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Zusammenfassung

Wir beschéftigen uns in der vorliegenden Arbeit mit der mikroskopischen Si-
mulation molekularer Systeme in Losung. Die explizite Simulation des Gesamtsy-
stems ist wegen der hohen Zahl der Losungsmittelmolekiile zu aufwendig. Daher
wird der Einfluss des Losungsmittels implizit mittels des sogenannten Potential of
Mean Force (PMF) berticksichtigt. Die effiziente Berechnung eines solchen impliziten
Losungsmittelmodells ermoglicht dann eine effizientere Simulation des Gesamtsy-
stems von gelostem Stoff und Losungsmittel. Vielversprechende Ansétze, das PMF
niherungsweise zu berechnen, bieten Integralgleichungsmethoden zur Approximati-
on der mittleren Dichte von Fliissigkeiten. Existierende Verfahren basieren praktisch
ausnahmslos auf der Ornstein-Zernike Gleichung, kénnen allerdings aufgrund des
immer noch hohen numerischen Aufwands und der benutzten Naherungen nicht als
effizientes implizites Losungsmittelmodell verwendet werden.

Wir leiten daher ausgehend von der YBG-Hierarchie der statistischen Physik ein
neues Modell, das sogenannte BGY3d Modell, fiir die Approximation der Dichte
atomarer Losungsmittel um einen gelosten Stoff herum her. Wir verwenden dabei
zum ersten mal in diesem Zusammenhang die Kirkwood Approximation. Mittels
eines speziellen Produktansatzes ist es uns moglich, das BGY3d Modell numerisch
sehr effizient zu 16sen. Der Rechenaufwand erweist sich als deutlich geringer als der
des 3d-HNC Verfahrens von Beglov und Roux, welches auf der Ornstein-Zernike
Gleichung basiert. Bei diesem Vergleich stellt sich ebenfalls heraus, dass die Kirk-
wood Approximation zur gleichen Gesamtgenauigkeit der Ergebnisse fithrt, dabei
allerdings dem 3d-HNC Verfahren in der Naherung der Héhe und der Position des
ersten Maximums der Dichteverteilung iiberlegen ist.

Um auch die Dichteverteilung realistischer Losungsmittel berechnen zu kénnen,
erweitern wir unser Modell so, dass auch molekulare Fliissigkeiten als Losungsmittel
betrachtet werden konnen. Neben der Kirkwood Approximation fiir die Interak-
tionen zwischen den Molekiilen, verwenden wir nun die sogenannte Normalized
Site-Site Superposition Approximation von Taylor und Lipson fiir die Interaktio-
nen innerhalb der Losungsmittelmolekiile. Auflerdem ist das molekulare BGY3d
Modell (BGY3dM) in der Lage, die Dichte von Losungsmitteln, die sowohl durch
kurzreichweitige Potentiale, wie z.B. das Lennard-Jones Potential, als auch durch
das langreichweitige Coulomb Potential beschrieben werden, effizient zu berechnen.
Der Vergleich von Ergebnissen des BGY3dM Modells mit Ergebnissen aus Molekiil-
dynamiksimulationen zeigt, dass unsere Modellierung und die daraus resultieren-
de Dichteverteilung eine gute Approximation liefern. Der Rechenaufwand fiir das
BGY3dM Verfahren ist dabei zwei bis drei Gréflenordnungen kleiner als der einer
Molekiildynamiksimulation. In numerischen Beispielrechnungen fiihrt die Anwen-
dung unseres BGY3dM Verfahrens auf die Berechnung der Dichteverteilung von
Kohlenstoffdisulfid um verschiedene Molekiile herum zu realistischen Dichte- und
Ladungsverteilungen.
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Chapter 1
Introduction

Proteins are essential parts of any organism and participate in every process within
cells. For instance, they work as catalysts for biochemical reactions (enzymes), as
oxygen carriers in our blood cells (hemoglobin) and are responsible for our skin and
eye color (pigments). All enzymes, pigments, hormones etc. are proteins. Hence,
the understanding of their structure and function is an important step in order to
understand life.

Twenty different amino acids constitute the basis of which the proteins are built
as linear polymers. The linear composition of a protein is easy to obtain. But
its biological functionality strongly depends on the three-dimensional configuration
of the protein. Only in this functional form the protein can interact with other
molecules e.g. by a key and lock mechanism. Its three-dimensional structure is
fully governed by the linear sequence of its amino acids. In nature, after a protein
is assembled from the amino acids as a linear chain, it folds up in a matter of
seconds or minutes to take on its functional three-dimensional conformation. But
how the specific amino acid sequence affects the folded structure of a protein is by
far not understood, yet. Hence, the protein-folding problem remains one of the most
fundamental unsolved problems of molecular biology and is a key-topic of current
research.

Computer simulations are an effective tool to investigate the protein-folding prob-
lem. The ultimate goal is to compute the native state of a protein, i.e. its three-
dimensional shape, from the knowledge of the amino acid sequence alone. For this,
a detailed representation of the protein as well as its natural environment needs to
be implemented in the computer. This environment is a liquid solution. It cannot
be neglected since the interaction between the protein and the solution plays an
important role for the protein’s structure. But the efficient incorporation of the sol-
vent effects into the computer simulation is a major challenge. In a naive approach,
the solute, i.e. the protein, as well as the solvent, e.g. water, are considered by a
fully atomistic representation. This clearly leads to a very detailed description of
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the solute-solvent interaction. But the explicit simulation of the solvent then re-
quires the major part of the computational effort. Hence, this approach is merely
applicable to small solutes but is simply unfeasible if an extensive simulation of a
protein is required as this would be the case in a protein-folding simulation.

Currently, the most promising approach to overcome these complexity issues is
to include the solvent effects by a so-called implicit solvent model. In such a model,
the solute-solvent interactions are approximated without introducing new degrees
of freedom to the system. Existing implicit solvent models yield qualitatively good
results, yet are not able to reproduce experimental data on a quantitative level of
detail. First attempts to design accurate implicit solvent models were made by
employing methods based on the liquid state integral equation theories. Hirata,
Rossky and Pettitt [51] were the first to formulate a method applicable to solute-
solvent systems in 1983. Hereafter, many authors considered the integral equation
theories with respect to the approximation of solvent effects for simple solutes. In
principle, these methods are able to approximate the solvent effects accurately. But
they cannot be applied to the protein-folding problem, yet, since they are still com-
putationally too expensive when employed in simulations of large molecules such
as proteins. We will therefore formulate and investigate a new method also based
on the integral equation theories yet involving an approximation never considered
before concerning the application of accurate and effective approximation of solvent
effects in solute-solvent simulations — the Kirkwood approximation.

The native configuration of a protein represents a stable state of the system and
is therefore a macroscopic property. Such macroscopic properties are assumed to be
constituted by all possible microscopic states of the system. In principle, it should
be possible to derive all macroscopic properties if sufficient information about the
molecular interaction is given. The transfer from a microscopic level to the macro-
scopic quantity, the observable, is accomplished by a so-called ensemble average,
i.e. an average over all possible microscopic states. Unfortunately, these ensemble
averages can be computed exactly only for very few systems, as e.g. the ideal gas
or the two-dimensional Ising model for ferromagnets. Computer simulations are
able to approximate such ensemble averages. The standard tools in computational
biology are Monte Carlo and molecular dynamics methods. They sample the phase
space, that is the space of all possible microscopic states of a system, by a stochastic
or a deterministic procedure, respectively. The ensemble average can then be ap-
proximated by a direct sum of the microscopic quantity of interest evaluated at the
sampling points in phase space. This way, any desired macroscopic property of the
system can be computed, assuming that the exact molecular interaction potential
is known. Both methods, Monte Carlo and molecular dynamics, have been applied
to a wide variety of molecular systems with great success. Besides the application
to molecular systems [72,106] they are for instance employed in the simulation of
liquids [2] or in the field of nano-technology [102].



However, Monte Carlo and molecular dynamics methods do not always yield
satisfactory results in acceptable time. This is due to the enormous computational
effort necessary to reach convergence. In the protein-folding problem, these com-
plexity problems are caused by two different properties of the system: First, the
phase space of a large molecule like a protein is divided into regions that are only
connected by unprobable transitions. Each region represents a so-called meta-stable
configuration of the molecule. These unprobable transitions between meta-stable
states make sampling of the entire phase space very challenging. The second issue is
the simulation of the environment of the protein. Proteins always appear in solution
which has to be implemented in the computer simulation as well. The solvent is a
fluid, e.g. water, which consists of small molecules that have to be included explicitly
in a large number in order to form the bulk solvent. This drastically increases the
dimension of the phase space. The number of required solvent molecules depends
on the size of the protein and the size of the domain but can easily reach tens of
thousands of particles. Hence, the computational effort of Monte Carlo and molec-
ular dynamics methods to reach convergence is also increased by several orders and
is beyond the capability of today’s computers.

A protein in water is a typical representative of what we call a solute-solvent
system. In these systems the properties of the solute are at the center of interest,
i.e., the ensemble average is to be computed of a microscopic quantity that does
not explicitly depend on the solvent degrees of freedom. Nevertheless, the macro-
scopic property is strongly influenced by the specific solvent due to the microscopic
solute-solvent interaction. In the case of a folded protein for example, the stable
configuration indeed depends on the type of the solvent. But obviously, the config-
uration of the solute does not depend explicitly on the solvent degrees of freedom.
It is therefore possible to derive the so-called potential of mean force (PMF) which
incorporates the effects on the solute due to the solvent implicitly, i.e. without in-
troducing new degrees of freedom to the system. With respect to the macroscopic
properties, the systems with explicit and implicit solvent representation are iden-
tical. Formally, the PMF is derived by integrating the probability density of the
system over all solvent degrees of freedom. This leads to an interaction potential
that only depends on the solute degrees of freedom and contains the solvent effects
implicitly. Figure [[Tlillustrates the difference between the two approaches. The left
plot shows a typical configuration of a biomolecular system: A protein is to be sim-
ulated in aqueous solution. To this end, the water molecules are included explicitly
in the simulation box. However, no explicit solvent molecules are necessary by the
use of the PMF'. Instead, a force field that implicitly incorporates the solvent effects
on the solute is considered. This is indicated by the red field of Figure [T (right).

The introduction of the PMF formally simplifies the simulation of solute-solvent
systems since only the solute degrees of freedom have to be considered. However,
the exact computation of the PMF is as challenging as the exact computation of the
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Figure 1.1. Left: A protein (blue ribbon) surrounded by HyO molecules
(explicit solvent). Right: The same protein with implicit solvent indicated by the red
field.

ensemble average of the entire system. Again, the PMF can be computed exactly
only for very few simple systems. Hence, we need to resort to efficient approximation
approaches. In principle, Monte Carlo and molecular dynamics methods can be
applied in order to approximate the PMF. But this has an essential drawback:
Since no parametrization of the PMF is known, it has to be computed anew for
any configuration of the solute. Hence, every step of a simulation of the solute-
solvent system with an implicit solvent model would comprise the approximation
of the PMF by a Monte Carlo or a molecular dynamics simulation. This is also
computationally unfeasible. Therefore, other methods have to be considered that
approximate the PMF more effectively.

Existing implicit solvent models employed for simulations of biomolecular sys-
tems are very simple approximations to the PMF [103,104]. They are only able
to include the most important solvent effects on a qualitative level of detail. The
most popular model is the so-called GB/SA continuum model of solvation. It is a
combination of a model that approximates the van der Waals interaction between
solute and solvent by means of the solvent accessible surface area (SASA) and the
generalized Born (GB) model for the approximation of the electrostatic interactions.
Both parts can be evaluated with a numerical complexity that is linearly dependent
on the number of solute particles. Note however that it is intended for qualitative
not quantitative studies and therefore cannot give accurate predictions of solvation
free energies or other properties of the solute-solvent interaction.

In recent years, the development of new implicit solvent models that reproduce
the solvent effects more accurately and that are still numerically tractable has been
advanced by many authors. The most promising approaches are the methods based



on the liquid state integral equation theories. These integral equations emerge from
a hierarchy of equations for the reduced probability distributions which can be em-
ployed to compute the ensemble averages by lower-dimensional integrals. Likewise,
the PMF can be computed by an integral over a reduced probability distribution.
To be more precise, if one restricts the solute-solvent interaction to pair-potentials,
the required reduced probability distribution is equivalent to the average solvent
density around the solute. The assumption of pair-potentials is admissible since
all popular force-fields for biomolecular simulation comprise only pair-potentials for
the solute-solvent interaction. This provides the best compromise between accuracy
and computational effort. The computation of the average solvent density again
corresponds to the computation of an ensemble average. But the liquid state in-
tegral equation theories can be used as a starting point to develop methods that
approximate the solvent density around an arbitrary solute.

The integral equation theories have been developed to compute macroscopic
properties of fluids without explicitly performing the integration over the full phase
space. They have been applied very successfully to simple pure fluids, to fluids at
interfaces as well as to molecular fluids [45,47]. The theories can be divided into
two classes depending on the fundamental relation of classical statistical mechanics
they are based on. On the one hand this is the Ornstein-Zernike equation and on
the other hand the YBG-hierarchy (Yvon, Born, Green), see [47]. Since both equa-
tions are underdetermined they cannot be solved without additional assumptions.
These assumptions then yield so-called closure relations, i.e. additional equations.
The difference in the approaches based on the Ornstein-Zernike equation and the
YBG-hierarchy lies in the employed closure relations. In the literature, the Ornstein-
Zernike based methods are widely used for the investigation of atomic and molecular
fluids. This may be due to the fact that they can be reduced to one-dimensional
equations in the case of spherical symmetry. A wide variety of closure relations has
been developed for the Ornstein-Zernike equation and their theoretical background
is well understood [45,47]. On the other hand, methods based on the YBG-hierarchy
are less popular. They share the drawback that their reduction to one-dimensional
equations in the case of spherical symmetry is not trivial. Hence, their approximate
solution by computer simulation requires a greater computational effort. Neverthe-
less, they have been applied to atomic fluids, to fluids at interfaces, and, in recent
years, to polymers [32,116].

Concerning the application to the solute-solvent systems, the literature is largely
focused on Ornstein-Zernike based methods. Ikeguchi and Doi [53] and Beglov
and Roux [10] have employed the Ornstein-Zernike equation together with the
hypernetted-chain (HNC) and Percus-Yevick (PY) closure for the computation of
the density of a simple monoatomic solvent around solutes of arbitrary shape. Ko-
valenko, Hirata et al. [61-67] and Beglov, Roux et al. [12,28] have extended the
methods in order to be able to cope with molecular solvents as well. The so-called
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3d-RISM-PLHNC and 3d-RISM-HNC methods have been applied to several solute-
solvent systems, as e.g. alkanes, alcohols, carboxylic acids and simple amides in
water. In [28] solvation free energies of several solute-solvent systems are computed
and the results are in acceptable agreement with experimental data. The errors
are assumed to be the result of the approximation comprised in the closure rela-
tions. Therefore, the authors propose empirical corrections in order to improve the
agreement between theory and experimental data.

To our knowledge, methods based on the YBG-hierarchy have never been con-
sidered for the computation of solvent densities in solute-solvent systems. They
could enable the incorporation of new approximations that have not been employed
for this application, yet. Furthermore, the numerical solution of a method based
on the YBG-hierarchy could prove to be more efficient when full three-dimensional
resolution of the solvent density is required as it is typically the case in solute-
solvent systems. Developments that are related to the application of solute-solvent
systems where made in the field of polymeric fluids. To this end, Eu and Gan [32],
Taylor and Lipson [116] and Attard [4] have developed methods based on the
YBG-hierarchy that have been quite successfully applied to several polymer mod-
els [40-43,117-119,121,122]. In these models, a polymer chain consists of either hard
or soft spheres with rigid or flexible bonds. But neither chains with different types
of particles nor more complex interaction potentials as e.g. the Coulomb potential
have been considered.

We are going to present a new approach based on the YBG-hierarchy and inves-
tigate in full detail its usefulness for the computation of solvent density distributions
around a solute of arbitrary shape. Therefore, we first derive our BGY3d model for
monoatomic solvents directly from the YBG-hierarchy. We employ the Kirkwood
superposition approximation as our closure relation. We show how the resulting
BGY3d equations can be transformed such that an efficient numerical solution in
three dimensions by means of Fourier transformations is possible. Application of
our model to solvents interacting by the Lennard-Jones potential reveals that the
results are of the same quality as those obtained by Beglov and Roux [10] with their
Ornstein-Zernike based method. However, the computational effort is much smaller
in our approach. When compared to a molecular dynamics simulation, the solution
of our BGY3d model even performs about four orders of magnitude faster for the
computation of the solvent density. Hence, our model yields a drastic improvement
with respect to the computational efficiency.

In order to be able to consider more realistic solvents, we further extend our
model to molecular solvents. To this end, the solvent molecules are modeled as rigid
bodies. The intramolecular distribution functions are derived by taking the limit of
an infinite restoring force between two bonded particles. The resulting molecular
BGY3d (BGY3dM) equations can be used to compute the site densities, i.e. the
densities of the atoms that constitute the solvent molecules, of a complex molecular



solvent around an arbitrary solute. These equations can efficiently be solved in
three-dimensions by means of Fourier transformations as in the case of monoatomic
solvents. We are further able to consider solvents with charged sites. The numerical
treatment of the Coulomb interaction requires a special splitting of the potential
in order to cope with the long-range part. A comparison of the results with those
obtained by a molecular dynamics simulation shows a similar agreement as in the
case of monoatomic solvents. The gain with respect to the computational effort
still is close to three orders of magnitude for the solution of the BGY3dM model
compared to a molecular dynamics simulation.

The computed results of our method based on the YBG-hierarchy clearly show
that it performs at least as good as the Ornstein-Zernike based methods concerning
the evaluation of the PMF of solute-solvent systems. The new BGY3d and BGY3dM
models are superior with respect to computational effort and comparable with re-
spect to accuracy. They can deal with the most important interaction potentials
in the field of biomolecular simulation, namely with the short-range Lennard-Jones
and with the long-range Coulomb potential. However, it is an approximative model.
Hence, the accuracy could for example be improved by introducing empirical cor-
rections to the approximations as it also necessary for the Ornstein-Zernike based
methods.

The remainder of this monograph is organized as follows: Some basic concepts of
classical and statistical mechanics are introduced in Chapter Bl We briefly present
the two most popular computational methods for molecular simulation on a micro-
scopic scale, namely the Monte Carlo and the molecular dynamics methods. As a
motivation we explain why there is a need for more specialized methods for a very
important class of applications, i.e., for so-called solute-solvent systems. We discuss
the liquid state integral equation theories for simple pure fluids since they provide
the fundamental concepts for the development of accurate implicit solvent models.

In Chapter B, we present important characteristics of the solute-solvent sys-
tems. The potential of mean force (PMF) is formally introduced and some classical
methods to approximate it are presented. Further, we show how the PMF can be
computed by means of the solvent density.

We give an overview of existing methods for the computation of solvent densities
around complex solutes based on the integral equation theories in Chapter Bl Here,
we derive our BGY3d and BGY3dM models based on the YBG-hierarchy. Our
special product approach for the solvent densities facilitates an efficient numerical
treatment of the resulting integro-differential equations.

The numerical details for the solution of our BGY3d and BGY3dM equations
are presented in Chapter Bl To this end, we discuss our implemented algorithm
and the discretization. We further validate our methods for monoatomic and molec-
ular solvents with respect to convergence and accuracy by comparing the results
to molecular dynamics simulations. We assess their efficiency and compare it to
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the 3d-HNC method of Beglov and Roux [10]. Here, it turns out that our BGY3d
method for monoatomic solvents is superior to the 3d-HNC method with respect to
computational effort.

We apply our BGY3dM model for molecular solvents to some realistic solute-
solvent systems in Chapter . 'We compute the site densities of carbon disulfide
around several solutes with different properties concerning their size and their partial
charges. To this end, the BGY3dM model leads to reasonable density and charge
distributions of the solvent. Finally, we summarize our findings in Chapter [ and
give an outlook on future developments of the BGY3d and BGY3dM models.



Chapter 2
Theory of Simple Liquids

We will first present the fundamental concepts of classical mechanics and statistical
physics on the basis of simple liquid systems. The goal is to understand the connec-
tion between the microscopic description of a system and its macroscopic properties.
We begin with the microscopic description, i.e. the description of the system on the
atomic level which is fully described by the inter-atomic interaction. To this end,
we assume that the system is described with appropriate accuracy by the laws of
classical mechanics. Moreover, the interaction between the particles is described
by an empirical potential function, since the incorporation of quantum mechanical
effects is still unfeasible with today’s computers in extensive microscopic simulations
with thousands of particles.

The transfer from the microscopic description to the macroscopic level is ac-
complished by the concepts of statistical mechanics. Since the respective relations
cannot be evaluated exactly, we will present methods that can approximately com-
pute macroscopic quantities from the microscopic representation of a system. These
are the Monte Carlo and molecular dynamics methods on the one hand and the
liquid state integral equation theory on the other hand. The former methods are
applicable quite generally whereas the latter is a more specialized theory that as-
sumes certain properties of the atomic interaction and the macroscopic property
under consideration. We will present the integral equation theories in more detail,
since they build the basis for our derivations concerning the solute-solvent systems.

2.1 Classical Mechanics

Molecular systems can be described on the microscopic level by a discrete number
N of particles. We assume that the dynamics of such a system is governed by the
laws of classical mechanics. To describe the system, each particle has a label i,
i=1,2...,N, aposition x; € R and a momentum p; € R?. We only consider the
case of three dimensions d = 3. In order to specify the complete dynamical state of a

9
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system, knowledge of all positions x1, ..., xy and the conjugate momenta p1,...,pn
is necessary. Hence, the system has 6N degrees of freedom. It is convenient to define
the phase space I'y which is the set of all possible states of a system consisting of
N particles:

n(Q) = {(p,x) :p€R3N,X€QN} (2.1)
with
Qv =0x---xQ, Q C R
—_———
N times
We write short (p,x) for (p1,...,Pn,X1,...,Xy). All dynamical functions emerge

from the set of functions on phase space and are written as a(p,x). The total
energy which is the sum of the kinetic energy and the potential energy of the system
appears as a special function. The kinetic energy is due to the motion of the particles
whereas the potential energy is a result of the interactions between the particles.
We assume the absence of any external field. It is further assumed that the system
is conservative, i.e., the total energy is conserved. The total energy is represented
by the Hamiltonian

H<p7 X) = Hkm + Hpot

1 p?
=) 4 V(x,%s,..., 2.2
222m, + Vi(x1, %2 XN) (2.2)

with Hy;, the kinetic energy and H,, the potential energy. The potential V' describes
the interaction of the particles.

The dynamics of a system is fully governed by its N position vectors and N
momenta which are functions of time: x(¢), p(t). Their time-dependence is described
by Hamilton’s equations of motion

oOH
%,(t) = OH(p.X) 1 N
op;
, 0H (p,x ,
The dot * is short notation for the time derivative %. A system with particle

coordinates x” and momenta p® at time ¢ = 0 evolves according to (23) and we write
x(t) = x(t; p¥,x") and p(t) = p(t; p°,x°). The function x(¢; p°, x°) for an interval
t € [0, tena) is called a trajectory. The set of points (p(t),x(t)) for —oco <t < o0
defines the orbit of the system in phase space, i.e. the set of all points the system
can reach.

The equations of motion (Z3) describe the time evolution of the microscopic sys-
tem. However, a specific representation of a trajectory does not have any significance
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concerning the macroscopic properties of the system. The view of a microscopic sys-
tem that is located at a specific point in phase space at a specific time has to be
replaced by the concept that the macroscopic system is represented by all possible
microscopic states. Hence, it has to be clarified how the microscopic description is
exactly connected to the macroscopic properties of a system.

2.2 Statistical Mechanics

The dynamics of a microscopic system is fully governed by the Hamiltonian mechan-
ics described above. Corresponding microscopic dynamical quantities are functions
of the phase space variables (p,x) only. These may depend also on the parameters
r € R3 and ¢, the position in physical space and the time, respectively. Properties
of the system on the macroscopic level are described by fields, i.e. functions A(r, )
which depend on r and ¢ only. The purpose of statistical mechanics is to bridge the
scales by identifying for every microscopic quantity its unique macroscopic corre-

spondence
a(p’ X) Statl/[ech.A(r’ t)

In order to create such a correspondence we need a mapping from phase space to
physical space. This mapping associates for a given point (r,¢) in (physical) space
and time and with each function a(p,x) on phase space a scalar. We write

Ar,1) = {a(p,x)) = {a). (2.4)

The mapping is linear and maps scalars in phase space to scalars in physical space.
It is realized by

(@) = [ atp.x)a(p.) dpax (25)
'y
with 7(p,x) a function on phase space which is positive definite,
m(p,x) >0,  Vp,x, (2.6)

and satisfies the normalization condition
/ 7(p,x) dpdx = 1. (2.7)
I'n

Functions m, which satisfy conditions (8] and (27), are called distribution func-
tions. The basic postulate of classical statistical mechanics is that the state of a
system is completely determined by the specification of the distribution function.
An observable A, i.e. a macroscopic quantity, is associated with a microscopic func-
tion a by relation (ZH), see e.g. [8] for a more detailed description of the postulate.

The properties of the distribution function 7 lead to the interpretation as phase
space probability density. To be more precise, w dpdx is the probability to find the
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system within the infinitesimal domain p + dp, x + dx in phase space. The integral
in (Z3) can therefore be understood as weighted average of the microscopic function
a and is sometimes called the phase space average of a. In classical mechanics
the state of a system is represented by a single point in phase space. This view
is replaced by the knowledge of the distribution function in statistical mechanics,
where all points in phase space are considered weighted with their probability. This
totality of possible single point states endowed with the probability density is called
the statistical ensemble.

The specific realization of the probability density specifies some important prop-
erties of the macroscopic system. It defines e.g. whether a system has constant
energy, temperature or mass. The respective microscopic systems then differ in
their ability to exchange energy or particles with their environment. Examples are
the micro canonical, the canonical and the grand canonical ensemble. In the micro
canonical ensemble the system is completely isolated and cannot exchange energy
or mass with its environment. In the canonical ensemble the system is coupled to a
so-called heat reservoir such that it has a constant temperature. If the system can
also exchange mass with its environment, this is called the grand canonical ensem-
ble. We will now discuss the properties of the canonical ensemble in more detail
since it is the ensemble which we will employ in the following.

The Canonical Ensemble

As already noted above, a system in the canonical ensemble can exchange energy
with the environment which is called the heat reservoir. Since the heat reservoir is
assumed to be very large, this leads to a constant temperature of the system under
consideration. The volume || and the number of particles in the system N are also
constant. We now define the set I'. of all possible states (p,x) the system in the
canonical ensemble can assume

L. =Tn(Q). (2.8)

It equals the entire phase space (0I). However, the probability of any state in I',
depends on its energy. The probability distribution is given by

Z_1<N7Q7T) —BH(

TN Px) (2.9)

(P, X) =
with 0 = kB%T and kp the Boltzmann constant, Planck’s constant h and the factor
N!, which accounts for the fact that the particles are indistinguishable. The function
Z(N,Q,T) is called the partition function of the canonical ensemble and is given by

1
Z(N.Q,T) = <y /F e PA®PX) dpdx. (2.10)
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The integration over momenta can be carried out exactly, which leads to

1
. _ﬂH 7X)
Z(N,Q,T) = W/S; /R;SN e (P dde (211)
N
1 (3TN, BV )
= — i dpd 2.12
N3N /QN /Rwe P (2.12)
1

2
*ﬁ(% PR :TZ) / BV (x)
= — iJd ) d 2.13
N!h3N /R3N ‘ P QN ‘ x ( )

1 400 5 3N
— -85 —BV(x)
= e Pam dp) / e dx (2.14)
N!h3N </oo Qn

N
_ 2 / e PV gx (2.15)
N Jq,

3/2
with A\, = (Z‘ﬁmhg ) . The configurational part of the partition function can be
computed exactly only for very few simple systems as e.g. the ideal gas. In general, it
has to be approximated. Other thermodynamic properties of the canonical ensemble

are related to the partition function by the relation
1
F(N,Q,T) = 3 InZ(N,Q,T) (2.16)
with F'(N,Q,T) the free energy of the system.

The Thermodynamic Limit

The probability distribution of the canonical ensemble (229)) can now be used to com-
pute the ensemble average (ZH). By this, we can compute macroscopic properties
from the microscopic description of the system. However, these averages formally
depend on the domain and the number of particles of the system. Observables,
however, should be independent of these quantities. The fact that for very small
systems, the ensemble averages lead to macroscopic properties that depend on the
size of the system, is called the finite size effect. If we increase the system size, the
ensemble average converges in the limit of infinite volume and particle number, i.e.

A(r,t;p,T) =  lim / a(p,x)m(p,x) dpdx. (2.17)
'y

|Q]—00,N—oo

The number density p = % has to be constant in this limit process. The resulting

observable A is a function of this density and the temperature. The transition to
the infinite system size is called the thermodynamic limit. In this limit all ensembles
are equivalent.
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Practically, it is sufficient to consider systems that are appropriately big instead
of taking the limit to infinity. This works very well for many applications of interest.
The above considerations lead however to an important aspect when we try to
approximate ensemble averages by computer simulations. When we employ small
microscopic systems, we always have to struggle with the the finite size effect, i.e.,
the ensemble averages still depend on the system size. But the system size can only
be increased to a certain extend due to the limited computational power of today’s
computers. Under certain conditions, other approaches can reduce the finite size
effect. The introduction of periodic boundary conditions implements for example a
periodic system of infinite size. Yet, the finite size effect is one of the main reasons
why computer simulations on a microscopic scale, even for homogeneous systems,
are not (yet) able to reproduce all effects which are observed macroscopically.

Time Evolution of the Phase Space Probability Distribution

The probability distribution m completely describes the state of a system. So far, we
only considered systems at equilibrium, i.e., the distribution function is a constant
function over time. As an example for a system not at equilibrium, we consider a
gas confined in a box that is divided by a wall into two parts. At times ¢t < t; the
gas is located only in the left half of the box. At ¢t =ty the wall is removed and the
gas can expand into the right half. Surely, after a very short time ¢ = t; + At the
probability to find any gas at the right wall of the box still is zero. Obviously, the
system is not at equilibrium. But how does the function m(p, x,t) evolve for ¢ > ¢,?
This evolution is described by the Liouville equation

T [H, ) (2.18)

with the Hamiltonian H (2) and the Poisson-Brackets {.} defined by

N
dA OB 9A OB
{A B} = ; <8xi 75 " 9p; axi)' (2.19)

Here, the dot - denotes the scalar product of two vectors in R3®. The Liouville
equation can be seen as the 6/N dimensional analogue of the continuity equation of
a classical fluid. Probability can neither be destroyed nor created as time evolves,
i.e., the normalization condition (Z7) holds for any ¢.

If we use Hamilton’s equations of motion (Z3), we can write (ZIJ) as

om N /o i or .
o (2 2 ) "
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The time dependence of any observable A can be described in a similar manner as

dA  0A S~ /0A  OA
05 2 ). o)

i=

Exact solutions of equation (2I8) can only be found for very simple examples. For
realistic systems it is not immediately useful due to its high complexity. Yet, it can
be formally simplified by integration over N — n particle degrees of freedom. This
results in a hierarchy of equations which can be used as the starting point of the
liquid state integral equation theories. They will be presented in Section

2.3 Molecular Simulation

As we have learned in the preceding Section, statistical mechanics teaches us how
to compute observables, which are macroscopic functions of space and time, from
microscopic quantities, which are functions of the momenta and the positions of the
particles. In principle, it is then possible to compute macroscopic properties of a
system if the Hamiltonian, i.e. the interaction potential V' in (Z2), is known. By
this, computer simulations can replace real world experiments to a certain extend,
assuming that enough information about the microscopic composition of the material
under consideration is available.

We will consider some practical aspects of computing the partition function or
ensemble averages (). In general, this is a very challenging task. Except for some
simple choices of potential functions in the Hamiltonian (2, it is not possible to
compute the integral exactly. Hence, computational methods are used to approx-
imate (ZH). However, standard integration techniques cannot be adapted easily
to this problem because of the high dimension of the phase space I'y. Numerical
quadrature methods run into complexity problems already for small particle num-
bers. This is also known as the curse of dimensionality, which simply describes the
fact, that the cost of computing integrals like (Z3) depends exponentially on the
number of particles, i.e. the dimension of the problem [13]. A discretization of the
phase space I'y by a full grid would require O(n%") points if n is the number of
grid points in one dimension and N the total number of particles. This is unfeasible
except for very small numbers of particles.

To overcome the curse of dimensionality one can further investigate the structure
of the phase space. Depending on the probability measure m. of the canonical
ensemble, not all possible configurations q = (p,x) are equally important for the
integral (ZH)). Hence, most computational methods in molecular simulation sample
the phase space taking into account the known (relative) probability of the points.
This way, the use of a full grid is avoided and the phase space is explored according to
the probability distribution. These methods lead to the exact solution for an infinite
number of sampling points. For a finite number of sampling points, statements about
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the error are statistically in nature, i.e., if important parts of the phase space where
not sufficiently sampled, the true error can be much greater than its statistical
estimate. Nevertheless, these methods often yield reasonable results for numbers of
computational steps that are feasible with today’s computers.

In the next sections, we will shortly present the ideas of Monte Carlo and molec-
ular dynamics methods. These methods belong to the standard tools in the field of
biomolecular simulation and can generally be applied in order to compute ensemble
averages like

(@ = [ atp.x)m(p.x) dpdx

2.3.1 Monte Carlo

The Monte Carlo method is a stochastic method. A sequence of points is to be
constructed that obeys the given probability distribution 7, which depends on the
application. For this, any point in the integration domain is computed by a stochas-
tic procedure. Since the Monte Carlo concept can generally be adopted to any in-
tegration problem, a lot of algorithms exist that implement the generation of point
sequences differently. We want to simulate the canonical ensemble of a molecular
system. To this end, the most popular method is the Metropolis algorithm [79].
We assume that the microscopic quantity a does not depend on the momenta

a(p,x) = a(x).

