations in the grand canonical ensemblemvbeeerelated quantity, is
specified directly. This has its own difficulties, as we shall see, but there are times when an ensemble other than the
canonical ensemble is useful. We will discuss other ensembles shortly, but for now, let’s restrict ourselves to the
canonical ensemble.

The most common way of computing chemical potentials in the canonical ensemble is to utilize Widom’s “test
particle” method. This elegant technique was proposed by B. Widom [Widoth,Ehem. Phys39, 2808, (1963);
86, 869, (1982)]. This method is also referred to as “ghost particle” insertion. The derivation goes as follows.
Consider a fluid ofV molecules in a volum& at temperaturd” (see Fig. 4.7). We know that the free energy is
found from eqgn 4.63

A(N,V,T) = —%IDQ(N,V,T)

If we consider the same fluid in the same volume and at the same temperature, but at a density corresponding to
N + 1 molecules, then

AN +1,V,T) = —%an(N+1,V,T)

Subtracting the two yields

1. QIN+1,V,T)
AN+ 1,V,T)— AN,V,T) = —=In——F———— 4.103
( ) ANV = g T (4109
But if we then use the definition of the classical partition function (egn 4.78) we get
1 [¢™ N+t NIAYN Z(N+1L,V,T)\ _
A(N+1aVaT) —A(N, VaT) = _Bln ((N+1)!A3(N+1) (qint)N Z(N, V,T) -
[N + 1]A® 1 <Z(N+1,V,T)>
kpTln | ———— | — = _ = 4.104
B ( Vgt 5\ VZ(N,V,T) (4,109
Focusing on the ratio of configurational integrals, and using the definitidh of
Z(N+1,V.T) _ [exp[=fVNii(r1,---rNq1)]dry - Ty (4.105)

VZ(N,V,T) V [exp[—pVn(r1,---rN)]dry Ty

where
Vn4i(re, -, rvg1) = Vn(re, -, tN) + Viest (CN415T1, -+, TN)
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Viest(n+1;T1, -+, ) IS the total potential enerdielt by a molecule at due to theN molecules of the fluid at
(ry,---,ry). We can therefore write eqn 4.105 as
Z(IN+1LV,T) _
VZ(N,V,T)
Jdryyy [dry,- - deyexp[—Vn(r1, - vy)] exp[—BViesi (TN 1511, TN))] (4.106)

Jdryyy [dry, -, dryexp[—fBVNn(r1, -, rN)]

Look at the form of eqn 4.106. The right hand side is an ensemble average over all configurationgvof the
molecules, and is also an average over all possible positions of the “ghost” particle.

"ghost" particle ¢

‘@
: @ ®
©
N (&)
® oo ®
® o ©
P @0 g
®
N particles, volume V,
temperature T

Figure 4.7: Representation of “ghost particle” insertion in Widom'’s technique for computing chemical potentials.

The Widom insertion procedure goes as follows. First, take a random configuratiénntéracting molecules
in volume V' and temperaturd’, weighted according to the canonical ensemble. To this configuration, add a test
particle (V + 1) at a random point. This test particle “feels” &ll particles, but it is not felt by the other particles.
Thus, it does not perturb the system. Next, average the Boltzmann factor of the test ¥pegrgyer all configura-
tions of the “real’N molecules and over all positions of the test molecule. This involves sampling many different
canonical conformations and many different “ghost particle” positions/conformations. (It turns out that generating
enough of these conformations to get reliable averages is tricky and difficult, which is why it is sometimes desirable
to use other methods. Nonetheless, the procedure is relatively straightforward). The result of such a process is that

Z(N +1,V,T)

vam v o) (4.107)

where the brackets denote a canonical ensemble average oférralblecule configurations and spatial averaging
over all ghost molecule positions.

Now, consider egn 4.104. In the thermodynamic limit— oo, V' — oo, N/V = p = a constantIn this limit
we therefore have

<A(N+ 1,V,T) —A(N,V,T))

(N+1)—-N = <8A> = u(p, T) (4.108)

ON
whereu(p, T') is the chemical potential at the prevailing molecular density and temperature.
The first term on the right hand side of eqn 4.104 is,

¥+ DA ”A?’] = kpTln (f’A3> (4.109)

kBT In qu'nt qint
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where again everything is in the thermodynamic limit. But this is just the definition of the ideal gas chemical
potential, given the same density and temperature (i.e. all intermolecular interactions turned off)!

A® :
kT In (Zi"t> =np,T)

Thus, in the thermodynamic limit

w(p, T) — " (p, T) = p(p,T) = —kpT In [(exp(—FViest))] (4.110)

The difference: — 19, taken at the same temperature dedsity is referred to as thexcess chemical potential
This isnotthe same as the residual molar Gibbs energy, which is a difference taken under the same temperature and
pressure! The ensemble average on the right refers to a molecule in a fluid at dearsityemperatur@’. Widom'’s
method can also be implemented in the microcanonical and isothermal-isobaric ensembles, but we won't give the
formulas here.

45 Other Ensembles

Having given some examples of the use of the canonical ensemble, we now turn to other important ensembles.

45.1 Grand Canonical Ensemble

Recall that the canonical ensemble was envisioned in which each system was enclosed in a container with heat
conducting walls that are impermeable to the passage of molecules. Thus, each system was spé€jfiedmy

In the grand canonical ensemble, each system is enclosed in a container whose walls are both heat camducting
permeable to the passage of molecules. Thus thermal of chemical potential gradients between systems results ir
heat/mass transfer between systems. We can envision this as in Figure 4.8.
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Figure 4.8: Representation of the grand canonical ensemble, with copsigit.

In this figure, all boxes have the same volume, chemical potential, and temperature at equilibrium. Thus, the
energy and number of particles within a box fluctuates. The number of molecules in each system, therefore, can
range over all possible values.

We construct a grand canonical ensemble by placing a collection of such systems in a large heat bath at tem-
peraturel’ and a large reservoir of molecules. After equilibrium is reached, the entire system is isolated from the
surroundings. Since the entire ensemble is at equilibrium with respect to the transport of heat and molecules, each



4.5. OTHER ENSEMBLES 59

system is specified by, T', . (If there is more than one component, the chemical potential of each component is
the same from system to system).

In deriving an expression of the, V, T') ensemble, we will follow the basic method as that used for the canon-
ical ensemble. However, we must specify a system not only by quantum state (energy level), but also by the number
of molecules in that system. For each valueNof there is a set of energy staté&y;(V)}. We will use a bit
different nomenclature from our previous discussion: d.gf be the number of systems in the ensemble that con-
tain N molecules in quantum staje Note that each value d¥ has a particular set of levels associated with it, so
we specifyN thenj. The set of occupation numbefs;; } forms a distribution. Each possible distribution must
satisfy the following conditions:

1.
> anj=A (4.111)
N
2.
> aniBnj =& (4.112)
N
3.
> > aniN=N (4.113)
N

In the above equations4 is the number of systems in the ensemldleis the total energy of the ensemble
(remember: the ensemble is isolated!), ands the total number of molecules in the ensemble.
For any possible distribution, the number of states is given by a multinomial distribution

Al
[InII; an;!

As in the treatment of the canonical ensemble, the distribution that maxifiizeabject to the constraints of
eqgns 4.111-4.113 completely dominates all the others. You can show that when we maximize egn 4.114, you obtain

W ({an;}) = (4.114)

ay;j = e e PN (V)g=IN (4.115)
Notice that we have 3 undetermined multipliers, as we should since we have 3 constraints. We deténnténms

of the two other multipliers. If we sum both sides of eqn 4.115 and use eqn 4.111, we obtain

_ A

—Q

e (4.116)

The probability that a randomly chosen system containsolecules and is in thgh energy state with energy
ENj(V) is
efﬂENj(V)ef"/N e*ﬂENj(V)ef’yN
Pr;(V,8,7) = S G = (4.117)

We use the probability in eqn 4.117 to form averages.

e Energy:
(BV.Br) = 2 55 By (V)e PEmiV)g o (4.118)
522
o 0ln=
(E(V,B,7)) = —( 95 > (4.119)
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e Pressure:
Recall thatP = — (2—5). Let's keep nomenclature straighf? here represents pressure, whitg; is a
probability. So we can write for the average pressure
aENJ —BEN; (V) —yN
(P(V,B,7)) = = ZZ (), e (4.120)
Byy
o 1 /0InE
n=
(P(V.B,7)) = < ) (4.121)
g\ v By
e Number of molecules (density singéis fixed)
(NWV.B,7) = 2 3 3 NeBm(V) =i (4.122)
ENG
or .
n-=
(N(V,B,7)) =—< 3 > (4.123)
T /v

Now, the question remains: whatsand~y? Remember what we did to get the multipliers for the canonical
: i i E> d<P> o Wi -
ensemble: we derived equations that re@%v—)N’ﬁ to ( o5 )N,V and compared this with the corresponding

thermodynamic quantitieég—"f)N’T and (g_?)zv,v' We saw thap} o« 1/T

We follow a slightly different approach here. It is straightforward to show thhere has the same value as
in the canonical ensemble. That i$,= 1/k,T. The mathematical derivation follows that used for the canonical
ensemblePhysically you can see why from the following (hand waving) argument.

A grand canonical ensemble can be considered to be a collection of canonical ensembles in thermal equilibrium
with each other, but with all possible values®@f Now imagine that each cell is instantly made impermeable, but
heat can still flow between cells. This would giveallectionof canonical ensembles witliv, V, T') fixed. If we
use the same analysis on this system as we did with the canonical system, we getthatkpT'). The result is
that each system must have the same valyg oégardless oiV.

If you accept this, then the question still remains: What ab@Wo see how we can assign meaningytdet's
consider a function

FByABN;(V)}) =lE =1} Y e iV (4.124)

Taking the total derivative of

of of
if = ( ) b+ (_) dy + < > dEy; (4.125)
op v{Ens} Oy BAENS} %: zy: 8EN] By Enij '

But we have already shown that

of

L —_(E
55 =)
of
5y =~
Differentiating eqn 4.124 yields
af P e BENje= TN

OEN; Uy >, e FENie= N
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So
df =— < E>df— <N >dy—8> Y Pn;dEy; (4.126)
N

The last term in eqn 4.126 represents the differential change in energy for moving between states. As we have
already stated, this is the reversible work ddmydghe systems. It is assumed that this is only P-V work, so that

df =— < E>df— < N>dy+p<P>dV (4.127)
Now, we add{(5 < E >) + d(y < N >) to both sides of eqn 4.127. The result
df+B<E>4+y<N>=pd<E>+yd<N>+3<P>dV (4.128)
We can compare this to the thermodynamic relation
TdS = dE + pdV — udN

and use the fact th@ = 1/kpT to get that

—p
_—* 4.12
VT kRT (4.129)

This provides the meaning for the last undetermined multiplier.

<E> <N>p
T T
In egn 4.130, the integration constant has been set to zero for consistency with the 3rd law.
Now that we have brought in the statistical quantity (entropy) along with the mechanical quahtitiesand

N, we may calculate all of the thermodynamics of a system in the grand canonical ensemble. The relevant quantity
here is=2(u, V, T'), which is called the grand (canonical ensemble) partition function. As we saw, it is defined as

B, V,T) =Y e AENi(V)ful (4.131)
N j

S =

+kpln= (4.130)

Here’s an important point to get clearhe canonical ensemble partition functiai, provides the connection
between thermodynamics and statistical mechanics for a closed, isothé¥yiaJ{ constant) system. The grand
canonical ensemble partition functioB, provides the link for an open, isothermal systeml(, T') constant.

Summing oveyj for fixed N in egn 4.131 allows us to express a relationship betwigand=

E(p, V,T) = > Q(N,V,T)e’*N (4.132)
N

The terme®# is often denotedk. Thus, we see that = k5T In ), and we associate with an absolute activity,
since the difference in chemical potentials between two states is given by

Ap = kT In(az/ay)

The number of systems in an ensemble is arbitrarily largey $e arbitrarily large, and hence we can take the
number of particles to approach infinity.

B, V,T) = fj Q(N,V,T)AN (4.133)
N=0

The summation to infinity enables us to eliminate the fiXédn the summation, which has certain mathematical
advantages. Finally, let us show théf is the thermodynamic characteristic functionof. Compare eqn 4.130

<E> <N>u

S=—7 T

+ kpln=
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with the thermodynamic equation
G=uN=E+pV -TS

We see immediately that
pV =kpTInE(V,T, 1) (4.134)

This completes our initial discussion of the grand canonical ensemble.

4.5.2 Isothermal-Isobaric (NPT) Ensemble

The isothermal—isobaric ensemble describes the equilibrium distribution in phase space under the constraint of
constantnumber of particlestemperature andpressure Thus, thevolume will fluctuate Therefore, volume must

join the list of microscopic quantities that comprise phase space. Thatis, a point in phase space is given by specifying
V,q", andp”. The probability density is derived in the manner used for the canonical ensemble. The result is

NPT N _N _ Xp (—5[H(qN,pN;V) + PV])
P (g, P, V) = Onrr (N P.T) (4.135)

whereQ y pr is the isothermal—isobaric partition function in the semi-classical form

_ 1 N . N N _N,
Qnpr = WNV()/dV/dq dp” exp (_ﬁ[%(q P V) +PV]) (4.136)
The factorV} is some basic unit of volume chosen to ren@erp dimensionless. This choice is not fundamentally
important?
Notice that

Quer = o [ aV exp(—5PV)@xvr(a”,pY: V) (4.137)
0

where@ yv T is the canonical ensemble partition function of the system at volime
The connection with thermodynamics is via the Gibbs function

G(N,P.T) = =5 nQupr (N P.T) (4.138)

If we are to generate state points in thePT ensemble, we must clearly provide for changes in the sample
volume as well as energy.

As before, it is possible to separate configurational properties from kinetic properties. Thus, we can obtain
thermodynamic properties from the configurational integral, which has the form

Inpr = / AV exp(—fPV) / dq exp(—V(q) (4.139)

(Some definitions oy pr include the termg /N! and1/V; as normalizing factors).

4.6 Equivalence of Ensembles - Preliminaries

Ensembles are artificial constructs; they should produce average properties that are consistent with one another.
What we would like to show next is that, regardless of which ensemble you choose, the results obtained should be
the same. Therefore, the choice of which ensemble to work in boils down to a matter of convenience.

In the thermodynamic limit, (i.e. infinite system size) and as long as we avoid the neighborhood of phase transi-
tions, all commonly—used ensembles do indeed give the same average properties. The equivalence of ensembles cz

2W. W. Wood, inPhysics of Simple Liquidgemperley, H.; Rowlinson, J.; Rushbrooke, G. (eds.), North Holland, Amsterdam, 1968
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be shown formally (See Allen and Tildesley). Here, we will show the equivalence for a particular case, and simply
state that one can show the same for other cases. To do this, we must once again loogidéons We saw that
fluctuations about mean values are so small that they can be ignored under most conditions (i.e. away from critical
points). Recall that the energy in thél/'T' ensemble varied like

OF

~ N-1/2
<E>

We need to determine the fluctuationsNnin an open system represented by the grand canonical ensemble.
Recall that

B, V,T) =33 e PPN efNe = 3" (N, V, T)ePN e (4.140)
N g N
We start with the equality
(N)Y " Q(N,V,T)ePNi =" NQ(N,V, T)e N (4.141)
N N

Differentiate eqn 4.141 with respect to and divide both sides k¥

10
op

10
2 ou

il

l(m > Q(N,V,T)eN “] = lz NQ(N,V,T)e’N “] (4.142)
N N

This leads to
0< N >

op

Y QPN <N >N ﬂNQeﬁN”]
N

N

—_
=
—

=2 Y Vg
- N

Simplifying this expression,

0< N N
< >+< :>'82NQeﬁN”:

ol =)

ml

ZNQQeﬁN”
N N
0<N >
T+B<N>2ZB<N2>

or finally

(4.143)

<N2>—<N>2:kBT<w>
v, T

o
Typically, 1 is of the same order ds;T. Thus,o% ~< N > and

ON

o AN >"1/2 (4.144)

We see from eqn 4.144 that the relative fluctuation in the number of particles gbgg'asN >, (a very small
number). This is the standard result for statistical mechanical fluctuations. Therefore, even an open system contains
essentially the same number of molecutesV > for fixed p, V,T. This is an important result, that will help us
show why ensembles are equivalent. Egn 4.143 can be put into a form that has more physical meaning. Starting
with the familiar thermodynamic equality
dp = vdP

(), = (5).

whereT' is assumed constant, we obtain
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wherev = V/N andp = N/V. Then

(%) V__V_3<3_P>
ON ) v - N2\ oV N.T

Combining this last equation with eqgn 4.143 we find
( oN )2 _ kpTk
<N>) V
wherex, the isothermal compressibility, is defined by

ﬁ__l<3_V>
~ V\OP)n71

For an ideal gas, we know that= 1/p andkgTk/V =1/ < N >, consistent with our earlier analysis.

When are fluctuations not negligible? Consider eqn 4.145. At a critical point, or when two phases exist together
in the same system(PP/0V)yr is essentially zero, and sois infinite. Thus, fluctuations ararge in these
regions. As an example, in a two—phase system having number depsitiad p,, p in the expression

(4.145)

<(p—<p>)?>

can range fromp; to p», rather than being narrowly centered arp >. Thus,< (p— < p >)? is now on the order

of (< p >)? itself. For a constant volume systemy/ < N > is thus on the order of 1, rather that N >)~1/2.

The standard deviation is on the same order as the mean value. Fluctuations in density at the critical point are
responsible for critical opalescence phenomenon, in which a pure substance becomes turbid at its critical point.

4.6.1 Equivalence of Ensembles - An Example
Consider the grand canonical ensemble. The partition function for a 1-component system is
—— Z QNVT(N, V, T)@ﬂN'u
N
As we have seen, the only valuesifwhich would be observed are those that only deviate negligibly #on >.
We can therefore replada = with the log of the largest term. Let
bn (V. T, 1) = Q(N,V, T)e "

Then
<8ln bN> 0
3N V,T,u
o0lnQ@
B ( ON )V,T +Pu
Let N* be the value ofV satisfying the last equation, aihg- be the maximum term i&. Then
PV N*p
InZE=——=lnby- =InQ(N*,V,T
or
N*u— PV = A(N*,V,T) = —kgTInQ(N*,V,T) (4.146)

Look at what eqn 4.146 says. It specifids (which equals< N >) as a function ofV, T, .. But we could
also look at it as specifying as a function of the independent variablés, V, T'. In other words, application of the
maximum term procedure, which is legitimate because of the small fluctuatiods ¢auses the grand canonical
ensemble to degenerate into the canonical ensemble. Everything we know indicates that this is a general statemen
between all valid ensembles: they all give the same thermodynamic results. fdhpsactical thermodynamic
purposes there is no distinction between a canonical and grand canonical ensemble. We choose between them
simply on the basis of mathematical convenience.



Chapter 5

Application of Ensemble Theory: Mean Field
Theories

5.1 Introduction and Motivation

Equilibrium ensembles provide us with a powerful, general formalism for deriving thermodynamic properties from
molecular—level information. In practice, howevexact, analyticakolution of this formalism is impossible for all

but the simplest microscopic models. We therefore must invoke approximations to arrive at closed—form solutions.
Soon we will show how to do this for a simple case of a low density gas. The approach follows closely from our
derivation of the virial for computing pressure. In fact, what we will show is how to deriveitied equation of
statefor low density gases. It turns out that the virial expansion does not converge for higher density gases and
liquids, so that more clever techniques are required.

As an alternative, we could think about taking our equilibrium ensembles and solving for the properties of inter-
estnumerically This would enable us to use a more detailed model without resorting to simplifying assumptions.
The second part of the course will focus on these methods. Before we do this, however, we should first ask the
guestion: Can we make much progress on calculating liquid state thermodynamics with analytical theories? The
answer is most definitely yes, but there is a major difficulty. We need to sum over a very large number of system
microstates (configurations). That is, we need to know what the configurational integral is

Zyvr =Y, exp[—BV(config)]
all configs

This chapter will focus on various ways we can do this through judicious approximations.

5.2 Mean Field Approximations

One of the most common assumptions used in analytic theories iseha fieldapproximation. The basic idea is
to neglect correlations between different parts of the system at some level, and thus avoid the need to consider a
multitude of configurations. There are two common strategies.

1. Define a parameter (“order parameter”) that provides a collective description of the configuration (e.g. density,
magnetization, concentration). Derive an approximate expression for the Helmholtz or Gibbs energy in terms
of the order parameter. Then minimize this free energy to impose equilibrium.

2. Approximate the system of interacting particles by a system of noninteracting particles, subject to an external
field. The field represents the effects of other particles on a given particle (hence the term, “mean field”).
Derive the thermodynamics by imposing self—consistency. That is, the response that the mean field elicits
from a particle must be consistent with the average state of surrounding particles that shape its value.

65
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We will give a couple of examples, but first a word of caution. The term “mean field” is used very loosely to
describe a wide range of methods. This can result in tremendous confusion, and so you should use the term with
care. It is better to avoid use of the term altogether, and instead refer to the approximation by its name (Bragg—
Williams, Debye—Hickel, etc.) Having said this, you will notice that | have used the term for this section! | do this
mainly because other people will use the term, so you might as well know what it entails.

We will provide a few examples which demonstrate the use of “mean field” approximations. The approach in the
first of these methods is based on modeling the structure of the fluid as a lattice; we assume structural similarity with
crystalline solids. Although liquid molecules exhibit random motion, experimentally it is known that the molecules
generally spend most of their time trapped in cages created by the proximity of the other molecules. This suggests
that such a model, where molecules move locally about a particular site, is not as bad an approximation as it seems
at first glance.

5.3 Regular Solution Theory

We wish to construct a simple model which will help us understand, describe, and predict thermodynamic properties
of materials. We will use the statistical mechanical formalism derived earlier to link the models with thermodynam-
ics. TheRegular Solution model (J. Hildebrand) was developed to examine the phase behavior of binary metallic
alloys. It can also be applied to liquids!

Lattice Model:

1. Atoms are distributed on the sites of a lattice with coordination numiéeearest neighbors).
2. Sites can be occupied by atoms of substatce B.
3. No multiple occupancy of sites, and no vacancies allowed.

4. Energy of the mixture made up only of pairwise, nearest neighbor interactions. These interaction energies are
designatedi 44, upp,usp for AA,BB, and AB interactions, respectively.

ORORO

ONORONRO

Nearest neighbors, z
infirst coordination shell

Figure 5.1: Physical picture of a lattice used in Regular Solution Theory

Consider a binary mixture haviny4, atoms ofA and N atoms ofB (see Figure 5.1).
Ny+Np=N

Mole fractions
XA = Ny/N; Xp=Np/N
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Naa, N, Napg, are the number of paird A, BB, AB associated with atoms that are nearest neighbors to one
another. Our objective is to derive the thermodynamics of mixing. For example, we would like to know what is
the phase diagram and activity coefficients. That is, we want to know whét(iX 4, T'), the excess molar Gibbs
energy.

Note that our lattice model imcompressibleWe allow no volume change upon mixing.

AViniz =0

Thus, the thermodynamics will be pressure independent at giveand T

The molar excess Helmholtz energy will equal the molar Gibbs energy.
We start by definingounting relations Each atomA generateg pairs of theA A or AB type. Sum over ald
and we get N 4 pairs distributed over 274 4 and 1N 4 pairs:

2Ny =2Nga + Nap (51)

The factor 2 forN 4 4 arises from the fact that each paity 4 is counted twice in the summation, once for eath
Similarly,
zNg = 2Npp + Nap (5.2)

As a check, add eqns 5.1 and 5.2:
1
EZ(NA‘FNB):NAA‘*’NBB"‘NAB (5.3)

Thus, the total number of pair%,(N) is equal to the sum of all pairs. The potential energy of a given configu-
ration is given by
E = Nasuaa + Nppupp + Napuap (5.4)

ReplaceN 44 and Ngp with the expressions in egns 5.1 and 5.2

2Ny — N zNp — N
E = <M> uaa + <B7AB> upp + Napuap

2 2
zN» zNN, 1
E = 5 uAA+ TBUBB + Nap {UAB — §(UAA + UBB):| (5.5)
or .
E:EA—{—EB—F;NABW (5.6)

Note thatF 4 = Z];f*‘ u 4 IS the total potential energy of a lattice of puteatoms, andEg = %UBB is the total
potential energy of a lattice of puie atoms.
We have defined aimterchange energgs

w = 2[uap — 1/2(usa + upB)] (5.7

The total energy change per exchanged atom is

22uAB — 2UAA — ZUBB
= 5.8
5 (5.8)

w
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00 00
00 00
00 00
+ = +
@0 O @0 e
00 00
@0 o @00

Figure 5.2: Representation of the exchange of two unlike atoms, representing the interchange energy

Negative deviations from ideality mean < 0. That is, unlike interactions amaore favorablethan like in-
teractions. On the other hand, positive deviations from ideality meano. That is, unlike interactions atess
favorablethan like interactions.

Typically for systems acting through van der Waals forces, cross—terms are approximated by the Lorentz—
Berthelot combining rule

uasl = (|uaallups|)'’?
So, ;
w =2 (uaal"? = fups| )
o z /2 _ _* 1/2)}
v [<2U*|UAA| 21)*|UBB|
= p* ( 20 )1/2 B ( |Es| )1/2
N pv* Npv*
— (iEA|>”2_<|EB|>1/2
Va VB
or

w =004 —0p)*

wherev* is the volume associated with an atol); and Vp are the volumes occupied by atomdsand B, respec-
tively, |E|/V is the cohesive energy density, ant the Hildebrand solubility parameter.
We can write the partition function as

Q(NAaNBaT) = Z exp[_ﬂEconfig] (59)
all configs
N,
QN4 N, T)= > exp[-B(Ea+ Bp + —Cw)]
all configs o
Nap
Q= > g(Na,Np,Nap)exp[-B(E4s + Ep + 7w)] (5.10)

Nap
whereg(N 4, N, N4p) is the number of configurations containidg, 5 unlike pairs.
At this point, our formulation is exact. To proceed, we need to evaluate the partition function. We could attempt
to sum over the very many configurationamerically That is, we could computationally do a simulation of the
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lattice model. We will discuss this method later. For now, we make a somewhat drastic assumption that will enable
us to develop an analytical solution. The approximation is an examplengfaa field approximation. We assume
that, at equilibrium and far from critical pointsy g for a macroscopic system will be strongly peaked about
< Nap >, the average value.
< Nygp >
Qur =Y 9(Na,Np,Nap)exp[—B(Es + Ep + ————w

NaB

)] (5.11)

Note that this assumptiogliminates fluctuationgn N45. Now, 3"y g(N4, Np, N4p) equals the total number
of lattice configurations olV4 A molecules andVg B molecules on a lattice aV sites

N!
N4 N, Nap) = ————
]VX: g( Ay 1VB, AB) NA'NB'
AB
thus e N
! < >
Qur = ———exp|-B(Ea + Eg + ——28 7 )] (5.12)

N4!Np!

The question we must answer is: WhakisN 4z >??7?

To proceed, we invoke the Bragg—Williams approximatiorrasfdom mixing This is another mean field ap-
proximation. “There is no short—ranged order apart from that which follows long-ranged order.” This gives

< Nyp >= N:ZB = Nyz (%) (513)

Egn 5.13 says that the average numbeA&f nearest neighbor interaction pairs (indicative of short—ranged order)
equals that from a random mixture (denoted by*theThis equals the number of molecules times the number of
lattice sites around aA molecule times the fraction of lattice sites occupiedbfindicative of long—ranged order).

The Bragg—Williams approximation ignores local composition effects.

In reality, forw < 0,< Nap >> Njpz. Forw > 0,< Nap >< N} 5. Now we have

N N4Ng
Qur = NN exp[—B(E4 + Ep + v w)] (5.14)

We can now derive the thermodynamics of the system from egn 5.14.

1
A(Na,NB,T) = _BIHQMF
= —kBT[NlnN—N—NAlnNA—i—NA—NBlnNB—i—NB]

NsNp

+(Es+ Ep + w)

Helmholtz free energy of mixing is given by
AAmix(NAa NBa T) =

A(NAaNBaT) - AA(NAaT) - AB(NBaT)

or
AAniz(Nao, N, T) = A(Ng,Np,T) — E4 — Ep

where the last two terms arise becausand B molecules are indistinguishable, so there are no entropic terms in
the pure materials. Divide by to get the molar Helmholtz energy of mixing.a ;.

