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Abstract

The free energies of cavity formation in water with and without hydrogen bonding potential were computed from
the results of a set of Monte Carlo simulation calculations on pure liquid TIP4P water model and on the same model
but with the electrostatic charges turned off (Lennard-Jones liquid). The free energies of cavity formation in the
Lennard-Jones liquids are higher than or approximately equal to t}lose in TIP4P water, depending, respectively, on
whether the Lennard-Jones size parameter ¢ is set equal to 3.15 A, which is the value of o for TIP4P water, or to
28 ;\, which is the commonly assumed value for the oxygen-oxygen distance between two hydrogen-bonded water
molecules. This result indicates that changes in the hydrogen-bonded structure of water and/ or in the orientational
degree of freedom of water are not essential features in the production of the large free energy change upon cavity

formation.
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1. Introduction

Non-polar molecules dissolve freely in non-
polar liquids but their solubility in water is ex-
ceedingly small. Surprisingly, the molecular
mechanism for this well-known phenomenon,
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called hydrophobicity in this article, is still a
matter of much debate. Since Frank and Evans
[1], the hydrophobicity has been attributed to the
formation of low entropy structures, originally
called the ‘iceberg’, around the solute molecules
in water. However, many computer simulation
studies performed in the past decade [2-8] indi-
cate that an ice-like structure formation does not
occur in water at room temperature. Also, the
integral equation theory of Pratt and Chandler
[9], which is highly successful in reproducing the
experimental thermodynamic quantities of hydra-
tion, works without assuming any particular struc-
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ture formation around the added solute molecule
beyond the structure that is already present in
pure water. The orientational degree of freedom
of water molecules immediately surrounding the
solute molecule is obviously different from that of
those in the bulk. This difference has only re-
cently been quantitatively, albeit approximately,
translated into the entropy change {10,11]. How-
ever, it has been suggested that such an entropy
change is always accompanied by a compensating
enthalpy change so that its effect on the free
energy change, and therefore on the solubility, is
small [12~16].

Whereas the ‘iceberg’ hypothesis attempts to
explain hydrophobicity in terms of the hydrogen
bonding property of the water molecules, an en-
tirely different argument is possible based on the
small size of water molecules. It has been known
for a long time [17,18] that the essence of hy-
drophobicity is in the difference in the work of
cavity formation in water and in non-agqueous
solvents, probably because the van der Waals
interaction between an apolar solute and the
solvent is approximately the same in all liquids at
ordinary temperature and pressure [19]. The work
of .cavity formation depends on the size of the
solvent molecules; if the volume density is the
same, it is more difficult to produce a cavity of
given size in the liquid of small molecules than in
that of larger molecules. This is because the
empty space in the liquid of smaller molecules is
expected to be broken into correspondingly
smaller pieces than that in the liquid of larger
molecules. Thus it is more difficult to find a piece
of empty space large enough to accommodate a
given size cavity if the molecules of the solvent
are small than if they are large. Another way of
looking at the same effect is to recognize that the
work of cavity formation in a liquid must depend
on the ratio between the size of the cavity to that
of the solvent particles, since the latter defines
the length scale of the system. Therefore a cavity
of given size hecomes effectively bigger when the
size of the solvent molecules is reduced. It has
been argued [20-22] that this effect is large
enough to account for essentially all of the free
energy difference observed in the phenomenon of
hydrophobicity.

In an effort to assess the importance of the
latter effect, Pohorille and Pratt [23] computed
and compared the free energies of cavity forma-
tion in water with those in various organic sol-
vents such as n-hexane, n-dodecane, n-undecyl
alcohol, chloroform, and carbon tetrachloride.
They concluded that, even though the fraction of
free volume is larger in water than in the organic
solvents, the free volume in water is indeed dis-
tributed in smaller packets, consistent with what
is expected from the small size of water molecules.
Therefore, it is harder to find large cavities in
water than in the organic liquids. Using scaled
particle theory, they estimated that this effect
amounts to 80% og the total free energy of cavity
formation of 2.0 A size. Guillot et al. [24] also
calculated the free energy of cavity formation in
water by simulation and similarly concluded that
it is only about 16% higher than the scaled parti-
cle theory result for the Ar- and methane-sized
cavities.

