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ABSTRACT

The tendency of apolar solutes to aggregate
spontaneously in agueous solution is presently recognized as
one of the primary organizing principles in structural
biochemistry and biology, and is widely known as the
hydrophobic effect. The major objective of this dissertation
research is to characterize the hydrophobic effect at the
molecular level using computer simulation techniques. It is
essential to understand the hydration of a single apolar
species in order to make conclusions on the hydrophobic
effect. In this study, we performed large scale Monte Carlo

computer simulation studies on methane, a representative

aliphatic molecule,and benzene, a representative aromatic

molecule, in water. The results emerging from this
dissertation research supports the recent experimental
evidence that solvent-separated hydrophobic interaction plays
an important role in the description of hydrophobic
interaction. The results on hydrophobic interaction between
benzenes suggests interesting stacking mechanisms for pi-

cloud systems.
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The tendency of apolar molecular species to associate
spontaneously in aqueous solution is presently recognized as
one of the primary organizing principles in structural bio-
chemistry and biology. Kauzmann, in 1959, coined the term
"hydrophobic bond" to describe this association process.
Prevalent ideas about hydrophobic bonding at the molecular
level involve contact interactions among the apolar groups,
stabilized primarily by entropic effects originating in sol-
vent water. The entropic nature of the process 1leads to an
inverse temperature dependence for the association process,
i.e. the tendency of apolar solutes to associate in water
grows stronger with increasing temperature in the ambient
range. However, another mode of hydrophobic interaction may
operate over a longer range of distance than previously
suspected, and may have important implications in structural
biology. In this dissertation research, hydrophobic effects
for prototypical alipahtic and aromatic molecules in water
have been studied in detail at the molecular 1level using
statistical mechanics. New knowledge of the nature of the
hydrophobic interaction at both short and 1long range has
been obtained.

The terminology in this research area requires precise
specification. A controversy over the term "hydrophobic
bond" arose in the 1960's from the recognition that the
interactions involved are neither hydrophobic (the waters
in the hydration complex make more favorable interac-

tions with other waters than with the apolar solute,



rather than being repelled in any way by the solute), nor a
bond ( in the conventional enthalpic sense of the word,
since the stabilization 1is entropic). However, in these
systems a unique solvation process, quite distinct from
other aqueous hydration processes such as hydrophilic
and ionic, is undoubtedly involved and the issue has now
become only a matter of terminology. The term "hydropho-
bic" remains with us now for historical reasons and also
because of its mnemonic value in reminding us of the appa-
rent result if not the correct nature of the process.
These days, it is conventional to speak however of hydro-
phobic interactions (HI) rather than bonds, and to
distinguish further the case described by Kauzmann as
contact hydrophobic interaction (CHI), since the apolar
species are presumed to be in direct spatial contact in
this model. The detailed structural and energetical
description of local solution environment of nonpolar molec-
ules in the absence of solute-solute interactions is refer-
red to as hydrophobic hydration.

During the mid 70's, Felix Franks and coworkers collected
experimental evidence not explained by the classical model
for HI proposed by Kauzmann. Partial molar thermedynamic
indices, exemplified by volumetric measurements shown in
Figure I.1 revealed that the indices of association are
concentration dependent and indicate that more than one phy-
sicochemical association mechanism must be involved. This

led Franks to propose a solvent modulated association in the



Figure I.1- Excess partial volume curves plotted against
mol fraction of the solute for alcohols, amines, 1,2-butane
diol and hydrogen peroxide at 25°C. The minima characteristic
of essentially hydrophobic solutes are not observed for

Dioxan or H202.40
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low concentration region of solute, hereafter referred to as
a "solvent-separated hydrophobic interaction" (SSHI), and
that the contact hydrophobic interaction takes over at
higher concentrations of solute. The nature of the SSHI at
the molecular level was not specified and no direct experi-
mental technique has been used to test Franks's proposal.
Computer simulation techniques can be used to test such a
proposal. In this dissertation, Monte Carlo computer simu-
lation techniques are used to probe the microscopic details
of agueous solutions of apolar molecules, and to study the
relative importance of Kauzmann's model and Franks's propo-
sal for HI. A pictorial representation of hydrophobic hyd-
ration and various hydrophobic interactions are given 1in
Figure I.2.

The organization of susequent material in this thesis is
as follows: 1In Chapter II, a detailed review of theoretical
work on hydrophobic hydration and hydrophobic interaction is
presented. For clarity, the 1literature is organized in
chronological order and is divided into five subsections.
Experimental work directly relevent to this study are also
included. The theory and methodology used in our studies
are described in Chapter III. The basic statistical thermo-
dynamic setup framework for Monte Carlo computer simulation
of solutions is discussed in this chapter, followed by the
special techniques needed for modeling association pro-
cesses. This chapter concludes with a brief discussion on

intermolecular interactions.



Figure I.2- Diagrammatic representation of (a) hydrophobic
hydration; (b) Kauzmann-Nemethy-Scheraga contact hydrophobic
interactioni (CHI); (c) globular protein folding; (d)
proposed solvent-separated HI (SSHI); (e) possible
stabilization of helix by SSHI.
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Chapters IV through VII discuss the results of computer
simulations on dilute aqueous solutions of methane and ben-
zene, Chapter IV deals with the hydrophobic hydration of
methane. 1In chapter V, the simulations results on the asso-
ciation of methanes 1is given. Chapters VI and VII discuss
the hydrophobic hydration of benzene, a prototypical aro-
matic system, and the association of benzenes along the C6

axis.
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Background.
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In this section a detailed review of previous theoretical
studies on hydrophobic hydration and hydrophobic interaction
is presented. The studies are reviewed in the chronological
order they appeared. Included in the review are some exper-
imental studies that are immediately relevent to the prob-
lems studied 1in this dissertation research. As shown in
Figure I1I.1, the number of papers on hydrophobic interaction
has grown so large and a complete review of such literature
is beyond the scope of this section. This section is
divided into five sections for convenience. The first sec-
tion 1is devoted to the papers that appeared till 1968.
Though this section is rather small, this is the most impor-
tant era in the study of hydrophobic hydration and hydropho-
bic interaction, since the idea was formulated in that per-
iod. The four following sections review the works that
appeared in the 68's, early 78's, late 7@0's and the early

80's.
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Figure II.l-Number of papers containing the word
"hydrophobic" in their title plotted against the year they
appeared. This is taken from Science Citation Permuterm

Index.
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1930-1960,

"Oil and water don't mixf' The physical chemistry
behind this generalization was studied in the first half of
this century by measurements of the solubility of hydro-
carbons in water by Butlerl, Eley2, Lannung3 and
Valentiner4. Hydrocarbons were found to have very low
solubilities in water and the water to vapor distribu~
tion coefficients of n-alkanes and aromatic molecules
were found to be of the order of 103 and 102
respectively. The solubility was found to decrease
with increasing chain length to the extent of 26% per
—CH2— group. Butler, Eley and Frank and Evans®
found the hydrocarbon dissolution process to be accompa-
nied by a negative enthalpy and entropy changes and consid-
eration of the process in terms of the free energy equa-
tion, AG=AH-TAS, showed that the process 1is entropy
controlled.

The behaviour of hydrocarbon/water systems was found to
be a prototype for understanding important aspects of the
three dimensional structures of proteins in solution. The

structure of myoglobin (1959) and hemoglobin (1965) by Ken-

drew, Perutz and coworkers6 showed that most of the non-

polar groups cluster together in the protein interior and
the polar groups were situated on the exterior making
favorable contacts with solvent water and ions. This

model remains today the textbook 1level description of

.y LIl U B S L
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globular proteins. Perutz based on these observations
called this the the o0il drop model with the watch words
non-polar in , polar out. However recent detailed
studies’ indicate the oil drop model to be oversimplified.
In 1945, Frank and Evans® proposed a theory to
explain the hydrocarbon dissolution process at infinite
dilution. The Frank-Evans theory is based on the idea that
nonpolar molecules promote ordering of neighbouring water

molecules leading to regions referred to as "ice-
bergs", and characterized by increased hydrogen
bonding among the neighbouring waters. Frank and Evans
added the following note: "we shall use the word iceberg,
without quotation marks or apology, to represent a
microscopic region, either of pure water or surrounding a
solute molecule or ion, in which water molecules are tied
together in some quasi-solid structure. It is not implied
that the structure is exactly ice-like, nor is it necessar-
ily the same in every case where the word iceberg is used".
Such a qualitative picture explained both the negative
entropy change, arising from promotion of local water
structure, and the negative enthalpy change, due to
increased strength cf hydrogen bonding between the 1local
waters.
Kauzmanns, in an important 1959 paper, advanced a

theory for hydrocarbon association in water and introduced

the controversial term "hydrophobic bonding". Kauzmann
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adopted the Frank-Evans theory of hydrocarbon
dissolution process to study the hydrocarbon associa-
tion in water. The association brings together the hydro-
carbons surrounded by Frank-Evans icebergs. The
intersection of the solute hydrate cospheres causes some
water molecules to be released from the ordered first sol-
vation shells of hydrocarbons into the bulk, with a corres-
ponding net increase in the entropy. Considering the
enthalpy change for this process to be small, the free
energy expression DG=AH-TAS with that negative &S, shows
that the association process to have a negative free energy
change. Thus, according to this view, the hydrocarbon
association process in water 1is spontaneous and entropy
driven. The entropic nature of the process 1leads to an
inverse temperature dependence for the association process,
i.e. the tendency of apolar solutes to associate in water
grows stronger with increasing temperature in the ambient

range.
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1960-1969,

Nemethy and Scheragag, in a series of papers in
1962, treated hydrophobic hydration and hydrophobic interac-
tion from a statistical mechanical point of view. They
began with the flickering cluster model for water treated
in an earlier paper and based on an idea by Frank and
wenl®, and extended it to encompass hydrophobic hydra-
tion and hydrophobic interactions. For each case, parti-
tion functions were written out explicitly in terms of
the hydrogen bond interactions of wvarious water clus-

ters. The partition functions were used to calculate rele-

vent thermodynamic properties for the model. Adjustable
parameters in the Nemethy-Scheraga theory were
parametrized against experimental data.

The details of Nemethy-Scheraga theory are as

follows. Liquid water was considered to be an equi-
librium mixture of <clusters and monomers, Clusters
are transient structures consisting of interconnected
networks of water molecules. The networks arise from
the hydrogen bonding of waters. Monomeric waters are
those with no hydrogen bonds. Water molecules in the
interior of clusters were assumed to have 4 hydrogen

bonds, whereas the waters on the surface of clusters
could have 1, 2, or 3 hydrogen bonds only. Water molec-
ules are assigned different energies depending on the num-

ber of hydrogen bonds and their distribution among
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possible energy states followed  the Boltzmann
Distribution Law. The main adjustable parameter in this
theory was the water-water hydrogen bond energy, which
was estimated from IR spectral data on 1liquid waterll.
The calculated values of free energy, enthalpy, and
entropy of liquid water in the temperature range of @ ©C
to 780 ©C agreed with the experimental values within an
error of less than 3%. The calculated temperature depen-
dence of CV was found to be too 1large compared to exper-
iment. Using the mol fractions of various species present
in water, Nemethy and Scheraga calculated the water-water
radial distribution function, which compared well with the
available x-ray datalZ2.

The Nemethy-Scheraga treatment of hydrophobic hydration
incorporated the model for water described above and the
idea that hydrocarbonrs the structure of water was
increased in the vicinity of hydrocarbons. The prob-
ability of finding a water cluster in the first hydra-
tion shell of an apolar moiety was assumed to be greater
than that in the bulk. Introduction of a hydrocarbon
also introduces additional water-hydrocarbon interactions,
favorable or unfavorable depending on how many hydrogen
bonds are made or broken. Water-water interactions were
assumed to be stronger than the water- hydrocarbon van
der Walls interactions. The presence of a hydrocarbon sta-
bilized a four-bonded water in the first shell, due to

added Van der Walls interactions. On the other
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hand, a hydrocarbon next to an unbonded water introduced
unfavorable interactions. In addition, the size of the
first shell depended on the size of the hydrocarbon and
on temperature. A total partition function for this
model of hydrophobic hydration was written as a product
of partition functions of bulk water, of waters in the
first shell of hydrocarbon, and of hydrocarbon. Parame-
ters needed for the description of hydrocarbon partition
functions were derived from experimental data® related
to the transfer of hydrocarbon from pure 1liquid to
water. Hydrocarbon-water interactions were assumed to be
Lennard-Jones type with parameters evaluated from
vapor phase data. Coordination numbers were derived
from molecular models. Correlation between the calcu-
lated and experimental results on hydrophobic hydration
were generally good. Standard enthalpies of solution and
entropies of solution for aliphatic molecules agreed better
with experimental wvalues than for the aromatic compunds.
Though the calculated trends in heat capacities reflected
the experimental trends, their absolute values did not com-
pare well with experiment, not surprising because the heat
capacity for liquid water itself was in error. Also the
model did not describe the temperature and pressure deriva-
tives of the free energy for the transfer process.

The statistical thermodynamic treatment of hydrophobic
interaction was set forth by Nemethy and Scheraga as an

extension of their theory of liquid water and hydro-
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phobic hydration. Statistical thermodynamic treatment of
this process needed the addition of a description of the
hydrocarbon pair in contact and the description of the con-
commitant release of some waters of the hydrophobic hydra-
tion into the bulk liquid. The solute-solute interactions
were described by Lennard-Jones functions with parame-
ters derived from vapor pressure measurements on
bydrocarbons. Both the solutes were assumed to release an
equal number of water molecules into the bulk when
contact is established. The coordination number for the
contact pair was necessary, which was evaluated from mole-
cular models.

Nemethy and Scheraga studied several instances of the
hydrophobic interaction using the approach described
above, In studying the hydrophobic interaction between
isolated chain molecules, it was shown that several lev-
els of contacts are possible between the chains.
Properties related to maximum and minimum hydrophobic
interaction between aliphatic-aliphatic, aliphatic-aro-
matic and aromatic- aromatic side chains were evaluated
and tabulated. The analysis was continued with various
protein structures. In oL-helical structures, geometry
suggests that every 3rd or 4th member of the sequence will
be neighbours, thus can form hydrophobic bonds, if possi-
ble. In a table they summarized the distances of closest
approach of atoms of various side chains in ¢K-helices of

proteins as revealed in crystal structures. In the antipar-
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allelﬁrpleated sheet it was found that extensive hydropho-
bic interactions were possible between o—X and between P-ﬁ
carbons of apolar side chains. In the parallel chains,
there is enough room between the residues for a sheet of
water molecules parallel to the chain axis. Along the
direction of the axis that is perpendicular to the chain
axis, there is a possibility for extensive contact between
¢X carbon atoms.

Solvent intervening hydrophobic interactions, subse-
quently referred to as solvent separated hydrophobic
interactions (SSHI), were speculated as possibilities in
this 1962 paper. Nemethy and Scheraga suggested that the
solvent intervening hydrophobic pairs can arise hainly
because of geometrical constraints which do not allow the
apclar groups to come into contact, and presented results
on such a system supporting their proposal. However, when
there are no steric constraints preventing the hydrocarbon
moieties from getting together, a contact hydrophobic pair
was favored. Nemethy and Scheraga's work was is a milestone
in the quantitative description of the hydrophobic
interaction, but their speculation that the SSHI arises
only due to geometrical constraints turns out to be ques-
tionable; study of this problem forms a major part of this
dissertation research.

In 1962, Tanfordl3 estimated the contribution from the

HI to the stability of globular proteins. His calculations
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are based on the following three assumptions about the
native conformer of a globular protein: a) All charged
groups in the side chain of amino acids appear only at the
protein-water interface, b) most of the nonpolar side chains
appear in the interior of the protien and <¢) polar groups
may appear either in the interior or in the protein surface.
The free energy of unfolding of a protein was expressed as
AF= -TASZ ¢ +2Af,
where Asgonf is the conformational entropy change due
to unfolding and Af =~ js the free energy of transfer of
small component groups of amino acids from their native
environment to the unfolded environment. Tanford estimated
& S8Q ¢ using some of Kauzmann's® data. ASQ onf
is given by xR 1n 2, where x is the number of different con-
formations available for a protein and z is the number of
isoenergy orientations of the protein for each such availa-

ble conformation. Using Kauzmann's suggestions on the flex-

ibility of random coil proteins, Tanford estimates

-TASQ ¢ to be -1280 cal/residue. In order to calcu-

late Af , Tanford assumed that the major contribution was
the buried nonpolar groups. In a previous study, Cohn and
Edsalll4 reported the transfer free energies (Af,) for
various amino acids from ethanol to water and found that
Aft-for various side groups are constants and are thus
transferable. Tanford used the A;ft values for various
groups reported by Cohn and Edsall. A comparison of these

guantities for other nonpolarsolvents revealed them to be
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independent of the nonpolar solvent system. Thus Tanford
assumed that Af, was equal to Af, for the protein
unfolding. Using the amino acid sequences for myoglo-
bin,P-lactoglobin and ribonuclease, Tanford estimated the
O£, values and -TASQ ., and found that the entropy
increase during the unfolding process is mostly balanced by
the decrease due to the loss of HI between the nonpolar
solutes. Therefore Tanford suggests that the folding occurs
mainly due to the hydrophobic effect which balances the
entropy 1loss accompanying the folding. Tanford's model
showed the importance of the HI in protein folding.

Scaled particle theory of liquids can be used to calcu-
late the free energy of transfer of a hard sphere from vapor
phase to a dense hard sphere fluid. Pierottil®, in 1965,
used the scaled particle theory of liquids to study the
aqueous solutions of several hydrocarbons. He suggested that
the cavity formation in liquids to be an important factor in
the solution process and calculated the thermodynamics of
cavity formation. Pierotti partitioned the solution process
into two steps: a) the creation of a cavity in the solvent
to accomodate the solute and b) the insertion of the solute
in the cavity. The free energy of the solution process can
therefore be written as,

G= Gi+ GC+ 1n RT/V
where GC is the partial molar free energy of cavity
formation and Gi is the partial molar free energy of

solute-solvent interaction resulting from the insertion of
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the solute in the cavity. GC was derived for a hard
sphere fluid by Reiss et.al.16 and is of the form,

G=Kg+K) a1p+Kp aiy+k3 ai,
where K's are functions of density, temperature, and pres-
sure. The quantity a;, is the diameter of the sphere
which excludes any solvent centers.

Pierotti calculated G, for several hydrocarbons
using relation described above, and using hard sphere diam-
eters for hydrocarbons from various sources and a 6§20
of 2.75 A. He treated the solute-solvent interactions to
be Lennard-Jones interaction and calculated Gi' AG
values calculated for the solution process for hydrocarbons
using this model were fairly close to the experimental
values. Pierotti also evaluated the AH and pS of solution
and found them to be in even better agreement with experi-
ment. He extended this method to study in detail the solu-
tions of argon and nitrogen in both water and benzene. The
results revealed that the cavity formation in water is
entropy controlled but it is enthalpy controlled in ben-
zene. Pierotti therefore concluded that the structural
changes in water resulting from the dissolution of hydrocar-
bon give rise to rather small enthalpy changes and large
entropy changes, but since this is a thermodynamic study,
specific details of the structural changes in water could
not be derived. Pierotti, using the scaled particle theory
of liquids, provided an elegant proof that there is a basic

difference in the nature of cavity formation in water and
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organic solvents.

In 1967, Kauzmann revisited the hydrophobic effect In a
paper together with Kozak and Knightl7, lattice
models and McMillan-Mayerl8 theory were used to investi-
gate the hydrophobic interaction process. The heart of
their arguments was the equation,

In ¥ = Bx22+CX23+-°~-----

where ¢, is the solvent activity coefficient, Xxo is

the mol fraction of the solute and B and C were constants.
The sign and magnitude of B and C play an important role in
understanding the hydrocarbon solutions in water. Kozak
et.al. discussed using theoretical models and how hydra-
tion, solute-solute association etc., influence these
constants, and then trying to explain experimental obser-
vations based on these arguments.

Lattice models were used as a first approximation to
the solution of hydrocarbon in water. Lattice theory for
mixing two components already existed at that time, devel-
oped by Flory and Hugginslga'b, and further advanced by
Guggenheimlgc. The solution was assumed to have Nl
solvents and N, solutes and the process of interest is
their mixing. Each solute was allowed to be a polymer with
some fixed solvent coordination number. Several cases were
considered. First, the solvent molecules that were in

the solvation shell of a given solute were not allowed to

be shared by another hydrocarbon. Also, the enthalpy of
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mixing was assumed to be =zero. Flory and Huggins showed
that calculation of B and C for such a system involved
carefully evaluating the number of ways such a system can
be arranged. Kozak et. al. calculated B and C using this
approach, and found that B and C were functions of coordi-
nation numbers only, and were both negative. In the next
step, the unique assignment of solvents to a solute was
removed and a solvent was allowed to be in the first solva-
tion shells of more than 2 solutes. This improvement
yielded B and C which were still only functions of coordi-
nation numbers and both negative , but different in magni-
tude from the previous model. Kozak et.al. went a step
further by removing the constraint that the enthalpy of
mixing had to be zero. By applying Guggenheim's quasichemi-
cal approximation, they evaluated B and C. Here the sign
of B depended on the relative magnitudes of solute-solute
interaction and solute-solvent interaction. The sign of C
was found to be always negative due to hydration. The sign
of B was found to be positive only when the solute-so-
lute interactions predominate the solute-solvent interac-
tions.

Kozak et.al. also used McMillan-Mayer theory to
understand the nature of the constants B and C and relate
them to the potential of mean force(pmf) wss(R) between
the solutes. At that time no procedures were available to
calculate the potential of mean force, so an approximate

evaluation was carried out using an assumed model. The
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pmf was decomposed into a repulsive and an attractive
part,and relative magitudes of the terms was pred-
icted. The decomposition itself is wvalid, but the model
pmf that was used decreased monotonically with distance.
The quantities B and C were found to depend on the solute
size, and were contravariant; B becomes more negative on
increasing the solute size, whereas C becomes more posi-
tive. Increased solute-solvent interactions tend to make
both B and C more negative.

With all these considerations in hand, the next step
was to compare them to the experiment. The analysis was
done 1in two parts. All molecules except amino acids
were analyzed in one group and the amino acids were ana-
lyzed separately. From a large database of experimental
data on aliphatic alcohols, amides, carboxylic acids,
amines, ketones as well as some aminoacids, the constants B
and C were evaluated. Typically this involved measuring
solvent activity data as a function of mol fraction of
solute using freezing point methods. Then, from a plot of
1nii/x2 vs X, one can get the y intercept B and the
slope C. Signs of temperature derivatives of both B and C
were also calculated for some solutes.

The quantities B and C for most of the aliphatic
compounds in the data base were found to be positive, which
indicates that the solute-solute interaction predominate

in hydration effects. Therefore, Kozak et.al. con-
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cluded that the compounds in their database, mainly
consisting of hydrophobic groups, favored the association.
Further, B becomes more positive on increasing the solute
size, showing that the association is favored as the
hydrophobic group gets larger in size, and also on
increasing temperature. The latter effect confirmed another
well documented fact about hydrophobic effect, the
inverse temperature dependence.

The sign of C and the conclusions from McMillan-Mayer
theory pointed to similar conclusions. Amino acids
showed a different behaviour, despite the fact they also
have hydrophobic groups. Kozak et. al. explained this in
terms of the strong electrostatic forces which dominate the
relatively small hydrophobic effects in amino acids. Ove-
rall this study, featuring a totally different approach
to the hydrophobic interaction problem,generally con-
firmed earlier predictions about hydrophobic interac-
tion proposed by Kauzmann 1959. _

In 1968, Hildebrand2® wrote a small note in which
he questioned the appropriateness of the phrase "hydropho-
bic bond" to describe the association of nonpolar solutes
in water. He cited two examples to show that nonpolar
molecules have no phobia for water. The adhesion between

2, which suggests consider-

octane and water is 44 ergs cm’
able attraction between octane and water. Also, it takes

more energy to evaporate a mole of butane from its aqueous
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solution than from pure 1liquid butane, suggesting more
attraction between butane and water than between butane
molécules. Hildebrand added that the word 'bond' is inap-
propriate also, since the attraction between alkyl groups in
water has none of the characteristics of a chemical bond.
Nemethy, Scheraga and Kauzmann2l offered an explana-

tion to Hildebrand's arguments in an adjoining reply. They
agreed with Hildebrand that the nonpolar solute-water inter-
actions are indeed attractive, but this is only the enthalpy
term of the dissolution process. Experiments as well as
quantum mechanical potentials show that the interaction
between nonpolar molecules and water is attractive due
to dipole-induced dipole interactions and dispersion
forces. Nemethy et.al. pointed out that the word 'pho-
bia' 1is not formulated based on enthalpy of interaction,
rather on the free energy of solution. The latter
quantity has a large unfavorable contribution in
water from entropy, which makes the nonpolar molecules
prefer nonpolar surroundings more than water. They also sug-
gest that the word 'bond' is only a loose association and

that it is understood by various workers in the field.
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1976-1974,

Goldammer and Hertzzz, in 1978, used a novel approach
to probe hydrophobic hydration and HI in aqueous solu-
tions of effectively hydrophobic solutes. NMR data on time
correlation functions was used to explain the life
times of first hydration shells and the possibil~-
ity of solute-solute aggregation. Goldammer and Hertz
consider five different models for hydrophobic hydration
and one for HI, and derive the relationship between
solute and solvent correlation times. The first model
of Goldammer and Hertz used a rigid solute with a 1long-
lived first hydration shell, such that the solute and and
the first shell waters translate and rotate together.
Here two conditions must be satisfied: a) the self-diffu-
sion coefficients of both the solutes and the first shell
waters should be the same and b) the rotational correla-
tion times between various atoms of the solute and the
atoms of water must be the same. After comparison
with experimental results, Goldammer and Hertz found no sys-
tem in their databse to satisfy these rigorous conditions.
and concluded that first hydration shells of hydrocarbons
are not essentially long-lived. The results showed that
hydrocarbon rotations are generally faster than that of
first shell waters.