Hence, the integration over the momenta can be carried out exactly, see Section 22,
and we only have to sample the configurational part of the phase space. This is done
in the Metropolis algorithm by adding a small random displacement Axy to the old
configuration of the system x; in each iteration step k. The new configuration is
accepted or rejected with probability

) e~ BV (xpt+Axp)
min <1, W) s (222)

where V' is the potential function. If the new step is accepted, we set X1 =
X + Axy, otherwise x5 1 = x;. After K computational steps, a sequence of points
(xx) is generated that obeys the probability distribution of the configurational part
of the canonical ensemble. The Monte Carlo approximate of the observable can be
computed from this sequence of points by

(a) ~ % > atx). (2.23)

In other words, the Metropolis algorithm samples the phase space according to the
probability distribution of the canonical ensemble. Then, a simple average of the
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microscopic quantity evaluated at the sampling points gives an approximation of
the observable, i.e. the integral (2H). In the limit of K’ — oo steps the sum (223
should equal the ensemble average (22H). For this, the ergodicity of the Monte Carlo
algorithm is required, i.e., any possible x can be assumed by the algorithm from any
initial configuration x° in a finite number of steps. The Metropolis algorithm itself
is not ergodic, since it cannot overcome an infinite energy barrier. A combination
of the Metropolis algorithm with another Monte Carlo scheme can however produce
an ergodic algorithm. One could e.g. start the Metropolis algorithm from several
randomized initial configurations x° that are sampled by an ergodic algorithm.

The advantage of the Metropolis algorithm, as opposed to quadrature methods
that would uniformly sample the phase space, is that the knowledge of the relative
probability of two configurations is sufficient for the approximation of the integral.
Otherwise, it would be necessary to compute also the partition function of the canon-
ical ensemble, i.e. the normalization of the probability distribution. Similar to the
Monte Carlo method a sequence of points according to the probability distribution
is also constructed during a molecular dynamics simulation.

2.3.2 Molecular Dynamics

Molecular dynamics deals with the solution of Newton’s equations of Motion
Xi =V, pz = —VXiV(X), 1= 1,2,"' ,N (224)

with x; the positions, p; the momenta and v; = ;—i the velocity of the 7th particle.
The dot in x; denotes the partial time derivative. These equations can be derived
from the classical Hamiltonian H (Z2), see Section ZJl The equations describe
the time evolution of a molecular system, i.e., the solution is a trajectory x(t) =
x(t;x°, p¥) with initial configuration x° and momenta p°.

The connection to our ensemble average (ZH) is made by the ergodic hypothesis.
The hypothesis basically states that the ensemble average can be replaced by a time
average as

/F a(p, x)7(p, ) dpdx — lim /0 " apl), x(t) dt (2.25)

tend—00 end

with x(t) the trajectory and p(¢) the time evolution of the momenta of a molecular
dynamics simulation. By this, it is assumed that it is just as good to observe
a system over a long time as it is to consider many independent realizations of
the system. We can easily to imagine a system, where the ergodic hypothesis is
erroneous. If for example two configurations are separated by a very high (infinite)
energy barrier, it is impossible for the system to reach one configuration from the
other. Hence, time average and ensemble average differ in this case. Nevertheless,
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in many practical applications of classical mechanics the hypothesis is assumed to
make sense, see e.g. [46]. As in the case of the Metropolis algorithm one could also
combine molecular dynamics with a simple Monte Carlo scheme in order to produce
an ergodic molecular dynamics/Monte Carlo hybrid scheme.

An additional problem arises if we compute the trajectory approximately by a
computer simulation. Even if we assume that ([Z2H) holds, it is not immediately
clear whether it also applies for the discrete trajectory, i.e.

Nt

/F a(p,x)7(p,x) dpdx = lim iZa(p(ti),x(ti)) (2.26)

N¢—o00 Nt 1
1=

with N; the number of discrete time steps. Mathematically, Newton’s equations of
motion constitute a system of ODEs that can be solved by a time integration scheme.
It can be shown that in order for ([ZZ0) to be true, the integration scheme has to
conserve the volume in phase space over time, i.e., the volume of any set of points in
phase space that is moved according to the equations of motions is conserved. Such
integration schemes are called symplectic, see [46] for details. As a consequence,
symplectic integrators have the property to approximate well the ensemble averages
(Z3) instead of the trajectory x(t) itself.

The Hamiltonian in (ZZ) describes a micro canonical system. The simulation
of the canonical ensemble is realized by so-called thermostats. To this end, the
coupling to the heat reservoir can be realized by introducing a frictional term into
Newton’s equations of motion which then read as

X; = Vi, pi = =V, V(x) = () mivi, i=12-,N. (2.27)

Depending on the sign of £(¢) the system gains or looses energy. The function
£(t) could be computed such that the kinetic energy and the temperature would
be constant. Instead, it is more convenient to use the Nosé-Hoover thermostat,
see [46]. Here, the heat reservoir is simulated as an additional degree of freedom
which determines the strength of the coupling. This way, the temperature is allowed
to fluctuate around its desired value. The size of the fluctuation is determined by
the coupling parameter.

A molecular dynamics simulation with the Nosé-Hoover thermostat can be used
to compute ensemble averages in the canonical ensemble by (Z2H) and ([(Z20). If we
again assume that the microscopic quantity does not depend on the momenta, the
molecular dynamics approximate of the observable is

Ny

(a) ~ i S alx(t)). (2.28)

i=1

It is quite striking that the Monte Carlo and the molecular dynamics methods
are very similar in the way the ensemble averages are computed. In both cases, a
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sequence of points in configurational space is generated that obeys the probability
distribution of the canonical ensemble. Then, the approximation of the phase space
integral (ZH) can be computed by a simple average over the microscopic quantity
evaluated at the points, compare equations (223)) and ([Z28)). The only difference is
the generation of the sequence of points, which is a stochastic procedure in the case
of Monte Carlo. To this end, we have to ensure that the algorithm is ergodic. That
can be guaranteed at least for a combination of the Metropolis algorithm with an
ergodic Monte Carlo scheme. The procedure of generating the sequence of points
is deterministic in the case of molecular dynamics. Here, ergodicity can also be
guaranteed only for a combination of molecular dynamics and Monte Carlo. But it
is plausible for many systems of classical mechanics. In summary, both methods are
applicable and popular in the application field which is relevant for this thesis.

2.3.3 Limitations of Microscopic Simulation

As already discussed above, ergodicity is required to guarantee that the sums in
ZZ3) and ([ZZY) converge to the ensemble average. Numerically, the methods are
limited by the number of steps K., that are feasible with today’s computers.
Generally, one can assume the methods to yield reasonable results if the computed
average does not change with more than a given error € for K > K. For a
large number of applications this is the case. On the other hand, there also exist
a lot of applications which take the computational methods to their limits. Large
biomolecules as e.g. proteins are a good example. These molecules can exhibit
several distinct meta-stable configurations, i.e., a transition between these meta-
stable states is very unlikely. Since the probability for a transition is very small,
the Monte Carlo as well as the molecular dynamics methods require a tremendous
amount of computational steps in order to sufficiently sample the phase space. In
this case, convergence of the averages (ZZ3) and ([Z28) is very slow.

Another negative example are system, where the microscopic quantity of interest
depends explicitly only on a small fraction of all degrees of freedom of the entire
system. We call such a system a solute-solvent system, where only the solute degrees
of freedom are of interest. A protein in water is a typical representation of a solute-
solvent system. Properties of the solute, as e.g. the native configuration of the
protein, are to be computed. But the solute is influenced by the solvent and all
microscopic quantities depend at least implicitly also on the solvent. The number of
solvent degrees of freedom, however, can considerably exceed the number of solute
degrees of freedom. Hence, the dimension of phase space becomes very large and
sampling very slow. In spite of these problems, Monte Carlo and molecular dynamics
are often applied to solute-solvent systems, see e.g. [72].

Nevertheless, it is of great interest to develop methods that are able to compute
ensemble averages without sampling the entire phase space explicitly. The liquid
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state integral equation theories provide such methods for simple liquids.

2.4 Liquid State Integral Equation Theory

The probability density m(p,x) describes the probability of finding the system in a
small volume in phase space around (p,x). Observables are linked to microscopic
quantities by a weighted average () with 7 as weighting function. Hence, we are
now able, in principle, to compute any desired macroscopic property of the system by
performing the ensemble average. But the integration domain, i.e. the phase space,
is very high dimensional. Hence, Monte Carlo and molecular dynamics methods do
not converge in acceptable time for many applications of interest. The situation
could be improved by reducing the dimension of the integration domain. Thus, we
investigate how the ensemble average can be transformed into an integral over a
domain with lower dimension.

2.4.1 Reduced Distribution Functions

We consider a microscopic quantity depending only on n < N particles, i.e.

a = a’(qla .- 7qn) - a’(q(n))a

where we write short q = (p, x) and use

An) = d1,-- G and  Qv—n) = An+1,- - AN-

Of course, the choice of the first n particles is arbitrary. Since the particles are
indistinguishable, there exist (NJX !n)! different choices of n particles. Thus, we can
write the ensemble average (1) as

N!
<a’> - (N — n)' /I‘N a(Q(n))ﬂ-<q(N)) dq(N)
= /F a(am) ™" (qm)) dam) (2.29)
with
N
") = d . 2.

The function 7(™ is called reduced probability density and gives the probability of
finding n of the N particles in a small volume around q,). For two positive numbers
n <m < N, it holds

™ ) = m/ T (Am)) A (2.31)
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In the canonical ensemble () the (reduced) probability density can be further
simplified. It can be factorized into a function of the momenta and a function of
the coordinates

T (P, X)) = P () p™ (X)) (2.32)
with ,
o T( B\ s

=1

and we can write

N
(n) M o ~BV (™) e 9.34
P (X(n)) (N — n)' Q /Q e X(N—-n) ( )

N—n
with
Zg = / e V) dx . (2.35)
Qn

Here, Qn_n, C R3™=" and Qy C R3N represent the configurational parts of the
phase spaces I'y_,, and I'y, respectively. We further split the n-particle density p™
into

P (xmy) = p"g"™ (X)) (2.36)
with the average density p and the n-particle distribution function ¢™. Two suc-
cessive distribution functions are related through

gn(Xb B 7Xn> = ﬁ /S;g(n—’—l)(Xh s 7Xn+1) dxn+1- (237>

By the formal introduction of the reduced probability density the ensemble av-
erage can be performed by an integration with reduced dimension 3n assuming that
the microscopic quantity depends only on n particles. For very small numbers n
this leads to an integral which can be approximately solved by numerical quadra-
ture methods. But we shifted the problem of high-dimensional integration to the
computation of the reduced distribution functions, which are also defined by a high-
dimensional integral. Their exact computation is again restricted to very simple
systems, as e.g. the ideal gas. In more realistic cases they have to be approximated
as well. This can be done by means of the so-called YBG-hierarchy.

2.4.2 The YBG-Hierarchy

In order to understand the concepts of the liquid state integral equation theories
it is most suitable to start the considerations with the Liouville equation. For
this, we recall that the time evolution of the phase space probability distribution



22 Chapter 2. Theory of Simple Liquids

7(p,x) obeys the Liouville equation (ZZI8). We restrict the potential function to be
composed by a sum of pairwise terms

N N
Vi(xy,...,Xy) = Z Z v(x;, X;) (2.38)
=1 j=i+1
and note that the forces Fj; between particle ¢ and j are defined as

Then, we can use the definition of the Hamiltonian (Z2) and write the Liouville
equation as

U F, - peet . O7 2.40
a__z_m 3Xz ZZ v 0pz “LF op;’ (2.40)

1=1 j=1,j#i 1=1

where F¢' are external forces acting on particle i. We are going to transform
equation (ZZ40) so that it becomes a relation for the reduced distribution functions.
For this, it is integrated over N — n positions and momenta and multiplied by the
factor ﬁ We can use the definition of the reduced probability density 7™ £30)
and the fact that 7 is symmetric under exchange of particles. Then we find that

orm  p; o K Or(™
L Fext . 2
ot - Z m; 0% * Z ’ op;

T (N n) 'Z Z / Op; dX(N AP

i=1 j=1,j#i L)V

(n
:—ZZ 87TA_ _n|Z / dx(Nnden)
Pi 1/ T v—n)(V

zlj 1,]#1 i=1 j=n+

a(
:—Z Z Fz‘j T Z/Ill m+1

i=1 j=1j#i

7T(nJrl)

an+1dpn+1, (241)

where we wrote dpy_pn) for dppy1---dpy and dx(n_pn) for dx,4;---dxy. This
equation links the reduced probability density 7(™ to the reduced probability density

2lnt)
0 u 0
- Lx2 Fea:t F.. (n)
e e R A

J=1,j#i

%

& Or (D)
= — Z/ F/L'nJrl . ) anJrldanrl. (242)
ri(V) p

i=1
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The set of equations for n = 1,..., N — 1 is called the BBGKY-hierarchy after
Bogolyubov, Born, Green, Kirkwood and Yvon.

For the Hamiltonian (2) in the canonical ensemble the (reduced) probability
densities can be factorized as

™ (D), X)) = P (Pw))p™ (X)) (2.43)
with

d

n T( B \? st

P (pw) =] <27Tm‘ e (2.44)
i=1 t

only depending on the momenta. Inserting into equation (Z42) at equilibrium, i.e.
%W(”) = 0, and noting that

0 5
(n) — _ 2 5 pn) 2.45
8pip (Pm)) - PiP" (Pn)) (2.45)
and
/3 7D<n+1)<p(n+1)) dpn+1 = P(n) (p(n))7 (246>
R
this gives

Fi* + Zn: Fij

u 0
Z Pi- <8? -0
i=1 v j=1,j%i

= ﬁ Z | S / FinJrlp(nJrl) (X(n+1)) an+1- (247)
i=1 Q

) P (X))

Here, 2 C R? is the spatial domain of the system. The relation must be independent
of the choice of the momenta p;. Hence, it must hold term by term, which leads us
to the YBG-hierarchy (Yvon, Born, Green),

kT Vg™ (X)) = Z Fiig™ (X))
=2

+ p/ F1n+lg(n+1)<x(n+1)> dXpi1, (2'48>
Q

‘2

where we used p™ = p"g(™ and set the external forces to F§*t = 0.

2.4.3 The Born-Green Equation

The YBG- and the BBGKY-hierarchy are not immediately useful, since they relate
one unknown function to another. In order to solve (Z48) a closure relation between
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g™ and g™ is required. The case n = 2 is the best investigated one, see [47)].
Since for isotropic fluids we have

/ Fijg(Q)(Xi,Xj) de = 0, (249)
Q
the relation can be transformed to

kBTVXl (hl(g(Q) <X17 X2)) + 5v<X17 X2))

3)
o g (X17 X2, X3) _ (2)
= p/QFlg, ( 7@ (x,.%2) 9\ (x1,%x3) | dxs. (2.50)

Together with the Kirkwood superposition approximation [59]

9P (x1,%2,%3) = ¢@ (x1,%2) 9 (x1, %3) g® (%2, X3), (2.51)

this yields the Born-Green equation
kgTVy, (ln(g(z)(xl,xg)) + ﬁv(xl,xg))

= p/ Fi3 ¢ (x1,x3) (g(z)(xg,xg) —1) dxs. (2.52)
Q

For a given pair potential v(x1,x3) the Born-Green equation can be solved to give
g®. For low densities p the results are in good agreement with those obtained by
Monte Carlo or molecular dynamics methods or analytical results in the case of a
hard sphere fluid [47]. This is quite astonishing if one considers the fact that all
correlations of order three and higher are neglected by the Kirkwood approximation.
The effects due to the higher order correlations become more definite at higher
densities where this closure results in less satisfactory pair distributions.

Finding better closures for (Zh0) is a very challenging task. According to
Meeron [77] and Salpeter [105] the triplet correlation function can formally exact be
expressed as

9(3)(X17X27X3) = g® (X1,X2)9(2)(X17X3)g(2)(X2,X3) e (1 x2,x3.0) (2.53)

with 7(X1,X2,X3,0) = >0, pP"0nt3(X1,X2,%x3). The coefficients d,5(x1,X2,X3)
consist of certain terms of the Mayer cluster expansion, the so-called simple 123-
irreducible diagrams, see [77,105] or [47] for details. The coefficients ¢, and 05 were
computed for a Lennard-Jones fluid [97,98], but the computation of higher order
terms still is not feasible with today’s computers.

Better results for dense fluids can be obtained by using the Fisher-Kopeliovich
closure [35] for the quadruplet distribution function

9(4) (Xla X2, X3, X4)

N 9(3) (x1, %o, X3)g(3) (x1, Xa, X4)g(3) (x1, %3, X4)9(3) (X2, X3, X4) (2.54)
9(2)(X1,Xz)g(Q)(Xth)g(Q)(XhX4)g(2)(X2,X3)9(2)(X2,X4)9(2)(X37X4). .
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Inserting into (Z48) for n = 3 this gives a relation for the triplet distribution function
g, called BGY2 equation [70,94]. Lee et al. [70,94] computed ¢‘® for a hard sphere
fluid. The results were significantly better than those obtained with the Kirkwood
approximation and with the Percus-Yevick model (Z5d) which we will introduce
later. They proved that the BGY2 theory is superior to the closure (253)) truncated
after d5. But to our knowledge the BGY2 theory has never been applied to other
potential functions than the hard sphere potential.

In summary, there is still no other closure than the Kirkwood approximation
(Z51) which is physically reasonable on the one hand and computationally tractable
on the other hand. Yet, as we pointed out before, the accuracy of the superposition
approximation for low densities is satisfactory and comparable to the accuracy of
the most popular closures for the Ornstein-Zernike equation, that we will introduce
in the following section.

2.4.4 The Ornstein-Zernike Equation

Ornstein and Zernike [82] first introduced a new concept, where the pair distribution
function g (x1,xz) is calculated by means of so called correlation functions, see
e.g. [47). Tt describes the fact that the total correlation h(x,xs) = ¢@(x1,%2) — 1
of two particles is due to the direct correlation of these particles ¢(x;,x5) and the
indirect correlation mediated through all other particles. Mathematically, this is
written as

h(x1,%3) = ¢(x1,X2) + p/ c(x1,x3)c(Xg, X3) dX3 (2.55)
Q

+p2/c(xl,X3)c(X3,X4)c(X2,x4) dxzdxy
0
+.

with p the density of the fluid. By substituting the definition for h(xs,x3) back into
(Z59), this can also be represented as the famous Ornstein-Zernike equation

h(x1,%2) = c(x1,%3) + p/gc(xl,xz),)h(xQ,Xg) dxs. (2.56)
An important fact to note is that the Ornstein-Zernike equation is exact; there is no
approximation involved. It simply relates the total correlation function h(xy,x3) to
the direct correlation function ¢(xy,X2), which is defined by (356). However, both
functions are not known in advance. It is plausible to suppose that the range of the
function ¢(x1,X3) is comparable to that of the pair potential v(x;,x3), whereas the
range of h(x;,Xs) can be much longer due to the effects of all other particles.

In order to solve (Z56]) one needs a second equation, the closure relation. This
also relates the direct and the total correlation function and includes additionally
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the pair potential v. Such closure relations can be obtained by functional expansions
of the density or of the pair potential where one particle is kept fixed, see [47]. The
most popular example of a closure relation is the hypernetted chain closure (HNC)

h(r) = e Pv)Thr)—e(r) _ 1, (2.57)

Since all functions in (Z21) depend only on the distance of the particles, it can be
written in terms of this distance directly, i.e. 1 = 75 = |x; — X3| in this case. As
mentioned above, relation (Z17) is not exact but approximated. In order to account
for the error, a so-called bridge function b(r) is introduced,

h(r) = e Pu(r)+h(r)—e(r)+b(r) _ 1 (2.58)

Formally, equation (Z58) is now exact. There is however no exact expression for
b(r) which is computable. Hence, the approximation of the bridge function is the
key point of today’s integral equation theories, see [47]. Popular bridge functions
for simple liquids are the hypernetted chain (HNC) closure (X1), b(r) = 0, or the
Percus-Yevick approximation

b(r) =In(1+ h(r) —c(r)) — h(r) + c(r). (2.59)

Together with either form of (Z58), the system of equations (E56) can be solved
for a given pair potential v(r).

Extensions to the HNC and PY model have been considered in the literature,
see [47] for an overview. Since the HNC and PY models can be derived by functional
Taylor expansions truncated at first order, the question naturally arises whether a
truncation at second order would significantly improve the model. These second or-
der models have been tested for Lennard-Jones fluids and show a clear improvement
compared to the first order models, with the drawback of being numerically awk-
ward to handle. In the case of the HNC closure the approximation can be improved
by known bridge functions of a simple reference system. This is called the refer-
ence HNC approximation (RHNC). To this end, the bridge function b(r) in (Z35S)
is computed for the reference system by(r). One usually chooses a hard sphere fluid
as reference fluid since it is the only fluid for which the bridge function is known
with sufficient accuracy. The diameter of the spheres appears as a free parameter
of the model and can be adjusted to reproduce known results. The overall agree-
ment with the results of Monte Carlo simulations is then very good. Other closure
relations were proposed that introduce an adjustable parameter or function. These
closures contain the HNC and PY closures as special cases and allow to adjust the
approximation in order to yield improved results for a reference system such as a
fluid of hard spheres, see [76] for an overview. Even though these adjustable closure
relations can be in very good agreement with known results, they do not lead to a
self consistent theory of liquid state, since the determination of the free parameters
is an empiric procedure.
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2.4.5 Comparison of Different Approximations

We will now shortly discuss the differences between the different equations and
approximations. At a first sight, it seems that the Born-Green equation (252) and
the Ornstein-Zernike equation (Z28) together with the HNC or PY closure are not
linked together. But it is not surprising that they can be transformed into each
other. For example, it can be shown that the Ornstein-Zernike equation with a
special closure relation recovers the Born-Green equation, see [47]. Therefore, this
is really a comparison of different approximations of the same model. However, we
will stay with the strict separation of the models based on the YBG-hierarchy and
the Ornstein-Zernike based models in our discussion, since we want to underline their
difference with respect to the numerical solution. Moreover, their respective form
is predestinated for the usage of certain approximations, even though the models
can be transformed into each other. This will be investigated in chapter Bl in more
detail. Nevertheless, we will now present some results for pure fluids computed with
the Born-Green equation (BG) and the HNC- and the PY-closure together with the
Ornstein-Zernike equation in order to illustrate their differences without discussing
any numerical procedure. A more detailed investigation of the differences between
the integral equation methods can be found e.g. in [58].

The computed pair distribution functions and the direct correlation functions for
a simple monoatomic fluid at reduced temperature 7' = 1.65 and number densities
p = 0.3,0.5,0.8 are shown in Figures ZT] and Z3 The interaction is described
by the Lennard-Jones potential (with e =1 and 0 = 1)

ot (1) = e <(%)12 - (%)6) . (2.60)

In the case of the Born-Green equation, the direct correlation function is computed
by inserting the total correlation function h = g — 1 into the Ornstein-Zernike
equation (Z00). Here, we omit the subscript (2) od the pair distribution function.

An important observation is that the resulting functions in Figures 1] -
become more similar with decreasing density. This is substantiated by the fact that
all three approximations give the correct result of

g(r) = e P70 (2.61)

in the limit p — 0. It can be shown that they all yield the correct expression of order
p of the density expansion of g, see [47]. But they differ for all higher order terms
of the expansion. Hence, the differences become larger with increasing p. Here, the
BG equation plays a special role. As can be seen in Figure (right), the BG model
leads to an unphysical direct correlation function at density p = 0.8. This looks like
an obvious deficiency of this model, but shows how sensitive the total and direct
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Figure 2.1. Left: Pair distribution function for p = 0.3. Right: Correspond-
ing direct correlation function.
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Figure 2.2. Left: Pair distribution function for p = 0.5. Right: Correspond-
ing direct correlation function.

correlation functions are linked together. Since the direct correlation function does
not appear in the BG model, the approximation errors can lead to this behavior.
But the computed pair distribution functions can still be of the same quality as in
the case of the other approximations.

In the literature, solutions to the BG, HNC and PY equations have been ob-
tained for a variety of pair potentials over a wide range of temperatures and den-
sities. Comparison of results for the Lennard-Jones potential showed that the PY
approximation is superior at all thermodynamic states that have been studied. But
even this approximation produces a noticeable error for the pair distribution func-
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Figure 2.3. Left: Pair distribution function for p = 0.8. Right: Correspond-
ing direct correlation function.

tion [47]. The main peak in g(r) is too large in magnitude and appears at to small a
value of r. The following pattern of oscillation is out of phase compared to the one
obtained by Monte Carlo simulations. The situation gets even worse in the vicinity
of critical points of the phase diagram, such as the liquid-gas transition. The char-
acteristics of these regions are large density fluctuations. This leads to anomalous
behavior of thermodynamic properties of the fluid which is difficult to extract from
numerical solutions of the integral equations. Hence, all three approximation routes
are not regarded to be a satisfactory theory of liquid state.

The extensions of the BG equation and the HNC and PY approximations al-
ready described in sections and 2244 lead to significant improvements of the
computed thermodynamic properties, even though very accurate results still cannot
be obtained in all cases. But these extensions all entail the drawback of being nu-
merically less practicable. The development of new closure relations that improve
the accuracy of the models and still lead to computationally tractable methods is
subject of today’s research.

2.4.6 Summary

The liquid state integral equation theories provide methods to compute the reduced
distribution functions of pure liquids without explicitly performing the integration
over phase space. They are based on the YBG-hierarchy on the one hand and on the
Ornstein-Zernike equation on the other hand. Even though the equations are only
different formulations of the same theory, they all require specific approximations
in order to be solvable. Hence, the methods yield different results according to
their approximations, whereas their respective formulations yield different numerical
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algorithms. This has led to distinct fields of application for the YBG-hierarchy and
the Ornstein-Zernike based methods. The latter have been applied to pure simple
fluids, complex molecular fluids and also to solute-solvent systems, which we will
introduce in the following chapter. Methods based on the YBG-hierarchy, however,
have found less attention in the literature. Beside their application to simple fluids
and fluids at interfaces they are mainly employed for the investigation of polymers.
This is indeed related to molecular fluids, but, to our knowledge, these methods
have never been applied to other molecular fluids or solute-solvent systems.



Chapter 3
Solute-Solvent Systems

The investigation of chemical or biological processes on the microscopic scale is a
very important application of molecular simulations. To this end, molecular sys-
tems in liquid solution are to be simulated. The protein folding problem is a very
famous example of such a system. Here, the three-dimensional configuration of
the protein, which consists of a linear sequence of amino acids, is to be computed.
Proteins naturally appear in aqueous solution. Hence, the incorporation of the
solvent effects is one of the most important aspects concerning the accurate repro-
duction of experimental data. The solvent can have a variety of influences on the
solute. These include e.g. hydrogen-bonding or dielectric shielding of the long-range
Coulomb forces.

The naive, but yet important approach is to choose an all-atom representation
for the whole system, i.e., the solute as well as the solvent molecules are included
explicitly. This method can provide the most detailed description of the effects the
solvent has on the solute. However, it is not exempt from approximations. Beside
the general uncertainty, how detailed the empirical force fields used in molecular
simulations can reproduce experimental data, the evaluation of the potentials often
implies approximations in order to be efficiently computable. Examples are the
truncation of the potential behind a certain cut-off radius or the use of an infinite
number of periodic cells when computing long-rang forces with Ewald techniques,
see [46] for details.

The large computational costs of sampling the solvent degrees of freedom are,
however, the major problem when explicit solvent molecules are included into the
simulation box. In order to incorporate the solvent effects sufficiently well, a large
number of solvent molecules is necessary to form the bulk solution. Hence, a major
fraction of time is spent for computing a detailed trajectory of the solvent, although
the behavior of the solute is at the center of interest. Due to these problems of
explicit solvent representation, computationally less expensive models for including
solvent effects are of great interest. These models should describe the effects with

31



32 Chapter 3. Solute-Solvent Systems

appropriate accuracy without introducing new degrees of freedom to the system. In
contrast to the simulation with explicit solvent molecules, such models are called
implicit solvent models.

It is instructive to begin the description of implicit solvent models with a sta-
tistical mechanics description of the solvent effects. Hence, we will first give the
definition of the potential of mean force. Hereafter, some of the most popular im-
plicit solvent models are presented before we focus our attention to the liquid state
integral equation methods.

3.1 Potential of Mean Force

We now consider a system consisting of a single arbitrary molecule, which we call
the solute M, and a bulk of solvent molecules, the solvent S. The solute consists of
Ny particles whereas the solvent consists of Ng particles. The Hamiltonian of this
system can be written as

M S M _S 1 (p)? 1 (p7)’ M M S s
H(p yP X 7X):§Z mM +§Z mS +V(X17"'7XNM>X17'--7XNS)7

(3.1)
where p™, p® are the momenta, x™, x¥ the positions and m*, m? the masses of the
solute and the solvent particles, respectively. The potential can be further divided
into a part V,; describing the intramolecular interaction of the solute, a part Vg
describing the interactions within and between the solvent molecules and a part
Vs which consists of the interactions between the solute and the solvent atoms

V(xM, x%) = Vi (xM) + Vg(x%) 4+ Vagg(x™, x%). (3.2)
Hence, the Hamiltonian can also be written in separated form
H(p",p®,x", x%) = Hy(p",x") + Hs(p",x%) + Hus(p™, p% x",x%). (3.3)

This system still includes the solvent degrees of freedom explicitly. Observables of
this system can be computed by microscopic averages in the canonical ensemble as

<a) = Cl/ a(XM,Xs)eiﬁV(XM’xS) dXMdXS (34)
Qn

with C:/ e PVxMxs) gy dxs,
Qn

where we assumed that the microscopic quantity a does not depend on the momenta.
The domain €2y denotes the spatial part of the phase space I'y. If we now further
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assume that a does not depend on the solvent degrees of freedom, the integral can
be written as

(a) = ! /Q

with Qy,, and Qy, the configurational domains of the solute and the solvent, respec-
tively. Hence, the inner integral can be computed separately. The formal integration
of this inner part leads directly to the idea of the potential of mean force (PMF).
It is defined by integrating the Boltzmann factor e ®) over the solvent degrees of
freedom,

a(XM)e—ﬁVM(XM) / G_B(VJVIS(XJVLXS)'FVS(XS)) dxgdx (3.5)
QNS

Nar

e—ﬁVP]MF(X]M) _ Cgl/ G—B(VJVI(XJVI)'FVS(XS)+V]MS(XJVI,XS)) dXS

Qng
_ efﬁVM(xM)Cgl e BVs(x%)+Vars (xM x%) 158 (3.6)
QNS
with Cg = / e PVs(<?) xS (3.7)
Qng

The PMF can also be written in an additive way

p
= Var(xM) + W (x™M), (3.9)

1
VEME (MY — vy (xM) — = In (CSI/Q o BVs (%) +Vars (M x)) dxs> (3.8)
Ns

where W (x*) is defined by (B3) and contains only the energy due to the solute-
solvent interaction. It is therefore also called the solvation free energy. The Hamil-
tonian of the reduced system now reads as
PMF/_ M M 1 (pi")? PMF (M
HPME (M x ):§Z’—M+V (xM) (3.10)
i=1

and the microscopic average (B.0) can be written as

a) = Cqt a(Xy e~V (xar) dx 3.11
PMF
Oy
with CPMF = /Q eiBVPMF(XM) dxyy. (312)
Ny

A comparison of equations (BH) and (BITl) shows that the introduction of the PMF
is just a formal transformation. The ensemble averages ([B4) and (BII) lead to
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the exact same results. The transformation shifts the problem of sampling the
solvent degrees of freedom to the computation of the integral defining the PMF
(BX). In practice, the integral can be solved exactly only for very simple systems
that are not of interest with respect to the application in biomolecular simulations.
Hence, approximate methods have to be employed in order to compute the PMF.
In principle, molecular dynamics or Monte Carlo type simulations can be applied.
However, due to the high dimension of the phase space the convergence is very slow.
For applications, where the PMF has to be computed repeatedly, one uses much
simpler models instead. These models are either based on a continuum description of
the solvent or use very crude approximations to the solute-solvent interactions. They
include model parameters which are fitted to reproduce results from experimentally
well-known systems. Applied to other solute-solvent systems, these models can yield
qualitative approximations of some important solvent effects.

Models which incorporate the solvent effects by (approximations to) the PMF
B3) are called implicit solvent models. We will give a short overview of the most
popular implicit solvent models as they are used in molecular dynamics or Monte
Carlo simulations of biomolecular systems.