Another way to shed light on the relative im-
portance between above two competing possibili-
ties is to compute and compare the free energies
of cavity formation in a model water and in a
reference liquid, which is just like the model
water but with the hydrogen bonding potential
turned off. If the hydrogen-bonded structure for-
mation and/ or the loss of orientational degree of
freedom of water molecules were the important
factor in determining the hydrophobicity, the free
energy of cavity formation would be much lower
in the liquid with the hydrogen bonds turned off.
On the other hand, if the size were the control-
ling factor, the cavity free energies would be
similar in the two liquids. Since the cavity free
energy is simply related to the number of natural
cavities that occur in the pure liquid [14], such a
study can be made from pure liquid simulations
alone without explicit introduction of a hard
sphere [23].

Tanaka [25] studied such pure systems. Al-
though he did not report the values of the free
energy of cavity formation itself, it can be seen
from his cavity distribution data that the free
energy of cavity formation is higher in the refer-
ence liquid. This strongly indicates that solvent
molecular size is the overriding feature for the
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hydrophobic effect. More recently, Pratt and Po-
horille [26] studied similar systems, concentrating
mainly on the contact correlation function G(A),
which is basically the rate of change of the free
energy with respect to the cavity size. They found
differences in the values of this function for the
model water and the reference liquid. However,
the differences appear to be small compared to
the size of the hydrophobic effect. These results
of Tanaka [25] and Pratt and Pohorille [26] will
be discussed further when they are compared
with the results of this paper.

In the present study, we computed the free
energies of cavity formation in a model water
liquid, TIP4P [27], and in a reference liquid,
which is the same TIP4P model but with the
electrostatic interaction turned off. Consistent
with Tanaka's [25] data, we find that the free
energy of cavity formation is higher in this refer-
ence liquid than in water. We trace the reason for
this behavior to the increase in the effective size
of the solvent molecules when the hydrogen
bonding potential is turned off. When the size of
the solvent molecules is adjusted so that it is the
same as that of the effective size of hydrogen-
bonded water molecules, the cavity free energies
become comparable for the two liquids.

2. Method

Only the pure liquid systems were simulated.
The Helmholtz free energy, A A, of cavity forma-
tion was calculated from the ensemble of pure
liquids using the following formula [14]:

Ad = kT In{), (1)

-where { is the ratio of the cavity volume to the
total volume of the system, the angled brackets
indicate the ensemble average, and other symbols
have their usual meanings. The volume ratio ¢
was calculated numerically by counting the num-
ber of cubic grid points that fall within a cavity of
given size over those in the entire system [23,26].
The grid interval used for this calculation was
0.55 A. A smaller interval of 0.2 A was tried with
TIP4P water and found to yield indistinguishable
results.

Two related, but different, measures of cavity
size are used in this article. One is the center-to-
center distance R. This is defined so that the
centers of the solvent molecules are excluded
from a spherical region of radius R [28]. The
second measure is the cavity radius, r_, which is
defined as the radius of the spherical region from
which any part of any solvent molecules is ex-
cluded. If the solvent molecules are hard spheres
of radius r,, the two definitions of cavity size are
related by R =r_+ r,. The advantage of using the
center-to-center distance, R, is that it is defined
independent of the radius of the solvent
molecules, which is often assumed to have differ-
ent values by different authors. On the other
hand, the size of a cavity is more naturally de-
fined by r.. For instance, when the free energies
of cavity formation in solvents of different sizes
are compared, the comparison should be made at
the same value of r, rather than of R. (We are
indebted to Dr. Alex Rashin for this point.) In
this work, we used R for all calculations, but the
results are reported using both R and r_. The
value of the latter was calculated assuming that
the effective hard core diameter of the solvent
molecules is given by the Lennard-Jones o pa-
rameter of the liquid potential for all liquids,
including the TIP4P model water. The calcula-
tions were done for a set of R values in incre-
ments of 0.45 A.