Amiz(Xa,T) = RT(XsIn X4 + XpInXp) + NywXaXp
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T one phase

0 1

XA
Figure 5.3: regular Solution Theory phase diagram
= Adl?,, + W' X4 Xp
Defining the excess free energy, we finally obtain
a”(Xa,T) = g"(Xa,T) = ' XaXp (5.15)

Let's emphasize a few points. First, the excess Gibbs energy is purely enthalpic. That is,

d(g"”/T)
E _ —
h™ (X4, T) = o1/ T) wXaXp
thus . .
st = 7h —9 0

Physically, this means there is no deviation from a random organization of molecules allowed, which follows from
the assumptions of the model. Second, the solution is rehgace the name of the theory)? = 0, v¥ = 0. The
activity coefficients can be represented by the two—suffix Margules model

w

X2
kT B

Inyq =

w
1 = —_X?
nvyp kBT A

Thus the phase diagram for the case when-(0 will look qualitatively like that shown in Figure 5.3 The phase
diagram is symmetric with UCST at/(kpT) = 2
The activity coefficients at infinite dilution are given by
w

Iny® = ——
n7yp kpT

(81n'yB> 2w
0rB ) x5-0 kgT

31DWB> B
=2lnyy =€
( 0B ) xu-0 b b

or for this model we have

wheree? is the self-interaction coefficient. It is a measure of how the increase in the concentraiceffetts the
activity coefficient ofB. We can test the model by seeing how well this last expression holds up for real alloys (see
Lupis, Chemical Thermodynamics of Materipld he results are surprisingly good.
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5.4 Quasi—Chemical Approximation

Can we do better than the regular solution model? The Quasi—-Chemical Approximation was introduced by Guggen-
heim! to provide a more realistic representation of the degeneracy factdihe random distribution of atoms in

the Regular Solution theory is termed treroth approximatiomy Guggenheim. Guggenheim termed his new esti-
mate ofg thefirst approximation The method is commonly known as the Quasi—Chemical Approximation (QCA)
because it implies an equation which corresponds to a chemical reaction. The gotdkis toto account local
composition effects

5.4.1 QCA Assumptions

1. Again, atoms are assumed to reside on a lattice. As we mentioned before, this is questionable for liquids,
although far from critical points, the short—range order of liquids supports this assumption to some extent.

2. In calculating energy, only the chemical contribution is taken into account. Thus, the only source of excess
entropy is of a configurational nature. Since this represents a deviation from complete randomness, the sign
of excess entropy must always be negative. (This is contrary to experiment).

3. Only the influence of nearest neighbors is taken into account, and pairwise interactions are assumed.

4. AtomsA andB are of similar size and occupy the same kind of sites.

5.4.2 Outline of QCA Derivation

In the following, we sketch out an outline of the QCA approach. The goal is to develop a better expresgion for
that doesn't assume a random mixturedoind B. Using the expression fayr, we would then like to determine the
maximal value of the term

N
gexp[—B(Es + Ep + %w)]

and the corresponding value &f4p Having done this, we can substitute the maximum term for the partition
function; again, this is the maximum term approximation, valid in the thermodynamic limit far from critical points.
To begin, we start with the exact partition function from Regular Solution theory:

Q=Y gespl-(Es + Bp + ~2L0)

Nap

We now seek a better approximation for g. Instead of assuming a random distribution of atoms, we now assume a
random distribution opairs AA, AB, BA, andBB. This cuts off correlations at a higher level than the Regular
Solution model.
_ (Noa + Npp + Nap)!

Naal+ Nt + (Mg )1 (Y42 )1

_ (1/2)2(N4 + Np)!
Naa'Npp![(Nap/2)!]?
The numerator in egn 5.16 is the total number of pairs, while the denominator is the different types of pairs.
[(Nap/2)!)? results fromN 5, Np4 pairs, and the comes from need to avoid double counting. A completely
random distribution ofAA, AB, BA, and BB pairs overestimateshe degeneracy factor, because different pairs
cannot truly be distributed at random (see Figure 5.4). To account for this overestimation, we write

a1

(5.16)

g =h(Na,Np)g: (5.17)

1Guggenheim, E Mixtures Oxford, 1952
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(i,i+1) =AB (i+1,i+2)=BB
(i+2,i+3) =BB (i i+3) isnecessarily AB

Figure 5.4: Schematic of why pairs cannot be truly placed randomly on the lattice for the Quasi-Chemical Approx-
imation

whereh is a correction factor for the over counting. We assutie independent oN4 4, Nag, and Ngpg, but
dependent oV 4 and N . The question now is: How do we firic® We knowg in the case of a random distribution
N (N4 + Np)!
4 B 5.18

I NAINp! (5.18)
where thex signifies a random distribution of atoms. Eqn 5.17 should still hold in the case of a random distribution
of atoms, so we write

(1/2)2(Na + Np)!

NiAINEI(Nig/2)?

g =nh (5.19)
We then immediately solve far:

(Na + Np)! N3 INS ! (N p/2)1]?
N4!Np! (I/Q)Z(NA—{—NB)!

h = (5.20)

But recall that

ZNANB
Ny ———
AB T 7
and that
ZNyg =2Ng4+ Nap
Nia=(1/2)2Na — (1/2)N}p
Similarly,

Npp = (1/2)2Np — (1/2)Np
Thus we get the full expression fgrfrom

_ (Na+ Np)! (1/22N4 — 1/2N5)!(1/22Np — 1/2N5 ) (N 5 /2)!) (5.21)
9= T NuINg! (1/22N4 — 1/2Nap)(1/22N5 — 1/2NAp)[(Nag/2)12 '

Note thatg is now expressed solely in terms of constants Afgs. To proceed, we search for the value
< N4p > that maximizes the partition function term

NuyB

gexp[—fB(E4 + Ep + w)]
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and for the associated values<ofN 44 > and< Npp >. The result, after some mathematical manipulation, is

(1/2 < Nap >)? ( 2ﬁw>
= - 5.22
< Njga >< Ngp > xp z ( )

Look at the form of egn 5.22: It can be viewed as the condition for chemical equilibrium for the reaction
AA+BB+= AB+ BA
K — ¢ AG°/RT
where "AG°” is given by
AG? = Nayo(2w — uaa —upp) = %CUNAUO

This is the origin of the name “Quasi—Chemical” Approximation.
One can derive an expression for the mixture thermodynamics

N*
GE = (—AZBW> +

< Ngp >
Niia

< Ngp >

< Nap >
RT (N;; 41n + N2 L N ¢> (5.23)
Npp Nip
where the first term is the Regular Solution Theory result, and the second term is a “correction” factor that accounts
for local composition effects. It turns out that a closed, analytical formG6rin terms of X 5 is not obtainable.

However, we can write a series expansion to get an approximate expressigf &omdln v, in terms of X g 2.

1 1
GE/RT = 52 XpIn(l+2) - §zAX?3+

1 1
§z>\2X% — zAZ(Z + gx)X;‘; +O(X3) (5.24)
Inyyq = §z>\XB — 2\ Xp + sz (1+ ?A)XB +O0(Xp) (5.25)
where
A\ = 62ﬁw/z -1

How well does the model work? For a nearly ideal solution, QCA and RST give identical results. In the RST,
z andw are grouped to form a single parameter that is typically adjusted to fit experimentat dateyes for most
liquids from 8to0 12. In the QCA, the parameterandw are specified separately; the additional parameter helps fit a
wider range of data! (This is not surprising: if you want a better model, one way to do it is to add more parameters!)

5.5 van der Waals Equation of State

We will now demonstrate another “mean field” theory that most of you are familiar with: the van der Waals equation
of state. We will follow closely the original derivation given by van der Wals
We start with the thermodynamic relation

0A olnZ
pP=_[== = krT 2
<3V>T,N b ( v >T,N (5.26)

2See Lupis and ElliotActa Met, 14, 1019(1966)
3Johannes Diderik van der Waals; PhD thesis, Leiden, 1873. Nobel Prize, 1910.
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where
Z(N,V,T) = /exp[—ﬁV(rl, <o,ry)]dry Ty (5.27)
Now, make the pairwise additivity approximation for potentials
N N
V(ey,-en) =Y Y Voair(lti = 15]) =D Vyair(7ij) (5.28)
i=1j=i+1 i<j

At this point, van der Waals assumed something about intermolecular interactions that turned out to be extremely
insightful. Namely, he assumed that pair potentials consist of a harshly repulsive and a smooth attractive part
(see Figure 5.5). He then assumed thaitl structure governed mainly by harsh repulsive forcékis is a good
approximation! The form of the potential considered for the derivation of van der Waals equation of state has the

Figure 5.5: Representation of the type of potential envisioned by van der Waals

following form

Vet (r) r>o. (5.29)

rep _ :

Vpair = {Vpair(r) =00, ifr<o
which is shown schematically in Figure 5.5. A physical picture of how molecules interact in this way is shown in
Figure 5.6. The “excluded volume” is shown as the dashed line; it represents the region inaccessible to the centers
of other molecules, and is a sphere of radiusentered on the center of each molecule.

We now write for the configurational integral

Z(N7 ‘/7 T) = /exp[_lgvrep(rl, T ,I'N)] exp[_lgvatt(rl’ T 7rN)]dr1 N (530)
where we have used shorthand notation#¥6f? and V%; these are still given by pairwise sums as in eqn 5.28.
We need to eliminate the need to sum over all pairs and all configurations in egn 5.30. Here, we make an approxi-

mation that can again be termedngan field approximationWe substitute for the configurational dependent term
yatt(py, ... ry) an average term

Ve (ry, oo ry) = Vil = ZV%,Z» (5:31)

where thel/2 corrects for double counting of pairwise attractive interactions, ]a;(j@p,i is the attractive mean
potential energy felt by moleculedue to its interactions with all other molecules in the system.



5.5. VAN DER WAALS EQUATION OF STATE 75

"excluded volume":

hard sphere (collision)
diameter

Figure 5.6: Schematic of a hard sphere with excluded volume

P = density of
molecular centers

Figure 5.7: Representation of a mean field used in the van der Waals equation. The fluctuating environment is
“smeared out”, as represented by the gray background

How does one go about calculatingj;.;? We consider centers of all other molecules as constituting a
“smeared” background of uniform densutyat all distancesr < r < oo. Thisignoresany two body correla-
tions at distances > o. Physically, we can envision the system as looking something like Figure 5.7.

Using this approximation, we can now write

o0
Vit = / dmr? drpVett (r) (5.32)

where4rr? drp is the number of molecules in a spherical shell betweand dr from the center of moleculé
From this, we can write a mean field expression for the configurational integral

N o]
Z(N,V,T) = exp[—%/ 47rr2drpvg§§,(r)] /exp[—ﬁvrep(rl, RIS 59 11 STERES 9 (5.33)

or
Z(N,V,T) = ZN,V,T) + Z"P(N,V) (5.34)

where
N2 o0
ZY(N,V,T) = exp [—57% / Vgé’%r(r)rzdr] (5.35)
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Figure 5.8: Shaded region is the volume accessible for atom 5 to be placed in the volume V

and
ZMeP(N,V) = /exp[—ﬁV”p(rh <o ry)]dey ey (5.36)

But notice in egn 5.36 that the integrand will always be either zero (for overlapping configurations) or 1 (for non—
overlapping configurations. Thus we may write

Z"P(N,V) = / drq---dry (5.37)

non—overlap
where the integral over non-overlap means we integrate over all non-overlapping configuratéreaad spheres
in volumeV'. There is no temperature dependence of this integral.
We are now left with a major problem. How do we evaluate the integral in egn 5.37? We can make an approxi-

mation forZ"“P(N, V). We assume tha" " can be written as a product of free volumes, available for the addition
of the 1st, 2nd, ..., Nth particle:

PN V) = /dr1 Jyo dridrs [yodridradrs -+ [yodridry---dry (5.38)
fdrl fNO drldrg fNO drldrg ---dI‘N_1

where the integrald ., represent integrations in which there is no overlap of molecules. Eqn 5.38 can be more
compactly written as

27PN, V) = V) x VP x v s vV =TT v (5.39)

wherer(i) is the volume available for adding the center of itiehard sphere into a non—overlapping configuration
of (+ — 1) hard spheres in a total volunié so that a non—overlapping configurationidiard spheres is created,
averaged over all possible non—overlapping configuratioris -efl) hard spheres.

To demonstrate this idea, consider Figure 5‘/??) is the volume of the shaded region (inside outside all
excluded volumes) averaged over all non—overlapping configurations of 1,2,3,4.

Now, letV, = %wa?’ be the excluded volume of one sphere. We can determine the exact vaMﬁQ ahd
Vf(Q):
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van der Waals made the following approximation:
Vi) =V —(i- 1)V, (5.40)

The approximation in egn 5.40 obviously underestimdfé@; it fails to recognize that the excluded volume of
spheres 1,2,...,i-1 may actualbyerlap This can be easily seen in Figure 5.9, where for this example the volume

fcic;

Figure 5.9: Representation of why the van der Waals estimate of accessible volume for atom i is too small. Atoms
can have overlap of excluded volume regions if densities are high enough

available to the third particle is greater thih— 2V,. This approximation also ignores three—body and higher
correlations between particles. Despite the limitations, the approximation is a good one at low to moderate densities,
where there are few overlaps. This condition can be quantified as

NV, <V (5.41)
or equivalently,
pVe < 1

Assuming that the condition in egn 5.41 is met in our analysis, we then proceed by combining egns 5.39 and

5.41 to get
N N v

Z'P(N,V) =[]V - (i = )Ve] = v Il —G- 1)78] (5.42)
o Z™P(N,V) V. V. V.
ViN’:[1—76][1—276]--.[1—(N—1)V8] (5.43)

Using our approximation in egn 5.41, we can expand the product in the last equation and retain only the first
order terminV,/V:

Z'(N, V) Vv, V. v,
L a2t (N — 1)
VN SRR )y
Ve V. (N —1)N
1 424 (N—1)]=1— %
2 s (V=D =1 -2
2 N
1o LN AVey (1—NV6> (5.44)
vV 2 2V 2V

The last substitution is again justified by egn 5.41.
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Ouir final result forZ™¢P an now be written

NVA\Y N2 N
Z'"P(N,V) =VN <1 — 2V6> =y (1 — ng?*) (5.45)

Let us now introduce the following notation.
o
a= —QWNE‘UO/ Vl‘fzr(r)Ter (5.46)
ag

Ve
2

where Vs is the molecular hard sphere volum¥,,, is Avagadro’s number an¥f, is the molecular excluded
volume. Finally, we can write for the configurational integral

2
b= NAUO§7TO-3 = NavodVas = Navo (547)

N? Nb \V
Z(N,V,T) = exp | +fa VN<1— ) 5.48
( ) xp( g VN%w) VN, (5.48)
or )
1 N Nb
InZ(N,V,T) = a +Nan+Nln<1— > 5.49
( ) kBT VN(wo VNAUO ( )
Recall that when we started the derivation, we related the pressiueZto
olnZ
P =kgT
b ( ov >T,N
SO
N N2b 1 1 N?
P=kpT|—=+ — a 5.50
B (V V2Navo (1 — p—) ksl V2N3m> (5-50)
Recognizing that the molar volume of the fluid is just % we obtain from our last expression
1 b 1 a
P=RT |-+ —
<U + U2 (1 b)) Q)2
_Fr 1 e RT
W (1—%) v2 v—0b 02
or finally
1
(P+ —)(v—b)=RT (5.51)
(Y

This is the result we sought: equation 5.51 is the van der Waals equation of state!
A few comments:

e The van der Waals equation of state is inexact, and we've seen which approximations have made it inexact.
Nevertheless, the van der Waals equation unified all experimental knowledge of fluid behavior at the time of
its development by

— accounting for deviations from the ideal gas law
— predicting gas-liquid equilibrium and the existence of a critical point
— providing support for the molecular hypothesis
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e A major contribution of van der Waals was introducing the concepshoft—range repulsivandlong-range
attractiveforces between molecules. Also, the idea thatstinectureof a fluid is determined to a large extent
by the repulsive forces was very important. In a sense, van der Waals introduced the first perturbation theory,
using the hard sphere fluid as a reference fluid.

e Much more accurate equations of state exist today for hard sphere fluids than the one obtained from van der
Waals’s equation (i.ex = 0). However, this equation forms the basis of most subsequent cubic equations of
state. Clearly, van der Waals wrote a very nice PhD thesis!

5.6 Solids: Einstein Model

We can apply lattice models to solids as well as liquids. InEestein modebf a solid, a crystal is considered

to consist of a lattice of regularly spaced sites. Each atom in the crystal is confined to a “cage” centered on the

lattice site. This confinement is due to repulsive forces between neighbors, which are also kept at their lattice sites.
Physically, the crystal can be envisioned as consisting of an array of atoms, all connected to nearest neighbors with
stiff springs. We can envision this as is shown in Figure 5.10.

C

C

Figure 5.10: Schematic of the Einstein model for a solid. Atoms are fixed about lattice points with harmonic
potentials.

Other assumptions of the model include:
1. Vibrations of atoms about their lattice points are independent of neighboring atoms.

2. Potential field for an atom is found by fixing all other atoms to their lattice sites. Thus, each atom feels a
mean fieldootential rather than a fluctuating potential. (This is also a “mean field” model!)

3. Vibrations are small.

The mean field potential looks like that shown in Figure 5.11
The resulting partition function can be determined analytically, and is (see Rowley for derivation details):

~ NBUg  3N©
e 2 e 2T
Q=——+— (5.52)

whereU is the potential between neighboring atoms &hé a characteristic vibrational temperatuée,= Z—;
We already know that, give), we can calculate all the thermodynamic quantities we wisH{, .S). Importantly,
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@ ® @
U Lattice
site

Figure 5.11: Example of what the potential energy of an atom looks like as a function of lateral position in the
Einstein model. Neighboring atoms are fixed about their respective lattice sites.

knowledge of the partition function allows us to estimate

C, = 3Nk (9>2 T (5.53)

Egn 5.53 gives good results in the limit of high but C, approaches zero too quickly in the limit @f — 0.
The weakness of the Einstein model stems from the mean field treatment we have assumed. In reality, we need to
treat coupling of the modes of the solid. There are other more complicated models which attempt to take this into
account, but we will not go into the details of these models.

5.7 Adsorption: Lattice Gas Models

Adsorption of gas molecules onto fixed sites on a surface can also be modeled using a lattice approach. The proces:
of adsorption can be envisioned as shown in Figure 5.12. In this section, we will derive the BET adsorption isotherm

(- (-
(- - (-
(- (-
(-
— (- — (- —
Solid Surface

Figure 5.12: Schematic of an atom adsorbing from the gas phase onto well-defined surface sites.

using the methods we've developed. We will then show how the Langmuir isotherm is a special case of this model.
The BET isotherm is named after the authors of a paper describing the isotherm. See: Brunauer, S.; Emmett, P.
H.; Teller, E.J. Am. Chem. So60, 309 (1938). The Teller that forms the “T” in BET is the very same Edward
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Teller who advocated the development of the hydrogen bomb. We will run across his name again when discussing
Metropolis Monte Carlo...

The system we are interested in consists of gas molecules adsorbing on a surface. We want to account for the
fact thatmultiple layerscan be formed. By definition, an isotherm is simply an expression for the adsorbed amount
as a function of ambient gas pressure at a given temperature. Before going it to the derivation, we should point out
the usefulness of the BET isotherm model. All practically important adsorbents and heterogeneous catalysts are
porous solids. A key parameter in characterizing them isspiezific surface areaThe surface areas of practical
materials are huge (several hundred/g is common). How does one measure this?

If the physical adsorption capacity of a material were limited to a closed—packed monolayer, determination
of the saturation limit from an experimental isotherm with a molecule of known size would provide a simple,
straightforward way of estimating the specific surface area. The problem is that chemisorption sites are widely
spaced in most materials, so the saturation limit bears little relation to the surface area. Also, physical adsorption
generally involveanultilayer adsorption The formation of the second and subsequent layers begins at pressures
well below that required for a complete monolayer; it is not obvious how one extracts surface area from an isotherm.

Brunauer, Emmett, and Teller developed a simple model for multilayer adsorption that can be used to extract
monolayer capacity and hence surface areas. Thus, we see one of the important roles of theory: it helps us interpret
and make sense of experimental data.

The BET isotherm has the following form

" TR~ Foeh)

for P < Ps. The symbols have the following meanings:

< ' (#) (5.54)

e c: adsorbed amount per unit mass sorbent, mol/g.

e ¢, adsorbed amount that would correspond to full coverage of the surfacenbp@ayer
e P: gas phase pressure.

e P, vapor pressure of saturated liquid sorbate at the prevailing temperature.

In general, the isotherm looks like that shown in Figure 5.13. Isotherms are assigned to different “types” accord-

Form of BET isotherm

P P

Figure 5.13: Typical shape (type Il) of the BET isotherm.

ing to their shape. The BET isotherm is a type Il in the Brunauer classification. Measurements are typically per-
formed using a nonpolar gas {NAr) at liquid nitrogen temperatures, over a range of pressures QCOQSS< 0.35.
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Experimental results are plotted in the fog@i—m VS P%. According to the BET isotherm, the plot should be

linear. p . P
= a0 ()Y

We obtainc,, andb from the slope and intercept. By knowing the size of the adsorbate (i.e. surface area occupied
by it), we can translate,, (mol sorbate / g sorbent) into a specific surface ared (oternal + external surface / ¢
sorbent). Absolute specific surface areas can be determined to within 20% by this method. The BET method is a
rather standard analytical technique these days.

What assumption go into the model?

1. The surface consists of an array®identical adsorption sites.

2. Gas molecules can adsorb directly on the surface to form the first layer. Gas molecules can also adsorb on top
of already adsorbed molecules, to form layers-2,n. For now, we assume up tolayers can be formed.

3. There are no lateral interaction between molecules in layer 1, apart from the requirement that no two molecules
can occupy the same sorption site. In the statistical mechanical formulation, all molecules in the first layer
can be modeled as independent entities, each with its own partition fumggtion

4. Molecules in layers 2,.,n form a phase which is similar to a saturated liquid at temperdtufighey also can
be treated in the formulation as independent entities, each with its own partition fuggtidie quantitygy,
is the same for all layers 2,-,n.

5. The pressure is sufficiently low that the gas phase can be treated as ideal. If the sorbate molecules have
internal structure, they are characterized by an internal partition fung#én

Physically, our adsorbing fluid looks like that shown in Figure 5.14.

Gas(u,T)

Solid (B sites)

Figure 5.14: Representation of fluid layers in the BET model.

To derive the isotherm, we start from the grand canonical ensemble. It turns out that this ensemble is most
convenient for sorption applications, because it naturally allows the number of molecules in a system to fluctuate
but fixes chemical potential. This is analogous to a sorption experiment, where pressure is fixed (i.e. chemical
potential) and the resulting number of molecules (i.e. loading) is recorded. Let the gas chemical potgntial be
Given this, for a gas that can have internal structure, we can write

A3 PA3
p=kpTh (P9 ) = kpTin [ ———
qG keTqc
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The inclusion of P comes from the ideal gas law, and allows us to connect the chemical potential with the gas
pressure. By virtue of phase equilibrium, the chemical potential mugttbeoughout theadsorbedphase.

Let us now focus on the section of the surface contairfihgites. The adsorbed phase is characterized by a
given spatial extent®, n), chemical potentialy:, and temperatur@. We can write a partition function for the first
adsorbed layer, which we call. Three contributions go intg;:

1. Potential energy of adsorptive (surface-molecule) interaction.

2. For molecules with internal structure, contributions from vibrational motion of bonds and bond angles, plus
torsional and rotational motion. Note that these same basic modes will be active in the gas phase and go
into ¢#*. However,g/#* # ¢y, since the values of these contributions will in general be quite different in the

adsorbed and gas phases.

3. Contributions from center of mass vibration around equilibrium positions of sorption; that is, uninhibited
translation along the surface is no longer possible.

For simplicity, let's consider in the following a spherical (i.e. structureless) molecule kept to a site by a solid—
molecule potential);(r), as shown in Figure 5.15. The equilibrium position of the sorbate:jsyo, 20); the

vibrations
about equil.

-~
( <QD position

Equilibrium position
(x0,y0,z0) at minimum
potential, ¥ g

Figure 5.15: Molecules are assumed to be localized around a sorptiongsitg, zo), with small local vibrations.

sorption potential about this point is well approximated by

Vs 1 (0%, 9
Vs —V570+ < or )ro . (r—ro) +§ (W>r0 (J?—:L‘o) +

1 [ 0%V, , 1 (0%V 5
5 ( ayQ >r0 (y - yO) + 5 822 .y (Z - ZO)
The second term on the right is zero (potential is a minimuny at Given this, we can write a Hamiltonian that

consists of a potential enerdi o < 0, plus three independent harmonic oscillator Hamiltonians.
Recall from quantum mechanics that the energy levels of a one—dimensional harmonic oscillator are non—

degenerate and given by

1
en:(n+§)hl/, n=20,1,2 ...

wherev is the classical frequency. Then

oo oo
_ _€n _ _hv __hv
Gho = § e kT — ¢ 2kpT E (e” 8T )"
n=0 n=0
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_ _hv hv
e 2kpT e?

- hv hv
l1—e *¥8T ¢ #BT —1

For this problem, the three frequencies of the independent harmonic oscillators can be written in a slightly different
form as

-\ (52)
Y2 =\ m 922 ro

Thus, we may write the partition function of a molecule sorbed on layer 1 as

B B exp(—Lhwy/2) exp(—Lhw,/2) exp(—phw,/2)
a1 = exp(=(Vs0) 1 — exp(—Fhwy) 1z exp(—ﬁthy) 1z exp(—LFhw,) (5.55)

Note that if vibrations are small enough compareditgT’/7), then in the classical limit

kgT\? 1
¢ ZeXp(—ﬁVs,o)-< ]2 ) -
WaWyWy

Similarly, we can write a partition functionyz,, that reflects the local environment in one of the adsorbed layers

sorbed on top of the first layer.
To proceed, we now consider the grand partition function. We must define some counting relations:

e Letthere beNy, No, ---, N, molecules on the 1st, 2nd,-, nth layers.
e The number of molecules on a layer wilictuatein response to a fixed chemical potentjal,
e A molecule must sit on either a surface sifg,or another molecule. Thus

0<N, <Np 1 <---<No<N <B

We now write the grand partition function

N1 Np—1

B
=(p, B,n,T) = Z Z Z

N1=0 N>=0 N,=0

B! Nl' Nn—l'
((B NN (Ny = No)INa! - Ny — Nn)!Nn!> %
(q{\h (qu) V2tV exp[(N] + No + -+ + Nn)ﬂ]) (5.56)

In egn 5.56, the first term represents the number of ways of arradgingpn—interacting molecules on a lattice of
B sites, times the number of ways of arrangilNg non—interacting molecules on top 8f molecules, etc. The
second term is made up of; individual partition functions for molecules in the first layer)times the individual
partition functions for the molecules in subsequent layers 2 thraugfhes the chemical potential term.
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Despite the complicated appearang#y, B,n,T) can be calculated analytically! Defing exp(fu) = =z,
4L = X. Then
qrL
B Mo e B! Ny! Nn_y

=(u, B,m,T) = < :
(h ) N%:O ]%:0 N§O (B— NIV (N, — Np)IN! (N, 1 — N)IN,,!

)[04

(5.57)
Do the inner summation first

n—1
Ny 1! N, N,
' =(1+x)' !
N;O (Np—1 — Nyp)IN,! ( )
where the last expression is just the binomial theorem.
Similarly, we can do summations over thg _; term all the way througtVs. Having done this, we are left with
the final summation

B
B!
= B T) = 3 i 0 (e bt e
&= V!

We do this last sum to find 5
E(u, B, T) = [1+ a1+ 2+ + 2"

or

E(u, B,n,T) = {1 Ty (11__9;”)]3 (5.58)

Eqgn 5.58 enables us to compute the form of the BET isotherm in terms of and A. In particular, we can
compute the average number of adsorbed molecules at equilibrium

9In=
<N>E<N1+N2+---+Nn>:kBT< - )
op B.n,T

1 [0nE OlnE
<N>=Z2lTa =z
'6 Bz B,n,T * BT

or

1—z\1!
<N>:xB[1+)\x< >] X

11—z
nz"tl — (n+1)z" + 1

AR G

Which can be simplified to yield

— n n+1
<N> Xz [1—(n+1)z™ + na™t] (5.59)
B (1—2z)[1 —z+ Az — Az"t1]

Egn 5.59 is the equation for an adsorption isotherm! We must now use some physical insight to identify the
parameters in this equation. By definition,

B Cm

In other words< N > /B is equal to the amount adsorbed divided by the amount equivalent to a monolayer. What
doesz = gz, exp(Bu) represent physically?
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Consider the average number of molecules in layer IM; >). We can calculate this quantity from the form
of =

1 /OInE
<N1>:>\-:<an )
= x,B

oA
Now if we use egn 5.58, we get

)

<Ny > AT(1—am)
B

1 —z 4 Az — Agntl
Combining this equation with eqgn 5.59, we see that

<N> 1—(n+1)z"+na"!
<Ny > (1—-2z)(1—2zn)

Now, consider what happens to our model system as the gas phase pressure approaches the saturation pressu
(P — Py). In this limit, all n layers will be filled with saturated liquid. Thus

<N>

11m =N
P—Ps < Ny >
From the previous expression, we can write this as

1—(n+1)z" +nz"tt
D

valid for P — P;. Expanding

1—(n+41Dz" +nz"" =n(1l —z — 2™ + ")

l—z"=n(l—z)=> 1 -z)l4+z+ - -F+2"1=n]=0
The only real solution to this last equationzis= 1. We must therefore conclude that@s— Ps, z — 1.
Now, recall thatr = qr, exp(6p) andy = kT In (k PAY ) Thus,

BTqy"

PA3
_ ' 5.60
T =qL R T (5.60)
In the limit of P — P, we see

PN
or that

(5.61)
_ kpTql!