3.2 Implicit Solvent Models

As we have seen in the previous section, the computation of the PMF involves the
solution of a high dimensional integral which is prohibitive when repeatedly evalua-
tion of the PMF is necessary, as in molecular dynamics or Monte Carlo simulations.
Hence, approximations to the PMF are used, which are computationally more effi-
cient. In most force fields, the PMF is represented as a sum of a part induced by
the short-range repulsive and by the van der Waals forces W' and a part due to
the long-range electrostatic interactions W»°,

W(xM) = WV (xM) 4 el (x™M). (3.13)

Formally, the two parts of (BI3]) are given by

1 v
W (xM) = —5n (Cgl /Q e PVs )V (M %) dx5> , (3.14)
Ng
LM 1 fQN e BVs () FVY oM x¥)+VITG M X)) 158
PO _ _ - s
W (X ) /6 1n fQ e—ﬁ(Vs(XS)'FVJC[dSW(XMvXS)) dXS (315)
Ng

with Cg defined as in (B). Due to this separation, different models for the approxi-
mation of the short-range and the long-range effects of the solvent can be employed.
In the next sections we will present some of the most important models for both

parts (B14) and BI3).
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Figure 3.1. SASA of a sample protein (Trp-cage)

3.2.1 Solvent Accessible Surface Area

One of the most important implicit solvent models is the model based on the solvent
accessible surface area (SASA). It goes back to Lee and Richards [69] who have tried
to quantify the burial of hydrophobic side chains in the protein folding problem.
They have observed that the hydrophobic side chains of the proteins tend to cluster
together in the interior of the protein, whereas the hydrophilic side chains are better
soluble in water. They concluded, that the surface tension of the solvent in direct
contact with the surface of the protein is a measure for the force exerted to the
solute atoms due to the solvent. This surface tension is proportional to the SASA.
The SASA encloses the volume that the solvent atoms are excluded from. Fol-
lowing the concept of Lee and Richards [69], it is traced out by the center of a solvent
probe sphere rolling over the molecular surface of the solute. The molecular surface
is simply defined by the union of the surfaces of the spheres determined by the van
der Waals radius around any atom. In other words, the solvent-excluded volume is
the union of the so-called expanded atoms. The expanded atom is a sphere centered
at the position of the solute atom with its van der Waals radius increased by the
solvent probe radius, see [101]. Figure Bl shows the SASA of a small protein.
Formally, the solvation free energy due to the SASA model is written as

Ny
W (xM) =Y o Ay(xM) (3.16)
=1

with the empirical solvation parameter o; of atom ¢ and its fraction of the SASA
A;. The A; depend on the positions of all solute atoms because they contain only
the fraction of the surface accessible to the solvent. Sometimes an even simpler
approach is used with

WW (xM) a2 g Ay (xM). (3.17)
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Here, the (non-polar) solvation free energy is proportional to the total SASA and
an empirical parameter o.

During the last decades many algorithms were introduced to efficiently compute
the SASA. Since the SASA model is intended to be used as an implicit solvent
model within a molecular dynamics or Monte Carlo simulation, its fast computation
is of major interest. The computational cost should be of the same order as the
evaluation of the solute potential, i.e. O(Ny) or O(Nyslog(Nys)). The existing
algorithms can be divided into approximate and exact methods. The first exact
analytical algorithms were introduced by Connolly [22] and Richmond [101]. Here,
the accessible surfaces of intersecting spheres are computed. These algorithms were
later improved with respect to computational efficiency, see [36,124], and stability,
see [31,44]. The first approximate algorithm to compute the SASA was developed
by Shrake and Rupley [107] and later improved by Legrand and Merz [71]. To this
end, a large number of points is distributed on the surface of a each solute atom.
The SASA is proportional to the number of points that are not located inside any
other van der Waals sphere of a solute atom. Another approximate algorithm by
Caflisch et al. [34] uses an approximate analytical expression with empirical fitted
parameters. More recently, an algorithm has been developed that uses alpha shapes
for computing the SASA, see [29,73].

The approximate algorithms are usually computationally more efficient, but
share the drawback of computing the SASA inaccurate with an error of several
percents. A general problem of using the SASA in implicit solvent models for molec-
ular dynamics is the discontinuity of the derivatives of the SASA with respect to
the positions of the solute atoms. This can lead to numerical instabilities during a
simulation, see [125] for some situations where these problems occur. In the context
of alpha shapes, the simulation of simplicity-principle [30] is proposed to handle
these instabilities. Basically, the input data, i.e. the positions of the solute atoms,
are moved by a small displacement in order to avoid the degenerate cases without
affecting the results very much.

The SASA model has become the standard tool in molecular simulation. It
describes the non-polar solvent effects only on a qualitative level of detail but has
the major advantage of being efficiently computable. It is included in most available
codes for biomolecular simulation, e.g. CHARMM [16], AMBER [23] and TINKER
[91].

A very simple approach which is related to the SASA model is the scaled particle
theory [90,96,112]. The reversible work to produce a spherical cavity in a solvent
consisting of hard spheres can be computed analytically, as long as the radius of the
cavity is smaller than a certain value. Generalizations have been introduced for van
der Waals liquids which involve experimental parameters. The leading terms of this
expression represent the solvent-exposed surface area of the cavity and its curvature.
Neglecting the curvature term leads to the idea, on which the SASA model is based.
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3.2.2 The Poisson-Boltzmann Model

Popular implicit solvent models for the electrostatic part of the PMF employ a
continuum description of the electrostatic interaction, where the solvent is treated
as a continuum with relative permittivity eg (typically eg = 80 for water). To this
end, the electrostatic potential ®¢(r) acting on the charges of the solute can be
computed by the Poisson equation

V- e(r)Vog(r) = —p(r) in Q (3.18)
with the charge density p(r) of the solute defined by

N

p(r) = Z g6 (r — xM) (3.19)

and ¢; the charge of the solute particle 7. The position-dependent relative permit-
tivity e(r) is defined as

| em forreQy
e(r) = { eg forre Q\Qy (3.20)

where €); = 1 is the relative permittivity in the volume of the solute 2, C €2
and Q C R? is the total domain of the system. For simplicity, the dielectric con-
stant in vacuum is set to €9 = 1 in our discussion. The electrostatic part of the
PMF can be computed from the solution of (BIS) by the so-called reaction field
P, ¢(r) = Pg(r) — Py(r), which is the electrostatic potential ®¢(r) minus the refer-
ence potential @y (r). The reference potential represents the solution of ([BI8) with
£(r) set to 1 everywhere. The PMF is then approximated by

Ny

WP (xM) &) g, p(x)). (3.21)
=1

The Poisson equation can be extended to the Poisson-Boltzmann equation if ions in
the solvent are present. The electrostatic potential is then given by

V- e(r)Vos(r) — k*(r)Pg(r) = —4mp(r) (3.22)

with x the Debeye length which characterizes the screening effects due to the pres-
ence of the ions. Its position-dependence is similar to that of ¢, i.e., it varies sharply
from 1 inside the solute to a value > 1 in the bulk solvent.

In this model, it is assumed that the relative permittivity is uniform except in
the vicinity of the solute-solvent boundary. Such a form for € can be derived from
a statistical mechanics integral in the limit of small solvent molecules described as
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non-polarizable hard spheres, see [11]. The results of the Poisson-Boltzmann model
of continuum electrostatics depend sensitively on the atomic partial charges and the
location of the dielectric boundary, i.e. the boundary 0€2,; of €2;. If constructed on
the basis of the SASA, the atomic radii must be considered as free parameters of
the implicit solvent model as well, see [81,110] for parametrization schemes.

The solution of equation (BI8) or (B222) can be obtained by standard numerical
algorithms using finite difference discretization. This approach is however still to
costly compared with the evaluation of the inter-solute potential V},. Alternatively,
the boundary element method, which uses finite elements distributed on the dielec-
tric boundary, can be employed, see [128]. The computation of analytical gradients
of the PMF is possible in either approach. But if repeated computation of both the
PMF and its gradient is required, all numerical methods for the Poisson-Boltzmann
equation are computationally too costly. Hence, methods have been developed that
approximate the exact continuum electrostatic potential.

Generalized Born Model

The most popular approximation for the Poisson-Boltzmann equation is the so-
called generalized Born (GB) model. The derivation of this model starts with the
energy of a sphere with radius o; and a point charge ¢; in its center immersed into
a medium of relative permittivity eg,

1 2
wborn — _ (1 - g) 2‘1—& (3.23)

This is the Born equation. The total electrostatic energy of a set of charged spheres
at infinite distance is then given by

l Ny Nup G 1 1 Ny qg
VpO — 11 _ 1__ _Z
Hed > ()2l

i=1 j=i+1

Ny N 44 1 Ny Ny g 1 1 Ny q2
22 (D)L R - R)nE e

J
i=1 j=it1l Y

where 7;; = |x; — x;|. The first term of (B2 is the standard Coulomb energy in
vacuum whereas the second and the third term of (B24]) are due to the presence of
a medium of relative permittivity €g. In order to account for the actual shape of
the solute molecule the two last terms are combined and extended to

1 Ny Ny G
Wrel s — (1 — —) =4 3.25
)22 (3.25)

i=1 j=1
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with the deshielding function fgp defined by

2
5
20;

Jfap = £/ (rij + 0aq;)~P  with ay; = /osag, D = (3.26)
The «; are treated as parameters in this derivation of Still and coworkers [111].
They are fitted to give comparable energies as other methods for small molecules.
Improvements of the original deshielding function ([B28) have been proposed by
other authors, see e.g. [54].

Due to the semianalytical nature of the GB model, the computational expense
for the evaluation of the energy as well as of the gradient is comparatively low.
The obtained accuracy is comparable with other methods to approximate the elec-
trostatic energy [111]. However, problems arise for larger solutes such as proteins,
since typical effects as the charge burial in the interior of the protein are difficult to
account for. Nevertheless, the GB model is a very popular implicit solvent model in
molecular dynamics simulations. Combined with the SASA model for the non-polar
part of the PMF, it forms the GB/SA continuum model for solvation and is im-
plemented in most available packages for biomolecular simulation, see also Section

B2

3.2.3 Specialized Implicit Solvent Models

If one assumes that the solvation free energy arises due to the short-range interaction
between solute and solvent, the SASA model is a reasonable approximation. The
Coulomb force, however, is a long-range interaction. Nevertheless, SASA models
are used to approximate the full PMF including electrostatic interactions. These
models are called full SASA models, see [104]. An important drawback of the full
SASA models is the difficulty in taking into account the dielectric shielding of the
electrostatic interactions. The shielding should vary clearly when moving a charged
particle from a position fully exposed to the solvent to a position buried in the
interior of the solute. One can overcome this deficiency by introducing a distance
dependent relative permittivity and by neutralizing residues carrying a net charge.

The most simple but also computational most efficient methods are the so-called
knowledge-based potentials. They are especially useful when an extensive search
of configurations is required, as for the minimization of the free energy. These
potentials are built upon experimental observations of known structures of proteins.
By analyzing large data bases of these protein structures one has observed that
the number of residue pairs at a certain distance follows the Boltzmann principle.
Hence, potentials have been introduced that give a free energy depending on the
distance of the residue pairs in the protein. In the most simple approach, the forces
are repulsive for polar pairs of residues and attractive for pairs of non-polar residues,
see [109]. This gives the correct behavior of folded proteins where non-polar residues
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tend to form a core in the interior of the protein, whereas the polar residues tend
to reside at the surface of the protein. These methods however can of course not
be expected to include all solvation effects or to provide accurate results for the
solvation free energy.

The so-called mixed implicit/explicit schemes try to provide a compromise be-
tween the accuracy and the computational effort. Here, a limited number of solvent
molecules is inserted explicitly in the vicinity of the solute. Typically, the region
containing the solute and the explicit solvent molecules is represented by a sphere.
Outside this sphere, the bulk solvent is treated implicitly by an effective solvent
boundary potential. Different approaches exist with respect to the definition of
the sphere radius. In [17] the radius is constant, which means that the number of
explicit solvent molecules must be allowed to vary in order to account for density
fluctuations. In contrast to that, in [9], the number of explicit solvent molecules
is constant and the sphere radius is determined by the outermost solvent molecule.
This has the advantage of being more flexible with respect to large configurational
changes of the solute. It has been shown in [9] that the solvation free energies do
not depend sensitively on the number of explicit solvent molecules with this latter
approach.

We presented some of the most popular implicit solvent methods in order to give
an overview of the methods that are widely used within Monte Carlo or molecular
dynamics simulations for the approximation of the solvent effects. All presented
methods share the drawback that they cannot yield to accurate predictions of the
solvent free energy in general. Hence, much effort has been put into the development
of more accurate but still efficient approximations of the PMF. The most promising
methods are based on the liquid state integral equation theories of statistical me-
chanics. They are able to approximate the mean solvent density around the solute,
which in turn can then be used to compute the PMF.

3.3 Computing the PMF via Reduced Distribution Functions

If we consider the PMF VPMF(xM) ([ER) and recall the definition of the reduced
distribution functions of Section EZ41l we can identify the integral leading to the
PMF with a reduced distribution function. This way, we can simply write

VPMF(XM> _ _% 1n<pNMg(NM)(XM))
=3I x") g, (3:27)

with ¢, = % In(p™). The constant shift ¢, can be neglected, since it has no influence
on the properties of the system. However, (B227) is just a transformation of (B8) and
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does not simplify the problem of high-dimensional integration in any sense. However,
there exist methods that approximate these reduced distribution functions directly.
Unfortunately, these approximations become worse with increasing order Ny, of the
distribution function. It is therefore more convenient to use lower order distribution
functions for the computation of the PMF. This can be done if we consider a special
but yet important class of potential functions.

To see this, we first consider the computation of the forces of the PMF —VVFMFE,
They are exactly the forces of the full potential V' (x,s, Xg) averaged over the solvent
degrees of freedom with the solute atoms in fixed position,

VXMVPMF(XM) = <VXJMV(XM,XS)>(XAI) (328)

with
(a(xM,x%)) eary = CMls/ a(xM,x%)e VM) xS (3.29)
Qg

and
Cus :/ e VM X xS
Qng

If we now assume that the solute-solvent interaction potential can be written as a
sum over pairwise terms,

Ny Ng

Vars(xM, x%) = ZZUM5<XZM,X]S), (3.30)

i=1 j=1
we can transform (B28) to yield

Vo VPMF(XM) = Vyum VM<XM) + VXJMW<XM)
Ny Ng
= V'V (XM> + Z Z(vXMUMS<Xsz X]S»(XM)
i=1 j=1
Ny

= Ve Vi (xM) + Z/ Vip Uars (xM, 1) p N4 (p|x M) dr (3.31)
i=1 79

with the conditional probability

(Nar+1) M
M 14 (I'a X )

xM) = 3.32
I‘| ) p(NJM)<X1M) ( )

p(NM-H)(

and Q C R? the domain of the system. In this derivation, we used the definition
of the reduced probability ([234]) for the integral [B29) as well as the normalization
Chrs, which is actually a function of the solute coordinates.
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Similarly, we can compute the energy of the PMF. But unlike in the case of the
forces we now have

VPMEGM) 2 (VM %)) o

However, the free energy of a solute at infinite dilution can also be defined as the
reversible work which is necessary to take the solute from vacuum into the solvent by
a step by step process [104]. Formally, we introduce a coupling parameter A € [0, 1],
which switches the solute-solvent interactions on or off, i.e., we write

VMs(XM,XS) = VMS(XM,XS; A), (3.33)

where A = 0 corresponds to a non-interacting reference system and A\ = 1 to the
fully interacting system. Then, the reversible work is defined as

1 M S.\/
W(xM) = / <8VMS<X X ’A)> X, (3.34)
0 (XJVI7>\/)

oN

where the average is defined as in (B229) with the parameter A in Vjsg set to X. If
we now again assume that the solute-solvent interaction potential can be written as
a sum over pairwise terms,

Ny Ng

M _S. _ E E M [S.
VMS<X » X 7)\>_ UM.S'(X@' 7Xj7)\)7
i=1 j=1
we can transform the average in (B34) as

Wars 0 L &2 v s
5 = 5ZZ’£}M§(X2~ ,Xj;)\) (3.35)
(X]M,)\)
(xM\)

i=1 j=1

Ny Ng M ...
:Z/ <Z§(r—x§‘)> %MS(;; BN e (3.36)
i=1 792\ j=1

(<M,X)
Ny
Ovars(xM r; \)
=3 [ oteonsy TG (3.37)

where (p(r)) i ) is the average solvent density at position r with the solute in
fixed position x™ and the coupling parameter set to A. By inserting this back into
B34), we can compute the PMF by solving an integral over a single vector r and
the parameter A

Ny

W) =3 /0 /Q (1)) et 2y 8”““%‘; BN e, (3.38)




3.3. Computing the PMF via Reduced Distribution Functions 43

The average solvent density can be identified with the conditional probability from

Ng
(p(r)) (rry = <Z o(r — xf>> = pMar D (rx M), (3.39)
I=t (<)
This relation can again easily be verified by inserting the definition of the reduced
probability (234 into (B39).
Now, we can compute the energy and the forces of the PMF by low-dimensional
integrals if we know the reduced conditional probability

p(NMJrl)(I.|XM) _ pg(NMJrl)(ﬂXM). (340)
We have already seen in Chapter [ that the liquid state integral equation theories
are able to compute reduced distribution functions of pure liquids. The situation in
solute-solvent systems is slightly different. Here, the configuration of the solute is
given and we are interested in the density of the solvent around that solute config-
uration. The integral equation theories can be extended to such situations. Many
authors have developed methods for the computation of solvent densities based on
the Ornstein-Zernike equation. These methods will be presented in the following.

Further, we will derive our new method based on the YBG-hierarchy.






Chapter 4

Approximation of Solvent
Densities

As we have seen in the previous chapter, the knowledge of the solvent density around
the solute is sufficient to compute the potential of mean force in the case of pair
potentials. The solvent density is associated with a reduced distribution function as
described in Section These reduced distribution functions are given as integrals
over the probability distribution of the canonical ensemble. Such high-dimensional
integrals cannot be computed in appropriate time with today’s methods. They can
be approximated by Monte Carlo integration or molecular dynamics simulations,
which sample the whole phase space and, hence, are extremely time-consuming.
No other method is known to be applicable to such integrals due to the high-
dimensionality of phase space.

Nevertheless, in the past decades approximative methods have been developed
to compute the pair distribution function of pure liquids. These liquid state integral
equation theories, already presented in Chapter B, are either based on the YBG-
hierarchy or the Ornstein-Zernike equation. The advantages and disadvantages of
the different methods concerning the computation of pair distribution functions of
pure liquids are well understood, see Section However, the extension to the
treatment of solute-solvent systems is focused on methods based on the Ornstein-
Zernike equation. Several authors, as e.g. Beglov and Roux [10-12,28], Chandler et
al. [20,21], Kovalenko and Hirata [61,65], Pettitt and Karplus [85,86] or Richardi,
Fries et al. [37,99,100] and many more have developed methods to compute the
solvent density based on the Ornstein-Zernike equation and related theories. But
to our knowledge, no such extension exists based on the YBG-hierarchy. This is
why we investigate the value of the YBG-hierarchy concerning the computation of
solvent densities.

In this chapter, we will describe the extension of the liquid state integral equation
theories to the computation of solvent densities around solutes of arbitrary shape.
To this end, we will consider simple monoatomic fluids as well as complex molecular
solvents. We will first discuss Ornstein-Zernike based methods known from the

45
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literature before we will derive our BGY3d equation for monoatomic solvents and
the new molecular BGY3d equation (BGY3dM), both based on the YBG-hierarchy.

4.1 Definition of the Solvent Density

In order to understand, how the reduced distribution functions and the solvent den-

sity are connected, we first consider as a simple example a homogeneous monoatomic

fluid for which we know the pair distribution function ¢®. We assume that one atom

is held in fixed position x. We then know the probability to find another atom at

position x. The probability is simply given by the conditional probability ¢ (x|xM),
where o y
) My _ 9 (x,%;")

g (X‘Xl ) g(l)(X{M) (4'1)

and we have ¢ (xM) = 1 for a homogeneous fluid. We obtain the average density

of particles around the fixed particle at x}¥ by multiplying with the overall density

p of the solvent:
p°(x) = pg"? (x[x") (4.2)
with
p°(x) = {p(x)).

Hence, the knowledge of the pair distribution of a homogeneous fluid is equivalent
to the knowledge of the average fluid density around a single fixed particle, which
we hereafter identify with the solute. If the solute consists of more than one, let us
say Ny, particles, the situation becomes more difficult. We now need to know the
probability to find a solvent particle in position x with the solute atoms being fixed
at positions xM, . .. ,X%M. That is, we need to know the N,;+ 1-particle distribution
function and it holds

p°(x) = pg™ D (x]x™) (4.3)
with the conditional probability

g(NJVI+1) (X, XM)

(Na+1) My _
g (X|X ) g(NM)(XM)

Hence, the methods that will be described in the next sections try to approximate
the conditional (N -+ 1)-particle distribution function g¥»+1 (x|x™). Note that all
Ornstein-Zernike based methods indeed approximate the total correlation function
h = ¢g® — 1 which is assumed to be disturbed by an external potential exerted by
the solute as we will see in the following sections.

The above discussion considered all particles, solute as well as solvent particles,
to be identical. This is of course not a reasonable assumption. The extension
to more realistic systems, where the solute consists of different particle types, is
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straight-forward and has only an effect on the potential functions and forces between
solute and solvent particles. Further extensions to systems with molecular solvents,
however, need more involved considerations and will be discussed in Sections
and L33

4.2 Ornstein-Zernike based Methods

A lot of effort has been put into the application of the Ornstein-Zernike equation
to solute-solvent systems by several authors. The standard equations of the lig-
uid state integral equation theory can be applied to monoatomic solvents around a
monoatomic solute, as we have seen above. The extension to more complex solutes
with arbitrary shapes leads to the so-called 3d-HNC [10,53] or 3d-PY [53] methods.
The molecular Ornstein-Zernike equations (MOZ) [14,15,38] allow to compute dis-
tribution functions of molecular solvents, as e.g. water, taking also into account the
rotational degrees of freedom. As a reduction of the full angular-dependent distribu-
tion functions, the so-called radial site-site distribution functions of molecular sol-
vents can be computed more easily. The reference interaction site model (RISM) [20]
has been developed as the first theory for site-site correlation functions. A different
approach is based on the density functional theory (DFT) [21,27], which is also
able to compute site-site distribution functions. However, the ultimate goal is to
combine molecular solvents with solutes of arbitrary shape. Efforts in this direction
have been made by combining the RISM model with the 3d-HNC method [12,28,61],
by a reduction of the MOZ equations to three-dimensional space [24] and by keeping
the full three-dimensional dependence of the DFT approach [12]. In the following,
we will try to arrange the development of these methods and related works to give
a whole picture of existing methods concerning the computation of solvent densities
in solute-solvent systems.

4.2.1 Solutes in Monoatomic Solvents

The extension of the standard Ornstein-Zernike model ([Z28) together with the HNC
&357) or PY (Z32Y) approximations to solutes of arbitrary shape is straight-forward.
Instead of reducing the equations to the spherical symmetric case, the full three-
dimensional dependence is kept in equations ([Zh8), Zhd) and (ZhJ). Ikeguchi
and Doi [53] computed the average distribution of a monoatomic water model by a
Picard iteration of the transformed Ornstein-Zernike equation in Fourier space

:Y( ): lp_é(pl;)(k) <4'4>

with v(x) = h(x) — ¢(x) and either the HNC
c(x) = e VI _n(x) — 1 (4.5)
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or the PY closure
c(x) = e V1 +4(x)) — y(x) — 1. (4.6)

For details about the transformation of the Ornstein-Zernike equation, see Appendix
Here, V(x) is the total disturbing potential that acts on a solvent particle due

to the solute,
Ny

V(x) =) v x). (4.7)
i=1
The results are in qualitative agreement with the water density measured by a
molecular dynamics simulation. However, since a monoatomic water model is used,
no information about specific densities of the oxygen and hydrogen atoms can be
gained.
Beglov and Roux [10] used a slightly different method to compute the average
density of Lennard-Jones particles around a solute. Combination of the HNC closure
and the Ornstein-Zernike equation leads to

h(x) = e PV ) +p(hxe)(x) _ 1, (4.8)

where the asterix * stands for the convolution
(h*c)(x):= / h(x —x')e(x) dx/, (4.9)
Q

and 0 C R3 is the domain of the system. Multiplication with the bulk density p
and insertion of the deviation from the bulk density Ap(x) := p°(x) — p yields the
3d-HNC equation

Apk+1(X) = \p (e—ﬁv(x)-i-(Apk*c)(x) _ 1) + (1 _ )\)Apk(X) (4.10)

with the mixing factor A € [0,1]. Here, the potential V(x) is again defined as the
total disturbing potential due to the solute as in (7). But unlike in the method
of Tkeguchi and Doi, the direct correlation function ¢(x) appears as an input to the
method and is computed for the pure undisturbed fluid with the standard HNC ap-
proximation ([Zh7). Beglov and Roux tested the method against densities computed
with molecular dynamics, the RISM method (which will be introduced in Section
H22) and what they call the superposition approximation (SA)

Ny
pA(x) = p[[9® ! x) (4.11)
=1

with ¢® computed for the homogeneous fluid. They compared the numbers of the
closest solvent particles and the height of the first maximum of the density profile.
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The results of the 3d-HNC method were in good agreement with the molecular dy-
namics simulations when compared to the RISM and SA approximations. However,
the height of the first maximum is always overestimated by 3d-HNC. Nevertheless,
the method is able to reproduce fairly accurately the magnitude and the position of
the density peaks around non-spherical solutes.

A first attempt to compute the spatial distribution of a more complex solvent
around a non-spherical solute was made by Beglov and Roux [11] by employing
the mean spherical approximation (MSA) for a water model. To this end, a water
molecule is represented by a non-polarizable hard sphere with an embedded dipole
at its center. The direct correlation function for pure water can be calculated ana-
lytically for the MSA model of water. A system of equations for the solvent density
and the solvent polarization was then solved by an iterative scheme. The method
reduces to the well-known equations of macroscopic electrostatics in the limit of
infinitely small spheres. Although the 3d-MSA method yields qualitative promising
results, it is quantitatively not very accurate. This is partly due to the linearized
theory of polarization which has been employed.

4.2.2 Molecular Solvents

Since most fluids are not satisfyingly described by monoatomic models, the extension
of the integral equations to molecular solvents is mandatory. One possible route is to
describe the molecules of the liquid as rigid bodies with three translational and three
rotational degrees of freedom, which we denote by x and O, respectively. The pair
distribution function g, the total correlation function h and the direct correlation
function ¢ are functions of the translational as well as of the rotational degrees of
freedom,

9:9(X1,X2,@1,@2)7 h:h(XhXQa@la@Q)a C:C(X17X2,@1>@2)- (4-12)

Note that the functions indeed only depend on the relative positions of two molecules
although the parametrization suggests a full 12-dimensional dependence. The gen-
eralization of the Ornstein-Zernike equation to molecular solvents then reads as

h(x1, %2, ©1,03) = c(x1,X2, 01, O2)
+ / / C(Xl, X3, @1, @3)h(X2, X3, @2, @3) ngd@g, (413)
QJQe

see [45] for details. The set Q C R? describes the domain of the system and Qg
contains all possible orientations of a molecule. In most cases, the rotational degrees
of freedom are represented by Euler-angles [37,38,45,99]. For this special case we
have

Qe ={(x,0,9)| x € [0,27], 0 € [0,7], ¢ €0,27]}. (4.14)
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All closure relations given in Section P24 are still applicable for the case of molec-
ular fluids with the total correlation function h and the direct correlation function
¢ now also depending on the rotational degrees of freedom. However, the computa-
tional effort to solve the molecular Ornstein-Zernike equation ([EZI3)) together with an
appropriate closure relation is much greater than in the case of a monoatomic fluid.
All functions appearing in (LT3 and the volume of integration are six-dimensional.
Hence, further approximations have to be used in order to be able to solve these
equations.

One important idea, which goes back to the work of Blum and Torruella [14,15],
is to write all functions as expansions of so-called rotational invariances,

h(x1,%2,01,03) = > hi(|x1 — Xa|)24(©1, O, T) (4.15)

X1 —X2

with r = ] The functions h; only depend on the distance of molecule 1 and 2,
whereas tLe dependence on all rotational degrees of freedom has been shifted to the
fixed set of ®;. The ®; are typically a linear combination of spherical harmonics.
Their exact definition can be found e.g. in [45]. Tt is generally possible to solve the
resulting system of equations for h; and ¢; by inserting these expansions into the
Ornstein-Zernike equation and into the HNC closure relation. The exact derivation
of these MOZ-HNC equations is very involved and will not be given here, see [3§]
for details. The infinite sum of ([ZIH) is truncated after some i,,,, < oo for practical
use. Fries and Patey [38] observed that, for a dipolar hard sphere fluid, i,,q, ~ 16
is sufficient to reproduce the radial distribution function, the internal energy and
the dielectric constant very accurately. The method has also been applied to liquid
acetone and chloroform [100] and a non-aqueous electrolyte solution [37]. It is shown
that the results for liquid structure and dielectric constants are in good agreement
with values obtained by Monte Carlo simulations. However, the application to
polar water models [99] showed that the MOZ-HNC model is not able to predict
the O-H distribution functions satisfactorily. The authors conclude that the HNC
approximation is not appropriate to describe the structure of H-bonded liquids as
water. Nevertheless, the MOZ-HNC model is the only computational method that
is able to reproduce the rotational dependency of the distribution functions.

Interaction Site Models

If the interaction of the molecules is described by a so-called site-site potential, the
computation of many properties of interest only requires the knowledge of the site-
site distribution functions g,,. In this terminology, the sites are the atoms which
constitute the molecules. Hence, g, (x$,x3) is the distribution function between site
a of a molecule 1 and site v of molecule 2. The link between the site-site and the
molecular distribution functions is given by integrating the molecular distribution
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function over all degrees of freedom subject to the constraint that site o and site
have a separation of r®7,

goz'y Oé,y / / / / X17 X9, 917 92)
97°) Q@

X 5 X1 —1 — X9 +l (@2) —r¢ ) XmdXQd@ld@Q. (416)

Here, 1¥(©;) denotes the (orientation-dependent) vector displacement of site « in
molecule 1. For molecules which are composed of s sites, there are obviously S(SH)
site-site distribution functions. Some of these functions can be identical if the 51tes
are identical, as e.g. the hydrogen sites in a HyO molecule. But the complete set of
site-site distribution functions contains less information than the molecular distribu-
tion function. Hence, g(xi, X2, ®1, ®2) cannot be reconstructed from the gq,(r*?).
This is intuitive, since the site-site distribution function g,,(r*”) depends on less
degrees of freedom than g(x1, Xz, O, ©s).

The interaction site model (ISM) is a theory designed to compute the site-site
correlation functions for the case, where the intermolecular pair potential is modeled
by the site-site form, i.e.,

U(X17X27@17®2) :ZUQ’YGX?_X,ZYD (417)

with the position x{ of site & in molecule 1. The key ingredient of the ISM theory
is an Ornstein-Zernike-like equation for the site-site correlation functions

y = E Waa! * Cotnyt * Wat + P E Waa! * Cart % Noyrry. (4.18)

oy oy
This can be written more conveniently in Fourier space as
H=WCW + pWCH (4.19)
with the capital letters indicating matrices with the site-site functions as entries,

ie., (H)oy = iAzom (W)ay = @ay and (C)gy = Car. The hat indicates a function in
Fourier space. Here, w,, is the intramolecular correlation function

o 2) = e = 157) (4.20)

with 757 the intramolecular distance between sites @ and 7. For a = ~, we set
rg” = 0 for completeness. The intramolecular correlation functions describe the
constraints which fully determine the structure of the rigid molecule. Equation
([EIR) is called site-site Ornstein-Zernike (SSOZ) equation and was first introduced
by Chandler and Andersen [20]. A detailed derivation can be found in [25] or



52 Chapter 4. Approximation of Solvent Densities

[45]. Tt is formally exact, since it can be understood as definition of the site-site
direct correlation functions c,,. Supplemented with a closure relation, the SSOZ
equation can be solved for the site-site distribution functions g,y = he, + 1. The
closure relations can easily be transferred from the monoatomic case by replacing the
correlation functions by their site-site analogs, giving one relation for every site-site
pair.

Early applications of the ISM model have mainly focused on the so-called fused
hard sphere model, where v, (1) = 0o for r < ¢ and v,,(r) = 0 for r > o, with o the
hard sphere radius, see [45] for an overview. The application of the ISM model to a
hard sphere fluid is referred to as the reference interaction site model (RISME). The
results for the site-site distribution functions are in qualitative agreement with those
from Monte Carlo simulations. The accuracy however can be low. The deviation
for important features is sometimes up ot 20% [45]. When applied to other short
range potential functions as the Lennard-Jones potential, the results are of similar
quality. Therefore, the RISM model is called a qualitative theory [45].

In order to incorporate long range effects like the Coulomb potential, some mod-
ifications have to be introduced. This is mainly necessary because it is very difficult
to determine the correct boundary conditions of a finite domain in this case. Hirata
and Rossky [50] proposed a method, which they call the extended RISM (XRISM).
It is based on the assumption that, for most fluids, the direct correlation function
¢(r) behaves as ¢(r) — —pv(r) for r — oo. Hence, we replace c¢(r) — c¢(r) — ¢(r)
with ¢(r) = —fv(r), and the SSOZ equation (EIS) can be written in renormalized
form, see [50] for details. By this procedure, the long-range Coulomb potential does
not appear explicitly in the renormalized SSOZ equations. The XRISM model has
been applied to several pure liquids, as e.g. a simplified diatomic liquid with charged
sites [49,50], liquid methanol [88] and several water models [87]. All results show a
good qualitative agreement of the site-site correlation functions with those obtained
by Monte Carlo simulations. The coordination numbers as well as the positions
of structural features are well represented. However, as already stated above, the
accuracy is not satisfactory, especially regarding the magnitudes of the peaks of
the correlation functions. Moreover, the RISM model, together with a closure that
obeys ¢(r) — —pv(r) for large r, is not able to correctly predict the relative permit-
tivity of the continuum [25,45]. However, this deficiency can easily be eliminated
by replacing the known XRISM dielectric constant by a phenomenological one [51].
Finally, Perkyns and Pettitt [83] introduced the dielectrically consistent reference
interaction site model (DRISM), where a modification of the bridge function in the
HNC closure leads to a corrected dielectric constant of the solvent.