The liquid water model used was TIP4P of
Jorgensen et al. [27). The first reference liquid
without the hydrogen bonding potential was iden-
tical to this water model except that all charges
were set to zero. We shall refer to this liquid
model, which consists of the Lennard-Jones po-
tential alone, as LJ3.15. (The number 3.15 is the
value of the o parameter in the potential func-
tion.) Later, we also made calculations on a sec-
ond reference liquid, which is identical to the
first except that t!le value of the o parameter was
changed to 2.80 A. This liquid will be refetred to
as LJ2.8. The simulations were done at 25°C and
under the same constant volume for all three
liquids. The same volume, rather than the same
pressure, was chosen because the two reference
liquids will have the density of a gas and behave
like a gas if kept under the same pressure as the
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TIP4P water at the same temperature. The e
parameter of the Lennard-Jones potential was
kept the same as that for the TIP4P water. This is
in contrast with Pratt and Pohorille [26] who used
a reference liquid with altered e parameter. The
relation between this work and the work of Pratt
and Pohorille will be discussed in section 4.

The computer program used to generate the
liquid ensembles was the Monte Carlo simulation
program BOSS, version 3.3 [29]. Initially a 750-
molecule system of TIP4P water, which is sup-
plied as a part of the BOSS program package,
was equilibrated for 1.2 X 10° Monte Carlo steps
at 25°C and 1 atm. One configuration towards the
end of this constant pressure equilibration run
was chosen as the starting structure for the con-
stant volume runs for water and for the two
different Lennard-Jones liquid models. This con-
figuration had a density of 0.997 g cm™>, Each
system was again equilibrated at 25°C under the
constant volume for 2.25 X 10% steps. The cavity
calculations were made from ten consecutive runs
that were then made on each system. Each run
consisted of 3x 10 Monte Carlo steps, from
which 3000 evenly spaced configurations were
selected for calculation. The precision of the cal-
culation was estimated by observing the variation
in the ten runs.

The computed results were compared with
each other and with the results of the scaled
particle theory calculations. The scaled particle
theory was slightly modified as follows. In the
original expression for the free energy of cavity
formation [28)], the third-order term in R was
equated with the pressure-volume work in pro-
ducing the cavity. In our constant volume system,
however, the pressure-volume work is zero. We
therefore modified the free energy expression to
retain only up to the second-order term in R and

Table 1

redetermined the three coefficients by requiring
that the free energy and its first two derivatives,
computed separately for the two domains, R <r,
and R>r,, agree at R=r,, where r; is the
radius of the solvent molecule. The new expres-
sion turns out to be identical to that of ordinary
scaled particle theory, but with the pressure terms
deleted. All scaled particle theory calculations
were done using the same number density and
the two different solvent radii used in the
Lennard-Jones liquid simulations.

3. Results

The results of the free energy calculation are
shown in Table 1 and Fig. 1. The free energy
could not be computed for values much higher
than 40 kJ /mol because the free energy formula
of Eq. (1) depends on observing naturally occur-
ring cavities in the pure liquid and, when AA4 is
40 kJ / mol or more, the probability of observing a
cavity at room temperature becomes 1.0 X 10~
or less.

Comparing first the TIP4P water with the ref-
erence liquid of the same o parameter, LJ3.15, it
can be seen from Table 1 and Fig. 1 that, for R
values greater than 1.35 A, the free energy of
cavity formation is always significantly larger in
the reference liquid with no hydrogen bonds than
in water. This phenomenon is almost certainly
related to the effect of the hydrogen bonds on the
distance of closest approach between molecules.
The value of the Lennard-Jones size parameter,
o, used was 3.15 A for both liquids, which is the
value for the TIP4P water (27). However, because
of the hydrogen bonds, the molecules in TIP4P
water can come closer to one another than those
in the Lennard-Jones liquid. This can be seen

The free energy of cavity formation, AA, in kJ/mol as a function of the center-to-center distance, R, in three different model
liquids. The numbers in parentheses are the standard deviations, given in units of the last digit of each given mean

RA) 045 0.90 135 1.80 225 2.70 315 3.60
TIP4P 0.032(0) 0.266(0) 1040 3.08(0) 7.07(3) 13.6(2) 23.09) 373)
L1238 0.032(0) 0.266(0) 1.04(0) 3.19(2) 7.57(1) 14.8(3) 25.5(3) 41(3)
Li3.15 0.032(0) 0.266(0) 1.040) 3.51(0) 9.72(1) 214 4002) -
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clearly from the radial distribution function, g(r),
for the two liquids shown in Fig. 2: the curve for
the LI3.15 (broken line) peaks at approximately
31 A near the value of the o parameter, but the
curve for the TIPAP water (solid line) peaks at
approximately 2.8 A. This difference in the dis-
tance of closest approach will affect the free
energy of cavity formation because, if two sys-
tems, A and B, have equal volume and equal
number of molecules of equal size, but molecules
can come closer to each other in A4 than in B,
then there will be more empty space in the for-
mer and hence less work will be required to form
a cavity in A.