= .62
qL B3 (5.62)
Egn 5.62 has given us a concrete meaning for the partition fungtioliVe now combine eqn 5.60 with the limiting
form, eqn 5.62, to get

P<1
= —
P

(5.63)
Now we use egn 5.63, along with the fact t@ﬁ = j to re-write the form of our isotherm

M%) {1 ~n+1)(£)" +n (£)n+1

P;
Cm

(5.64)
(1-%) {1_5;“,%4(}%)”“
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where we have made use of the fact that
_ QIP5A3

N k:Bqu“5

Egn 5.64 is the general form of the BET isotherm for a limited number of adsorbed layéirsye letn — oo,
we obtain the simpler equation

¢ b(P/P,)
em L= (P/PIL— (P/ ) + ] Py)] (5.65)
where
b — )\ — q1PsA3
k:Bqu?t

Eqn 5.65 is the BET isotherm equation we gave at the start of this section!!! Besides deriving the form of the
equation, we have found a molecular—level interpretation for the paramistédre BET isotherm. Recall that

3
q1 = exp(—BVsp) - (k;;T) g
WrWyWy
We see immediately that we expédio depend on temperature. Furthermore, for structureless (spherical) sorbates
that have no internal modebk,is governed by the surface—sorbate energetics and by the mass of the sorbate. For
sorbates with internal degrees of freedom, perturbations in these degrees of freedom will adfecil.
Let us see what happens to egn 5.64 in the limit ef 1; that is, let’s only allow a single layer to adsorb on the

surface. Then, (P/P)
c b(P/ P,
(o). = Toamrm (5-69)

Egn 5.66 is the Langmuir isotherm for monolayer adsorption! Thus, the Langmuir isotherm is merely a specific
case of the more general BET isotherm.

The Langmuir and BET isotherms can also be derived (and usually are derived) using kinetic arguments. How-
ever, we now see how we can assign molecular—level meaning to the parameters, and understand the behavior an
trends of the isotherms. We can also attempt to calculate the isotherms from first principles (if we know something
about molecular-surface interactions).

In reality, variations are commonly seen from the BET and Langmuir isotherms, mostly due to the fact that
adsorption sites are not all equivalent, and sorbdtemteract. Various other isotherm models attempt to account
for this. For example, the Tempkin isotherm has three constants

C
— = &1 In(§2K Pa)
Cm
where the constantg andés correspond to allowing the enthalpy of adsorption to vary linearly with pressure, and
P, is the partial pressure of specids Similarly, the Freundlich isotherm corresponds to a logarithmic change in
adsorption enthalpy with pressure

< _ &Pj‘/&
Cm

5.8 Polymer Chains

Polymer physics is a rich field for statistical mechanics and molecular simulation. The literature is very large;
excellent introductory texts ar&tatistical Mechanics of Chain Molecujd3 J. Flory;Scaling Concepts in Polymer
Physics P.-G. de Dennesthe Theory of Polymer Dynamickl. Doi and S. F. Edwards. We won'’t have time to
cover many topics in the statistical physics of polymeric systems. This is a very rich and rapidly evolving field. The
best we can do here is to introduce a simple model to give a flavor of what can be done.
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The type of information that one can obtain from simple theories is somewhat limited; polymer chains are
complicated and the interactions between chains (and within chains) can be strongpniketivityof the chains
means that correlations between parts of a chain are important. (This is also what gives polymers their useful
properties!).

Molecular simulations of polymers is a rapidly expanding field, because analytic theories are somewhat lacking.
Despite the shortcomings, we can learn something about the behavior of chain molecules from some very simple
models.

One thing that would be interesting for us to examine is the length of a polymer chain as a function of the
number of mers (where a “mer” is a bead or “monomer” unit). We will introduce a mean field treatment to try to
answer this question.

5.8.1 Mean Field Polymer Formulation

Consider an idealized polymer chain havififf monomer units. Thé/ mers are linked to form a single chain.
For example, we could have a very simple chain representative of polyethylene that looked like that shown in
Figure 5.16. Notice that the chain is in an &l&ns conformation. This is the most extended conformation available

d=1.52

L (max) = d sin@/2) (M-1)

Figure 5.16: Schematic of an all-trans polymer chain. The end-to—end vector is at a maximum length.

to a chain (and it is not linear). We will designate the longest possible chain length (with fixed bond angles and
lengths) ad.,,... Chains can rotate about dihedral angles, so conformations will in general be shortéf,than
as shown in Figure 5.17. We wish to address the fundamental question: ™ifena polymer, what is< L >?

L

Figure 5.17: An actual chain will in general have a shorter end—to—end length vector.
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The possible lengths of the chain are
0 S L S Lmax

Our model of the chain will béreely jointed that is, dihedral angles may take on any value, and all conformations
are equally likely, since we do not allow segments to interact with one another. This is a commonly used (and highly
unrealistic!) model of a polymer; despite the limitations of the model, we will be able to understand some of the
behavior actually observed.

Notice that our assumption allows us to treat the segments of the chain as independent subunits, in line with
our earlier modefs We also assume that the chain is long (i}é. is big enough that we can treat the system in
a statistical thermodynamic fashion). Given these assumptions, the polymer l&éngthsimply the sum of the
bond length vectorprojected ontdhe end—-to—end vector of the chain (designatell.aBhe method for projecting
these lengths is illustrated in Figure 5.18 In this figure, we see a 2-dimensional projection of a chain with uniform

Figure 5.18: Method of projecting segments of the chain onto the end—to—end vector to arrive at the total end—to—end
length.

segment lengths being projected onto the end-to—end Viecfbine projected segmeihas a lengtt;, so that the
total end-to-end length is

M
L=>Y ¢
=1

Now we attempt to add some realism to our model. In reality, individual mers exert intramolecular forces,
which give rise to “steric” constraints. Basically, a real chain is not free to take on any shape it desires. The steric
interactions serve to extend the chain into a longer length than would arise with a completely freely jointed chain.
We model these interactions in a “mean field” sense, by considering a single end-to—end,fadueh pulls the
chain along the end-to—end vectemmimics the very many intramolecular interactions present in a real chain, and
“stretches” or freely jointed chain. Given the external fieJdve may define the following partition function

Qmys(T,N,T) =Y Qyj(L,M,T)e’™ (5.67)
l

whereQ,,r is our mean field partition function, ar@y; is the partition function for the freely—jointed chain. We
see that the Gibbs free energy may be written

dG = —SdT — Ldt + pdM

G = —kpTInQpy(r, M, T)

“We are going to have another “mean field” model. See the danger of just saying “mean field’?
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(Compare these expressions for those obtained i(\Xhe>, T') ensemble).

We now ask the question, what(;; for a given chain lengtii.? Each segment can existin= 1,2,---,n
orientations. Since each segment is independent, there is a partition fujjcéissociated with each orientation.
Also, we know that each segment orientation has a leAgtly);; is just the number of ways we can arrange the
segments of our freely jointed chain times the individual partition function for each segment

Qi(L,M,T) ZM'H (5.68)
Substituting eqn 5.68 into egn 5.67, we obtain an expression for our mean field partition function
]7,
Qmy (T, M, T) ZM' H M' (5.69)

As we have seen before, this partition function can be determined by summing the expression using the multinomial
theorem. When this is done, the result is

M
Quy(m, M, T) = (Zg, ) =qp; (5.70)

wheregq,,,s is the partition function of an individual segment of the chain. Let us examine the physical meaning of
these terms. Clearly; is proportional to the probability of a length being observed when there is no force on the
chain(7 = 0). When there is a forcg,e’™ is proportional to this probability.

We now set out to determine average properties from our partition function. The average end—to—end length is
by definition

YL LQup(r,M,T) Mzi 0;j;ePt

<b>= =M= 5.71
ZL me (7—7 M, T) ZZ ]ieﬁTei ( )
or it can be found from the identity
crom—(28) g (M)
ot ) mr or MT
or more simply
< L >= MkgT <M> 5.72)
or T

We are now left with determining whaj,, ; is and solving for< L >. This can be done for a general three—
dimensional freely jointed chain, but for simplicity we consider here only the simple caser@#-alimensional
polymer chainIn such a chain, each segment can orient in eithetther —z direction. In this case, each segment
contributes eithe#-d or —d to the end—to—end chain length. Such a chain resembles a folding ruler. In random walk
language, this is a random walk along a line with each step of leqdtbr —d.

Question: ForT = 0, what is< L >??? What about for finite?

There are only two possible states for our one—dimensional polyer ¢), and each state has equal proba-
bility. Therefore, the individual partition functions are

Nn=Jj2=7

The lengths associated with the states are
b =+d

by =—d
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When we sum over these two statgs,, becomes

Gy = je’™ + je T (5.73)
Substituting in egn 5.71, we get that

< L >= Mdtanh(f7d) (5.74)

We can compute the fractional extension from

<L>

——— = tanh(87d

where we recall thad/d is L,,,, for a freely jointed chain.

Plotting these results leads to interesting conclusions, as shown in Figure 5.19. We see that for a fixedforce
1 x 107 2N), L/ Ly, is 1 at very low temperatures, and then falls to nearly zero at extremely high temperatures.
At a fixed temperature, (300 K), the chain is very short for a smdks expected< L >= 0 at™ = 0, but

L/Lmax for tau = 1e-12 N

041

0.3

0.2r

0.1

L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000
T.K

Figure 5.19: Mean field scaling for end—to—end length vs temperature for fixed field strength.

quickly rises to a maximum extension for large values ¢§ee Figure 5.20). What is the physical explanation for

L/Lmax for T = 300 K
T

0 01 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1
tau, N x101

Figure 5.20: Scaling for end—to—end length at 300 K for variable field strength.

this behavior? At low temperature and finitethe system maximizes its free energy by adopting a fully extended
state. Entropic penalties are small, since the temperature is low. However, df high thermal energy of the
system “randomizes” the conformations, and we see that the average chain length again goes back to the near zerc
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Basically, kgT swamps outr. For fixedT', we see that in the limit of — 0, < L >— 0, and forr — oo,
< L >—< Lpe >. Thisqualitative behavior is seen with real polymers, so our very simple model is successful
in capturing at least this gross behavior. It is interesting to note that this simple model can also be used to look at

the behavior of chain molecules in confining media (such as microporous materials) that exert a “field” that extends
the chains.



Chapter 6

Intermolecular Interactions

6.1 Introduction

In previous chapters, we saw that the thermodynamics of an ideal or very dilute gas can be computed quite accurately
with the statistical mechanical formalism we have developed. In addition, we have seen that by making judicious
approximations, we can calculate properties (or at least trends in properties) of liquids, solids, adsorbed gases, anc
polymers. However, we were not able to obtain the same degree of accuracy as with ideal gases. The approximations
we used all relied upon mean field treatmenin which we could decouple individual parts of the system. In
general, nonideal fluids and solids exhibit significant intermolecular forces between molecules which do in fact
couple separate particles. These forces affect both thermodynamic and transport properties. What we’d like to do in
this chapter is see how we can begin to incorporate these forces into our analysis.

Nothing we have developed so far prevents us from accounting for intermolecular interactions in a more or less
rigorous way. To obtain thermodynamic properties, we simply must be able to evaluate the configurational integral

7= / dq" exp[—pV(ar, - ay)] (6.1)

The word “simply” is perhaps misleading. To evaluateve must take a two-step approach. First, we need to know
the form of the potential energy,(q”Y). That is, we need to know how varies withq. Second, we need to be able
to evaluate this potential enerfpyr all possible configurations we are to directly compute&. This is a non-trivial
problem, but let's see if we can make some progress.

We start by examining ways of representing the potential energy. After we do this, we will go on to look at
techniques which will enable us to either approximater evaluate it directly. A good treatment of potential
energy functions and their theory can be found in the classic book by Reed and Gubtgre, we will sketch out
just enough of the basics to enable us to perform some calculations, while sweeping many of the details under the
rug!

The total potential energy is typically set at zero when all molecules of the assemblage are separated com-
pletely from one another. We now imagine bringing all the molecules into contact to form our system at some
density,p and temperaturel]. Repulsion and attraction between molecules give rise to mutual interaction energies.
The value of the potential is determined from three basic characteristics. First, thewgiates typesf interac-
tions characteristic of the molecules involved. We need to be able to distinguish between the ways different species
are expected to interact. Second, thstance between molecules and their relative orientatios important in
determining how the species interact. We have already implicitly used this to state that interactions are zero when
molecules are very far away from each other. Finally, we must account fauthber of molecules interacting with
one another

1Reed, T. M.; Gubbins, K. EApplied Statistical Mechanic4973
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Now lets once again consider our collection of molecules at a specified temperature and density. We will refer
to a set of molecular positions and orientations that specify how the molecules of such a system are positioned as a
configuration. To calculatey for a given configuration, we will typically make the following assumptions:

1. Intermolecular pair potential energies are those for an isolated pair of molecules.

2. The configurational energy of a system of many molecules is the sum of all possible isolated pair energies.
This is known as th@airwise additivity assumption

3. The pair potential depends only on the distance between molecular centers of mass.

4. We can approximate the potential energy with an analytic equation containing one or more molecular con-
stants characteristic of the type of molecule.

The first two assumptions may cause errors at high density, but these errors are usually not all that serious. As-
sumption three is only valid for monatomic molecules. Polyatomic molecules must be treated differently. (We will
discuss this later). The fourth assumption depends on how good the analytic function is; in practice there is a trade
off between realism and computational tractability. Such analytic potential energy functions are often referred to as
forcefields

Our knowledge of intermolecular forces comes from two main sources. First, we have quantum theory, which
addresses the problem of molecular interactions head on. That is, with quantum theory we can compute, with varying
levels of accuracy, what the potential energy is of a given configuration as a function of orientation, separation,
etc. Quantum calculations enable us to determine molecular geometry and in theory we can also handle reactions.
What can we do with this information? Besides being of use in its own right, such information can enable us to fit
empirical potential energy functions to the results, and thereby have a means of evaluating energetics for a theoretical
or numerical treatment. There are a number of ways of performing quantum calculations, each with strengths and
weaknesses. The major methods include Hartree—Fock methods, density functional theory, and semi—empirical
approaches. Recently, people have been trying to develop what are knatyin@g molecular simulationswvhere
guantum and classical calculations are “mixed” so that energetics are calculated “on the fly” during a simulation.
Such techniques would eliminate the need to have a forcefield at all. The biggest weakness of quantum calculations
is that they are prohibitive in terms of computational requirements for all but the simplest systems, although every
year people are able to study bigger systems in more detail due to computational and methodological advances.

The second way of determining intermolecular forcefields is through the use of experiment. For example,
dilute gas properties such as second virial coefficients, viscosities, etc. can be measured. As we will show shortly,
these properties give us information on molecular interactions which can be put into a forcefield andousditto
properties under conditions other than what the experiments were conducted under. We can also get vital information
from spectroscopy and molecular beam experiments. The least elegant (but arguably most effective) method is to
postulate a reasonable form of a forcefield, adjust the parameters for a simple system until a good fit with existing
experiments are obtained, and thieansferthis forcefield to other systems for use at other conditions.

6.2 Configurational Energy

Let’s discuss some practical issues related to forcefields. We wish to calbAitgte. We separat® into a sum of

terms involving 1) all possible paiig; 2) all possible triplets;k; 3) all possible quadrupletgkl; - - -; and the final
term is the simultaneous interaction of all molecules. Mathematically, we represent this as
V=> dij+ Y Adije+ >, Adyju+-+ Aoz (6.2)
i<j i<j<k i<j<k<l

Each term in egn 6.2 has the following meaning; is the mutual potential energy of the pair located ahd j
isolatedfrom the influence of all other moleculea¢;;;, is theadditional mutual potential energy of the trio at
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4, andk that arises from the changes in the electron charge distributions of the isolatedipandatwhen a third
member is near at positidn The same hold true for the third and higher terms. Findlly;3... v is the potential
energy increment characteristic of the whole system that is not included in the previous terms.

As an example, the total potential energy of a system of 4 molecules 1, 2, 3, and 4 is

V1234 = ¢12 + ¢P23 + P34 + P13 + P14 + Poa+

Ap123 + Apazs + Ad134 + Adr24 + Agr234
It is usually assumed (although not proven in general) that the terslecrease in magnitude. That is:

¢ij > A¢ijk > A¢ijkl > > A¢123...N

A potential energy of a system of molecules is said to deditivewhen all the terms in the summation except
the first sum over pairs are zero. This is the pairwise additivity assumption. The pairwise additivity assumption
is perfectly valid for dilute gases, where the probability of three molecules coming into close enough contact to
interact is diminishingly small compared to the probability of a two—body encounter. However, pairwise additivity
causes some error at higher densities. How important are these errors? It is hard to know, as discrepancies betwee
experiment can be due to neglect of three—body and higher terms, or poor representations of pairwise interactions.
Calculations have indicated that the non—additive contribution to the internal energy of liquid argon at the triple
point is on the order of 5 to 10%

6.3 Types of Intermolecular Interaction

Figure 6.1 shows the general form of the pair—potential energy for a neutral molecule. When discussing potentials,

Figure 6.1: Schematic of a pair potential energy function

will use the following definitions. 1) The potential energy is zero at infinite separationdie. 0 atr = o0).

2) The separation at which the curve crosges 0 is calledo. 3) The separation at which the potential is at a
minimum (¢ = —e) is calledr,. o andr, are variously referred to as the “diameter” of the molecule represented

by such a function. More on this latter. As can be seen from Figure 6.1, the potential enerdlie sum of

positive contributions representing repulsive forces and negative contributions representing attractive forces. The
main contributions t@ are

1. Short range(r < o): Valence or chemical energies, for which chemically saturated molecules contribute a
positive term corresponding to a force of repulsion.

2J.S. Rowlinsonliquids and Liquid Mixtures2nd ed. Butterworth, 1969
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2. Short and intermediate range < r < ry): Residual valence interactions, of which hydrogen bonding is a
common example. The magnitudes of “residual chemical” energies are so low compared to usual chemical
bonds that they are on the same order as physical interaction energies.

3. Long—range(r > rq)

¢ Fluctuation or dispersion energiesThe word dispersion is used to designate these energies because
they arise from quantum effects that are also associated with the dispersion of light by matter.

e Polarization Distortion of an electric charge distribution in an electric field.

¢ Direct electrostatic energielassical coulombic energies associated with dipole moments, quadrupole
moments, etc.

For non—polar molecules, the centers of negative and positive charges are coincident. Examples include Ar,
Cly and CH,. For polar molecules, centers of negative and positive charge are not coincident. These two centers
constitute a dipole and dipole moment. Examples includg@BICH; (acetone), CkICl, and chlorobenzene. We
can also have associating molecules. These are molecules that can form “complexes”, such.&3, NiFs+Hand
CHs3OH. For all of these types of molecules, the form of the pair potential is not known for the intermediate region.
Expressions for the short-ranged and long—ranges interactions are added together, and the intermediate region i
derived empirically as a smooth joining of these two extreme regions. Next, we will briefly review how one obtains
expressions for these two extreme regions.

6.4 Short—Range Repulsion Interaction

Figure 6.2 shows a schematic of the mutual potential energy for a pair of argon atoms in their lowest energy states
as a function of the inter—nuclear separation in the short range régims curve was determined using quantum
calculations, and the essential features have been more or less confirmed with experiment. Note that the (hormalized)

10+4

10+2|

10

10-2|

Figure 6.2: Schematic of mutual potential energy for a pair of argon atoms in the lowest energy state as a function
of separation in the short—range region. Curve determined from quantum calculations of Abrahamson.

energy scale is logarithmic, and that beyond very small separatiopsys r is essentially linear. The very short—
range region, where the curve deviates from linear behavior, is a very high energy region; only thermal energies
corresponding to millions of degrees Kelvin can enable molecules to reach this separation. Thus, for practical
purposes, the repulsive pair potential can adequately be expressed by

¢'? = Be " (6.3)

SA.A. AbrahamsonPhys. Rey.130, 693, (1963)
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whereB andb are constants characteristic of the molecules.

The exponential form of egn 6.3 has been used to correlate the scattering data of molecules and ions in high—
velocity molecular beam experiments. Notice, however, that eqn 6.3 yields a large but finite repulsive eiigrgy of
for a separation of = 0. This defect can be remedied in one of two ways. First, we could add a rigid core to our
potential for very short ranges. Alternatively, for a small intervat,iwe could let

(dlng"?)/(dlnr) = —br

and therbr ~ constant= s. Integrate
(dln¢"?)/(dlnr) = —s

to obtain
Ing'® = —slnr +In K

or
PP = K~ (6.4)

Notice that unlike egn 6.3, this equation shows the proper behavior as separation goes to zero. The main point is
that any empirical repulsive potential should have the form of either egn 6.3, egn 6.4, or an approximate form of
these two that exhibits a steeply increasing potential as intermolecular distance gets smaller. Recall that this was
one of the things that van der Waals assumed about the way species interact. The second was that molecules attrac
one another at larger separations. We need to look at this interaction next.

6.5 Dispersion Interactions

The mutual attraction energy fer > r, arises from fluctuations or dispersion energies. There are a number of
expressions for these energies, and many quantum calculations have been performed to examine these energies fi
rare gas atoms. The most common way of obtaining dispersion energies is through the London formulas. The basic
idea here goes as follows.

e The time—averaged charge distribution of an atom or non—polar molecule is such that the negative and positive
centers are coincident.

e However there are rapid fluctuations in the electronic charge distributions, sattlaaty instantthe charge
centers are not coincident.

e Forr > ry, one can perform a multi—pole expansion for the charge distribution and add this to the Hamiltonian
operator in the Scladinger wave equation for two molecules. The wave equation can then be solved to yield
the time averaged value of the pair.

e Theexcesof this energy over that for = oo is thedispersionenergy,qﬁ?}s of pairij. The result is a series
in ascending powers of !:

dis Cé,ij CIO,Z'J'

— , iij
L e s T (6.5)

e By modeling the electronic quantum states as harmonic oscillators, the coefficients are given by the London—
Margenau formulas

§aiozjh1/iyj

Cﬁ,ij —
2 vty

(6.6)
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. 45h2a;a Vi V;
CH = — : ! 6.7
32m2m \ 2v; + v + 2vj +v; (6.7)

31503 @iy
25614 m? v; + v;

Cho,ij = (6.8)

whereh is Planck’s constantyn is electronic mass, and is polarizability. The frequency corresponds to a
classical frequency of oscillation for electrons in the molecé&(, .., = hv).

AF is approximately the first ionization potentidl, for the molecule, so we can estimaig by replacinghv
with T to give

If 2 andj are the same species,
Csi = (3/4)a?1;

and the ratio of’s andCy to Cs can be obtained. Using numerical values/orr, andm we get

Cg\  38.10
(@)ZZ Y
Cro\  762.1
(F(a)u L
where! units are in eV and the overall units of the ratios AreandA*, respectively. The dispersion interaction
can be written in the form

The fractional contribution of thé's and (' terms are about 20% of the total dispersion energy for argon. Given
the distance dependence, this means from a pragmatic point of view we should focus our attention most immediately
on theCy term.

It turns out that an alternative dispersion formulad@rwas obtained by Slater and Kirkwood. The form is

(6.9)

3agl/2)62aiozj

Cé,ij = o (i /m0) 72 + (aj /) /2]

There are three—body term expressions that have also been derived. These depend on polarizabilities, ionization
potentials, and the relativ@rientation of the three species. The basic point here is that we do have some theoretical
justification for the form of the dispersion-type energetic contribution to a forcefield, and the leading term has a
(r%)~! dependence.

(6.10)

6.6 Composite Potential Energy Functions for Non—Polar Molecules

A reasonable form for a compaosite pair potential function for two atbengl; is obtained by adding the repulsive
and attractive terms
¢ = Be " — Ar~® (6.11)

where the notation has been simplified atds represented by

A=Cq <1+——+—T—4+"' :CGY(’F) (612)
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The parametersl, B, andb are typically adjusted to fit available experimental data, and then used at a variety of
other conditions. However, we see that tham of this empirical function is not arbitrary. There are a variety of
other potential models, however. For example, the Buckingham potential has the form

=i (S (-] (2)

In this model,e andry have the same meaning as beforg.is defined to be equal tbry; it is the value of the
repulsion exponent in the approximate reciprocal-expression at the point where= r.
The Miem, n potential is a composite function obtained by adding an attractive teAm™ ™ to the repulsive
term Br—".
$ij = Br " —Ar ™ (6.14)
The most commonly used potential of the form in egn 6.14 islteenard—-Jones 6-12 potentidgh which

n=12andm = 6
/= Br Ar" (6.15)

f=ul(2)-()] o19

o =ro(1/2)"/"

A crude model that is still quite effective is tHautherlandmodel. This model is often used in obtaining
parameters for the van der Waals equation of state.

which can also be written as

where

Figure 6.3: Schematic of the Sutherland potential function.

There are a whole host of other potential models, including the Kihara rigid—core, the square well and the hard
sphere models. There are also models for structured molecules, which we will not go into at the present time. We
will come back to these models when we begin our discussion on simulating fluids.

Up to this point, we have focused on the interactions between two molegutee same typeThis enables
us to study pure component systems, but we would like to examine mixtures. The question is, then, how does one
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handleunlike pair interactions? Typically, we try to relate the unlike pair potential parameters @.en, andn)

to the parameters for the twike species. Note that since we are usually only concerned with pair interactions, we
can do this even for multi-component mixtures. The formulas describing the way we do this are called “combining
rules” or “mixing rules”. It turns out that if one makes reasonable assumptions, both the attractive and repulsive
interaction terms for unlike species are approximately equal to the geometric mean of the respective terms for the
two like pairs at the same separation. For example, for the Lennard—-Jones 6-12 potential, we usually write

€ab = (€aa€on)'/? (6.17)

We could write a similar expression foy,;,, but since differences in the diameters of different species are usually
small, it is common to use an arithmetic mean

Oab = (0aa + Ubb)/2 (6.18)

This last expression is exact for hard spheres. Eqns 6.17 and 6.18 are often referred to as Lorentz-Berthelot com-
bining rules.

In addition to repulsion—dispersion potentials, we also need to account for electrostatic interactions for charged
species, as well as dipole moments and quadrupole moments. Often, this just involves attaching a coulombic
potential term onto the dispersion—attraction potential function. Other models, which we will discuss later, seek
to address orientational effects (such as hydrogen bonding) and “partial” charges. These models can become quite
sophisticated, and the evaluation of the long—ranged potentials (whichlge)is difficult. Special techniques are
required to handle these systems.



Chapter 7

Distribution Functions in Classical Monatomic
Liquids

7.1 Introduction and Physical Interpretations

So far, we have discussed some basic statistical mechanics and shown how we can compute properties using “meal
field” theories. These theories all discount any type of structure that the material may have, or they assume “perfect”
structure. By making this assumption, we can “smear out” molecular interactions and come up with the resulting
thermodynamics of the system. We know, however, that real materials do have order and structure, particularly
on short length scales. What we would like to do now is show how we can account for this structure to compute
properties of a relatively simple fluid: a classic, monatomic liquid.

The basic idea behind this chapter is that, elucidation of the structure of fluids is important to understanding fluid
behavior. Although liquids often exist at densities comparable to solids, the liquid state lacks the well-defined long—
range order of crystalline solids. Dense fluids do not exhibit the dynamic chaos of dilute gases, but the movement
of a molecule in a dense fluid @orrelatedwith the location of its neighbors. Such correlations leatbtal and
short—ranged orderThis order is responsible for many of a fluids properties.

Consider Figure 7.1, which represents a snapshot of a collection of spherical molecules, with an arbitrary particle
picked as a reference. At a distancéom the reference particle, the density of other partictés), will depend

p(r)
Figure 7.1: Typical arrangement of a fluid of spherical particles. The density at a given raglithsrespect to a

reference particle is shown.

on time. However, on average the density will be a quantity deperadynupon distance;.
We can immediately recognize several qualitative features from Figure 7.1. Hirstmust tend toward zero

101
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asr goes to zero, since additional particles cannot occupy the same location as the reference particle. Second, at
larger, the influence of the reference particle is zero, a6 must approach, the macroscopic density. Third,

at intermediate separations) may be less than or excepddepending on whether the distanceorresponds to
distances of repulsion or attraction between particles. This means that physically, wegxpéatiook like that

shown in Figure 7.2, where the horizontal line labebdd the average bulk density.

p(n) ﬂ o

distance, r

Figure 7.2: Schematic of the functiqitr) for a fluid.

Now, we define a functiog(r) = p(r)/p. The behavior ofj(r) is such that
g(r) > lasr — oo

g(r) = 0asr —0

g(r) is called theradial distribution function We will develop an expression fgi(r) formally, but the above
physical picture should always be kept in mind during the development.

Itis g(r) that one refers to when we speak of the “structure” of a liqy{et) depends not only on, but also on
p andT'. We will shortly see how macroscopic properties of a fluid can be described in tegfis) afi conjunction
with a pairwise intermolecular potential functiodi(r). For example, we will show how the internal energy of a
monatomic fluid can be written as

oo
U= ;NkBT + % ; V(r)g(r)anr?dr

By inspection, we can see where the terms in the proceeding equation come from. The first term is the kinetic
energy contribution normally attributed to a monatomic gas. The second term represents a configurational energy;
the integrand is simply the intrinsic intermolecular energy at separationltiplied by the density of particles at
that separation. It turns out that many other properties can also be derived in tevhadfy(r). Evaluation of
these expressions is often done udimtggral equation theoriesvhich we will discuss a bit later.