In their second model, Goldammer and Hertz still

considered the solute to be rigid, but relaxed the
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requirements on the rigidity of first shell waters. They
considered that a distinct first hydration shell is pos-
sible as 1long as the distance between the center of
mass of solute and of first shell waters remained the
same over sufficient times. This model thus aliows for the
independent rotations of first shell waters about a
fixed relative position from the solute. Under these
assumptions, the self diffusion coefficients of the
solute and first shell waters need to be the same, but the
rotational correlations between the atoms of solutes and
atoms of first shell waters need not be same. In the
database of systems Goldammer and Hertz studied no entry
satisfied the requirements of this model, proving that
the first hydration shells of hydrocarbons are not
long-lived even in a center-of-mass sense.

Having found no long-lived hydration shells for
hydrocarbons, Goldammer and Hertz proposed their third
model to check the existence of long-lived hydrocarbon-water
pairs. This requires that the self-diffusion coefficients
of solute and first shell waters be the same and also that
relevent solute-water rotational correlations be the
same at solute mol fractions of 0.5. Experimental
results showed that in the aqueous soclutions of pyri-
dine,ethanol, acetone and acetonitrile, long- 1lived
hydrocarbon-water pairs are indeed possible. However, a
deeper analysis showed that these pairs are due to the

water hydrogen bonded to the polar groups such as -OH or
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-CO rather than waters in the hydrophobic hydration sphere.

Goldammer and Hertz's next model treated the solute
and the first hydration shell as molecular aggregates of
fluctuating sizes. Under these assumptions, one can
express the self-diffusion coefficients and rotational
correlation times as functions of experimentally measu-
rable quantities such as viscosity, and cluster
size, an adjustable parameter. Goldammer and Hertz calcu-
lated cluster sizes for the molecules in their database
based on molar volumes. Seif—diffusion coefficients and
the rotational correlation times calculated by this method
did not compare well with the experimental values. This
confirmed the conclusions from previous models, i.e. that
the hydration shells are not long-lived enough to be con-
sidered as a molecular aggregate. Various pair correla-
tion functions were used by Goldammer and Hertz to probe
the nature of hydration shells of hydrocarbons. All
solutes showed an increase in the water structure compared
to the pure water, manifested by an increase in the ampli-
tude and narrowing of the first peak of water-water
pair correlation function. A further analysis showed that
for some solutes, such as methanol, this structure pro-
motion involved direct solute- solvent interactions. For
weakly interacting solutes such as acetonitrile, the
structure promotion did not involve any direct solute- water

interactions.
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In their sixth and last model, Goldammer and Hertz
probed the possibility of solute-solute éggregation. The
product of solute self-diffusion coefficient and nor-
malized rotational correlation time of solute should be
independent of the solute concentration if there is
no aggregation. In addition, this product is inversely
proportional to the cube of the closest distance the
protons in different solutes can approach each other.
An inverse dependence between the abovementioned pro-
duct and concentration of solute would mean a solute
aggregation. Experimentally the product could not be
evaluated with proper accuracy at low concentrations of
the solute. For some system the product showed inverse
dependence and for some, a direct dependence, as a result
of which no definite conclusions on this aspect of the prob-
lem were possible.

This work presented compelling evidence against the
possibility of long-lived, distinct first hydration shells
for hydrocarbons, and supports fluctuating structures.
Goldammer and Hertz confirmed the increase of water
structure near hydrocarbons using microscopic probes
rather than such macroscopic probes as thermodynamic quan-
tities. This work came up with a result that was not known
before, and not given much attention: that the hydro-
carbons rotate faster than the first shell water molec-
ules. No conclusive picture for HI emerged from this work,

as a result of the limitations that existed in the NMR meth-
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odology in the early '70s.

Significant contributions to the wunderstanding of HI
came from a series of papers by Ben-Naim23, Using basic
statistical mechanics, he derived a quantity,which he
called &AHI , as a measure of the stability of hydro-
phobic interaction. A system consisting of N water
molecules and 2 solutes, fixed at a distance of R, 1in a
(T,v,N) ensemble is considered. The Helmholtz free energy
was derived to be

B(R) = A0 + Uj,(R)+ aHI(R)
where A(R) represents the total free energy of the systemn,
with the solutes separated at a distance R, and Ulz(R) is
the solute-~ solute interaction energy when solutes. Here
aHI(R) measures the work done in bringing the two
solutes from an infinite distance to a distance R in water.
The free energy change for that process in Ben-Naim's for-
malism reduces to
AA(e) = Ui, + &aHI(or)
where &~ 1is the distance of closest approach and
SAHI(r) is a measure of the solvent contribution to
the free energy of HI process.

The quantity EAHI(G") can be related to experimen-
tal quantities under certain assumptions, which essen-
tially 1involve finding a representative molecule that
closely resembles the two solutes at the distance of

their closest approach. Ben-Naim treats the free energy
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of HI for two methane molecules in water as an example.
Two methane molecules at their closest distance of
approach 1is represented by an ethane molecule, which
reduces the gAHI(g-) to,

éAHI(a-h ~RT In ¥/ 7,

oy

where ¥ represents the fugnzc :s of the respective com-
pounds. The Juan 'y 5”!\51(@". s calculated for vari-
ous solvent. All solvznis excepl for water gave a value
around -1.5 kcal/mol. The calculated &AHI(6~) value for
water was found to be -2,15 kcal/mol, which reflects an
increased tendency for association, and points up to the
uniqueness of water as a medium for nonpolar solute associa-
tions.

Ben-Naim argues that the quantity é;AHI(oP) is a better
representative in measuring the HI than the total free
energy change, because it removes the direct solute-solute
eff ects and includes only the contribution from solvent
nodulated solute-solute interaction. His evaluation of
SAHI(G‘) for various values of R of theoretical
interest shows this to be a a monotonically increasing
function of R. In an important derivation, Ben-Naim
shows that the quantity AHI(R), which is the total free
energy of the system is equal to Wss(R), the pmf bet-
ween two solutes. Though the introduction of SAHI(G')
helped establish the uniqueness of water in determining
HI, furthur extensions were limited due to the require-

ment of a representative that closely resembles the two
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solutes in contact. In addition, only contact hydrophobic
interactions are treated by this theory.

Ben-Naim , Wilf and Yaacobi24, in 1973, used experimen-
tal Ostwald absorption coefficients to calculate J;AHI for
methane,ethane and benzene in both water and D,0. The
contact pairs for methane, ethane and benzene were assumed
to be ethane, n-butane and biphenyl respectively. This
study showed that the strength of HI is stronger in water
than in D,0 for methane and ethane but it is opposite for
benzene. The isotope effect on gHHI and 8€HI were found
to be rather insignificant. Ben-Naim et. al. reported the
(SAHI values for benzene at various temperatures and it is
-1.14 kcal/mol. This study provided an estimate of the
strength of HI between benzene molecules in water. However,
treating biphenyl as the contact pair for benzene is ques-
tionable, since there are other well packed dimers that are
as important.

The first liquid state computer simulation study of the
hydrophobic effect was reported by Dashevsky and Sarki-
sov25 jin 1973. They used Monte Carlo method to eval-
vate the configurational integrals for aqueous solutions
ofmethane and for two methane molecules in water as a func-
tions of intersolute separation. The configurational integ-

ral for a system of N molecules following Boltzmann statis-

tics is,

2= f.........fexp(- E(xV)) axN
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where E(XN) is the total energy of the system, when
the system is in configuration XN, The integral has to
be evaluated over all configurations xN. once ZN is
known, it is straightforward to evaluate the thermody-
namic properties of the system, The properties thus
calculated can be compared with the experimental measure-
ments to check the validity of the model.

Dashevsky and Sarkisov carried out MC simulations on a
system of 64 waters, 1 methane and 63 waters and 2 methanes
in 62 waters. Methanes were treated as spheres of radius
2 g. All intermolecular interactions were described
by Kitaygorodsky potentials26. Periodic boundary con-
ditions were used and the simulations were carried out
in (T,P,N) ensemble. EFEach simulation was 68K in 1length.
The calculated free energy of solvation of methane evalu-
ated from the MC simulation is positive and the entropy of
solvation is negative. Dashevsky and Sarkisov showed that
these compared well with experimental values after correct-
ing for the same reference state. A total of eight
different simulations were carried out on the system of 2
methanes in 62 waters. In each simulation, the methanes
were kept at some fixed distance R. The free energy obtained
from the configurational integrals of eight simulations
yielded the potential-of-mean force,wss(R) between the
methanes as a function of R. A least square fitting yielded
continuous wss(R) with a single minimum at 4 %.

Dashevsky and Sarkisov interpreted this as the tendency
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for methane molecules to be in contact at 4 g in water.
Clear analysis reveals there are severe problems associ-
ated with the methodology used in Dashevsky and Sarkisov's
calculations. Owicki and Scheraga49a discussed these in
their paper of 1976. A careful look at the configu-~-
rational integral shows that some configurations
with unusually large E (xN) would contribute signifi-
cantly towards Zy;- However, in a typical MC simulation,
such high energy configurations are highly undersampled or
never sampled, resulting in a highly unreliable ZN'
Since Zyy 1is unreliable, so are the thermodynamic prop-
erties derived from it. In light of this analysis, Dashev-
sky and Sarkisov's results have large errors associated
with them and not reliable. The Woo (R) calculated by
Dashevsky and Sarkisov for methane molecules is one of the
non-oscillatory w. (R) reported till now. This can easily
be attributed to the defects associated with their methods.
G. Howarth27 took an approach similar to that of
Goldammer and Hertz in using NMR relaxation data to probe
the structures of aqueous solutions of hydrocarbons,
Whereas Goldammer and Hertz concentrated in studying the
motional effects of water molecules in the first hydration
shell of hydrocarbons, Howarth was interested in study-
ing the motional effects of the hydrocarbon in water,
compared to that in a non-polar slovent. He wused FT

NMR techniques to observe cl3® relaxation times.
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Howarth studied t-butanol and n-propanol in CCl4 and
in water. As the concentration of the alcohol increased in
CC14, the tumbling of the alcohol became more and more
restricted due to the increase in the intermolecular
hydrogen bonding between the alcohols. In 1liquid water,
the motions of the alcohols were independent of their
concentrations, but their intrinsic magnitude suggested
their motion to be more restricted in water than in
CCl,. Howarth proposed that the entropy reduction tak-
ing place during the transfer of a mole of hydrocarbon from
pure liquid to water has two contributions. The first is
due to the motional restrictions of the first hydration
shell waters, as observed by Goldammer and Hertz, and
the second is due to the motional restrictions the hydro-
carbon itself undergoes. Howarth estimates the latter to
contribute about 7.5 cal K-lmol~l. Thus Howarth demons-
trated that a hydrocarbon solute undergoes motional res-
trictions upon dissolution in water, and the contribu-
tions from such restrictions to the total entropy
reductions are indeed important.

In the early 70's R. B. Hermann28 published
some interesting work in which he combined basic
statistical mechanics with significant structure theory of
liguids to model the aqueous solutions of hydrocarbons.
Hermann models hydrophobic hydration along the lines of Nem-
ethy and Scheraga. He considers the solutes to be far

from each other in water and noninteracting as a result.
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The solutes are assumed to influence only those waters
in their first hydration shell. He writes the partition
function for the model exactly like Nemethy and Scher-
aga,but uses significant structure theory in writing the
partition functions for bulk water and the waters in the
first bydration shells of the solutes. This process intro-
duces several adjustable parameters and assumptions into the
model. Coordination numbers needed for the evaluation
of partition functions are taken directly from Nemethy and
Scheraga. Several experimental thermodynamic parameters
are used to evaluate the parameters for the medel. These
parameters are then used to evaluate additional properties
which compared well with the experiment. In~a refinement to
the above model, asymmetry in the electric fields of the
water molecules in the first hydration shells of the
solutes was introduced. This refined model is solvable
only if one assumes that the hydrocarbon dissolution pro-
cess is accompanied by a net increase in the volume. How-
ever, it is known from Masterton's29 data this process
involves a net decrease in volume.

In a following paper, Hermann3? tries to relate
quantitatively the surface areas of various hydrocarbons
with their solubilities. He considers the process of
bringing a hydrocarbon from pure 1liquid to water as
involving creation of a cavity in liquid water to place
the hydrocarbon. The free energy for the creation of cav-

ity is therefore proportional to the surface area of the



TATTE L L ARTTYRS A AP b g

L1

hydrocarbon. Under these assumptions, the surface area
of the hydrocarbon is proportional to =-ln{solubility).
Since the hydrocarbon is not rigid, and several con-
formations are accessible to the hydrocarbon, Hermann
considers the surface area of a given molecule to be a
weighted sum of surface areas of its conformers. The weight
is unity for the meclecule which has no gauche interactions
and every additional gauche interaction introduced reduces
the weight by exp(.8). A computer program is uéed to cal-
culate the surface areas of most probable conformers of
a given molecule and the weighted average of surface
area was evaluated for a set of hydrocarbon molecules.
The surface areas calculated by this method show an
excellent correlation with -1ln(experimental solubility).
Therefore he suggests that weighted average surface areas
of hydrocarbons 1is a good measure of the solubility.
Traditionally one tries to <correlate molar volumes
of hydrocarbons to their solubilities. However no clear cut
relation can be found in such a method, whereas, Hermann

argues that his formalism has no exceptions, if applied

carefully. McAuliffe's31 solubility data shows that
branching in hydrocarbons increases solubility.
Simple molar volume—- solubility relationships needed

additional arguments to explain this observation. In Her-
mann's formalism, branching reduces the surface area of

the hydrocarbon, which in turn increases the solubility.
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Friedmann and Krishnan32, in 1972, used the Gurney
model33 of solvation to study the HI in a set of alco-
hols. The solutes considered were methanol,ethanol,
propanol, n-butanol and t- butanol. In the Gurney for-
malism, each solute in solution is surrounded by a
region of solvent arc¢uond the solute which is significantly
perturbed by the presence of solute, called the cosphere.
When two solutes approach each other, their cospheres over-
lap and some solvent molecules in the overlapping region
are displaced into the bulk of the solution. This displace-
ment has a free energy change associated with it, called
GURlz(R), where R is the intersolute separation. The
term GUR,,(R) is proportional to the volume of overlap
and Ajoy the free energy per mol of solvent displaced.

Usually Ay, is treated as an adjustable parameter and

experimental virial coefficients are used to evaluate them.

Friedmann and Krishnan suggest that the pmf between two
solutes in water can be written as

Woo (R)= CORy, (R) + GURy,(R)

where  CORy, (R) is the work done against direct
solute-solute interaction. above. Friedmann and Krishnan
use a simple spherical repulsive potential of the form
r~ 9 to describe the CORlz(R) term and an effective
spherical equivalent for non-spherical molecules. Volumes
of overlap of cospheres of solutes are a function of the
distance between the solutes and also a function of

the conformation of the solute. An average over
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significant conformations of given solutes was performed
to calculate the average volumes of overlap. The cospheres
are assumed to be only one water 1layer thick. Under
these assumptions wss(R) is a function of only
the Gurney parameter, A12' Friedmann and Krishnan
calculated the solute- solute pair correlation function
gss(R) from wSS(R) and used hypernetted chain equa-
tions to calculate gss(R) as a function of solute concen-
tration. The wss(R) and gSS(R) are then used to cal-
culate some excess free energy and other thermodynamic
qguantities. A comparison of calculated results with experi-
mental values from Kozak et.al.l’ yielded values for
Al2‘

The Gurney parameter, A12 turned out to be nega-
tive for all the solutes studied, and increased with
the size ot solute. Thus the removal of waters from the
overlapping regions of solute cospheres to the bulk is a
spontaneous process, and increasingly so for larger
solutes. Friedmann and Krishnan used the values of
A12 to calculate some other thermodynamic quantities
such as excess enthalpy which correlate well with the
experiments.

Friedmann and Krishnan showed how the Gurney model can be

adopted to explain hydrocarbon association processes.

Their method however has some problems, such as using

a single Gurney free energy parameter A12 as an aver-
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age to represent several conformers of a given solute.
The power of this method to yield the structural indices

such  as w__(R) was later realized and used by

Clark et.al.38 in a calculation to be described later.
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A975-1979,

In 1975, Ben-Naim>4 used equilibrium thermodynamics
and power series expansion techniques to study the
relationship between the structural changes in water
on hydrocarbon association and the free energy of HI.
In a previous work he observed that the SaBI g
markedly 1larger for water than for nonpolar solvents,
which is often interpreted as arising from the structural
changes in water. Such interpretatiéns do not have direct
experimental proof and are arrived at using some ad hoc
mocdel for liquid water. Ben-Naim worked with well
defined molecular quantities for liquid water to investigate
the role of structural changes in water to the free energy
of HI.

The details of Ben-Naim study are as follows. Liquid
water was assumed to consist of NL molecules in some
unspecified 1low structure form and Ny molecules in a high
structure form. At eguilibrium,

M= My
whenafﬁJand rh are the chemical potentials of the low
and high structure forms of water. It 1is important to
note that a representation of water as a two compo-
nent mixture is not necessary for the following argu-
ments. One can as well consider water to be a mixture of
some n components based on any criterion nad carry out the

following arguments without any problems. The two compo-
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nent representation is chosen for clarity only. Under this
representation, water structure at any instance can be
specified by specifying NL and Ny.
Ben-Naim then considers the free energy of HI process as

consisting of two parts,

AGHI=pG* +AGT
where the first termaG* is the work expended in bring-
ing the solutes from an infinite distance to contact in
water, keeping the water structure constant, viz.,

L£G¥= G(N,,Ny,R=¢) -G (N ,Ny,R=od)
Here R ié the intersolute distance and & is the
contact distance and the numbers NL and Ng represent
the equilibrium numbers of the low and high structure
form of water when the solutes are separated by an infi-
nite distance. The second term, AG' is the free energy
associated with the relaxation of water structure to its
equilibrivm value when the solutes are at contact.

AGF= G(N; ,Ng,R=g) =G (Ny , Ny, R=g?)
where N£ and Né represent the number of low and
high structure forms of water at equilibrium when solutes
are at contact. AGF therefore represents the contribu-
tion to GH! from structural changes in water.

Ben-Naim proceeded tc expand AGY about ,

AGT=(M-p) anp+ o c2pp ey ang
where PA's represent the derivatives of G with respect to

N The second and higher derivatives of G can

Lo
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be shown to be homogeneous functions of order minus one
in N, the total number of water molecules, and they all
vanish in the macroscopic limit of N->o2. However, the
equilibrium considerations require that ﬂ%:fﬁ, which
means AGI=0, or the free energy of structural changes
in water during the HI process is zero. By similar
arguments Ben-Naim shows that the corresponding enthalpy
and entropy changes are nonzero.

Ben-Naim uses statistical thermodynamic arguments to
substantiate the proof described above. The free energy
change for the HI process can be derived for a (T,P,N)

ensemble as,

&
<{BRY

oo Q)
where Ul(o is the solute-solute interaction energy at

contact, and the second term represents the work done
against an average force arising from the change in bind-
ing energy of the pair of solutes as they approach each
other from to contact. Ben-Naim argues that there is
no term in the above expression which depends on the
structural changes in water, therefore contribution
toacH! from structural changes in solvent is zero.

This work refuted the belief that the water structure
plays an important role in the HI process, and has roused
considerable controversy. In a latter paper Marcelja et.
al.47 questioned Ben-Naim's treatment on two grounds. They

said that in definig the water structure in terms of NL
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and N Ben-Naim omits the structural changes arising as a

H'
result of orientational differences. As a result, orienta-
tionally different structures having the same NL and NH
are treated structurally same in Ben-Naim's theory. Sec-
ondly, Marcelja et. al. note that the expansion used for
AGE is incorrect. They argue that Ben-Naim ignores con-
tributions from inhomogeneity near the solute-solvent inter-
face tolgGr. In presence of such effects the free energy
is known to be non-extensive in the thermodynamic limit and
as a result AGY is nonzero. Finally we are intrigued by
this result for the following reason: if the structural
changes in water are not responsible for BI, what is res-
ponsible and what makes water so unique with respect to HI?
Hermann3°2 used his earlier results on hydrocarbon sur-
face areas to calculate the free energy of HI. He adopted
Ben-Naim's ideas in defining the contact solute pairs for
this study. Hermann embarks on a new route to study the
hydrophobic hydration rather than use the significant
structure theory of liquids. He uses Barker-Henderson per-
turbation theory for 1liquid mixtures. In this formalism,
a reference 1liquid mixture consisting of hard spheres is
perturbed by introducing 1long range forces between the
molecules. Chemical potential for a 1liquid mixture con-
sisting of N, solutes and N, solvents can then be
written as a sum of two terms, one arising from hard

sphere contribution , }LHS ’ and a correction factor,

}LCORR » to account for the perturbation. Hermann uses
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the ’ﬁﬁ; values calculated by Neff and McQuaire35b.

A relation connecting experimental quantities and f%S'

PCORR is as follows:

KT 1n  p,/ Xy -kT In RT / V = Mo+ foor where

P, is the partial pressure of the hydrocarbon and X, is

its mol fraction. Since /Mﬁs is known from Neff and

MCQuairerA@%ORR can be calculated by using experimental

partial pressures at various mol fractions.

Hermann then proposed a theoretical model to calculate

f%ORR which can be compared to the (ogrgr Ccalculated from

experimental quantities. ﬁ%ORR defined by Hermann is the

same as G defined by Pioretti and consists of two

terms, fQ:and N° f% is the work done in creating a

cavity whose surface area is the same as that of the

hydrocarbon solute in liquid water. Hermann uses the

surface areas of hydrocarbons that he calculated before

and evaluatesfy. 4y is calculated by describing both

thw water-water and water-solute interaction energies by

Lennard-Jones interaction. Hermann calculates the free

energy of HI as the difference in f%bRR between hydro-

carbons separated by a large distance in water and at con-

tact distance. He adopts Ben-Naim's method of choosing

the contact pair. Thus calculating the difference of

I%ORR between two methane molecules and one ethane

molecule is an estimate of HI free energy for methane.
He also tries to evaluate fEORR as a function of dis-

tance of separation between the solutes. Severe problems
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arise in describing the regions in between the solutes when
a water molecule can be placed there. Thus, he claims
that his theory cannot be used to calculate HI free energy
as a function of distance of separation between the
solutes. This work showed how liquid state perturbation
theory can be used to study the HI.

Wolfenden and Lewis36, in 1976, presented a vapor phase
analysis of HI in the further investigation of some earlier
claims of Butlerl. They argued that the HI can 1in
principle arise from cohesive properties of water,
from the affinity of nonpolar substances for each other,
or from both. 1In 1937 Butler had proposed that the equili-
brium transfer of a hydrocarbon from water to pure
liquid is better understood by studying an equivalent
two step process involving vapor phase equilibrium, The
first step is the -equilibrium transfer of the hydrocar-
bon from water to vapor phase and the second step is the
equilibrium transfer of the hydrocarbon from vapor phase
to. pure liquid hydrocarbon. Assuming that the molecu-
lar interactions in the vapor phase are negligible, the
first equilibrium measures the contribution of
cohesive properties to HI, and the second measures the con-
tributions from the attractive nonpolar interactions to the
HI. Wolfenden and Lewis used hydrocarbon solubility

37 to calcu-

data from McAuliffe3! and Schlesinger
late the free energy changes for the two vapor phase

equilibria suggested by Butler, for the first eight
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alkanes.