Since the distance of closest approach between
water molecules is 2.8 A it may be argued that a
more relevant Lennard-Jones system to use for
comparison is one with its o parameter reduced
to 2.8 A. We therefore ran identical Monte Carlo
simulations using the LJ2.8 liquid, which is iden-
tical to LJ3.15 except that its ¢ parameter is
reduced to 2.80 A. The distance of closest ap-
proach in this liquid is similar to that in TIP4P

AA (kJ/mole)

00 05 10 15 20 2.5
Cavity Radius (A)

Fig, 1. The Helmholtz free energy of cavity formation, A4, as
a function of the cavity radius, r., as calculated from the
simulation using TIP4P water (solid line with solid circles),
Lennard-Jones reference liquid with o =3.15 A (solid line
with open circles), and Lennard-Jones reference liquid with
o =28 A (solid line with squares) and as calculated by the
scaled particle theory with o =3.15 A (upper dashed line)
and with o = 2.8 A (lower dashed line).
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Fig. 2. The radial distribution function, g(r), for TIP4P water
(solid curve) and for the two Lennard-Jones liquids (broken
line for o = 3.15 A and dotted line for o = 2.8 A),

water as indicated by the first peak of its g(r),
shown in Fig. 2 as the dotted line. The free
energies of cavity formation for this liquid are
included in Table 1 and in Fig. 1. The work of
cavity formation is now quite comparable to that
in the TIP4P water. The scaled particle theory
calculations were also made using the same num-
ber density and the two different solvent radii.
The results of these calculations are included in
Fig. 1.

4. Discussion
4.1. Two effective sizes of a water molecule

Results shown in Fig. 1 clearly indicate that
the calculated free energy of cavity formation
depends sensitively on the size of the solvent
molecules. That the results of the scaled particle
theory calculation is sensitive to the solvent ra-
dius used has been pointed out by many authors
[23,30]. Therefore, when selecting the reference
liquid for comparison with water, it is important
that the size of the solvent molecules be properly
chosen. This task is, however, complicated be-
cause of the fact that there are two sizes associ-
ated with water.
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A common diameter used for water is 2.75 A
[17]. This value is near the first peak of the radial
distribution function of water (Fig. 2) and repre-
sents the distance of closest approach between
two water molecules, which are presumably hy-
drogen bonded. On the other hand, the Lem}ard-
Jones size parameter, o, ranges from 2.96 A for
the Bernal-Fowler model to 3.15 A for the TIP4P
model used here and 3.24 A for the TIPS2 model
[27]. These significantly larger values are presum-
ably the size applicable when the water molecule
interacts with other molecules through the van
der Waals interaction without the hydrogen bond.
When the cavity radius, r_, is to be obtained from
the center-to-center distance, R, it is this size,
and not the distance of closest approach, that
must be subtracted, since we are interested in the
cavity as a substitute for a non-polar solute, which
cannot hydrogen-bond with water.

4.2. Turning off the hydrogen bonds does not re-
duce the cavity free energy

Given this dual effective sizes of water, no
Lennard-Jones liquid of one size will serve as a
completely satisfactory reference liquid: The
molecules in LJ3.15 are effectively too large and
those in LJ2.8 too small. Therefore, if the size
were the controlling factor, one expects that the
cavity free energy in water will fall in between
those for these two liquids. If, on the other hand,
the hydrogen bond rearrangement and/or the
restriction in the orientational degree of freedom
were the essential features of hydrophobicity, the
cavity free energies should be significantly smaller
in both reference liquids than in water. The ac-
tual result, shown in Fig. 1, is that the free energy
of cavity formation in water is significantly smaller
than in LJ3.15 and is essentially the same as that
in 1.J2.8. Thus the calculation unambiguously fa-
vors the former over the latter as the mechanism
of hydrophobicity.