Most authors do not distinguish between ISM and RISM. Therefore the abbreviation RISM is
mostly found in the literature, although no hard sphere (reference) model is considered. In order
to agree with the literature, we will also use RISM hereafter.
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4.2.3 Solutes in Molecular Solvents

The extension of the RISM model to solutes surrounded by molecular solvents was
first given by Hirata, Rossky and Pettitt [51]. The derivation starts with the RISM
integral equation for a mixture of general composition defined by

oHo=UxCxU+UxC % oHop. (4.21)
Here, the * of two matrices stands for a matrix convolution product

(U % C)q Z Ups * Cs. (4.22)

Each factor of [EZ]) is a S x S matrix, where S is the total number of molecular
sites in the mixture, i.e., if s; is the number of sites in molecule 7, we have

i=1

for p different species. If we restrict ourselves to two different species, the solute M
and the solvent S, the matrices can be written as

S S
HSS HSM CSS CSM
H = < HMS MM ) ) C= < coMs oMM ) . (4-24>

To this end, p° and p™ are the number densities of the solvent and the solute, re-
spectively. The submatrices are labeled to indicate the species which are included,
i.e., the submatrix H°M contains entries hg, M~ which denote the total correlation
functions between site a of the solvent and site v of the solute. The intramolecular
correlations are contained in U. Since there are no intramolecular correlations be-
tween solvent and solute, the entries U™ and UM are zero. The link between the
matrices W and W with the entries as defined in [E20) is given by W9 = pU?
and WM = pMUM | respectively.
Using (E24) in equation (EZI]) leads to a system of equations

pSHSS S US CSS % US + US CSS % pSHSSpS

+ U % CM 5 pM M5 S| (4.25)
pMHMS S UM % CMS " US + UM % CMS % pSHSSpS

pMHMM M UM CMM *UM +UM *CMS *pSHSMpM
4+ UM 5 CMM oy pM MM pM (4.27)
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where the fourth equation for p° H9 pM can be left out since H¥Y = (HM5)T, Now,
we consider the case where the solute is in infinite dilution, i.e. p» — 0. Then, the
third equation (E26) can be neglected in comparison to the others and we get

HS = W% C% « W + W9 % C5 % p5 05 (4.28)
HMS = WM 5 OMS 5 WS 4 WM 5 CMS 5 p5 159 (4.29)
HMM = WM oMMy M M OM5 oS M (4.30)

Equation ([Z28) can be solved separately, if endowed with an appropriate closure
relation, since it is an equation of solvent correlation functions alone. Equation
(E29) can then be solved to give the solute-solvent site-site correlation functions
and equation (E30) determines the solute site-site correlation functions. The closure
relations can again simply be transferred from the monoatomic case, since they only
relate correlation functions of the same site-site pair.

If the superposition approximation is used in order to compute the potential of

mean force (PMF) by the solute site-site distribution functions of the RISM/XRISM
equations, equation (B27) of Section leads directly to a term for the solvent
mediated PMF between sites o and  of the solute,
1
g
with 7o, =[x}/ —xJ/|. This is a very crude approximation of the PMF, since (E2J)
and (E30) do not take into account the spatial distribution of the solute. This
approximation deteriorates significantly with increasing number of solute sites.

Nevertheless, the solute-solvent RISM/XRISM equations have been applied to
a wide variety of solute-solvent systems. Among these are ions in a simplified di-
atomic polar solvent [51], polar diatomic solutes in water [84], N-butane and 1,2-
dichloroethane in water and CCly [130], N-methylalanylacetamide in water [86],
alkali halides in water [89] and alanine dipeptide in water [85]. The quantitative ac-
curacy of the results for these systems is difficult to assess, but it is expected that the
method yields to reasonable results, comparable to those obtained by RISM for pure
molecular fluids. In [92], the DRISM model is used for computing the PMF of ala-
nine tetrapeptide during a molecular dynamics simulation. Since the solute-solvent
RISM equations do not take into account the spatial distribution of the solute, all
site-site distribution functions can be computed once in advance and stored for fast
access. This, together with the fast computation of the PMF by equation (E31]),
make the procedure computationally efficient. The results have been compared to
simple implicit solvent models with a constant and with a linear distance dependent
dielectric constant. When compared to a simulation with explicit water molecules,
the DRISM method showed to be superior to both implicit solvent models. This
is not very surprising since it also incorporates short-range effects such as solvent
packing. Nevertheless, the accuracy of the computed properties is very inaccurate.

VaI;MF<Ta“/) = ——In(hay(rar) +1) (4.31)
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Density Functional Theory

A different approach for the computation of site density distributions is based on
the so-called density functional theory (DFT). The DFT for nonuniform fluids is
based on the fact that the free energy F' of a fluid is a function of the density
F = F(p(x)) and has its minimum for the mean density of the fluid (p(x)). This
formulation goes back to the work of Lebowitz and Percus [68] and has been used
for the study of interfacial phenomena, mean field treatments of first order phase
transitions, the analysis of wetting transitions, the study of non-periodic crystals and
more, see [21] and the references therein. Chandler et al. [21] developed the general
formulation for the application of the DFT to nonuniform polyatomic systems. Since
the exact expression for the free energy cannot be computed, approximations have
to be introduced. It can be shown that, for a specific approximation in the free
energy functional, the RISM equations are recovered [21].

Donley et al. [27] developed a DFT approach similar to that of Chandler et
al. [21]. To this end, the site-site pair distribution functions are expressed as an
average over the coordinates of two molecules in an effective potential. This effec-
tive potential can be computed by RISM-like equations, see [27] for details. But in
contrast to the RISM theory, the DF'T model reproduces the exact site-site distri-
bution functions in the limit of low density. Donley et al. applied their model to a
simple diatomic fluid which led to a good agreement with the results of molecular
dynamics simulations. Reddy et al. [93] tested the DFT approach of Donley et al.
against two different integral equation theories for the modified simple point charge
(SPC) model of water. In this comparison, the DFT method was superior to the
other methods. The application to the standard SPC model of water showed how-
ever qualitative differences in the site-site distribution functions due to the missing
repulsive potential between the oxygen and the hydrogen sites. Sumi et al. [114] em-
ployed the DFT ansatz to derive their site-density integral equation (SDIE). Here, a
set of equations for the three-dimensional site-density functions is formulated as clo-
sure for the RISM equations. Application of the SDIE to a diatomic Lennard-Jones
fluid yielded good agreement with a simulation at low densities [114]. The exten-
sion of the SDIE method to polymer fluids also led to accurate results compared to
molecular dynamics simulations [113]. In [115], a more efficient implementation of
the SDIE has been applied to Cly, HCl and water. The computed site-site pair dis-
tribution functions for Cl; and HCI again showed good qualitative agreement with
simulation results. However, the O-O distribution function for water could not be
reproduced correctly, as this is the case with any other integral equation method. A
similar method has been developed by Yethiraj et al. [127] in the context of poly-
meric liquids modeled by hard sphere chains. Here, a different free-energy functional
is used and the method is tested against Monte Carlo simulations with reasonable
results for the pair distribution functions.
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Three-Dimensional Density Distribution of Molecular Solvents

As already noted, the solute-solvent RISM equations do not contain any information
about the spatial distribution of the solute. All site-site solute-solvent correlation
functions are spherically symmetric. This is an inappropriate approximation espe-
cially for larger solute molecules, since it assumes that all solute sites are equally
exposed to the solvent. Hence, the contribution to the solvent-mediated free energy
of partially or completely buried solute atoms is clearly overestimated. To over-
come this deficiency, several authors developed methods to include the full three-
dimensional shape of the solutes.

Cortis et al. [24] derived a three-dimensional integral equation by averaging the
molecular Ornstein-Zernike equation over the orientation of the solvent molecule
consistent with one site of the solvent remaining at a fixed distance from the solute
at the origin. The method is called the molecular origin-site Ornstein-Zernike inte-
gral equation (MSOZ). The resulting site distribution functions contain full three-
dimensional information regarding the structure of the solute molecule. The equa-
tion is supplemented with several three-dimensional generalizations of the HNC
closure. The MSOZ method has been applied to several pure non-polar and polar
fluids. To this end, the site-site distribution functions have been obtained by angle
averaging of the three-dimensional site distribution functions around a fixed solvent
molecule. The accuracy of the spherical symmetric site-site distribution functions
has been shown to be more accurate than those obtained by the RISM method.

Kovalenko and Hirata [61] introduced a new view on the solute-solvent RISM
equations which allows to treat solutes of arbitrary shapes. Equation (2¥) is used
to compute the site-site correlation functions for the pure solvent. The solute is
seen as a single particle of arbitrary form. Therefore, the intramolecular correlation
matrix of the solute W™ is simply a scalar of value one and equation ([E=29) becomes

HMS = CM 5 WP 4+ CM% % p" H® (4.32)

or
hl'S = Zcﬁ“ *wh + chs x pohl, (4.33)

for all sites v of the solvent. However, the interaction between solute and solvent
is still described by a site-site potential, i.e., the total solute-solvent potential of

solvent site v is
Ny

V() = 3 o5 ). (4.34)

Endorsed with the three-dimensional HNC closure (X)) with VVMS as above, equa-
tion (BE33)) can be solved to give the full spatial correlation function of each solvent
site. The method was applied to compute the spatial distribution of water around



4.2. Ornstein-Zernike based Methods 57

a single water molecule and the density profile of water near a crystalline layer of
Lennard-Jones sites [61]. Together with the partially linearized hypernetted chain
approximation (PLHNC) [62], a modified closure to account for very strong elec-
trostatic attractions, the 3d-RISM equations were employed to compute the PMF
for the N,N-dimethylaniline cation and the anthracene anion in acetonitrile as sol-
vent [62]. A comparison of the results for sodium chloride in water with results
from a molecular dynamics simulation showed a good agreement [65,66]. An im-
provement was introduced by applying an empirical bridge function in the 3d-HNC
closure in order to counter the overestimation of water ordering around a hydropho-
bic solute [63]. This yields a drastically improved agreement with simulation data
for the thermodynamics of hydration for rare gases and alkanes in water. The 3d-
RISM-PLHNC method has also been applied to study met-enkephalin in water with
reasonable results [64]. In [67], a so-called self-consistent three-dimensional reference
interaction site model (SC-3d-RISM-HNC) is proposed for the special case of ionic
solutes in a polar molecular solvent. To this end, the first equation of the RISM
model for the pure solvent is replaced by equation (E33), where one solvent atom is
considered as the solute in fixed position. Hence, full three-dimensional resolution of
the direct correlation function ¢ is already obtained for the pure solvent. Inserted
into the Ornstein-Zernike equation together with a three-dimensional HNC closure,
this yields the total correlation function of the ion around the fixed solvent molecule.
This concept is particular, since the roles of the solute and the solvent seem to be
exchanged. But this is really a transformation of coordinates and therefore an equiv-
alent representation of the total correlation function. The SC-3d-RISM-HNC model
has been applied to Na®™ and Cl~ ions in water with an improved agreement of the
ion hydration structure and thermodynamics when compared to the conventional
RISM-HNC approach.

Beglov and Roux [12] use the DFT ansatz to derive an integral equation method
for the computation of three-dimensional solvent densities around solutes of arbi-
trary shape. To this end, they use the free energy functional of Chandler et al. [21]
truncated at second order of the intramolecular and the intermolecular correlations.
Minimization of this functional with respect to the site density leads to an integral
equation for the mean density which can also be written as a system of two coupled
equations,

MS(x) = e AN _ pMS (x) 4 M (x) — 1, (4.35)
P (x) = D ol X2, (%) (4.36)

with the susceptibility of the pure solvent
Xon = Pon, + PPHE,. (4.37)

The first equation (#3H) is indeed the HNC approximation which is recovered by
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the DFT approach. The second equation introduces the intra- and intermolecular
correlations of the solvent through the susceptibility function which appears as an
input. It is computed by the standard RISM-HNC method as described above.
This method is also referred to as 3d-RISM-HNC method. In [12], the equations
(E31) and (E36) were used to compute the density of water around a single water
molecule and N-methylacetamide. The solute-solvent site-site radial distribution
functions were computed from the mean solvent densities and showed reasonable
hydrogen bonding features. However, the O-H site-site distribution functions differs
from the H-O site-site distribution function, which should not be the case in an
exact theory due to symmetry. This is a deficiency of the method, which has already
been noticed for the RISM equations. It is due to the inadequate incorporation of
the intramolecular correlations which are only considered to second order. Hence,
Du and coworkers [28] introduced a so-called hydrogen bridge function in order to
incorporate the short-range hydrogen-oxygen intramolecular correlation to lowest
order. This bridge function includes a free parameter which can be used to fit
the results to experimental values. The susceptibility of pure water computed by
molecular dynamics and the RISM-HNC model were combined in order to improve
the short-range structures of the hydrogen-oxygen correlation functions. Then, the
3d-RISM-HNC equations were used to compute the free energy of some N-alkanes,
N-alcohols, N-carboxylic acids and simple amides [28]. The computation of the free
energies employed the thermodynamic integration, see equation (B:34) of Section B3l
The comparison of the results with experimental data showed a qualitatively good
agreement. The lack of accuracy is due to an overestimation of the water hydrogen
density in the neighborhood of negatively charged groups and the overestimation
of the pressure in the HNC closure. The authors propose to further improve the
empirical bridge function by an extensive adjustment in order to give accurate results
for a large training set of molecular solutes.

4.2.4 Summary

The integral equation theories based on the Ornstein-Zernike equation for computing
the solvent density around a solute provide a powerful framework for the develop-
ment of new approaches to incorporate solvent effects in molecular simulations. So
far however, the methods still involve computations that are too complex in order
to be used in simulations, where a repeated evaluation of the potential of mean force
is required. On the other hand, the accuracy of the computation of thermodynamic
properties such as the free energy needs to be improved. This can be achieved by
adjusting free parameters, as for example in the empirical bridge functions, in order
to fit the method to known (experimental) data. One finally concludes that the ap-
proximations that pose a compromise between accuracy and numerical tractability
still have a substantial effect on the results. This is clearly undesirable but cannot
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be avoided with today’s theories. Hence, further research that is also concerned with
new theories and concepts that have not been considered so far is necessary. This
is why we focus on the YBG-hierarchy together with the Kirkwood approximation
which, to our knowledge, have not been employed in the context of solute-solvent
systems in the literature.

4.3 Methods based on the YBG-Hierarchy

Concerning the computation of solvent density distributions in solute-solvent sys-
tems, the literature focuses on methods that are somehow linked to the Ornstein-
Zernike equation. This is quite surprising, since equations from the YBG-hierarchy
([248) have already been used in the context of non-uniform fluids. In this case, the
first equation of the hierarchy can be written as

Vin(p(x)) = F(x)+ [ Pl x)g (x. X )plx) dx (4:38)

with external force F°**. This relation can be used to compute the density p(x)
for a fluid which is disturbed by the external force. Examples of applications are
the computation of the density profile in the vicinity of walls or free liquid surfaces,
liquid-liquid interfaces or liquids in narrow slits, see [47] for an overview. It is
important to note that, due to the non-uniform disturbance, the pair distribution
function ¢® (x,x’) in this formulation does not only depend on the distance |x — x|,
but also on the absolute positions x and x’. Hence, equation ([E38) is exact and a
closure relation is again required in order to express ¢ by known functions. The
easiest relation one can consider is to replace ¢® by the pair distribution function
of the undisturbed fluid at some averaged density p. But more sophisticated closure
relations are also known, see [47]. The application of equation [38) to a solvent
disturbed by a solute seems to be obvious, but has never been considered so far.
Therefore, we will investigate an equation which is very similar to (E38) in this
context. We call it BGY3d equation. Indeed, ([E38) and the BGY3d equation
are identical if the pair distribution function of the undisturbed fluid in (3§ is
employed. But to see this, we will now derive the BGY3d equation in detail.

4.3.1 Derivation of the BGY3d Equation

We consider a system with a solute consisting of N, atoms and Ng monoatomic
solvent particles surrounding the solute in a box © = [0, L]*>. The box has to be
chosen large enough such that the effects of the solute atoms on the solvent can be
neglected at the boundaries of the box. For now, we assume that all solute as well
as all solvent particles are identical. We want to compute the solvent density for
a fixed position x* of the solute, where we write short x* for x{/,...,x}/ . This
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density p°(x) is given by the Nj; + 1-particle distribution function with N, particle
positions fixed, i.e.

p°(x) = pg™ D (xxM) (4.39)
with the conditional probability
g(NJVI+1) (X, XM)

g(NM) (XM)

g(NM+1)(X|XM) = (4.40)
As we have seen in section [ZZ42 we can compute the N,;+ 1-distribution function by
the corresponding equation from the YBG-hierarchy together with an appropriate
closure relation. The equation to solve for the distribution function g™ +Y is given
by

N

Vg™ 0 (e, xM) = B3 F (s, M) gVt (x, %)
i=1

+ ﬁp/ F(x,x')g ™M) (x, x', xM) dx'. (4.41)
0

Hence, we need an approximation of g7 +2)(x, x’,xM) by lower order distribution
functions in order to be able to solve (EZT]).

We are going to consider the so-called n-level Kirkwood closure relations [108].
They relate the n-particle distribution function to distribution functions of lower
order:

n—1
n _1\n—1—k
g (xy,... %) & H H g® (xi,, iy ooy, )Y . (4.42)

k=2 1<i1<io<-<ix<n
Examples of ([E22) are the Kirkwood approximation ([Z2]l) for n = 3 and the Fisher-

Kopeliovich closure (Z54) for n = 4. Approximation of ¢g™"¥*+2)(x;,... Xx,,42) by
this closure gives

Npyr+2 ~ gNm+1 Nartl
g( )<X17--- > XNM+2)Ng( )<X17---7XNM+1)9( )<X1""’XNM’XNM+2>
Ny+1
X H g( )<Xi17 co Xiny 10 XNy XNM+2>
1<y <ig<-<iny, ~1<Nyp

Ny

X H H 9B (x4, Xy, % )TV (4.43)
k=2 1<i1<io<--<ix<Nps+2
The first two terms of the right hand side of ([L43) are identical with the Ny, + 1-
particle distribution functions of (EZIl). All other terms are recursively further
approximated by (42)). This finally yields

(NM+2)(

x,x', xM) ~
) ) gD (o, 1) ), )

g(NM) (XM)

g
, (4.44)
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where we identified xp,,+1 and xy,,+2 with x and x’ from equation (EZIl), respec-
tively. Inserting (44l into (EAI) leads to an integral equation for the Ny + 1-
particle distribution function

N
vxg(NIVI+1) (X, XM) _ ﬁ Z F(X, Xi”)g(N]VI‘i’l) (X’ XM) (4.45)
i=1

g(NJVI+1) (X’ XM>

g(NM)<XM)

+ Bp /F(X, x')g? (x,x") g™+ (x’ xM) dx’.
Q

Since we are looking for the probability to find a solvent particle at position x
provided that the solute particles are at positions x™, we insert the conditional

probability ({40) into (E4H) and obtain

Ny

Vg D (x™) = 53 F () g M () (4.46)
=1

+ Bp g™t (x]xM) / F(x,x)g? (x,x') g™+ (x'|xM) dx'.
Q

We call (E46) the BGY3d equation. The pair distribution function ¢ appears
as an input in equation (EZH). It can be computed for example by the Born-
Green equation (Z52), which can further be regarded as special case of the BGY3d
equation. If the solute consists of one solvent particle, we have gV»+1) (x|x™) =
g (x|xM) and equation (EE46) can be used to compute the pair distribution function
g,

As stated above, the BGY3d equation is identical to equation (E38) for a non-
uniform fluid with a special approximation to ¢®, if one regards the influence of
the solute particles on the solvent as external force disturbing the solvent. To our
knowledge, equation (E-38) has never been solved with full three-dimensional reso-
lution of the density p(x). Hence, all external forces F¢** considered so far in the
literature result in symmetry properties that allow to use a simplified form of ([E38).
This is not reasonable for our application, since we are going to consider solutes of
arbitrary shape. Hence, we have to solve the BGY3d equation (E46) in three dimen-
sions. However, equation (fE46]) exhibits some properties which are disadvantageous
for its numerical treatment. This is why we introduce some transformations that
allow for an efficient numerical solution on a three-dimensional grid.

4.3.2 Transformation of the BGY3d equation

In order to simplify matters, we first introduce some notation. Since we will always
consider a system with N, solute atoms, we will abbreviate g(x) = g+ (x|xM),
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F(x,xM) = Zﬁ”{ F(x,xM) and V = V, in the following. The BGY3d equation
then reads as

Vg(x) = 8 F(x,x")g(x) (4.47)

1 Bp g(x) / F(x, x)g®(x, X)g(x') dx'.

First, we want to investigate the case of p — 0, which can be interpreted as a system
consisting of two single solvent particles around the solute. Equation (EEZT) then
becomes

Vao(x) = 8 F(x,xM)go(x). (4.48)

My —

This is a system of partial differential equations. If we remember that F(x,x
-V Zf\;ﬁf v(x—xM), we can easily give the analytic solution of equation (f4S) which
we denote by
N
go(x) = e PLit o), (4.49)

This holds for any pair potential v, e.g., the Lennard-Jones or the Coulomb potential.
An important point to note is that these potentials have a singularity for |x —xM
0. This is reasonable from a physical point of view, since in classical mechanics two
particles cannot be at the exact same position. This is why we postulate that
the probability of this situation is zero and, indeed, we have go(X)|x_xn = 0 for
i=1,2,..., Ny This also holds for the solution of (f4T), because, for small values
of |x — x|, the singular force term strongly dominates the right hand side. For
this, the integral term is assumed to be bounded. This is not immediately clear due
to the singularity of the force F(x,x’) for |x — x’| = 0. But we know that the pair

distribution function of the pure solvent behaves as

v(x—x")

gP(x,x) — e P for x—x. (4.50)

If we note that

—a, —z P

x % —0 for 2z—0 (4.51)

holds for any a,b > 0, we can conclude that the product of the force and the pair
distribution function vanishes for |x — x| = 0 and all popular types of potential
functions. Figure 1] illustrates the situation for the Lennard-Jones potential. The
exponential decrease of the pair distribution function dominates the polynomial
increase of the force, and all components of the product Fg® are continuous and
< oo for every x. Hence, the integral term of (1) is bounded.

In summary, we can conclude that the solution of the full problem A1) ap-
proaches the solution of the reduced problem (49) at the solute particle positions

g(x) = go(x) for x—xM i=1,2,..., Ny, (4.52)
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Figure 4.1. Left: Radial component of the force F and the pair distribution
function g® for a Lennard-Jones fluid. Right: Radial component of the product of
Fg®.

which effectively means

g(x) =0 for x—xM i=12..., Ny, (4.53)

()

and the solution ¢ is well-defined at the solute particle positions.

Product Approach

Even though the solution of ([AM) is well-defined everywhere, the singular force
term will be problematic to handle numerically. The singularity causes very stiff
systems that are difficult to solve. Hence, we will introduce an approach which
will eliminate the singular term in ({47). From the observation that the solution g
approaches the solution gy at the solute particle positions, we conclude that ¢ can
be written as a perturbation of gg. Therefore, we write the solution as

9 = Gog- (4.54)

By this choice, we have fixed g = 0 at the solute particle positions, but we do not
further restrict the solution by this approach, since go(x) # 0 for all x # xM i =
1,2,..., Ny Next, we insert ({04 into (47)) and obtain

90 (X)VG(x) + §(x)Vgo(x) = B F(x, x")go(x) ()
T Bp qo(x)3(x) / F(x, x)g®(x, X)g(x') dx’. (4.55)

We know that
g(x) (Vgo(x) — B F(x, xM)go(x)) =0, (4.56)
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because we have chosen gy as solution of (E48). We end up with

%@M&mm—mamlﬁ@mw@mfmwwM):o (4.57)

Since gy is zero only at the solute particle positions, the term in brackets has to
vanish. This term is easier to handle numerically, since no singular term is involved.

However, we will further investigate an enhancement of the approach ([E5L]). We
now assume that g can be expressed as

G(x) = e ), (4.58)

This restricts g to be a strict positive function, which is again reasonable from the
physical point of view, since probability distributions have to be strictly positive,

see Section Inserting (58 into (ERD) gives

0 (Vs gy [ Bl x)glod) ax ) <0 (49
Q

Again, the term in the brackets has to vanish, which yields
Vu=—03p / F(x,x")g?(x,x)g(x') dx'. (4.60)
Q

This equation is actually a system of three equations for a scalar function u. In
order to combine these equations, we apply the divergence to each side and get

Au=—08p V- /QF(X, x)g? (x,x)g(x') dx' with g(x) = go(x)e ™. (4.61)

Again, the - denotes the scalar product of two vectors in R3. Equation (&I is
our final result for the computation of the density of monoatomic solvents around
a solute of arbitrary shape. We will solve (E61]) numerically in Chapter Bl Then,
it will become evident that the approach (ER4]) together with (EERS) is the key idea
which makes an efficient numerical solution of the BGY3d equation possible.

4.3.3 BGY3dM Equation for Molecular Solvents

With the original BGY3d equation (f4d), only monoatomic solvents can be consid-
ered. This is a restriction which inhibits its use for most real solvents, as e.g. water.
Thus, we now investigate how the BGY3d model can be extended to molecular
solvents.

The YBG-hierarchy has already been used to compute properties of isolated
molecules and molecular fluids. However, all investigations in the literature only
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consider very simple potential functions in the context of polymers. Whittington
and Dunfield [126] were the first to derive a BGY equation for a single isolated
polymer. They employed two simple closure approximations, the so-called indepen-
dence approximation and the Markov approximation, see [126]. By this, they were
able to reproduce well-known self-consistent field equations for a single polymer.
Later, Lipson [74], Lipson and Andrews [75] and Taylor and Lipson [120] have used
the BGY equation together with the Kirkwood approximation for lattice polymers.
To this end, the polymer can only assume discrete configurations, since the posi-
tions of the polymer sites are restricted to a spatial lattice. Eu and Gan [32] have
analyzed the Kirkwood hierarchy for polymeric fluids. In their approach, integral
equations are provided for both the intermolecular and the intramolecular pair dis-
tribution functions. They applied their integral equations to an isolated polymer
comprised of soft spheres [40], to a polymeric fluid, where the sites are modeled as
hard spheres [41,42], to single polymers with soft and hard spheres and Lennard-
Jones potential [42], and to isolated hard-sphere and square-well chains with lengths
of up to 1000 sites [43]. Taylor and Lipson [116] have derived a site-site BGY equa-
tion for hard-sphere dimers from the molecular BGY equation. In this derivation,
triplet as well as quadruplet distribution functions appear. Motivated by results for
isolated chains, they employ a so-called normalized site-site superposition approxi-
mation for the intramolecular triplet and quadruplet distribution functions, which
they found to give better results when dealing with multi-site distribution functions
involving connected particles. In [117,118], they tested the equations for longer
chains and rings of hard-spheres with good agreement when compared to other sim-
ulation data. Taylor, Lipson et al. [119,122] have extensively studied their equations
for isolated square-well chains and rings. The results are in very good agreement
with Monte Carlo simulations for shorter chains and higher temperatures. In [121],
they consider a fluid of square-well dimers and get satisfactory results for lower den-
sities of the fluid. Finally, Attard [4] derived a site-site BGY equation for polymeric
fluids directly from the YBG-hierarchy. He introduced a new triplet superposition
approximation for the intramolecular distribution functions and tested the model
for fluids of hard-sphere chains with mostly accurate results.

In summary, quite a few models based on the YBG-hierarchy have been de-
veloped for polymeric fluids. These models include flexible as well as stiff bonds
and mainly differ in the approximations applied to the intramolecular distribution
functions. In the literature, these models have been used to compute the pair distri-
bution functions of different polymeric fluids. To this end, the models were always
reduced to lower-dimensional equations exploiting the spherical symmetry of the
distribution functions.

We will now derive our molecular BGY3d equation designed to compute the site
distribution functions of a molecular solvent in the vicinity of an arbitrary solute.
Here, no symmetry can be taken advantage of and the full three-dimensional dis-
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tribution has to be computed for realistic potential functions, such as the Lennard-
Jones and the Coulomb potential.

Derivation of the Site-Site BGY3dM Equation

We begin with the Liouville equation (Z40) at equilibrium and without external
forces

p; Or on
— F..-— =0. 4.62
Zmi aX@'+Z.Z4 Y op; ! ( 6)
i=1 =1 j=1,j#i
We apply the same factorization of the probability distribution as in Section E24.2k:
m(p,x) = P(p)p(x) (4.63)
with
15} 3 Ip; 12
_ ) e Pem 4.64
Pe) =11 (52) (4.64)
and 9 3
= - p, . 4.65
apiP(p) o, PiP(P) (4.65)

Inserting this factorization in ({62) yields

Z % ' 8555) - ﬁz % ' ( > FJ> p(x) = 0. (4.66)

j=1,j#i

The above equation has to be valid independently of the momenta p;. Hence, it
must hold term by term, i.e.,

L) 53 Ry 0 =0 (4.67)

j=lji

for every e =1,..., N.

In contrast to Section 242 we now consider the case where the particles are
not identical. We assume s different species of particles. The index of a quantity
assigns the quantity to the respective species, e.g.,

N=>"Na. p=)_ pa (4.68)
a=1 a=1

for the total number of particles and the number densities. As a consequence of the
existence of different species, not all particles are indistinguishable any more. Thus,
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we have to distinguish in the definition of the reduced particle densities what type
of particles are integrated over,
Lox?2 o x8 )= M N

’ s (Nl—nl)' (Ns—ns)'

N1y 1
Pl (xl o x

(4.69)

1 12 s
x/p(xl,...,le,xl,...,XNs) AX(Ny—ny) " AX(N,—ny),
Q

where we use the notation dX(N1 ) = = dx,, ., - dx},. The index of plmms) now
explicitly denotes the remaining number of particles for each species. The relation
between the particle density and the distribution function reads as

p(nlv"'vns) — p?l ... p?sg(nlv“'vns)' (470)

We mainly use the alternative notation gg,%? and g&?fy)n for the distribution functions,

where o, v, =1, ..., s specify the species of particle one, two or three, respectively.
We now integrate equation (EEGT7) over N — 2 particle degrees of freedom. Note

that there are S(S+ different possibilities to choose the nq,...,n, such that ny +
4 ng = 2. Further multiplication by (Nrm)! e (NA:ST!L I and taking into account

relation (ET0) yields

vxl gaﬂ3<xl 7X2) 6Fa’y<xl ,Xg)g(%?(X?,Xg)

+5an / (XX (<8335 dx) (A7)

for every a,y = 1,...,s. Here, F,, denotes the force between atoms of the species
a and v,

Fo (35, X3) = =Vt (5, X1). (4.72)
Equation (EZT) requires a closure relation in order to be solvable. If we insert the
Kirkwood approximation (251]) for the triplet distribution function gé?’y)n(x‘f‘, X5, X1),

we get a coupled system of 2 SH) equations for the pair distribution functions

VX‘f‘g((xQ) (X?a Xg) = BF@W/(X?v X9 )9&27) (Xl ) X2)
+ﬁg (x7, x5 an/ o ( X1>X3)g((m)(x1>X3)9»(yn)(X2>X3) dx; (4.73)
for a,v=1,2,...,s

That is, we have derived a system of equations for the pair distribution functions of a
mixture of s different particle species. However, we are interested in the distribution
functions for molecular solvents. Hence, we will further advance the above equations
to also handle intramolecular interactions.
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We consider an arbitrary molecular fluid. The molecules consist of s not nec-
essarily different particles, the so-called sites. Hence, we compose a mixture of s
particle species where the first particle of every species belongs to molecule one, the
second particle of every species belongs to molecule two, and so on. Formally, we
write

X; = (xj,x3,...,x5) for i=1,...,Ng, (4.74)
where X, contains all 3s coordinates of the particles that constitute molecule 7. The
number of particles and their density is equal for all species

Ng: =Ny =Ny=---=N; and pg:=p =ps=--=ps. (4.75)

Hence, Ng is the total number of molecules and pg is the molecular density. So
far, we did not say anything about the structure of a molecule. That is, because
it is not necessary to know anything more than the fact, that each particle has
an additional property which makes it possible to distinguish between particles of
different molecules. The consequence of this is reflected in the definition of the
reduced n-particle density

__ . Ng!
p( S)(Xi,...,xl xf,...,xns) = m (4.76)

1 12 s
></p(xl,...,le,xl,...,XNS) dX(Ny—n1) "+ AX(N,—ny),
Q

where the only difference to equation (ET0) is the factor ﬁ Here, Ng is the
total number of molecules in the system and ng is the number of molecules that

the reduced density p™") depends on. We give a small example: If we consider
water (HyO) as solvent and wish to compute p0? (x} x3 x3), we have ng = 2,
since the reduced density depends on molecules one and two. But we have ng = 3

for p192) (x! x3 x3), since now molecules one, two and three are involved. In other

words, the reason for the factor ( NS{V—ST!LS)! is that the molecules are indistinguishable
and there are NSN%:LS), ways to choose ng different molecules. In consequence, the

relation between the reduced particle density and the distribution function reads as

plntns) — pgsg(nh---ms)_ (4.77)

We now want to compute the two-particle distribution functions by means of
the Liouville equation (EG7). Hence, we choose two arbitrary particles x§ and x,
of molecule 1 and 2, integrate (E67) over the remaining N — 2 particle degrees of

freedom, multiply the whole equation by (NSNfS;S), and insert relation (7). This
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gives

Vx g((m) (x1,%;) = BF o (X7, XQ)Q&QV) (x7,%3)

‘|‘ﬁzp5’/ an X17X3)g$’y)77(X17X27X3) dxg

+ﬁ Z / Xl ) Xl g&?"y)n (thx’ X,Zyv X?) dX717

n= ln#a

+6 Z / an X17X2>gt(:|m3n<xlvx27x2) dx3, (4.78)

n=1n#y

where the superscript ¢ denotes the intramolecular interaction. If we choose the two
particles x¢ and x| from the same molecule, this similarly yields

vx(f g(g{ (Xl ) Xl) ﬁFa'y (Xl » X1 )g(gz%? (Xl ) XY)

+ﬁ Z pPs / amn Xl ) X2)gg§y)n(xl ) XY? X2) dX2

S / (32, x1)g®), (x2, %7, %) dxl. (4.79)

n=1n#an#y

Equations [T8) and ([ET9) form a set of @ different equations for all possible
site-site pair distribution functions of the system. They look similar to equation
(ETT) for a simple monoatomic mixture, but contain additional terms which lack
the pg factor in front of the integral. These are the terms that account for the
intramolecular correlations. To close the system of equations, we again insert the
Kirkwood approximation (ZA1l) and get

Vx gg’y) (x1,%3) = ﬁFC‘é’Y(XhXQ)g((Jm?(leXg) (4.80)
"‘ﬁgg? (xT,%3) Z ps /Q an (xt, X3)g£¢2n) (x¥, X3)g£{37) (x5, Xg) dX3

_'_ﬁgafy X7, X;) Z / X17X1 9&217)<X17X1)g»(yn)<xgax1) dx
n= 17#&

+ﬁg (x7,x3) Z / an(X7,X3) géﬁ(xlaxz)gﬁ)(xmxz) dx;

n=1,n#y
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together with
v g((J{’\?(Xl 7X1) ﬁFa'y(Xl 7X1)gtgm3(xl 7X1/) (481)

+59&?<X?7X¥)ZPS/Q an<X17X2)9é2n)<x17X2)9£,37)<X17X2) dxy

_'_ﬁgafy (x7,x7) Z / X1 , X 9&217) (x7, ] )ga(,%y) (x],x7) dxj.
n=1n#a,n#y

Next, we have to specify how the intramolecular interactions differ from the in-
termolecular ones. The intermolecular interactions are, as always, described by pair
potentials such as the Lennard-Jones or the Coulomb potential. They are respon-
sible for the properties of the solvent. The intramolecular interactions, however,
account for the geometric structure of the molecules that constitute the solvent. To
this end, the molecules are considered to be rigid bodies, i.e., the distance between
every pair of particles within the same molecule is constant. This implies that this
model is only reasonable for solvents whose molecules have a single geometric config-
uration at the considered conditions. Water, as one of the most important solvents,
is an example for such a fluid. For it to be more realistic, the particles of a molecule
should be allowed to fluctuate around their mean positions, i.e., a molecule should
be able to contain energy. Nevertheless, these internal vibrations are neglected in
our model as in any other liquid state integral equation theory for molecular fluids,
see Section 2. This is reasonable, since the effect of the internal degrees of freedom
on the site-site distribution functions are small.