The data collected by Wolfenden and Leﬁis revealed some
interesting information related to the HI. They found that
the equilibrium distribution of hydrocarbon between water
and pure liquid hydrocarbon decreased about 26% for
every —CH2— group added. Wolfenden and Lewis estimate
that the free energy transfer of a hydrocarbon from water to
pure liquid hydrocarbon increased by 960 cal. for every
additional -CH,~ group. The partitioning as described
above reveals that each added -CH,- group favors the vapor
phase over water by only 148 cal., whereas each added
-CHZ’ group makes the hydrocarbon prefer pure liquid over
vapor by 848 cal. Wolfenden and Lewis therefore conclude
that the nonpolar interactions indeed play an important
role in hydrocarbon dissolution process, supporting an
earlier speculation by Butler. They also point out that
the cohesive properties of water contribute little
compared to the attractive nonpolar interactions.

This note by Wolfenden and Lewis basically collects
evidence in support of Butler's earlier claims on hydro-
carbon solutions. Their technique powerfully demons-
trates how the partitioning of overall equilibria can be
of use in understanding contributions from subprocesses.
Wolfenden and Lewis show that it is incorrect to treat HI
as arising purely from the cohesive properties of water

and that the hydrocarbon interactions can be of equal impor-
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tance. A similar study involving hydrocarbon transfers from
other common polar solvents to pure liquid hydrocarbon, in
principle should reveal the uniqueness of water in rela-
tion to HI.

Clark, Franks, Pedley and Reid38 in 1976, noted that
the Gurney free energy calculated for HI by Friedmann
and Krishnan32 can be compared to the<§AHI(R) for-
mulated by Ben-Naim after suitable corrections. They
were also interested in extracting the pmf between
solutes using the Gurney model. Friedmann-Krishnan model
for HI used a purely repulsive solute-solute poten-
tial to represent COR,,(R), the direct solute-solute
interaction term. This implies that either the solute-so-
lute attractive interactions are negligible or that such
interactions form a part of the Gurney free energy term,
GUR;5(R). If the former is true, then GURjo(R) is devoid
of any direct solute-solute terms and 1is therefore identi-
cal to<SAﬁI(R), whereas if the latter is true, then
GUR, , (R) contains a solute-solute term which has to
be subtracted before comparison with §AHI(R). Clark
et.al. suggest that the solute-solute attractions are not
negligible, and by explicitely 1including such terms in
COR12(R), one can calculate GURj,(R) directly compara-
ble to 6AHI(R). Clark et.al. studied the alcohols, meth-
anol, ethanol, propanol, butanol and t-butanol. They used
an atom-atom Lennard-Jones potential as an approximation

to CORlz(R). They represented —CHZ— groups and
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“CH3 groups with effective atoms. Nonpolar molecules
were represented by equivalent spheres for the purposes of
calculation. A Monte Carlo technique was used to evaluate
the orientationally averaged CORlz(R) and the techniques
suggested by Friedmann and Krishnan were followed to cal-
culate GURy,(R). The Gurney free energy parameter, Aj,,

was calculated by using the experimental virial coefficient
data on the alcohols. Clark et.al. also calculate the
other related Gurney parameters E;,,S;,, and v,

along the lines of Friedmann and Krishnan.

Calculated values for A,, by Clark et. al. turned out
to be positive and increasing with the size of the solute,
in contrast to the negative values obtained by Friedmann and
Krishnan. This implies that the removel of a mole of water
from cosphere overlap region is free energetically not
favored. Therefore the solvent intervening solute pairs can
be assumed to be free energetically favored. This result
marks the beginning of a new speculation in the field of HI,
viz. the SSHI. The resulting wss(R)'s have well devel-
oped minima which is in accordance with the accepted view of
HI. A comparison of wss(R) with C0R12(R) reveals
that the hydrocarbon association is predicted to be more
favored in the vapor phase than in water, a conclusion
which clearly contradicts the standard view of HI. This
may be due to the nature of the Lennard-Jones potential
used to represent COR;,(R). Clark et.al. compare the

calculated GURlz(R) with the corresponding JAHI(R)
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calculated by Ben-Naim23 and find they differ in
sign as well as magnitude.

Clark et.al. use some experimental results to explain an
interesting observation made on the Gurney entropy parame-
ter, 5,,. By 1976, several experimental measurements on
effectively hydrophobic solutes were available. Relia-
ble excess volume measurements on these systems by Franks
and coworkers showed that the mode of hydrocarbon associa-
tion is concentration dependent. Approaching infi-
nite dilution concentrations, the hydrocarbon association
was found to be different from the standard associa-

tion processes and remains so for a region of low concen-

tration. After a particular <critical concentration is
reached, the hydrocarbon association follows the
characteristics of standard association processes.

Franks suggested that the behaviour in 1low concentration
region may be due to a solvent separated HI. The values
of §;, calculated by Clark et. al. for the association

of nonpolar molecules were found to be 1less than what
is expected from the complete expulsion of a water
from cosphere to the bulk solvent, which suggests that
the solute association still retains some of the
cosphere waters in the overlap region. This is in agree-
ment with the experimental findings of Franks and coworkers.
The primitive form of the Gurney free energy used in this
model does not allow Clark et.al. to probe any further on

this speculation. The calculated wSS(R)'s suggest pos-

T e e M il . o W I U U U e [ U P —



55

sible second minima, which again could not be explored
further due to the limitations in the model.

Gill and Wadso3?, in 1976, derived empirical relations
between experimentally measured thermodynamic properties on
aqueous solutions of hydrocarbons and number of hydrogen
atoms in the hydrocarbon, Ny They used enthalpies of
solution for hydrocarbons measured in their laboratory, the
bydrocarbon solubility data from McAuliffe3l and calcu-
lated the rest of the thermodynamic properties. Near room
temperature, the enthalpies of solution for most hydrocar-
bons were found to be almost zero. Also, the large heat
capacity associated with the hydrocarbon dissolution was
found to be independent of temperature. Using these obser-
vations, Gill and Wadso proposed the following thermodynamic
eqguations,

AHO= ACS(T—T*)

AGO= (T/T*)AG,CI’,*—ACS[Tln(T/T*)+T*-T]
where T* is room temperature and‘Asg* is the free
energy change for the transfer of 1 mol of hydrocarbon from
its pure liquid to water at room temperature. The rest of
the thermodynamic properties refer to the same transfer pro-
cess at a temperature T. Gill and Wadso use least square
techniques to fit a line for Aﬁg* Vs ng and derive
the relation,

AGO*= 6.4+ 1.85 n

H

A similar fit for Cg vs ny, yields,

o-
ACp—33nH
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A substitution of these relations in the expression for
AGP yvielded the free energy of the system as a function of

temperature and n From this expression, the rest of the

g
thermodynamic properties of the system can be easily derived
as a function of ny.
An interesting relation emerges from this analysis for
AS®, viz., AS°=—21.5-6.24nH which translates into a
decrease of about 1.5 cal deg‘l mol™l for each addi-
tional hydrogen atom. Gill and Wadso offer an explanation
for this based on the following simple arguments. Number of
orientations available for a water molecule in a tetrahedral
network is 6, if it is fully hydrogen bonded. Replacing one
such molecule from the tetrahedral network by a C-H group
reduces the available configurations for the neighbouring
waters to 3, since a hydrogen from water cannot face the C-H
group to form a hydrogen bond. If this is assumed to control
the entropy primarily, then AS© should be
-R 1n(3/6)= 1.23 cal deg -1 mol~l, in close agreement
with the value expected from the empirical relation. Gill
and Wadso argue that the 1large heat capacity of dissolution
can be explained by considering the effect of temperature on
the number of available configurations for water in the
vicinity of hydrocarbon. The emprical relations derived by
Gill and Wadso are extremely helpful tools. They provide a
good first approximation to the thermodynamics of HI. Given

that these relations are consistent with the available

experimental results, one can extend these relations to cal-
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culate the thermodynamic properties of hydrocarbons of low
solubility.

Franks4?, in 1976, used experimental excess volumes of
mixing for the four isomeric butanols to establish that
the molecular nature of the hydrocarbon association is
concentration dependent. This is a followup on Clark
et.al.'s work38, but Franks does not invoke any models to
prove his claims. The excess volume of mixing for an

aqueous solution of hydrocarbon can be written as,
E(m)= -90) = 2
V& (m)= m(fv(m) v°) 74,(“‘ 2 e xm3

where ék, is the apparent molal volume and ¥° is

the limiting partial molar volume. Here z&x and

Z/yxx 8re the excess volume virial coefficients. Since

évxm) and V° are experimentally known a linear
fit of (i&,hn)—vo)/m vs m can give 7DQX and
Zyxxx Franks finds that zyxxx values thus calculated

are not reliable and the2/ values for all substances

he studied are negative. Using the data from Nemethy and
Scheragag, Franks estimates that the complete removal
of an apolar group like —CH3 from water at infinite
dilution involves a positive volume change of
.74 cm3 (mol water)~1l. This means zix is positive
contrary to the experimental results. Franks therefore
suggests that the nonpolar molecular association at 1low
hydrocarbon concentrations is not simply a partial

reversal of solution process as suggested by Nemethy and

Scheraga. The behaviour of VE at higher concen-
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trations does indicate that associations at those
concentrations follow the model suggested by Nemethy
and Scheraga. Franks therefore concludes that there is a
definite difference between the mode of association at
low hydrocarbon concentration involving pairwise HI,
and that at higher hydrocarbon concentrations involving
multiple aggregation. He speculates that the associa-
tion at 1low concentrations of hydrocarbon may involve
a solute pair with intervening water molecules. This view
by Franks is 1in a sense an extension of arguments made by
Clark et.al, but there is no assumed model for HI in the
latter interpretations which indicates SSHI at 1low hydro-
carbon concentrations.

The low hydrocarbon solubilities aré often attributed to
large unfavorable entropy arising from iceberg forma-
tion around the solute. Shinoda41, in 1976, dgquestioned
this view by showing that the enthalpy of iceberg forma-
tion is indeed larger than the corresponding entropy
effect, but is cancelled by a corresponding large
enthalpy of mixing. Shinoda suggests that in the
hydrocarbon dissolution process the destruction of
hydrogen bonding interactions and the formation of ice-
bergs are the dominating processes. The enthalpy of solu-
tion and entropy of solution can be written as,

AH
AS = -R 1n X,4 AS(H-bonds)+ AS(iceberg)

AH(H-bonds) + pH(icebergq)

where ZsH(H—bonds) is the enthalpy change due to the des-
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truction of H-bonds and 1is assumed to be the major con-
tributor to the enthalpy of mixing. -R 1n X, 1is the
entropy of mixing and AS(H- bonds) is the entropy change

due to the destruction of H-bonds. AH(iceberg) and

AS(iceberg) are the enthalpy and entropy changes due to ice-~

berg formation. Shinoda argues that since around 160 °c

there is no iceberg formation, the AH(solution) and
A S(solution) can be written as,

A H(solution)=pH(H-bonds)

AS(solution) =4S (H~bonds)-R 1n Xy
Since AH(solution), AS(solution), R and X, are
known from experiments, AH(H-bonds) and 4S(H-bonds) can
be calculated. Using these values and the temperature
dependence of solubility, ohe can derive AH(iceberg) and
AS(iceberqg).

Shinoda uses the technique mentioned above to study
the aqueous solutions of benzene, toluene and ethylben-
zene, He finds that both AH(iceberg) and AS(iceberq)
are negative and both AH(H-bonds) and AS(H-bonds) are

positive. Shinoda points out that since AH(H-bonds) and

AH(iceberg) cancel each other, we experimentally
observe a small AH(solution). Then he argues that
MHDH(iceberg) and TAS(iceberq) also cancel each other,

thus, the overall process is controlled by pAH(H-bonds),
or the enthalpy of mixing. To substantiate his argu-
ments, he evaluates the solubilities for hypothetical

system of aqueous solutions of hydrocarbons where
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there is no iceberg formation. The solubilities
thus calculated are found to be 1lower than the experi-
mental values, suggesting that the iceberg formation
increases solubility and does not decrease the solubil-
ity as suggested by Nemethy and Scheraga.

Shinoda's arguments can be viewed in the following way.

AG(solution)= AH(solution)-TAS(solution)

A H(solution)= AH(H-bonds)+pH(iceberq)

and AS(solution)= aS(iceberg)
Since experimentally apH(solution) is zero and pS(solution)
large and negative, one considers the hydrocarbon dissolu-
tion process as entropy controlled. What Shinoda
claims is, since AH(iceberg)=AS(iceberg),AG(solution)
= AH(H-bonds) and therefore the hydrocarbon dissolution
process is enthalpy controlled. This argument is obvi-
ously very sensitive to the nature of the partitioning

of pAH(solution) into pH(icebergq) and pAH(H-bonds) . In

this model AH(H-bonds) is invariant with respect to
temperature and therefore Shinoda's model cannot
explain the temperature dependence of ‘AG(solution),

which is as much a function of temperature as AH(iceber g)-
In 1976, an interesting paper appeared on the effect of
solvent-solvent attraction on solute-solute interac-
tions. Ronis, Martina and Deutsch42 used hypernetted
chain(HNC) approximation to study a system of infinitely

dilute solution of hard sphere solutes in Yukawa solvent.
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Yukawa potential can be described as,

o e <A

O11¢0)=

e I/c* r/e 771

where g=is the hard sphere diameter of the solvent and
*=r/grff is the strength of attraction betv . - the r>l-

vents and is treated as an adjustable parameter. such sim-
ple potential functions are chosen in order tc¢ control the
HNC approximation methods, which otheiw _.e pecume c¢>n com-
plex and sometimes unsolvable.

The results obtained by Ronis et.al. using such simple
methods and systems are extremely interesting. In order to
check their methods, they initially set<${to 0, which
reduces the system to a mixture of hard spheres. The cal-
culated pmf and pair correlation functions agreed well with
a previous calculation by Klein et.al. Ronis et.al. then
calculated wSS(R) as a function of < and also as a func-
tion of reduced density of solvent. They found that on
increasing the reduced density f’of solvent, the wss(R)
became oscillatory with well developed second minima. A
careful analysis of the results led Ronis et.al. to two
important conclusions: a) the first minimum in wss(R)
becomes deeper as fdecreases for a given solvent density.
This suggests that the more solvent-solvent attraction is,
the larger is the tendency for the solutes to aggregate.
b) The second minimum in wss(R) begins to disappear

as is decreased for a given solvent density, suggest-

ing that the increased solvent-solvent attraction tends to
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exclude solvents from the region in between the solutes.
The solute-solvent pnf shows that increased solvent-
solvent attractions progressively increased solute-solvent
repulsions.

An interesting explanation is offered by Ronis
et.al. for the monotonic behaviour of wss(R) obtained by
Dashevsky and Sarkisov. Their calculations show that the
Wos (R) becomes monotonous as the solvent reduced densities
are lowered, and suggests that Dashevsky and Sarkisov
probably used a low solvent reduced density. Though this
is possible, Dashevsky and Sarkisov's23 method has been
shown to be numerically defective as well.

In a 1977 paper, R. Cramer43 presented the discrepan-
cies between experimental results and the predictions of
various theories of HI. His arguments are based on parti-
tioning the hydrocarbon transfer from water to a nonpolar
solvent into vapor phase similar to Wolfenden and Lewis.
Experimental water ——> octanol AG values , which is a clas-
sic measure of the strength of HI, has an inverse dependence
on the molar volume of the solute for nonpolar molecules.
The estimated AG(water=—> octanol) for every additional
-CH,- group is ~.72 kcal/mol. The partitioning reveals
that the AG(water ——> vapor) has no resemblence at all to
the AG(water ——> octanol) and therefore Cramer argues that
it is incorrect to assume that water plays an important role

in HI. In addition he observed that the AG(water =—> vapor)
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and the AG(octanol -—> vapor) are very similar to each
other. This suggested that the solvation of nonpolar solutes
by water as well as octanol should be similar, contradicting
the predictions of the theories of HI where water is assumed
to play a unique role in nonpolar molecule solvation.
Cramer also noted that the S of solvation for an increment
of 'CHZ— group in water is not nmuch different from the
values for some other typical nonpolar solvents.

Cramer observes several other features in thermodynamics
of the vapor phase equilibria that contradict the predic~-
tions of the commonly accepted theory of HI. He observes
the AG between water and a -CH,- group to be repulsive and
only .18 kcal/mole, whereas it is attractive and .54 kcal/
mole between water and a -CH,- group. This is a quantita-
tive proof that the nonpolar solvent plays a more important
role than the water in the HI process. The solubility of
rare gases in water was found to increase with the size of
the solute, in direct opposition with the HI theories. To
add to the list of discrepancies, Cramer notes that the
cyclic alkanes are more soluble than a straight chain hydro-
carbon of the same molar volume, whereas HI theories predict
them to be equally soluble. Cramer concludes by saying that
the purpose of his article was to call attention to the dis-
crepancies mentioned above and not to offer any alternate

theory for HI. Most of Cramer's arguments are based on the

‘thermodynamics of incremental -CH2— groups. Though that

approach can explain part of the HI it is incomplete all by
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itself. It is clear from the data presented by Cramer that
the AG(water —> vapor) for nonpolar solutes are twice as
large as AG(octanol -—> vapor) showing the major role
played by water. Cramer's observation about the increased
sclubility of cyclic alkanes has been explained by Hermann
based on the surface volumes.

Pratt and Chandler44 presented an extensive study of
the HI using Weeks-Chandler-Anderson43 (WCA) theory of
dense liquids. WCA theory proposes the intermolecular
structure in dense liquids to be dominated by short-range
repulsive interactions, since they are the only quickly var-
ying functions of intermolecular distance. Under this
assumption the pair correlation function gMM(R) for any
liquid is the same as the gMM(R) calculated for a hypoth-
etical fluid with all attractions switched off. Pratt and
Chandler use these ideas of WCA theory to model the solute-
water and solute-solute interactions. Water does not belong
to the <class of liquids in the domain of the WCA theory.
Pratt and Chandler did not want to use any apriori models
for water structure, so they incorporated the experimental
doo(R) to describe the solvent.

In order to calculate the solute-solute properties, Pratt
and Chandler assumed that the introduction of hydrocarbon in
water is the same as that of a hard sphere. Therefore,

Yoo (R)= Yyg(R)

where yHS(R) is the hard sphere cavity distribution func-
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tion. The quantity Ygg (R) is rich in structural
information pertinent to the solutes and is calculated by
coupled Ornstein-Zernicke equations, which relate the
solute-solute and solute-solvent pair correlation functions
to the solvent-solvent g(R). Using the experimental
900 (R) for water from Narten and Levy46, Pratt and Chan-
dler calculated g, (R) and ygg(R). The calculated
Yo (R) is related to the free energy of solution via a
perturbation term containing the attractive part of the
solute-water potential which was neglected in the WCA
approximation. Assuming the perturbation to be the attrac-
tive part of a Lennard-Jdones interaction, Pratt and Chandler
derived the thermodynamic properties of hydrocarbon solu-
tions which compared well with the experiment.

As stated earlier, y__(R) is related to the §AFI (o)
of Ben-Naim?23 by,

281 (o) = KT 1n vy , (e
or SAHL (= =T 1n yi, (@ -kT 1n y$, 63
where the yi2&17 and ygzer) are the contri-
butions from the attractive and repulsive solute-solvent
interactions respectively. Since the attractive perturbation
was assumed to be Lennard-Jones type, and since
Y9, @) =yyg @),
&Sall (& =e-kT 1n Ypg &)

where € is the Lennard-Jones parameter. The gAHI calcu-
lated by Pratt and Chandler reproduced the inverse tempera-

ture dependence of HI due to the kT term in the above
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expression, but conclude that the inverse temperature depen-
dence seen for HI does not arise from any microscopic prop-
erties of water structure. This contradicts the frequent
speculation that the inverse temperature dependence arises
from water structure.

The potential of mean force wss(R) was calculated for
hard spheres of various diameters using the yss(R). Pratt
and Chandler noted that all the wss(R) were oscillatory
with a distinct second minimum corresponding to the solvent
separated solute pair. They also found that the effective
solute interaction increased with increasin solute size,
consistent with expectations. However the wss(R) showed
no inverse temperature dependence: Solute association
becomes less favorable on increasing temperature. Pratt and
Chandler were the first to report oscillatory wss(R) from
calculations on agqueous solutions.

Marcelja, Mitchell, Ninham and Sculley47, in 1977, used
a generalized Pople mode148 for water and Landau
theory49 for free energy density to study the aqueous
solutions of hydrocarbons. The Pople model for water
assumes liquid water to be an interconnected network of
hydrogen bonding waters, and that the hydrogen bonds bend
independently with associated energy, F(8)=g Cos6, where
g is the hydrogen bond bending constant and 6 is the devi-
ation of either the OH bond or the lone pair of a water from

the 0-0 line. Marcelja et. al. modify this model to include
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cooperativity and call the modifed model as the generalized
Pople model. In the new model, F(6) includes the devia-
tions of both the OH bond and the 1lone pair from the 0-0O
line of neighbouring waters.

Marcelja et. al. calculated the free energy of solvation
for hydrocarbons by considering them to be spheres. The
excess free energy of solution arising from the introduction
of a solute in water is derived using Landau theory and
takes the form,

AG= a [€2+ £L2( €)2)dr
where € refers to the difference in the order parameters
of the first shell and bulk waters, and ﬁiis the correlation
length of the decay of perturbation in water structure
resulting from the insertion of the solute. Marcelja et.

0
al. use a value of 1.9 A fori;. Here a is proportional to

the free energy density induced at the solute-solvent inter-
face. Marcelja et. al. suggest that by knowing the value of
€ at the solute-solvent interface, called eo, the spa-
tial dependence of € can be calculated by minimization of
NG given above.

The free energy of solvation calculated by Marcelja et.
al. using the method above is of the form,

AGSPhefe=f§<§ 4 R%(1+ -lz)
where k is %fl. The calculated free enrgy of solvation
for methane, ethane and propane agreed well with the experi-

mental values. Marcelja et. al. estimated the free energy
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of solvation per —CH2- group to be 832 cal/mol. Their
calculation on hydrophobic hydration suggested that the free
energy of solvation not only depends on the surface area of
the solute but also on the curvature of the surface area. A
careful examination of AGSPPeI® gshous the nonadditivity of
the free energy of solvation for separate groups.

Marcelja et. al. calculated the.AGHI by calculating the
difference in the total free energy of the system when the
solutes are at a distance R and when they are at an ‘infinite
distance. The free energy thus calculated as a function of R
corresponds to wss(R), and it was found to be monotonic,
with the minimum at contact distances of the order of 1.5
kcal/mol. For a methane like sphere, the calculated AGHI
of 1 kcal/mol corresponds well with with the value of 1.4
kcal/mol reported by Dashevsky and Sarkisov?>, This work
by Marcelja et. al. showed the nonadditivity of free ener-
gies of solvation but failed to produce an oscillatory
wss(R).

Increased access to computers during the mid 78's made
large scale computer simulations of liquids and solutions
possible. Both Monte Carlo(MC) and Molecular dynamics(MD)
techniques were used to study the aqueous solutions of
hydrocarbons in detail. Owicki and Scheraga49b in 1977
reported MC computer simulation results on liquid water and
[CH4]aq in the (T,P,N) ensemble. The general details of

MC computer simulation techniques and related topics are

discussed in detail in the methodology section. The system
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consisted of one methane molecule in 108 waters at 25°C
and 1 atm. pressure. Face centered periodic boundary condi-
tions were used to simulate a condensed phase environment.
Throughout the simulation methane was kept fixed at the ori-
gin of the cubic cell and was not perturbed. Preferential
sampling, also discussed in the methodology section, was
used to move water molecules close to the methane more often
than the bulk waters. Owicki and Scheraga used the quantum
mechanical CI potential developed for water by Matsuoka et.
al.31l to describe the water-water pair interactions. They
used a subset of the ab-initio quantum mechanical energies
for methane-water calculated by Ungemach and Schaefer and
fitted them to a 12-6form. The empirical potential thus
derived is used to describe methane-water pair interactions
in the simulation. Several hundreds of simulation steps
were discarded for equilibration and the 1last 674K steps
(1K=1000 steps) were used in taking ensemble averages of
various properties.