This result is not restricted to the TIP4P model
since Tanaka [23] obtains similar results using the
TIPS model. For example, when his reported
values of ({) are converted to the free energies
according to Eq. (1), the free energies of cavity
formation in the TIPS water and in the ‘simple

liquid’, which is TIPS model with the electrostat-
ics turned off, are 17.9 and 29.1 kI / mol, respec-
tively, at the R value of 2.8 A and 26.7 and 28.;3
kJ/mol, respectively, at the R value of 3.1 A.
Again it can be seen that the free energy of cavity
formation slightly increases upon turning off the
electrostatic interaction in this water model.
(Parenthetically we note that the free energy of
cavity formation in the TIPS model is somewhat
higher than in the TIP4P model at the same
center-to-center distance, R (Table 1). However,
if one assumes that the size of the solvent
molecules in the TIPS model is giveg by the o
parameter for the oxygen atom, 2.82 A, it is 0.33
A smaller than that in the TIP4P model. Thus, if
the free energies are compared at the same r,
value, they are less in the TIPS than in the TIP4P
model.)

Numerous authors [17,19-21,30,31] made free
encrgy calculations using the scaled particle the-
ory and noted that it gives results that agree well
with the experimental and simulation results on
aqueous solutions. Scaled particle theory consid-
ers all molecules as spheres and contains no
notion of the strongly directional hydrogen bonds.
Therefore, it is expected to work on the Lennard-
Jones liquids but its success on the aqueous sys-
tem was surprising. On the other hand, Pratt and
Pohorille [23,26] teported that the scaled particle
theory underestimates the free energy when com-
pared to that from the simulation results. Our
results, shown in Fig. 1, are similar; the scaled
particle theory tends to give smaller free energy
values than the simulation results for the
Lennard-Jones liquids of the same molecular size,
particularly at large cavity sizes. Thus, a judicious
choice of the solvent molecular size is needed for
the success of the scaled particle theory. How-
ever, the fact that success can be obtained at all
appears to be due to the same reason that the
Lennard-Jones liquid gives a similar cavity free
energy as the real water.

4.3. High pressure versus stronger van der Waals
interaction versus hydrogen bonds

It should be noted that the Lennard-Jones
reference liquids used here are under high pres-
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sures: According to the data of Nicolas et al. [32]
on Lennard-Jones liquids, the pressures are esti-
mated to be approximately 7000 and 10000 atm
for LJ2.8 and 1LJ3.15, respectively. Unlike large
hydrocarbon molecules, which form liquids at
room temperature and atmospheric pressure, wa-
ter molecules are even smaller than a methane
molecule and do not exist in the liquid form
without the hydrogen bonds. The high pressures
are therefore necessary in order to preserve the
number density after the hydrogen bonds are
turned off, '

If the cavity is formed under the constant
pressure, the work of cavity formation, AG, is
directly affected by the high pressure since it
includes the pAV term. However, the work of
cavity formation under the constant volume, AA,
is not an explicit function of pressure. This can be
seen from the following general expression for
the free energy of cavity formation in any liquid
[28]:

AA(R) =kTp f41rA2G(A)dA, (2)

where p is the number density of the liquid, the
integral is from A =0 to A =R, R is the center-
to-center distance measure of the size of the
cavity, and G(A), not to be confused with the
Gibbs free energy AG, is the cavity correlation
function defined as the ratio of the number den-
sity of solvent molecules in contact with a cavity
of size A to that in the bulk. Thus, the constant
volume work depends only on the temperature
and the number density of the solvent at the
surface of the cavity during its growth. Pressure
affects the work only indirectly through this num-
ber density.

Pratt and Pohorille [26], who also compared
the properties of cavity formation in water with
that in a Lennard-Jones reference liquid, kept
the pressure of the liquid comparable to that of
ordinary water at room temperature by increasing
the e parameter of the Lennard-Jones potential
by approximately 3.5-fold, from 0.155 kcal/ mol
in TIP4P to 0.541 kcal/mol in the reference
liquid. Thus, this reference liquid has a consider-
ably stronger van der Waals interaction than wa-
ter. The o parameter was also changed to 2.67 A

in order to preserve the distance of closest ap-
proach. They concentrated on the contact corre-
lation function, G(A) and found definite differ-
ences in this function between this reference lig-
uid and the TIP4P model water. However, ac-
cording to their Fig. 4, the difference appears to
be small relative to the total free energy of cavity
formation.