In order to model the rigid body molecules, we first introduce a harmonic po-
tential as intramolecular interaction:

VD X)) = k(T —1g7)" Ya#y (4.82)

with 7{7 = |x{ — x]| and r5” the desired intramolecular distance between particles
of species o and . The constant x defines the strength of the potential. The @
different distances r;” completely specify the configuration of the molecule. The
potential (E82), however, does not lead to fixed distances within the molecule, but
allows fluctuations around the desired distances. Therefore, we investigate the limit
where the constant x, which determines the strength of the force that constrains two
particles to their desired distance, goes to infinity, i.e., we consider ,}1_{20 vi(x8, x]; k).
We examine equation (EXT]), which determines the intramolecular pair distribution
functions, and assume that, in this limit, the solution of equation (ERI]) is strongly
dominated by the first term of the right hand side, and that all integral terms can
be neglected, i.e.,

v g( )<X17X17 ) = 6F37<X(1){7X17 )g((m/)<X17X17 H) for k — oco. (483>

ay
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The dependence on k is explicitly written in the arguments in order to distinguish
between ¢ (x&,x]; k) and the final version of g& (x¢,x]) which will not depend on

this parameter. The solution of (X3 is

98 (<7, x]5 1) = (i, e O

= c(k, rgY)e PO =16, (4.84)

In particular, this is a solution of (ER3) for any factor c(k,r5”). We introduce
this factor such that we get a reasonable limit lim,_,,, which obeys the desired
normalization condition

lim [ g2)(x]75k) drf” =1 (4.85)
with r{” = x{ — x]. Remember that the pair distribution function only depends on
the distance of the sites a and . We choose

40k 1

T (4.86)

c(k,rg7) =

With this choice of ¢(k,75") we can investigate the limit of K — oo in more detail.
We find for the convolution with an arbitrary function f

K—00

4/6/{/ e_ﬁ’%(r?’y_rgw)2
= lim f \/ - dr}”
K—00 ( ) T 471'(7’0 7)2 !

(i7" —rg™)
oy 1 0 oy
= [ f(r" —r )—47r(7*‘0”)2 dr{’. (4.87)

/ FO =) T = i [ =g d

Equation (EZX7) represents the definition of the delta distribution as the limit of a
Dirac sequence, see e.g. [60]. The result is very intuitive, since the two particles x¢
and x| have to remain exactly at a distance of ry" if the restoring force is infinite.
The factor 47 (ry”)? represents the surface of the sphere with radius rj” and ensures
the correct normalization.

Now, we have developed a formalism to describe the molecules as rigid bodies
within equations ({80) and [EX1). We even know all solutions of equations (ELETl),

o(r" —rq")

—47r( I Voa#y (4.88)

9 (xf,x]) =

and only have to take care of equations (L80). But before we insert (E88) into
([ER0), we take a closer look at the second integral term of equation (EER{), since it
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contains the intramolecular force F?. Inserting v* from (fERZ), using relation (EESS)
and taking the limit k — oo leads to

5 (x3,x1) dx]

I}LIEO Ff;m(x?v X{; K )gf(m) (x7,x7; )g'm
T
— 1 V @ an on (2) Y d 1
S ( or(ry" —15")?) T An(re)? 9o (Xa,X7) dx

o1 45/16_5,@(7”?»7_,”3»7)2

=,}£205/ <V"?V - o0 ) 0
. 4ﬁl€6 =g

=,31:gog/ v " (k<) o

ﬁ/ _TO (V QS,QT,)<X27X1)) Xm
5 1
= ﬁvxl /QHQ%KX%XJ dx. (4.89)

In lines four and six of ([E89), we used the property of the convolution,

d da(x)

—(ax) b)) = 2

x b(x) = a(x) * (4.90)

to shift the gradient to g%) (x5,x7) and finally outside the integral. Altogether, we
can write down our final result for the site-site pair distribution functions

vx?g&%y) (X?,X;> = ﬁFa’Y(X(lx7X2)g(()ry)<X1 7X2) (491)

+ﬁg (x7, %3 ZPS/ an X1>X3)9&277)(X1>X3)9§7;)(X27X3) dx

Xl ’ X2 Z Vxl / Xl ) X1)9$7) (Xga X717) dX717

n= lnsﬁa
0] 3 / (55 9 2) (5 (33, ) ]
n=1n#y
with
S(re — pon
w(x{,x]) = o —r’) (4.92)

4r(rg™)?
We call equations ({01 the site-site BGY3dM (SS-BGY3dM) equations.
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Molecular BGY3d (BGY3dM) Equation

With (EE9T]) we have developed equations for the site-site pair distribution functions
of molecular fluids. However, the goal is to compute the site densities of a molecular
solvent around an arbitrary solute

Pa(x) L = psgd ™D (<7 [xM) (4.93)

with the conditional probability ga Nart1) ( “xM) and xM € R3¥™ the fixed config-
uration of the solute. Analog to the derivation of the site-site BGY3dM equations,
we obtain the corresponding equation for gi™ +1)(X1, MY as

Vg g (xf, xM) = BFa (x7, xM) g8 (x¢, xM)

+B Z Ps / an Xl ) X2)g((x]7\7fM+2) (thxv Xg? XM) dxg

w5y / Fi (e, x0)g ) (g 0, M) . (4.94)
Q

n=Ln#a

As before, F,(x¢,xM) is the total force exerted on solvent particle x¢ due to the
solute. We again insert the n-level Kirkwood closure relations ({L42) and divide by
g™ (xM) . This yields

Vg g5 D (xfx™) = BFa (7, xM) g (x¢x™) (4.95)

+/89(N]M+1 04|X Zps/ on Xl,XQ)g&?(Xl,Xg)ggNM—H ( Z|XM) ng

+g(NJVI+1) 04|X Z VXl/ NM+1)(X717|XM)W(X?,X?) dX?,

n=1n#a

where we already considered the result of (ERJ). This is the molecular BGY3d
(BGY3dM) equation. The site-site pair distribution functions gézn) (x{,x37) appear
as input into the equations and can be computed in advance by equations (EL9T]).
The most important innovation of equation (f93) is the second integral term of the
right hand side. This part accounts for the intramolecular correlations of the solvent

molecules.

4.3.4 Improved Approximation for the Intramolecular
Interactions

In the derivation of the molecular BGY3d equation we employed the n-level Kirk-
wood closure relation ([42) for all occurring n-particle distribution functions. It
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was shown by Reiss [95] for monoatomic fluids that, in the thermodynamic limit,
i.e. infinite number of particles in an infinite volume, the Kirkwood approximation
is the optimal superposition approximation for the triplet distribution function. At-
tard [4] expanded this statement to the purely intermolecular triplet distribution
functions of molecular liquids. An important observation of this statement is that
the Kirkwood approximation

9(2) (x1, X2)9(2) (x1, X3)9(2) (x2,x3)
g W (x1)g™M (x2) g M (x3)

is the only superposition of pair functions which obeys the correct asymptotic con-
ditions [4], i.e.

(4.96)

9(3)<X17 X2, X3) ~

g (x1,X2,%x3) — P (x2,x3)gM(x1) for |xi]| — 0. (4.97)

This asymptotic limit is only exact to order N~!, with N the number of particles.
Equation (Z010) states that particle one becomes uncorrelated to the remaining two
particles when it is far away.

For molecular fluids, the situation is different. Here it is known that the Kirk-
wood approximation for triplet distribution functions is not a satisfying choice if
the triplet distribution function includes intramolecular distributions. To see this,
we recall that the error terms of the asymptotic limit (EE97) are of the order N1,
i.e., they can be neglected in the thermodynamic limit. This does however not ap-
ply for the intramolecular parts, since the number of sites per molecule is constant.
Hence, the approximation has to be modified if the correct asymptote and normal-
ization conditions are to be satisfied. These conditions for the mixed intra- and
intermolecular triplet distribution function read as follows:

90, (x5, %3, %) — 9% (x3, xD)gV(xq)  for  [x}| — oo, (4.98)
93,53, %) — 0 for |x3] — oo (4.99)

for the asymptotic conditions and further

« a NS -1
[ a3ty i = L x), (4.100)
9) ps
/Qgéi)n(X?‘,X%,XZ) dx} = g{) (x7,%3) (4.101)

for the normalization conditions. As before, Ng is the number of molecules in the
fluid and pg is the molecular density. The asymptotic conditions are very intuitive,
since the distribution function obviously has to approach zero if the distance of two
sites of the same molecule becomes large. Attard [4] has developed a formalism



4.3. Methods based on the YBG-Hierarchy 75

to compute the optimal pair functions to superpose. They can be computed by
iteration of the two equations describing the normalization condition (EI0T),

0806 5) = L0630 | o803, X0)Cr 05 33)
gfﬁ)(xl,x;) FQV(X?,X;)/an%)(XQ,Xg)Fan(X?,Xg) dx3. (4.102)

Hence, the superposition approximation in this case can be explicitly written as

g&?’y)n(xl ) X2 ) X2) - 9%) (XQ ) XQ)FOW(X?v X;)Fan(xtlxv Xg) (4103)
with the two functions I, and Iy, as the solutions of equations (EI02). Note, that
only the intermolecular pair functions have to be computed. This approximation
satisfies all conditions (E9Y)) — (EEITI) and is therefore the optimal choice. The obvi-
ous disadvantage is that it requires the iterative solution of two coupled equations.
Moreover, approximation ({I03) would complicate the numerical solution of our
BGY3dM model since the product approach could not be employed, as we will see
later. This is why we pursue a more pragmatic approach.

In [116], Taylor and Lipson studied the BGY equation for hard sphere dimers.
To this end, they derive an equation for the site-site pair distribution functions from
the molecular BGY equation. Here, the dimers are treated as rigid bodies with
translational and rotational degrees of freedom. This model requires approxima-
tions for triplet and quadruplet distribution functions which contain both intra- and
intermolecular parts. They employ the so-called normalized site-site superposition
approximations (NSSA). For the triplet distribution function, this approximation
can (in our notation) be written as

g((Jm?n (Xl ) ng Xg) = gs/%) <X2 ) X2)g£z2fy) n(Xl ’ X2)ggz2n)'y<xl ) Xg) (4104)
with
(2) % (2) (g 7
~(2) (o 7Y — Jov (x7,%5) ~(2) (ga 0y — Jan (x7,%3) 4105
ga'y 17( 1> X2) na'y (Xl ’ X’2y) gcm;'y (Xl ) X2) an(X?, Xg) ( . )

and the normalization functions
n! (x{,x5) = / g( )<X X )g(Q)(X xy) dxa
ay\1 s 22 0 n 29 2 )Fan \“1 ) 2 29
a5 x) = [ 006 x))alZ (x5 1) (4.106)

These conditional probability functions account for the correlations between the
site-site functions due to the constraints imposed by the presence of connected sites.
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It is obviously a simplified version of equation ({103 but has the advantage of being
readily evaluated. Nevertheless, it leads to a much better approximation than the
Kirkwood superposition approximation when dealing with multi-site distribution
functions involving connected pairs [116].

We follow the argumentation of Taylor and Lipson and use the approximation
(E104) in our BGY3dM model. However, in order to keep the computational effort
on an acceptable level, we have to further simplify the approximation. To be more
precise, we insert (EI04]) for those triplet distribution functions which include in-
tramolecular correlations. In the case of the site-site BGY3dM equations, these are
the triplet distribution functions ¢g&&,(x%, xJ,x7) and ¢\ (x¢, %7, x1), see equation
(ETY). We then transform and simplify the corresponding integral term to yield a
term which can be numerically evaluated with acceptable effort, see Chapter Bl for
all numerical details. For the first triplet distribution function and the respective
integral term this gives

Z / X17X1 g((Jm?n<X?7Xf2Y7X117) dX?

n=1n#a

s a ~(2
: Vae [ @an (X5, X100 (x5, X7) dx]
) >

~ 0@ (%@
ga’y (Xl ) X9 ng’y (X(lx, X;/)

n=1n#a
s a ~(2
( ) vx? fQ Wan (Xl ) X?)ggn)'a (Xg7 X117) dX?
- ga’y (Xl ) X2) Z 2
« (2) d n
n=1n#o fQ Wan (Xl ) Xl)g"m (X2 ) Xl) X1
o~ (2 (v oY - Ve fQ Wag (X7, X?)ggn)'a (x3,x7]) dx|
~ gaﬁ/ (Xl ) X2) Z 2) ¥ oon n
n*l,n;éoz fQ Wan(X§, X)) Gyma (Xg, X]) dx]

20¢x) Y Tl ([ et <030 axt) (2207

n=1n#a

with g (x§,X7]) = way(x§,x7) in our case. In the second line, we already considered

the limit of an infinite intramolecular restoring force, compare the derivation ([EE9).
In the fourth line, we replaced g%) by its normalized form gfﬁ}a By this, it is possible
to transform the term so that it involves a single integral only, which is numerically
advantageous. Numerical tests in Chapter Bl will reveal that this approximation
leads to reasonable results. For the second triplet distribution function and the

corresponding integral term, we employ the full NSSA approximation for now:

Z / on (X7, X3) 9%, (x§, %3, x3) dx} (4.108)

n=1m#y
S

1
~ g X)) m/Fan(X17X2)g((12n)y(X17X2)ww)(X2>X2) dxs.
=Lty OV X2) o
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The actual implementation of this term will be discussed in Chapter

Now we have to transfer the NSSA approximation to the conditional Ny, + 2-
particle distribution function as it appears in the BGY3dM equation (94 (third
line). For this, we insert the n-level Kirkwood approximation (Z2) and simply
divide by the normalization functions analog to (EEI04l). This yields

s

1 ) .
> @0 (x7) /Q Fi(x9,x]) g0 2 (x¢, 7, xM) dx]

n=lLn#a

(Nar+1)
~ g(NM+1)(Xa|XM) i Vo fQ o ( XM way (x¢, x7) dx]
" 1 n=ln#a na(x7)

s ~(Npr+1) o
(NMH( ‘f‘\xM) Z Ve fggm M ( Y‘XM)Wan<X1aX717) dx{

= 94 s -

e Jo gt XM ey (x5, x]) dx]
s (Nap+1) o
zg(NMH)(XﬂXM) Z Vg ng " ( 11X )wan (x7,x1) dx{
e} ~ (N, 1 o

n—l,n;éa 997(7, ey (X;Z‘XM)(’UO“?(Xl?X?) dX717

= gWNaHD) (x| x M) Z Ve In (/ gn]\(i’”“ (x71x™) Wy (x5, x7) dx?) . (4.109)
n=1n#a

The derivation is equivalent to ({EI07). The replacement of g77 Nart-1) by its normalized
form again simplifies the computation of this term. The normalization functions are

defined by
W) = [ o XD ) ),
) = [ o O XD G (4.110)

We are now able to insert the terms with improved approximation for the intramolec-
ular interactions into the SS-BGY3dM and the BGY3dM equations. The resulting
equations can be transformed along the lines of Section B3] for the monoatomic
BGY3d equation in order to simplify their numerical treatment.

4.3.5 Transformations of the Site-Site BGY3dM and BGY3dM
Equations

The structure of the site-site BGY3dM as well as the BGY3dM equations is very
similar to that of the original BGY3d equation (f46). This is advantageous, since
we can adopt the results of Section B3] for the original BGY3d equation. With the
exact same arguments, the solution of the BGY3dM equations ({93) approaches
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zero at the solute particle positions for any site of the solvent molecules. Hence, we
can adopt the transformations of the BGY3d equation in Section EE31] in order to
facilitate the numerical treatment of the equations.

We first consider the BGY3dM equations (E05). To this end, we can insert the
product as well as the exponential ansatz and write

Ja(x7) = ga(x})eCD (4.111)
with
N «
ga(x§) = e v ) (4.112)
as the solution of
Vigga(xT) = Fa(xt, x")ga(x7), (4.113)

where we again use the short notation and leave out the x™ indices and the super-
script (Nps + 1). Following the argumentation of Section EL32), we insert (EITI)
into (EE99) and apply the divergence. This results in

Axatig (x{) = —ﬁzpsvxl / an(Xl7X2)9£¢277)(X17X2)9n(x2) dx;

Z Axe In ( / e (X1 )wan (x5, x7) dxl). (4.114)

n=ln#a

Here, we also considered the intramolecular term (EI09) with the improved ap-
proximation. This is the transformed BGY3dM equation, our final result for the
computation of site distribution functions of molecular solvents around an arbitrary
solute.

Secondly, we can equivalently transform the site-site BGY3dM equations and
use

92 (x¢,%x3) = g%, (x¢,%3)e” u O 3) (4.115)
with
go, (x5, x7) = e et =x2) (4.116)
as the solution of
chfgg?(xl,xz) 5Fa'y(x1an)g(%}(X?an)a (4.117)

where v, (x§ —x3) is the potential between sites @ and  of molecules one and two,
respectively. As above, we now insert (EITH) into (BEOI]), consider the improved
approximation terms ({I07) and (EEI08), apply the divergence and finally end up
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with

Ax‘l"u(2 (Xl ) X2 - _ﬁ Z/)val : / an(X?a Xg)Q((fn) (thlv Xg)QP(y%) (ng Xg) dxg

=3 i ([ el xal k) i)

n=1n#a
7\ ~(2) n

f Fon (X7, X3) oy (XT, X5
_ﬁ Z vx? Q n ;

nay (X7, %3)

o

Jw(x3,x3) dxj

(4.118)
n=1,n#y

We employ the NSSA approximation without any modifications in the last line.
The numerical evaluation of this term is challenging, but it will lead to reasonable
results, as we will see in Chapter Bl Equations [ZTI8) are the transformed site-site
BGY3dM equations, which can be used to compute the site-site pair distribution
functions that are further necessary as input to the BGY3dM equations (L1T4).

The advantage of the formulations (LII8) and ([EI14) is, as already described,
that the singular force terms do not appear outside the integrals, thereby facilitating
the numerical treatment. Since we will compute the convolution integrals by means
of Fourier transformations, the Laplace operator can be realized as diagonal scaling
in Fourier space, which is numerically very efficient. Together, this yields an efficient
method to compute the site distribution functions around arbitrary solutes. Numer-
ical tests of the site-site BGY3dM and BGY3dM equations will be investigated in
Chapter Bl Further, we will consider actual applications of the BGY3dM model in
Chapter @






Chapter 5
Numerical Aspects

In Chapter Bl we have derived the BGY3d and the BGY3dM models for the com-
putation of solvent densities around solutes of arbitrary shape. To this end, the
BGY3d model deals with monoatomic solvents, whereas the BGY3dM model is able
to consider complex molecular solvents. In this Chapter, we are going to present
the numerical algorithms for solving the BGY3d as well as the BGY3dM equations.
We will present their discretization and discuss the numerical error. Furthermore,
we will also investigate the approximation error of the models due to the closure
relations involved. For this, we will compare results obtained by the new BGY3d
and BGY3dM models with results from molecular dynamics simulations and the
3d-HNC method of Beglov and Roux [10].

The solution of the BGY3d and of the BGY3dM models requires the prior com-
putation of the pair distribution functions of the pure solvent. To this end, we
employ the Born-Green equation (Z352)) in the case of monoatomic solvents and the
SS-BGY3dM equations (EE9T)) in the case of molecular solvents. The structure of
these equations is almost identical to that of the BGY3d and BGY3dM models.
They involve the same approximations and are discretized the same way. It follows
that the Born-Green equation and the SS-BGY3dM model are suited better for the
investigation of the discretization error, since they do not involve a precomputed
function. This is why we will discuss the discretization error on the basis of these
equations. In order to quantify the approximation error of the models, we will com-
pute pair distribution functions and site density distributions around simple solutes
and compare them to results from molecular dynamics simulations. In the case
of three-dimensional density distributions, this investigation is complicated by the
slow convergence of the molecular dynamics results. They will still exhibit signifi-
cant fluctuations even after hundreds of millions of time steps. Hence, we will finally
also compare the computational effort of our BGY3d and BGY3dM models and a
molecular dynamics simulation.

81
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5.1 Numerical Solution of the BGY3d Equation

We are now going to investigate in full detail the numerical solution of the BGY3d
model, which we derived in Section L3Il Therefore, we introduce a short notation
and write the BGY3d equation (G as

Au=—0Bp V- K, in (5.1)

with
K,(x) = /QF(X, x')g? (x,x')g(x) dx’' (5.2)

and
9(x) = go(x) e™™). (5.3)

Equation (Bl is a non-linear integro-differential equation. As before, Q C R?
denotes the spatial domain of the system. We have to choose the domain large
enough such that finite size effects can be neglected, see also Section 2. That is, we
assume u(x) ~ 0 outside the domain and can define Dirichlet boundary conditions
u(02) = 0. This is possible due to the short-range character of the distribution
functiond]. Furthermore, we can always enlarge the domain without affecting the
solution. In particular, we can choose ) = R3.

To cope with the non-linearity, we apply a fixed point iteration, which leads to
a series of linear integro-differential equations.

ALGORITHM 5.1 ((Damped) Fixed Point lteration of the BGY3d Equation).

-1

2. l—1+1, g7 =gy e ; solve

Aut = —ppV Ky inQ (5.4)
and set
ul — vut + (1 —v)ult (5.5)
3. 1If
[lu" =Ml < vx (5.6)

stop; else go to 2.

Here, 0 < v < 1 is a factor that damps the iteration in order to guarantee
convergence. The constant x defines the stopping criterion of the iteration.

!For many types of interaction potentials, the short-range character of pair distribution func-
tions can even be shown rigorously, see [1].
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By the application of the fixed point iteration, the problem is transformed into
a series of linear PDEs (B4]). After evaluating the right hand side of ([B4l), we get
a Poisson problem with Dirichlet boundary conditions u!(92) = 0. The boundary
condition results from the fact that we want to choose the finite domain such that
the solution ¢ is constant outside the domain. We choose this constant to be 1,
which leads us to the described boundary condition. We apply the Laplace operator
in Fourier space in order to solve the Poisson equation. To this end, the Laplace op-
erator is represented as a diagonal matrix. This has the advantage of fast evaluation
but assumes periodic boundary conditions. We can however choose the domain large
enough such that the solution of the Poisson problem (B.4) is identical for periodic
and Dirichlet boundary conditions, assumed that the force and the pair distribution
function are of short range.

We now consider the evaluation of the right hand side of (&2)). For this, we first
introduce a short notation A;(x) := F(x)g®(x) for i = 1,2, 3. If we set the domain
to Q = R3, we can apply the convolution theorem which states that

F3(Aix g) = F3(A:) Fa(g), (5.7)

where the asterix * denotes again the convolution. Furthermore, Fj3 is the Fourier
transform in three dimensions

90) = Falg)00) = [ g ax, 6

and the inverse Fourier transform reads as
F@)) = [ gk dk (5.9)
]R3
Hence, the convolution integral (22) can be computed as

(Ky), = F5 ' (Fs(A)Fal9)).  i=1,2,3 (5.10)

The representation of the convolution integral by means of Fourier transformations
enables a very efficient computation with complexity O(n?log(n?)) if the fast Fourier
transform (FFT) is employed. Here, n denotes the degrees of freedom for one di-
mension.

In order to cope with the divergence of K,, we make the following observations:
Since the F; are antisymmetric and ¢® is a symmetric function, 4; is antisymmetric
as well. Hence, the convolution of A; with a constant is zero and we can write

with h = g — 1. Now, we use the fact that the derivative of the convolution can be
shifted to its arguments
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Therefore, we obtain for the derivative of the convolution
Or, (Ky), = F5 ' (F3(Ai) F5(0:,1)) (5.13)

with

since h(x) — 0 for |x| — oo.

If we now expand the solution '

in a Fourier series

ul = / ale™  dk = Fyl(ah), (5.15)
R3

where the e?™%* are the basis functions of the Fourier space, application of the

Laplace operator simply yields
Af'g—l(,al) — / alA62ﬂzk~x dk
R3
— _/ ﬁl<2ﬂ_)2|k‘2e2mk-x dk
R3

= —(2n)2F (0 k)?), (5.16)

i.e., the derivative can be shifted to the basis function. Summing up, we can write
equation (B4 as

(2m)2F (0l |k|?) = 2mBpFy ! (Z ki]-"g(Ai)]-"(hll)> : (5.17)

Here, the arguments of the inverse Fourier transforms have to be identical up to a
constant and we have

3
k.
~1 k) = Zﬁ/) 7 A hl—l 1
180 = 503 AR (5.15)
with
Rl =¢""1—1 and ¢ ' =g e (5.19)

The value corresponding to the zero wavelength is not defined by this relation. We
therefore set 4/(0) = 0 and thereby enforce the normalization

/ u'(x) dx =0 (5.20)

in every step of the fixed point iteration. The function u' is constant except for

a very localized region at the center of the domain, if we assume a short-range
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potential. Hence, the normalization (.20 approximates the Dirichlet boundary
condition u'(9€2) = 0 sufficiently well, if the domain 2 is large enough. The solution
u! can then simply be computed by (ETH),

ut = Fyl(ah) (5.21)

with 4! from (BEI8) and 4'(0) = 0. This way, the solution of the Poisson equation
(B requires only one Fourier transform and one inverse Fourier transform in each
step of the fixed point iteration. Note, that the Fourier transforms of the A;, i =
1,2, 3, can be computed and stored in advance.

Solution of the Born-Green Equation

The Born-Green equation (Z532) for the pair distribution function of the pure solvent
can be regarded as special case of the BGY3d equation, where a single fixed solvent
atom acts as solute. Then, we have g(x) = ¢®(x|x);) and equation (BII) is the
Born-Green equation with

K% (x) = / F(x,x)g(x —x')g(x') dx’ (5.22)
0

and
9(x) = go(x) e, (5.23)

This way, we can follow the same argumentation as above, apply the fixed point
iteration and use the Fourier transformation for the convolution of (-2Z). This
leads to the solution of the Poisson problem

ut = Fyt(ah) (5.24)
with
al<k>=w—pi 5 F(AT)R (Y, al(0) =0 (5.25)
2 < |k|? ’ ’
and
Ax) = F(x)g M%), AT =g =1 and gl =gee T (5.26)

as one step of the fixed point iteration. The only difference to equation (BZIl) is
that the vector A! now also depends on the solution ¢'. Hence, three additional
Fourier transformations are required in each iteration step, but the same numerical
implementation can be used for the Born-Green equation and the BGY3d equation.
Both methods are identical, except for the definition of the vector A'.
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5.1.1 Discretization

In order to discretize equations (2]l) and (224l), we choose a computational domain
Q = [0,L]*> C R3. We approximate all functions on a regular grid of size N = n?
with n the number of grid points in one dimension. The grid points are defined by
x,(i) = ih for i € [0,n — 1]* C N® with the mesh size h = £ and the length L of the
domain in one dimension. We call €2}, the set of grid points

Q= {x,(i) |i€[0,n—1]}. (5.27)

All functions are approximated (in the function space) on this grid and are rep-
resented as vectors in RY. The discrete (approximated) version of a function
f:Q — R is denoted by f, € RY. It holds for a known function f at the grid
points that

(fn)y = (D),  Vie[o,n—1]% (5.28)

Functions in Fourier space are approximated on a grid with mesh size hy = %, ie.,
the discrete points are given by k(i) = ih, for i € [0,n — 1] C N3. Here, we set

O, = {kn(i) | i€ [0,n—1%}. (5.29)

Hence, we have chosen the same number of grid points N = n? for the discretization
in real and Fourier space. We employ the fast Fourier transform (FFT) algorithm
as it is implemented in the FFTW [39] to compute the discrete Fourier transforms.

The numerical procedure is as follows: All given functions, the force F, the pair
distribution function ¢® and the initial guess u, are approximated on the grid. Then,
we apply the discrete version of Algorithm Bl i.e., we solve (B4 in every step of
the fixed point iteration by (2Il) and (B24)) in the case of the BGY3d equation and
the Born-Green equation, respectively. We stop the iteration if ||Ju}, —ul|| n < UX,
where |||, is the discrete version of the Lu.-norm,

et ]| s, = max | (u )i - (5.30)

There are two sources of errors if we solve equation (BJ]) by the numerical pro-
cedure described above. First, the discrete Fourier transform on the finite domain
Q) enforces periodicity of the functions on €2, although our continuous functions are
not periodic with respect to €2. Secondly, we have the discretization error itself.
The interplay of these errors and their specific influence on the convergence will be
investigated in more detail in the next section.

5.1.2 Convergence

We investigate the convergence of our discretization of the BGY3d model (&]). As
a start, we illustrate the two sources of errors, finite domain and discretization, for
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0'120'2:]_.0 0'1:(72:0.]_ 0'1:]_.0,0'2:0.]_

dof erh ‘ ern erh ern erh ern

323 || 2.236_g | 4.329 5 || 3.071_3 | 1.00645 | 2.702_5 | 6.589_,

643 || 7.392_9 | 4.330_5 || 1.150_5 | 2.448,, || 1.769_g | 1.253_,4
1283 || 2.564_g | 4.330_5 || 2.023_1; | 1.278_5 || 1.943_15 | 9.567_¢
2563 || 9.022_10 | 4.330_5 || 9.144 5, | 7.105_y5 || 6.413_13 | 9.937 g
5123 || 3.186_10 | 4.330_5 || 2.895_ 51 | 7.105_y5 || 2.219_;3 | 1.003_5

Table 5.1. Errors of the numerical convolution for different values of o1, o9
and numbers of degrees of freedom (dof).

the convolution of two Gaussians. We choose

1 a3 :
i(x) = e i, 1=1,2, 5.31
0=y (5:31)
and compute the convolution
f1 k f2 = / fl(X — X/)fQ(XI) dXI. (532)
R3
The analytical solution is given by
. 1 —r
[H(x) = e *orter) (5.33)

(2(0t + 03))2

The numerical convolution is computed on the finite domain Q = [—5, 5]* by means
of the discrete Fourier transform. We measure the discrete Lo- and L..-error of the
numerical solution for different values of o and o9 and different mesh sizes h of the
domain discretization:

epr = 11" = fulln = % <Z |f*(xn(i) — (f;)i|2> )
err, = 1" = fillee, = max | (xn(1) = (fp)il; (5.34)

with f the discrete solution of the numerical convolution.

The results for up to N = 5123 grid points are shown in Table 51l and Figure Bl
First, one can clearly observe the influence of the width of the Gaussian functions on
the error. The convolution of the two Gaussians with o1 = g = 1.0 shows a nearly
constant error for any mesh size h, because the functions are very broad and smooth.
Here, the error due to the finite domain size dominates, since the functions have a
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Figure 5.1. L.,-error (left) and Lo-error (right) of the numerical convolu-
tion for different values of o1, o9 and numbers of degrees of freedom (dof).

non-negligible value at the boundaries. For o; = 09 = 0.1, however, the influence of
the finite domain is negligible. Now, the functions are more sharply defined such that
they are not well-approximated with few degrees of freedom. Here, the exponential
convergence of the discrete Fourier transform can be observed. The case o1 = 1.0
and oo = 0.1 illustrates how the two sources of error interplay. The error due to the
finite domain is constant, but is exceeded by the discretization error up to N = 1283
grid points.