7.2 Development of Equations Describing Distribution Functions

We will now derive then—particle density and—particle distribution function in the canonical ensemble. We take
as our system a fluid dV molecules in a system volumelZat system temperature’Z Theprobability densityin
configuration space is

exp [—BV(r1, -+, rN)]

= Jdri--dr exp [=BV(r1, 1)) 7

p(rla"'arN)
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or

€xp [—,8]}(1'1,--- ,I'N)] (72)
Z(N,V,T)

The probability of finding particle 1 at positiom; to r; + dr;, particle 2 at positiomr; to ro + drs, - - -, particle N

at positionry tory + dry is

,O(rla"'arN):

P(ry,---,rn) = p(ry,---,ry)dry - ry (7.3)
Now we define a function

pl. rla T /10 rla » T drn+1drn+2 dI'N (74)

Such that the probability of finding particle 1 at positionto ry + dry, particle 2 at positiorrs to ry + dry, - -
particlen at positionr,, tor,, + dr,, is

pt M (ry, e 1y )dry - - dry, (7.5)
Note that the above definitions all keep track of ithentity of the particles. In practice, we are more interested in
the probability of findingany particle atr; to r; + dry, any particle atr, to ry + dro, - - -, any particle atr,, to
r, + dr,, irrespective of their identities. The probability density for this is
(N—=1)--- (N —=n+1)p" ™, -, ry) = Lpl---n(r e, ry) (7.6)
1 yI'N (N — n)' 1 yIn .
whereN is the number of ways of choosing the location of the first parti¥le, 1 ways for particle 2, etclN —n+1
ways of choosing particle. p'~"r,---,r, is again the probability density of a particular set:gparticles atr;
tor; +drq,---, rytor, + dr,.
Having defined all these terms, we can now formally define:thgarticle density by
) oy NV Jdryg---dryexp[=fV(ry, - ry)] 7
PN (rla 7rn)_(N_n)| Z(N,KT) ( . )

Notice that,og\?) is a function ofn, positions in space. Therobability of finding a configuration with a particle at
tory + dry, - - -, and a particle at,, tor,, + dr,, is thus

P](\?)(rh...’rn):p]\? (rl’...,rn)drl...rn (78)

The normalization condition is
)y, rp)dry by = N
PN I, yI'n 1 n = (N — n)'

To fix concepts, let’s consider the special case of an ideal gas. Here, we knoW(that--,ry) = 0 and
Z(N,V,T)=V". So

(7.9)

(n)ig _ M 1
PN ) = s X (7.10)
n N! n n
P NN =y P <1 - O(ﬁ)) (7.11)
We now define the—patrticle distribution function
(n) pg\?)(rla"'arn)
N = (7.12)

IOTL
Physically,g%‘) measures the extent to which the fluid deviates from complete randomness (i.e. from above we see
thatg{"™" ~ 1),
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7.3 The Pair Distribution Function

We now consider a special distribution function, gar distribution function In the NV'T ensemble, we define it
as

(2)
ry,r
0@ (1, 15) = L;ﬂ
o)
_ N(N —1) [exp[-pV(r1,---,ry)|dr3---dry
— - (7.13)
p Z(N,V,T)
The normalization condition is
(2) dridry = p? [ g dridry = N(N — 1 7.14
py (r1,r2)dridry = p” [ gy’ (r1,r2)dridry ( ) (7.14)

What happens tg%) in the limit of large separations? We expect that structural correlations disappear; the
structure becomes indistinguishable from an idealajdse same densityhat is,

ig(2)
lim gg\?) (1'1,1‘2) — ION (12‘131'2)
|ri—r2|—o0 P
2 N(N-1)
: 1
i P (7.15)

As expected, this approaches 1 for a large system.

Now in a homogeneousystem, the structure is the same around any p@iﬁt).(rl, r9) only depends on the
relative positiorvectorrs — rq Thus

9(2) (ri,r2) = 9(2) (ri,ri +ry—rp)

=P (ry —11) = g (r12) (7.16)

Egn 7.16 is validonly for a homogeneous environment.
In a homogeneous and isotropgstem, the structure only depends on the magnitude of the intermolecular
separation; the direction is unimportant. Thus

g8 (r1,15) = g(Ira — 1)

= g(r12) = g(r) (7.17)
where eqn 7.17 is again only valid if the medium is homogen@muaksotropic.

7.3.1 Physical Interpretation ofg(r)

Let's provide some physical meaning to the equations we have developed. Let us define the probability of finding a
molecule atr; tor; 4+ dr; anda molecule at, to ry + dry as:

ngg\%) (r1,r9)dridry

If we wish to know the probability of finding particular molecule ai; tor; 4+ dr; and anotheparticular molecule

atrsy tors + dry, the probability is:
2

p 2
mgg\]) (rl, I'Q)drl dI‘z
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Now, consider the probability of finding a particular moleculeato r; + drs, provided that a particular molecule
has already been placattr; tor; + dr;. Itis just the last expression divided by, / [ dr;. That is:
P 9](v2) (r1,ro)dridry
N(N —-1) dri/ [ dry

Given this result, we can write the expected number of molecules in volume elemtnts + drs, provided a
particular molecule has been placed-at This will simply be equal to the last expression (the probability of such
an event as described here) tin{dé — 1), the number of molecules available, given that one molecule has been
placed atr;. Thus, the number of particles is

(2)
) g5 (r1,r2)dridry
) drl/fdrl

p°(N
N(N

-1
-1
Now, we note three things about this.

1. [dri =V

2. NV =p

3. Foragivenry, dry = d(ro — r1) = drys

Thus, the expected number of molecules in volume elemeno r;5 +dr;5 defined relative to position;, provided
we have placed a molecule@t is

,0953) (r1,r2)dro

or, we can say that the expectddnsityin volume element;, to ri5 + dri» around positionr;, where we have
placed a molecule at; is

/)953) (1‘1 ) 1"2)

In a homogeneous and isotropic medium, therefore, we may finally write
p(r) = pg(r) (7.18)

Eqgn 7.18 is shown schematically in Figure 7.3 We see tiia} is the local density of molecules within a

local density
IS p(r) = py(r)

reference
molecule

Figure 7.3: Local density for a homogeneous, isotropic fluid.

spherical shell of radiusto r + dr, centered at a given molecule in the fluid, and averaged over all configurations.
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We can look at this in another way. The probability of finding a given molecuig & r; + dr; and a given
molecule atr; tory + drs is again

p?

N(N —-1)
Given a particular molecule at, the probability of finding a givepair of molecules at a distaneeto r + dr from
one another is

g](\%) (r1,r9)dridry

0

_— (2) r{,rs)dridr
N(N—l) /r§r12§r+drgN ( 1, 2) 104r12

where we recall that, given a moleculerat dr5 = d(r2 — dry) = drs. For a homogeneous and isotropic system,
we can write

2
/ 9](\7) (ry,r2)dridri; =
r<|ri2|<r+dr

2
V/ gy (r1,12)dr12
r<|ri2|<r+dr

2
=V 471’7“12 g(’f‘12)d’l“12
r<|riz|<r+dr

Simplifying further
N
= Virr? g(r)dr = 7 —4mr?g(r)dr

So we see then that the probability of finding a pair of molecules at a distaioee+ dr from one another is

N 1 )
NIV g(r)dnr=dr

We now wish to find out what is the typical behaviorgdf-). For a Lennard-Jones fluid, the potential looks like

LJ

o =collision diameter

-£ . van derWaals diameter

well depth

Figure 7.4: Schematic of a Lennard—Jones pair potential.

that shown in Figure 7.4. Recall that the Lennard-Jones potential energy function is

Vyaly = de l(%) 2 <g>s]

Let us now see how(r) looks as a function of density for Lennard-Jonesium.

For a gas, there is very little structure, as can be seen in Figure 7.5.

For a liquid, there is short—range order (see Figure 7.6).

For a crystal, there is long—range order. For example, an fcc—crystal has pedks-at1.12, r/o = 1.58,
r o = 2.24, etc. g(r) for such a crystal would look like that shown in Figure 7.7.
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Gas Structure

a(r)

excluded volume
effect

/

(o r

Figure 7.5: Typical form ofj(r) for a gas. Note the absence of any real order.

Liquid Structure

first coordination second coordination

shell . shell
o6 d °
0 e2a

. structure

g 20 30

Figure 7.6: Typical form ofj(r) for a liquid. We see short-range order out to at I@ast

7.4 Experimental Measurement ofg(r)

The pair distribution function can be measured experimentally using either x—ray or neutron scattering. Schemati-
cally, such an experiment looks like that shown in Figure 7.8. One measures a so—called “structureSékjor”,

which equals
Sk) = N% (7.19)

whereN is the number of scattererB(f) is the diffracted intensity at an angleand(0) is the diffracted intensity

in the limit of & — 0.
It turns out that one can directly relagér) and S(k) through geometric arguments. The final result is

Sk) =1+ p/g(r)e_ik'rdr (7.20)
For an isotropic fluidS(k) = S(k), so
B o ,sin(kr)
Sk)y=1+ p/o 4y o g(r)dr (7.21)

We see that' (k) — 1 is just the Fourier transform @f(r). So to obtairy(r) we simply measuré (k) and take
the Fourier transform

palr) = s [ explik - m)[S(K) ~ 1]dk
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Crystal Structure

qn
at larger, many
peaks merge to

form continuum

o 20

Figure 7.7: Typical form ofj(r) for a crystal. Very sharp peaks indicate regular order. At large distances, the very
many peaks merge to a continuum.

radiation source et
wavelength, A (xeray, neutron)

collimators,
monochromators

diffracted
intensity,

\ I(e)
sample ™ angle, ®

q(n
detector

Figure 7.8: The basic idea behind the experiment to meaguje

For an isotropic fluid, wherg(r) = g(r), we get

1 o ,sin(kr)
polr) = s /0 a2 [ (k) — 1]k (7.22)

Typical results from liquid and solid measurements5¢f) — 1 are shown in Figure 7.9 (k) will exhibit peaks
atk ~ 27 /Ar, whereAr is the distance between successive peaksrin The smallk region ofS(k) is called the
“small angle” region. It contains information about structural features laitie characteristic lengths. The large—
(“wide angle”) region ofS(k) contains information about short—range structure. Tgygetin liquids, wide—angle
experiments must be done using x—ray, neutron, or electron diffraction experiments.

As an example, we may consider the measurements of C. J. Pings on liquid argon at -130-€A8lich
experiments can be used to test theories, equations of state, and potential energy expressions.

7.5 Thermodynamics From the Radial Distribution Function

We mentioned earlier that if we know the structure and interaction potentials (assumed to be pairwise additive) of
a fluid, we could calculate all of its thermodynamic properties. We now proceed to derive expressions for some of

C. J. Pings, Chem. Eng. Ed,;18-23 (1970)
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Al, powdered solid, 923 K

15

"Bragg" peaks
10
< 5
~
)
-5
10 kAT
0 2 4 6 8 10
Al, liquid, 923 K
2
"amorphous halo"
—
1
=
28
0
1 kAL
0 2 4 6 8 10

Figure 7.9: Representative structure factors for Al.

these quantities. We will try to use physical arguments whenever possible; more general derivations can be found in
the reference books in the library or in standard textbooks.

7.5.1 Internal Energy
Let us start by deriving an expression for the internal energy. The excess internal energy is defined as
U®*(N,V,T) =U(N,V,T) — U9(N,V,T) (7.23)

We see that
U*(N,V,T) =<V(ry,---,ry) > (7.24)

Now, we assume the potential is represented by a pairwise expre¥sigi(r). ¢g(r) gives the probability of
finding another molecule in a given volume element at a fixed distance from a particular molecule. The potential
energy between this pair 18,,;,(r). The differential number of moleculesV, in an element of spherical volume
dr = 47r?dr at a distance betweenandr + dr from the central molecule is

dN, = pg(r)dmridr
This is shown schematically in Figure 7.10 The potential energy of this differential system is
vpair (T)pg(r)47r7“2d7"

Forall distances from the reference molecule, the total potential energy is

/000 V(r)pg(r)drr?dr
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N

|

P(r) =Pgy(r)

Figure 7.10: Depiction of the number of molecules in a differential element about a reference molecule

where we have dropped the “pair” subscript for convenience.

To obtain thetotal potential energy of the system, we would sum over all molecules, letting each one be the
reference. Each integral would be the same as the above expression. Thus, we would expect that the total internal
energy would be obtained by multiplying the above expressiolV pthe total number of molecules. However, this
would over count, since each pair interaction would be counted twice. Consequ&fitig, obtained from

U = 27er/ooV(7“)g(7“)r2d7“ (7.25)
0

The total internal energy, including the ideal gas term and any internal contributions is
U =3/2NkpT + U™ 4 U

Eqgn 7.25 is the same result we obtained from physical arguments at the start of our discussion of fluid structure.

7.5.2 Pressure

We can formally derive an expression for the pressure (an equation of state, if you will) starting from the virial
theorem, which we derived earlier. Consider the thermodynamic qudntlity This quantity has units of energy
and is extensive; thus we can obtain an expression for the configurational part lo§ adding contributions from
successive “shells” as we did with the internal energy.

We know that the total expression &Y is

olnQ
ov

PV = kgTV ( > = (PV)" + (PV)**
T,N

where(PV)¥ = NkgT. The excess partPV ), is a measure of the effect of intermolecular forces. If the forces
are attractive, the product will be negative (redu£8s), whereas repulsive forces incred3# .

The excess part must arise from the fored)/dr acting between a particular molecule and all oth&¥s in a
shell at a distance from the reference molecule. As before the total force is

v 9
i il 4
(dr) pg(r)dmr=dr

and the total pressure is the total force divided by the areastr?. We then multiply this total pressure by
the volume enclosed by the sphere of radiug/37r3) to get the(PV ) contribution for the reference molecule
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interacting with all other molecules in a differential shell-aMVe then integrate over atland multiply by N/2 (to
avoid double counting) to get the to{d@PV')¢* term:

(PV)** = — ) ———pg(r)=mridr (7.26)

Finally we can write

3 ar?
or )
2  d
P = pkpT — e / —Vg(r)r?’dr (7.27)
3 o dr

Eqn 7.27 is the so—called “pressure equation”; we see again that a knowletigenofy(r) yields the PV'T
properties of a fluid.
7.5.3 Compressibility Equation

Other properties can also be expressed in this way. A particularly interesting and important expressioans the
pressibility equationThis can be derived starting with the grand canonical ensemble and by defining a lower—order
radial distribution function for the VT ensemble. The result for the isothermal compressibiity,is

oo
pkpTrkr =1+ ,0/ arr?[gP) (r) — 1]dr (7.28)
0

It is remarkable that the compressibility equation does not presuppose pairwise additivity! In this sense, egn 7.28 is
more fundamental than the pressure equation, eqn 7.27.
The functiong(r) —1 is often called theéotal correlation functionand is given the symbal(r). h(r) approaches
zero ag* — oo, indicating no correlation of position between a pair of molecules. We will come bdcf¢jdater.
7.5.4 Potential of Mean Force — The Reversible Work Theorem

The radial distribution function is related to the Helmholtz free energy by a remarkable theorem:
g(r) = e~ A0 (7.29)

wherew(r) is the reversible work for a process in which two tagged particles are moved through the system from
infinite separation to a relative separatiarClearly,

w(r) = w(r; B,p)

Since the process of bringing the particles together is done reversibly at coNstahtw(r) is the change in the
Helmholtz free energy for the process. This theorem can be proved directly by formally calculating the average
force between the pair of particles and relating thig(o). Rather than do this, we start out by assuming egn 7.29
is true.

To be consistent with our earlier nomenclature, we re—write eqn 7.29 as

9% (r1,12) = exp[—Bufy (r1,r2)]
From the definition obg\?) (ry,r9),

N(N —1) [exp[-V(r1, -+, rN)]drs---ry
P Z(N,V,T)

g](\%)(l‘l,rg) =
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we get that

_1 ln/exp [-OV(r1,---,ry)]drs---dry (7.30)

g

g

1 N(N -1 V2
wg\?)(rl,rz):——lnl (N2 )Z(NVT)]

In a homogeneous system, we can take the positias our reference point, and then we get

@ 1 [N(N—l) V? ]

) __
wy' (r2) = Bln N2 Z(N,V,T)

Taking the gradient with respect tg, yields

— % ln/exp [_BV(PIQ, e ,I'lN)] dI'13 e dI‘lN (731)

1
Vl‘mwg\Qf) = __(_B) X

f [Vr12V(r12, tee arlN)] exp[_BV(I'IQ, e ,I‘lN)]dI‘13 [N drlN
f eXp[_/BV(I'lZa s ,I'lN)]dI‘13 -o-drin

Schematically, we can see that for a system having pairwise additive f8gg3)(r12,- -+, r1n) = Ve, V(r12)
is just the force acting on atom 1 due to the influence of atom 2. We will call this #rg&siven this definition,

2

Lok
12 r12
&= D,

Figure 7.11: Definition oF 14

we have I : ( N
(2) Fipexp[—pV(r12, -+, rin)]driz---driy
Vi, wy' (r12) = 7.32
12N ( 12) fexp[—ﬂV(rlg, e ,rlN)]drlg R drlN ( )
We now clearly see from eqn 7.32 thaﬁ) = —kBTlngﬁ)(rlg). wg\?) can be viewed as a potential that

generates the force of interaction between two molecules at a fixed pasiioglative to one another in the fluid,
averagedover all configurations of the remainifdV — 2) molecules. Hence the narpetential of mean forcéor
wg\?) (1‘12) .

What is the behavior Oﬁ)%)(rlg)? Consider the simple case of a hard sphere fluid. The pair potential of a

hard sphere fluid looks like that shown in Figure 7.4@-) andwg\?) (r) are shown schematically in Figure 7.13. It

is remarkable thaztu,(f) (r12) can beattractive over some separation ranges even for a pair potential that is purely

repulsive! Why is this?wg\?) is a free energy, as opposed to an energy. The “pounding” of the rest of the spheres
around the pair can create a net effective attraction (see Figure 7.14).

7.6 Getting Thermodynamics Fromg(r)

We have seen that the thermodynamics of a fluid can be obtained from a distribution function and an expression for
the potential energy. If we can assume pairwise additivity of potengéig, is the relevant distribution function.

If we would like to develop predictive capabilities in our statistical mechanical theories, we need to find a way of
getting atg(r). Clearly,we need a theory faj(r).
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Hard Sphere Potetnial Function

o r

Figure 7.12: Pair potential for hard spheres

discontinuity:
infinitely steep

g0 potential

w(r)

L

\/\ /\/ .

attractive regions!

Figure 7.13: Representative plotsgif-) andw%) (r) for a hard sphere fluid

One way to estimate(r) focuses attention on the potential of mean foroér;). We separatev(r) into two
parts, namely

w(r) =V(r) + Aw(r) (7.33)

The pair potential)(r), describes the reversible work to move the particles in vacuum. Thws$r) is the con-

tribution tow(r) due to the surrounding particles in the system. Thatigr) is the change in Helmholtz free

energy of the “solvent” due to moving particles 1 and 2 fri@in— ry| = co to |ry — ro| = 7.

We can think of this in another way. As the density of a fluid becomes small, the interaction between molecules
fixed at a distance apart is not affected by the otheV — 2) particles. Thus, the potential of mean force must be

equivalent to the pair potential in this limit. That is, in the low density limit

11)1_r>r(1) Aw(r) =0 (7.34)

As aresult
g(r) = e [1+ 0(p)] (7.35)
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Figure 7.14: Physical reason why the potential of mean force can exhibit “attractive” regions even for a repulsive
potential. Neighboring molecules “pound” the pair, forcing them together

For higher densities, we must handle the deviationAaf(r) from zero. To do this, we will estimatAw(r)
in terms ofpg(r) andV(r). Such an approach yields integral equationsgfor) that are essentially mean field
theories! Before tackling this subject, let's examine the low density limit.

7.6.1 Low Density Limit of the Pair Distribution Function

We will begin by writing the second virial coefficient in terms of a pair potential. To do this, we start with the energy
equation we derived earlier (egn 7.25). Writing it in a slightly different form we get

Uea/N = (0/2) [ gV (1) = (p/2) [ & POV ()L +O(p) (736)

where we have used the low density limit fgfr), and agairU,,, is defined ag/ — U%. Notice that

O(BAes /N
Uer/N = %5/) (7.37)
whereA,, is the excess Helmholtz free energy relative to an ideal gas. That is,
—BAer = ln(Q/Qig)
Using this, we integrate our expression with respegt to get
~BAe/N = (p/2) [lexp{=pV(r)} = 1] + O(p)dr (7.38)
From this expression for the free energy, we can obtain the pregsuigethe identity
O(BAe¢r /N
p2% —BP—p (7.39)
0
Carrying out the differentiation yields
BP = p+ p’By(T) + O(p°) (7.40)

where

Bo(T) = =5 [lexp{=BV(r)} — 1lde
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By (T) is called thesecond virial coefficientEqn 7.40 should look familiar; it is the first three terms of the virial
equation of state. Remarkably, we see tBatT') can be determined from knowledge of the pair potential energy.
For a homogeneous and isotropic system, we can use scalars for the separation of particles 1 and 2. The result is

By(T) = —2r /0 lexp{—AV(r)} — 1r2dr (7.41)

We can get the same result by starting directly from the pressure equation. The pressure equation, eqn 7.27, was
shown to be

2mp? [ d
P = pkpT — e / —Vg(r)r?’dr
3 o dr

Inserting the low density form af(r) into this equation yields

BP 2B [ %

s ~1-— = 7, exp[—ﬂVpair(r)]r?’Edr (7.42)
One can then show that o
pL _ 1- 27rp/ [exp{—pV(r)} — 1]r?dr (7.43)
P 0
or
%P — 14 By(T)p (7.44)
where o
By(T) = —2r / lexp{—BV(r)} — 1]r%dr (7.45)
0

We have truncated the virial expansion, eqn 7.44, at the second term. Eqn 7.45 is the same result we obtained earlier.
The equation for the second virial coefficient is often written as

Bo(r) = =5 [ ()i

where
f(r)y =exp[-pV(r)] — 1

is theMayer f—function This function decays rapidly to zero with increasinfpr short—ranged potentials. You can
see this if you plotf () versus reduced temperatu&;, = kT /e.

Second virial coefficients can be measured experimentally by noting the deviations of dilute gases from ideal
behavior. Such measurements then yield a great deal of information on the nature of intermolecular forces. For
example, let's consider a Lennard-Jones pairwise potential. Introducing a reduced #ngth,/o, the second
virial coefficient for a Lennard—Jones fluid is

o0 4

By(T*) = —271'03/0 (exp[—ﬁ(r*12 —r 0 — 1) r*2dr* (7.46)
Eq 7.46 shows that the dimensionless quarfify7™*) = By(T*)/o? is auniversal function of *; it is independent
of the choice ot or o. This is an example of thieaw of corresponding state®Ve see that the integrand in eqn 7.46
is negative forr* < 1 and positive forr* > 1. WhenT™ < 1, the attractive part of the potential dominates the
integrand, with a consequent lowering of the pressure below the ideal gas result.TWher, the repulsive part
of the integrand is dominant, which raises the pressure above the ideal gas result. It folloig #igtis negative
when the reduced temperature is low, and positive when it is high. The temperature aBBytighpasses through
zero is called the Boyle temperature.
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7.6.2 Integral Equation Approach — BGY Equation
Recall that the pair correlation functiog(r), was written as

(r) = N! J exp[—BV]drs - --dry
9 2(N —2)! Z(N,V,T)

We cannot solve the integral in this equation analytically, so we must make an approximation or evaluate it numeri-
cally. By assuming pairwise additivity, expanditgand differentiating the last equation with respeattowe can
obtain the following expression

k02 Mz / V15 ) gy = 0 (7.47)
8r1 8

The double subscript notation is used to identify interacting partlcles. Thusepresents the pair potential between
particles 1 and 2, ang, is the pair correlation function based dp,. Notice that eqn 7.47 igecursive since it
relates the pair correlation functiog? to the triplet correlation functiory®.

Recall that we derived expressions for the general correlation function

g™ = plm /p?

wherep? is the triplet joint probability density function. In general, we can write the recursion formula as

Wu % 1n+1 (n+1) _
kT am +Z R )drpi1 =0 (7.48)

Clearly from egn 7.48, we can see that lower order correlation functions are given in terms of an integral over the
next higher order correlation function. Carried to the limit, we would §et- 1 such coupled equations for an
N—component system. That is, we would have one equatiopfarg®, ... ¢(™). These recursive formulas are
exact for pairwise additive systems, but cannot be solved because we can’t calculate the higher order terms.

To solve, we need some way of relatipg” andg(™*+%). Such a relation is called @osurerelation. Given a
closure relation at some level, we could then solve all of the equatiog&*fobelow the closure level. The simplest
closure approximation was proposed by Kirkwood in the 1930s.

9532),3 = 913 x 913 x g3 (7.49)

)

The Kirkwood closure relation can be seen to be the product of independent pair—wise “probabilities”. That is, if
1,2, and 3 were completely independent of one another,gtﬁ%n: g§1> X gél) X gél), (i.e. the product of separate
“probabilities”). The closure assumed here is that plags are essentially independent entities. The Kirkwood
closure is also equivalent to the assumption that the potential of mean force for a triplet of molecules is pairwise
additive. That is,

wizh = wiy +wi3 +wf

When the Kirkwood closure relation is used in eqn 7.47, the result is

7095 M ) Wiz @) (2) (2)

= 7.
k (91‘1 + (91‘1 (A0 +,0/ arl dr3 0 ( 50)
Egn 7.50 is called the Born, Green, Yvon (BGY) equation. Itl@sedin that it involves only pair correlation
functions and a pair potential. If we have a model ¥y, the pair correlation functions can be solved for, using

similar equations fogé? and gg). Such solutions are done numerically, but they require far less computational
power to solve than does the direct evaluatiorZéfV, V, T'). However, the Kirkwood closure relation is not very
exact, and the calculated properties at high densities can be off significantly. Since the function to be obtained in
egn 7.50 is under an integral sign, an equation such as this one is callgdgral equation
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7.6.3 Another Approach — The Direct Correlation Function

In the late 1950s, a new class of integral equations was developed through usdigdheorrelation function. To
see how these work, we introduce another correlation function

h(ry,ro) = g(z) (r1,r9) —1 (7.51)

For a homogeneous, isotropic fluidyri2) = g(r12) — 1. h(r12) is a measure of the total influence of molecule 1
on molecule 2 at a distaneg (i.e. thetotal correlationbetween 1 and 2.

In 1914, Ornstein and Zernike proposed a divisiorh@f;3) into two parts, a direct part and an indirect part.
The direct part is given by a functiof(r12), and is called thelirect correlation function The indirect part is
the influence propagated directly from molecule 1 to a third molecule, 3, which in turn exerts an influence on 2,
(directly or indirectly) through other particles. This effect is weighted by the density and averaged over all positions
of molecules 3. Pictorially, we can think of it as is shown in Figure 7.15. The idea is that 1 is correlated with 2

3

Figure 7.15: Direct and total correlation function

through adirect correlation plus 1 is directly correlated to 3, which is correlated to 2 directly or indirectly through
other patrticles.

h(’l“lz) = C(’f‘12) + ,0/6(7“13)h(7“32)d1‘3 (752)

Egn 7.52 is known as the Ornstein—Zernike (OZ) equation. In essence, it is a definition of the direct correlation
function, ¢(r) in terms of the total correlation functioh(r). Just as was done previously, recursive use of the OZ
equation leads to

hri2) = e(ria) + p [ elri)elran)drs+

’02//C(T13)C(T34)C(T42)dr3dr4_|_...

Pictorially, we represent this as in Figure 7.16.

At this point, you might be asking “What is the value of introducitig)?” It turns out thate(r) has the same
range as a pair potential. That is, it decays to zero fairly rapidly, but exhibits non—zero behavior from zero to
distances commensurate with the potential range) is much shorter-ranged thai(r). For a Lennard-Jones
liquid, Figure 7.17 demonstrates schematically the behavior. We see that the undulationsare due tandirect
correlations.

The next question we need to address is: What about molecular liquids? That is, what if we don'’t just have
spheres but structured molecules? In this case, both intramolecular and intermolecular correlations between sites
must be considered. An extension of the OZ equation to molecular fluids forms the basis of the Reference Interaction
Site Model (RISM) of Chandler and Andersen (1972).
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Figure 7.16: Pictorial representation of the OZ equation

20

10 h)=g()- 1
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Figure 7.17:¢(r) andh(r) for a Lennard—Jones fluid. The undulations:iix) are due to indirect correlations

7.6.4 Solving the OZ Equation — The Percus—Yevick and Hyper—netted Chain Approximations

The Ornstein—Zernike equation is an integral equation in two unknown functionsandc(r)

h(’l“lg) = C(’)”lg) + ,O/C(’I“lg)h(’l“gg)drg

If we can come up with a smart way of relating-) and h(r), we can convert the OZ equation into an integral
equation in one unknown function. By solving that equation, we can obtain the structure of the fluid (hér)get
and thusy(r)) at a givenp and7'. From this, we can get the fluid’s thermodynamic properties. Such an additional
equation relatingx(r) andc(r) providesclosureto the OZ equation. Together, the closure relation and the OZ
equation constitute an integral equation thefmnythe fluid structure.

Before discussing two of the most useful closure relations, the Percus—Yevick (PY) and hyper—netted chain
(HNC) equations, we need to define an additional correlation function. We define the fupetjcas

y(rij) = g(rij)e’i
We will say more about the utility af(r) in a minute.

The PY and HNC equations were originally derived using different methods than those used here. The PY
equation was originally derived using field theoretic techniques. The HNC equation was derived using graphical
techniques (see Rowley for a brief introduction), and by ignoring certain terms. The term “hyper—netted” chain refers
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to the graphs retained in the final expression. The PY equation can also be obtained graphically; both methods are
involved and will not be discussed here. In the 1960s, the PY and HNC equations were derived using the theory of
functionals.? Functional calculus can also be used to derive most other integral equétiasher than use these
involved techniques, we will derive the PY equation using physical arguments, and just state the HNC equation.
The approach follows closely that of McQuarrfe.