Owicki and Scheraga calculated some thermodynamic proper-
ties and structural indices for [CH4]aq from the simula-
tion results. Partial molar energy for [CH4]aq was cal-
culated to be -11415 kcal/mol which compared fairly well
with the experimental value -2.6 kcal/mole; large errors on
the calculated partial molar energy arises from the fact
that it is the difference between two large quantities. The
calculated partial molar volume was 25+34 cm3/mo1-1,

which also compared fairly well with the experimental value

e we e Lk . R T S A e o e e e cde .~ -



T P

70

of 37 cm3/mol-1, Owicki and Scheraga presented various
atom~atom pair correlation functions, 9ag(R), where A
refers to an atom in the solute and B refers to the atom in
water. g.o(R) has a distinct first peak at 4.8 A fol-
lc 4 by a rather flat minimum from 5.5 to 6.0 Aand a sec-
ond peak at 7 X. Integrating gCO(R) upto 6 % suggests
na. the first hydration shell of methane contains about 23

cer molecules, consistent with the clathrates of size 20
ani 24 Kknown for methane. The peaks in 9co(R) and
e B indicated a preference for water hydrogens to be
closer to methane than water oxygens. Water-water pair
energy distributions showed that the waters in the first
hydration shell of methane interacted .68 kcal/mole stronger
than the bulk waters. This calculation illustrates the
power of computer simulation techniques in yielding the
structural details of solutions. The standard errors on the
calculated pair correlation functions are of the order of
10% and are fairly reliable. The functions are extremely
hard to obtain experimentally due to the low solubilities of
hydrocarbons in water and the 1limited applicability of dif-
fraction experiments. Thus computer experiments can be used
to calculate them and interpret the structure of first hyd-
ration shell of nonpolar molecules.

Chan, Mitchell, Ninham and Pailthorpe®? in 1978,
applied integral equation techniques to study the dependence
cf w__(R) on solute size and on solute-solvent interac-

Ss
tions. The system used in their study consisted of an infi-
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nitely dilute solution of sticky sphere solutes of radius

Rl in sticky sphere solvents of radius R,. The pair

potential uij(R) between any two species i and j is given

by,
‘1+R13/12"flj (I—Rij) I.'<"—'Rij
exp(~U; 5 (R) /kt)~1=
0 : 7 7Ri‘:]

where Rij=%(Ri+Rj) and'Tij is a measure of
the strength of adhesion between species i and j. Chan et.

al. calculated w__(R) for this system using Percus-Yev-

ss
ick (PY) and hypernetted chain(HNC) approkimation methods.
They found that for hard sphere solutes,( when both'132
and'sz ~—>@) Wgo(R) 1is monotonic but becomes oscilla-
tory as the solute-solvent attraction increases. In addition
the solute-solute attractions were found to become stronger
as the solvent-solvent attractions became stronger. Chan
et. al. also found that for a given solvent size the
wss(R) becomes oscillatory on decreasing the solute size.
However the solute-size dependence of wSS(R) is not signi-
ficant. This interesting analysis provides more insight

into the effect of solute-solvent potentials on the

Weg(R). The results from this study can be used to test

the Wsg(R) calculated by other methods involving more

realistic potential functions. As mentioned before, these
analyses provide valuable informations on wss(R) but can-
not be used to model an aqueous solution due to the complex-

ity of the potential functions involved to describe water.
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In 1978 Swaminathan, Harrison and Beveridge53 presented
the results of a (T,V,N) ensemble Monte Carlo computer simu-
lation on [CH4]aq at 25°cC. The simulation involved
one methane in 124 waters in a simple cubic box and the con-
densed phase environment was modelled by periodic boundary
conditions. They used MCY-CI potential to model water-water
pair interactions and three different potentials, referred
to as MO,MP and HM, to describe methane-water interactions.
The MO potential was derived by fitting 225 ab-initio guan-
tum mechanical energy points to a 12-3-1 empirical form; MP
potential was essentially the same as MO, but electron cor-
relation effects were used in the calculation of the quantum
mechanical energies. HM is the MO potential with the
attractive part set to =zero everywhere. Three simulations
were carried out wusing the three methane-water potential
functions. The length of the simulation ranged between 575K
for MO potential to 900K for HM potential.

The structural properties calculated in this simulation
closely resembled the results of Owicki and Scheraga. The
partial molar internal energy for methane calculated by
Swaminathan et. al. is in the range of -15 to -26 kcal/mol,
considerably different from the experimental value of -2.6
kcal/mol. The qualitative features of the methane-water
pair correlation function gMW(R) calculated in the three
simulations appeared the same with slight differences in the
amplitudes. Swaminathan et. al. calculated the coordina-

tion number for methane to be 19.35 and a struct-ural
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analysis showed that the first hydration shell resembled a
pentagonal dodecahedron. This is slightly different from
the coordination number of 23 suggested by Owicki and Scher-
aga, which corresponds to a tetrakaidecahedron, but the
ideas emerging from these independent studies are similar.
A comparison of the results from the simulations using MO
and MP potentials suggested that the correlation effects in
the methane-water interactions shifted the coordination num-
ber distribution towards higher values and the distribution
of solute binding energies to lower values. Similar compar-
ison between the the results of simulations using the MO and
HM potentials showed that the soft part of the methane-water
interactions shifts the distribution of coordination number
by about 15% higher and the distribution of binding energies
by 3.2 kcal/mol 1lower. This work by Swaminathan et. al.
added further evidence that computer simulationis an
excellent tool for studying solutionsand it also showed that
the effect of solute-water potential on structural proper-
ties such as gMW(R) is within the statistical uncertaini-
ties.

Pangali, Rao and Berne54, in 1978 reported the mean
force <FZ(R)> between two xenons in water along the line
connecting the centers of mass of the xenons. The mean
force between the solutes is the derivative of wss(R) with
respect to R. Their technique involved performing several
Molecular dynamics simulations keeping the solutes fixed at

various distances. In principle, a large number of such
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simulations should give a continuous <Fz(R)>. However
Pangali et. al. calculated <FZ(R)> for only five interso-
lute separations ranging from 5.35 '£ to 9.18 'K. Their
system consisted of two Lennard-Jones spheres of =3.43 X
dissolved in 214 ST2 waters. The time step for the MD com-
puter simulation was of the order of 10-16sec and a total
of 5000 time steps were carried out for each of the five
simulations. The first 2000 time steps were discarded as
equilibration and the 1last 3060FK were used to calculate
<FZ(R)> between the solutes. Pangali et. al. reported the
<F,(R)> thus calculated along with the direct solute-so-
lute contribution and the indirect contributions from the
solvent effect. The error bars on the <F,(R)> were rather
large to make any quantitative conclusions. However, the
mean force showed a definite oscillation, suggesting that at
xenon-xenon separations greater than contact distance, a
water molecule is likely to get in between the xenons. This
work by Pangali et. al. added support to the possibility of
SSHI.

The first application of Molecular Dynamic(MD) computer
simulation technique to the study of aqueous solutions
appeared in 1979. Geiger, Rahman and Stillinger33 gtudied
a system of two neon-like Lennard-Jones atoms in 214 water
molecules using MD computer simulation techniques. In prin-
ciple, the presence of two solute atoms makes it possible to
study the hydrophobic hydration and HI. However, due to the

methodological difficulties discussed in detail in Chapter
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III, the latter cannot be explored in detail with the metho-
dology by Geiger et.al. They presented an in-depth analy-
sis of the hydrophobic hydration of neon, but could only
discuss the HI between neon atoms on a qualitative level.

A brief discussion of a Molecular Dynamics technique can
be found in Chapter III., Geiger et. al. used ST2 potential
developed by Stillinger56 to describe the water-water pair
interactions. Both neon-water and neon-neon were taken as
Lennard-Jones interactions. All the pair interactions beyond
the distance of 7.85 K were treated insignificant for
efficiency of computing. The time step used for numerical
integration of the dynamical equations is 2.1X10716 gec, A
total of 35000 time steps were carried out, of which the
initial 100600 were discarded as equilibration. In a MD simu-
lation the temperature fluctuates and the average tempera-
ture for this system was calculated to be 32.30C,

Some interesting observations were made with regard to
the neon pair motion as the simulation progressed. During
the first 2.5 picoseconds, the two neon atoms remained at
contact. Then they began to separate and setteled down in
individual solvent cages with a layer of water in between
them. A detailed analysis showed that one tight bond between
two waters persisted for a rather long time and was situ-
ated between the neon pair. The structural analysis using
pair correlation functions and orientational correlation

functions showed that this bond forms a common edge of the
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two adjacent hydration cages. This 1is an extremely
important observation since it supports the possibility of
solvent-separated HI between the neons. Geiger et. al.
could not quantitatively describe any solute-solute proper-
ties due to insufficient statistics on this aspect in their
calculation.

Analysis of the hydrophobic hydration of neons revealed
intricate details of the structure of the first hydration
shell of neon. Geiger et. al. calculated that the first hyd-
ration shell of neon contains about 14 water molecules.
Orientational distributions were used to show that the first
shell itself contains two subshells. The first subshell con-
sists of 8 waters orienting in way that only one of the
water hydrogens points directly away from the neon. The sec-
ond subshell has the remaining 6 waters orienting in such a
way that both their hydrogens point directly away from the
solute. A comparison of g  (R) and energetics between the
first shell waters and the bulk water confirmed that the
first shell waters are more structured than the bulk. The
calculated heat capacity difference between the first shell
waters and bulk is 68.6 cal/deg.mol, which compared fairly
well with the experimental values of 30 to 65 cal/deg.mol
for noble gases in water. Geiger et. al. used the results
of the simulation to calculate some dynamic properties. The
self diffusion coefficients indicated that the first shell
waters diffuse about 20% slower than the bulk. The reorien-

tational correlations for shell waters were found to be lar-
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ger larger than for bulk factor by a factor of 1.2 to 1.7.

This important calculation provided further insight into
the nature of nonpolar solute hydration. The recognition of
various orientational_preferences by first shell waters is
new and interesting. Though this calculation could not con-
clude that SSHI is favored over CHI, it certainly points
in that direction.

Tucker and Christiand7 presented very reliable Henry
Law constants for aqueous solution of benzene in 1979. They
found that the aqueous solution of benzene showed a definite
negative deviation from Henry Law and attributed this devia-
tion to associated benzene dimers. The formation constants
calculated for benzene under this assumption is 47 and the
free energy of dimer formation was derived to be -99 cal/
mol. After ccnverting the standard states to correspond to
mol fraction scale, AGHI for benzene is -2.3 kcal/mol.,
considerably less negative than Jjﬁ”:for benzene calcu-
lated by Ben-Naim?4.

This study is highly reliable due to the techniques used,
and demonstrated the association of benzene in water. The
formation constants derived for benzene dimer are very use-
ful, and it can be related to wss(R) through the second
virial coefficient. The pGHI calculated by Tucker and
Christian cannot be directly compared with the § aHI of
Ben-Naim since[;GHI includes direct solute-solute interac-

tions whereas & AHI includes only the indirect contribu-
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tions, and also that the choice of biphenyl as the benzene
dimer in the calculation of 5lﬂ”:is not applicable.

In 1979 Elkoshi and Ben-Naim®8 extended the one
dimensional model for water proposed by Bell®? to study
the HI. Bell's model exhibits the well known maximum in the
temperature dependence of density for water. This is Kknown
to arise from peculiar packing nature of Bell's model. Elko-
shi and Ben-Naim suggests that a similar model developed for
HI may explain the inverse temperature dependence of HI.

Bell's model for water is a one dimensional lattice of
equidistantly placed sites. Each site may be occupied by a
"water" or else empty. Two waters that are second neighbours
can only form hydrogen bonds. This set up leads to three
possible states for each site: a) the site may be occupied
by a water. b) It may be empty and situated between two
hydrogen bonding waters. c) It may be empty but not flanked
by hydrogen bonding waters. There are nine different possi-
bilities for each adjacent pair of sites and the interaction
energy for all the nine possibilities can be represented by
a 3X3 matrix, called the A matrix. The grand partition
function is related to the largest eigenvalue of the A
matrix in the thermodynamic limit. It is also a function of
the hydrogen bond energy of water. For reasonable hydrogen
bond energies this model produces thermodynamic properties

in agreement with experiment.
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Elkoshi and Ben-Naim extended this model to allow
"solutes" to occupy the empty sites in the 1lattice. This
introduces two more possible states for each site: a) the
site may be occupied by a solute or b) the solute may occupy
a site inbetween two hydrogen bonding waters. Grand parti-
tion function for this system interms of A matrix is written
under the assumption that the solute cannot occupy a site in
between the hydrogen bonding water. It is wused to derive
the cavity distribution function for the solutes, .yss(R).
Yoo (R) is related to the wgo(R) by,

Weg(R) = =kT 1n yoo(R)- U2 (R)
where Ulz(R) is the direct solute-solute pair potential.
In this model, the distances are discrete and ylz(l) cor-
responds to the contact solute pair.

Elkoshi and Ben-Naim's analysis of yss(R) revealed
several interesting results. At modest pressures and temp-
eratures, y12(1) is larger for water than for normal sol-
vents. In this model, water refers to a solvent with maximum
hydrogen bonding energy and a normal solvent refers to a
solvent with no hydrogen bonding. He also found that the
solute-solute association increased as a result of increas-
ing the solvent-solvent interaction, a result in agreement
with the calulations of Ronis et. al.42 and Chan et.
al.52 Elkoshi and Ben-Naim calculated the temperature
dependence of y_ (R) in the 1limit of moderate tempera-
tures. He concluded that the water-water pair energy €

should be at least twice more attractive than the solute-
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solvent pair energy ’4, for the system to exhibit inverse
temperature dependence. Since this condition is satisfied
by hydrocarbons in general,this model explains the inverse
temperature dependence of the HI. There is no such region
of energetics for normal solvents that show inverse tempera-
ture dependence. Since -kT 1n yss(R) measures the indi-
rect contributions from the solvent effects to the HI,
SAHI,gHHI and g sHI can be calculated. & aHl was

found to be -€+2Q/, and since this is <@ 1in general for
hydrocarbons, fSAHI is also negative. Since this result
refers to y12(l) and a contact solute pair, these result
confirm the free energy favored formation of solute contact
pairs in water. Elkoshi and Ben-Naim thus used a very sim-
ple model to explain the HI, and showed that the inverse
temperature dependence of HI results from the enthalpic
term, viz. the solvent interaction energy compared to the
solute-solvent interaction energy.

Okazaki, Nakanishi, Touhara and Adachi®? in 1979 pub-
lished results of a (7,V,N) ensemble Metropolis Monte Carlo
simulations on dilute aqueous solutions of methane and iso-
butane. They also used the umbrella sampling technique to
evaluate the excess free energies of the solutions over pure
water. Okazaki et. al. used a system of 63 waters inter-
acting via ST2 pair potential and one solute. The solute is

Lennard-Jones sphere of radius corresponding to either meth-
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ane or isobutane. A total of 460K to 508K configurations
were sampled of which the first 130K to 150K were discarded.
The weighting function used in the umbrella sampling proce-
dure was derived by trial and error method and was a func-
tion of the total energy of the system.

The hydrophobic hydration presented by Okazaki et. al.
agreed well with the previous theoretical predictions. The
g(R) for both the solutes showed well developed peaks sug-
gesting shell structures. The 9doo(R) calculated for just
the shell waters was compared with the bulk water 900 (R)
to show increased structuration near the solute. The Helm-

holtz free energy change between [CH and [HZO]1

4]aq

was calculated to be 3.2 kcal/mol. Considering the internal

energy difference between the two to be the enthalpy differ-
ence Okazaki et.al. calcuated the excess entropy for
[CH4]aq over [H,0], to be 308 cal/mol.

This study is a rather short Monte Carlo simulation and
the results are subjected to fairly large error bars. Sec-
ondly, the number of water molecules used in this study is
rather small for a solute like isobutane and may result in
the boundary condition influence on results. The weighting
function used by them takes values in the range of 1 to
1064, which may not be sufficient to give a correct free
energy. The numerical results of this study must be viewed

with caution.
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In 1979, Swaminathan and Beveridge®l reported the mean
force between two methanes in water, along the line joining
the centers of the solutes. Their method was exactly the
same as that used by Pangali et. al. except that Swamina-
than et. al. used Monte Carlo simulation. A total of six
Monte Carlo simulations were performed with the methanes
kept fixed at distances ranging from 3.5 to 7.2 ©A. The
Getails of the potential functions etc. related to the
simulation is similar to their calculation on [CH4]aq,
Ideally, the average force along the lines perpendicular to
the line joining the centers of the solutes should be zero.
Due to the errors in the simulation methodology they were
not found to be zero, and they are used to estimate the
errors on <FZ(R)>. The function <FZ(R)> showed oscilla-
tion and suggested a possible SSHI. The errors in the calcu-
lated <F,(R)> were too high to make any quantitative pred-
ictions.

In 1979, Pangali, Rao and Berneb®2 reported the W o (R)
between two argon atoms in water using a modified Monte
Carlo method. Since this work mainly concerned itself with
the calculation of w . (R), the Monte Carlo method had to
be modified. The commonly used Metropolis Monte Carlo method
is expected to produce statistically insignificant wSS(R)
due to problems discussed in great depth in Chapter III.
Pangali et.al. therefore augmented the Metropolis Monte
Carlo method with the Umbrella sampling algorithm, also dis-

cussed in Chapter III. They presented the hydrophobic hydra-
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tion of argon resulting from this study in an adjoining
paper.

The details of the Pangali et.al. calculations are as
follows. Their system consisted of two argons in 214 water
molecules. The temperature of the simulation was 298 Ok,
The pair interactions between the water molecules were
modeled using the ST2Z potential. Both the argon-water and
argon-argon interactions were treated as Lennard-Jones
interactions. All the pair interactions were truncated at
an intermolecular distance of 8.46 g. Force bias techni-
gque was used to aid faster convergence of the simulation
results. Umbrella sampling is used to modify the standard
Boltzmann factor for the sampling. The new Boltzmann factor
contained an additional harmonic potential U4q(Ryp) Dbet-
ween the two solute atoms, and a correction for this modifi-
cation is done in the ensemble averaging process.
Uy(Ry9) restricts the motion of the solutes to a small
value around a preselected equilibrium intersolute separa-
tion, R?zo Pangali et. al. performed four simula-
tions, each referred tc as a window, at Rgzvalues of
3.88,5.33,6.08 and 6.6 X. In each of these simulations
the solutes moved about 1.4 % about the corresponding
Rgzvalues. A total of 1188K configurations were
sampled in each window and the initial 108K was discarded
for equilibration. The solute-solute pair correlation func-
tion, gSS(R), calculated in each window were matched to

produce a single gss(R). Then, using the relation

e *a O R i e it e e e e — —— e e mm—age - Abgameedamgi e @



R A )

8k

wSS(R)= -kT 1n gss(R))wss(R) was derived.

Very interesting results emerged from this simulation.
In order to test the validity of the method, Pangali et. al.
calculated the wSS(R) between two "marked" argon atoms in
liquid argon. This was compared with the wss(R) calcu-
lated for argons from a long simulation by Kalos et. a1.63
where W g (R) was averaged over all pairs of argons. The
comparison showed that the umbrella sampling produced a
wSS(R) that was within 4% of the Kalos et.al. wss(R).
The wss(R) calculated by Pangali et. al. 1is oscillatory.
Due to normalization problems, this is shifted from the true
value by an unknown constant. Pangali et. al. corrected
their wSS(R) by moving the first minimum in wss(R) to
correspond to the first minimum in the W o (R) calculated
for an equivalent hard sphere pair wusing Pratt and Chan-
dler's method described above. The resulting Wss(R) has
two distinct minima, the first at the solute pair contact
distance and the second at a distance which corresponds to
the solvent separated solute pair. The calculated barrier
between the contact and solvent separated pairs is of the
order of kT. Pangali et. al. also estimated the statistical
weights of the contact and solvent separated pairs and con-
cluded that the latter is favored by a factor of 3.

This study by Pangali et. al. presented further evidence

for the importance of SSHI in understanding the HI. The

wss(R) calculated here still has considerable error asso-
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ciated with it, but the conclusions reached about the
preference of SSHI over CHI are within the statistical
error limits. The small difference between wss(R) for two

marked argons and the all-argon-pair averaged w__(R) is

ss
rather surprising. In a latter study Mehrotra et. al,64
calculated such marked water pair correlation functions and
showed that for most water pairs the g(R) was significantly
different from that of the all-water-pair averaged g(R).
They also noted that there were a few pairs for which the
two g(R)'s were significantly similar. 1In view of this we
suspect that the comparison given by Pangali et, al, is only
a coincidence, and thus the convergence is not as good as
originally expected.

Pangali et. al. present the analysis of hydrophobic hyd-
ration of argons for all four windows used in the above
study. The argon-water pair correlation function,ng(R),
was studied by partitioning the space around each solute
into two regions: a) an exterior region defined to be the
hemisphere around a solute that points away from the other
solute, and b) an interior region defined to be the hemi-
sphere which points towards the other solute. There were no
noticeable changes in gigt and gggt except
in window 1. In window 1 the solutes are at contact and as a
result the interior region is drastically different from the
exterior. Pangali et. al. cal¢ulated the coordination num-

ber to be about 20 for argon consistent with a dodecahedral

clathrate. Water-water binding energy distributions showed
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that the distribution for the first shell waters is shifted
towards more attractive energies than the bulk water distri-
bution. Pair energy distribution between various pairs of
water molecules, viz. shell-shell, shell-~-bulk and bulk-bulk,
revealed that the interactions between the shell waters is
about 2 kcal/mol stronger than the same for bulk waters.

This analysis further supports the iceberg model for hydro-

phobic hydration.
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1980-1983,

In 19846, Pratt and Chandler®® extended their earlier
study of HI to investigate the effects of solute-water
attractive forces on HI. In their previous study, such
attractive forces were neglected according to the WCA
theory. The inclusion of solute-solute and solute-solvent
attractive forces demand modified integral equations. These
were taken from the EXP theory of Anderson et. al. Pratt
and Chandler recalculated the W.(R) for Lennard-Jones
solutes used by Pangali et. al. and found a drastic change
in the Woo(R) from their previous results. They found the
second minimum in the w__(R) to be lower than the first
minimum. They offer an explanation for this in terms of

solute-solvent and solute-solute interaction energies, viz.

esw and €ss- In going from contact dimer to solvent
separated dimer, two new solute-solvent interactions are
introduced at the expense of one solute-solute interactions,
assuming the rest of the first shell remains roughly the
same. Therefore this amounts to an energy change of
zesw-ess' Since this quantity in their calculation

is negative, the SSHI is energetically favored. They also
found that the solute-water properties are not affected sig-
nificantly due to the inclusion of the attractive forces.
In this work Pratt and Chandler showed the extreme sensitiv-
ity of wss(R) towards the choice of solute-solvent and
solute-solute interaction. Their explanation for the calcu-

lated wss(R) is in terms of energetics and and thus of
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enthalpic origin.

Rossky and Friedmann66 used the Gurney model to study
the HI between the benzene molecules in water. The applica-
tion of Gurney model to the HI is discussed earlier in this
section. The method basically involves calculating the Gur-
ney free energy parameter, A,,, for an assumed benzene-
benzene interaction potential. Using the Henry law constants
reported by Tucker and Christian for aquous solutions of
benzene, Rossky and Friedmann calculated A12 parameter for
benzene association. If the benzene-benzene interaction is
assumed to be exponential, A12 is calculated to be -175
cal/mol and if it is assumed to be of the r=9 form, then
the A, value comes out to be -200 cal/mol. Rossky and
Friedmann noted that the A12 values calculated for other
hydrophobic groups of the same size as benzene are very
close to the values derived in this study. Therefore, they
concluded that A;, values depend mostly on the size of the
hydrophobic group and are thus transferable. Rossky and Fri-
edmann added that there is no special force involved in the
benzene association procecs and benzene association occurs
due to the same forces that bring about any other nonpolar
solute association. They clarify that the Gurney model pro-
posed by them cannot be used to model an oscillatory
wss(R) and that it does not allow any distinction between
the SSHI and CHI. The reason is that the solvent effects on
the solute interaction responsible for the oscillatory

wss(R) is presented as in an average manner through A12'
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The important conclusion from this work of Rossky and Fried-
mann is that the A,, parameters are transferable. This
transferability allows the study of various hydrocarbons
that are otherwise not possible due to 1low solubilities of
hydrocarbons. Their hypothesis that benzene association is
the same as any hydrocarbon association is surprising, since
the polarizability of the pi-cloud of benzene not present
in some hydrocarbons may play an important role in the asso-
ciation.