The observations of this simple test teach us that we have to appropriately choose
the size of the domain and the resolution of the grid in order to get small errors at
acceptable costs. We can easily choose the domain size large enough such that all
functions nearly vanish at the boundaries in the case of short-range potentials such
as the Lennard-Jones potential.

We will now investigate how the numerical accuracy improves when we increase
the mesh size of the discretization. For this, we consider the solution of the Born-
Green equation by algorithm (BI) with the Lennard-Jones potential, i.e., we choose
the force to be

FY = Vol (x),  oM(r) = de ((5)12 _ (5)6) | (5.35)

r r

We employ the Born-Green equation for this convergence test, since it does not
comprise a function which is only approximately known, as this is the case for the
BGY3d equation. But all observations also apply to the BGY3d equation, because
the discretizations are identical.

We do not know the analytical solution for the considered problem. Hence, we
compare the results for different resolutions of the grid. That is, we compute the pair
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Figure 5.2. L. -error (left) and Lo-error (right) for different values of p.

distribution function for Ny = 323, Ny = 643, N3 = 1283, N, = 2563 and N5 = 5123.
We then measure the error between the solution on the finest grid (level 5) and all
other solutions. To this end, we linearly interpolate all functions to the finest grid
and compute the discrete L?- and L>- errors between the interpolated solution and
the solution on the finest grid g,

_ 1 . 2
€rh = lghs — ghLHLg = N, (Z |(gns)i — (gh)i|2> ) (5.36)
ern, = llgns — Gnllzn, = max |(gns)i — (Gn)il (5.37)

where g;, indicates the solution with mesh size h interpolated to the finest level. The
choice of the simulation parameters can be found in Table 22 The values for the
density p of the fluid and the inverse temperature are chosen to represent the liquid
state of the system. The damping factor in the fixed point iteration has been chosen
tober =09, v =0.5and v =0.3 for p=10.3, p = 0.5 and p = 0.8, respectively.

Q=1[-55 p=0.3,0.5,0.8 8 =0.6061
e=1.0 oc=1.0 x=1076

Table 5.2. Parameters of the model problem.

Table and Figure show the results for different values of the density
p. Obviously, the error significantly decreases up to N = 2563. However, the
magnitude of the L.-error shows that, even for the finest resolution, the solution
is still not approximated with good accuracy. This is caused by the sharp flank
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p=0.3 p=0.5 p=038
dof erh ern erh ‘ ern erh ern
323 11 2.706_¢ | 1.0224¢ || 2.793_¢ | 1.081 ¢ - -
643 || 1.078 ¢ | 4.403_ || 1.140 ¢ | 4.659 1 || 1.369_¢ | 5.472_

128% | 3.271_7 | 1.644_; | 3.495_; | 1.743_; | 4.215_7 | 2.064_

256° || 8.125_g | 4.729_5 || 8.698_g | 5.034_5 || 1.050_7 | 5.947_,

Table 5.3. Errors of the BGYS3d method for different values of p and dif-
ferent numbers of degrees of freedom (dof). Note that for p = 0.8 and N = 323 the
fixed point iteration of the BGY3d method does not converge.

of the pair-distribution functions from zero to the first peak, compare also Figures
P11 - 23 This region is dominated by the factor go = e A" ) which is infinitely
often differentiable but very sharp and therefore difficult to approximate by our
discretization. Hence, the reduction of the error is dominated by the approximation
of the constant function gy. This is why we will further investigate the solution with
respect to its product structure in more detail.

The pair distribution function is computed in each step of the fixed point iteration
(B0 by our product approach

g'(x) = go(x)e ™™ with go(x) = e "6, (5.38)
where u! is the solution of the Poisson equation (&) of step I. As stated above,
the function gq is very sharp and difficult to approximate. Hence, we now repeat
the simulations above with a slightly different computation of g,: Instead of g, we
now interpolate uy, to the finest grid before we compute g, by ([E38) on the finest
grid. This way, we can compare the solution of the fixed point iteration for different
resolutions without the influence of the function gy.

Table 24 and Figure show the results for different values of the density p for
the modified interpolation of the solution. The absolute values of the L.~ and the
Lo-errors are now considerably improved. The rate of the error reduction decreases
from 0.066 between level 1 and 2 to 0.26 between level 3 and 4 in the case of the
Lo-error and of density p = 0.3. A similar behavior can be observed for the other
densities and the Ls-error. Due to the small number of different grid sizes, an
asymptotic rate cannot be determined yet. One may wonder why the roughness
of gy does not have a stronger influence on the solution through the integral term
(EZ2) (where it is again incorporated through ¢ from (B38)). Since the sharp region
of go is very localized, the result of the integral term is very smooth and only weakly
affected by the poor approximation of gy, which explains the significantly smaller
errors measured with this procedure.



5.1. Numerical Solution of the BGY3d Equation 91
10" ‘ 10° ‘
—p=0.3 —p=0.3
0 = o —
10° | +-p=0.5|] - +-p=0.5
: . ~p=0.8 a0 |
= -1 s T
—-10 "¢ —
> 107
) -2 )
g 10 =3
= - -8
1023 10
10 ‘ ‘ 10 ‘ ‘ ‘
10" 10° 10° 100 10° 10 10° 10° 100 10°

dof dof

Figure 5.3. Ly.-error (left) and Lao-error (right) for different values of p
and different numbers of degrees of freedom (dof). The function gy is multiplied on
the finest grid.

p=0.3 p=0.5 p=038
dof ern ern ern ern erh ern
323 || 5.396_7 | 1.406_; || 8.250_7 | 3.891_4 - -
643 | 6.710_g | 9.298_3 || 9.418 g | 2.350_5 || 2.819_7 | 1.313_4
1283 || 1.301_g | 1.651_3 || 2.287_5 | 2.892_5 || 5.674_g | 7.330_3
2563 || 3.127 ¢ | 4.256_4 || 5.516_¢ | 7.523_4 || 1.396_g | 1.940_3

Table 5.4. Errors of the BGYS3d method for different values of p and differ-
ent numbers of degrees of freedom (dof). The function gy is multiplied on the finest
grid. Note that for p = 0.8 and N = 323 the fized point iteration of the BGY3d
method does not converge.

In summary, the solution of the BGY3d equation is satisfactorily approximated
for all grid resolutions with N > 2563, i.e., the relative Lo-error is roughly 5% when
compared to a solution with N = 5123 grid points. The major part of this error is
due to the difficult approximation of the constant function gy and is localized at the
sharp peak of this function. The smooth regions of the distribution functions are well
approximated even for small number of degrees of freedom, as is indicated by the low
Lo-errors. Nevertheless, we have to keep in mind that the actual error between our
approximated solution and the (unknown) exact solution may be greater, but this
difference should be negligible, since the probability distributions are not expected
to exhibit very fine structures. In the following, we will use N = 2563 grid points
when possible. Sometimes this has to be reduced to N = 128 for special reasons
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Figure 5.4. Convergence of the fized point iteration for different values of p
in the Loo-norm (left) and the Lo-norm (right).

which will be explained in the corresponding section.

Finally, we are going to discuss the convergence of the non-linear fixed point
iteration. Figure B4 shows the convergence history for N = 2563 and different
densities, i.e., the logarithmic plots of

1 _ _
e =k and 2 — g

with ul being the discrete solution of the linearized problem (B4)) of step [ of the
fixed point iteration. A decrease of the norms indicates the contracting property of
the fixed point iteration, which is a condition for convergence. Indeed, the Lo-norm
shows a monotonic decrease during iteration, whereas regions of increase can be
observed in the L.-norm. This is because the discrete Lo,-norm is more sensitive to
the discrete approximation of the solution. Strong local changes may cause a short
increase of the norm, since it is sensitive with respect to the exact location of the
grid points. This happens especially at the beginning of the iteration process. The
discrete Ls-norm is more robust due to the averaging process involved and shows
a monotonic decrease. Hence, the fixed point iteration converges for our choice of
the initial v} and the damping factor v. Asymptotically, linear convergence can
be observed for all densities. The rate of convergence however becomes worse with
increasing density due to the stronger influence of the the non-linear term.

5.2 Test of the BGY3d Model

In this section we are going to investigate the model errors of the BGY3d equations
in more detail. We have seen in Section B.1.2 that the numerical errors can be
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controlled if we appropriately choose the size of the domain and the resolution of
the grid. We will show that the numerical errors are negligible when we compare
the results of the BGY3d equation with results gained from molecular dynamics
simulations. The deviations between the results will be dominated by the model
error of the BGY3d model. This is due to the approximations involved in the
model. In order to classify the BGY3d equation within existing methods, all results
will also be compared to the 3d-HNC model of Beglov and Roux [10].

5.2.1 Computing the Solvent Density with Molecular Dynamics

In order to analyze the model error of the BGY3d equation, we are going to compare
the BGY3d results with those of a molecular dynamics simulation. To be more
precise, we compute the mean solvent density of a simple Lennard-Jones fluid around
a solute composed of one, two, three or four particles with both the BGY3d method
and by a molecular dynamics simulation. In general, the mean solvent density can
be computed by

(0(00) = <Z 3 - xf>>

(xM)
Ng
= Oy / D a(x — xP)e VO xS, (5.39)
Ong =1
with
Cus :/ e VX xS (5.40)
Qg

where we have only used the definition of (.)m) (B29) from Section B3 The
integral in (B.39) describes the spatial part of an integral over the phase space of
the solvent’s degrees of freedom. It can be computed by a molecular dynamics
simulation by means of the ergodic hypothesis, i.e., the ensemble average <->(xM) can
be replaced by a time average of the molecular dynamics trajectory x°(t) for large
times teng. The hypothesis states that

Ng
CMls/Q Z(S(x—xf)e’v(xM’xs) dx® = lim

tend—00
Ng i=1

Ng

/ S S (0) di (5.41)

i=1

end

holds, where x7(t) is the position of solvent particle i at time ¢. The approximated

trajectory of a computer simulation is given only at discrete time steps t;, and the
integral has to be replaced by a sum

Ng Nt Ng

1 /Omd 25(:& — X} (t)) dt ~ %t ZZ(S(X — x7(tg)), (5.42)

t
end i=1 k=1 i=1
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where NV, is the total number of time steps.

The actual implementation of ([E42) is as follows: A periodic box Q = [0, L}?
is filled with solvent particles at the desired overall density. For convenient post-
processing, the solute particles are placed in the center of the box. Then, a molecular
dynamics simulation in the canonical ensemble is run with the solute particles fixed
at their positions, i.e., all forces between solvent and solute particles are computed,
but the solute particles do not move. At every time step t;, the instantaneous
solvent density p;, is computed. The densities are approximated on a regular grid
as described in Section BET.Tl The transformation of the particle distribution to the
grid is done by linear interpolation,

Ng

()i =Y [ dna(x)d(x — xF(ty)) dx, (5.43)

j=1 " Mni

where the index i defines a grid point and ¢y, ; is the hat function in three dimensions
centered at xp,(i) with support A, ;. After N; time steps, the approximation of the
mean solvent density can be computed by the sum of the particle densities at all
time steps,

k
. 1 .
(60 () ey 7 (Pl WD P02 = Dy (5.44)

J=1

The situation becomes easier when we want to compute the pair distribution
function ¢® of the pure solvent. It is given by an ensemble average over any pair
of solvent particles

2) o l S S .o . .
g\ (r)= p<5(|xi —x;|—r)) forany i,j=1,...,Ns, i#j. (5.45)
This is only a one-dimensional function, and any pair of solvent particles can be used
to compute it. These two aspects drastically improve the rate of convergence. De-
tails on how the pair distribution function can be computed by molecular dynamics
simulations can be found in the literature, see e.g. [46].

Remember that the equality in (EZ]) is only valid in the limit of infinite time.
Hence, the number of time steps required for a sufficient convergence of the right
hand side of (5:42)) may be very large. And indeed, we observe distinct fluctuations of
the solvent densities computed from a molecular dynamics simulation. These errors
can be identified especially in the settings where the full three-dimensional density
is computed. Nevertheless, the computation of the solvent density by molecular
dynamics allows us to quantify the model error of the approximate models, since
most important features of the functions are satisfactorily reproduced, as we will
see in the following.
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5.2.2 Comparison of BGY3d with Molecular Dynamics

We will now to present numerical results computed with the BGY3d model, the
3d-HNC method of Beglov and Roux [10] and molecular dynamics simulations, re-
spectively. The setting for our simulations is as follows: We choose a box () and
place the solute atoms in the middle of the box surrounded by the solvent with
number density p. In these tests, all particles (solute and solvent) are identical and
interact via the Lennard-Jones potential

B (1) = e ((%)12 - (%)6) | (5.46)

We perform several simulations with different solvent densities and numbers of solute
atoms. The solute atoms are placed so they have distance o to each other and their
center of mass is at the origin. Table lists the parameters that were used for
the different tests. We employ the same discretization for the BGY3d and 3d-HNC
model and the density computed by the molecular dynamics simulation. We choose
x = 1075 as the stopping criterion for all fixed point iterations.

0 =[-5, 5]3 N = 1283, 2563 T =1.65
e=1.0 oc=1.0 m = 1.0

Table 5.5. Parameters for domain, discretization, temperature, potential
and mass of the particles.

The 3d-HNC method is solved as described in [10]. This is basically an iteration
of (EI0),

ApP(x) =vp (e‘ﬁv(x)’LApk(x)*c(x) — 1) + (1 — v)Ap*(x). (5.47)

The direct correlation function ¢ of the pure solvent has to be computed beforehand.
To this end, the standard spherical symmetric Ornstein-Zernike equation (B.H) with
HNC closure as described in Appendix [Bl is used. Unlike in [10], we use Ap® =
p(go — 1) with go(x) = e ® from @YD) as initial guess for the fixed point
iteration. The mixing factor v is not changed during the iteration.

We have noticed that iteration of (EIT) can be numerically unstable if the con-
dition

/ Ap(x) dx =0 (5.48)
Q

is not fulfilled with appropriate accuracy. This can happen because of the finite
size of the domain or the discretization error of the convolution integral. This error
accumulates in the 3d-HNC method, since the direct correlation function c¢(x) is
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symmetric and hence, the convolution of ¢(x) with a constant does not vanish.
However, this can be easily avoided by enforcing condition (48] at every iteration
step. We implement this during the computation of the convolution by setting the
zero wavelength component of the Fourier transform of Ap! to zero, i.e., we set
Apt(0) = 0 for every [ of the fixed point iteration.

We use the molecular dynamics package TREMOLO [123] for the molecular
dynamics simulations. We employ periodic boundary conditions, and the potential
is truncated and smoothed to zero at a distance r.,;. The smoothing function is
defined as

1 for r <,
S(ry=< 1—(r— 7”1)2(37”cut — 1 =2r)/(reus — Tl)3 for 7 <r<reu, (5.49)
0 for r > 7o,

with r, = 2.30 and r.,;, = 2.50. Hence, we actually use the potential

o (1) = 4€S(r) <(5)12 _ (3)6) | (5.50)

r r

This implies that we do not use the exact same potentials for the different methods.
If one however considers the deviations between the approximative models and the
molecular dynamics results, this error can be neglected. In the case of one solute
particle, the solvent density corresponds to the pair distribution function of the pure
solvent

(P(x)) (xary = pg?(r)  with r=|x|. (5.51)

The pair distribution functions can be more efficiently computed by molecular dy-
namics as described above, resulting in the radial component of the three-dimensional
spherical symmetric distribution. For a comparison with the BGY3d and 3d-HNC
results, we interpolate the radial component of the density distribution onto the
three-dimensional grid.

In order to improve the convergence of the molecular dynamics simulation con-
cerning the systems where full three-dimensional resolution of the density is neces-
sary, we reduce the grid resolution to N = 1283 and repeat every simulation with
different initial values for the momenta of the solvent particles. Afterwards, the
resulting densities of the two simulations are averaged.

We use time steps of size At = 0.005 for systems with solvent density p = 0.3
and time steps of size At = 0.001 for all other systems. The constant temperature
ensemble is realized by a Nosé-Hoover-Thermostat, see [46] for details.

In order to compare the results of the different methods, we will plot the devi-
ations between the results of molecular dynamics and the respective other method
(BGY3d or 3d-HNC), _

g =lgn— ™. (5.52)
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Here, gj, stands for the discrete result of the BGY3d (¢2%Y) or the 3d-HNC (gHN®)
method. Moreover, we will compute certain quantities which allow conclusions about
the method’s accuracy, namely the discrete Ls-norm of the deviation

1
1 2
ey = llon = 9" lluy = (Z |(gn)i — (Q%DW) : (5.53)

the discrete L.-norm of the deviation
err, = llgn = 9" "l s, = max |(gn)i — (9"l (5.54)
and the difference between the maxima of each density
Cmaz = |miaX<gh)i - miaX@;y )il (5.55)

Note that the molecular dynamics densities g)/” also are not exempt from errors,
see the discussion above. Hence, the resulting error quantities should be interpreted
carefully.

We first have to transform the results of the different methods to solvent distri-

butions with identical normalization

ﬁ /Qg(x) dx =1, (5.56)

where || is the volume of the domain €. The BGY3d method directly computes
g(x), the 3d-HNC method computes the deviation of the density Ap(x), and the
molecular dynamics simulation results in the solvent densityﬁ p(x). The relation
between ¢(x), p(x) and Ap(x) is

px) = 7t Bofx) = pulx) with p= [ g (557

It can be used to compute g(x) from either p(x) in the case of molecular dynamics
or from Ap(x) in the case of the 3d-HNC method.

Results

We now present the results of the BGY3d, the 3d-HNC method and the molecular
dynamics simulations. Table Bl shows the computed error quantities for all results.
Figures — B show plots of the radial component of the solutions and deviations
from the molecular dynamics results for the systems with spherical symmetric solute.

2To this end, we employ the short notation and leave out the (-)(xmy indicating the ensemble
average with fixed solute for all functions.
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MD BGY3d 3d-HNC
p | Ny || maxg || maxg erh ‘ ern ‘ €maz || MAX g ‘ erh ‘ ern ‘ Emaz
03] 1 1.77 1.83 | 1.95_¢6 | 0.16 | 0.07 || 1.81 | 1.61_¢g | 0.18 | 0.04
05| 1 1.85 1.89 | 1.94 g6 | 0.11 | 0.04 || 1.93 | 2.48 o6 | 0.26 | 0.08
08| 1 2.28 217 | 863 06 | 0.28 | 0.12 || 245 | 5.73_¢¢ | 0.54 | 0.17
05| 2 3.20 348 | 1.76_¢5 | 0.44 | 0.28 || 3.54 | 1.48_¢5 | 0.65 | 0.33
05 3 5.01 6.07 | 213 95 | 1.16 | 1.07 || 6.15 | 1.61_¢5 | 1.37 | 1.15
05| 4 5.25 6.54 | 253 05 | 1.36 | 1.29 || 6.44 | 1.75_¢5 | 1.39 | 1.19

Table 5.6. Comparison of BGYS3d and 3d-HNC' with molecular dynamics
results for systems with different solvent densities p and numbers of solute particles
Nyy.
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Figure 5.5. Left: Pair distribution function for p = 0.3. Right: Deviation
of pair distribution function from molecular dynamics.

Figures through show cut planes of the densities and the deviations for the
systems with full three-dimensional densities. As already pointed out above, the
densities computed by molecular dynamics for more than one solute atom exhibit
distinct fluctuations which indicate that the solution is not yet finally converged.
However, the magnitude of the fluctuations is small enough when compared to the
approximation errors of the two continuous models considered.

Some general observations can be made. The deviation of both models, the
BGY3d model and the 3d-HNC model, grows with increasing overall solvent density
and increasing number of solute particles. However, the smallest deviation for our
BGY3d model appears for one solute atom and the intermediate density p = 0.5.
Compared to the molecular dynamics result, the oscillation pattern behind the first
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Figure 5.6. Left: Pair distribution function for p = 0.5. Right: Deviation
of pair distribution function from molecular dynamics.
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Figure 5.7. Left: Pair distribution function for p = 0.8. Right: Deviation
of pair distribution function from molecular dynamics.

peak of both approximate models gets more and more out of phase with increasing
density. This effect is stronger for the BGY3d model. It is known to be a result of the
two-particle superposition approximation, see e.g. [3]. The approximation can only
be improved by considering three-particle interactions in the integral terms. The
L.-error and the error at the maximum e,,,, are smaller for BGY3d, except for the
system with four solute atoms. Hence, the major difference of the approximations
obtained by the BGY3d and by the 3d-HNC model can be stated as follows: The
BGY3d model approximates better the position and the height of the main peak,
whereas the 3d-HNC model is superior in approximating the oscillation which follows
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Figure 5.8. Top: Solvent distribution for two solute particles computed
with molecular dynamics (left) and the BGY3d method (right) at the x3 = 0 plane.
Bottom: Deviation of the BGY3d model (left) and deviation of the 3d-HNC method
(right) at the x3 = 0 plane.

this first peak. This can be observed very well in the deviation plots of Figures B8,
B9 and EETA The plots corresponding to BGY3d show a clear pattern behind the
first peak but no dark red color. The 3d-HNC plots do not exhibit this pattern as
clearly but feature the dark red color at the main peak.

Table B2 shows the computation times for all three methods. The great discrep-
ancy of the computation times between systems with one and systems with more
than one solute atoms stems from the different numerical treatments of the systems.
In the case of molecular dynamics, we exploited the symmetry and improved the
convergence by computing the pair distribution function for all pairs of particles
of the solvent. This drastically reduces the computing time compared to the full
three-dimensional density. In case of the BGY3d and 3d-HNC models, the solution
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Figure 5.9. Top: Solvent distribution for three solute particles computed
with molecular dynamics (left) and the BGYS3d method (right) at the 3 = 0 plane.
Middle: Deviation of the BGY3d model (left) and deviation of the 3d-HNC method
(right) at the x3 = 0 plane. Bottom: Deviation of the BGY3d model (left) and
deviation of the 3d-HNC method (right) at the xo = 0 plane.
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Figure 5.10. Top: Solvent distribution for four solute particles computed
with molecular dynamics (left) and the BGY3d method (right) at the x5 = 0 plane.
Middle: Deviation of the BGY3d model (left) and deviation of the 3d-HNC method
(right) at the x3 = 0 plane. Bottom: Deviation of the BGY3d model (left) and
deviation of the 3d-HNC method (right) at the xo = 0 plane.
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MD BGY3d 3d-HNC
p ‘ N steps ‘ time v ‘ steps ‘ time v ‘ steps ‘ time
03| 1 4.04¢6 13200s | 0.9 | 26 1951s || 0.9 | 58 1397s
0.5 1 4.046 26820s || 0.5 37 | 1762s || 0.5 | 56 1270s
08| 1 4.046 51780s || 0.3 | 119 | 5624s || 0.1 | 168 | 3998s
2
3

0.5 2x 14,8 |2x269h | 0.5 ] 32 98s || 0.5 86 225s
0.5 2x 14,8 |2x270R | 0.5 ] 38 117s || 0.5 | 129 | 331s
05| 4 ||2x14,5|2x272h | 0.5 ] 40 127s || 0.5 | 117 | 304s

Table 5.7. Comparison of molecular dynamics, BGY3d and 3d-HNC' with
respect to computation time for systems with different solvent densities p and num-
bers of solute particles Ny;. All simulations were performed on a single Intel(R)
Xeon(TM) CPU 3.20GHz with six Gigabyte of RAM. Note that the solution for
systems with one solute atom were computed with N = 2563 grid points, whereas
N = 1283 grid points were employed for the other systems, see also the correspond-
ing remarks in the text.

for the systems with one solute atom were computed with N = 256® grid points,
whereas N = 1282 grid points were used for the other systems as this was the maxi-
mum number of grid points that was feasible with respect to the molecular dynamics
simulation.

The computation time of the approximate models is significantly smaller for all
systems considered. The difference is particularly high for two, three and four solute
atoms. More than 22 days were necessary in order to reach a reasonable convergence
of the density computed by the molecular dynamics simulations. This is four orders
of magnitude longer than the numerical solution of our BGY3d model. A comparison
of the computation times for the BGY3d and the 3d-HNC model shows that the
BGY3d model is faster for the non-symmetric cases, whereas it is slower for systems
with only one solute. This is caused by the different preconditions of the two models.
The 3d-HNC model requires the direct correlation function of the pure solvent as
input. This function can be precomputed very efficiently by a reduced solving of
an one-dimensional equation. The time spent to solve this reduced equation is
negligible compared to the computing time of the 3d-HNC method. Concerning
the BGY3d model, the solution of systems with only one solute atom corresponds
to the solution of the Born-Green equation, as already explained in Section Bl
However, the solution of the Born-Green equation is numerically more expensive,
since it requires three additional FFTs for every step of the fixed point iteration.
A simplification of the three-dimensional convolution integrals in the Born-Green
equation is also possible to some extent, if one exploits the symmetry. This way,
the computing time could be reduced. But since we are most interested in the
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computation of the full three-dimensional density distributions of the solvent, we do
not further consider the simplification of the Born-Green equation. Details can be
found e.g. in [58].

In practice, the relevant systems are those that feature more complex solutes,
since the computation of the pair distribution function or the computation of the
direct correlation function can be done beforehand once for any density. To this
end, the BGY3d and 3d-HNC models are significantly less time consuming than the
molecular dynamics simulation. They compute the distribution functions four orders
of magnitudes faster. Their approximation error however is still non-negligible and
will produce noticeable errors for any quantity which is derived from the computed
solvent densities. Nevertheless, the development of such continuous models for the
computation of the solvent density is an important step in the direction of more
accurate implicit solvent models for molecular simulations. By this, it would be
possible to approximate the solvent effects more accurately than by any classical
implicit solvent model.

5.3 Numerical Solution of the BGY3dM Equations

In this section, we are going to discuss the algorithm to solve the molecular BGY3d
(BGY3dM) equations numerically. Algorithm Bl presented in Section Bl for the
BGY3d equation for monoatomic fluids has to be adjusted in order to cope with
the additional terms incorporating the intramolecular constraints of the solvent
molecules. Furthermore, we now have to compute all different site density dis-
tribution functions simultaneously, which means that we have to solve a system of
coupled non-linear equations. Last but not least, we also want to consider long-range
forces with the BGY3dM equations. Namely, we will consider polar molecules and
therefore have to include the Coulomb potential in our model. This potential will
require a special treatment, since it has a non-vanishing value at the boundaries of
the computational domain, unlike the short-range potentials.

In order to simplify our discussion of the numerical solution of the BGY3dM
model, we will restrict the presentation to solvents whose molecules consist only
of two different particle species, which we call species A and species B. Hence, we
have to compute three site-site pair distribution functions and two site distribution
functions around a solute. We will consider two- and three-site models of fluids. The
configuration of the rigid molecules is given by the distance 752 in case of a two-site
model or by the distance r()“B and the angle fgap in case of a three-site model. For
rigid three-site molecules, this obviously prescribes also the distance r§® which we
need for the BGY3dM equations. Further, every site of the molecule carries a charge
ga or gg and is associated with a set of Lennard-Jones parameters €, eg and oa,
og. The Lennard-Jones parameters for any pair of intermolecular sites is computed
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according to the Lorentz-Berthelot mixing rules:

€ay = \/€abrs Toy = %Tm’ a,y=A, B. (5.58)

These parameters completely determine the respective model.

In the next section, we will write down explicitly the BGY3dM and SS-BGY3dM
equations for a two-site solvent model, before we discuss the discretization of the
equations. Then, we will explain how to include the long-range Coulomb potential
into the model. Finally, we will test the SS-BGY3dM and BGY3dM model against

results from molecular dynamics simulations.

5.3.1 BGY3dM Equations for a Two-Site Model

We now consider a fluid which consists of molecules with two different particle
species. Hence, we have to compute two different site density distributions, ga

and gg. In addition, the BGY3dM equations also include the three different site-site

distribution functions of the pure fluid: gf&, gf}; and g](;]%, which we have to compute

beforehand. The number densities of the two species are equal, po = pg = pg, where
ps is the molecular number density of the solvent. The BGY3dM equations (EE1T4))
for the two-site model solvent read as follows:

A ua(x1) = —BpaVyx, - / Faa (X1, X2)g'0A (X1, X2)ga (X2) dxo
Q

—BpeVx, '/QFAB<X17X2>gz(x2};<xlvx2>gB(X2) dx;
—Ay, In (/Q waB(X1,X2) JB;a(X2) dxz) : (5.59)
Axup(x1) = =BpaVx, - g Fan (X2, X1) g5 (%2, X1 )ga (%2) dx;
—BpeVx, ~LFBB(X17X2)9é2%(X17X2)QB(X2) dxs
—Ay, In (/Q wAB(X2,X1)JA;B(X2) dX2) ; (5.60)
with

ga(X1) _ gg<xl)e—ua(x1)’ gg(xl) _ e*ﬁVaM(xl’xM), a=A,B, (5.61)

~ alX
ga;’y(xl) = g ( 1) Q, 7y = A, B, (562)

- fQ wAB(X1,X2)gy(X2) dx; ’
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and

6(r12 — r5®)

W, T12 = | X1 — X3]|. (563)

WAB(Xla X2) =

The function V.Y (x;,x™) denotes the potential between the solute and the solvent
particle a = A, B. Here, we use a rather simplified notation where we number se-
rially the position vectors x; and skip the indices that indicate their particle type
and molecule number, as this is redundant information. Similarly, we have to com-
pute the three different site-site distribution functions according to the SS-BGY3dM

equations (E91)):

A S (%1, %2) = — BpaVi, - [ Fan(x1,X3)05 (X1, X3) A (X2, X3) dxs
Q

— BpVx, / FAB(xl,x3)gff%(x1,x3)gff])3(x2,x3) dxs
Q

fQ Fap(x1, X3)§(AQE)3;A(X17 X3)waB(Xz, X3) dX3

— BV, -
PV R (X1, X2)
— Ay In ( / WA (X1, X3)Jim A (X2, X3) dx3) : (5.64)
Q

Amugl)g(Xl,Xz) =—BpaVx, - / FAB(X37Xl)gf];,(X&Xl)gf};(X?nX2) dx;
Q

— BpeVx, - / FBB(XlaX3)91(32]%<X17X3)91(32}%(X27X3) dx3
Q

Jo Fas(xs, X1)§fl)3;B(X3, X1)wap(X3, X2) dX3

— VX .
PV nip (X1, X2)
— AXI In (/ WAB(Xg,Xl)g(AQ})g;B(Xg,Xz) ng) s (565)
Q

Ax1u§x21)3<X1,X2) =— BpaVx, '/FAA(X1,Xs)gffi(xlaxs)gfl)g(xsaxz) dx;
Q

— B8V - | Fap(x1,x3)g\ (%1, X3) g (X2, X3) dxs
Q

Jo Faa(xi, X3)£~l1(x2/)x;B(X1, X3)wap (X3, X2) dxs3

nﬁB (x1,%2)

— Axl In (/ WAB(Xl,Xg)gl(;]%;A(XQ,Xg) ng) s (566)
Q

— ﬁVXl .
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with

oy (X1,%2) = g2 (x1,%p)e "7 C1%) g0 (x) x5) = e~ ren 1),

ga’y <X17 X2)

Goryem (X1, Xo) =
gcvy,n( 1, 2) ngq/(Xl,Xg)’

ng’y(XhXZ) - / wan(xlax?))g’\/n(XQaX?)) dX27 a,y,n = Aa B
Q

and wap(xy,x2) as in (B63)). The solutions of equations (.64), (B6H) and (B60)
can then be used as input for the BGY3dM equations (E59) and (E60).

5.3.2 Algorithmic Details

The numerical treatment of the non-linearity of the BGY3dM model is analogous to
that of the BGY3d model for monoatomic solvents, see Section Bl The only differ-
ence is that we now have to deal with a system of non-linear equations. We again
introduce a short notation, where we write the right hand sides of equations (B59)
and (B.60) simply as Ka(x;ga,98) and Kg(x;ga,gs), respectively. To this end,
the dependency on the density distributions of each species is explicitly indicated.
Hence, equations (B259) and (560) read in short notation as

Ayup(x) = Ka(x; 94, 98) in 2, (5.67)
Axup(x) = Kg(x; ga, gB) in €. (5.68)

As in the case of the BGY3d equation, this system of non-linear equations is trans-
formed into a series of coupled linear equations by applying the fixed point iteration,
see Algorithm

ALGORITHM 5.2 ((Damped) Fixed Point Iteration of the BGY3dM Equations).
Lol =0; uf =0; g8 = e M2 g§ =e %" 1 =0;

2. [« [+ 1; Solve

Ay (%) = Kalx g5 g5 in 0 (5.60)
and set
uh — vuh + (1 —v)ukt, (5.70)
gh = gh "
3. Solve

Axug(x) = Ka(x;ga, 95 1) in Q (5.71)
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and set
ug — vug + (1 — v)ug ', (5.72)
4l
gs = g e "5
4. If
lu — ui |z, <X (5.73)
and
HulB — ug’1\|Lw < vy, (5.74)

stop; else go to 2.

Again, v is a damping parameter which ensures convergence. The iteration is
stopped if the L,-norm of the change between successive iterations is smaller than
the fixed threshold vy. The discussion about the correct definition of the bound-
ary conditions is postponed to Section B33 For now, we again employ periodic
boundary conditions.