The direct correlation function was introduced to represent the direct correlation between 2 particles in a system
containing(N — 2) other particles. It is reasonable to represent the direct correlation function by a difference

C(T) = gtotal(r) - gindirect('r')

whereg;,q; (1) 1S just the radial distribution function itself. That is

Gtotal (T) = exp[—ﬁw(r)]

wherew(r) is the potential of mean force.
gindirect (1) is therefore the radial distribution functiavithoutthe direct interactionV,,;, (r) included.

gindirect(r) = exp[_lg(w(’r) - V)]
Thus, we make the approximation that
c(r) = exp[—fuw(r)] — exp[—B(w(r) = V)]

or equivalently
c(r) = g(r) — exp[BV(r)]g(r) (7.53)

This is the Percus—Yevick closure approximation.
Using our definition ofy(r) = exp[BV(r)]g(r) we can write the PY closure more simply as

c(r) = [1 —exp(BV(r))]g(r)
= [1 = exp(BV(r))][A(r) + 1]
= [exp(=pV(r)) — 1]y(r)
Recalling that the Mayer—f function was defined as
f(r) = exp(=pV(r)) — 1

we finally can write
c(r) = f(r)y(r) (7.54)

Substituting this into the OZ equation we obtain the Percus—Yevick equation

y(riz) =1+ P/f(m)y(?"ls)h(?“za)drs (7.55)

Eqgn 7.55 only involveg(r) andV(r). Itis a nonlinear, integro—differential equation that can be solved, although
with some difficulty, numerically. It can be solved analytically for the hard—sphere potential.

2J. K. PercusPhys. Rev. LetB, 462, (1962)
3See, I. VerletPhysica 30, 95, (1964)
4McQuarrie, D. A Statistical Mechanicg1973)
5See, Gillian, M. JMol. Phys, 38, 1781, (1979)
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7.6.5 The PY Solution For Hard Spheres

Hard spheres are a favorite system to examine, because results can be obtained analytically. Interestingly, many
physical systems exhibit behavior that can be explained by analyzing hard sphere behavior, so we will briefly
discuss the hard sphere fluid.

There is only one potential parameter to describe a hard sphere fluid, nénieéyhard sphere diameter. The
structure of the fluid is determined entirely by the dengityor equivalently by theacking fraction defined as the
ratio of the volume of molecules to the volume of the system:

s
=p—d?
n P6
Question: What is the upper limit on the packing fraction? Right! An FCC crystal with all molecules in contact:

_7r\/§_ i
nma:v— 6 _3\/§

A hard sphere system exhibits a fluid—solid phase transition (crystallizes) around a packing fraction

=0.74

nf-s = 0.49; pd® = 0.95

There is no gas-liquid phase transition. Can you see why?
Now, let's use the PY equation to get the structure, and hence thermodynamics, of our hard sphere system. Our
discussion follows that of Hansen and McDon&IRecall that the PY closure relation is

C(T) = [exp(_ﬂvpair(r)) - 1]y(r)

Thus for a HS system,
co(r) = —y(r); r <d

c(r)=0; r>d

Remembering our definition af(r),
y(’)") = g(T) exp[ﬁvpair (T)]

9(r) = y(r) exp[=BVpair (r)]

we see that
h(r)y=-1;r<d

h(r)y=y(r)—1; r>d

So let’s look at the OZ equation

h(’l“lz) = C(’f‘12) + ,0/6(7“13)h(7“32)d1‘3 (756)

Applying this to the case when, > d, we can get the combinations for particles 1, 2, and 3 shown in Figure 7.18.
Substitutinge andh in terms ofy, we get the following integrals

y(riz) =0+ p /A [~y (r13)](~1)drs +

P/ [—y(r13)][y(rs2) — 1]dr3 + 040
C

6J. P. Hansen, |. R. McDonald, “Theory of Simple Liquids”, Academics, 1986
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ri2<d
riz<d ri3>d
ri3<d r32<d
r32<d "D
1 2
ri2<d
ri3<d
r32>d
e ¢ °:
e ri2<d
r32>d
r13>d
Figure 7.18: Different combinations available for hard spheres 1, 2, and 3
The last two zero terms arise from integratit{g;3) whenrs > d.
Simplifying we get
y(riz) — 1= P/Ay(rm)dr?,—i-
P/ y(ri3)drs — P/ y(r13)y(rsz)drs
c c
= P/ y(r13)drs — P/ y(r13)y(rs2)drs
ri3<d C
If we then definer;s = r, ri3 = r’, andr3s = r — r/, the OZ equation can be written
yr) =1p [y~
r'<d
o y(r)y(lx =’ (7.57)
r'<d;lr—r'|>d

Eqgn 7.57 is an integral equation in terms of the functign). It has been solved with Laplace transform methbds.

The result is
(r)=—y(r)=—X —6>\<£>—1>\<£>3- <d
CT—yT—1772d 2771d,7‘

c(r)=0; r>d

1.4\2
where), = (202 1y, — —%, n = T pd?, the packing fraction.

Now, how do we get the thermodynamics of our system from this? There are two ways.

1. Start with the pressure equation. You can easily show that for hard spheres, the pressure equation

2mp? [ d
P = pkpT — e / —Vg(r)r3dr
3 o dr

"Thiele, E.J. Chem. Phys39, 474, 1963
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can be written as
ﬂPHS

P
wheregys(d™) is the pair distribution function at contact.

2 2
=1+ —7Tpd3 lim ggs(r) =1+ —71',0d3gHS(d+)
3 r—dt 3

Using the PY solution

1 1+ 1n
dt) = y(d) = A\ + 69Xy + =X = 2
Hence we may write
AP N (1+3n)
=1+4ng(d™) =1+ 4n—=
(1 —mn)?
where the superscriptrefers to the pressure obtained from tigal equation, another name for the pressure

equation.

Finally we may write
G° _I+2n+ 3772
p (1—mn)?
We see that indeed the thermodynamics are described solely in terms of the packing fraction.

(7.58)

2. Alternatively, one can start with the compressibility equation, eqgn 7.28, and get an expression for the isother-
mal compressibility. By integrating from the ideal gas (zero density) statepstane can get the pressure.
The result is
BP¢ 1+ +1n?
p (1—mn)?
Notice thatP¢ and PV are not equivalent! The differences increase with increasing density. Eqns 7.58 and 7.59
give the same values for the second and third virial coefficients, but give incorrect and different values for the higher
virial coefficients. Why? The only approximation invoked has been the PY closure relation; this closure relation has
introduced some thermodynamic inconsistency into the problem, hence two values which are thermodynamically
equivalent ¢ and P?) are not equal. And so it goes with integral equations — the equations are exact but to solve
them we must make approximations which make the results inexact. Even considering this flaw, integral equation
theory is still a valuable tool for studying complex systems and has made important contributions.
By examining the virial expansion for hard spheres written in terms of the packing fraction, Carnahan and
Starling, devised a simple and accurate equation of state for hard spheres. The virial expansion for hard spheres is

(7.59)

P ©
% — 1+ By (7.60)

=1

where

6 7
Bi= (=) Bin
B; being theith virial coefficient.
The first seven terms of the expansion are

P
PP, + 4n 4 10m% + 18.3651°
p

+28.24n* + 39.50° + 56.57° + - -

Because they were good chemical engineers, Carnahan and Starling found a closed form that approximates the
infinite series by noting the following:

8N. F. Carnahan, K. E. Starlind, Chem. Phys51, 653, (1969)
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e 31 andB; are both integers.
e 33 is pretty close to 18.

e Suppose thaB; for all i is given by
B; = a1i2 + a9t + a3 (7.61)
Using By = 4, B, = 10 andB3 = 18, the solution to eqn 7.61 i5, = 1, as = 3 andag = 0.

e The formula then predict8, = 28, Bs = 40 andBs = 54, which agrees well with the exact expression.

e The virial expression that results,
pr (2 i
— —l—i-Z(z + 3i)n
p i=1
may be written as a linear combination of the first and second derivatives of the geometri¢ 3grieg. It
can therefore be summeatplicitly. The result is known as the Carnahan Starling equation of state:

BP _14n+n’ -7
p (1—=n)?

(7.62)

“Exact” results for the equation of state of hard spheres have been obtained through computer simulations. Egn
7.62 provides an excellent fit to these exact results over the entire fluid range. You will notice that it is essentially
an average of the results obtained from the PY equation using the pressure and virial equations:

pes 2 1
P P

The Carnahan Starling equation of state is widely used in perturbation theories, which unfortunately we won't
have time to go into detail in this class. However, we already saw one perturbation theory: the van der Waals
equation of state involved a perturbation theory using the ideal gas as a reference fluid. Most perturbation theories
use the hard sphere fluid as the reference.
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Chapter 8

Introduction to Molecular Simulation
Techniques

We have seen both the power and problems associated with applying statistical mechanical theories to real problems.
While the relations are elegant, intellectually pleasing, and fairly easy to solve, they are difficult to formulate in
such a way that the solution is tractable. Moreover, the simplifying assumptions which must be made to solve the
theoretical expressions often result in a loss of the essential physics of the problem. That is to say, despite the
fact that we have a powerful, rigorous formalism for calculating macroscopic properties given a Hamiltonian, an
analytical solution to this formalism is impossible for most material systems of practical interest.

An alternative approach is to attempt to solve the full statistical mechanioerically given a model of molec-
ular geometry and energetics. Such simulations can provide, in prinexaetresults (subject only to numerical
error). In practice, simulations usually invoke approximations. However, these approximations are usually much
less drastic than those required in solving analytical theories. There are two main problems in applying simulations
to real-life problems.

1. Our knowledge of interaction potentials is limited. Quantum mechanics and empirical fitting to experiment
are the ways to overcome this problem.

2. The techniques are extremely demanding of computer time. Fast workstations and supercomputers, coupled
with smart algorithms, must be used.

Molecular simulations can be thought of as computer experiments that bridge the gap between theory and
experiment. As seen in Figure 8.1, molecular simulations require as input a molecular model consisting of the
system geometry and potentials, and a set of thermodynamic constraints that define an ensemble. Results include
macroscopic properties (thermodynamics, transport, etc.) and microscopic structure and dynamics (what do the
molecules do?). The connection between theory, simulation, and experiment is shown in Figure 8.2.

8.1 Construction of a Molecular Model

Before going into details, we need to discuss some preliminaries. Recall that we've already spent some time dis-
cussing molecular potential function or “forcefields”. As a reminder, we often assume pairwise additivity, such
that
V(ri,ro, -, ry) = ngff(rl,rj)
i<j
wherevgf Iis an effective two—body potential that attempts to include the effects of three—body and higher terms.
We claim that molecules with no pronounced separation of charge can be represented as a set of sites, interacting

125
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geometry i Macroscopic
properties
potentials mol ecular
| simulation
constraints microscopic

(i,e. NVT) = " information

Figure 8.1: Input and output of molecular simulations

via a dispersion energy model (i.e. each site is a Lennard—Jones site). Consider the alkane chain shown Figure 8.3
Such an explicit representation treats each atom as an individual LJ site, and requires interaction parameters for all
these interactions.

As an alternative, a simpler “united atom” representation is often used in which eaghr@HCH group of
an alkane is treated as a single interaction site, as shown in Figure 8.4 The advantage of this simpler model is that
fewer parameters are required than the model shown in Figure 8.3. This has computational advantages as we shal
see, but may not allow as high an accuracy, particularly at high densities.

For molecular fluids, we must also account for bond potentials. Typically, bond length potentials are modeled
as a harmonic

Vo(l) = 1/2ky (£ — £o)? (8.1)

wherek; is a force constant ang is the equilibrium bond length. It is usually satisfactory to make the bonds be
infinitely stiff (k, — oo) unless vibrational spectra are desired.
Bond angles are also typically treated as a harmonic

Vo(0) = 1/2kq(0 — 60)° (8.2)

wheref, is the equilibrium bond angle. It is a little riskier to le} — oo, since bond angle variation is thought to
play a role in the dynamics of flexible molecules.

Itis very important to model torsion (dihedral) angles properly, as these type of conformational motions are very
important in determining the properties of a molecular liquid. Recall that we defined a dihedral angle according to
Figure 8.5. The potential governing dihedral angle motion is frequently represented as an expansion in the dihedral
angle. For example, Ryckaert and Bellemans give the following expression for dikanes

N-2 5

Z Z (cos ¢;) (8.3)
=2 j=0

Such a potential function must capture the fact thets/gauchénter-conversions can take place at room tempera-
ture. Schematically, a typical torsion potential looks like that shown in Figure 8.6.

Sometimes, coarser-grained models are used in molecular representations. For example, “freely jointed” chains
which resemble pearl necklaces with individual beads connected with a “finite extensible, nonlinear elastic” or
FENE potential are often used in polymer simulations. Simple “dumbbell” models can also be used. In these and
other models, intermolecular potentials can be represented with Lennard-Jones or other types of potentials.

1Ryckaert, J.P.; Bellemans, Karaday Discuss. Chem. Sdt978 66, 95-106
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Figure 8.2: Connection between theory, experiment, and molecular simulation. All three approaches are useful in
engineering design. (Figure after Allen and Tildesley)

There are various sources of Lennard—Jones parameters that may be used as an initial guess for constructing
model. For example, the Slater-Kirkwood formula (egn 6.10) can be used with readily available material properties
to obtain pure-component parameters. Lorentz—Berthelot combining rules can be used to get interactions between
unlike species

055 = 1/2(0’2'2' + (Tjj)
)1/2

€ij = (€ii€jj
Typically, potential parameters are refined by comparing results with whatever experimental data is available.
For example, second virial coefficient8;(7"), heats of vaporization, solubility parameter, and critical points have
all been used to help refine parameters.
Molecules that have an expressed separation of charge (i.e. polar molecules) are typically described in terms of
a combination of LJ parameters apdrtial charges These partial charges can be obtained in a number of ways

e experimentally measured dipole moments= 3" ¢;x;) or quadrupole moment§)(= 3" ¢;z?).
¢ electronic density distributions, available from ab initio quantum calculations

Partial charges interact via Coulomb forces
N ZiZj
Vs (T”) dmegr;
An example of a partial charge model is the so—called “TIPS” (transferable intermolecular potentials) model of
water? In the TIPS representation (see Figure 8.7)0OHs represented as a single LJ atom (oxygen) and three

2W. L. Jorgensen). Chem. Phys77, 4156, (1982)
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Figure 8.3: All-atom representation of butane. To parameterize the potential, we must include carbon and hydrogen
interactions.

Figure 8.4: United atom representation of butane. This model requires fewer parameters than the one shown in fig
8.3, but is less accurate at high densities

partial charges. The model has a dipole moment of 2.25 D, while experimentally we know water has a dipole
moment of 1.85 D. Most of these fixed charge models have dipole moments that are higher than the actual dipole
moment because they don’t account for godarizability of the molecule. That is, the “charge” on each atomic
center will change depending on the environment it is placed in. Thus the fixed dipole moment of the TIPS model is
greater than 1.85D to account for polarizability. Newer models account for polarization in a more natural way, but
at the expense of greater complexity. This is often the case. More accurate forcefields necessarily introduce added
complexity. For example, the Matsuoka—Clementi—Yoshimine water rhodatains 10 potential parameters!

The total potential energy is the sum of all the various contributions ¥,£Vy, V4, Vyair, €tC.) Note that we
immediately have a problem: the pair potential requires a sum out to an infinite distance! What do we do? Because
the LJ potential is short ranged, we can try to get around this problem by truncating the potential at a certain radius,
r. (see Figure 8.8). Typically,. =~ 2.50. This causes problems, in that the discontinuityiat . will cause the
total energy of the system to change as pairs of molecules ¢rods addition, this places a discontinuity in the
force atr.. There are ways of getting around this probfdsy shifting the potential so as to avoid discontinuities.

What about the portion of the potential energy that was “cut off"? The contributidn ftom the truncated
“tails” of the pair potential function (the so—called “long range correction”) is calculated by direct integration, using
the energy equation

Vfull =V + Vlrc

=V.+ 27er/ r2V(r)g(r)dr

3J. Chem. Phys64, 1351, (1976)
“Allen and TildesleyComputer Simulation of Liquidsh 5
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Figure 8.5: Schematic showing how the dihedral (torsion) angle of a chain is defined
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Figure 8.6: Schematic showing the energy distribution for various dihedral angle values. Notice that the
tranggauchebarrier can be overcome at room temperature, although thesaisconformation would be preferred

In isotropic media, we can carry out this integral by assuming in this region= 1. it is important to verify that
g(r) = 1 at the cutoff distance. If not, things like the pressure will be incorrect.

Note that potential truncation igeorapproximation for long—range potentials, such as Coulombic interactions.
Special techniques (Ewald summations) must be used in this case.

8.2 Model System Size and Periodic Boundary Conditions

Typically, a molecular simulation is carried out with anywhere from 10 to 100,000 molecules. Larger systems are
generally prohibited due to memory requirements, and (more importantly) speed considerations. Force calculations
go asO(N?). There have been recent “million particle” simulations using massively parallel computers. For the
applications we are interested in, however, there is no need to go to this big of a simulation.

However, because we are using a very small number of particles and trying to determine macroscopic properties,
one must bevery carefulthat the results areystem size—independerit turns out that for low—molecular weight
liquids, simulation averages are only weakly dependent on system sie ¥oi 00.

Unless the actual system being studied is very small (a droplet, microstructure, etc.) a simulation box with
ca. 1000 molecules will have a disproportionate number (nearly half) of molecules at the “surface”. This would
completely skew the behavior of the system. To get around this problem, we employ a tricipesibetic boundary
conditions The primary simulation box can be envisioned as being surrounded by images of itself; for a “cube”,
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Figure 8.7: “TIPS” model for water (after Jorgensen)

Figure 8.8: Typical potential function, showing the effect of a truncated potential

there would be 26 images around the central box. The central box is the “unit cell”. Whenever, during the course of
a simulation, a particle exits the box, an identical particle enters through an opposite face, as shown in Figure 8.9
Periodic boundary conditiormut off long wavelength fluctuationBensity waves longer than the box lengthare

not accounted for. What are the implications of this?

To see how we handle potential calculations using periodic boundary conditions, refer to Figure 8.10. Consider
atoms 1 and 2 in the primary (central) box. In three dimensions, there are 27 images of atom 2 in the primary box
and the images that can interact with atom 1L /2 > r., the potential cutoff radius, theat mostone of the images
of 2 can interact with 1. The image of 2 lying closest to 1 is calledntii@mum image WhenL/2 > r., the
simulation obeys theninimum image convention

5A good interactive demonstration of this has been developed by Prof. Hammes-Schiffer in the Chemistry department. See it at
http://www.nd.edu/chem647/project6/project6.html.
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Figure 8.9: Periodic boundary conditions require that an atom leaving a cell be replaced with its image moving in
through the opposite cell face

Figure 8.10: Minimum image convention used with periodic boundary conditions
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Chapter 9

Monte Carlo Methods

9.1 Historical Background

Monte Carlo simulations are used by scientists in many fields. A number of excellent books have been written on
the subject, and the interested student should consult these refefences.

The nameéMonte Carlowas coined by Metropolis in 1947 to describe a class of numerical techniques developed
by von Neuman, Ulam, and Metropolis at Los Alamos near the end of World War Il. These techniques were used
to simulate the diffusion of neutrons in fissionable material. The name arose because the methods employ random
numbers in the calculations, and thus resemble games of chance. (Perhaps today the technique would be called “La:
Vegas”...)

Long before this, statisticians used sampling methods to investigate problems. As an example, W. S. Gossett,
known as “student”, estimated the correlation coefficient in his 't” distribution with the help of a sampling exper-
iment. Joel Hildebrand had his graduate students generate random samplings of spheres in a box to investigate
liquid phase properties. The novel contribution of von Neumann and Ulam at Los Alamos was the realization that
determinate, mathematical problems could be treated by finding a probabilistic analogue which is then solved by
stochastic (i.e. random) sampling.

The sampling experiments involve the generation of random numbers, followed by simple operations. This pro-
cedure is ideally suited for computers, and the arrival of the MANIAC computer at Los Alamos enabled Metropolis
and co—workers to develop the Metropolis Monte Carlo method in 1953. This method is the subject of this section.
At about the same time, Alder and Wainright developed a molecular dynamics procedure, which will be discussed
later.

Prior to the arrival of the computer, people attempted to perform such stochastic experiments physically. These
techniques are “hit or miss” Monte Carlo. An entertaining example from history: G. Comte de Buffon, a French
naturalist, discovered a theorem in mathematical probability in 1777. He found that if a needle of lerfjifown
randomly onto a set of equally spaced parallel lirkapart ¢ > £), the probability that the needle will cross a line
is i—fl (see Figure 9.1). Thus, a simple experiment could be done to estimalihough no one tried it until 1901.

In that year, an Italian mathematician named Lazzerini performed a stochastic experiment by spinning around and
dropping a needle 3407 times. He estimated that 3.1415929. You could imagine how much easier this would

be on a computer today. This is a remarkably good estimate ddo you think Lazzerini was honest or “very
lucky"?

One could envision estimating with another hit or miss experiment. Imagine placing a circular pan inside a
square pan, such that the circular pan is inscribed in the square pan. Then, put the pan out in the rain. Of the total
number of drops hitting the pans (we will callM;,;,;s), some fraction will land inside the circular paivy;s).

(See Figure 9.2). Thus,

Allen and Tildesley, 'Computer Simulation of Liquids”; Binder, K “Application of the Monte Carlo Method in Statistical Physics”;
Binder has written a number of other good books as well.
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Figure 9.1: Schematic of Buffon’s theorem and Lazzarini’s experiment

Figure 9.2: Schematic of another hit-or-miss Monte Carlo method for estimatige number of raindrops falling
in the circular pan relative to the total number falling in the square and circular pans is directly related to

N .
T =4 hits
Ntrials

Today, Monte Carlo simulations are perhaps the most powerful and commonly used technique for analyzing
complex problems. In this chapter, we will give an introduction to the method and describe some of the uses.

9.2 Monte Carlo as an Integration Method
To introduce Monte Carlo techniques, let’s first consider a way in which stochastic methods can be used to evaluate

integrals. The so—called “sample mean method” is a better way of determining integrals from stochastic “experi-
ments”. The basic problem is that we wish to evaluate the following integral

= /“ f(z)dz 9.1)

wheref(x) is some arbitrary function, as shown in Figure 9.3. We can re—write the integral as

I— /: (%) o(x)d 9.2)
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o T—

Figure 9.3: A generic 1-dimensional definite integral.

wherep(z) is an arbitrary probability density function. Then, we perform a number of tiéls,;s in which we
choose a random numbé&from the distributionp(z) in the ranggx;, z2) and evaluatg at each step. Then,

_ <f(£) >
where the brackets indicate that we have taken an average o¥y,the evaluations, and that we usp(k) as our
(normalized) distribution. Pictorially, this would look like Figure 9.4.

T

T, X

random " shots"

Figure 9.4: Way in which MC integration can be used to estimate an integral.

The simplest application would be to letx) be a uniform distribution (Figure 9.5)

1
p(z) = ———, z1 <z < 2y
(z2 — 71)

Then, the integral could be estimated from
Ntrials
ro — T
17270 SR (9.3)

Nirials i=1

The justification for egn 9.3 comes from the Mean Value theorem.
To actually do this, one would carry out the following steps.
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/l/ (x2-x1)
p(x) | -'— ________
X1 X5 X

Figure 9.5: Uniform density distribution on the limits of the integral to be evaluated

P(¢) 1

0 Z 1

Figure 9.6: Distribution of the random numbgr

1. Generate a random numbéruniformly on the range (0,1), as shown in Figure 9.6.
2. Get arandom value in the range , z2) by computingt = x1 + {(z2 — 21).
3. Calculatef (¢).

4. Accumulate the surf = 3=, f(&;).

5. After Ny-iqa1s SUCh attempts] is computed from egn 9.3. Notice that our estimatd gets better a®Vy;.;qis
increases.

This approach can be used to estimatey considering the equation for a circle in the first quadrant
fl@)=(1—a®) '

with z betweenz; = 0 andz; = 1. If one uses the procedure outlined above, the estimatkeadter 107 trials is
3.14169.

For simple functions (i.e. one— or two—dimensional) Monte Carlo integration cannot compete with straightfor-
ward methods such as Simpson’s rule. For example, Simpson’s rule obtain 141593 after only10* function
evaluations. However, for theultidimensional integral€ncountered in statistical mechanical applications, the
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sample mean method (with suitable choicep@f)) is far superior to standard techniques. Why is this? Consider
the evaluation of the configurational integral for a system containing 10 particles, such as shown in Figure 9.7.

Z = /drN exp[— BV (r™)]

Figure 9.7: A single configuration of 10 particles in a box. This system has 30 configurational degrees of freedom.

Here we can think of
f(rN) = f(rh Tt ,I'N) = eXp[—ﬂV(I'N)]

For N molecules in voluméd’ = L? at temperaturd’, we have a 3/-dimensional integral. FaN = O(10), we
estimateZ using MC integration as

VN Ntrzals (7,) (z)
Zr—— 3 expl-pvl, 1)) 9.4)
trials ;4
where(rgi), e ,rg\",)) is a randomly selected point in théV3-dimensional configuration space. That is, itNs

triplets of random numbers di, ).

A Simpson technique would require evaluatifig-") at all nodes of a regular grid throughout the configuration
space. If 10 points (nodes) per coordinate are used, this would get&ilfunction evaluations, clearly an unrea-
sonable number even for this small-dimensional system. With Monte Carlo integration, on the other hand, one can
obtain a reasonable estimate 9,;,;; much less than this. Of course, our estimate gets beti¥f,as; gets larger,
but we will converge fairly rapidly to the actual value.

For higher—dimensional systems, elj.= O(100), even standard Monte Carlo integration of the type described
here becomes infeasible. To see why, consider performing a MC integration evaluation of eqn 9.4 for a hard sphere
fluid. The procedure would go something like this:

1. Pick 300 random numbers 66, L). Taken in triplets, these numbers specify the coordinates of all 100 hard
spheres.

2. Calculate the potential energy, and thus the Boltzmann factor, for this configuration. For hard spheres, the
Boltzmann factor will only be 1 iho two hard spheres overlagf two of our randomly chosen molecules
overlap, the potential energy will be infinite and the Boltzmann factor for that trial will be zero.

3. Asthe density increases, the likelihood that we get overlap increases, until almost every random configuration
we generate contributes nothing to the integral.
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This problem is also seen if we try to get ensemble averages from MC integration. For example, if we try to

estimateA from
[ drAexp[—pV]

[ drexp[—BV]
o Zisq" Ai exp[=fV]

ENtmals exp[ ﬂV ]
by estimating the numerator and denominator separately using the uniform sample mean method, we still run into
difficulties at high densities.
The obvious solution is to choose our random coordinates from a non—uniform distribution in hopes of increasing
our odds of a successful function evaluation. This is referred to as “importance sampling”.

<A>yyr=

9.3 Importance Sampling

The basic idea here is that we choose random numbers from a density distriut)ohich allows the function
evaluation to be concentrated in the region of space that makes the biggest contribution to the integral. This is most
desirable for calculating ensemble averages. We have seen that thermodynamic properties can be obtained from
ensemble averages of the form N N
J e f ()t () ©5)

de‘N ens(rN)

For example, withp®* (rN) = pNV7T (¢V) = exp[—-pV(r")], we showed that

< f >ens=

e Forf =V, weget< f >yyr= U, the excess internal energy.
e Forf =13, r,F" weget< f >yyr= PV — NkgT (the virial theorem).

o For f = exp|—Viest], We get< f >yyr= p*, the excess chemical potential via the Widom insertion
method.

As mentioned, is we try to sample configurations at random, very few of our choices make a contribution to the
integral. Instead, we should sample our configuration spaneniformly so that the more probable states (i.e. low
energy conformations) are sampled more frequently than the less probable (i.e. high energy) states. It turns out that
it is most advantageous to sample states so that the frequency of sampling a state if proporiféfiaiftinat state.

If we can sample states accordingd®?, then calculating the ensemble averagg > amounts to taking a simple
arithmetic averagever the sampled microstates.

Nirials
f(@)

=1

< | >ens= ———
f e Ntrials

An ingenious algorithm for sampling a multidimensional space according to a nonuniform probability distribu-
tion, and for calculating averages with respect to that distribution, was introduced by Metropolis and co—vorkers.
To understand the method, we must digress and talk about Markov chains.

9.3.1 Markov Chains

A Markov chain is a sequence of trials (stochastic processes) that satisfies two conditions:

1. The outcome of each trial belongs to a finite set of outcomes, callestateespace We describe the state
space by{T';, Ty, ---,I',,,, Ty, - -+ }.

2Metropolis, N; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; and TellerJEChem. Phys21, 1087-1092, (1953)
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2. The outcome of each trial depends only on the outcome ofntimeediately preceding trial That is, the
memory of the system only goes one step back.

A central concept is th#ansition probabilitywhich links two state¥",,, andT’,,. We defin€ll,,,,, as theprobability
that a trial produces state, given that the previous trial resulted in state II,,,,, depends on the values of and
n, but is independent affherewithin the sequence the considered trial lies. Thallig,, is independent of “time”
or the number of trials.

By collecting values ofI,,,, for all possiblem andn, we can form dransition probability matrix This matrix
contains all information on the “dynamics” governing the evolution of the Markov chain. The concepts are best
illustrated by an example (after Allen and Tildesley).