In 1981, Bolis and Clementi67 presented the results of

a Monte Carlo simulation on [CH at 3@@°cC. The

4]aq
system for this study consists of one methane and 202
waters. The quantum mechanical CI potential developed by
Matsuoka et. al.5! is used to model the water-water inter-

actions. Two new methane-water empirical potential func-
tions were developed by Bolis and Clementi by fitting ab-in-
itio quantum mechanical energies toc assumed functional
forms. The first function referred to as a four term(4T)
potential is of 12-6-4-1 form and the second, called three
term (3T) potential, is of 12-6-1 form. All through the
simulation methane was kept fixed at the center of the
spherical cell. The Monte Carlo simulation was augmented
with the force-bias technique tc accelerate the convergence.
A total of 580PK and 3480K confiqurations were denerated
using 3T and 4T potentials respectively. The methane-water
structural properties were in good agreement with the previ-

ously reported simulation results of Owicki and Scheraga and
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Swaminathan et.al. However, there were considerable dif-
ferences in the solute-water energetics. Bolis and Clemeti
noted that even after 3000 to 408K run, the solute-water
pair energy did not converge. The calculated enthalpy of
transfer is -6.41+2.99 kcal/mol which is <closer to the
experimental value of -2.6 kcal/mol than any of the previous
results. Bolis and Clementi attribute this to the increased
length of the MC run. This study by Clementi demonstrated a
known fact that the solute-water properties converge much
slower than solvent-solvent properties due to the reduced
statistics. They also demonstrated that the structural prop-
erties converge faster than the energetic properties. It is
interesting to note that, despite an increase in the length
of the MC run by a factor of 7 to 10, the energetics
improved very little, whereas the structural properties were
same compared to the short runs.

The Weg (R) calculated using the umbrella sampling tech-

niques as in Pangali et. al.'s calculations, does not
exactly correspond to infinitely dilute solution and is
shifted by a constant due to normalization effects. Saul
Goldmann®8, in 1981 proposed a method to calculate the

absolute pmf from computer simulations. He suggested that
several simulations must be performed at varying concentra-
tions of solutes and the potential of mean force calculated
for each concentration can then be used to calculate the

wss(R) at infinite dilution by extrapolation.
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Goldmann performed five Monte Carlo simulations on a sys-
tem containing 108 particles. In one simulation there was no
solute and the system corresponded to pure solvent. In
other simulations, 8, 11, 16 and 22 solutes were placed in
the system. The water-water interactions were modeled by a
geﬁ;ralized Stockmeyer potential and both solute-water and
solute~solute interactions were Lennard-Jones interactions.
The simulation length varied from 3@00K to 5068K. During the
course of the simulations the solutes did not show any
increased tendency to go apart as noted in the simulation by
Geiger et. al. Goldmann attributes this to the increased
number of solutes in his study. The calculated wes (R) for
various solute concentrations were found to be smooth and
the errors were found to increase at large R values. The
relation between 9 (R) and wg (R) at finite solute con-
centrations is given by,

w. o (R)=-kt 1n g (R)+kt 1n(1—§2)
where N2 is the number of solute particles. According to
Goldmann the entire wSS(R) can be plotted as a function of
concentration and then an extrapolation should yield the
wss(R) for infinite dilution. However, the errors on the
wss(R) values beyond the first minima are prohibitively
large for such an extrapolation procedure. So he uses only
the wss(R) values at the first minima. The extrapolated
value for the system he studied was of the order of .6kT.
This calculation showed a method for evaluating the absolute

pmf. The linear extrapolation used in this study needs a
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careful look. Usually the relation between free energies
and concentrations are logarthmic rather than linear and in
view of this a logarthimic extrapolation méy be proper.

In a 1982 paper, Rapaport and Scheraga69 presented the
results of a very long Molecular Dynamics simulation study
on a system of four nonpolar solutes in 329 water molecules.
MCY-CI potential was used to model water-water pair interac-
tions and a shifted and truncated Lennard-Jones potential to
describe both the solute-water and solute-solute interac-
tions. This Lennard-Jones potential has the form,

V(r)= 4€l (671)12- (o71)6+]] I<r,
=0 7'713

where rc=21/g—. Rapaport and Scheraga carried out two
simulations for solutes of different size, viz. &=3.1 g
and 3.3 g. The time step for solving the dynamical equa-
tions was about 18715 sec and the duration of each simula-
tion was about 70 psec. They reported that such a long simu-
lation was made possible by high speed array processors.

Rapaport and Scheraga analysed the solute-water struc-
tural properties by partitioning the region around each
solute along the lines of Pangali et. al. The solute-water
g (R) agreed qualitatively well with those previously
reported from simulations on aqueous solutions of nonpolar
molecules. The presence of more solutes and the increased
length of the simulation aided in the convergence of

solute-water properties and the errors on these properties
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were of the order of 5%, smaller than all previous
simulation studies. A detailed analysis of the first shell
agreed with the clathrate picture for hydrophobic hydration
emerging from other studies with about 15 waters in the
first shell and the hydrogens of these waters pointing away
from the solute.

Rapaport and Scheraga found that the solutes were highly
mobile and showed no tendency to aggreagate. They found only
one of the six pairs approached the contact distance but
remained at contact for an insignificant time. The solutes
were found to be separated by water molecules during most of
the simulation time. This is interpreted as the SSHI.
Though the simulation was long, the statistics was not good
enough to compute solute-solute properties such as Weo (R).
Therefore no quantitative conclusions about the SSHI could
be made from this study. Rapaport and Scheraga also calcu-
lated the self diffusion coefficients for solute, first
shell waters and bulk waters. They found considerable
exchange between the waters in the first shell and bulk. The
calculated self diffusion coefficients were corrected for
this exchange and showed no statistically significant dif-
ference between the motions of the first shell and bulk
waters. This study by Rapaport and Scheraga showed no ten-
dency for the nonpolar solutes to aggregate in water. It
also pointed out that a very 1long simulation may not be

enough by itself to study the solute-solute wss(R)_ One

needs special sampling techniques to study such quantities.
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A theoretical description of 1liquid state properties and
compositional characteristics of a system at a temperature T
and density N/V (number of particles N per unit volume V)
follows from the semi-classical canonical ensemble partition
function

o(T,v,N) = (qV/(8m2) AN N}) z(T,V,N) (1)

Z(T,V,N) =jj exp[-E(XN) /kT1axN . (2)
Here q 1is the partition function for internal degrees of
freedom and A is the one-dimensional translational partition
function for each particle. The gquantity E(xN) is the
configurational energy of the system, discussed later in
this section under intermolecular interactions. The inte-
gration ranges over the configurational coordinates XN of
the N particles of the system. The formalism is developed
here in the context of the (T,V,N) ensemble. Parallel
developments can be given for the (T,P,N) and (T,V,un) ensem-
bles78,71,

The thermodynamical properties of the system follow from
the statistical thermodynamic definition of the Helmholtz
free energy

A = -kT 1n Q(T,V,N) (3)
and its derivatives; the thermodynamic internal energy
much discussed herein is given by -T(&h/GT)V'N. On sub-
stitution, differentiation and management of terms, can be

partitioned into "ideal" and "excess" contributions, with
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the latter expressed as the configurational average of
E(xN),

U = f...fE(XN) p(xN) axN = <e@xN)>  (4)
where P(XN) is the Boltzmann probability for the system to
be found in configur ‘' ion XY,

P(»™) = exp[-E(XN)/kT)/2(T,V,N) . (5)
Other thermodynamic properties can be expressed in an analo-
gous manner. Of particular interest here will be the cons-

tant volume excess heat capacity,

C, = (<E(xN)2> - <E(xN)>2)/kT2 (6)
pressure, W
P=(kT/V) (N-<)2_(R;. E(xN)/ R;)>) (7)
1=4

and atom-atom spatial distribution functions
IupR) = Np(R)/ (E4TRZAR) (8)
where R is the interatomic separation, NoqiR) is the average
number of p neighbours of an o atom in a spherical shell
between R and R+AR and e is the bulk density.
An alternative expression for the Helmholtz excess free
energy advantageous for computer simulation is

1
A = jo Ug) d% . (9)

Here the integrand U(%} can be expressed as an ensemble
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average

U(%) = J'f E(xN)p(xN/»zL)de (10)
where P(XN/%) is the probability of observing the system
in configuration XN, conditional upon the value of the
parameter ,
P(XN/%)=exp[—E(XN/§z)/kT]/j:.fexp[—E(XN/%)/kT]dXN. (11)
When the system 1is coupled by the auxiliary parameter
through the expression

E(xN/gL) = %:E(XN) (12)
the free energy is defined with respect to an ideal gas
reference state of liquid density72. Mezei, following
Torrie and Valleau73, has studied the use of other refer-
ence state for tractability and computational effi-
ciency’4, but methods for calculating free energy in com-
puter simulation remains the subject of active research’>
rather than application. With the internal energy and free
energy available, the excess entropy can be simply obtained
from the expression

S = (A-U)/T . (13)

The additional equilibrium properties of the system
accessible to calculation in the (T,P,N) ensemble simulation

are the constant-pressure heat capacity:
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Cp= (<HZ>-<H>2) /kT2 : (14)
isothermal compressibility:

K = (<V25-<v>2)/(kT2<V>) (15)
and coefficient of thermal expansion:

K= (KVH>-<KV><H>)/ (KT2<V>) (16)
where H is the enthalpy of the system.

The theoretical study of the eduilibrium properties and
diffusionally averaged structure of a fluid can be
approached by either Monte Carlo or molecular dynamics.
Molecular dynamics gives dynamical as well as equilibrium
properties of the system but the calculations are usually
done in the microcanonical ensemble, with the determination
of temperature an empirical problemn. Anderson’® has
recently devised an approach for extending molecular dynam-
ics to other ensembles. The Monte Carlo method is defined
on convenient statistical thermodynamic ensembles and allows
for various extensions necessary for the study of solvent
effects on inter- and intramolecular interactions and for
the calculation of the free energy, but does not yield
access to dynamical properties. Results on equilibrium
properties of 1liquid water from Monte Carlo and molecular
dynamics have been compared and found to agree
closely77'78'79. The efficiency of the two methods in

computing equilibrium properties was also compared and was
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found to be comparable?8. fThus for equilibrium properties
and structure, either method of study is acceptable. The
research described in this dissertation incorporates the
Monte Carlo method.

Monte Carlo computer simulation is based on the simulta-
neous numerical integration of integrands analogous to the
internal energy expression, Eqg.4. This integral is well-
known to be ill-conditioned for direct numerical integra-
tion, since the integrand E(XN) p(xN) is large in only
a very restricted region of configuration space. The inte-
gration can be successfully carried out as suggested by
Metropolis et. a1.80 by sampling from the Boltzmann dis-
tribution in order to automatically concentrate the effort
in the important regions of configuration space. In the
Metropolis method, the N-molecule configurations of the
problem are taken to be the states of an irreducible Markov
chain. The one-step transitions between any two states k
and 1 of the chain have the probability

by = Prixl, =1 ]xV = (17)
The Py; can be collected in array form as a stochastic
transition probability matrix, P=[pkl], Integration in
the Metropolis method is carried out by means of a stochas-
tic walk through configuration space generating a realiza-
tion of an irreducible Markov chain whose unique limiting

stationary distribution T is the Boltzmann distribution,

i.e.
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m-1mP (18)
where'TEfP(X?). In a realization of this process,
the configurations XN are then sampled with a frequency
proportional to p(xN), and the determination of average
properties reduces to a simple summation over the energy of
the individual conflguratlons XN,

E(xN) = (UM)E_E(XN (19)
Provided the system ergodic, as M——>a0,
E(XN)--><E(XN)>, the cumulative average energy becomes
an increasingly good estimator of the energy expectation
value. The computation of heat capacity and other configu-
rational properties of the system take analogous form.

To implement this procedure in practice, a particle is
selected, a trial move 1is attempted from configuration
Xﬁ to X?. The change in energy of the configu-
rational energy of the system is used to calculate the quan-
tity

R=(d;/qx;) expl-(E(xD)-Exf))/kT]  (20)
If R is greater or equal to 1, the move is accepted. If R
is less than one, then the move is accepted with the proba-
bilty R and rejected with the probability 1 - R. To do
this, one compares R with a random number uniformly distri-

buted on the interval (0,1). If the R is greater than the
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random number the move is accepted, otherwise the move is
rejected. Repeated application of this process forms a
sequence of configurations that are a realization of the
desired Markov process, and any configurational average
property of the system may in principle be calculated by
averaging over these confiqurations. Optimum sampling for a
property other than energy may require sampling from a
modified Boltzmann or even non-Boltzmann distribu-
tion73,81

The convergence and statistical error bounds of Metropo-
lis Monte Carlo calculations are generally monitored accord-
ing to the method of block averages (also Known as the
method of batch means)82:83, Here the Monte Carlo reali-
zation is partitioned into several non-overlapping blocks of
equal lengths, and the averages of the property under con-
sideration (e.g. mean energy) are computed over each block.
Let ?} denote the average of the property f computed
over the block i. Under the assumptions that the fi's are
independent and normally distributed and that the Markov
chain is ergodic, the error bounds for the property f at a

95% confidence level are 20, where

o= (1/B(B—1)>§F§- (£)2] (21)

and the summation runs over the B blocks. In computer simu-

lations of small lengths, the above assumptions are honored
more in the breach than in observance, and thus computed

error bounds by the method of batch means are to be taken
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with caution. To ensure the validity of the estimate by the
batch means method, the block size has to be increased until
reliable statistical tests show that the batch means are
indeed independent. Other methods have also been proposed
to estimate the confidence intervals of Monte Carlo esti-

mates of this type. Good reviews can be found in Refs.

- 84-86

The details of the Metropolis method and subsequent ela-
borations thereof can be specified in the following general
notation: The elements of the one-step transition probabil-
ity matrix of the Markov chain, Py + are written as a
product of two terms ,

Pg1= %1%
The first factor q,, is dependent on the method of gener-

ating the state 1 from the state k in a single step transi-
tion. The second factor & depends on the way in which
state 1 is accepted to ensure that the microscopic reversi-
bilty conditions are satisfied. The Metropolis choice,

K1 = min(l, P(XY) qpp/ POXJ) qyy) (22)
has been shown by Peskun87 to be asymptotically optimum.
The elements of the one-step transition probability matrix
for the Markov chain can be rewritten into a more popular
notation,

pkl = qkl min( 1, plqlk/pqul)' k#l (23)

Lol AR S B L W S S e I — - . e e -



103

and

Pkk =1 - kA Pra (24)

The various sampling methods discussed herein differ
essentially in the definition of dgyr i.e the way in
which state 1 is generated from state k in a single step
transition. In principle, all the sampling schemes allow
for more than l-particle moves. However, in practice, for
convergence efficencies, the moves are restricted to a sin-
gle particle. Thus, the configurational coordinates of the

state 1 are related to the configurational coordinates of

state k.,

xN = xN 4+ SN (25)
where

&% (o, 0, ... §(x), 0, ...} (26)
and S(Xm) is a displacement vector for the molecule m

selected for the move. For rigid polyatomic molecules,
§x) =  Gxopy Syoqr Sz Swl  (27)

where chm' Sycm, Y are the displacements for the

cm
center of mass and ow 1is the rotation around a chosen axis
'ﬂb, passing through the center of mass of the molecule m.
The magnitudes for the center of mass displacement and for

the rotation angle are further restricted by certain step-
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size parameters r and w , which are optimized in the ini-
tial stages of the simulation. In Metropolis sampling, the
components of the displacement vector G(Xm) are obtained
by uniformly sampling from the domain D, centered at the
coordinates of the molecule m in the state k, and defined by
the step-size parameters r and w. The elements k) of the
transition probability matrix Q are then

dg,= constant (29)

dk1= 0 (38)
Moreover, Q is a symmetric matrix .

In a typical Monte Carlo computer simulation on a molecu-
lar liquid in the (T,V,N) ensemble, the system consists of a
simulation cell containing N molecules in a volume V deter-
mined by N/P' where P is the experimental density at the
system temperature T. The configurational energy of the
system is computed by means of analytical potential func-
tions. The system is presented with a condensed phase envi-
ronment by means of periodic boundary conditions, with the
central cell surrounded at each face, edge and vertex by a
self-image. Calculations from this Laboratory use mainly
simple cubic or face centered cubic boundary conditions. To
reduce the effect of the periodic images, most calculations
include only interactions between the nearest images of each
pair (minimum-image cutoff). Quite often, an additional
cutoff criterion is applied to the nearest pair to decrease

the computational effort (spherical cutoff). Calculations
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on liquid water reported from this Laboratory used the
spherical cutoff criterion. The initial segment of the cal-
culation is an equilibration phase, and is discarded in the
formation of ensemble averages.

Several methods have recently been proposed for accelera-
tion of convergence in Monte Carlo calculations, with devel-
opment and testing carried out on the 1liquid water system.
These procedures involve appending additional importance
sampling criterion to the Metropolis method. The principal
procedures currently under consideration are the force-bias
procedure developed for liquid water by Pangali, Raoc and
Berne’8 and an alternative force-bias scheme based on
Brownian dynamics proposed by Rossky, Doll and Friedman88,
In the force-bias sampling, the particle moves are biased in
the direction of forces and torques on the molecule
selected for the move. The elements g of the transition

probability matrix for force-bias sampling are given by the

expressions
ap; = NN expf (r_(xN) .6 + n_(xN) .6w) /kt} (31)
S(x ) € D
and
Q=0 S(xm),én . (32)

Here Sr={5xcm,6ycm,6§cm}, Cw = 1LS§ , N(xP) is a

normalization constant and is a parameter to be optimized

during the sampling. The gquantities Fm(XE) and
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Nm(xﬁ) are the forces and torques in the state k on

the particle m to be moved. Note that 9y # d1k- In

our force-bias calculations, is set equal to 8.5, follow-
ing Rossky et. al.88,

Many of the interesting properties of the dilute aqueous
solutions are primarily determined by the solute-solvent and
solvent-solvent interactions near the solute. This suggests
that the computational efficiency for the convergence of
many solution properties could be expedited with sampling
concentrated primarily in the neighbourhood of the solute.
Clearly the solvent molecules far away from the solute also
should be sampled, but not necessarily as frequently as
those near the solute. This strategy is the basis for the
method of preferential sampling first proposed by Owicki and
Scheraga>? for Monte Carlo simulations on [CH4]aq-
Owicki89 subsequently presented a generalized version of
the preferential sampling methodology. The two preferential
sampling schemes have recently been applied by Bigot and
Jorgensen®? to study the conformational equilibria of a
n-butane in CCl4 liquid.

Owicki's sampling scheme can be described as follows.
Let w(R) be a weighting function which 1is nonnegative and
decreasing function of R, where R is dependent on solute-
solvent distances. For each N-particle confiquration
xN define a probability distribution function

k
W(XN)

e e Wm0 L, Lt et e . e e e e -
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WED ={ wa ) wyx oo wgxlh ), (33)
where the subscript refers to the molecule number and the
solute is labelled as the molecule number 1. Furthermore,
wm(x}f)= w(Ry,)/ 'g__:_\w(Ri) \34)
In preferential sampling, the solvent molecules are selected
for the moves by sampling from the probability distribution
W(Xg). If m is the solvent molecule thus
selected in a single-particle move, then the elements of
Qyq are,
qp=const.* W (x)). (35)
Clearly, q,; is not equal to qj,, and

q1k=const.* Wm(x]j\:'[) . (36)

The selection of the solute for the move follows a diffe-
rent treatment. The preferential sampling scheme, in princi-
ple, alows that the solute can be picked with an arbitrary
frequency, thus,

dy 197, = constant. (37)
In the limits, the solute is either never moved or is always
selected to move. As Owicki points out, there are definite
statistical advantages if the solute is also moved, because

a solute move leads to perturbations in N-1 solute-solvent

R e e R el . G < S U R T
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pairs, whereas a solvent move causes only one solute-solvent
perturbation. On the other hand, if the solute moves are
attempted too frequently there is little room for the sol-
vent molecules to properly relax. Clearly, a compromised
approach is desired. 1Instead of carrying out a complete
optimization requiring several long test runs, the solute
molecule, in present studies, is perturbed with the same
frequency as its neighbouring solvent molecules.

The preferential sampling can be combined with the
Metropolis sampling as well as with the force bias sampling.
Then the elements q,; are the product of the preferential
sampling q,; with the Metropolis or the force bias gy
as the case may be. For the simple weighting function used
in our studies, the computational overhead due to the pre-
ferential sampling is negligible. In all the studies pre-
sented in this dissertation, we use a weighting function
1/R, where R is the distance between the solute and water.
Mehrotra et. al.64 studied liquid water with and without
convergence acceleration procedures and found that the lat-
ter increases the convergence by a factor of 3 to 4. Their
method of attack consisted of marking a water in 1liquid
water as solute and comparing the calculated g(R) for the
marked water with the g(R) calculated by averaging over all
the water molecules. The g(R) for marked water differs con-
siderably from the total g(R) for liquid water if Metropolis
method alone 1is used, and the differences diminished on

e
adding the force-bias and prefeantial sampling techniques.
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This study also included results from the [CH4]aq
described in the next chapter.

Application of Monte Carlo computer simulation to molecu-
lar associations in solution presents a special problem.
The Metropolis method samples configurations according to
Boltzmann distribution and thus the sampling of intersolute
coordinate is likely to be very restricted. Patey and Val-
leau8l encountered this problem in the Monte Carlo simula-
tion of an ion pair in water and suggested a non-Boltzmann
sampling scheme, referred to as umbrella sampling, to study
the association process in solution.

The details of umbrella sampling are as follows. Ensemble
éverage of any system property x in a (T,V,N) ensemble may
be written as, |

j.j x(xN)y p(xN) axV
<x> = (38)

jl-‘y p(xNy agx¥

as a direct extension of Eq.4. Patey and Valleau suggested

that the Eq.38 can be modified as,
(. S (x (xN) /w(ry,)) wiry,) P(xM) axN

x> = t———— (39)

fof ) iy ot ax

or,

‘S aj(x(XN)/w(rlz)) p'(xN) axV
<x> = (40)

' ' N N
jruj(l/w(rlz)) P (xN) ax
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so that, finally,
<x/w>P.
<X> = ——— (41)
<1/w>P.
where <>, refers to averaging according to the modified
probability distribution P'=w(r12)*p(xN). Here r,,
refers to the intersolute distance in configuration XN and
w is called the "weighting function". The weighting function
is adjusted so that any desired range of f1, is sampled in
a given simulation.

Theoretically, it is possible to find a w(ry,) such
that the entire range of r;, of interest is sampled in a
given simulation, but this is nearly impossible in practice.
Patey and Valleau therefore suggested performing several
independent simulations, each referred to as a window, such
that different w(r,,) are used to sample overlapping
regions of r,,. The system properties calculated for a
given I'10 from two overlapping windows are not comparable
because of the differences in normalization with respect to
I1o. For eg., the potential of mean force for the solutes
on a given window in the simulation can be given by

wSS(R)= -kT 1n gss(R) + C (42)
where gss(R) is the solute-solute pair correlation func-

tion calculated from the simulation and C is a constant
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arising as a result of unknown concentration of the system.
This additive constant C is indeterminate and differs from
window to window in an unknown manner. By requiring that
the values of any system property at a given ry, must be
the same, independent of the window, the system properties
covering the full range of Iy, can be generated. This
procedure is called matching. Since matching generates prop-
erties covering the full range of Lo, like the covering
by umbrella, this is called umbrella sampling. The two
important aspects of umbrella sampling, weighting function
and matching are discussed below.

The implementation of umbrella sampling procedure is sim-
ple. The computational scheme remains the same as Metropo-
lis method with or without the convergence acceleration
procedures. However,; the limiting probability distribution
used for sampling is now changed from Boltzmann distribution
to w(rlz)*p(xN). Patey and Valleau used umbrella sam-
pling procedures to calculate a reliable wss(R) for ions
in water.

Pangali et. al. used a simple harmonic constraining
potential as the weighting function in the umbrella sampling
procedure used to calculate wss(R) between two apolar
solutes in water. The form of the function w(rlz) used by
them is,

wiry,) =1/2 ky (ry, - rfl’z)2 (43)

St et it o N U P U UUU U
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where k_ is the force constant and rgz is the
equilibrium intersolute separation ry, around which the
solutes are restricted to move in the simulation. A given
rgz and ko defines a window. A 1large positive

value for ko would restrict the solutes to move only a
small range around rfz whereas a small positive k0

would allow the solutes to move rather freely. A value of
1.5 kcal/9A2 for nonpolar solutes was found satisfactory

for our study. The quantities rfz are chosen
depending on the region of £y, values of interest. Typi-

cally two windows, one with r§,= and

solute

1 O - -—
another with 9, O;olute+ o are neces

solvent
sary. One needs additional windows in between these two
values for matching. In this study the simulations involv-
ing umbrella sampling used three to four windows.