As in the monoatomic case, the linearized equations ([Z0) and (BE72) can be
solved easily in Fourier space. Due to the superposition principle, the contributions
of each integral term on the right hand sides of (h9) and (B60) can be computed
separately. The first two terms corresponding to the intermolecular interactions are
computed exactly as in the monoatomic case, see Section i1l The remaining terms,
corresponding to the intramolecular interactions, require a convolution of a density
distribution function with a delta distribution. This is also computed in Fourier
space. To this end, the Fourier transformation of the delta distribution is done
analytically. It holds that

2
Fs3(0(ria — 1y ")) (k) = 7 sin(27|k|rg")rg 7, (5.75)

where we exploited the spherical symmetry of the delta distribution, see also Ap-
pendix [Al Hence, we have

B sin(27|k|rg7)

Pl (K) = oyt (5.76)

and we can compute the whole intramolecular term as

. _ in(27|k|ry” .
i ([ oot 0) ) = | 7 (B2 76 )| )
Q 27 |k|rg

The Laplacian present in front of this term in the BGY3dM equations is compensated
by the application of the inverse of the Laplacian in Fourier space.
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Additionally, we have to compute the normalized distribution function g,.,. To
this end, we can compute the normalization function similar to ([&71) by

nl(xi) = / Wary (X1, X2)gy(X2) dx;
Q

o (B ) ) ) (5.78)

Then, g, has to be divided by n). Since the distribution functions are strictly
non-negative, this also holds for the normalization function. However, n} can be
very small for some x; € 2. This may lead to numerical instabilities and makes
a regularization of this term necessary. Therefore, we introduce a regularization
parameter ¢, and compute the division by

9a(X1) 9a(X1)

na(x1) - max(nd(x1), €)’

~

V x; € Q. (579)

In the numerical tests, the choice €, = 1072 showed to be the optimal one, since it
produces a numerically stable method and leads to negligible differences compared

to smaller values. Hence, this value has been used for any results computed with
the BGY3dM equations.

Computation of the Site-Site Distribution Functions

The three site-site distribution functions of the diatomic molecular fluid are required
as input of the BGY3dM equations (xh9) and (E60). They are computed as the
solutions of the SS-BGY3dM equations (B64]), (E60) and (B66H). These equations
are treated analogously to the BGY3dM equations. The only difference lies in the
additional integral term which also models an intramolecular part of the interaction.
In short notation, the SS-BGY3dM equations read as

Axuan(x) = Kaa(X; 9aa, gAB) in €2, (5.80)
Ayupp(x) = Kpg(X; 9B, gAB) in Q, (5.81)
Axuap(x) = Kap(X; gaa, 9BB: 9AB) in €. (5.82)

Again, a fixed point iteration with a damping parameter v and a parameter x for
the stopping criterion is employed in order to solve the equations, see Algorithm B3
Periodic boundary conditions are assumed for the linearized equations until their
correct definition in Section B33
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0 — (020 —0 20 —0
1. uAA i O, uBB i 0, uAB — 0,

gaa = €77 ghg = e VBe; gRg = eV,
[=0;

.l —1+1; Solve

AXlulAA(X) = KAA(X; gﬁgb\lv g,lb\gl) in

and set
! I -1
tupp — vipp + (1 = v)upq,
l _ 0 —ul
gaa = gaa € AN
. Solve
I _ -1 -1 -
Ayugg(x) = Kgs(X; 9gg » Iag ) in
and set
l ! -1
ugg — vugg + (1 — v)ugg
! 0 —ul
ggg = 9 € ©°B.
. Solve
! _ 1 ! -1 :
Ayupg(x) = Ka(X; gan, 98B Ing ) in
and set
l 1 -1
Upg — Vg T (1 = V)tpg,
! 0 —ul
ga = Jap € "B.
! -1
|[uan = Upn |00 < VX
and
||ul —ul’1|| <v
BB BB || Lo X
and

[lung — tag L. < VX

stop; else go to 2.

ALGORITHM 5.3 ((Damped) Fixed Point lteration of the SS-BGY3dM Equations).

(5.83)

(5.84)

(5.85)

(5.86)

(5.87)

(5.88)

(5.89)
(5.90)

(5.91)
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As for the BGY3dM equations, the different integral terms of the right hand
sides can be computed separately. The intermolecular integral terms are treated
analogously to the Born-Green equation in the monoatomic case, see Section Bl
The terms of type

In (/ Wan (X1, X3) Grymia (X2, X3) dx3>
Q

have already been discussed above. The computation of the intramolecular terms
including the intermolecular force requires some additional considerations. Terms
of type

(2
) fQ Fan(xlaX3)ggm);“/(xlaX3)an(x2ax3) dxs

ng’y (Xl ) X2)

ALV, (5.92)
have to be computed explicitly. Since we do not want to further simplify (B292), it
has to be computed in a step by step procedure. This is numerically quite expensive
but leads to the best results. First, f]g?n)w has to be computed as described above, see
equation (B79). Then, the denominator and the divisor of (B.32) can be computed.
In case of the denominator, this is done by

sin(27|k|rg")
2m[k|rg" )
(5.93)
The subsequent division again requires a regularization for the same reasons as
already described above. However, since a differential operator has to be applied to
the result of the division, this case is even more difficult. The operator is applied by
a multiplication of 2:—1'('2 in direction ¢ = 1,2, 3 in Fourier space. Hence, a Fourier
transform of the result of the division is required prior to the multiplication of the
factor. The Fourier components decay faster if the function is smooth in real space.
However, the division by the normalization function can lead to very rough results
if the normalization functions contains small values. This may result in large errors,
since the Fourier components of a rough function do not decay fast, and this again
leads to large errors at the boundaries. This is why we choose a new regularization
constant €, = 107! with a relatively large value and replace the exact division by

/ Foy(x1, X3)§z(xzn)w<xlv X3 )W (X2, X3) dxz = Fit (-7:3<Fangg42n);v)
Q

fg Fan<r - r’)géi,’w(r - r,)wwn@',) dr’
max(na,(r), €,)

, Vre. (5.94)

Numerical tests revealed that this choice produces a stable method with an error

that is small compared to the approximation error, as we will see in Section B4l
As the last step of computing the term (B.92), the factor QWIT—L'Q is multiplied in

Fourier space for each direction ¢« = 1,2, 3 and the result is summed up and trans-
formed back to real space. This three-step procedure to compute the intramolecular
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term is necessary in order to apply the full NSSA approximation ({I04). It is numer-
ically more expensive but provides good results when compared to pair distribution
functions computed with molecular dynamics, see Section B4l

5.3.3 Treatment of the Coulomb Potential

So far, we restricted our discussion to the Lennard-Jones potential, which is a short-
range potential. The short-range potential leads to short-range distribution func-
tions and hence, all integral terms are also of short range. This has been an im-
portant prerequisite to restrict the computation of the BGY3d equations to a finite
domain, see Section Now, we are going to discuss how to include a potential
function that is not of short range, i.e., the potential decays more slowly than 7%3,
with r being the distance in three-dimensional space. Namely, we want to consider
the Coulomb potential which decays as % This potential is very important when
dealing with biomolecular applications, since the partial charges of realistic solvent
molecules cannot be neglected. Important examples are water (HyO) or all alcohols
(CH30H, CyH50H, ...). However, the distribution functions remain short-ranged
even though a long-range interaction is employed. In the case of Coulomb systems,
this can be shown rigorously [1]. The screening effect of charges provides a more
descriptive explanation provides: In a fluid, negatively charged particles tend to
gather next to a positively charged particle and vice versa. Hence, no clusters of
particles of the same type are built and all charges are roughly equally distributed.
Hence, there is no net force on the particles caused by particles at large distances.
This leads to distribution functions that are of short range, also in Coulomb systems.

Nevertheless, the incorporation of the Coulomb potential requires some changes
in the numerical computation of the respective integral terms. This affects all terms
that contain the intermolecular force. Since these terms differ only in one of the
distribution functions included, they can all be treated in the same way. Hence, we
discuss the problem exemplarily on the basis of the following (notationally simplified)
integral

/QF(I‘I —1)ga(r’ —1r)g,(r') dr’ (5.95)

with the total force
F=F" +FC

consisting of a Lennard-Jones and a Coulomb part. The two distribution functions
Ja and g, are arbitrary and can in particular also be identified with intramolecular
distribution functions.

The main difficulty in computing (E03) is caused by the application of the dis-
crete Fourier transform in order to compute the convolution integral (E93). The
discrete Fourier transform assumes the functions to be periodic with respect to the
computational domain 2. Functions that decay to zero at the boundaries of the
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domain satisfy this condition, as is the case for the product of the Lennard-Jones
force and a pair distribution function. However, the product Fg, does not vanish
at the boundary if a long-range force is employed. Moreover, the components of the
force vector are antisymmetric, so that the periodically continued function exhibits
a jump at the boundary. Hence, the use of the discrete Fourier transform is pro-
hibitive in this situation. Yet, we can transform the integral in order to circumvent
this problem. The following idea is borrowed from the particle-particle-particle-
mesh method (P3M) [52] and the particle-mesh-Ewald method (PME) [26] that
have been developed for the efficient computation of long-range forces in molecular
dynamics or Monte Carlo simulations. According to these concepts, the Coulomb
force can be divided into a part which exhibits a singularity at zero distance but
is short-range, and a part which is smooth and of long range. This is achieved
by shielding the point charge by a charge distribution. This charge distribution is
chosen to be Gaussian,

0= () o (5.96)
o) =\ = :
with a parameter G that determines the width of the function. The special form of
the charge distribution is chosen, such that it features fast decaying Fourier compo-
nents. We will take advantage of this fact later. For now, it is enough to know that
the Coulomb potential (and its force) between two particles is divided by means of
this shielding function into the following parts

vO(r) = v (r) + 0 (1) = @ (x) + @' (1),
FO(r) = F(r) + F(r) = —Vo“*(r) — Vo (r) (5.97)

with ®* and ®' the solutions of the Poisson equations

1
— AP®* = —q,(d3 — 0) in R3,
€0
1
—Ad' = —q,0 in R (5.98)
€0

where ¢, and ¢, denote the charges of the two particles and ¢; is the dielectric con-
stant. For the special choice of the function g, the solution can be given analytically.

We have

1 erfe(Glr
4reg |r|
1 erf(G|r|)
cl
1

with erf the error function and erfc = 1 — erf the complementary error function.

Figure BT shows a plot of both functions <) and <) compared to ‘—i‘ and

Iz Ir|
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Figure 5.11. The functions <RED - efelrl) =1 # in a linear plot (left)
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and a semi-logarithmic plot (right).

#. The complementary error function decays rapidly, even faster than ﬁ On the

other hand, the error function decays as slowly as i| but is smooth even at |r| = 0.

r
We now want to use these properties and transform the integral (595) in order
to make it efficiently computable. The total force F consists of a Lennard-Jones
part FX/ and a Coulomb part F¢ which can be splitted as discussed above. Hence,

we transform the first part of the convolution integral (593) according to

Fg, = (FY + F% + FY) ¢,
— (FLJ+FCS) ga_'_FCl (ga — 1+ 1)
[(FLJ + FCS + FCl) Ga — FCZ] + FCl' (5101)

For the entire integral, this leads to

/QF(I" —T)ga(r’ —1)g,(r') dr’ (5.102)
:/Q (F(r' —r)ga(r' — 1) — F( — r)) g,(r') dr’
Cl I,/ —r I'/ I'/.
+ [ P =g, 00 d

The first term can be treated as before, since the part in outer brackets is of short
range if g, is also short-ranged. The second integral can be written as

/FCl(r’ —r)g,(r') dr' = =V, / v (' —1)g, (r') dr, (5.103)
Q 0
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where we used again the fact that the derivative of a convolution can be shifted
to its arguments. Now, we can take advantage of the rapid decay of the Fourier
components of v“!. The Fourier transformation can even be given analytically as
2
F3(v (k) = @e—%‘kl? (5.104)
0

Hence, this integral can be computed easily by multiplying the Fourier components
of v“! and g, and a subsequent inverse Fourier transformation of the result. The
operator V. in front of the integral is neutralized by the inverse operator on the left
hand side of the SS-BGY3dM or BGY3dM equations and therefore does not need
to be computed explicitly.

There are also intramolecular terms which involve the long-range Coulomb force
comprised in the SS-BGY3dM equations. Since the NSSA approximation is used
in this case, the differential operators do not cancel out any more and have to be
computed explicitly. The long-range part of these terms is then computed as

V; [ v (r — 1 )w(r’) dr’

max(n(r), €,)

AV,

r

. Vreq, (5.105)

where the analytical Fourier components of v“! and w are used to compute the
convolution.

Cancellation of the Long-Range Parts

Even though we know the exact Fourier components of the long-range part of the
Coulomb potential v“!, we add an error source by computing the discrete inverse
Fourier transformation of a long-range function. Here, it is assumed that the prod-
uct 9°'g,, of the Fourier components of v“! and g, is periodic with respect to the
computational domain. Numerically, this is not a problem if the Fourier compo-
nents decay to zero at the boundaries. Nevertheless, the assumption of periodicity
produces an error at the boundaries for any convolution of a distribution function
with the long-range part of the Coulomb potential. Recall that the distribution
functions are of short range even in that case, see [1]. Hence, the sum of the long-
range parts of the different terms in the BGY3dM or SS-BGY3dM equations has to
vanish. It follows that we have to pay attention when choosing the computational
order especially for our decomposition of the solution

g(x) = g°(x)e "%,

since the function u is of long range as well as

P°(x) = e P G 9+ ()
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Multiplication of both terms, as suggested by the decomposition, would lead to large
errors, and the short-range nature of the solution could not be guaranteed. Instead,
a different decomposition is advantageous when long-range potentials are involved:

g(x) = FO(x)e PO with  §0(x) = ¢ PO T, (5.106)

Now, the two long-range functions v“* and u directly sum up and the result is only
of short-range. By this, we do not change the SS-BGY3dM or BGY3dM equations,
as they are given in ([LII8) and (EIT4), respectively. We only change the order of
computation of the distribution function g such that it is numerically more stable.
However, we still have to be careful. It cannot be guaranteed that the initial guess
u® of the fixed point iteration of the SS-BGY3dM or BGY3dM equations fulfills the
short-range condition, i.e., that the long-range parts of u° and v“’ cancel out. The
result would be a distribution function that is not of short range, which in turn
would produce large errors in the next iteration step. Therefore, we have to enforce
the correct boundary conditions in order to guarantee that the fixed point iteration
converges and leads to a short-range solution.

Boundary Conditions

For the short-range potentials, we could choose the finite domain such that peri-
odic and Dirichlet boundary conditions lead to identical results for the linearized
problems in the fixed point iteration. Things get more complicated if the long-range
Coulomb potential is employed. As discussed above, the long-range parts of the
solution of the Poisson problems appearing in Algorithms and have to cancel
out with the long-range parts of v“! in order to give a function that vanishes at the
boundaries. Since this short-range condition is not guaranteed for the iterates u!, we
have to enforce the Dirichlet boundary conditions in order to stabilize the iteration.

If we omit all indices for particle type and iteration count, the Poisson problem
arising in each step of our Algorithms and can be written as

At = K(g) +BAv°"  inQ,  a(09Q) =0, (5.107)

where we introduced the long-range potential v“! into the differential equation in
order to get zero boundary conditions. Hence, we have chosen % such that

9(x) = §°(x)e™ "™ (5.108)

with ¢° from (BEI06). The solution @ can also be represented by a difference of two
functions @ = © — v* which are also solutions of two Laplace equations

At = K(g) + BAv in €, u(00) = f,
Au* =0 in €, u*(00) = f,
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with some function f at the boundary. The solution of the first line u can be identi-
fied with u + Sv°!, where u is the solution computed by diagonal scaling in Fourier
space. To this end, we employ periodic boundary conditions which correspond to
some Dirichlet boundary conditions, represented by the function f in this case. If
we now subtract u*, the solution of

Au* =0 in Q, u*(09) = u(09), (5.109)
we get the solution of (BI07) with the correct boundary conditions,
w(02) = u(02) — u*(092) = 0. (5.110)

Finally, we can compute the distribution function by (BI08).

The procedure described above seems very circuitous, but it has turned out to
stabilize the non-linear iteration very well. Combined with a small damping factor v,
it leads to short-range distribution functions for the SS-BGY3dM as well as for the
BGY3dM equations, as we will see later. This separated correction of the boundary
conditions even makes it possible to keep the fast solution of the Laplacian in Fourier
space, even though the involved long-range functions are not exactly periodic. This
causes an error which is localized near the boundaries, assuming that the distribution
functions are of short range. This error is removed by subtracting the solution of
EIm).

Equation (E2109) is solved by a standard finite difference discretization with a
seven point stencil. This way, we can use the same grid as for the Poisson equation
(ET0d). The resulting systems of equations are solved by the iterative GMRES
method with Block Jacobi preconditioning, as it is implemented in PETSc [5-7].

Instead of solving a second Laplace problem in order to correct the boundary
conditions, we also could have chosen to solve the original Poisson equation (B.101)
by a finite difference scheme. Then, a correction of the boundary conditions would
not be necessary. However, the separation into two problems has a distinct advan-
tage. The computation of the right-hand side of (EZI01) is done by means of Fourier
transformations. Hence, the additional diagonal scaling to solve for the Laplace in
Fourier space can be done with linear complexity. The solution of the Laplace prob-
lem (BI09) with zero right-hand side, however, becomes easier as the fixed point
iteration proceeds. This is because the change of the distribution functions at the
boundary becomes very small at later iterations. This again makes the solution of
the Laplacian with zero right-hand side very efficient. The solution of the last iter-
ation is a good initial guess for the subsequent iteration. The computational effort
for the correction of the boundary condition will turn out to be nearly negligible,
which will be discussed in more detail in the following section.
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Figure 5.12. A schematic of a HCl molecule.

5.3.4 Discretization and Convergence

The actual discretization of the linearized equations in the fixed point iterations
(E2) and ([E3) is exactly as in the monoatomic case, see Section BTl In order
to test the convergence of the discretization, we will now consider a model fluid
and compute the SS-BGY3dM site-site pair distribution functions of this fluid for
different grid sizes.

The model is lent from [49], where it is called a HCl-like model (hydrogen chlo-
ride) because of the properties of the particle species. We will follow this notation
and use the subscripts H and Cl. Nevertheless, it should be underlined that it is
not meant to be a realistic model for HCI but serves as a simple test fluid. The pa-
rameters for the diatomic HCl-like model are given in Table B8 Figure shows
a schematic HCI molecule.

Beside the Lennard-Jones potential, the particles now also interact via the long-
range Coulomb potential. The total intermolecular potential between particles of
species a and 7y can be written as

Vary (1) = g (1) + v, (1)

ay
T\ 12
= 4eqy ((77) —

with r = |x* — x| and «a,y = H, Cl. With our choice of unit system we have

r

6
<@> ) + e dody (5.111)
T

keal A

R

€c ~ 331.84
mol e

The parameters for the Lennard-Jones potential are computed according to the
Lorentz-Berthelot mixing rules:

€ay = \/€aby, Ooy = 0.5(04 + 0,), a,v=H,ClL (5.112)

We solve the SS-BGY3dM equations for the HCl-like model with number density
p = 0.018/A% and temperature T = 420K (3 = 1.1989). We choose x = 1072 for
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ma = 35.453 u my = 1.008 u rolel = 1.257 A
gop = —0.2e ga=02e¢
ec) = 0.5143 kcal/mol e = 0.0397 kcal/mol
oo = 3.353 A o = 2.735 A

Table 5.8. Parameter values for the HCI-like model fluid.

the stopping criterion of the fixed point iteration and a damping factor of v = 0.01.
The parameter GG, which determines the width of the charge distribution during the
evaluation of the Coulomb potential, is set to G = 0.8/ A. Further, we use a domain
Q = [-10A,10A]? and grids with N, = 323, N, = 64%, N3 = 128% and N, = 256°
grid points. Then, the discrete solutiond] for 91({21){7 91({2%1 and 9(021)01 are computed for
all grid resolutions. These solutions are linearly interpolated to the finest grid and
the discrete Lo- and L..-errors between the interpolated solutions and the solution
on the finest grid are evaluated, compare Section for the exact definition of the

error norms. The results are presented in Table and Figure

H-H H-Cl Cl-Cl
dof ern ern ern ‘ ern erh ‘ ern
323 |[ 2.310_3 | 1.397_; || 4.627_3 | 3.975_ || 7.825_3 | 4.594_,
643 || 8.602_4 | 4.424_5 || 1.640_5 | 1.513_; || 2.731_5 | 1.790_,
1283 || 3.011_4 | 1.269_5 || 4.517_4 | 4.773_5 || 8.006_4 | 5.224_,

Table 5.9. Ly- and L..-errors for the HCl-like model and different grid sizes.

The results exhibit a similar behavior as in the monoatomic case. The L., -error
of the H-H distribution function is reduced by a factor of 0.38 between resolution
level 1 and level 2 and a factor of 0.32 between level 2 and level 3. Hence, we see
a nearly linear convergence. Yet, we cannot observe any asymptotic behavior, since
we have too little data. A similar behavior can be observed for the Ls-error and the
other distribution functions. This may indicate that the error is again dominated by
the approximation of the sharp function gy of our approach g = goe™", as it has been
in the case for the monoatomic solvent. It further stands out that the errors of the
site-site pair distribution functions considerably differ in their absolute values. One
can conclude that the H-H and H-Cl distribution functions are smoother than the CI-
Cl distribution function for this model fluid and are therefore better approximated.
This will be confirmed by the results of Section B4l where we will present the actual

3We leave out the subscript b, which indicates a discrete function.
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Figure 5.13. L-error (left) and Ly-error (right) for the HCl-like model
and different grid sizes.

distribution functions computed for this model. We will again use 2563 grid points
for the comparison of the SS-BGY3dM results with molecular dynamics simulations
in the following. The comparison between BGY3dM and molecular dynamics has
to be performed with 128 grid points due to the bad convergence of the molecular
dynamics results in case of full three-dimensional density distributions.

Figure BI4 shows the convergence history for the HCl-like model with N = 1283,
v = 0.02 and y = 1072, Recall that the equations for the H-H, H-Cl and CI-Cl pair
distribution function are solved simultaneously. Hence, the method required 822
steps in total to converge. On the one hand, this is caused by the small damping
factor, which is required because of the long-range Coulomb force. On the other
hand, Figure B.T4 clearly shows that the error starts to decrease monotonically for
all functions only after iteration 400, even in the case of the Lo-norm. This is be-
cause the equations for the three distinct pair distribution functions are coupled
and influence each other in a highly non-linear way through their respective solu-
tions. Compared to the monoatomic case of the BGY3d equation, this causes the
SS-BGY3dM and BGY3dM equations to be much more challenging to solve. Once
all functions approach the neighborhood of their final solution, a monotonic decrease
of all norms can be observed. The oscillations in the discrete L.,-norm are the re-
sult of the bad approximation of the real L.,-norm, as already explained for the
monoatomic case of the BGY3d equation, see Section B2 Asymptotically, the
convergence is linear and has a rate of about 0.99 for all distribution functions.

Computational Costs

In this section, we are going to discuss briefly the computational costs necessary to
solve the SS-BGY3dM or the BGY3dM equations. We have already seen, that the
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Figure 5.14. Convergence of the fized point iteration for the HCI-like model
in the Loo-norm (left) and the Ly-norm (right).

number of fixed point iterations is considerably larger than in the case of monoatomic
solvents and is on the order of several hundred iterations. Each iteration consists of
the computation of the right hand side of the Poisson equation, the solution of the
Laplacian in Fourier space and the solution of a second Laplace problem to correct
the boundary conditions. For a two-site solvent like HCI, a total of 96 and 28 Fourier
transforms are computed at each iteration for the SS-BGY3dM and BGY3dM equa-
tions, respectively. The amount of Fourier transforms is larger for the SS-BGY3dM
equations, since there are three pair distribution functions in comparison to two sin-
gle site distribution functions of the BGY3dM equations. Additionally, there is an
intra-molecular term present only in the SS-BGY3dM equations. This term in par-
ticular is computationally very expensive due to the NSSA approximation involved,
see also Section

The computational effort for the numerical solution of the second Laplace prob-
lem (BI09), which is required to correct the boundary conditions, is comparatively
small. For simplicity, we choose to solve it by the iterative GMRES method as it is
implemented in PETSc [5-7]. We use the solution vector of the preceding fixed point
iteration as initial guess for the GMRES iteration. Figure b.T8 shows the number of
GMRES steps performed until iteration 500. As above, we solved the SS-BGY3dM
equations for the HCl-like model with N = 1283 grid points. Figure exhibits an
interesting characteristic. The number of GMRES steps rapidly decreases until it-
eration 300. From there, between zero and two GMRES steps have to be performed
at each iteration in order to take the Euclidean norm of the residual below 1074,
which has been chosen as stopping criterion. That is because the Laplace problems
do not differ significantly at subsequent iterations. This reduces the computational
costs of this boundary correction tremendously. In our special example, the per-
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Figure 5.15. Number of GMRES steps at each iteration of the fixed point
iteration.

centage of the computing time for the boundary correction was about six percent
of the total computation time. 83% of this portion were spent during the first 300
fixed point iterations. Moreover, the choice of the GMRES solver is not optimal.
Hence, the computing time necessary for the boundary correction, especially during
the first iterations, could be reduced even more by employing e.g. a multigrid solver.
However, this would have only a small effect on the entire computational costs and
will therefore not be considered further.

It follows that the total computational costs are dominated by the number of
discrete Fourier transforms to be computed at each iteration. The numerical solution
of the example considered above required about 114 minutes on 32 processors of the
linux cluster Himalaya [48], that is about 14 minutes per 100 iterations. The same
problem computed with N = 2563 grid points with the same amount of processors
required approximately 140 minutes per 100 iterations, which is ten times slower.
This is an acceptable factor if we consider the complexity of O(n?log(n?)) for the
three-dimensional discrete Fourier transform with n the number of grid points in one
direction, and the increased costs for the parallel communication. The computing
time per 100 iterations for the solution of the BGY3dM equations are about 3.2
times faster than for the SS-BGY3dM equations with the same grid resolution, as
can be expected due to the reduced number of discrete Fourier transforms.

5.4 Test of the BGY3dM Model

We now investigate the model errors of the SS-BGY3dM and BGY3dM equations.
To this end, we compare the results computed by our SS-BGY3dM and BGY3dM
models with results from molecular dynamics simulations. In order to exemplify
the dependence of the quality of the approximation on the considered solvent, we
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will consider a two-site model of a fluid and compute results for two different pa-
rameter sets of this model. Moreover, we will discuss the symmetry violation due
to the approximations involved in the methods. Finally, results for the site density
distributions around a simple solute will be presented and compared to molecular
dynamics results.

5.4.1 Comparison of SS-BGY3dM with Molecular Dynamics

We consider the two HCl-like models of [49]. The first has already been described
in Section B34 with the parameter set from Table and the structure shown in
Figure The second is a slight modification of the first. One Lennard-Jones
parameter of the hydrogen atom is decreased to oy = 0.4A which is about seven
times smaller than before. We call the different models simply Model 1 and Model
2, respectively. We again choose y = 1072 for the stopping criterion of the SS-
BGY3dM method and v = 0.01 for the damping factor of the fixed point iteration.
The width of the charge distribution for the evaluation of the Coulomb potential is
set to G = 0.8/A. We further set Q = [—10A, 10A]3, p = 0.018/A% and 3 = 1.1989
for the SS-BGY3dM equation as well as for the molecular dynamics simulation. The
intermolecular potential is given by (EIT]). In the case of the molecular dynamics
simulation, we do not assume the HCI molecules to be rigid bodies, but model the
intramolecular bond by a harmonic potential:

v (r) = ky(r — rl192, r=|x" — x| (5.113)

The choice of k, = 500 —Xal allows fluctuations of the bond length of less than

mol A?

0.003A. Hence, the difference of the resulting distribution functions between the
rigid molecule and the molecule equipped with this bond-potential will not be no-
ticeable. We again employ the molecular dynamics package TREMOLO [123]. To
this end, the Coulomb interaction is computed by the smooth-particle-mesh-Ewald
method (SPME), see e.g. [46]. For all further details about the molecular dynamics
simulation and about the computation of the distribution functions from a molecular
dynamics trajectory refer to Section B2

In order to compare the results of SS-BGY3dM and molecular dynamics, we
again compute the error values e b €Lt and €,,,,, which we already used for the
monoatomic BGY3d equation in Section 222 Their respective values for the H-H,
H-Cl and CI-Cl1 pair distribution functions are given in Table for Model 1 and
Model 2. Figures B16, 517, and BT9, 520, 62T show the radial component of
the solutions of both methods and the deviation between them.

The characteristic properties of a method that employs the Kirkwood approxi-
mation can be identified in each of the figures. The exact position and the height
of the first peak do not match those of the molecular dynamics results except for
the H-H distribution of Model 1. The frequency of the subsequent oscillation is too
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MD SS-BGY3dM

max g || max g ‘ erh ‘ erh. Emaz
H-H (Model 1) || 1.32 || 1.32 | 3.549_¢ | 6.223_5 | 0.00
H-C1 (Model 1) 1.29 1.37 | 4.385_¢ | 8.698_5 | 0.08
CI-Cl (Model 1) 1.99 1.93 |1.491_5 | 3.194_4 | 0.06

H-H (Model 2) 1.14 1.13 | 6.893_¢ | 2.692_; | 0.00

H-Cl (Model 2) | 1.17 || 1.18 | 7.516_¢ | 3.000_; | 0.01
CL-Cl (Model 2) || 2.07 || 2.48 |2.896_5 | 5.756_, | 0.41

Table 5.10. Comparison of SS-BGY3dM with molecular dynamics results
for the HCl-like models.
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Figure 5.16. Radial Component of the H-H distribution function (Model
1): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.

low. These errors are known to be a consequence of the two-particle superposition
approximation and can only be handled by considering a three-particle interaction,
as already denoted in Section B2

A comparison of the errors for the different site-site distribution functions of
Model 1 reveals that their magnitude differs significantly. The Ls- and L..-errors
of the CI-Cl distribution function are about 3.5 times larger than the H-CI errors.
Hence, the quality of the approximation depends on the different potential param-
eters of the respective particle species. In this special example, the Cl-atoms have
a much stronger Lennard-Jones interaction, which obviously influences the quality
of the solution in a negative sense. The comparison to the results of Model 2 un-
covers another difficulty. All errors are increased for this model, which is due to the
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Figure 5.17. Radial Component of the H-CI distribution function (Model
1): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.
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Figure 5.18. Radial Component of the CIl-Cl distribution function (Model
1): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.

decreased value of oy considered for Model 2. This leads to more different particle
species and, hence, worsens the approximation of the SS-BGY3dM equations. Es-
pecially the H-H and H-Cl distribution functions of Model 2 show major deficiencies
in the prediction of the position of the first flank of the function. However, similar
problems can be observed for the solution of the Ornstein-Zernike based extended
RISM equations of Hirata and Rossky in reference [49].

We can conclude that the exact characteristics of the site-site distribution func-
tions are very difficult to approximate, as long as the approximations only comprise
pair distribution functions. Obviously, the approximation of the SS-BGY3dM equa-
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Figure 5.19. Radial Component of the H-H distribution function (Model
2): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.
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Figure 5.20. Radial Component of the H-CI distribution function (Model
2): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.

tions perform better for more similar particle species. All important features of
the distribution functions of the HCl-like Model 1 were reproduced. It follows that
the general form and especially the modeling of the intramolecular bonds of the
SS-BGY3dM equations is validated by the results.

Symmetry Issues
The site-site pair distribution functions g((fy) are symmetric under exchange of par-

ticles, i.e. g%) = %), since they only depend on the distance of the two sites. It
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Figure 5.21. Radial Component of the CI-Cl distribution function (Model
2): Comparison (left) and deviation (right) between SS-BGY3dM and molecular
dynamics results.

follows that the solutions of the exact equations of the YBG-hierarchy for the site-
site pair distribution functions (78) are independent of the order of the particle
types. If we now consider our two-side model fluid with particle types A and B and
change the particle order in the derivation of the SS-BGY3dM equations for the

mixed pair distribution function, we get the following equation for gﬁi instead of

equation (B260) for gl(f%:

A ub\ (%1, %X5) = — Bpa Vi, - / Fra(X1,X3) 05 (X1, X3)gn (X2, X3) dx3
Q

— B8V - | Frp(x1,%3)g5n (X1, X3)gha (X3, Xa) dxs
Q

Jo Fea(x1, X3)§](32]%;A(X17 X3)wap (X2, X3) dx;

— vxl .
’ nixp(X1,X2)
— Axl In (/ UJAB(Xg,Xl)g/(fj)X;B(XQ,Xg) ng) . (5114)
Q

Please note, that this is not a simple relabeling of indices but a different derivation
of the mixed site-site term. This is a consequence of choosing a different term of
the transformed Liouville equation (B.G7) by exchanging the types of the first two
particles.