Let us assume that the reliability of your computer follows a certain pattern.

e Ifitis up and running one day, there is a 60% chance that it will be up the next day.
¢ Ifitis down one day, there is a 70% chance it will be down the next day.

In this example, our state space has only two components, “up” (U) and “down” (D). The transition probability

matrix is
0.6 0.4
= ( 0.3 0.7 )

The individual elements of the above matrix are
I, =0.6; II,4 =0.4

gy = 0.3; [gg = 0.7

Note thaty",, IL,,,,, = 1; the rows of the transition probability matrix sum to 1; the system must be in some state at
the end of a trial. This property mak&E a stochastic matrix
Now let’'s assume that on day 1, the computer is equally likely to be up and down. That is

P = (pv pp) = (0.5 0.5) (9.6)
What are the probabilities the computer will be up/down the next day? Applying our probability matrix, we see that
p?) = pMII = (0.45, 0.55) (9.7)

Thus, there is a 45% chance your computer will be up on day 2, but a 55% chance it will be down.
Repeating the process, we can compute the probabilities for day 3:

p®) = p@1I = p(VIIIT = (0.435, 0.565) (9.8)

We now only have a 43.5% chance of getting any work done. We can carry this out for many more days to get our
chances in the long run. We find that:
p®) = (0.4287, 0.5713)

p® = (0.4286, 0.5714)
pt?0) = (0.4286, 0.5714)

Clearly, there is a limiting distribution which we reached, given by the formula

p= lim p(V1II" (9.9)

T—00
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We see from eqgn 9.9 that the limiting distributigm, must satisfy the eigenvalue equation
pIL = p
Z pmHmn = Pn
m

Thus, p is an eigenvector of the stochastic maffIxcorresponding to an eigenvalue of 1.

Notice thatp is completely determinebly IT, and is not at all influenced by the initial conditiop(0). (Try
this: start out with a different initial condition and see what you converge to). All memory of the initial state has
been lost. Markov chains in which one can ultimately go from any state to any other state aresrgoidid or
irreducible Such chainglwayshave a limiting probability distribution.

If the transition probability matrix is full, the chain is ergodic, while if the transition probability matrix is
block diagonal, the chain is non—ergodic. In the case of statistical mechanical systems, we will have a much larger
transition matrix. It must be stochastic and ergodic. In this case, wetmow the elements of the matrix. We do
know, however, the limiting distribution...(what is it?)

9.3.2 The Metropolis Monte Carlo Algorithm

The problem facing us is that we know the probability distribution in our multi-dimensional space, but we don't
know what the elements of the transition matrix are. For example in the NVT ensemble, the limiting distribution of
our Markov chain is the vector with elements = pyvr(T'as) for each point',, in phase space. Note: the multi—
dimensional space may be discretg, (is a probability in this case) or it may be continuous,, (= p(T',)dT,
wherep(T',,) is a probability density andI" is an elementary volume in the multi-dimensional space centered at
| R

Our goal is to develop an efficient numerical procedure for sampling the multidimensional space, according to
the probability distribution{p,, }. What do we mean by “sampling”? This just means that we wish to pick a finite
set of points (states)

M1, Mg, My TN, .

such that the probability of finding each statg in the sequence is practically equaldg,. Note that a given state
may appear more than once in our sequence. If we can sample states in this fashion, we can calculate the average c
any functionf defined on the state space as

Niriats

f(mi)

1

< f>~

trials

The solution to the problem of how to do this is known as Metropolisi{d®27?) Monte Carlo® The idea goes
as follows. Generate the representative set of points as a sequence, each from the previous one, according to certai
stochastic rules. We will create a Markov chain of states,

mi _>m2_>"'_>mt_>"'_>mNtrials

We select the transition matrix of the Markov chain (for moving fronto ») as:

Cmn, if pp, > pm,n #m,
Hmn - {Cmn%, if Prn < Pm,"N ;é m (910)
It is also possible to stay in the same state
My = 1= > Ilnp (9.11)

m#n
3Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller, EChem. Phys21, 1087-1092, (1953)
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c is a symmetric (i.ecp,, = cpm) and a stochastic (.6, ¢,y = 1) matrix. ¢, is the probability ofattempting
a movefrom statemn to staten.
Usually, moves are attempted only between close-lying states in the multi-dimensional space. That is, most of
the elements of are zero; only a few which correspond to pairs of closely lying states are non-zero. Tygigally,
is uniform in a small region of the space around state- meaning that an attempted move to any ofkarby
statesn is done with equal probability.
The probability ofacceptinga move fromm to n, the so—called “Metropolis selection criterion” is

min(1, 2%) (9.12)
Pm
where “min” refers to the Fortran function which selects the minimum of the two values and we have implicitly let
¢ be symmetri¢. In words, the selection criterion states that

¢ If new staten is more probable that the statefrom which we started, then accept the new stass the next
state in the Markov chain.

¢ If the new stater is less probable than the old state accept the new statewith probability % <1

¢ If the new staten is not accepted, state: is retained as the next state in the chain and its characteristics are
entered again in the averaging procedure.

Here are the properties of the transition matfik,
e ITis stochasticy ", II,,, =1

¢ IT satisfies the condition of microscopic reversibility.

Pm My = annm

That is, the probability of occurrence of the mowe— n is equal to the probability of the occurrence of the
moven — m

e pis the limiting distribution corresponding to the transition malix This can easily be proved by showing
that, as asserted earligr,s an eigenvector of the stochastic maffixwith corresponding eigenvalue of 1.
That is,

IMp=9p (9.13)

The Metropolis algorithm ensures that all of the above criteria are satisfied. Eqn 9.13 guarantees that, regardless
of the starting point of the Markov chain, a chain long enough will asymptotically sample the probability distribution
of interest, defined by.

As the transition matriXI is defined in egn 9.10, we see that we only need to kpawp to a multiplicative
constant; only probabilityatios appear in the Metropolis scheme. This makes the method very useful in statistical
mechanical applications.

We should mention that there are other algorithms that satisfy the transition matrix criteria listed above. So—
called Barker sampling yields

Wmn = cmnpn/(Pn + pm), m #n (9.14)
O = 1= Y g (9.15)
n#m

4If ¢ is not symmetric, we must include it in the acceptance rules. There are times when we may prefer to have an asymmetric attempt
matrix. Such methods are referred todased Monte CarloWe won't discuss this, but note that the formulas given here are a special case
of a more general set of acceptance rules.



142 CHAPTER 9. MONTE CARLO METHODS

Egns 9.14 - 9.15 also satisfy microscopic reversibility, but in general are not as efficient as the Metropolis algorithm.

We should re—emphasize that the Metropolis technique depends on the ergodicity of the Markov chain. That is,
there must be a non—zero multi—step transition probability of moving between any two allowed states of the system.
If allowed states are not connected, a MC simulation will converge to a result that may be a poor estimate of a
canonical average.

When the path between two allowed regions of phase space is difficult to find, we say that there is a bottleneck
in the system. We always worry about bottlenecks when performing MC simulations. Bottlenecks are particularly
troublesome when simulating two—phase coexistence, phase transitions, and dense systems. They are also a proble
when simulating systems like polymers that have many degrees of freedom. For example, Figure 9.8 shows a
schematic of the degrees of freedom of a glassy polymer. Note that in a polymeric system, the state space is really

minima

< _global
minimum

Degrees of freedom, arbitrarily projected

Figure 9.8: Schematic of the energy of various conformations of a polymer. The very many degrees of freedom
of the system are shown “projected” onto the x—axis. In reality, the potential energy hypersurface would have very
many dimensions. We see that a system with high barriers between states may not be ergodic, or may be difficult to
sample.

multi-dimensional, but it is shown here projected onto the x-axis for clarity.

If the thermal energy is much lower thap T and a move consists of small local perturbations such that a
Markov chain connecting local minima must pass over high energy states, a configuration will only explore the
local region of the state space near its initial configuration. The average obtained from such a simulation would
be dependent on the starting configuration, and would clearly not be an ensemble average. Special techniques fol
attacking these problems must be developed. We won't go into these methods in great detail.

Next, let's consider the basic procedure one follows in conducting Metropolis Monte Carlo. The steps are
outlined in Figure 9.9 and are described in the next section.

9.3.3 Flow of Calculations in Metropolis Monte Carlo

Figure 9.9 shows the general calculation scheme used in a Metropolis Monte Carlo simulation. An algorithm would
go as follows.

1. Starting from an initial state:, an elementary move is attempted.
2. A move is attempted to neighboring state

3. The probabilities of states andn are compared.

4. Using the Metropolis selection criterion:

¢ If staten is more probable, the move is immediately accepted.
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Metropolis Monte Carlo

Initial state m

Attempt elementary move:
move to neighboring state n with probability
cmn. nis typically selected randomly from
states near m.

|

Compare a priori probabilities,
Pn Pm

/\

pn<P

m: generate
random number, compare
with ratio  p

Pn _> P m:statenls

taken as the next state
in the Markov chain. n
becomes the current state

n/Pm

— ™~

state m retained
as next state in

state n taken
as the next state

in chain with chain with
probability probability
Ph/Pm 1-Pn/Pm

/!

move accepted \l/ move rejected \L

|

[current state used in computing averages]

l

[Has desired number of states been sampleda

\L yes

finished!

no

Figure 9.9: Basic flowsheet for the Metropolis method

e If staten is less probable, a random numligesn (0, 1) is generated. Ip,,/p,,, > ¢ accept the move and
the new state ia. If p,/pm < ¢, reject the move.

e The “new” state { for accepted movesn for rejected moves) is taken as the current state, and used in
computing averages.

5. We iterate many times (ca0%) and compute averages. Stop when convergence is reached.

9.3.4 Example: Canonical Ensemble MC of a Simple Liquid

Let's give an example of a simple application of the Metropolis method. Assume we have a system comprised of a
simple liquid (i.e. Ar). We assume we have pairwise LJ interactions. Our objective is to generate a sequénce of
molecules in volumé’ that asymptotically samples the probability density of the canoiiig§d’T") ensemble.

Our multi-dimensional configuration space is given(by,---,r;/). Individual “states” are simply different
configurations or atomic arrangements. The probability distribution is the canonical ensemble, namely

o = oMV T (™, e dr (9.16)

wheredr? is an elementary volume element in configuration space. The ratio of two probabilities is

NVT(r(m) . r(m)) pNVT
Pl P = N (9.17)
e pNVT(rgn)a ) rS\TfL)) 'OTJXVT
where we note that
pNVT(rgm)a T 7r§\77n)) = IOTJXVT =
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exp[—BV(r1,---,rn)] _ exp[—BVn]
Z(NVT) Z

Thus,
pn T exp[—pVy]
ppV T exp[—fVn]

Given this, we write the Metropolis acceptance probability as

NVT , _
m (1,00 ) =1 it Vi < Vin;
min (1, p%VT> - {exp[—ﬁAVm_m], if V, >V, (9.19)

= eXp[_ﬁ(Vn - Vm)] = eXp[_ﬁAvm—m] (9.18)

Notice that the Metropolis selection criteri@mly involves potential energywe do not need to know the configu-
rational integral. Using eqn 9.19, we could carry out a Metropolis Monte Carlo simulation of our atomic liquid. To
see exactly how, we need to go into a few more details.

9.3.5 Metropolis Method: Implementation Specifics

Figure 9.10: An example of a move in Metropolis Monte Carlo. The underlying stochastic matiixvs particles
to move to neighboring positions, defined here as residing inside the shaded box.

The first detail to decide upon is the forma@fthe underlying stochastic matrix. In the typical implementation,
we attempt to take the system from stateto neighboring state: with equal probability, so that,,, = cum.
Figure 9.10 shows a system with six atoms arranged inside a box. Such a configuration representJetateve
to another state;, we perform the following steps:

1. Choose an atom at random. Here, we pick aqtcahpositionrl(m)

2. Define a “local” or “neighboring” environment by a square (cube or sphere in three dimensions) centered on
1. The edge length (or radius) of the local regions,,,.. We give the local cube the symbRl. Note that if
we use a cube (as done below), the sideérg,,, long.

3. Onthe computer, there is a large but finite set of new configurati@nsyithin the cubeR. If each one is of
equal probability, we have

M e R

)

¢mn = 1/Ng; r

Cmn = 0; rgn) ¢R
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Such a scheme is easily implemented. An atom is chosen at random and given a uniform, random displacement along
each of the Cartesian axes. An adjustable param@tg,,., controls the “boldness” of the attempted move: small
displacements result in high acceptance rates but slow evolution; large displacements yield large configurational
changes, but get rejected more oftefr,,., is typically adjusted so that about 50% of the attempted moves are
successful.

A piece of FORTRAN code to implement the displacements might look like:

rxnew
rynew
rznew

rx(i) + (2.0 * rranf(iseed) - 1.0) * drmax
ry(i) + (2.0 * rranf(iseed) - 1.0) * drmax
rz(i) + (2.0 * rranf(iseed) - 1.0) * drmax

After a displacement is made, the energy of the new state is compared to the energy of the old state. The
Metropolis selection rule is used to decide whether or not this new state is accepted. To see that the Metropolis
method does indeed work, we refer to Figure 9.11. If a move froto » is downhill, §V,,,,, < 0 and the move is

exp(- Bav)

¢1

0 3Vpm 3V

Figure 9.11: The Metropolis selection criterion does indeed sample from the proper distribution, shown here as a
curve. See text for an explanation

always accepted. (That is, the transition probability for this move is
Ly = cmn

For “uphill” moves, a random numbeéris generated uniformly on (0,1). {f < exp[—BVnm], (¢1 in the figure),
the move is accepted. Otherwisg;)( the move is rejected. Over the course of the simulation, the net result is that
energy changes such &g,,,, are accepted with probabilisgp[— 50V, ]-

9.3.6 Other Technical Considerations

For molecular systems, the elementary moves must change all the configurational degrees of freedom. That is, it
isn't enough to simply translate molecules. Instead, we must perform rigid translasomsll asrigid rotations,

and conformational moves (i.e. rotations about bonds). One way is to randomly change one particular generalized
coordinate and accept or reject this “move” with the standard Metropolis weighting. This is formally correct, but
can you see any potential problems with this? How might you do this in a more efficient way?

The development of new and more efficient Monte Carlo moves is the subject of active research. Recent ad-
vances utilize “configurational bias” methods and various other tricks to efficiently sample these internal degrees of
freedom.

Another question we have to ask is: what is the starting configuration? We know that the final result should be
independent of the starting configuration, but from a practical standpoint, we have to start someplace. How do you
do this? There are a few guidelines you can use. First, it is desirable to start in a high probability (low energy) state.
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This will minimize the amount of time it takes for your system to “equilibrate”. Since you are generally interested
in equilibrium properties, you should not take any averages while the system approaches equilibrium. Thus, all
the time it takes to go from the initial configuration to the “equilibrated” configuration is wasted. Starting close to
equilibrium minimizes this wasted time. A traditional approach is to start all the molecules from an fcc lattice. As
moves progress, the lattice “melts” and a liquid is obtained. This method ensures none of the molecules are initially
overlapping, but it can often take a long time for the crystalline order to be lost. An alternative is to randomly shoot
molecules into a box and then perform energy minimization to relax overlaps. This helps speed equilibration, but
getting all the molecules into the box initially can be difficult at higher densities. Once a configuration has been
generated and a simulation run, you can always use a “snapshot” from this simulation as a starting point for a new
configuration, as long as the conditions are similar.

The next question is: once an initial configuration is generated, how do you equilibrate the system? Initially, we
are in a particular state. The Markov chain will asymptotically sample the ensemble of interest. The initial period
of the simulation is an equilibration period, and must be discarded when calculating ensemble averages. At the end
of the equilibration periodall memory of the starting configuration should be lost

To check whether the system has in fact reached equilibrium, we do the following. We monitor the potential
energy and pressure. Run the equilibration until there is no systematic drift in either quantity, only fluctuations about
a mean. If you started from a lattice, make sure all indications of initial order have vanished. (Translational and
orientational order parameters show no order in fluid). Finally, for fluid simulations, the mean-square displacement
should grow linearly with time, indicating diffusive behavior. The rule of thumb is: low—molecular weight systems
require 500N — 1000N steps to equilibrate, whétas the number of molecules. (1N steps is frequently called a
“cycle” in the Monte Carlo community).

9.4 Application of Metropolis Monte Carlo: Ising Lattice

It is common to study phase transformations with a simplified lattice model.Isig lattice is such a model.
Consider a system oV spins on a lattice. In the presence of an external magnetic fl€)dthe energy of a
particular state is

N
E,=— ZH,usi — JZsisj (9.20)
i=1 ij

The first term is the energy due to the individual spins coupling with the external field, and the second term is the
energy due to interactiorisetweerspins. We assume that only nearest neighbors interact, so the sum is over nearest
neighbor pairs. A spin system with this interaction energy is called an Ising médelcalled a coupling constant,

and describes the interaction energy between pairs. When), it is energetically favorable for neighboring pairs

to be aligned. (Recall that we already examined a system with non—interacting spins in the presence of an external
field when we discussed polymeric systems).

If J is large enough (or temperature low enough), the tendency for neighboring spins to align will cause a
cooperative phenomena callsgontaneous magnetizatioRhysically, this is caused by interactions among nearest
neighbors propagating throughout the system; a given magnetic moment can influence the alignment of spins that
are separated from one another by a large distance. Such long range correlations between spins are associated wif
a long range order in which the lattice can have a net magnetizatien in the absence of an external magnetic
field. The magnetization is defined as

N
<M >= Z,usi
i=1
A non-zero< M > whenH = 0 is calledspontaneous magnetization
The temperature at which a system exhibits spontaneous magnetization is caledrignéemperaturgor
critical temperature)T.. T, is therefore the highest temperature for which there can be a non-zero magnetization
in the absence of an external magnetic field.



9.5. GRAND CANONICAL MONTE CARLO SIMULATIONS 147

ForT,. > 0, an Ising model will undergo aorder—disorder transition This phenomenon is similar to a phase
transition in a fluid system. Since lattice order—disorder transitions are simpler than fluid phase transitions, we study
these and try to understand the basic physical processes involved in fluid phase transitions.

Ising lattices do not show an order—disorder transition in one dimension, but they do in two and higher dimen-
sions. (To understand why, think about the energetics involved in creating an “interface” separating two regions
with different spin states).

The partition function for a one—dimensional lattice can easily be solved for. In two—dimensions, the problem is
more difficult; Lars Onsager showed in the 1940s thatfor 0, the partition function for a two—dimensional Ising
Lattice iS

Q(N,3,0) = [2cosh(B])e! |V (9.21)

where i )
I=2m)" / dpln(S[1+ (1 - K2 sin? ¢)1/?])
0

with
K = 2sinh(23.J) /cosh?(26.J)

This result was one of the major achievements of modern statistical mechanics.
It can be shown théf, = 2.269.J/kp. Furthermore, fofl" < T, the magnetization scales as

M
~ ~ T - T)*

The three—dimensional Ising model has yet to be solved analytically; numerical simulations have shown that the
critical temperature in three dimensions is roughly twice the value for two dimensions.
Physically, the Ising lattice shows many of the same characteristics as a fluid phase. In particular, the magnetic
susceptibility, defined as
x = (< M*>— < M >%)/kgT

should diverge at the critical point. That is, local magnetization fluctuations become very large near the critical
point, just as density fluctuations become large near the critical point of a fluid. Small variation® /iy can lead
to spontaneous phase changes.

We also see in Ising lattices that tberrelation length the distance over which local fluctuations are correlated,
must become unbounded at the transition. Physically, such a transition can be shown schematically as in Figure 9.12
The correlation length can be thought of as the “size” of the liquid droplets that form as a gas condenses; when the
droplets get large enough, gravitational forces cause them to separate from the vapor, and a liquid forms.

9.5 Grand Canonical Monte Carlo Simulations

It is often convenient to conduct Monte Carlo simulations in ensembles other than the canonical ensemble. To do
this, one must construct a Markov chain with a limiting distribution equal to that of the probability distribution of
the chosen ensemble. We describe here two such simulation techniques: grand canonical ensemble Monte Carlc
(GCMC) is described in this section, and a relatively new technique, Gibbs—ensemble Monte Carlo, will be described
in the next section.

Recall that in the grand canonical ensemble, the chemical potentiaume,V, and temperaturd are held
constant. The probability density corresponding to the grand canonical ensemble is

N 1 exp(Npu)

p(r™;N) = NI AN exp[—0BV(r1,---,r1)] (9.22)

(1| —

51 will provide you with a Metropolis code which will allow you to further investigate the properties of the 2-D Ising lattice.
50nsager was trained as a chemical engineer, and goes down as one of the greatest statistical mechanicians of all time.
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mpF

As T approaches T , correlation length increases

Figure 9.12: Representation of a 2-D Ising lattice. The critical temperature is being approached as we move from
left to right. As this occurs, the correlation length of like regions (i.e. black and white squares) increasgsvét
get an order—disorder transition, analogous to condensation

For convenience, we usually work wititaledcoordinates:

(Sla"'asN)

where
Sa,i = Vﬁl/?)roz,’ia 0< Sa,i < 1

Thus we write

where
p(s™; N) = VNp(r"; N)
Now we can write

o(s™; N) = exp[—B(V(s) — Nu) —InN! — 3N InA + N In]

—
=
—

We see the advantage of this; the dimensions(ef'; N) depend onV, whereas(s"; V) is dimensionless.
Now, let’s consider two states andn. If we take the ratio of the twp(sN ; N') associated with each state, we
get
Pn exp[—fB(V, — Npp) —InN,! —3N, InA + N, In V]
pm  exp|—B(Vm — Npp) — InNp! — 3N, InA + N, In V]
N,!
N,

= exp[—f(Vn — Vm) + Bu(Np, — Np,) — In

3(N, — Np)InA + (N, — Npy) In V]

Now, let’s imagine we create a particle in our system; this corresponds to moving frormstatie NV,,, particles
to staten with N,, particles, whereV,, — N,,, = 1. In this case,
Pn

o =exp[—f(Vn — Vm) + B —In(Np, +1) —3In A +InV]

= exp |—B(Vy — V) + In (N:fjr 1)] (9.23)
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wherez = exp[Bu]/A? is a constant of the simulation.
For the destruction of a molecule, we havg — N,,, = —1

Pn _ exp[—B(Vnp — Vi) —Bu+InN, +3InA —1InV] =

Pm

exp | —B(Va — Vi) + In (N—"/”ﬂ (9.24)

z

We can sample from the proper distribution by conducting three elementary rhoves.

1. A molecule is displaced

2. A molecule is destroyed, and no record of its position is kept

3. A molecule is created at a random position in the system

Pictorially, we can think of this process as is depicted in Figure 9.13 The acceptance probabilities for the three

7'
. translation

i1 e
LI TM..Q

N molecules

creation

probability

. . destruction
®

Figure 9.13: Schematic of the types of moves in GCMC: displacement, creation, and destruction

moves, given a symmetric attempt matrix, are

1. Translationimin(1,exp(—BAYV))

2. Creationmin (1, exp (—ﬁAV +In (153:1)))

3. Destructionmin (1,exp (~BAV +1n (X))

The idea then is to pick a chemical potential, temperature, and volume and conduct a simulation following the
above acceptance rules. The system will naturally evolve to the proper density consistent with those thermodynamic
constraints.

The major advantage of GCMC simulations is that the free energy can be calculated directly once the average
pressure and number of particles are collected. That is,

<P>#VTV

A/N = p—
/ . <N>,uVT

(9.25)

From eqgn 9.25, all the thermodynamic properties may be computed. The drawback of this approach is that random
insertions and conformational changes are often accepted with very low probabilities in high density systems. This

"Such an algorithm was originally proposed by Norman, G. E. and Filinov, Migh Temp.(USSR), 7, 216-222, (1969)
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can cause difficulties in convergence for standard GCMC methods. Generally speaking, the various moves must be
accepted with at least 0.5% for convergence to be confidently determined. There are a number of variations on the
basic scheme. In particular, we just mention Adams’ méthduich is very useful for computing sorption equilibria

for surfaces and pores.

9.6 Gibbs Ensemble Monte Carlo

A particularly powerful technique for studying phase equilibria was developed by Panagiotopoulos th T687.
demonstrate how it works, we will follow a slightly different derivation than the one used in the original paper.

Consider a large region, represented by the box in Figure 9.14. The box is at cavistanf’. There are two
“sub-regions” labeled andII that have volume¥ ! andV !/, particle number&v! and N/, and energie®’ and
E'' Thetotal volume isV = V! + V!! total number of particles & = N + N/,

@
o® o O
@
0® o
0 O ®
EI EII
NI NII
VI VII
Total system:
V=Vi+Vv"
N=N+N"
T = constant

Figure 9.14: Schematic showing the system considered in the Gibbs ensemble.

We think of the individual regions as large macroscopic volumes of coexisting phases; the “surface” separating
the two regions is devoid of any physical significance and do¢sepresent an actual interface. We want to avoid
interfaces in this method. Thus, the particles located inside the sub-regions are considered to be located deep inside
the phases represented by the conditions of sub—sydtamd/ . The two sub—system boxes taken together form a
system which is representative of the canonical ensemble at coRstéfit We now describe the three moves used
in the technique.

1. Particle Displacements:
Each sub—system box is independent in this step. Since the arguments for particle movement apply to both
sub—systems, we will only consider the movement of particles inlbox
The box is represented by the canonip&lV /T ensemble. States in this ensemble occur with a probability
proportional teexp[—BV!], whereV! is the configurational energy of the system in phas€hese states are
generated using a normal Metropolis algorithm:

8Aadams, D. JMol. Phys, 29, 307-311, (1975)
%A. Z. Panagiotopoulosylol. Phys, 61, 813-826, (1987)
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(a) A particle in boxI is chosen at random.
(b) The particle is given a random displacement to a new trial position infbox

(c) The trial move is accepted with probability niinP.,,.), whereP., s the ratio of the probabilities
of the new and old state. That is
exp(_ﬁvéew)

I _
Pmove - exp(_lgvgld)

or
Plove = exp(—BAVT) (9.26)

whereAV! is the energy change for the trial move. If a move is rejected, the old state is recounted in
the Markov chain of states. As mentioned, an identical procedure is applied tb/bokese moves
thermally equilibrate the particles in the two boxes.

2. Volume Changes:

We begin this step by considering béas part of the isothermal—isobaric ensemble (cons¥dtT). Since
we will see that the move for bokis perfectly correlated with the move for bdX, we also note that bok/
is considered part of the constd¥’/ PT) ensemble.

A trial move consists of

(a) Choosing a random volume chanfy&” for box 1.
(b) For boxlI, the ratio of the probabilities of the new and old states is

Pz{ol =
exp[—BP(VI + AV) — VI + N In(VI 4+ AV)]
exp[—BPVI — gVI  + NTIn(V7)]

PL, = exp[-BPAV — BAVI + N In(V! + AV) — Nl In(VT)] (9.27)

(c) Note that since the total volume of the two boxes is conserved, a volume change fbinbeans that
a simultaneous volume change-efAV must be performed for bok/. Such a move generates states
from the isothermal—isobarigV!! PT) ensemble.

(d) We assume that the pressutén phased andiI are equal; this is one of the criteria for coexistence of
the two phases.

(e) The probability of the volume change for bpkis, using similar arguments as above:
PIL = exp[BPAV — AV + N In(VIT — AV) — N In(V1T)] (9.28)

(f) Theoverallratio of the probabilities for the combined volume changes is

I II
Puol = onl X onl
onl =

I A II _ A
exp (—5 [Avf +AVT - N'kpTIn % — N"kpTIn %D (9.29)

(9) The volume change move is accepted with probability(hi®,;)
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(h) If the trial move is rejected, the old state is recounted in the Markov chain. By multiplying the prob-
abilities in eqn 9.29, we make the assumption that the Markov chains sampled by each region are not
affected by the fact that the two volume changes are perfectly correlated. It is thought that this is a good
approximation away from the critical point.

3. Patrticle Interchanges:

We again consider bok, which represents thg:V/T") ensemble. We attempt to create a particle in box

(a) A position in boxI is chosen at random.
(b) We attempt to place a patrticle in the randomly chosen spot.

(c) Such a move creates a “new” configuration for HoxThe ratio of the probabilities of the new and old
states is

Pl =
exp[—BVL., + BINT + D — In(NT 4+ 1)l = 3(NT + 1) In A + (NI 4 1) In V]
exp[—AVL, + BNy —In NIt —3NTInX + N/ In V1]

I AV 2V
P., = exp|—FAV" +In N1 ] (9.30)

where the activity coefficient; is defined as

2 = exp(Bu) /N’

A is the de Broglie wavelength of the particles anis the chemical potential.

(d) Because the total number of particles must be conserved, creation of a particleliminsk be accom-
panied by the simultaneous destruction of a particle inbloxBox I1 is a representative sample of the
grand canonical ensemble at constait /T'. 1 must be the same in each box, since the two systems are
in coexistence. To complete the exchange move, an atom id bisxchosen at random and destroyed.