Thus, we have three different liquids in which
the free energy of cavity formation is comparable;
water with its hydrogen bonds, the reference lig-
uid of Pratt and Pohorille [26] with its strong van
der Waals attraction, and the reference liquid of
this study which is under a high pressure. The
common feature among these three liquids is the
similar bulk density and molecular size. Evi-
dently, as long as the bulk density and molecular
size are kept the same, the presence of hydrogen
bonds is not required for the production of the
high free energy of cavity formation.

4.4. Hydrogen bonds ‘bunch up’ the molecules

It is remarkable that the cavity free energy
increases upon simply turning off the hydrogen
bonds under constant volume. This means that,
as long as the density is kept constant, water with
no hydrogen bonds is even more hydrophobic
than real water and that the presence of the
hydrogen bonds actually reduces the hydropho-
bicity. It is clear from the results of this study that
this happens because hydrogen bonds enable wa-
ter molecules to come closer together than if they
were not present. The effect of this ‘bunching up’
is that it leaves more empty space in the system
into which a cavity can be inserted. In the context
of the scaled particle theory, this effect appears
as the reduced effective size of water molecules,
which results in the lower volume packing den-
sity, which in turn reduces the free energy of
cavity formation [22]. The possibility that the hy-
drogen bonds actually help the dissolution pro-
cess has been suggested earlier [33,34] from an
entirely different, thermodynamic perspective.

4.5. Summary

In summary, we found that it is possible to
obtain a large solvophobic behavior from liquids



286 B. Madan, B. Lee / Biophysical Chemistry 51 (1994) 279-289

which have the same van der Waals attraction as
water but which has no hydrogen bonds. What-
ever the mechanism is that produces the solvo-
phobic behavior in these liquids, there appears to
be no reason why the same mechanism would not
operate in the real water. Since the magnitude of
the free energy change produced in these liquids
is similar to or greater than that produced in the
real water model, there is little room for a contri-
bution to the free energy by the ‘structure forma-
tion’, loss of orientational degree of freedom, or
any other change due explicitly to the presence of
hydrogen bonds in water. This result is consistent
with the suggestion [20-22] that the hydrophobic-
ity arises from the small size of water molecules.
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Discussion to the paper by B. Madan and B.K.
Lee

Comments

By A. Rashin

The role of hydrogen bonds in the phe-
nomenon of hydrophobicity that you adress is an
old, important, and unresolved problem. The
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main point of your paper, as I understand it, is
that hydrogen bonds contribute almost nothing to
the free energy of transfer. Your simulations show
that the free energy of cavity formation is the
same in water and in a Lennard-Jones solvent.
Because there is no orientational asymmetry for
Lennard-Jones particles, you conclude that such
asymmetry due to hydrogen bonds in water does
not contribute to the frec energy of transfer.
There is quite a number of statements from work
of others (including our own) which are in dis-
agreement with your conclusion. Therefore 1
would like to formulate a few questions to clarify
where the discrepancy may come from.

(1) Our calculations of hydration entropies
(your ref. [10]) and those from Paulaitis’ group
(your ref. [11]) suggest that orientational entropy
of water contributes significantly to the transfer
entropy. Our calculations are, however, based on
an intvitive model and may miss some factors
(e.g., contributions from water—water orienta-
tional correlations in the bulk solvent). Paulaitis’
calculations are also approximate (truncated at
pair correlations) and may lead to their own
artefacts. The results of these studies suggest that
you may miss something but cannot be consid-
ered as a proof of it (others may disagree with my
judgement here).

(2) A possible problem may concern your dis-
cussion of the role of high pressure. We argue in
refs. [1,2] that free energies of transfer may differ
significantly for transfer into weakly cohesive and
strongly cohesive solvents. In PT transfer there is
no compression entropy change but there is PAV
work required to expand system after the transfer
to maintain the constant pressure. This work is
large for weakly cohesive solvents and negligible
for strongly cohesive ones. In VT transfer there is
no PAV work but there is an equal contribution
due to the compression entropy. In weakly cohe-
sive solvent there will be hardly any other contri-
butions (in non-cohesive compressed ideal gas
there are none). Thus your results and those from
your ref. [26}, where LJ solvent was made highly
cohesive, may differ by PAV work or its compres-
sion entropy equivalent. This term is significant
in your work and negligible in your ref. [26]. As
ref. [26] finds the work of cavity creation in LI