The details of matching are as follows. In a typical
umbrella sampling procedure, the solute-solute properties
are of most interest. Therefore here we describe the match-
ing procedure for solute-solute properties. In Fig. 1, the
dgs(R) calculated for different overlapping windows for
two methanes in water 1is presented. Harmonic constraining
potentials centered at 4.6, 5.3, 6.07 and 6.8°A and
k,=1.5 kcal/®a2 define the four windows. gi(R)
where i=1 to 4 refers to gss(R) calculated for window i.
It is evident from Fig. 1 that the amplitudes as well as the

shapes of gi(R) in the overlapping regions are different,

as expected, due to normalization problems. Matching bet-

[ P T T S N R,
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Figure 1- Calculated ggq(R) for [(CHy)pl,, plotted against
intersolute separation R at 25°C. e, gl(R); Oy gz(R); ",

g3(rR), and 4, g% (R).
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ween two adjacent gi(R) can in principle be done at any R
value in the overlapping region. However the tail region of
gi(R) have large errors due to poor sampling and there-
fore those regions should be avoided for matching. Pangali
et. al. suggest the points that have reasonable error bars
in the overlapping regions are the best points for matching.
We adopt their suggestion in all our calculations. One can
easily check to see if any other significant matchings
change the conclusions.

Matching between the two overlapping windows involves
selecting a point Ry in the overlapping region such that
the points to the right of Rm in gi(R) and points to the
left of Ry in gi+1(R) are discarded as insignificant and
gi+l(R) is scaled by gi(RM)/gi+1(RM) for Ry Ry.

In words, this scaling simply means that the points to the

1 are scaled so that at R

right of Ry in gi+ M’ the pair

correlation functions from both the windows have the same
value. This matching reduces the number of curves from 4 to
3, and the result is given in Fig. 2. The point at which the
matching was done is also marked. Similar matching is car-
ried out between the gi'(R) and gi+2(R) and gi"(R)

and gi*3(R), where gi'(R) and gi''(R) are the results

of first and second matching. Curves resulting from second
and third matching are given in Figs. 3 and 4. Since each
matching propagates error through the scaling, one should be
careful about choosing the correct points for matching to

ensure minimal error in the final Igs (R) . The example
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Figure 2- The set of pair correlation functions resulting
after the first matching Dbetween gl(R) and g2(RL

o, g1 (R); ®,93(R);and a, g% (R).
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Figure 3- The pair correlation functions after the

matching between 91'UU and g3(R).o, ng(RJ anda, g4(RL
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Figure 4- Pair correlation function after

matching between ng(R) and g4(RL
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given here carried out matching from left to right. Match-
ing can also be done from right to left as in the case of
Pangali et. al. A left to right matching propagates errors
to second and larger minima in wss(R) and a right to left
matching propagates errors to first minimum in wss(R).

In this study two types of simulations were carried out.
The first involves one solute in water, simulating hydropho-
bic hydration, and the second involves a pair of solutes in
water, simulating the hydrophobic interaction. All hydro-
phobic hydration studies involved lengthy Monte Carlo compu-
ter simulations using Metropolis method augmented with con-
vefgence acceleration techniques. Hydrophobic interaction
studies involve the calculation of wss(R) and used the
umbrella sampling scheme of Patey and Valleau with the har-
monic weighting functions procedure similar to that sug-
gested by Pangali et. al.

The remaining aspect of the calculations to be specified
is the choice of intermolecular potential functions. The
individual characteristics of a molecular system are intro-
duced into a computer simulation via the configurational
potential energy. To formally define this quantity, let us
specify an N-particle configuration of a molecular assembly
by the configurational coordinate vector X ,

XN = (XX X5 e e s Xy ) (44)

where each X 1is a product of position R and orientation I)i
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X; = {R; AL} (45)
The configurational potential energy in this notation is
E(xN), and represents the energy of an N-molecule system
in configuration X relative to the energy of N isolated
molecules. The configurational energy may be expanded in

terms of successive orders of interaction as

N N
BN = 2B (Xy,Xp) + Y B (K XyX) 4 eeneens (46)
1<] i<i<k
where E 1is the energy of dimerization,
E2(Xi'xj) = E(Xi,xj)—ZE(Xi) (47)
and E3 is a correction term for three-body effects,
E3(Xi,Xj,Xk) = E(Xi,Xj,Xk) - 3E(Xi)
(48)
- [E2(Xi,Xj)+E2(Xi,Xk),+E2(Xj,Xk)]

Analogous terms E,, Eg, etc. can be developed to
represent even higher order effects. The terms En for
n>2 introduce cooperative effects into the configurational
potential. When all these terms are neglected, the configqu-
rational energy is expressed as a sum of interaction ener-
gies for molecular pairs, an assumption referred to as
"pairwise additivity".

Computer simulation requires rapid evaluation of the con-
figurational energy for a large number of N-molecule com-
plexions of the system. This task is accomplished by means
of potential energy functions, simple analytical expressions
for interaction energy as a function of configurational

coordinates and a set of disposable parameters. Potential
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functions for intermolecular interaction energies can be

grouped for purposes of discussion into three classes:
model, empirical, and guantum mechanical. Typical model
potential functions are the hard sphere and Lennard-Jones
potentials, botbh studied extensively in the formal develop-
ment of liquid state theory. Empirical potentials result
when the disposable parameters of a function are selected
based on experimental data. In quantum mechanical poten-
tials, disposable parameters are determined on a best fit
criterion from a discrete data base of quantum mechanically
calculated interaction energies.

Both empirical and quantum mechanical approaches have
been used for the determination of potential functions
describing the interaction energy of water molecules, and
there are advantages and disadvantages to both. The con-
struction of functions based on experimental data has the
decided advantage of building all possible observed informa-
tion about the intermolecular interactions into the func-
tion. 1In addition, the experimental nature of the data par-
tially compensates for the assumption of pairwise additivity
in the functional form, leading to so-called "effective"
pair potentials which include higher order effects in some
averaged form. There are extensive experimental data to
draw upon in this approach such as electric moments, vibra-
tional frequencies, lattice constants, etc. However, the
available experimental information corresponds only to cer-—

tain limited regions of intermolecular configuration space,

R e R T R R N R T S
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and a function determined only from experimental data is not

necessarily accurate in regions not represented in the data
base i.e. the behaviour of the interaction energy in the
configuration space is considerably underdetermined by the
available data. In practice, a sensible functional form
partially compensates for this problem.

On the guantum mechanical side, the non-empirical calcu-
lation of intermolecular interactions for small and modestly
sized systems using molecular quantum mechanics is now feas-
ible. The main advantages here are that interaction ener-
gies can be determined at rigorously defined 1levels of
approximation and that any possible geometrical arrangement
of molecules can be considered. Various reasonable
approaches to sampling configuration space have been sug-
gested and used effectively, and fitting functional forms to
data can be accomplished with reasonable precision. How-
ever, the task of generating the data base of quantum
mechanically calculated interaction energies becomes prohi-
bitively expensive as the size of the system under consider-
ation increases, when larger basis sets are necessary, or
when electron correlation must be included. Compromises in
the quality of the quantum mechanical calculations used for
the data base remain of course inherent in the resulting
intermolecular potential function. A particular problem in
quantum mechanical calculations of intermolecular interac-
tion energies is the basis set superposition error, whereby

small basis sets result in spuriously inflated interaction
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energies and commensurate errors in other properties, parti-
cularily a foreshortening of the calculated equilibrium
intermolecular separation.

The development of quantum mechanical potentials describ-
ing the interaction of water molecules has been pursued
mainly by Clementi and coworkers?!, Functions describing
pairwise interactions over all configuration space were suc-
cessfully developed from data bases of 0(100) quantum
mechanical calculations, and produced functions representa-
tive of molecular orbital calculations near the Hartree-Fock
(HF) limit and for several levels of electron correlation
via electronic configuration interaction. These models
place positive charges on the hydrogen atoms and negative
charge at a point on the bisector of the HOH angle. The
repulsive core is represented by exponential terms centered
on the individual atoms, making the repulsion anisotropic.
The quantum-mechanical potential due to Matsuoka, Clementi
and Yoshimine (MCY—CI)51 based on intermolecular CI calcu-
lations, is presently the most widely used of the guantum
mechanical potentials in computer simulation studies of
liquid water.

In all the computer simulations carried out in this study
we use MCY-CI potential to describe the water-water pair
interactions. The charactristics of this potential function
used in the Monte Carlo simulations for the description of

liquid water have been treated in several earlier papers; inu
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summary this function produces a gOO(R) in agreement with

that observed from diffraction experiments and gives most of
the thermodynamic variables in fairly good agreement with
the experimental values. The most serious problem with this
potential function in computer simulations is the inflated
value of computed pressure of the liquid, indicating prob-
lems in describing the curvature of the potential in the
equilibrium region.

The potential functions used to describe solute-water and
solute-solute in our study varies from system to system and

are described in each chapter.
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Aqueous Hydration of Methane.
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In this chapter we present the results from Monte Carlo
simulations on a prototype system for hydrophobic hydration,
[CH4]aq, and discuss the results in context of results
from other simulations on this system5ﬂ'53'67. In addi-
tion, the effects of convergence acceleration procedures on
the simulation results are discussed. The present study
forms the necessary first step to understand the hydrophobic
interaction between methane discussed in the next chapter,
and differs from previous studies on [CH4]aq mainly in
the potential function used for the description of methane-

water interactions.

ey R T U S _ o . e s -



TSI AR A B e b a e e e

130

Calculations.

Statistical thermodynamic (T,V,N) ensemble Monte Carlo
calculations were carried out on [CH4]aq using a Metrop-
olis proceduresg (referred to as MMC) and a modified
Metropolis procedure incorporating the force-bias method?8
and preferential sampling89 (referred to as FBPS) for con-
vergence The system for study in both the cases comprised of
216 rigid particles, one methane molecule and 215 waters.
The simulations were performed at 25°C and at a density
determined from experimental molar volumes of methane and
water.?! The condensed phase environment was provided by
face-centered cubic boundary conditions, which ensures more
than two complete hydration shells for methane. Convergence
characteristics were monitored by control functions and sta-
tistical error bounds were calculated by the batch mean
method using batches of size 50K.

We use MCy-c1°1 potential to describe the water-water
pair interactions. Methane-water interactions were modeled
by QPEN potentials developed by Marchese et. al1.92 QPEN
potential is a transferable empirical potential constructed
from quantum mecahnical energies. In the QPEN formalism the
interaction energy between methane and water consistes of an
electrostatic term and a non-bonded term. The former arises
from the interaction of atoms in methane with those of
water, and the latter from the interaction of bonding elec-

tron pair(for each C-H bond) of methane with the bonding
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electron pair(for each O-H bond) and the 1lone pairs in
water. The transferable parameters for the QPEN methane-wa-
ter potential are listed in TableIv.l. These parameters cor-
respond to a QPEN potential function fit to 225 methane-wa-
ter quantum mechanical energies calculated including second
order Moller-Plesset correction. The details of the poten-
tial function can be found in Ref.92 The potential energy
hypersurface shows a global minimum of -2.17 kcal/mol, and
corresponds to the water situated such that the plane of
water is parallel to HCH plane of methane. 1In this configu-
ration, the lone pairs of water point towards the methane.
The methane-water interaction energy derived from QPEN
potential function is more attractive than the previously
reported values for this quantity. We discuss the effect of
this on the calculated properties in the next section.

A total of 2500K configurations were sampled in both MMC
and FBPS simulations. The first 10080K were discarded as
equilibration and the ensemble average was done on the last
1500K configurations. The convergence profile for the cal-
culations is shown in Figure IV.1l and Figure IV.2 respec-

tively for MMC and FBPS simulations.
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Table TvV.1 . ~Transferable QPEN parameters for methane and
water. BP refers to the bond pair and LP refers to lone

pair.
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9. H (WATERD 1.

6. BP (O0-H WATER)> = 214353.34 }4.222 |51.5344
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Figure 1IV.1- Convergence profile for the MMC simulation on
[CH4]aq. Mean energy is denoted as U and mean energy for

batches of size 50K is denoted as U5g.
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Figure IV.2- Convergence profile for the FBPS simulation on
[CH4}aq. Mean energy is denoted as U and mean energy for

batches of size 58K is denoted as Ugyg.
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Results.

The calculated internal energies and related quantities
for [CH4]aq are collected in TablelIV.2 The results from
MMC simulation appears as column 1 and those from FBPS simu-
lation appears as column 2. The quantities entered here are
the mean energy U of the system (NS=1, NW=215), the
energy U, of 215 water molecules in [H,0], at 25°c,

U the corresponding energy of solvent water in

W'’
[CH4]aq' US, the calculated partial molar inter-

nal energy of transfer for [CH4]aq into water, and
finally US' and U rel the solute-solvent and
solvent-solvent contributions to US . Each of these
quantities is illustrated in Figure IV.3. The calculated
molecular distribution functions and analysis thereof for
[CH4]aq at 25°C follow.

In Table IV ,3 certain setup characteristics and results
from computer simulation studies on [CH4]aq are col-
lected. The methane-water potential functions used in these
studies are widely different and give rise to a range of
pair energy minima. Our studies, MMC and FBPS, uses the
largest number of water molecules and the studies referred
to as 3T and 4T, by Bolis and Clement187, are the longest
simulations. A comparison of structural indices such as
methane-water pair correlation function gMW(R) shows that

the general picture of hydrophobic hydration emerging from

these studies agree with each other, considering the influ-
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Table IV.2-Calculated Internal Energies for the Dilute

Aqueous Solution of Methane at 25°C in kcal/mol.
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MMC
-1882.84
-1859.75
-1874.00
-8.78
-14.,30

-23.10

FBPS
-1891.29
-1859.75
-1882.40
-8.97
-22.70
-31.60
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Figure IV.3 -~ Thermocycle illustrating the energetic
quantities produced in a Monte Carlo simulation of a dilute

solution of solute &, in water W.
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Table IV.3 Comparison of computer simulation setup
characteristics and results from studies on [CH4]aq at 25°cC.
RDF refers to radial distribution function. OS- Owicki and
Scheragasg; MO,MP- Swaminathan et. al.53; and 3T,4T- Bolis
and Clementi®’. The last two columns refer to MMC and FBPS

simulations of this study.
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ence of methane-water interaction potentials. The enthalpy
of transfer of methane differs widely among the studies and
is discussed in the following section.

The methane-water radial distribution function calculated
from MMC and FBPS simulations are given in Figures IV.4 and
IV.5. The curves flanking the g(R) in these figures are the
upper and lower error bars on g(R). The figures also con-
tain the running coordination numbers. We wish to designate
the calculated properties with superscripts MMC and FBPS
referring to the simulation from which they were calculated,
for easy referencing; thus, gﬁ%C(R) refers to
methane water radial distribution function calculated from
MMC simulation. gﬂ%C(R) shows two distinct peaks,
one at 3.4 g and the other at 6 g. The first minimum
occurs at about 5°A and is broad. There are 19 water

molecules in the first hydration shell of methane based on

MMC FBPS
IMw (R) . Iuw (R) resembles
95$C(R) very much but is much smoother. The

errors on gﬁSPS(R) are much smaller than the

errors on gﬂ%C(R). The calculated first shell
coordination number for methane based on
ggSPS(R) is about 20.

The calculated quasi-component distribution (QCDF) of
coordination numbers, XQMC(K) and
XFBPS(K), are given in Figures IV.6 and IV.7

C
respectively. ngC(K) is symmetric and ranges
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Figure IV.4- Methane-water pair correlation function
calculated using MMC simulation plotted against center of
mass separation R. The curves flanking g(R) are the 95%
confidence curves. The dotted 1line 1is the running

coordination number.
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Figure IV.5- Methane-water pair correlation function
calcglated using FBPS simulation plotted against center of
mass separation R. The curves flanking g(R) are the 95%
confidence curves. The dotted 1line is the running

coordination number.
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Figure IV.6~ Calculated QCDF of coordination number from

MMC simulation on [CHglaq 2t 25°cC.
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Figure IV.7- Calculated QCDF of coordination number from

FBPS simulation on [CHglpq at 25°C.
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from K= 15 to 22. with the peak at K=18, and an average
R=19.1. xEBPS(K) looks significantly diffe-

rent from XMMC(K) with the distribution shifted

C
towards higher coordination numbers. XgBPS(K)

ranges from 15 to 23 with an average K=2#.1. The peaks

in XEBPS(K) at K=19 and 28 have the same ampli-

tude. The QCDF of coordination numbers for both MMC and

o
FBPS simulations were based on a RC value of 5.3 A, We

chose this value to facilitate the comparison of our results

with those of Swaminathan et. al.>3
The QCDF of binding energies, XgMC(zn and
FBPS S
XB (zz) » of water molecules in [CH4]§q are |
presented in Figures IV.8 and 1IV.9. The distribution

XgMC(zd ranges from -18.8 to -5.3 kcal/mol with

#Z/ =-8.8 kcal/mol and XgBPShV) ranges from -11.3

to -5.8 kcal/mol with #=-8,9 kcal/mol.

The computed functions ngC(e) and
XEBPS(G) are given in Figures IV.18 and 1IV.1l1
respectively. Both the distributions range from -1.75 to .25
kcal/mol with the maximum at about 0 kcal/mol. These distri-
butions are not restricted to first shell waters alone, and
the majority of water molecules that are far away contribute
to @ kcal/mol.

A typical structure representative of the hydrophobic

hydration of methane extracted from the FBPS simulation is

given in Figure IV.12. Such a structure extracted from MMC

resembles Figure IV.12 closely.

eat i e L Rl L R B e e e e ———



TTET DA A (e e

155

Figure IV.8- Calculated QCDF of binding energy from MMC

simulation on [CH4]aq at 25°c.
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Figure IV.9- Calculated QCDF of binding energy from FBPS

simulation on [CHglaq at 25°cC.




158

124 .
N u’\
14 / n\
N =3 o
O 6z + /D,' \
A o 0 ]
— o5t .
; AR
> :
24t /'3 \D
o \
. a,
ol /
u’u .D'u
g )« 8. 4 Mara=E-
~-12.5 -11.5 -18.5 -9.5 -8.5 —-7.5 -6.95 -5.5
v (kcal /mol) ——

et et



159

Figure 1IV.10- Calculated QCDF of pair energy from MMC

simulation on [CH4]aq at 25°c.
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Figure IV.11- Calculated QCDF of pair energy from FBPS

simulation on [CHyl,q at 259cC.
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Di .

The essential structural features emerging from the simu-
lation results is first hydration shell of methane consist-
ing of about 20 water molecules. A stereo view of the com-
puter generated Dreiding model of a methane-water hydration
complex is shown in Figure IV.12; the "bonds" in the figure
connect oxygens of water molecules within the hydrogen bond-
ing distance. The cage-like nature of the methane-water
hydration complex is quite evident from this figure. Quite a
few puckered pentagonal forms of water can be discerned but
also contributions from lower and higher order polygonal
forms. The coordination number of 20, combined with the
above observation suggests possible arrangement of first
shell waters in a pentagonal dodecahedral form. This result
is also consistent with the predictions of Glew?d3.

The average structure of methane-water hydration complex
emerging from this study is essentially the same as that
predicted from previous simulations, despite significant
differences in methane-water interaction potentials. This
shows that altering the methane-water interaction potentials
does not alter the structural indices of [CH4]aq signi-
ficantly. Similar conclusions were derived by Pratt and
Chandler®> using integral equations techniques. They
found that changing the solute-water interactions from hard
sphere to Lennard-Jones type, changes gSW(R) by about 10.

This is roughly the error associated with the gSW(R) cal-
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Figure IV.12- Stereographic view of the Dreiding models of
the first hydration shell of methane taken from the FBPS
simulation described herein on [CH4]aq at 259C. Water oxygens

within 3.2°C are bonded.
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culated from computer simulations.

It 1is interesting to note the effect of convergence
acceleration techniques on our results. The control func-
tions presented in Figures IV.l and 1IV.2 show that the FBPS
simulation converged faster than the MMC simulation. The
properties calculated from FBPS simulation were found to
have much smaller error bars than those calculated from MMC
simulation. Another way to test the convergence of results
is to divide the simulation into 3 or 4 blocks and to calcu-
late system properties in each block. The system properties
in each block should remain significantly. close to each
other, if the convergence is good. Mehrotra et. al.%%
used the results from this study to show that gMW(R) cal-
culated for blocks of size 500K remained significantly close
to each other in FBPS simulation but not so in MMC simula-
tion. This is further proof that the convergence accelera-
tion procedures make the results converge faster. We there-
fore augment the Metropolis procedure with force-bias and
preferential sampling techniques in all simulations reported
in the following chapters.

The enthalpy of transfer of methane from vapor phase to
water calculated from this study is very 1large compared to
the experimental value of -2.6 kcal/m0194. It is also very
different from the values calculated from other simulation
studies. This quantity is calculated as the difference in

two large quantities and has a large error associated with
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it. Since the enthalpy of transfer depends on the
solute-water interaction energy, the wide range for this
quantity reported from simulations is understandable. A com-
parison of U(S) and the pair energy minimum in Table I shows
that U(S) becomes more negative as the pair energy becomes
more negative.

Calculations were extended to study the effect of temper-
ature on the 1local solution environment of methane in
[CH4]aq' Simulations with and without convergence
acceleration were performed on [CH4]aq at 25, 37 and
50°C. The calculated solute-water structural indices in
this temperatqre range did not change significantly. This
suggests that the fluctuations in the 1local structure of
methane in [CH4]aq in the temperature range 25 to 58°C
may be too small and may be within the statistical error.
The inflated value of pressure for the water model used in
this study may also play an important role in reducing the
effects of temperature. However the calculated gOO(R) for
bulk water in this study shows a temperature dependence con-
sistent with the experiments95 in the temperature range of
25 to 50°C. thus making the latter explanation weak.

The calculations described herein showed that the loacl

solution environment of methane in [CH is described

4]aq
well using QPEN potential function for methane-water inter-
actions. The convergence acceleration procedures were shown

to aid in reducing the errors in calculated system proper-
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ties. In addition, we found that temperature effects on
solute-water properties cannot be detected even using con-

vergence acceleration in reasonable temperature ranges.
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Monte Carlo Computer Simulation study of the

Hydrophobic Effect.

Potential of Mean Force for [(CH4)2]aq at 25 and
50°cC.
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In this chapter we present the results of Monte Carlo
simulations on a prototype system for study of hydrophobic
interactions, [(CH4)2]aq, and discuss our results in
context of other recent theoretical and experimental work on
this topic25'44'47'62. The major obijective of this study
was to calculate wss(R) for two apolar molecules using
potential functions derived from quantum-mechanical calcula-
tions and to analyze the structural details in the system.

81

Umbrella sampling techniques were incorporated in the

Metropolis Monte Carlo method8? for the calculation of

78,89

wss(R) and convergence acceleration procedures were

used in acheiving a better convergence in the results.
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Calculations.

The calculation of wSS(R) for the interaction between
two mzthanes in water described herein proceeds via the cal-
culation of gSS(R) using Monte Carlo simulations augmented
with umbrella sampling procedures. The theory and methodol-
ogy section describes in detail the umbrella sampling. The
umbrella sampling weighting functions used in this study are
harmonic restoring potentials similar to those suggested by
Pangali et. al.62 in their study of pmf between two spher-
ical apolar molecules.

The calculations described herein are intended as a
direct extension of the earlier studies from this laboratory
on hydrophobic hydration to the problem of hydrophobic
interaction. The potential functions used for the evalua-
tion of water-water pair interactions in the simulation was
that of Matsuoka et. al.>? based on quantum mechanical
calculations. Methane-water interactions are treated by
means of QPEN potential functions developed by Marchese et.
a1.92 for this study. The details of this potential func-
tion can be found in the previous chapter on the hydrophobic
hydration of methane. The parameters for methane-methane
interactions are taken from the transferable methane-water
QPEN potential function.

The calculations described herein are aimed at producing
gss(R) and wss(R) for the intersolute coordinate in the

system [(CH4)2]aq. The system for study consists of

T -
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two methane molecules and 214 water molecules configured
under face-centered cubic boundary conditions with a spheri-
cal cutoff treatment of the potential. Four points in ori-
gin on the intersolute coordinate were chosen, defined as
3.9,5.3,6.67 and 6.8 %. Harmonic constraining functions
with a force constant of 1.5 kcal g-Z were used to
define the four windows used in the umbrella sampling proce-
dure. The density of the system was computed from the
experimental measurements of partial molar volumes of meth-
ane and water?l. Calculations for all four windows were
carried out at 25°C and, for reasons described below, at
5¢0°C for the window centered at 5.3 g. For each window

that was studied, a total of 3 X 106 configurations were
sampled, of which the first 1.5 X 186 configurations were
treated as equilibration. All the properties reported are
the ensemble averages from the second 1.5 X 196 configura-

tions.
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Results and Discussion.