(e) The ratio of the probabilities of the new and old states for hbis
Pl =

exp[—pV}L, + BN = Dp —In(N'T —1)! =3(N"' = 1)In A+ (N'' = 1) In V']
exp[—BVLL + BNy — In(NT)! — 3N In A + N/ In V1]

= exp[—BAVIT — B4+ In N £ 3In X — In V]

or
PLI = exp[-BAV!T +In(N!/2V1T)] (9.31)

(f) The probability of the overall step is thus
Pea = Py X Pey

V(N +1)

Pew = €xp (—5 lmﬂ + AV 4 T —

> (9.32)

(9) A trial exchange is then accepted with a probabilityrafn (1, P, ). Rejected moves are recounted in
the Markov chain.
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(h) To satisfy microscopic reversibility, creations and destructions in the two boxes must be attempted with
equal probability. This is easily achieved by choosing Booxr 77T for the creation attempt with equal
probability during a simulation.

(i) If box IT is chosen for the creation, superscriptand/I are exchanged in egn 9.32.

Nothing in the theoretical development dictates the relative number of the three moves; one chooses the ratio of
moves to most rapidly equilibrate the system. Typically, one performs sedaral'—moves, a single attempted
volume change, and several exchange moves per cycle. One must include long—range corrections in the evaluatior
of the energies in the volume change and exchange steps, since both moves involve a change in density of the syster
10

Since neither the pressure or chemical potential are specified before the start of the simulation, these must be
calculated using the virial theorem and Widom insertions. Since both boxes should have the same pressure and
chemical potential, this is a useful check of the simulation.

9.6.1 Generalization of the Gibbs Technique

The Gibbs method can be used for atomic or molecular systems. The above derivation has focused on atomic
systems. For molecular system$V T-type moves will also include orientational and conformational changes.
uVT—-type moves will also involve giving the inserted molecules random orientations. If the molecules are large
compared to the void spaces, special biasing techniques will have to be used to efficiently insert the molecules (as
are required in GCMC simulations). Likewise, in a dense medium, simple displacement/reptation moves may not be
adequate to properly thermally equilibrate the systems. Special techniques like configurational bias and concerted
rotation moves may be required.

We can also easily extend the Gibbs method to mixtures. All the moves are the same as in the single—component
case, except the particle interchange. In eqn 982and N!! are now the number of molecules the species
being exchangedFor example, with a mixture ot and B we would haveN}, NI, NL, NI with N = N} +
NI+ NL + NE. To ensure microscopic reversibility, the following steps must be taken in the exchange moves

1. Choose either bokor 11 for the trial creation with equal probability.

2. Select with a fixed but otherwise arbitrary probability which species is to be exchanged. That is, we could
selectA 20% of the time and 80% of the time. Alternatively, we could select each half the time cdvenot
simply choose a patrticle at random from one of the boxes for interchange, since microscopic reversibility
must apply to the creation and destruction of egipbcieseparately.

3. Once a species is chosen, we randomly pick a location for creation and randomly pick one of those species
for destruction.

Note that it is possible to “empty” one box of a species completely. This would happen frequently in a multi—
component simulation in which one of the species was present in small amounts (low concentrations). Itis stated that
when a box is emptied, “the calculation should continue in the normal fashion”. This can be justified by considering
the limiting case of an infinite dilution distribution coefficient calculation. In this limit, a single particle could be
used for that species in the total system.

The method can be generalized to include a constant pressure ensemble for mixtures. This would be useful for
specifying the coexistence pressure in advance of the simulation. In such a simulation, the total system volume
would no longer be constant, and volume changes of the two boxes would occur independently of one another. The
acceptance rules are the same as foNdmnI’ simulation of two independent regions. Note that a constant pressure
Gibbs ensemble only has meaning in the case of mixtures, since for pure components the numibiesigé
variables that can be independently specified, in addition to the condition of two—phase equilibrium, is one — the

105ee Allen and Tildesley, pp 64-65
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temperature. (Recall that the Gibbs phase rulé is C' — P + 2. Thus, for a pure systenf; =1 —-2+2=1. A
two—component, two—phase mixture, however, would allband P to be specified).

A membrane system could also be simulated using an extension of the Gibbs technique. For a semi—permeable
membrane, only the chemical potentials of the membrane—permeable species would be equal in the two coexisting
phases. The other species would have no constraint on chemical potentials. Both regions can be maintained at
constant volume. Particle exchanges would take place for the membrane—permeating species only. The pressure
of the two phases is therefore not constrained, and a pressure difference consistent with the equality of chemical
potentials of the permeating components exists. The osmotic pressure could therefore be computed.

One could alsomposea pressure difference across the membrane (i.e. set the osmotic pressure). In this case,
only the permeable species gets exchanged. In addition, the volume rearrangement step should take into account th
osmotic pressurél = P/ — P!, Volume rearrangements are accepted with a probability givemd(1, P,,;),
where

onl -
s " s VI AV " VI _ AV
exp | —p |AE' + AETT — N kBTlnT—N k:BTlnT—i—HAV (9.33)

9.6.2 Additional Computational Details for Monte Carlo Simulations

As mentioned before, a simple way of starting the simulation is to start with a face—centered lattice configuration,
with the desired number of particles for each region placed randomly on the lattice.

Simulation cycles consist of sequential displacements {1 moves) of all particles, a single volume fluctu-
ation, and a number of exchanges. Displacements are selected randomly from a uniform distribution. The maximum
displacement is adjusted in both regions to give an average acceptance ratio of 50%. After all the particles have had
displacements attempted, a single trial volume change is performed. The attempted volume change is again selecte
at random from a uniform distribution, and maximum displacements are adjusted to give a 50% acceptance ratio.
Note that energy and pressure calculations must be performed after a volume change. Long range corrections to the
potential need to be used. This is done by integrating the potential from one—half the box edge length (the potential
cutoff) to infinity and setting;(r) = 1.0. Finally, a number of exchange attempts are made. To do this, it is decided
at random and with equal probability which box will receive a particle (and consequently, which box will donate a
particle). A point is then chosen at random in the recipient box, and a particle is chosen for destruction at random
in the donor box. For multi-component exchanges, the donor/recipient boxes are again chosen at random and with
equal probability, then thilentity of the exchange patrticle is determined at random, using a fixed probability for
each species. The probability is best set so that approximately the same number of successful exchanges takes plac
for all species.

The chemical potential can be easily and efficiently computed during the course of the simulation and used to
provide internal consistency checks on the simulation. To do this, the interaction energies calculated during the
particle exchange steps are equivalent to the “ghost” particle energy of the Widom insertion method. That is, the
potential energy of a potential exchange step of pariiclg ., can be used in the following formula

ﬁ/f'i,r = - ln<exp(_ﬁvi,ex)> (934)

wherey; . is the residual chemical potential of specie¥; ., is the interaction potential of speciésvith the rest

of the fluid in the recipient boxncluding long range correctionsThe chemical potential can therefore be evaluated

in both regions with no additional computational cost. This can serve as a check for equilibration. It should be
noted that eqn 9.34 is strictly only valid in tiéV T ensembile; it needs to be modified for application in AhBT
ensemble. However, since the volume fluctuations in the Gibbs method are small away from the critical point, eqn
9.34 gives essentially identical results to the other expressions. Thus, one can use egn 9.34 as an approximate mear
of checking for internal consistency.
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For mixtures, constant—pressure calculations appear to be the best suited over constant total volume. Constant
pressure simulations give lower uncertainties for the compositions of the coexisting phases, and no uncertainty for
the coexistence pressure. However, constant pressure simulations give somewhat higher uncertainties for densities
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Chapter 10

Molecular Dynamics Methods

10.1 Introduction

Up to this point, we have been interested in computing thermodynamic information for our model system. The
Monte Carlo methods mentioned in the last section are very powerful tools for addressing these issues. There is
another technigue that is commonly used to simulate both equilibriurmamequilibriumproperties of fluids and
materials; the technique is referred tonaslecular dynamics

The objective of molecular dynamics methods is to simulate the evolution of an atomistic model in time. To do
this, we “simply” solve the classical equations of motion for a given atomistic model. During such a simulation,
we wish to accumulate estimates of structural, thermodynamic, transport, and dynamic properties. We do this by
taking time averages Remember that one of our major assumptions wastimeg averagesvere equivalent to
ensemble average3hus we should obtain the same thermodynamic information from a molecular dynamics (MD)
simulation as we do from a Monte Carlo (MC) simulatiosing the same modeln addition, MD simulations can
give us dynamic information that MC simulations cannot. Of course, there are tradeoffs, which we will discuss in
detalil later. However, one of the biggest tradeoffs is that MD simulations tend to be more complex to program and
conduct, and efficient sampling can be more difficult.

10.2 Formulation of the Molecular Dynamics Method

We wish to solve the classical equations of motion for a systelv articles interacting via a potenti&l. The

most fundamental way of writing these equations is to use the Lagrangian form (see egn 3.26):
d (0L oL
— =) == 10.1
dt (3%) Oqr, (10.1)

where the Lagrangian functiofi(q, q, t) is defined in terms of the kinetic and potential energies as

‘C(qa qa t) = ’C(qaqat) - V((qa t)

In general L is a function of the generalized coordinatgstheir time derivativeg;, and timet.
Now consider a system of atoms described by Cartesian coordiratscall that for this case,

N p2
k=3 P
Z: 2m,
=1
N
V= Zvl(ri) + ng(ri,rj) + -
i=1 §>i

157
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Egn 10.1 can therefore be written as

m; IS the mass of atorhand the force on atoris
f; =V, L=-V.V

This set of equations are often called Newton’s equations of motion.

These equations apply to the center of mass of the molefiukethe total force acting on the center of mass
of molecule: due to all the interactions in the system. (Note that similar equations for molecular systems that can
exhibit rotational motion, etc. can also be written using eqn 10.1; we will address this topic shortly).

Now, we can also write the equations in terms of the Hamiltonian. Recall that the definition of momentum
conjugate to the generalized coordinatevas:

0L(q,q,t)

Pk = -
G

Recall also that the Hamiltonian was defined in terms of the Lagrangian formulation as

k

We have already seen that if the generalized coordinate definitions do not depend explicitly on time and if the forces
are derivable from a conservative potenfiglq) then the Hamiltonian is constant of the motionIn such an
instance, the Hamiltonian is equal to the energy of the system:

H(q,q,t) = E = constant

and Hamilton’s equations are

. OH
Qk—a—pk
L
Pk——a—qk

If the Hamiltonian does not depend explicitly on time (depends on time only through the time dependpnce of
andq), then it is a constant of the motion and the systegoisservative Given a conservative system, we can write
the Cartesian equations of motion from Hamilton’s equations as

=2 (10.3)
m;
P =~V V=1 (10.4)

We can therefore compute center of mass trajectories by either solving a S€tsd@nd order differential equa-
tions (eqn 10.2) or & first order differential equations (eqns 10.3-10.4).
As we will see shortly, we often imposmnstraintson our system (for efficiency reasons). In this case, the
Newtonian equations of motion would still be
mzrl = fi

but

whereg; is a constraint force. Notice that with constraints, notatire independent.
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10.3 Some General Features of the Equations of Motion

In anisolated systenof interacting molecules, in the absence of any external fields, the following quantities are
conserved

e 7, the total energy
e P =3 p;, the total linear momentum
e L =3, r; x p;, the total angular momentum

Energy conservation applies whether or not we have an external field. The only requirement is that there be no time—
or velocity—dependent forces acting on the system. These last two conditions can be rationalized by the following
argument: For any set of particles, we can can always choose six generalized coordinates such that changes in thes
coordinates correspond to translations of the center of mass and rotations about the center of mass of the systen
as a whole. Changes in the othe¥ % coordinates would then only involve motion of the partigieglative to one

another. IfY only depends on the magnitude of separation of these particles, and again there is no external field,
thenV, L, and K must beindependent of these six generalized coordinatEwe then take the center of mass of

our system as the origin, we see that the total angular and linear momemistine conserved. Howevearely do

we encounter a completely isolated system with no external fields!

For a system of molecules confined to a box with periodic boundary conditions that evolves in time subject
only to interparticle interactions, you can show tiaandP are conservedyut total linear momentupd, is not
conserved This is because we do not have spherical symmetry in a periodic cube. (Can you imagine a way of
creating a spherically symmetric periodic system in Euclidean space?) In general, then, total angular momentum is
usuallynotconserved in MD simulations{ andP usually are conserved. Thus a typical MD simulation is carried
out under conditions of constaM, V', E, andP. It samples from the microcanonical ensemble, with the added
constraint of constant total momentum.

Another important fact is that, formally, the equations of motion are completely reversible in time. As we will
see in the next section, we must integrate the equations numerically, which introduces imprecision in our solution
so that our trajectories are only approximately reversible in time.

Another thing to be aware of before we proceed: we use spatial derivatives of the potential, so some care must
be used in handling non—continuous potential functions. As we will see shortly, use of a finite—time step algorithm
for numerically integrating the equations of motion can lead to problems with sharply varying potentials (such as
hard sphere potentials).

10.4 Difference Methods for the Integration of Dynamical Equations

MD can be thought of as a numerical solution to an initial value problem. For a molecular system with no constraints,
the initial value problem can be written as
fi(r: ---
rz — Z(r’L? 7rN) (105)
m;
with r;(0) andr; (0) specified. Exactly how these get specified will be discussed later...but let's assume for now we
can do this. A variety ofinite differencemethods can be used to solve such equatibasing the form

dy;i(x)
dt

The basic idea is that one steps along the independent variable (time) in small, finitétst€pis step size can be
either constant or changed adaptively during the simulation.

1SeeNumerical Recipedress et al.
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The most common method for solution of such problems is probably Runge—Kutta. R—K methods propagate a
solution over an interval by combining the information from several Euler—type steps

Ynt+l = Yn + 5tf,(tna yn)

This advances the solution froty to ¢,.1 = t, + dt. Each step involves one evaluation of tfis, and this
information is then used to obtain a match of a Taylor series up to some high order. The most common R—K method
(and practically useful) is probabfpurth—orderRunge—Kutta:
Yn+l = Yn T+ ky + ke + ks + ka + O(6t9) (20.7)
6 3 3 6
where eaclt involves a function evaluation. We see that this method then takes 4 function evaluations to move ahead
one time stept. This makes Runge—Kutta a particuladgd method for use in MD, since function evaluations (i.e.
force calculations) make up the bulk of the computational foad.
An alternative method that is better ipeedictor—correctortype algorithm. These methods minimize the num-
ber of function evaluations. We will describe these methods in a moment, but first we consider some general features
of MD simulations.

10.4.1 Algorithmic Considerations in MD

There are a number of practical issues that must be addressed when developing an MD algorithm. First and foremost,
one should reduce the total number of force evaluations in a simulation. The most time—consuming part of the
simulation is the evaluation of forces. Thike speed of the integration algorithm is immaterial compared to the
force calculations We seek to minimize the ratio of the number of force evaluations over the total simulation time.
This is why R—K techniques are not generally used. A second important factor is that the integration algorithm
should employ a long integration time stép This enables us to simulate a longer time for a given number of
integration time steps. Third, the algorithm must be accurate; a small error should result in the numerical evaluation
for a largedt. Fourth, the algorithm must Istable The error in the integration must not blow up with increasing

ODE'’s where stability is a problem are referred to as “stiff” equations. Generally speaking, this means the problem
has two or more widely disparate time scales. MD problems typically fit this classification. This can be solved
through the use amplicit algorithms

ot fnotn) + f(Ynt1stns)] (10.8)

rather than explicit algorithms
Yn+1 = Yn + 0tf (Yn, tn) (10.9)

Implicit algorithms are generally not used, however, because they involve more (costly) function evaluations than
explicit algorithms. Fifth, the algorithm should not require a lot of memory, if very large systems are to be simulated.
This is becoming less of a concern as computer memory becomes more readily available. Other important factors:
The conservation laws for energy and momentum, as well as time reversibility, should be satisfied; it would be nice
if the algorithm were simple and easy to program; and the algorithm should duplicate the “exact” trajectory as close
as possible.

It turns out that MD problems areighly nonlinear there is a tremendous sensitivity to the initial conditions.
That is, any two classical trajectories that are initially close will diverge exponentially with time. This means it is
practically impossible to trace out the “real” trajectory of the system. This is not a problem! As long as the trajectory
stays reasonably close to the “real” trajectory over the correlation times of interest and energy is conserved, then the
trajectory provides correct sampling of the NVE ensembile.

2Press at al. are even blunter: “Runge—Kutta is what you use when you don’t know any better, ... or you have a trivial problem where
computational efficiency is of no concern.”
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10.4.2 Gear Predictor—Corrector Methods

We wish to use a finite difference approach to solve the differential equations of MD. That is, given molecular
positions, velocities, (and other dynamic information) at tithneve seek a method for obtaining the positions,
velocities, etc. at some later timtet ¢ to a sufficient degree of accuracy. To do this, we solve the equations on
a step-by-step basis: will depend somewhat on the method we choose, but it will need to be smaller than the
fastest mode of motion.

One particularly good method isgedictor—correctoralgorithm, of which the form given by Geais most
commonly used. In the particular method we will discuss here (the so—called Nordsieck representation), molecular
positions and several time derivatives, all evaluated at the same time, are stored. Remember: we can only apply
such methods toontinuouspotentials. The method goes as follows:

1. Given the positions, velocities, etc. at timeestimate the new positions, velocities, etc. at tiraedt by a
Taylor expansion about time

P (t + 6t) = r(t) + dtv(t) + %&fza(t) + é&t?’b(t) + -

VP (t 4 6t) = v(t) + dta(t) + %&%(t) T
a”(t + ot) = a(t) + Otb(t) + -
bP(t 4 dt) =b(t) + -

Note that the superscripts denote “predicted” values. We will “correct” these in a minute. The vemhore

stand for the full position and velocity vectoesis the accelerations arslis the third time derivative. Since

we store four values, this is an example of a four—value predictor—corrector; in principle, we can go to higher
orders, although this doesn’t necessarily imply higher accuracy.

We have now advanced our positions and velocities to the next time step. However, repeated use of these equa-
tions will not generate the proper trajectories; we have not yet used the equations of motion! The equations
of motion enter through the corrector step.

2. Calculate, using the predicted position’, the forces at time + §¢. This will give the correct accelerations
at this time @°(¢ + dt) ).

3. Compare the corrected accelerations with the predicted accelerations

Aa(t + 5t) = a®(t + ot) — aP(t + ot)

4. This error, along with the predicted quantities, are fed into the corrector routine, which typically has the form

ré(t + ot) = P (t + ot) + coAa(t + dt)

ve(t+ 6t) = vP(t + 0t) + c1Aa(t + 6t)
a‘(t+ ot) = a’(t + 0t) + coAa(t + 0t)
be(t + 0t) = bP(t + 6t) + c3Aa(t + ot)

What are these coefficientsy, etc? The values depend upon the order of the equation being integrated.
Coefficients for first and second order equations are given in Allen and Tildesley.

3Gear, C. W.Numerical Initial Value Problems in Ordinary Differential Equatioi&rentice-Hall, 1971
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5. After the corrector step, the valuegt + 6t), etc. should now be closer to the “true” values. We may iterate
on the corrector step; “new” corrected accelerations can be computed using the corrected p6éitionhis),
and the process repeated to refine the quantities. Convergence should be quite quick. In principle, then, the
“predicted” positions don't have to be very good — convergence will be rapid even for a bad initial guess.
However, since force evaluations are the most expensive part of a MD simulation, we only want to “correct”
our values once (or at most, twice). Thus, an accurate predictor step (such as the Taylor series used here) is
important.

6. We thus have the guts of an MD simulation:

(a) Predict positions, velocities, etc. at time it
(b) evaluate forces (accelerations) from the new positions
(c) correct positions, velocities, etc. using the new accelerations
(d) Collect averages, if desired, then go back to the predictor step
The Gear predictor—corrector algorithm is not the only integration method, nor is it the most widely used. The

Verlet algorithm described next, holds this honor.

10.4.3 The Verlet Algorithm

The Verlet algorithrfy, of which there are many flavors, is the most commonly used integration scheme for MD. It
is a direct solution of the second order MD equations, egn 10.2. The basic equation for advancing the positions is

r(t + 6t) = 2r(t) — r(t — 0t) + dt*a(t) (10.10)

We see that the method requires positions from the previous step; dt), and the accelerations at the current
step. Interestingly, velocities do not appear explicitly in eqn 10.10. Where did they go? Eqn 10.10 is obtained by
performing Taylor expansions abat(t):

r(t 4 6t) = r(t) + dv(t) + (1/2)5t%a(t) + (1/6)5t>b(t) + - --

r(t — ot) = r(t) — ov(t) + (1/2)0t%a(t) — (1/6)0t3b(t) 4 - - -

Adding these two equations gives egn 10.10, which we see eliminates velocities.
We do not really need velocities unless we wish to compute the temperature or total energy of the system. For
these cases, we can estimate the velocities (and hence the kinetic energy) from

(t) = r(t+ 5t)2;tr(t — 6t)

The Verlet algorithm (egn 10.10) is accurate up to orderétbfis time—reversible, and has excellent energy
conservation properties. In addition, positions get advanced in one step, rather than two (as is the case in predictor-
corrector methods). It is also easy to code (an example FORTRAN program is given in Allen and Tildesley). One
problem is that a small value)§t?) term is added to the difference of two relatively larg2df) terms; this can
cause numerical imprecision.

To get around this last problem (and the awkward handling of velocities), Hockney introduced a modified form
called the “leap—frog” Verlet.

“Verlet, L. Phys. Rey.159, 98-103, (1967)
SHockney, R. WMethods Comput. Phy®, 136-211, (1970)
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10.4.4 The Leap—Frog Verlet Algorithm

The term “leap—frog” is evident from the form of the equations

r(t+ dt) =r(t) + otv(t + %(%) (10.11)

v(t + %&) =v(t— %&) + dta(t) (10.12)

To implement the method, we first advance velocities a half time step using eqn 10.11. The velocities 'leap over”
the positions to give mid—step values (see the accompanying figure and eqn 10.12). During this step, the current

velocities may be calculated from
1 1 1
v(t) = i(v(t + 557&) +v(t — 5575)) (10.13)
The half—step velocities are then used to propel the positions ahéad d6, using eqn 10.11. Accelerations at

this step are evaluated and used to get the next half—step velocities, and the process is repeated.

Verlet Algorithm

t-dit t t+dt t-dit t t+dt t-dit t t+dt

Leap - Frog Verlet

t-dt t t+dt t-dit t t+dt t-dt t t+dt t-dt t t+dt

Figure 10.1: Pictorial representation of the flow of calculations involved in advancing positions in the Verlet tech-
nique (top) and the leap—frog method (bottom)

The standard Verlet method and the leap—frog method are compared in Figure 10.1 The leap—frog algorithm is
algebraically equivalent to the Verlet algorithm. However, it does not involve taking the difference between large
numbers to estimate a small quantity. Again, however, velocities are handled rather clumsily with egn 10.13.

Perhaps the best Verlet algorithm proposed to date is the “velocity Verlet” algorithm of Swope, Andersen,
Berens, and Wilsof.This algorithm has the form

r(t + 6t) = r(t) + dtv(t) + %6t2a(t)v(t +0t) = v(t) + %&[a(t) + a(t + 0t)] (10.14)

To implement, the following steps are taken

Ssee J. Chem. Phys., 76, 637-649 (1982)
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1. Getthe new positions at tinte- §¢ using

r(t + 6t) = r(t) + dtv(t) + %5t2a(t)

N

. Compute the velocities at mid—step:

vit + %&) _ vt + %&a(t)

w

. Compute the forces and accelerations at timet

N

. Get the velocity at + 6t
v(t + 0t) = v(t + %5:&) + %&a(t + 6t)

5. Repeat the process...

The method is in some ways similar to predictor—corrector methods, since two steps are required to move the
positions ahead one time step.

10.5 Molecular Dynamics of Rigid Non-Linear Polyatomic Molecules

We have so far focused on MD of simple molecules that can be represented as spheres. How does one go abou
conducting MD with polyatomic molecules? If we have potential expressions for all bonded forces, then the system
can just be treated as a collection of atoms all interacting with each other. There are a number of problems with
this. First, an extremely small time step is needed to track the fast vibrational modes. Recall that we want to
use a large time step to enable us to simulate long time phenomena. If we have to simulate these fast modes, we
“waste” a lot of time watching relatively uninteresting vibrational modes (unless, of course, that is what we are most
interested in studying!). A second problem is that it is really somewhat questionable to allow such vibrations to
occur “classically” anyway.

One solution to this problem is to “fix” the hard degrees of freedom and only track the slower, soft degrees of
freedom. For things like bond lengths, this is a pretty reasonable thing to do. For bond angles, it is less reasonable
and for torsion angles, it is probably unacceptable. Another approach, which we will discuss in class if we have
time but which won’t be covered in these notes, is to nsdtiple time steplgorithms to solve the equations of
motion. This method was proposed by Berne and co-wofkersd involves a “breaking up” of the Liouvillian
operator into hard and soft degrees of freedom. The hard degrees of freedom are integrated with a small time step
and the soft degrees of freedom are integrated with a long time step. Intermolecular force calculations, which take
the bulk of computational time, are integrated with the long time step, so the method enables long time trajectories
to be generated while still handling fluctuations in the hard degrees of freedom “exactly”. (Our group has found
that this method, called r-RESPA for reversible reference system propagator algorithm, can significantly speed up
MD calculations. It is about as fast as constraint methods, but easier to program and it does allow hard degrees
of freedom to fluctuate. From my standpoint, | can see no reason why constraint dynamics are used anymore.
Nevertheless, they are still used, so we will discuss them here).

Fixing bond lengths and/or angles amounts to introducing constraints among the Cartesian coordinates of atoms.
That is, all coordinates are no longer independent. (e.g. If the bond between atoms 1 and 2 is fixed, then there is a
constraint such that, — ry| = d) For now, let’s consider rigid, non-linear polyatomic molecules. The orientation of
a rigid body specifies the relation between an axis system fixed in space and one fixed with respect to the body. We
may specify any unit vector in terms of components in body—fixed or space—fixed frames. We will use the notation

7J. Chem. Phys94, 6811, (1991).
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v? andv* to refer to the body-fixed and space-fixed representations of this vector. The relationship between the two
frames of reference are given by a rotation matax,
vVi=A v*

There are nine components in the rotation matrix, which completely define the orientation of the molecule.
There are onlythree independerquantities (generalized coordinates) necessary to spAgifyowever. Following
Goldstein® we define the generalized coordinates as the Euler aggles) (see Figure 10.2). We see that the

Figure 10.2: Definitions of the Eulerian angles (after Goldstein)

primed coordinates in the figure represent the body-fixed frame, while the unprimed coordinates are the fixed-space

frame. The transformation matrix has the form
A =
cos ¢ cos 1 — sin ¢ cos @ sin 1) sin ¢ cos + cospcosfsinyy  sinfsiny
—cos¢siny —singcosfcosyy —singsiny + cos¢pcosfcosyp sinb cos P
sin ¢ sin 0 cos¢sinf cos 6

A is orthogonal:lA~! = AT
We can categorize motion as

1. Center-of-mass translation
Here we consider the total force acting on the center of nigss,he relevant equation is

mr; = F;
This gives us a linear velocity for the center of mass,
2. Rotational motion is governed by the torgyebout the center of mass. If the force acting on siter is F,
then the torque is simply
7i =Y (via —1i)) X Fig =) 1, x Fy
o

[0}

This gives us an angular velocity,

8Goldstein, HClassical Mechanics1980
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Before writing down the equations of motion, let us define some quantities

e Angular momentum
L= Z Marh, X T,
o

From this, one can show
L=1w

wherel is the moment of inertia tensor

I=> ma((ry)*1 —ror,)
«

One can finally write the full set of dynamical equations of rotational motion in the generalized coordinates

$,0,1 as

e Torque:
8= (r) —ri,) x Fq
o]

(Recall thatr® = A - 79)

¢ Rate of change of angular velocity (the so—called Euler equations)

T Iy I
b
b_ Ty Iy, — I:L‘:L‘) b b
w, = —— + w,w
Yooy ( Iy, o

wherel,;, I, I, are the three principle moments of inertia.

e Euler angles change with time as

ssin¢gcos @ scos¢cosﬁ+ s

= —w ! w ! w
¢ T sinf Y sin@ z

0 = wy cos ¢ + wy sin ¢

= wssimﬁ _wscos¢
¥sinf  Ysind

The above equations apply to each molecule and can be solved in a stepwise fashion just as we have done with
translational motion. There is a problem. Tdi@ 6 term in the denominators causes numerical problems \When

close to 0 ofr (at these pointsp andiy become degenerat®).

%There are special techniques that can handle this problem See EvankidD.Bhys, 34, 317-325 (1977)
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o — pseudo-bond

rigid water, 3 length
constraints; 6 degrees
of freedom

Rigid methane: 9 length constraints;
6 degrees of freedom

Figure 10.3: Pseudo-bonds showing how constraints would be imposed on a 3-atom “bent” molecule and a tetrahe-
drally oriented molecule (like methane)

10.5.1 Constraint Dynamics

For molecules with torsional degrees of freedom, formulating the dynamical equations of motion in generalized
coordinates is very laborious. An alternative, and simpler, approach is to formulate and carry out the MD simulation
in Cartesian coordinates and the RESPA method to handle the disparate time scales. We could also constrain the har
degrees of freedom to positions at or near their equilibrium values. So—called “constraint dynamics” enables one to
do this fairly easily. We seek to integrate the equations of motion for a system of particles subject to constraints.
The advantages:

¢ No laborious transformations required between fixed and internal coordinates.
e Algorithm ensures that constraints are satisfied (i.e. molecular shape is preserved)
e Applicable to any arbitrarily selected degrees of freedom; others allowed to remain flexible.