liquid (“imposter 3”) to be somewhat smaller
(= 20%) than in water, the PAV in your simula-
tion will increase this work. 20% is not a negligi-
ble quantity, and may account for the orienta-
tional contribution. Thus, in your study of the
system without orientational asymmetry the free
energy may mimic that of water because of the
compression contribution in your model system.
Peter Rossky, as I recall, posed similar questions.
(3) The comment above is closely related to
the discussion in this Issue of the controversial
“volume terms” in the free energy of transfer.
The controversy may stay with us for the time
being, and so may the problem that you came up
with. Your responses may help to resolve both.

[1] A.A. Rashin and M.A. Bukatin, J. Phys. Chem. 98 (1994)
386.

[2) A.A. Rashin and M.A. Bukatin, Biophys. Chem. 51 (1994)
167.

Responses by B.K. Lee to Comments.

To A. Rashin

(1) I think your work and that of Paulaitis’s
group on the direct calculation of entropy are
very interesting, However, I do have some serious
concerns with the methodology, some of which
have been expressed in my comments to the
paper by Paulaitis et al. in this Issue. Because of
these concerns, I am not willing to accept all the
results of these calculations at this time.

The results and the arguments presented in
this paper are almost entirely at the level of the
free energy change; no attempt has been made to
delineate the possibly many enthalpic and en-
tropic terms that contribute to the cavity forma-
tion process. It is possible, in fact highly likely,
that the enthalpy and entropy changes upon cav-
ity formation are different in water than in
Lennard-Jones liguid. Since the total free energy
changes are similar, the enthalpy and entropy
changes that are different between these two
liquids must be compensating. (See B. Lee, “En-
thalpy-entropy compensation in the thermody-
namics of hydrophobicity” in this Issue.) The
significant orientational component of hydration
entropy values that you and Paulaitis’ group find,
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if confirmed, can be simply compensated by the
correspondingly significant change in enthalpy
due to a better (or worse, depending on the sign
of the orientational entropy term) orientation.

(2) First of all, ref. [26] does not give numbers
- we do not know if the free energy of cavity
formation in their “imposter” liquid is 20% lower
than in the water, although Fig. 4 of this refer-
ence does indicate that the free energy is lower
for the “imposter” liquid than for the TIP4P
water at large cavity sizes. We also do not know
how sensitive this number is to the parameters of
the Lennard-Jones liquid used nor how much
leeway there is in choosing the particular values
for this parameters. I hesitate to consider the free
energies to be meaningfully different until these
questions are cleared up. Certainly, the overall
impression one gets from inspection of Fig. 4 is
that the two are similar, one being higher than
the other at one solute size and the other way
around at a different size. Perhaps Dr. Pratt can
comment on this.

It is true that the pAV term is significant for
the Lennard-Jones liquid and negligible for water
if the cavity formation is done under the constant
pressure. This trivial difference between Len-
nard-Jones liquid and water is one reason why we
do not consider the constant pressure process.
The pAV term is of course zero for the constant
volume process.

For the benefit of some readers, perhaps it is
worth pointing out at the outset that the isother-
mal work of any process is equal to the change in
the Helmholtz free energy whether the process is
carried out under the constant volume or under
the constant pressure. (See any standard thermo-
dynamics textbook, e.g. ref. [1].) For the process
of inserting a solute molecule (or a cavity) in a
liquid, the work done under the constant pres-
sure is given by (34,/dn), and that under the
constant volume by (34 /dn),,. These two quanti-
ties are unequal and related by

(&), (5); g

where the last term is equal to pAV. This relation

states that the work done under the constant
pressure is equal to the non-pAV work, which is
the same as the work done under the constant
volume condition, minus the pAV work. The
Gibbs free energy is defined so that change in the
Gibbs free energy upon a constant pressure pro-
cess is equal to the non-pAV work, which is, by
definition, equal to the net total work done plus
pAV. When the pAl term is substantial, as in the
case of our Lennard-Jones liquids, the work of
cavity formation under constant pressure for the
Lennard-Jones liquid is very different from that
in water; the non-pAV work is the same but the
total work includes the pAV term, which is large
in case of the Lennard-Jones liquid and negligible
in the case of water. The important points here
are that physical chemists are usually interested
in the non-pAV work and that this latter is equal
to the constant volume work even when process is
carried out under the constant pressure condi-
tion.