As already mentioned above, this exchange would have no effect for the exact
equations. However, since we introduced approximations in order to be able to
solve the equations, the question arises whether the solution of the approximated
equations are also symmetric under particle exchange. Numerical tests indicate
that this is not the case. As an example, we present the results of the SS-BGY3dM
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MD SS-BGY3dM

max g || max g erh ‘ erh, Cmaz
H-H (AB) | 1.32 || 1.32 | 3.549_ | 6.223_5 | 0.00
H-C1 (AB) | 1.29 || 1.37 | 4.385_¢ | 8.698_5 | 0.08
CI-C1 (AB) | 1.99 || 1.93 | 1.491_5 | 3.194_; | 0.06
H-H (BA) || 1.32 || 1.22 |5.785_¢ | 1.281_; | 0.10
H-Cl (BA) | 1.29 || 1.18 |8.335_¢ | 2.645_1 | 0.12
CL-Cl (BA) | 1.99 || 1.73 | 1.741_5 | 4.562_; | 0.26

Table 5.11. Comparison of SS-BGY3dM (AB) and SS-BGY3dM (BA) with
molecular dynamics results for the HCI-like model (Model 1).
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Figure 5.22. Radial Component of the H-H distribution function (Model 1):
Comparison (left) and deviation (right) between SS-BGYS3dM (AB), SS-BGYS3dM

(BA) and molecular dynamics results.

equations for our HCl-like model (Model 1), where we used equation (EIT4)) instead
of (E66H). The results computed with (66) (A=H, B=Cl) are labeled by AB,
whereas the new results computed with (114 (A=Cl, B=H) are labeled by BA.
Table BT shows the results for both ways compared to the molecular dynamics
results. Radial plots of the AB and BA results are depicted in Figures B22,
and B224]

It is obvious that the results differ considerably for the two approaches to com-
pute the mixed site-site pair distribution function. Since the pair distribution func-
tions with two equal sites (H-H, CI-Cl) also depend on the mixed function, they
differ as well. The bottom line is that the error of the approximation depends on
the particle types involved. This is not surprising, since the values of the potential
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Figure 5.23. Radial Component of the H-Cl distribution function (Model 1):
Comparison (left) and deviation (right) between SS-BGYS3dM (AB), SS-BGYS3dM

(BA) and molecular dynamics results.
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Figure 5.24. Radial Component of the CI-Cl distribution function (Model 1):
Comparison (left) and deviation (right) between SS-BGYS3dM (AB), SS-BGYS3dM

(BA) and molecular dynamics results.

parameters of the different particle types affect the relative errors of the different
terms. The more similar the particle types become, the smaller is the difference
between the AB- and BA-results, which even vanishes for identical particle types.
The second observation is that the deviation of the BA-functions compared to the
molecular dynamics results is consistently larger than for the AB-functions. Hence,
it would have been advantageous to choose the AB-equation in this case. This raises
the question how we can choose the order of particle types in advance in order to
obtain a better accuracy. This is still an open question. It would require a detailed
understanding of how the approximation errors involved in the many different terms
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MD SS-BGY3dM
max g || maxg ‘ erh ‘ erh, ‘ Crmaz
H 1.96 1.56 | 3.594_5 | 4.134_; | 0.39
Cl| 3.39 2.38 19.671_5 | 1.215,9 | 1.00

Table 5.12. Comparison of BGY3dM with molecular dynamics results for
the HCl-like solvent around a HCIl molecule as solute.

interact and lead to the error of the solution. For now, we have to compare the
results of both ways with the results of a molecular dynamics simulation in order to
decide.

5.4.2 Comparison of BGY3dM with Molecular Dynamics

Finally, we test the BGY3dM model with respect to the computation of solvent
densities around an arbitrary solute. For this, we again employ the HCl-like model
(Model 1) already described in the preceding Section. A single HCI molecule is con-
sidered as the solute. It is placed symmetrically along the x;-axis at the center of the
simulation box. The site-site pair distribution functions of the pure solvent, which
are required as input of the BGY3dM model, are computed by the SS-BGY3dM
model. All other simulation parameters are taken from Section BZJl Details on
how the site density distribution is computed by molecular dynamics can be found
in Section B2l In this case, a total of 3.2 10® molecular dynamics time steps were
necessary in order to reach a satisfactory level of convergence.

The computed site densities and their deviation are depicted in Figure 28 The
computed error quantities can be found in Table B2T2l The molecular dynamics re-
sults still show distinct fluctuations, but all features of the distribution functions
have clearly developed. A comparison of the results between the BGY3dM model
and molecular dynamics shows a satisfying agreement. The low Ls-errors indicate a
good overall approximation. The main peaks and the subsequent oscillation pattern
are reproduced with an accuracy that can be expected considering the approxima-
tions involved. The main deviation can be observed at the location of the main
peaks of the distributions. All other errors are not resolved in the plots due to the
fluctuations of the molecular dynamics results. Hence, the L.-error is about 0.4
and 1.2 for the hydrogen and the chloride distribution, respectively, and can also
be located at the main peaks. The error of the chloride distribution function is
considerably larger, as it was also the case for the CI-Cl pair distribution functions,
see Section BTl Recall that the site-site pair distribution functions required as
input of the BGY3dM model have already been computed with the approximate
SS-BGY3dM model. Hence, the approximation error enters twice: directly via the
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132 Chapter 5. Numerical Aspects

approximation involved in the BGY3dM model and by the use of the approximated
site-site pair distribution functions computed with the SS-BGY3dM model.

In conclusion, the results are very promising. The BGY3dM model is able to
reproduce the important features of the site distribution functions around a solute
with satisfying accuracy for the considered model solvent. As indicated by the
results for the site-site pair distribution functions, the performance can be worse for
different solvents. But still, the approximation of the site densities by the BGY3dM
model is very efficient. In order to obtain the results, we have performed 32 molecular
dynamics simulations for any site distribution with different initial configurations
of the solvent velocities. Each simulation comprised 107 time steps and required
about 122h of computing time on one processor of the cluster Himalaya [48]. The
solution of the BGY3dM model on 32 processors of Himalaya required only 954s for
315 iteration steps, which is two—three orders of magnitudes faster, assuming that
the different molecular dynamics simulations can be performed simultaneously.

5.4.3 Summary

We have shown that the BGY3dM model can be solved efficiently and provides
reasonable good results when compared to site-site pair distribution functions and
site densities computed by a molecular dynamics simulation. The results validate the
general form of the derived SS-BGY3dM and BGY3dM equations. In particular, the
modeling of the rigid bonds in the solvent molecules and the comprised normalized
site-site superposition approximation (NSSA) of Taylor and Lipson [116] in the
intramolecular terms have proven to appropriately approximate the structure of
the solvent molecules.

Nevertheless, the BGY3dM model does not work well for every solvent model,
yet. We have learned in various numerical tests that the method sometimes fails
to converge or leads to obviously unphysical results. Problems arise for example
for higher densities, lower temperatures or strong interactions. We assume that the
reason for this behavior again originates in the nature of the Kirkwood superposi-
tion approximation. This approximation is perfectly suited for large separations of
particles or in the limit of zero density. However, the error becomes larger for the
problematic situations just described. This typically leads to a considerable overes-
timation of the main peaks of the distribution functions. In combination with the
non-linear coupling of several equations for different site density functions, this can
yield convergence problems of the non-linear iteration.

Nonetheless, this is not a problem of the Kirkwood approximation alone. The
various methods based on the Ornstein-Zernike equation struggle with similar is-
sues. Convergence problems are not reported in the literature, but the accuracy of
the computed results often is not satisfactory, see e.g. [49] concerning the XRISM
method of Hirata and Rossky [50] for the HCl-like models. A possible way out is
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given by the so-called empirical bridge functions as employed by Du, Beglov and
Roux [28] or Kovalenko and Hirata [63] in order to improve the results of their
methods for water as solvent. These bridge functions can account for deficiencies
that are particular for the approximation and the solvent considered. They employ
free parameters that have to be fitted by an empirical procedure, such that they
lead to an improved accuracy. This would also be possible for our BGY3dM model.
However, the empirical adjustment is a rather technical task and is therefore beyond
the scope of this thesis.

Compared to the computation of the site densities by a molecular dynamics
simulation, our approximate BGY3dM models based on the liquid state integral
equation theories exhibit a drastically reduced computation time. The reduction of
the computing time has been two-three orders of magnitude for the HCl-like solvent
with a HCI molecule as solute. To this end, we even employed a combined molecular
dynamics/Monte Carlo method by performing several individual molecular dynamics
simulations with different initial configurations. This way, we were able to parallelize
the computation using as many processors as there were employed for the solution
of the BGY3dM equations. The reduction is indeed smaller as it was the case for
monoatomic solvents, but it is still the difference between some minutes and several
days. However, we should in fact compare the computational effort needed for the
approximation of the potential of mean force (PMF) instead of the solvent densities.
Regarding the forces of the PMF | their computation requires a further integral over
the domain €2 if the solvent density is known. This can be computed with linear
complexity. With respect to the computational effort, the direct approximation of
the forces of the PMF by a molecular dynamics simulation is, however, equivalent
to the approximation of the solvent density. Hence, our observations concerning the
computing time for the approximation of the solvent densities are also valid for the
approximation of the PMF.

However, in order to be applicable in an implicit solvent model, the computing
times of the approximate models have to be reduced even further. This could be
achieved, for example, by exploiting the similarity of the density distributions when
the solute configuration changes only slightly, as it would be the case in subsequent
time steps of a molecular dynamics simulation. A different discretization of the
BGY3dM model may also lead to a more efficient numerical method. However, this
is not a trivial task and is therefore postponed to future work.






Chapter 6
Applications

In the preceding chapter we have seen that the SS-BGY3dM and the BGY3dM
equations lead to reasonable results for appropriate parameter sets of molecular
solvents. In this chapter we are going to present examples of applications of the
BGY3dM equations. We will consider a realistic fluid which is employed as solvent
in chemical applications. The site distribution functions of the solvent species will be
computed and presented for several solutes. From this, we will compute the charge
distribution around the solute and discuss some basic properties of the different site
and charge distributions.

6.1 Carbon Disulfide as Solvent

We consider carbon disulfide (CS;) as solvent. Carbon disulfide is a colorless liquid
which is mainly used to solve fats, rubber, resins and waxes, among other applica-
tions, see e.g. [19]. The CS, molecule is linear and has no dipole moment. It is a
non-polar solvent. For our numerical computations we employ the model of Zhu et
al. [129]. As before, the functional form of the interaction potential is given as a
sum of Lennard-Jones and Coulomb terms. The potential between two sites o and
~v with a,v = C,S is given by

Vary (Tary) = Uém}](row) + Uoc;y (Tary)

12 6
= 4€ory <<%) — <?) ) —i—ecq:qv (6.1)
ary ay ary

with 74, = |x* — x| and e ~ 331.84 Ilfj—lleé The respective parameter values are
given in Table &Il The linear structure of the CSy molecule is shown in Figure

(left).
The carbon disulfide model is a three-site model. Compared to the BGY3dM
equations of a two-site model, as given in (EhY) and (B60), the equations for a
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Figure 6.1. Configuration of the carbon disulfide molecule (left) and the
site-site pair distribution functions computed by molecular dynamics (right).

mc = 12.011 u mg = 32.065 u r§S = 1.56 A
gc = —0.308 e gs =0.154 e r$S =312 A
ec = 0.1013 kcal/mol  eg = 0.3950 kcal /mol

oc = 3.200 A os = 3.520 A

Table 6.1. Parameter values for the carbon disulfide model of Zhu et al. [129].

three-site model comprise some additional intramolecular terms. However, we will
not explicitly state the BGY3dM equations for the three-site model, since they can
easily be deduced from the general formula (EI114).

As input for the BGY3dM equations, the site-site pair distribution functions of
carbon disulfide are required. Since the SS-BGY3dM equations for the carbon disul-
fide model lead to unphysical results, we compute these functions by a molecular
dynamics simulation of 80 CS, molecules at a number density of p = 0.01/ A’ and a
temperature of T' = 360K with periodic boundary conditions. We have to use a rel-
atively high temperature in order to ensure convergence of the BGY3dM equations.
However, the maximum difference between the site-site pair distribution functions
at room temperature (7" = 298, 15K ) and 7' = 360K is only about five percent at
the first peak of the S-S distribution function. The qualitative characteristics of
the functions are exactly conserved. Since the boiling point of real carbon disulfide
lies at T, = 319.15K, the considered liquid system corresponds to a closed volume
under pressure. The resulting pair distribution functions of the molecular dynamics
simulation are depicted in Figure (GJ]) (right).
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Figure 6.2. Site distribution functions of carbon disulfide around a CSs
molecule. Carbon distribution at the x3 = 0 plane (left) and sulfur distribution at
the x3 = 0 plane (right).
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Figure 6.3. Charge distribution of carbon disulfide around a CSy; molecule.
Cut at the x3 = 0 plane (left) and isosurface plot (right).

Carbon Disulfide as Solute

As a first example we compute the site distribution functions of carbon disul-
fide around a single CS, molecule as solute. The computational domain is set to
Q = [~14A,14A]®. Figure shows the site distributions at the z3 = 0 plane.
The carbon distribution function shows a broad maximum around the entire solute
molecule. This is a superposition of the van der Waals attraction modeled by the
Lennard-Jones potential between the carbon atoms and the solute, and the Coulomb
attraction between the solvent carbon and the solute sulfur atoms. The solvent sul-
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Figure 6.4. Site distribution functions of carbon disulfide around a hexane
molecule. Carbon distribution at the xs = 0 plane (left) and sulfur distribution at
the x3 = 0 plane (right).

2.00

fur distribution shows a sharp peak around the solute carbon particle due to the
strong Coulomb interaction between them. This can also be observed in Figure 6.3
where the charge distribution is plotted. The charge distribution for carbon disulfide
can be computed from the site distribution functions by

Ycharge = qcgc + 2CISQS (62)

with g, the charge of site a, a = C,S. As expected, the plots validate that charges
with opposite sign are more likely to be found next to each other than charges with
equal sign. Hence, a closed band of high density of positive sulfur atoms evolves
around the solute carbon whereas the solvent carbon is more likely to be found next
to the solute sulfur atoms.

Hexane as Solute

As second solute we consider a hexane molecule (CgHy4). Hexane is a colorless,
highly flammable liquid and a non-polar solvent. It is a common constituent of
gasoline and glues. As solvent, it is used to extract oils from crops such as soybeans,
flax, peanuts, and safflower seed. It is also used as a cleansing agent in the textile,
furniture, shoemaking and printing industries [80]. Hexane has five isomers. We
consider the straight chain isomer CH3(CHz),CH3. The potential parameters for
hexane are taken from the general-purpose force field OPLS [57]. The simulation
domain is set to Q = [~16A, 16A]%.

Figure B4l shows the carbon and sulfur distributions around hexane at the x3 =0
plane. In these plots the hexane molecule is raised 2A above the plane for visual-
ization purposes. As already observed for the carbon disulfide molecule as solute,
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Figure 6.5. Site distribution functions of carbon disulfide around a hexane
molecule. Isosurface plot of carbon distribution (left) and isosurface plot of sulfur
distribution (right).

the carbon distribution has a broad maximum around the solute, whereas the sul-
fur distribution shows more distinct maxima between the positions of the positively
charged hydrogen atoms. At both ends of the hexane chain, the sulfur maxima are
considerably smaller. As can also be seen in Figure the first maximum of the
carbon as well as the sulfur distribution build a nearly closed shell around the entire
solute molecule. This is because the hexane molecule is non-polar and the van der
Waals interaction modeled by the Lennard-Jones potential is the dominant force in
this case.

Methanol as Solute

In contrast to hexane, we now consider methanol as polar solute. Methanol is
the simplest alcohol and has the chemical formula CH3OH. It is a colorless, highly
flammable liquid used as a petrol additive, solvent or as antifreeze [78]. Due to the
alcohol specific OH-group, methanol is a polar molecule. The oxygen and hydrogen
atoms carry strong opposite charges. This makes methanol soluble in water and
other polar solvents but insoluble in non-polar solvents as carbon disulfide or hexane.
We again employ the OPLS force field [57] for the parameter set of methanol. The
computational domain is Q = [~14A, 14A]% in this case.

In the OPLS force field the hydrogen of the OH-group is modeled as pure charge
carrying site without Lennard-Jones interaction. However, for numerical stability of
the BGY3dM equations, a hard core is required at the position of any atom. There-
fore, we also introduce Lennard-Jones parameters for the oxygen bonded hydrogen
and choose oy = 3.4A and ey = 0.03kcal/mol. The value of oy is artificially high for
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Figure 6.6. Site distribution functions of carbon disulfide around a methanol
molecule. Carbon distribution at the xs = 0 plane (left) and sulfur distribution at
the x3 = 0 plane (right).
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Figure 6.7. Charge distribution of carbon disulfide around a methanol
molecule. Cut at the x3 =0 plane (left) and isosurface plot (right).
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a hydrogen atom of the OH-group, but it has been required for stable convergence of
the BGY3dM equations. Yet, we should motivate this choice. We observed that the
carbon density of the CS,y solvent is overestimated in the neighborhood of strong
positively charged particles as the hydrogen atom. This is partly due to a lack
of intramolecular coupling in the BGY3dM model. In the intramolecular terms of
the BGY3dM model the coupling of the carbon and the sulfur sites is incorporated
without considering the relative position of the two sulfur atoms. This is a three-
body effect that is neglected by the n-level Kirkwood approximation. Taking the
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three-body effect into account would lower the carbon density next to the hydrogen
atom, because sulfur has a low density in the vicinity of positive charges. Hence,
we choose the high value of oy in order to compensate for the missing three-body
correction.

Figure shows the carbon and sulfur distributions around methanol at the
z3 = 0 plane. Again, the methanol molecule is raised 2A above the plane for
visualization purposes. It is obvious that the strong Coulomb interaction highly
influences the behavior of the distribution functions. The negatively charged solvent
carbons are more likely to be found in the vicinity of the positive solute hydrogens,
whereas the solvent sulfur atoms are dominantly attracted by the negative oxygen
site. This is even more definite in the plots of the charge distributions of Figure
6.1 We also notice a negatively charged cloud behind the strong positive sulfur
peak next to the solute oxygen atom. This charge minimum forms partly due to the
intramolecular bond between carbon and sulfur, but also due to the intermolecular
attraction of different solvent atoms. The whole picture reveals the well-known fact
that charges tend to neutralize each other. Hence, the net forces on a particle in
a fluid at equilibrium are exerted only by nearby particles although the long-range
Coulomb potential is involved.

Butyric Acid

As a last example, we compute the solvent density around butyric acid. Butyric
acid is a carboxylic acid with structural formula C;HgO,. It belongs to the so-called
fatty acids which are in their form of esters constituents of all kinds of animal fats
and plant oils. As esters, the fatty acids are bonded to a backbone structure as e.g.
glycerol. Butyric acid is commonly known, since it is responsible for the unpleasant
odor of rancid butter. For more details about butyric acid see e.g. [18]. We again
use the OPLS [57] force field for the potential parameter set of butyric acid. The
computational domain is set to Q = [~16A, 16A]°.

Similar to methanol, butyric acid has a charged functional group, the COOH-
group. Hence, we are again faced with the problem that the BGY3dM equations
tend to overestimate the solvent carbon density next to strong positively charged
particles. In order to account for this, we again choose a relatively large value for
oy in the COOH-group, i.e., we set oy = 3.4A and ey = 0.03kcal /mol in this case.
Additionally, we have to damp the Coulomb force by a factor of 0.9 in order to
reach convergence of the BGY3dM equations. That corresponds to a reduction of
all partial charges by a factor of v/0.9 ~ 0.95.

The results for the carbon and sulfur distribution functions around butyric acid
are depicted in Figure B8 As before, the solute molecule is raised 2A above the
plane. The strong repulsion between the solvent carbon and solute oxygen atoms
is evident. On the other hand, large peaks of the sulfur density can be found in
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Figure 6.8. Site distribution functions of carbon disulfide around butyric
acid. Carbon distribution at the x3 = 0 plane (left) and sulfur distribution at the
x3 = 0 plane (right).
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Figure 6.9. Charge distribution of carbon disulfide around butyric acid. Cut
at the 3 = 0 plane (left) and isosurface plot (right).

the vicinity of the solute oxygen atoms. The same behavior can be observed for
the charge distributions of Figure The strong positive charge of the hydrogen
is neutralized by a negative charge cloud of the solvent, whereas the oxygen atoms
are surrounded by positive solvent charges. This reveals a similar behavior as for
methanol as solute. Strong charges of the solute are neutralized by opposite charge
clouds of the solvent. Hence, the charge distribution of the solvent rapidly decays
to zero for large distances to the solute.
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Summary

We presented the density profiles of the solvent sites of carbon disulfide around sev-
eral solutes. Homogeneous solutes as e.g. hexane lead to closed shells of high carbon
and sulfur densities around the entire solute. Here, the van der Waals interaction
dominates. The density profiles for solute molecules with stronger partial charges, as
e.g. methanol and butyric acid, exhibit, however, distinct regions of higher carbon or
sulfur density according to their charge distributions. Especially the solvent charge
distributions revealed important properties of charged systems. Typical features of
Coulomb systems, where the attraction of opposite-signed charges and the rejection
of equal-signed charges lead to the neutralization of local charge distributions, can
be observed. Hence, the solvent site distribution functions are of short range, even
though the potential function is not. As already pointed out in Section B33, this can
also be proved rigorously, see [1]. The numerical solution of our BGY3dM model
showed that this important property is reproduced even for complex distribution
functions in three-dimensions.

In summary, the BGY3dM equations are able to compute reasonable site density
distributions around complex solute molecules in three dimensions. These site dis-
tributions can be used to compute the potential of mean force, i.e. the free energy of
the solute-solvent system and the mean force exerted on the solute by the solvent.
The BGY3dM method is, however, not yet stable with respect to the parameter sets
of the interaction potentials involved. Certain combinations, in particular strong
attractions between different particle species, do not lead to satisfactory results. In
order to account for this, we slightly altered the potential parameters of the respec-
tive particle species. A different approach would be to improve the approximations
contained in the BGY3dM equations by empirical functions that can be adapted
to the solvent under consideration. This approach would be similar to the bridge
functions of Beglov, Roux et al. [12,28] and Kovalenko and Hirata [63] employed for
the computation of the site distribution functions of water. A further investigation
along these lines is, however, beyond the scope of this thesis.






Chapter 7
Conclusions

We presented and investigated a novel computational model for the simulation of
solute-solvent systems based on the YBG-hierarchy. The presented model allows
for the efficient approximation of the solvent density around a solute of arbitrary
shape. The solvent density can be used to compute the potential of mean force
(PMF) which in turn allows for an incorporation of the solvent effects without the
need to explicitly include solvent molecules into the simulation. This way, a more
efficient simulation of the entire solute-solvent system becomes possible. Existing
implicit solvent models approximate the PMF very poorly. Hence, it is important
to develop methods that improve the accuracy of the implicit solvent models while
keeping the computational effort tractable for repeated evaluation.

Promising developments were made by the application of the liquid state inte-
gral equation theories. Several authors developed methods based on these theories
that can compute solvent densities around solutes of arbitrary shape. It stands
out that practically all methods found in the literature are based on the Ornstein-
Zernike equation and mostly employ the hypernetted chain (HNC) closure. However,
these methods do not lead to satisfactory results in all situations. Additionally, the
computational effort involved still makes a repeated evaluation during an extensive
solute-solvent simulation unfeasible. To overcome these issues we pursued a dif-
ferent approach. We derived our BGY3d and BGY3dM models starting from the
YBG-hierarchy together with the Kirkwood superposition approximation. Beside
the investigation of the Kirkwood approximation which has never been applied in
this context, the development of our method based on the YBG-hierarchy enabled
us to investigate a new numerical algorithm which indeed proved to be superior with
respect to the computational costs in the case of monoatomic solvents. With respect
to accuracy our BGY3d and BGY3dM models yield to almost identical results when
compared to methods based on the Ornstein-Zernike equation from the literature.

We derived our BGY3d model employing the Kirkwood approximation in order
to compute the solvent density of simple monoatomic solvents around arbitrary
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solutes. We are able to efficiently solve the non-linear BGY3d equation with full
three-dimensional resolution by means of a fixed point iteration. In each step of
this iteration a Poisson problem is solved by diagonal scaling in Fourier space. The
pair-distribution functions which are required as input of the BGY3d equation are
computed beforehand by the Born-Green equation which can be seen as a special case
of the BGY3d equation. We compared the results to those obtained by the Ornstein-
Zernike based 3d-HNC method of Beglov and Roux [10] and to distribution functions
computed by molecular dynamics simulations. We found that our approach gave
a similar overall accuracy as the 3d-HNC method. A more detailed analysis shows
that our BGY3d method is superior in the prediction of the height and position
of the first peak of the distribution functions, whereas the 3d-HNC method leads
to a better agreement of the subsequent oscillation pattern. Moreover, the BGY3d
model proved to be superior to the 3d-HNC model concerning the computational
costs. This is due to the considerably reduced number of non-linear iteration steps of
our method. Compared to the molecular dynamics simulation the computing time
for our BGY3d method was four orders of magnitude smaller, which is a substantial
gain with respect to computational effort.

In order to consider more realistic systems, we extended our model to molecular
solvents. To this end, the molecular BGY3d (BGY3dM) model comprises terms for
the intermolecular interactions as well as for the intramolecular interactions. The
intramolecular terms were derived to model rigid bonds by taking the limit of an in-
finite restoring force between two bonded particles. This way, the solvent molecules
are represented as rigid bodies. As before, the intermolecular terms incorporate the
Kirkwood superposition approximation. This approximation, however, is not appro-
priate for the intramolecular terms. Here, different approximations have to be em-
ployed in order to ensure the correct asymptotic behavior. For this, we incorporated
a slightly modified version of the normalized site-site superposition approximation
(NSSA) of Taylor and Lipson [116]. The intramolecular terms together with the
NSSA approximation turned out to model the rigid bonds of the solvent molecules
very well. As a further advance of the method, the optimal approximation for the
intramolecular terms as derived by Attard [4] could be incorporated.

Beside the short-range Lennard-Jones potential, we also considered the long-
range Coulomb interaction. For this, we introduced a splitting of the Coulomb
potential into a singular short-range part and a smooth long-range part. The short-
range part is processed in exactly the same way as the Lennard-Jones potential.
The long-range part has fast decaying analytic Fourier components and is therefore
directly inserted in Fourier space. Nevertheless, the inverse Fourier transform of this
long-range part leads to undesirable boundary conditions that have to be corrected.
The correction comprises the solution of an additional Laplace problem. It can
efficiently be solved by a finite difference scheme with an iterative GMRES solver.
Finally, we also derived the site-site BGY3dM (SS-BGY3dM) equations in order
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to compute the site-site pair distribution functions of the pure solvent which are
required as input of the BGY3dM model.

A comparison of the results computed by the (SS-)BGY3dM model and by molec-
ular dynamics showed a similar performance as in the case of monoatomic solvents.
All important characteristics of the site-site pair distribution functions and the site
density distributions are reproduced. Hence, the general form of the (SS-)BGY3dM
model including the modeling of the intramolecular bonds is validated by the results.
Likewise, the application of the BGY3dM model to the site density computation of
carbon disulfide as solvent around several realistic solutes lead to reasonable density
and charge distributions. The reduction of the computational effort compared to
a molecular dynamics simulation for the computation of the site densities is sub-
stantial even in the case of complex molecular solvents. For a two-site model of a
HCl-like solvent the BGY3dM method computed the results about two-three orders
of magnitudes faster. This is an important step in the development of an implicit
solvent model that allows repeated evaluations of an accurate approximation to the

PMF.

It is a well-known problem that methods based on the liquid state integral equa-
tion theories do not lead to satisfactory results in all situations [47]. This is due to
the approximations involved. In general, all methods perform worse with increas-
ing density, decreasing temperature or for strong interactions between two particle
species. Especially the computation of densities for water as solvent is very chal-
lenging due to the strong Coulomb interaction between the oxygen and hydrogen
sites of the H,O molecule. Water is the most important fluid in general and as a
solvent. It is known to be a very complex fluid and there exist many different em-
pirical water models intended for microscopic simulation. But none of these models
is able to reproduce all of the properties of water with appropriate accuracy. Hence,
the model is usually chosen such that it reproduces well only one property that is
assumed to be important for the respective application. Most general purpose force
fields such as CHARMM [16], AMBER [23] and OPLS [57] employ the TIP3P [55]
and TIP4P [56] water models for the simulation of biomolecular systems. Hence,
the application of the integral equation theories to the TIP3P water model is an
important test. Both the 3d-RISM-HNC method of Du, Beglov and Roux [28] and
the 3d-HNC-PLHNC method of Kovalenko and Hirata [63] did not lead to accurate
results for TIP3P water. Hence, the methods were extended by so-called empirical
bridge functions in order to improve their accuracy. These bridge functions account
for the overestimation of water ordering around a hydrophobic solute.

Our experiments with the (SS-)BGY3dM model revealed that its application to
TIP3P water is also very challenging. It is known that the Kirkwood approximation
can cause an overestimation of the first peak of the pair distribution or site density
function [3] for high densities or strong interactions. This is a result of the neglected
three-particle interaction. Due to this approximation error the BGY3dM and SS-
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BGY3dM models do not lead to satisfactory results or even do not converge in certain
situations. One approach to overcome this problem would be the introduction of
empirical corrections as it was described for the Ornstein-Zernike based methods
[28,63]. By this, one can account for deficiencies which are characteristic for the
employed approximation and the respective application. This has already been
suggested by Attard [3] concerning the Kirkwood approximation. It would however
require an extensive adjustment of the empirical functions and is therefore beyond
the scope of this thesis.

The major advantage of an implicit solvent model based on the integral equation
theories is the enormous reduction of the computational effort needed in order to in-
clude the solute-solvent effects in a microscopic simulation. However, a considerable
reduction of the computing time would still be necessary for any integral equation
method in order to allow for repeated evaluation of the potential of mean force
during a Monte Carlo or molecular dynamics simulation of a complex solute-solvent
system. Concerning this application they still cannot replace the classical implicit
solvent models, which approximate the potential of mean force very roughly. In or-
der to enable an even more efficient numerical solution of our BGY3d and BGY3dM
models two approaches are conceivable: First, a finite element discretization of the
BGY3d or BGY3dM equations could yield a reduction of the degrees of freedom
and thereby a decrease of the computational effort. But it is important to keep
in mind that the discretization should allow for an efficient evaluation of the con-
volution integrals appearing in both models. This could be achieved for example
by a low-rank approximation of the convolution matrices as it has been employed
by Fedorov et al. [33] in combination with a wavelet basis for the solution of the
radial symmetric Ornstein-Zernike equation. Moreover, an efficient representation
of the occurring matrices could also enable the application of Newton’s method in
order to solve the non-linear equations. This would improve the convergence of the
non-linear iteration and thereby the computing time. Our current discretization
would however lead to full Jacobi matrices, which is acceptable only on a coarse
grid resolution. Hence, Newton’s method could only serve as a coarse level solver in
a multi-grid like scheme or special matrix compression techniques would have to be
employed.

In summary, we developed our BGY3dM model based on the YBG-hierarchy
and showed that it is able to efficiently compute the solvent densities of complex
molecular solvents around solutes of arbitrary shape with good accuracy. By this,
it is possible to compute the potential of mean force for the solute-solvent system
and thereby to consider the solvent effects on the solute implicitly. For the first
time we considered the Kirkwood approximation in this context. When compared
to an Ornstein-Zernike based method from the literature, our numerical algorithm
proved to compute the solvent densities in a highly efficient way. The accuracy of
the results can be improved by empirical corrections in the same way as it is done for
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the Ornstein-Zernike based methods. Hence, the BGY3dM model has demonstrated
to be applicable to any complex solute-solvent system. However, further research
is necessary in order to even more reduce the computational effort required for the
numerical solution of the BGY3dM model such that it can be applied as implicit
solvent model during a large-scale realistic biomolecular simulation.






Appendix A

Convolution of Spherical
Symmetric Functions

We want to compute the convolution of two spherical symmetric functions,

f17f2 . Rs HR,

(% / A% ) foljx — X)) dx (A1)

According to the convolution theorem, the convolution can be computed by means
of the Fourier transform. It is

(fi* f2) = F5 H (Fs(f1) Fs(f2) (A.2)

with the Fourier transform and its inverse in 3 dimensions,

fk) = F5(f)(k) = g fx)emmex dx, (A-3)
fx) =FHHx) = . fI)e?mex dk. (A4)

The three-dimensional Fourier transform of a spherical symmetric function can
be further simplified. Due to the invariance of integral ([A3]) under rotation, it is
sufficient to consider the case k = (0,0,%). Then we have in polar coordinates
k- x = krsin§ with x = (rcos p cos,rsinpcosf,rsinf) and [A3]) simplifies to

Fs(f)(k) = / / ] e 2RI o5 0 dipdfdr
5 —T

f( ) —2mikrsin0] 3
o —2mkr [6 o 9]— dr

2 .
- E/o f(r)rsin(2rkr) dr (A.5)
—: FB(f) (k) (A.6)
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The analogous simplification holds for the inverse Fourier transform, ((A.4)
_ 9 [ ~
F (f)r) = ;/ f(k)ksin(2rkr) dk = FB(f)(r). (A7)
0

The transforms ([AZ5) and (A7) are called the Fourier-Bessel transforms. The radial
component of the convolution ([A2) can now be easily computed as

(fr* fo) = FB Y (FB(f1) - FB(f2)) - (A.8)



Appendix B

Transformations of the
Ornstein-Zernike Equation

In order to solve the Ornstein-Zernike equation some transformations are very useful.
For a homogeneous fluid, the Ornstein-Zernike equation (Zh0) can be written as

h(r) = c(r) + p/ c(lv —1'|)h(r') dr’ (B.1)
Q
with r = |r| and v’ = |r’|. The integral is a convolution integral. Hence, we can use

the convolution theorem which states that
Fs(c*h) = Fs(c)Fs(h) (B.2)

with F3 the three-dimensional Fourier transform. The asterix * denotes the convo-
lution

(cxh)(r)= /Qc(|r —1'|)h(r') dr'. (B.3)

Since the functions ¢ and h are spherically symmetric, the three-dimensional Fourier
transform reduces to the Fourier-Bessel transform

FB(c)(k) = %/ c(r)rsin(27kr) dr, (B4)
0
i.e., the radial component of F3(c)(k) can be computed by a one-dimensional in-
tegral, i.e. F3(c)(|k|) = FB(c)(k). For a detailed derivation of the Fourier-Bessel
transform see Appendix [Al
The Ornstein-Zernike equation (Bl has a nice algebraic form in Fourier space
and is therefore often written in this form,

(k) = é(k) + pe(k)h(K), (B.5)
where we write i = F3(h). It is sometimes advantageous to use v = h — ¢ in (BJ)
instead of h,

52
. pc” (k)
= — . B.6
W) = T am (B.6)
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Together with either the HNC
c(r) = e PO _qy(r) —1 (B.7)

or the PY closure
c(r)=e (1 +4(r) —y(r) -1, (B.8)

equation (B.f) can be solved very efficiently by an iteration scheme, see [47] for
details.
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