How does one impose constraints? To impose bond length constraints is relatively simple. We try to fix bonded
atomic distances about the equilibrium value. For bond angles, we can use “pseudo-bonds” to triangulate the
molecule, as in Figure 10.3 Each length constraint will result in a force acting along the bond or pseudo-bond.
These constraint forces must therefore appear in the Newtonian equations of motion for the molecule.

As an example, consider the equations for water with fixed bond lengths (but flexible bond angles), as shown in
Figure 10.4. In this figureg; is the constraint force on atom 1 due to bond 48; is the constraint force on atom
2 due to bond 12g3 is the constraint force on atom 3 due to bond 23; agg is the constraint force on atom 2 due
to bond 23. The dynamical equations can therefore be written as:

1. 9 differential equations
mity =F1 + g1

msr3 = F3 + g3
mory = Fo — g1 — g3
2. 6 equations in terms of the undetermined multipliers,
g1 = Aia(r; —ra)

g3 = Ag3(rs —ra)
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flexible

99

Figure 10.4: Constraint forces along the bonds of a water molecule having fixed bond lengths

3. 2 constraint equations
X12 = (r1 —12)* —diy =0
X23 = (r3 —12)® —dj3 = 0

Note that one could also formally start with the Lagrangian formulation, where the magnitudes of constraint forces
appear as undetermined (Lagrange) multipliers. In this case, one would write the Lagrangian as

1 1
L=K-V+ 5)\12)(12 + 5)\23)(23 (10.15)

and the equations of motion would just come from

d oL
GV80) = 5

=0:-57=1.2 10.1
dt O)Z ??3 (06)

Algorithms For Implementing Constraint Dynamics

The constraint equations we developed are exact. However, if we try to solve them using finite difference techniques
(which only solve the equations of motion approximately), our “constrained” degrees of freedom will eventually
distort (i.e “constrained” bond lengths will fly apart). A straightforward way of circumventing this problem is as
follows:

1. Advance the positions 1 step using a Verlet algorithm. Ignore the constraint forces.

ri(t + 0t) = 2r(t) — r(t — 0t) + ﬁFi(t)

)

This gives us “distorted” molecules at positiarisatt + t.

2. Theactual positions of the atoms, if we took into account constraint forces, would be
, 512
I'Z'(t + 5t; >‘ij) = I'Z-(t + 5t) + Egi(t; >\ij)

)

where the);; are not yet determined.
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3. Substitute the above expression gt + d¢; A;;) into the constraint equations. The result
[I'Z'(t + 5t; >‘ij) - I'j(t + 5t; )\ij)]Q - dgj =0

This is a set of quadratic algebraic equations\jn The solution must be obtained iteratively, usually by
successive substitutions. Thus, the solution of a set.of n. linear equations is required at each iteration,
wheren, is the number of constraints in a given molecule. Finally, substitute the determjnéato the
expressions for;(t + dt; A;;) and get the actual atomic positionstat ¢¢. This completes one integration
step.

Inversion of a matrix of dimension. x n. becomes very time consuming for large, polyatomic molecules. We
would like to use another approach for more complex molecules.

Other Constraint Dynamics Techniques

As an alternative, we could go through the constraints one—by—one, cyclically adjusting the coordinates so as to
satisfy each in turn. The procedure could be iterated until all the constraints are satisfied within a given tolerance.
Such a procedure was outlined by Ryckaert éPalnd was given the name SHAKE. The SHAKE algorithm is very
popular and is used extensively in polymeric and biological simulations. It is easy to code and works well. It can be
inefficient, especially in the presence of bond angle constraints. It is easiest to apply to Verlet integration schemes.
Andersef! extended the SHAKE algorithm for use with the velocity Verlet integration algorithm. This algo-
rithm is known as RATTLE.
To improve the efficiency of the constraint methods, Edberg etflaCliem. Phys84, 6933, (1986)) proposed
the following technique (which doesn’'t have a cute hame, but which is extremely useful).

1. In place of the quadratic equations for the constraint fofees;, use dinear system of equations if\;; }
2. Instead of the constraint equations, use their second time derivatives. That is
(ri — I‘j)2 - d?j = rzzj - dzzj =0
is instead written as

rij - i + (£ij)° =0

3. The idea is to then solve the following system of differential and algebraic equations simultaneously
mit; = Fi + > \ijrij
J
rij - ¥ + (£ij)° =0

4. Notice that the velocities enter the formulation explicitly. Determination of thé)se} requires the solution
of a linear matrix equation, which can be done quite rapidly on a computer with canned packages. The
standard predictor—corrector or velocity Verlet algorithm may be used with this technique.

5. Molecular shape will gradually distort as numerical error accumulates. (The bond ldpgtlisnot appear
in the dynamical equations!) We must periodically restore the correct molecular geometry by minimizing the
following penalty functions

Bond:

103, Comput. Phys23, 327, (1977)
113, Comput. Phys52, 24-34, (1983)
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d = Z —d;;)?
Velocity:
U= (rij - ty)°
ij

10.5.2 General Comments on the Choice of Algorithms

Here are some rule-of-thumb recommendations.
e For simple fluids (monatomic), use the velocity Verlet algorithm.
e For rigid polyatomics, there are two choices that are comparable:

1. MD in generalized coordinates, with the “fix” fein 6 diverging (we didn’t talk about this)
or
2. Constraint methods that set a rigid core of “primary” atoms.

e For flexible, polyatomics, constraint methods such as EEM, or RATTLE are OK, but the newer r-RESPA
technique is preferable.

e Itis better to constrain bonds only and not bond angles if you can at all help it. This more accurately reflects
the dynamics of the system.
10.6 Molecular Dynamics In Other Ensembles

A problem with standard MD is that it occurs in tiheicrocanonicalensemble. That is, the temperature of the
simulation fluctuates, while the energy stays constant. Recall that the temperature in an NVE simulation is

T=<T >

where< T > is an ensemble average temperature, estimated as a time average at equilibrium. The instantaneous
temperature is

2K 1 Y pil?
= = 10.17
T (BN —No)kp (3N — No)ky = m; ( )
where N is the number of atoms in the system, each with masand momentunp;. N, is the total number of

constraints. This includdaternal constraintssuch as fixed bond lengthend global constramtsuch as fixed total
momentum. In ailVV EP simulation withP =0, N, = 3
Also recall that from the virial theorem that

P=<P>
where the instantaneous pressiids given by
P =pkpT + 3 Z Y (ri—rj)- (10.18)
Tog>1

whereF';; is the force on due toj.
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We saw how to relate fluctuations in the potential energy (or kinetic energy) to the heat capacity:

3NkB>
20,

< V2 S=< 0K >= gNk%.TZ (1 - (10.19)
The problem withVV E MD is that if one wants to conduct a simulation at a given temperature, you can only
get “close” to this value. That is, you are not free to set the temperature at the beginning of a simulation. Instead, the
temperature will fluctuate about some value which you take as the “average” temperature of the system. It would be
desirable to adapt MD so that the simulations could be conducted @attanical ensembléelhere are a number of

ways of doing this.

10.6.1 Stochastic Methods

We can think of the canonical ensemble as corresponding to a system of molecules that have a weak interaction
with a heat bath at a given temperature. Using this picture, we can construct an MD simulation that can be shown
to sample from the canonical ensemble. The idea is as follows.

At certain intervals, we pick a molecule. We then assume that this molecule has “thermalized” with a heat
bath; we re-assign it's velocity from a Maxwell-Boltzmann distribution corresponding to the desired temperature.
(This attempts to simulate the collision of the molecule with an imaginary heat bath particle). The system moves
through phase space on a constant energy hypersurface until the velocity of one molecule is changed. At this point,
the system jumps onto another energy surface, and the Hamiltonian motion proceeds. The system samples all the
regions of phase space about the mean temperature. One can show that such a method does indeed sample from tl
canonical ensemble.

The choice of “collision frequency” is somewhat arbitrary. Infrequent collisions translate to slow energy fluc-
tuations but relatively large kinetic energy fluctuations. Frequent collisions cause the dynamics to be dominated by
the heat bath, rather than by the systematic forces present in the system. To mimic a real fluid, it is suggested that

the collision rate be given by
AT
rX ———ms
p% N%
where A7 is the thermal conductivity. Too high a collision rate leads to an exponential decay in the correlation
functions (to be discussed later) which is not observed experimentally.

We can also alter the velocities alf the molecules at the same time, less frequently, at equally spaced intervals.
These rescaling events correspond to “massive stochastic collisions”. In between such rescaling events, normal
statistics (i.e correlation functions) may be computed. Such a method also provides averages consistent with the
canonical ensemble. However, such a method is very crude in that the dynamics of the system are greatly perturbed.

(10.20)

10.6.2 Extended System Methods

A somewhat better method of coupling the molecules to a heat bath is to use so—called “extended system” methods.
In this approach, an extra degree of freedom, representing a thermal reservoir, is added to the simulation. Other
constraints can be imposed by adding additional degrees of freedom, representing other “reservoirs”. Each new
degree of freedom has associated with it a “coordinate”, a “velocity” (i.e. rate of change), and a “mass” (i.e.
inertia).

A common method is the one introduced by H&%1n this method, the extra degree of freedom is given the the
symbols. The conjugate momentum is denofed and the velocities of the real molecules are related to the time
derivatives of the positions by

vV = st = p/ms (10.21)

In essences is a scaling factor for time. A real time step equals a simulation time step divided by

12Nog8, S.Mol. Phys, 52, 255, (1984)
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There is an extra potential energy associated with
Vs = (3N — N, + 1)kgTIns (10.22)
where the desired temperature is giverilhyA kinetic energy term also can be written as
Ky = %Qéz = p?/2Q (10.23)

where( is a “thermal inertia” parameter) has units of (energy(time)?, and controls the rate of temperature
fluctuations. In can be shown that the proper equations of motion for this system are

F;,  25F
P = — - 20 (10.24)
m;s S
N — N.+ 1)kgT

Qi =Y miZs - + Dkp (10.25)

i S

These equations can be integrated using a standard integration algorithm.
The extended Hamiltonian of the system is conserved (rather than the “real” Hamiltonian):

Hs =K +Ks +V+ Vs (10.26)

Nos proved that the partition function corresponding to this Hamiltonian yields a canonical distribution in the
variablesp’ andr, where

p ==
S

Thus, the simulation time in Ne& algorithm is not the “real” time; equal simulation time steps may be unequal
in real time. The averaged real time duration of a simulation is obtained by multiplying the simulation time by
<s7b>,
Just as in the case of stochastic methods, the choice of the inertia paraghenall, affect the results. We
can examine a few limiting cases. Whéh — oo, there is a large inertia which resists change in temperature.
In this case, NV E MD is recovered. Wher) — 0, there is an “instantaneous” thermalization which perturbs
the dynamics severely. This is the same as re-scaling the velocities of all the molecules at every time step. For
“reasonable” choices of), it is thought that the dynamical properties determined with this method agree with
NV E MD. “Reasonable” values a can be obtained by looking at fluctuationssinThe period ins—oscillations

IS 1
f o Q< s®> /
0~ 28N — N )kp < T >

(10.27)

Nos2 recommends of 1 ps.

10.6.3 Constraint Methods

A simple means for fixing the temperature during an MD simulation is to rescale the velocities at each time step by
(T/T)I/Z. This so-called “velocity rescaling” approach is a good method for equilibrating an MD simulation, and
has been used as a crude means for perforrMig” MD. However, simple velocity rescaling is not the best way

of constraining the kinetic energy, however. A better method was proposed by Moawdrelaborated on by Evans

and Morrisst* In this approach, the equations of motion for constant kinetic energy simulations are

r; = pi/m; (10.28)

13A. Rev. Phys. Cher84, 103-127, (1983)
YComput. Phys. Repl, 297-344 (1984).
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pi =Fi —¢(r,p)p (10.29)

where{(r, p) is a “friction coefficient” that serves to constrain the instantaneous temperatuieea constant value.
One can show that
2. piF;

>i|pil?
These equations of motion generate a trajectory in the const&if ensemble, which can be shown to have
the same configurational properties as the canonical ensemble. Allen and Tildesley provide a leap—frog algorithm
that uses this method.
There are other constant—temperature MD algorithms and there are also extended system and constraint method
for carrying out constargressuremolecular dynamics.

3 (10.30)

10.7 Structural Information From MD (and MC)

When an MD simulation is carried out, the information we get is the molecular positions, velocities, and energies
as a function of time. Normally, we write this information out to a file periodically. The question is, what do we do
with this information? A more immediate question is: how frequently should | write this information to file?

You might think that we should write every single configuration to file. There are two problems with this. First,
writes or reads from disk (called “I/O” for input/output) are very slow. Excessive I/O will significantly slow down
any simulation. We'd like to minimize these operations. Another more mundane reason that you don’'t want to do
this is that you only have a finite amount of disk space to work with. A simple back of the envelop calculation
shows that the three Cartesian positions and velocities for a molecule, along with the time, consumes 56
bytes of space for each “write” to disk. For a system with 1000 atoms, this means that approximately 50 Kbytes
are required for each write. A typical MD simulation may require 1-100 million time steps to complete. Clearly,
disk space becomes a concern for these simulations! On the other hand, configuration “dumps” should be done
frequently enough so that good statistics are obtained and the modes you are interested in can be analyzed.

You may ask: why write anything to disk at all? Why not calculate all the properties of interest during the course
of the simulation? This can be done, but there are risks involved. First of all, when performing long simulations (as
these tend to be) you must protect yourself from “crashes”. Although computer systems are pretty stable, jobs can
“crash” for a variety of reasons, including power failure, etc. Writing results to disk enables you to restart crashed
jobs, and thus save potentially “wasted” simulation time. More importantly, however, this type of “tape” file can
be analyzed at your leisure after a simulation to obtain structural and dynamic information. The advantage of this
approach is that you don't have to remember to do everything during the simulation. If interesting phenomena are
uncovered, detailed probing (“mining”) of the results can be easily accomplished.

We will being by considering the way on which static, structural quantities are computed from a set of MD
configurations. In this discussion, there is no difference between the way in which this is done from an MD or MC
simulation. That is, in an MC simulation, we also want to write out position “snapshots” (there are no velocities!)
as a function of MC cycle. After this, we will then on to consider ways in which dynamical properties are computed
from an MD trajectory.

10.7.1 Pair Distribution Functions
Recall that in an isotropic material, the pair distribution function is defined as
p(r)
glr) = ——
(r) p

wherep(r) is the local density of particles within a spherical shell of radits r 4 dr, centered at a given particle
in the fluid, and averaged over all configurations (refer to Figure 10.5pdaadhe mean (macroscopic) density.
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p(n

Figure 10.5: A schematic showing a differential “ring” about a molecule where a local density can be defined and
used to compute a pair distribution function

We wish to answer: How do you compujér) from a tape file? To do this, you analyze the stored configurations
to determine distances between the minimum image pgfr9.is equal to the number of particles at distande

r + dr from a central particle, divided by the number of particles at distartoer + dr from a central particle in

an ideal gas systewf the same densityfo compute the numerator gfr), you first discretize the-axis from 0 to
rmage INTO bins of widthdr. (Below, we leth be the index of a bin betweenandr + dr. Then, loop over all stored
configurations and perform the following steps:

1. Within this loop, loop over all pair&, j) in a given configuration.
2. Calculate the minimum image distan@g; ) ,r, -

3. Sort this distance; that is, determine which bihe distance falls in.

N

. Add 2 to the contents of this bin. (1 for each molecule).
Nhis(b) = Npis(b) + 2

After this, go back to the next stored configuration until you've looped over them all. The numerator for each bin of
g(r) is then
n(b) _ nhz’s(b)
NTrun
whereN is the total number of particles ang,,, is the total number of configurations analyzed.
For the denominator (distribution of molecules in ideal gas phase at the same density) we simply have for each
bin

_ dmp
3

where the term in brackets yields the volume of a spherical shell betwaadr + dr. p is the average density.
Note that this expression is only valid fef,,, < L/2, To computey(r), use the histogram of information:

nid(b) [(r+ dr)* — 7]

n(b)

1
g(r + Edr) = nT(b)

For molecular fluids, we may compute site-site distribution functigngr) in the same way. As we showed earlier,
g(r) is extremely important for computing thermodynamic properties, and for making comparisons with experiment.
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Figure 10.6: The angle between two vectors, defining some molecular order or structure, can be examined as a
means of determining the structure of a fluid.

10.7.2 Molecular Orientation

Often, we are interested in quantifying the molecular structure. One way of doing this is through theordes of
parameters Consider Figure 10.6. Let; be a unit vector attached to a molecule (i.e. a bond vector, end-to—end
vector, etc.). The angle formed by two such vectoi& i8 useful order parameter for studying the decorrelation of
molecular structure is to form the 2nd Legendre polynomial of the first kind of the costheTot is

Py(cos8) = %[3(11,- )’ 1] (10.31)

This provides information on the orientation oénd;.
A useful order parameter to track might be

1
< Py(c080) >, —p;|=r= 5[3 <u; - u, >fri,rj‘:r —1] (10.32)

as a function of-. This order parameter equals 1 for parallel orientations, -1/2 for perpendicular, and 0 for random
orientations'®

10.8 Dynamical Information From Equilibrium MD

Dynamical information usually refers tome correlation functions® Consider a system at equilibrium under some
given external constraint. The probability distribution of the system in phase space will conform to an equilibrium
ensemble with probability densigf?(p", q'V).

Let us consider two quantitied and B which are functions of the phase—space representative point. That is,
A(p",q") andB(p", q")

As the microscopic state changes with time, so does the valdeaoid 5. We will use the notation

A(t) = AP, q")

B(t) = B(p",q")

Recall that for two randomly oriented vectors having an addletween thems cos§ >= 1/3
18see McQuarrie for good information of the statistical mechanics of time correlation functions
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In addition, we will denote the deviations between the instantaneous valukarai 3 along a dynamical trajectory
and the corresponding ensemble averaged values as

JA(t) = A(t)— < A(t) >= At) - < A >

0B(t) = B(t)— < B(t) >=B(t)— < B >
where we have used the fact that ensemble averages are invariant with time. Negfjnethe non—normalized
time correlation function betweed and5 by
Cas(t) =< §A(t1)0B(t1 +t) >= ([A(t1)— < A>][B(t1 +t)— < B >]) (10.33)

There are two key points about this last equation:

1. For a system at equilibrium, the ensemble average on the right—hand side of the last equatiohd&jlend
on the time origint;, but only on the time separatian

2. By the ergodic hypothesishe ensemble averages in the last equation can be substituted by time averages
over all time originst;.

Therefore, we may write
Cap(t) = Cas(—t) = (3 A(0)dB(t)) = (6.A(t)sB(0)) (10.34)

You should convince yourself that this expression is true.
If we restrict our attention to the special case whdrand B are the same quantity, we have

Caa(t) = (0A(t1)0A(t1 + 1)) = (0A(0)0A(2)) (10.35)

We will call C 4.4(t) the non—normalized (time) autocorrelation functionf
We define the normalized autocorrelation functiondohs

_ Caalt) _ (BAW)IAO)
Caal0) ~ {54

(Notice that the ternd(§.4)2) is a measure of the fluctuation gf and has its own thermodynamic meaning.)

Physically, what does 4 4 (t) represent? We see that for= 0, c4.4(t) = 1. Whenc44 = 1, there is a perfect
correlation of the quantityd with it's value at the time origin. For > 0, c44 typically decays from 1, eventually
reaching zero as— oo. c44 measures how the propery/loses memory of its initial valugs a result of molecular
motion in the system. The characteristic time over which memory persists is called the correlation time, and is
defined by

caal(t) (10.36)

TA= /000 can(t)dt (10.37)

For many (but certainly not all) systemsy 4(¢) is found to decay exponentially with time at long times, as is shown
in Figure 10.7.

Why do we care about autocorrelation functions? There are three primary reasons. First, they give a picture
of molecular motion in a system. Second, the time integralare often directly related to macroscopic transport
coefficients (more on this later). Finally, the Fourier transform.pf (t) = ¢ 4.4(w) are often related to experimental
spectra.

Consider as an example tkelocity autocorrelation functiofor a fluid. Here, our quantity is the velocity.

Crova (1) = (Via(t)via(0)) (10.38)
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Inc(t)

T = correlation time
"relaxation time"

Figure 10.7: By plotting the logarithm of an exponentially—decaying time correlation function, one may obtain an
estimate of the decorrelation time by determining the slope

V(0> | V(O v(0)>

long time tail
goesast-32

0 \\/’
\dwrecmn reversal

dueto collisions
0 05 10

time, ps

Figure 10.8: The velocity autocorrelation function for argon near the triple point. The negative region indicates a
“backscattering” motion in which molecules collide with neighbors. The long—time decay to zero indicates complete

decorrelation

wheredv;, = v;q, SinCe(v;,) = 0. In a simulation, we can average over all equivalent species to increase the
sample size and improve statistics

N
Corova (t) = %(Z Via(t)via(0)) (10.39)
=1

The overall velocity autocorrelation function is the sum of the three components

Cyv(t) = (vi(t) - vi(0)) = Cu,u, (t) + Coyo, (t) + Cov, (£) (10.40)
Normalizing
O (t)  Cyv(t)
va(t) - va 0) - <V2>
_ Cyv (1) m

(vi(t) - vi(0)) (10.41)

3kgT
% 3kgT

This is the function we are interested in. What does it look like? Figure 10.8 shows a schemaati¢tdfor liquid
argon near the triple point. We can take the Fourier transform of this to get frequency information
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-
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Figure 10.9: The Fourier transform of the velocity autocorrelation function for argon near the triple point

+oo .
Cov(w) = Cyv(t)e™™td (10.42)

For an even function, we have
. +00
Cyv(w) = 2/ Cyv (t) cos wtdt
0

The Fourier transform of Figure 10.8 is shown in Figure 10.9. You should think about what would the velocity
autocorrelation function look like for a gas and a solid.

10.9 Transport Coefficients From Correlation Functions

Transport coefficients (diffusion coefficients, viscosities, thermal conductivities) describe the response (“flux) elicited
in a system by the imposition of a perturbation (“driving force”) that causes the system to depart from equilibrium.
Autocorrelation functions describe the rate at whsplontaneous fluctuatiomseated within a systeiat equilibrium

die out with time.Linear response theomjescribes the relationship between autocorrelation functions and transport
coefficients in a system not too far from equilibrium. Autocorrelation functions of the time derivatives of quantities,

having the form o
(A(#)A(0))

will play a major role in our analysis of this relationship. Again, recall that
SA®) = A(t); < A>=0

It turns out that transport coefficients are linked to autocorrelation functions (via linear response theory) through
so—called Green—Kubo relations, which have the form

Y= /0 Tt (A()A(0)) = /0 T o) (10.43)

wherer is a transport coefficient (within a multiplicative constant).
As an example, let’s consider the self-diffusivity. The self—diffusivity along the x—direction would be

o0 o
Ds 2 :/ dt < #i(t)z;(0) >:/ dt < Ui,f(t)viyf(o) >
0 0
and the overall self-diffusivity would be

1 roo
D, = g/ dt < Vi(t) . Vl(O) >=
0



10.9. TRANSPORT COEFFICIENTS FROM CORRELATION FUNCTIONS 179

Figure 10.10: A tagged particle moves in a stochastic (“diffusive”) manner in a sea of identical untagged patrticles.
The magnitude of the mean square displacement is proportional to the self—diffusivity.

1 1
E(Ds,axv + Ds,yy + Ds,zz) = ETT(DS) (10.44)

Eqn 10.44 is the Green—Kubo relation for the orientationally—averaged self—diffusivity.
One can show that an equivalent expression for eqn 10.43 is the following “Einstein relation”

2yt = ([A(t) — A(0)]) (10.45)

Eqn 10.45 is valid only for long times (i.¢.> ¢ ;). Applied to the diffusivity, we get

Dy = Jim (([i(t) — @:(0)]*)/2t)

— 00

and the orientationally averaged diffusivity can be written as

~ e () = ri(0)])
D, = lim - (10.46)

Eqn 10.46 is referred to as the Einstein equation for self—diffusivity. This is more uBgfiitom simula-
tions than the equivalent Green—Kubo expression, due to the difficulty of integrating the long—time tail of the GK
expression.

10.9.1 Transport Coefficients From MD

Several transport coefficients can be directly obtained through application of linear response theory.

1. Self-Diffusivity, D

The self—diffusivity is related to the mobility of a single “tagged” particle in a sea of identical “untagged”
particles, as can be seen schematically in Figure 10.10. The greater the mean square displacement as ¢
function of time, the greater is the self—diffusivity. From the Green—Kubo expression we have

1 o0
D, = g/0 dt (vi(t) - vi(0))

1o 1Y
:g/o dt(ﬁ;w(t)'vz'(o))
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Figure 10.11: In a binary system, the interdiffusion coefficient, representative of the rate at which different species
“mix”, can also be determined from equilibrium MD simulations

The equivalent Einstein relation yields

([ri(t) — ri(0)]*)

Ds = tl—lglo 6t
i SN () — mO)P)
t—o00 6t

_ L 4 1% (t) — r;(0)]°

= § fim, gy LI i O)F)
In general, the “6” in the numerator 28, d being the dimensionality of the system.
The self—diffusivity is one of the easiest properties to compute, because of the possibility of averaging over all
equivalent particles. The Einstein relation is practically more useful than the Green—Kubo formula, since the
integration requires an accurate knowledge of the function at long times. The “slope” expression is used more
than the ratio expression; linearity of the mean—square displacement with time is an indication that diffusive
motion is taking place.

2. Interdiffusion CoefficientD, for a Binary System
The appropriate Green—Kubo relation is

CL(PEEN) e
D—§< 4 )RT [Taw-sop (10.47)

whereG is the total Gibbs energyy is the number of molecules; is the mole fraction of species: = 1, 2,
T = % andj(t) is the microscopic interdiffusion current, defined as

o) = 22§ (1) — 215 (1)

Each component flux is defined by the number of molecules of spetimes the velocity of the center of
mass of species

. Ni
Jt) = w(t)
k=1
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3. Shear Viscosityy
The Green—Kubo expression is

V o0
n=— / dt < Pog(t)Pas(0) >, a # 8 (10.48)
kBT 0
whereP, is a non—diagonal component of the instantaneous pressure tensor

1

Pap = v (Z DioPig + Z”afza)

my;
(Compare this expression with the virial theorem).

The equivalent Einstein relation is

2t = 2 ((Qaplt) ~ Qus0))) (10.49)

whereQ,s3 = % > i MiaPia- NOte that in the expression for viscosityis momentum.

4. Thermal Conductivityhy
Green—Kubo:

Voo [ e e
M=o [ AT 07 0) (10.50)

where the “energy current” along axisis

[ Zrm — <€ >)

and the energy per molecule is

€ = + = ZV?"”

le ];él

The Einstein relation

StAp = %((aea(w — Gea(0))%)

wherede, = & Y rialei— < & >)

Notice that, as opposed 0,, the propertied, n, and Ar arecollective properties of the systeand are not
properties of individual particles. Consequently, we cannot average over many particles. Their accurate estimation
requires a much longer simulation.

Specialnonequilibrium molecular dynamigNEMD) techniques may be used effectively in computing these
guantities. If we have time, we will discuss these methods in greater detail in class.

10.9.2 Computing Correlation Functions From MD Runs

Computing time correlation functions is pretty straightforward. However, there are a few tricks that are used to
improve the statistics that are not obvious.

e Letthere ber writes (position, velocity, etc.) to our “tape” file.

e Letdt be thetime intervalbetween configurations stored on tape.
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( )

. v

Figure 10.12: Schematic showing the way in which block averaging is used to improve the statistics of a correlation
function. Multiple time origins £) are used and the results over correlation tiage computed.

e Thent = §tr

e We substitute an ensemble average by a time average

Caalr) = (AMAO) = —— 3~ A(r)Alr +7)
maT ;79

Here, we averagel(7y).A(7o + 7) OVer 7,4, time origins.

e Note thatre: < 7run — 7, Wherer,.,, is the total number of “tape” file writes. This means that short—time
correlations are available with greater precision; there is a very small sample size at large

e To safely estimate the entit@4.4(¢), the length of the simulation must be such that, < 7,un.

e Atypical loop structure goes like:

do t0 = 1, trun, tskip ! Loop over origins of time
do t = O,min(tcor,trun-t0) ! Loop over time intervals
sum(t) = sum(t) + (A(tO)*A(t0+t) ! compute corr fun
N() = N() + 1.0
enddo
enddo
c(t) = sum(t) / N()

10.9.3 General Considerations For Writing an MD Code

The goal: make the codefastas possible so that long times can be accessed.

e Since long runs are inevitable, design the code so that a minimal amount of information is lost in the event of
a crash. Make it so that it can be restarted following a crash with minimal difficulty.

e Minimize the amount of I/O (for speed)

e Write V, H, P, T at frequent intervals, accumulate averages, and write these averages out at the end of the
run.
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e Store configurations and average accumulators periodically in crash file for restart purposes.
e Write positions, velocities, accelerations to tape file; typically every 10-15 steps, although long-time infor-
mation can be obtained with less frequent writes.

10.9.4 Structuring the Program

1. Always read and then write information about run to a log file for future reference.
2. Precalculate auxiliary values, initialize everything.

3. Calculate/print forces, positions, velocities, etc. for initial step.

4. Main body of the code

(&) move atoms

(b) update running averages

(c) print out instantaneous properties and current averages (if required)
(d) print out detailed info to tape (if required)

(e) save current configuration to crash file (if required)

5. Accumulate final averages, fluctuations, statistics of run

6. close files and exit...