It seems that you would like to equate the
pAV term of the constant pressure process with
the “compression entropy” of the constant vol-
ume process. 1 suppose that the “compression
entropy” is the entropy associated with the fact
that the volume available to the solvent molecules
is reduced when a solute molecule is inserted at a
fixed point in the liquid. However, it is not easy
to define this term quantitatively. The entropy of
a collection of molecules is not determined by the
volume of its system alone because entropy calcu-
lation involves intermolecular interaction, as you
know very well. There is no simple way to relate
the entropy change upon compression, except
when the intermolecular interaction is simple as
in the ideal gas system. Which interactions do you
single out to include in the “compression en-
tropy” term and which not? Whereas pAV his
an unambiguous definition and is simple to calcu-
late, the “compression entropy” term has an ele-
ment of arbitrariness in its definition and, de-
pending on how it is defined, is potentially diffi-
cult to calculate. I do not know how one can
equate these two terms. The only possibility that
comes to my mind is that one simply defines the
“compression entropy” as the value of —pAV
that would be observed if the process were car-
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ried out under the constant pressure. However,
the “compression enfropy” defined this way will
have no physical meaning for the constant volume
process (except the imagined one derived solely
from its name).

If we nonetheless follow this definition of the
term “compression entropy”, it will be negligible
for TIP4P water (liquid #1) and for the “im-
poster” liquid of ref. [26] (liquid #2), whereas it
will be substantial for our LJ liquid (liquid #3).
You are then suggesting that the cavity free en-
ergy in liquid #1 is higher than that in liquid #2
because the former has the orientational entropy
loss, whereas it is the same as that in liquid #3
because the latter has the “compression entropy”
which would be comparable in magnitude to the
orientational entropy.

My first argument against this suggestion is the
following. As noted in point (1) above, the cavity
free energy in liquid #2 is higher than that in
liquid #1 for certain solute sizes. Straightfor-
wardly interpreted in the context of this discus-
sion, this means that the orientational entropy
change in water is sometimes positive. This is
certainly possible if the orientational degree of
freedom of water molecules around a cavity is
compared with that of water molecules around
another, fixed water molecule. However, the
“compression energy”’ change is always negative
according to the definition given above. There-
fore this suggestion does not explain the fact that
the free energy changes in liquid #1 and liquid
#3 are comparable at all solute sizes compared.

Secondly, as argued in the paper entitled “En-
thalpy-entropy compensation...” in this Issue,
most solvent reorganization processes are likely
to be compensating. Thus, the onentational en-

tropy change, if it is significant, can be expected
to be largely compensated by a corresponding
enthalpy change. The difference that remains af-
ter the compensation is not likely to be of the
magnitude comparable to the sizable “‘compres-
sion entropy” term in liquid #3.

What we argue is that the net free energy
change arises from the size effect, which is com-
mon to all three liquids. The entropy changes are
different in these liquids, but they will be all
compensated by the corresponding enthalpy
changes, except that due to the size effect, which
does not compensate. As stated above, I believe
that the notion of “compression entropy” is hazy
for real liquids. However, depending on how the
“compression entropy” is defined, this term may
contain the size effect of above description, in
which case, the two notions are the same, despite
the different language used. In this case, how-
ever, the notion of “compression entropy” should
be defined to have at least the following two
characteristics: (1) It should be substantial for all
three liquids, including water, since there is com-
pression even for water if the solute is inserted
under constant volume. (2) It should depend on
the intermolecular potential of the solvent
molecules, as well as the volume of compression.
In particular, it should depend on the size of the
solvent molecules, since the entropy loss upon
compression of a (compressed) ideal gas is differ-
ent from that of a hard sphere liquid. Defined to
have these characteristic, the “compression en-
tropy” may in fact capture the notion of the size
effect in this paper.

[1] GN. Lewis, M. Randall, K.S. Pitzer and L. Brewer, Ther-
modynamics, 2nd Ed. (McGraw-Hill, New York, 1961).