The gss(R) for the four windows studied at 25°C are
shown in Figure V.l. For window 1, the point of origin was
chosen at 3.98 to coincide with the solute-solute contact
distance estimated from the position of the first peak in
gMW(R). In this realization, the intersolute region from
3.2 to 5.2 8 is sampled. The maximum falls at 3.98,
with a bias in the distribution in favour of 1longer dis-
tances.

Window 2 has the point of origin at 5.3 R and was
observed to sample a quite broad range of the intersolute
coordinate from R=4.0 8 to almost 7 8. The maximum in
the probability distribution for this window was found at
6.4 8. The remaining two windows, R=6.87 and 6.8 8,
both sample ca.3.5 8 of the intersolute coordinate and
find their maxima in the region of 6.2 8.

The probabilty distributions for the four windows were
matched on the basis that the points in overlapping regions
should coincide and the solute-solute radial distribution
function gSS(R) was generated. The corresponding potential
of mean force wss(R) was generated and is plotted in Fig-
ure V.2. The oscillatory behaviour in wSS(R) noted previ-

44

ously by Pratt and Chandler and Pangali et. al.%? is

clearly evident but differs from the monotonic wss(R)
reported by Marcelja et. al.47 and Dashevsky and Sarki-

sov25. Two distinct minima, one at R=3.9 8 and the
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Figure V.l.-Calculated radial distribution function gg.(R)
plotted against intersolute separation R for each of the four
windows of umbrella sampling for [(CHg)plaq at 25°c.

®, Window l; o0, window 2;B, window 3;4, window 4.
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Figure V.2.-Calculated potential of mean force wg  (R) as a

function of R, after matching, for [(CH4)2]aq at 25°c.
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other at R=6.8 &, are found. The former corresponds to
the contact hydrophobic interaction and the latter to a sol-
vent-separated structure.

The results of Pratt and Chandler(PC) and Pangali et.
al.(PRB) are included in Figure V.3 for comparison and con-
trast. Two essential points of difference are noted: (a)
the positions of the minima in our study occur at slightly
shorter intersolute separations and (b) the solvent-sepa-
rated minima in our study are deeper than the minima for the
contact interaction, whereas in the previous studies the
contact minima were deeper.

The difference in position of the minima in wss(R) is
due primarily to a difference in the solute-water potential.
The PC and PRB studies both assume a Lennard-Jones form for
the solute-water potential, which lacks the granularity
expected when the molecules interact with one another. The
quantum-mechanical potential used herein contains a more
detailed description of this interaction and this is
reflected in the positions of the calculated minima in the
wss(R).

The discrepancies in relative depth of the contact and
solvent separated minima in the wss(R) can also be traced
back to differences in the potential function. The methane-
water binding energy is negligible in the PC and PRB stu-
dies, whereas our function exhibits an equilibrium binding

energy of -2.17 kcal mo1~1, The description of water-wa-
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Figure V.3-Comparison of the calculated wg (R) in this
work(-- --) with that computed by Pangali et. al.(e) and

Pratt and Chandler(--).
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ter interactions varies among the studies as well, but since
there is such close agreement between PCl[using the experi-
mental gOO(R)] and PRB{using ST2 water, which overempha-

sizes considerably the tetrahedral nature of water interac-
tions], we feel that the origin of this discrepancy probably
resides in the different solute-water binding energy. This
effect was anticipated by Pratt and Chandler®>. The

interpretation of the results is significantly affected at

this point. The PC and PRB results produce an equilibrium

<
the order of unity, indicating significant contributions

constant for the CHIJ”"” SSHI equilibrium, of

from both the contact and solvent-separated structures to
the statistical state of the system at 25°C. Our results
predict a strong preference for the solvent-separated form.
There is at present no means of deciding which result is
correct, but sensitivity of this crucial result to the
choice of potential functions is notable. All studies concur
in indicating that the solvent-separated form should be
seriously considered in the structural biochemistry of the
hydrophobic effect.

A preliminary study of the temperature dependence of the
hydrophobic interaction was carried out by means of a Monte
Carlo simulation on [(CH4)2]aq at 50°C. This study
was carried out for window 2 only, which was observed to
span the contact and solvent-separated structures on the
intersolute coordinate. The calculated gss(R) and wss(R)

for 50°C are shown in Figures V.4 and V.5, respectively.
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Figure V.4-Calculated gg4(R) as a function of R for window 2

for [(CH4)2]aq at o, 25 and e, 50°C.

e T e et e - B o~ o s o e e e —— A s -



0.03

N O R B I B B B e |

1

(CHa)2] 0q ..
Window 2

025°C
0350°C

€Q9T



18k

Figure V.5-Calculated wgg(R) plotted against R for window 2

for [(CHy)ylaq 2t 0,25 and e, 56°C.
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The minimum in wSS(R) corresponding to the contact inter-
actions is no longer present and the éolvent separated
structure is preferentially stabilized by the increase in
temperature. Thus the inverse temperature dependence of the
hydrophobic effect is accounted for by computer simulation

and linked to the preferential stabilization of the solvent-

separated hydrophobic interaction.
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Analysis of Results.

The results of the preceding section strongly implicate
the solvent-separated structures in the hydrophobic interac-
tion. In this section we inquire into the molecular nature
of these structures, Two procedures are employed for this

analysis: (a) examination of the distribution functions

R) and 9eH (R) , describing the organization of solvent

9e0
water with respect to the center of mass(e) of the SS com-
plex, and (b) consideration of stereographic pictures of
supermolecular structures from configurations that contri-
bute significantly to the statistical state of the system.
The goO(R) for window 1,Figure V.6, shows successive peaks
at 2.8,4.1 and 5 8. Assignment of these peaks to waters

in the first hydration shell follows straightforwardly from

a consideration of the excluded volume of methane and water

molecules, as shown in the inset of Figure V.6. The distri-

bution goH(R), Figure V.7, 1is more complex because of the
greater orientational possibilities,but the onset of prob-
ability at 1 8 1is clearly consistent with a contact
interaction between the methanes. Structures representative
of this type of configuration were extracted from the simu-
lation, and typical example is shown in Figure V.8,

For window 2, the distribution functions goO(R)' Fig-
ure V.9, shows a well developed peak at 1 8. Examination

of goH(R), Figure V.18, shows dominant contributions from

structures in which a single hydrogen atom of a water molec-
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the solvent-separated structures in the hydrophobic interac-
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goO(R) and g@H(R), describing the organization of solvent
water with respect to the center of mass(e) of the SS com-
plex, and (b) consideration of stereographic pictures of
supermolecular structures from configurations that contri-
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The geO(R) for window 1,Figure V.6, shows successive peaks
at 2.8,4.1 and 5 8. Assignment of these peaks to waters

in the first hydration shell follows straightforwardly from
a consideration of the excluded volume of methane and water
molecules, as shown in the inset of Figure V.6. The distri-

bution 9eH(R), Figure V.7, is more complex because of the

greater orientational possibilities,but the onset of prob-
ability at 1 8 is clearly consistent with a contact
interaction between the methanes. Structures representative
of this type of configuration were extracted from the simu-
lation, and typical example is shown in Figure V.8.

For window 2, the distribution functions gQO(R), Fig-
ure V.9, shows a well developed peak at 1 . Examination

of goH(R), Figure V.18, shows dominant contributions from

structures in which a single hydrogen atom of a water molec-
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Figure V.6-Calculated ggn(R) for [(CHy)plaq for window 1.
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Figure V.7-Calculated ggy(R) for [(CH4)2]aq window 1.
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Figure V.8-Typical structure corresponding to the most

probable configuration in window 1.
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Figure V.9-Calculated g (R) for [(CH4)2]‘.=lq for window 2.
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Figure V.1@-Calculated g u(R) for [(CH4)2]aq window 2.
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Figure V.l1-Typical structure corresponding to the most

probable configuration in window 2.
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ule intervenes between the methanes, and the peak in
g‘O(R) is clearly consistent with significant contribu-
tions from this structure. A structure corresponding to this
configuration is shown in Figure V.11,

Windows 3 and 4 are centered on solvent-separated values

of the intersolute coordinate. The g ,(R) and g u py gor

these two windows are very similar in appearence and we dis-
cuss here only the results from window 4. The geO(R)’
Figure V.12, shows a strong peak at R=0, corresponding to
solvent-separated structures in which the water oxygen atom
intervenes, and a smaller peak at R=1 R corresponding to
structures in which a water hydrogen intervenes. A solvent-
separated structure extractéd from the configuration is
shown in Figure V.14.

In conclusion, some comments on the molecular structures
in Figqures V.8, V.11 and V.14 are in order. In viewing these
structures, keep in mind that no one structure in a simula-
tion is necessarily representative of the statistical state
of the system, and structures arbitrarily chosen may be mis-
leading. The urge to look at these structures is neverthe-
less irresistable, and we present then here along with a
strong caveat emptor. The structures presented here are
given as computer Dreiding models, with oxygens closer than
3.2 B shown as bonded. Hydrogen atoms are included only
for the methanes ans the solvent-separated water molecule.

Only those water molecules within 6.5 & of methane molec-
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Figure V.l12-Calculated Jdeo(R) for [(CH4)2]aq for window 4.
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Figure V.13-Calculated ggyu(R) for [(CH4)2]aq window 4.
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ules are included for clarity, which amounts to ca. 70.
Extensive networking is found in all three cases dis-
played. Three-,four- and five-coordinate waters are readily
seen in all structures as expected. While the statistical
indices of the calculations are consistent with the exis-
tence of clathrate-like contributions, the individual struc-
tures do not feature much which can be interpreted as regu-
lar clathrate polyhedra, although quite good individual
pentagons can be found in all structures. The intervening
water molecule in the solvent-separated structures in Fig-
ure V.11l and V.14 and the interaction of this molecule with

the other waters is clearly evident.
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Figure V.14-Typical structure corresponding to the most

probable configuration in window 4.
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HAPTE

Aqueous Hydration of Benzene.
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Previous chapters have described how liquid state compu-
ter simulations can be used to study the structure and ener-
getics of dilute agueous solutions of CH,, a prototype for
hydrophobic hydration, and the potential of mean force bet-
ween CH4 molecules in aqueous solution, a prototype system
for hydrophobic interaction. From the results of these stu-
dies, the essential clathrate-like nature of the hydrophobic
hydration complex, expected from the early Frank-Evans "ice-
berg" ideass, was further delineated. Relatively high
first shell coordination numbers were found to be a common
characteristic of hydrophobic hydration, and were identi-
fied with water cage effects. Such contributions were
also recognizable in the aqueous hydration of CH3, CH2
and CH groups in polyfunctional solutes studied by computer
simulation?®. To the extent these results are transfera-
ble, one can infer the structure of hydration complexes for
amino acid residues in alanine, valine, leucine, isoleucine,
and to some extent, proline.

Other amino acid residues such as phenylalanine and tryp-
tophane as well as the nucleotide bases adenine, guanine,
thyamine,cytosine and wuracil involve unsaturated organic
ring structure. These moieties are typically classified as
hydrophobic, although the situation is possibly more complex
than for alkyl group hydration since the polarizability of
the pi-electron cloud admits the poséibility of hydrophilic
hydration above and below the molecular plane as well as in

interactions involving the heterocatoms. An important proto-
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type aqueous hydration problem for this class of molecules
is the dilute aqueous solution of benzene, [C6H6]aq'

Benzene is of course only sparingly soluble in water. The
therhodynamics of transfer have been determined and are
AG=+5.33 kcal/mol and AS=-15.7 cal/deg.mol, as quoted by

97, Evidence for specific benzene-wa-

Edsall and Mackenzie
ter interactions comes from studies by Backx and Gold-
man98, who observed non-classical rotational behaviour of
D20 in water/benzene solutions and anticipated a weak
hydrogen bond between H20 and the benzene pi-electron
cloud. Though there has been experimental work on the

57'99, there

hydrophobic interaction of benzene molecules
is little known at the molecular level about the nature of
benzene hydration. To explore the aqueous hydration of the
phenyl group and to determine the nature of the hydrophobic
and hydrophilic effects in this system, we have extended our
computer simulation studies to [C6H6]aq at 25°cC.

While this work was in progress, Karlstrom et.al.19?
reported a new theoretical determination of an intermolecu-
lar potential function for the benzene-water interactions
using quantum mechanical calculations. A novel means of cor-
recting for the basis set superposition error was intro-
duced. Comparison of the Karlstrom et.al. results with
those of the potential function used for our study give an

indication of the sensitivity of calculated interaction

energies to basic assumptions in the theoretical methodol-

ogy.
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Calculations.
Statistical thermodynamic (T,V,N) ensemble Monte Carlo
calculations were carried out on [C6H6]aq using a

8@ incorporating the force

modified Metropolis procedure
bias method’® and preferential samplin989 for conver-
gence acceleration. The system for study was comprised of
216 rigid particles, one benzene molecule and 215 water
molecules. The simulation was performed at a temperature of
25°C and a density determined from the experimentally
observed partial molar volume of water and benzene??. The
condensed phase environment of the system was provided by
means of face centered cubic periodic boundary conditions,
which provide in excess of two complete hydration shells for
the solute. Convergence characteristics and statistical
error bounds on each of the calculated quantities was moni-
tored by control functions based on the method of batch
means. Full details of the Monte Carlo methodology are given
in Chapter III,.

The N-particle configurational energies of the system
were calculated under the assumption of pairwise additivity
in intermolecular interactions using potential functions
determined from ab initio quantum mechanical calculations.
For the water-water interactions we continue to use the
MCY-CI(2) potential developed by Matsuoka et. al.sg, and
representative of moderately large configuration interaction

calculations on the water dimer. For the calculation of ben-
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zene-water interactions, a potential function was
constructed from the 12-6-1 functional form and the transf-
erable parameters determined from minimal basis set
LCAO-SCF-MO calculations by Clementi et. a1.101, The net
charge on C and H were taken to be -.2 and .2 respectively,
obtained from molecular orbital calculations wusing Clemen-
ti's basis set in the Gaussian-88 system of programs.

For the benzene-water potential, no direct test of qual-
ity is available. Slices of the potential energy hypersur-
face for the benzene-water interaction computed from the
potential used in this study is shown Figures VI.l and VI.2,
Benzene-water interaction energies in the molecular plane
(Figure VI.1l) and perpendicular to the molecular plane (Fig-
ure VI.2) are found to be worth about 3 kcal/mol stabiliza-
tion energy. The function recertly developed by Karlstrom
et. al.1?? shows a similar placement of in-plane and out-
of-plane energy minima in the benzene-water surface, with
corresponding energy minima of -1.9 and =-2.9 kcal/mol
respectively. The discrepancy in the out-of-plane interac-
tion energy as computed by the two approches is quite small.

The difference in the in-plane binding energy, about

1 kcal/mol, is not expected to influence the results on

solution structure from the simulation, but the effect of
such a difference on energetics 1is more complicated to
predict and will be discussed below. The benzene-water
interaction energies in both the cases are slightly greater

than the about 1 kcal/mol found for methane-water interac-
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Figure VI.l-Isoenergy contour surface for benzene-water
dimer in the molecular plane of benzene. Lowest energy is
labelled A, and corresponds to -2.9 kcal/mol. Each successive

contour increases in energy by 1.0 kcal/mol.
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Figure VI.2-Isoenergy contour surface for benzene-water
dimer in the plane perpendicular to the molecular plane of
benzene, bisecting the molecule. Lowest energy is labelled A,
and corresponds to -2.9 kcal/mol. Each successive contour

increases in energy by 1.6 kcal/mol.
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tions and less than the 5 kcal/mol intermolecular hydrogen
bond between water molecules. The benzene-water stabiliza-
tion energy is therefore in a range reasonable for a hydro-
phobic~like dipole-induced dipole interaction or a weakly
hydrophilic hydrogen bonding interaction.

In the computer simulation, all potential functions for
water-water interactions were truncated at a spherical
cutoff of 7.75 ﬁi whereas the benzene-water interaction
energies were treated under the minimum image convention.
No solute-solute interactions are included and the simulated
system then corresponds to a dilute aqueous solution.

The complete simulation involved a total of 17060K con-
figurations. The initial configuration was a random distri-
bution of non-overlapping particles. The initial 708K
configurations of the sampling was treated as equilibration
and was discarded, and ensemble averages were formed over
the remaining 1000K configurations. The convergence profile

for the calculation is shown in Figure VI.3.
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Figure VI.3-Convergence profile for the force-bias,
preferential sampling augmented Monte Carlo simulation on
[C6H6]aq' Mean energy is denoted as B and mean energy for

batches of size 50K is denoted as gsﬂ'
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Results.

The calculated internal energies and related quantities

for [C6H are collected in TableVI.i The quantities

G]aq
entered here are the mean energy U of the system (NS=1,

NW=215), the energy Uy of 215 water molecules in

[H20]l at 25°C, U the corresponding energy of

WI!

solvent water in [C6H6] US' the calculated

aq’
partial molar internal energy of transfer for C6H6 into

water, and finally US' and U the solute-

rel
solvent and solvent-solvent contributicens to U, .

S

Each of these is formally defined in Equations 1-12 and Fig-
ure VI.4 of a previous paper from this laboratory by Swami-
nathan et.alg.3 The calculated molecular distribution
functions and analysis thereof for [C6H6]aq at 25°C
follow. The analysis formalism follows that described by
Mehrotra and Beveridgelaz, except where noted. The
results are displayed first on a solute atom-by-atom basis,
then developed in terms of C-H and C6 fragments, and
finally extended to indices referred to the entire C6H6
solute molecule. The interpretation and implications of the
results are discussed in the following section.

The solute atom- solvent water radial distribution func-
tions are described in the following paragraphs. Two forms
of these functions are presented for each atom: a) a "total"

solute stom-water radial distribution function

ggﬁt(R), conventionally defined, and b) a solute

R R TT R TN
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Table VI#-Calculated Internal Energies for the Dilute

Aqueous Solution of Benzene at 25°C in kcal/mol.
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Ugy (Ny=215,Ng=1)
Uy  (Ny=215)

Uy (Ng=215)

Ogs

Urel
Og
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A
-1929.89
-1859.75
-1869.29
-60.60
-9.55
-78.15

B
-1861.59
-1859.75
-1864.42

2.83
-4.77
-1.86

A- Results from simulation as described in Calculations

section. B- Results from simulation based on benzene-water

potential with attractive region set to zero everywhere.
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o
1

AW
molecules designated "primary" to the solute atom based on

atom- water g, (R) describing only those solvent water
the proximity criterion, 1i.e. those waters closer to that
atom than to any other. This g(R) is renormalized to the
volume element of the truncated spherical shell of the Voro-
noi polyhedron associated with the primary region of the
solute atom. The gggt(R) and g{%(R) are
collected for each solute atom on a single graph, together
with the corresponding running coordination numbers.

The calculated solute-water radial distribution functions
of the benzene carbon and hydrogen atom in [C6H6]aq
are shown in Figure VI.4. All solute atom-water radial dis-
tribution functions refer to the center-of-mass of water
molecules unless otherwise noted. The total gCW(R) and
the géZ(R) for carbon, symmetry averaged over the six
carbon atoms, and the corresponding running coordination
numbers are given in Figure VI.4a. The total g(R) shows two
peaks, each relatively broad, sincé both in-plane and out-
of-plane solvent molecules are included together. The
gCW(R) for carbon by virtue of the proximity criterion,
describes mainly those water molecules above and below the
C6 hexagon in benzene. A well defined first shell with a
maximum value at 3.2 X is evident. Integrating this shell
up to RC=4.5 g gives a value of .37 water molecules per

carbon atom in this region.

The total and primary radial distribution functions and
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running coordination number for the benzene hydrogen atom,
also symmetry averaged, are shown in Figure VI.4db. The
gé;(R) is of most interest, and shows a maximum at
2.2 X. The peak decays slowly to minimum at4.0 X. The
area under the curve indicates 3.42 waters are included in
the first shell for each hydrogen. Here a composite of in-
plane and out-of-plane solvation is reflected even in the
g (R) .
We turn now to an atom by atom analysis of the primary
solvation of the carbon and hydrogen atoms of benzene in
aqueous solution by means of quasicomponent distribution
functions, This analysis is based on the g£;(R) and
the RC values discussed above. The distribution XC(K) of
primary solvent coordination numbers K for benzene carbon
and hydrogen atoms is shown in Figure VI.5. For the carbon
atom, Figure VI.5a, the distribution ranges from # to 2 with
an average K = #.39. For hydrogen, Figure VI.5b, the distri-
bution ranges from 2 to 5, with 3 and 4 being the maximum
contributors, and R=3.23.

The distribution XB(V) of binding energies for water
molecules primary to the benzene atoms in [C6H6]aq is
shown in Figure VI.6. For the carbon atom, Figure VI.6a,
the distribution ranges from -4.5 kcal/mol to 8.5 kcal/
mol with Z/ =1.07 kcal/mol. For hydrogen the range is from
~14.0 kcal/mol to =-4.0 kcal/mol with 2 =-9.46 kcal/

mol.
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Figure VI.4-Calculated total(----) and primary(- - =)
solute-solvent radial distribution functions and the
corresponding running coordination numbers on an atom by atom
basis in [C6H6]aq. These distributions are symmetry averaged
over six carbon atoms(a) and six hydrogen atoms(b) of

benzene.
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Figure VI.5-Calculated symmetry averaged QCDF for primary

solute-solvent coordination number on an atom by atom basis

in [CGHG ] aqg
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Figure VI.6-~Calculated symmetry averaged QCDF for primary

solute-solvent binding energy on an atom by atom basis in

B et e I GRRY R TS ol I IUr T NI St1 e . . PG Sttt




230

[CGHG]Oq’ T=25°C

H atom (ave)
16} , v7=-9.46 kcal/ mol

b

O I N N N N D B e

o C atom (ave) .
40 o v=-1.07 kcal/mol

241
16

ol f/ .
L

| i | 1 ]
20 -16 -12 -8 -4 0O 4 8 12 16 20
v (kcal/ mol) —




231

The computed distribution functions XP(G) for
solute-water pair interaction energy € are given in Fig-
ure VI.7. For carbon, Figure VI.7a, the distribution ranges
from -3.6 kcal/mol to 1.8 kcal/mol with the most proba-
ble € value being -2.5 kcal/mol and with €=-1.64
kcal/mol. For hydrogen, XP(G) ranges from -4 to 2.5
kcal/mol, with the most probable € being -1.2 kcal/mol
and €=-1.02 kcal/mol. The out-of-plane benzene-wa-
ter interactions are slightly stronger energetically than
the in-plane interactions.

The above results can be combined to produce a descrip-
tion of the local solution environment of benzene in
[C6H6]aq in terms of the C-H group and the C6 frag-
ment and also the entire C6H6 molecule. The groupwise
distributions for coordination numbers, binding energies and
pair interaction energies are shown in Figures VI.8 ,VI.O
and VI.10 respectively. Of particular interest is the C6
coordination number distribution, with contributions from
K=0,1,2 and 3 and R=2.34. This shows that essentially
one water molecule above the plane and one below comprise
the first hydration shell of the pi cloud of benzene in
[C6H6]aq' with a corresponding pair interaction energy
placed on the average at about -3. kcal/mol and a distri-
bution favoring bound values.

The distribution of the various analysis quantities

referred to the entire molecule is shown in Fig-
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Fig. 7-Calculated symmetry ayeraged QCDF for primary solute-

solvent pair energy on an atom by atom basis in [C6H6]aq'
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Figure VI.8-Calculated symmetry averaged QCDF for primary

solute-solvent coordination number on a functional group

basis in [C6H6]aq'
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Figure VI.9-Calculated symmetry averaged QCDF for primary

solute-solvent binding energy on a functional group basis in
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Fig. 1l@-Calculated symmetry averaged QCDF for primary

solute-solvent pair energy on a functional group basis in

[C6H6]aq.
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Figure VI.l1-Calculated radial distribution function and
the corresponding running coordination number on a molecular

basis in [C6H6]aq'
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Figure VI.12-Calculated QCDF for primary solute-solvent

coordination number on a molecular basis in [C6H6]aq'
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Figure VI.13-Calculated QCDF for primary solute-solvent

binding energy on a molecular basis in [C6H6]aq°
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Figure VI.l4-Calculated QCDF for primary solute-solvent

pair energy on a molecular basis in [C6H6]aq'
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ures VI.11-vI.1l4. The first hydration shell of benzene is
seen to involve from 19 up to 26 water molecules, with
R=22.1. The average total binding energy for water
molecules is -60.6 kcal/mol. The pair interaction energy
extends from -3 to @ kcal/mol, with the contribution at
€=0 coming from all the distant waters. The average

pair energy is -1.68 Kkcal/mol.
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Discussion.

The essential structural features of the aqueous hydra-
tion of benzene emerging from the simulation results is a
first hydration shell consisting of 23 water molec-
ules,shown in Figure VI.15. 21 of the first shell waters
can be associated primarily with H-region hydration and 2
are associated with hydration of the benzene ring above and
below the carbon skeleton. Further insight into the nature
of the calculated hydration can be obtained by examining
details of the 1local hydration of the benzene ring C-H
groups and pi electron cloud in individual structures con-
tributing to the simulation. A stereo view of the computer
generated Dreiding model of the benzene hydration complex is
shown in Figure VI.16; the "bonds" in the figure connect
oxygen atoms of water molecules that are within hydrogen
bonding distance. This figure reveals the cage-like fea-
tures of the benzene hydration complex. Quite a few puckered
pentagonal forms can be discerned, but also contributions
from higher and lower order polygonal forms. The irregular-
ity of the polygons is a natural consequence of thermal
disorder in the system at ambient temperatures. For the
in-plane interactions, the number of waters and the spatial
extent of the hydration shell are consistent with previous
examples of hydrophobic hydration found in simulations on
dilute aqueous solutions of alkyl group containing molec-
ules. The average pair interaction energy of water molec-

ules primary to the CH groups at -1.08 kcal/mol turns out



250

Figure VI.l15-Stereographic view of a significant molecular

structure contributing to the statistical state of [C6H6]aq.
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Figure VI.l16-Stereographic view of Dreiding models of the
first hydration shell of benzene taken from the Monte Carlo
simulation described herein on [C6H6]aq at 25°C. Water

o
oxygens within 3.2 A are bonded.
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to be significantly closer to corresponding value computed
for methane water interactions in [CH4]aq suggesting
that the apolar solute-water interactions are quite similar
in both the cases, and essentially hydrophobic.

The hydration complex above and below the molecular
plane, Figure VI.17, features two water molecules, one on
each side of the benzene ring, located one above and one
below the center of the pi-electron cloud. A hydrogen atom
on each water molecule extends into the pi-cloud, towards
the center of the molecule. and a mean pair energy of -1.64
kcal/mol is associated with this structure. The single
water molecules interact with a set of second shell waters
which extend over the carbon atoms, and articulate with the
H-region waters completes the benzene hydration. It is
interesting to note that the in-plane and out-of-plane
potential minima in the pairwise interaction energy surface,
both about 3 kcal/mol, give rise to quite different hydra-
tion structures in the simulation. The pi-cloud hydration
structure is favoured by both a weak hydrogen bonding inter-
action and by steric factors, since the hydrogen atom of
water can be accomodated better than the oxygen in the pi-
cloud. The relative importance of these two effects are
discussed below.

Partial molar internal energy of transfer for benzene
calculated from simulation results comes out to be ~70.15

kcal/mol with error bounds estimated to be +30.0 kcal/
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Figure VI.17-Space filling model of benzene and two water

molecules primarily belonging to the pi-cloud.
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mol. This calculation used a value of -8.65 kcal/mol.for
the energy of water as calculated in a previous study64.
A recent, 3000K long run using the force-biased sampling
scheme predicted a value of -8.75 kcal/mol for the energy of
waterlg3. Using this value, the partial molar internal
energy of transfer of benzene is calculated to be -48.6
kcal/mol, with the estimated error bound still about +30.0
kcal/mol. The calculated transfer energy also has a large
error associated with it due to the fact that it is a small
quantity derived from the difference of two large numbers
known only with a considerable degree of statistical uncer-
tainity. This number can also be expected to be quite sensi-
tive to the well depth of the benzene-water interaction
energy in the in-plane region. The energy difference of 1
kcal/mol between the function used herein and that of Karl-
strom et. al. propagated over 28 in-plane interactions
could change the calculated transfer energy by 30%.
Experience with similar problems in liquid water systemlm4
ihdicates that the calculated structural characteristics of
the system are not highly sensitive to small changes in
energetics, and thus the description of the essential nature
of the benzene hydration complex set forth herein is
expected to remain valid.

Finally, we pursued the question of sensitivity of
results to choice of potential function, with an additional

simulation, identical to that previously described, except

that the attractive part of the benzene-water potential was
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everywhere set to zero. The complete simulation also
involved 1700K configurations with ensemble averages formed
over the last 1000K. The computed energetics are given in
column II of Table 1. Here the transfer energy is reduced
to -1.86 kcal/mol, still with large error bounds. Thus, the
attractive part of the benzene-water potential influences
the transfer energy significantly, with the experimental
vaue bracketed by the two simulation results reported her-
ein. The structural indices turned out to be essentially
insensitive to this change in benzene-water potential, which
indicates the steric contribution to the structure of the
pi-cloud to be quite significant. Although a water hydrogen
is proximal to the pi-cloud in this model, the natﬁre of the

interactions is not exclusively hydrophilic.
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CHAPTER VII.

Monte Carlo Computer Simulation Study of the Hydrophobic

Effect.

Potential of Mean Force for the Stacking of Two Benzenes.
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Interactions between the nucleic acid bases are a signi-
ficant feature of the three dimensional structure of the
nucleic acidsl®3, These interactions are stabilized by
hydrogen bonding between the bases in the molecular plane
and by the out-of-plane stacking. Thermodynamic stu-
diesl®8 on the aqueous solutions of the nucleic acid bases
show that the vertical stacking of bases has characteris-
tics of hydrophobic bonding. Stacking interactions may
also be stabilized by dispersion forces between the pi-
clouds of the molecules. A prototypical system for the
study of the stacking of molecules with delocalized pi-elec-
tron systems is [(C6H6)2]aq. In this chapter we
describe the calculation of the potential-of-mean force
wss(R), between benzene molecules 1in water wusing Monte
Carlo simulation augmented with umbrella sampling and con-
vergence acceleration techniques. General aspects of ben-
zene-benzene interactions are considered, but the calcula-
tions reported herein are confined to interactions along the
vertical stacking coordinate.

Hydrophobic interactions between benzene molecules in
water has been demonstrated by thermodynamic measurements
from Tucker and Christian®’ and Dutta-Choudhury et.
al.99, with the negative deviations from Henry Law cons-
tants obtained in these studies attributed to benzene
association. Tucker and Christian also noted that the GHI
for benzenes in water was comparable to GStacking gqung

for purines and pyrimidines. The only theoretical study on
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the hydrophobic interaction of benzene molecules comes from
Rossky and Friedmann66, who applied Gurney model to calcu-

late the thermodynamics of benzene association. The calcula-
tions supported the results of Tucker and Christian, but
could not propose the microscopic nature of the benzene

association in water due to 1limitations inherent in their

methods.
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Calculations.

The calculation of wss(R) for two benzenes in water
proceeded in a manner similar to that used for two methanes
in water, i.e. umbrella sampling techniques. Here gSS(R)
were obtained for three small overlapping windows on the
intersolute coordinate R and were subsequently matched to
produce gSS(R) over the range of interest. The weighting
function used to constrain the movement of the benzenes is a
harmonic potential, the effect of which was removed by the
standard procedures in umbrella sampling theory.

The calculations decribed herein are intended as a direct
extension of studies on hydrophobic hydration of benzene and
hydrophobic interaction between methanes. The potential
function used to describe water-water pair interactions was
that of Matsuoka et.al. based on quantum mechanical calcula-
tions. The nature of this potential function has been dis-
cussed in previous chapters. Both benzene-water and ben-
zene-benzene interactions were modeled using empirical
potential functions developed by Karlstrom et. 21.19% £rom
quantum mechanical calculations. The functional form of
this empirical potential function is

V(r)= [Air"1+Bir_4+Cir_6+Dir"9+Eir—12:]
where the summation is over the interatomic pairs
C-0,C-H(water), H(benzene)-0 and H(benzene)-H(water) for
benzene-water interaction and similarly over C-C, C-H and

H-H over benzene-benzene interaction. The coefficients

P - . — e it . —
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Ai'Bi'Ci’Di and E; for both benzene-water interac-

tions and benzene-benzene interactions are given in Tables vIL-1
and VIriAThe potential energy hypersurface for benzene-water
interactions show two noticeable minima. The first is worth
-2.9 kcal/mol and corresponds to the interaction of water
molecule with the pi-cloud of benzene, and the second worth
-1.9 kcal/mol arises from the in-plane benzene-water inter-
actions. Potential surfaces for these interactions were
given in the preceding chapter. The benzene-benzene inter-
actions are more complex due to the variety of possible
dimer configurations. The global minimum in the benzene-ben-
zene potential energy surface is worth =-2.6 kcal/mol and
corresponds to the benzenes perpendicular to each other. 1In
this configuration one of the C-H bonds of the benzene
points directly into the pi-cloud of the other benzene. The
interaction between the stacked benzenes, which is the one
of most interest in this study, is rather weak and has a
minimum of -.3 kcal/mol. There is no direct experimental
test of quality for benzene-water and benzene-benzene poten-
tials.

In order to make a direct comparison between the results
of this calculations and those of hydrophobic hydration of
benzene, it is essential to use the same potential functions
in both the study. 1In the study of hydrophobic hydration of
benzene we used the potential functions of Clementi et.
al.1?l to describe the benzene-water interactions whereas,

here we use Karlstrom's potential for the same. This change
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Table VII.1The benzene-water parameters for Karlstrom
potential. The first entry in the first column refers to the

atom in benzene and the second refers to the atom of water.
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8 Hi 2 3 4 S '
ROKHANE jIA B c D E

1. C-0 133.658 163.883 |~-2586.96 [44883.5 16993?.%
2. C-H “-16.829 -94.375 |858.81 -65086.8 | 27667,
3. H-0 ll—33.658 -176.163 |1144.37 |-5848.7 [13935.
4. H-H n16.829 186.514 [-642.56 [2238.8 [3119.7
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Table y17.2The benzene-benzene parameters for the

Karlstrom potential.
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0 Bl 2 3 4 5
ROMNAHE [l B c D E

1. C-C jj?.sass 29,468 |-325.44 |16005.6 | 194320, |
2. C-H ||-7.3365 |27.889 [-286.6 [1641.5 |27667.
3. H-H ]?.3365 -26.31 [114.73 |-596. 3119.7
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was done because Karlstrom potential is available for both
benzene-water and benzene-benzene interactions in the same
form. The potential of Clementi et. al. was not extended to
benzene-benzene interactions. The hydrophobic hydration of
benzene emerging from the work of Karlstrom et. al. using
the Karlstrom potential is not much different from that
emerging from our study using the Clementi et. al. poten-
tial, and a direct comparison is possible.

Monte Carle simulations in this study were carried out
using the Metropolis method augmented with Force-bias method
and Preferential sampling method to accelerate the conver-
gence of the results. The convergence acceleration methods
are discussed in the methodology section. The system for
this study consisted of two benzenes in 510 waters, config-
ured under face centered boundary conditions with a spheri-
cal cutoff treatment of the potential. Since our interest
was to study the wss(R) for the stacking of benzenes, the
benzenes were restricted to move only along their C6 axis.
They were allowed to rotate, resulting in the sampling of
eclipsed and staggered configurations of benzene dimer.
However in all configurations, the two benzene rings are
parallel to each other.

Three points on the intersolute coordinate were chosen,
4.5,5.0 and 5.5 g, were chosen as the origin of umbrella
sampling windows. The first two simulations were run using

o
Ro values of 4.5 and 5.5-A and failed to produce over-
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lapping segments of (R). Then an intermediate window

Iss
centered at 5.0°A was introduced into the calculation to
ensure proper overlapping. The region of intersolute coor-
dinate spanned in each window is considerably less than
those in previous studies on spherical apolar molecules such
as methane and argon. Harmonic restoring potentials with a
force constant of 1.5 kcal®A? were used to define the
three windows. The density of the system was calculated from
the experimental molar volumes of water and benzene. All
calculations in this study correspond to 25°C. For each
window 2.5x186 configurations were sampled and the initial
1.x1p6 configurations were discarded for equilibration.

All properties reported in this study were calculated from

the last 1.5x1p° configurations.
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a Discu

The gss(R) calculated for the three windows are given
in Figure VII.1. For window 1 the point of origin chosen
at 4.5 X corresponds to the solute-solute contact dis-
tance of 2.2 K along the C6 axis of benzenes. This dis-
tance was estimated from the peak in gBW(R) corresponding
to the hydration of pi-cloud of benzene. In this realiza-
tion, the intersolute region from 3.6 to 4.8 g is sampled.
Maximum in gSS(R) for the first window falls at 4.3 X
and the distribution is rather smooth.

Window 2 has the point of origin at 5.6 ‘A and was found
to sample the intersolute coordinate from 4.1 to 5.8 i.
The maximum in gss(R) for the second window falls at 5

R. The third window, with the point of origin at 5.5 A
spans the intersolute region from 4.6 to 6.4~§ with the
maximum at 5.2’&.

The gSS(R) for the three windows were matched on the
basis that the points in the overlapping region should coin-
cide and a single gSS(R) was generated. The wSS(R) cor-
responding to this gSS(R) is given in Figure VII.2. The
oscillatory behaviour in wss(R), noted in previous studies
is clearly evident. Two distinct minima at 4.3 and 5.1 &
are found. The wSS(R) calculated from the simulation is
arbitrary. The additive constant can be determined by
assuming that the second virial coefficient®’ of benzene

in water arises from the stacking interactions of benzene.
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Figure VII.1-Calculated radial distribution function gg4(R)
plotted against intersolute separation R for each of the
three windows of umbrella sampling for [(C6H6)2]aq at 25°cC.

®, Window 1; o, window 2; W, window 3.
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Figure VII.2-Calculated potential of mean force wg (R) as a

function of R, after matching, for [(CgHg)ylaq at 259,
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Figure VII.3-Calculated potential of mean force wgg(R) as a
function of R, after shifting the wgg(R) in Figure VII.2 to
correspond to the experimental virial coefficient, for

[(CgHg)2laq at 25°C.
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This approximation produces the wss(R) in Figure VII.3,
where the values of wSS(R) look reasonable. The approxima-
tion used in calculating the absolute wSS(R) is not com-
plete for several reasons. Experimental virial coefficients
correspond to wSS(R) calculated by allowing benzenes to

move freely, whereas in our study the wss(R) corresponds

to only the stacking. Therefore the absolute WSS(R)
reported in Figure VII.3 should not be taken as quantita-
tively correct. We are however suggesting a method to relate
the experimental virial coefficient to the arbitrary
wss(R) calculated from the umbrella sampling methods, and
furthur studies along this line seems worthwhile.

The first minimum in wss(R) corresponds to the contact
benzene pair and the second minimum to a solvent-separated
pair. The solvent-separated pair is not one where a full
water molecule separates the benzenes; the nature of the
arrangement of water in this configuration is discussed in
the following section. The distance between the two minima
is rather small compared to previous studies. The two
minima have essentially the same depth and the calculated
statistical weights suggest that the solvent-separated form
is favored strongly over the contact form. It has to be
noted that Pratt and Chandler predicted that the wss(R) to
have lower second minimum if the solute-water interactions
are stronger than the solute-solute interactions. In our

study the benzene-benzene interactions are weaker than the

benzene-water interactions and thus the form of calculated

e e T U A R
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wss(R) may be explained by Pratt and Chandler's proposi-
tion. The system of two benzenes in water differs consider-
ably from the system of two methanes studied previously, as

discussed below.
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Analysis of results,

The calculated statistical weights for the contact and
solvent-separated benzene pairs show a strong preference for
the latter. In this section we present an analysis of the
molecular nature of these structures in terms of goO(R)
and goH(R)’ where e refers to the center of mass of the
benzene dimer. The g@O(R) for window 1, Figure VII.4,
shows well defined shell structure around the benzene dimer.
The first shell with respect to the center of mass of ben-
zene dimer is defined by the peak in g@o(R) at 4 g and
by the minimum at 5 g. This shell contains a layer of six
water molecules within 5 X of the center of mass of ben-
zene dimer and these waters were found to be situated in
between the two benzenes. The peak in geO(R) at 5.6 g
can be assigned by referring to the hydrophobic hydration of
benzene in the preceding chapter. The gBW(R) calculated
for [C6H6]aq has a peak at 3.5’3 referring to the
water molecules assigned to the pi-cloud of benzene and
another peak at 4.5-% referring to the waters proximal to
the C-H bonds in benzene. In window 1, the benzenes are
separated by an average distance of 4.3 g and the waters
proximal to the pi-clouds of benzenes from the direction
away from the contact region and the waters proximal to the
C-H bonds fall at a distance of about 5.6‘5 from the cen-
ter of mass of benzene dimer. The peak in ch(R) at
8.5 § arises from the long range shell structures of C-H

bond hydration. The distribution g.H(R),Figure VII.5, has

. - - e et
“ g« ST U U S UN



l.

280

Figure VII.4-Calculated g,o(R) for [(CgHg)2lgq for window
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Figure VII.5-Calculated g.H(R) for [(C6H6)2]aq for window
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essentially all the features of g.o(R) and is shifted by
about l'g in the direction of 1lower R values. The first
peak at 3.4 ﬁ refers to the first shell of six water
molecules discussed above. The observation that the first
peak in geH(R) for window 1 occurs at a distance .6 X
shorter than the corresponding peak in geO(R) suggests
that on the average the hydrogens tend to be closer to the
region of contact between the benzenes than the oxygens.
The region of contact in window 1 refers to the contact
region of the pi-clouds anad we note that there is already a
tendency for the hydrogens to approach the region in between
the pi-clouds. This tendency of hydrogen to point towards

the pi-cloud was noticed in [C6H and was found to

6]aq
arise from the favorable interaction between the hydrogen
and pi-cloud and also because a hydrogen fits inside the
hole in the pi-cloud better.

A typical structure representing the contact benzene pair
hydration 1is given 1in Figure VII.®6. The layer of water
molecules considered as the first shell for the benzene
dimer is specially marked. A careful analysis of these
waters shows that there are at least two water molecules
with one of their hydrogens pointing at the pi-cloud. The
rest of the waters just f£ill the space and engage in mutual
hydrogen bonding. The separation between the. benzenes is

not large enough to let hydrogens penetrate in between the

benzenes.
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Figure VII.6-Typical structure corresponding to most

probable configuration in window 1.
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The hydration of the pi-cloud of benzenes from the direction
away from the contact region of benzenes is also seen in
these structures. The hydrophobic hydration of the C-H
bonds of benzenes can also be seen in Figure VII.6.

The distribution functions geO(R) and geH(R) for win-
dow 2 are presented in Figures VII.7 and VII.S8. In this
window the average separation between the benzene rings is
5.1 A. The first peak in g_,(R) is shifted by 1 R clo-
ser to the center of mass of benzenes compared to the
g’o(R) for window 1. This is certainly the result of more
available space between the benzene molecules. The first
shell still contains only six water molecules and a compari-
son of geO(R) and 9@H(R) for window 2 shows again the
hydrogens to be closer to the contact region of benzenes
than oxygens. The second peak 1in goO(R) has shifted to
slightly larger distance and 1is not as smooth as the
g.O(R) for window 1. This can also be explained by refer-
ence to the results from the study on [C6H6]aq. With
the benzene-benzene average separations of 5.1 ﬂ, the
water molecules proximal to the pi-cloud of benzene are at
a different distance from the waters proximal to the C-H
bonds of benzene. This distorts the second peak in g,O(R)
and also makes it wide. The layer of six water molecules
defining the first shell of the benzene dimer has moved clo-
ser to the contact region by 1 £ compared to window 1. A
typical structure representing the benzene dimers in this

window is provided in Figure VII.9. An examination of sev-
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Figure VII.7-Calculated g4o(R) for [(CgHg)alaq for window
2.
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Figure VII.8-Calculated gyu(R) for [(CgHg)2laq for window

2.
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Figure VII.9-Typical structure corresponding to most

probable configuration in window 2.

SR DARIRE G A € e i e B B S I ML o ot U, - e




293




1

RLARTTIA g Lmen a e e e e

294

eral structures show that the hydrogens of water molecules
in the first shell are better accomodated in the region bet-
ween the benzenes than before. There are very few struc-
tures where both the hydrogens are pointing directly at the
pi-clouds of benzenes. However, several structures showed
that two water molecules in the first shell situated them-
selves such that one hydrogen from one of them pointed
directly at the pi-cloud of one of the benzenes and the
hydrogen from the other water pointed directly at the pi-
cloud of the other benzene. Such hydrogens were found to be
closer to the pi-clouds of benzenes than found in window 1.
The rest of the waters in the first shell were found to fill
the space in between the benzenes and formed hydrgen bonds
with the rest of the waters as in window 1. This analysis,
combined with the statistical weight of the configurations
in window 2 suggests that the separation of about 5.1 g
between the benzenes gives enough room for a layer of six
water molecule to intervene between the benzenes and stabi-
lize such structures over contact benzene pairs.

The distribution functions goO(R) and goH(R)' Fig-
ures VII.1® and VII.1ll, for window 3 1is very similar to
those for window 2, though the benzene-benzene separation in
this window is about .4 g larger. This shows that despite
a larger benzene-benzene separation, the six-water first
shell does not get any closer to the region in between the
benzenes than when the separation was only 5.1 g. A typi-

cal structure representing this window 1is given in Fig-



295

Figure VII.1@-Calculated ggqn(R) for [(C6H6)2]aq for window
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Figure VII.1l-Calculated g.H(R) for [(C6H6)2]aq for window
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Figure VII.l12-Typical structure corresponding to most

probable configuration in window 3.
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ure VII.1l2 and resembles Figure VII.S8 very‘much.

In Figure VII.13, we present a structure where only the
first shell waters of the benzene dimer are shown. This
space filling model represents a statistically significant
configuration in window 3 and includes the waters within
4 Xof the center of mass of the benzene dimer and in bet-
ween the benzenes. Figure VII.1l4 shows the space filling
model of pi-cloud hydration reproduced in this study.

Further analysis was done on some interesting orienta-
tional correlations. These results indicated that the ben-
zene dimer prefers the eclipsed configuration over staggered
configuration in both the contact and solvent-separated
forms. The distribution of the angle between the center of
mass of benzene dimer, the closest hydrogen of waters in the
first shell and oxygen showed slight prefernce for the
angles 68° and 120°. The configurations of water molec-
ules corresponding to these angles and correspond to the
hydration of the pi-cloud of benzene in the region between
the benzenes.

The above analysis predicts that even when benzenes are
at contact there is a layer of six water molecules in bet-
ween the planes of the benzene rings, showing a considerable
tendency to get in between the benzene rings. On increasing
the benzene-benzene distance to 5.1 g these waters tend to
push themselves into the region between the benzenes 1 :

closer and further increase of benzene-benzene distances
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Figure VII.13-Space filling model of benzene and water
molecules within 4 ﬁ of the center of mass of benzene dimer

and in between the planes of the two benzene molecules.
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Figure VII.l4-Space filling model of the benzene pi-cloud

hydration.
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upto 5.6 X does not change the hydration picture signifi-
cantly. We therefore propose that the HI between the ben-
zenes involves a considerable contribution from solvent~-se-
parated structures where the benzenes are separated by a
distance of 5.1’5. The solvent-separated structures here
do not imply a full water molecule in between the benzenes.
The nature of this solvent separated form is described ade-
quately in the above paragraphs. The shoulder in wss(R)
at 5.6 A suggests that there are certinly other solvent-
separated minima in the wss(R) possible. What we have
demonstrated in this study is that there is even a short-
range solvent-separated HI between benzenes that has a
higher statistical weight than the contact benzene pairs.
The picture emerging from our study may be extended to the
stacked nucleic acids in biomolecules. The distance between
the molecules containing pi-clouds,in the direction of
stacking need not have large space to accomodate a water in
between to realize a solvent separated pair. As demons-
trated by this study there are interesting intermediate
short-range solvent-modulated interactions that may be free
energetically more favorable over the direct contact pairs.
This study differs from the previous simulation studies
on molecular associétion in that the solutes are restricted
to move only along the vertical stacking direction. Such a
restriction was added because our primary aim is to simulate
a prototype for the base stacking found in nucleic acid

structures. The calculated wss(R) shows two distinct
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minima, indicating a contact benzene pair and a short-range
solvent-separated benzene pair, occuring at a distance con-

siderably 1less than The shape of

O—benzene"' z{;ter )
wss(R) for stacking of benzenes suggests the possibility

of several long-range solvent separated benzene pairs, but
in this study only the short-range solvent-separated benzene
pair is characterized. In this connection, we note that Par-
thasarathy et. al!DEk;ave found intercalated waters in the
crystal structures of purines and pyrimidines, These cor-
respond to long-range solvent-separated pairs and it would
be interesting to extend the calculations reported herein to

study such pairs.
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