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The roles of hydrogen bonding and the hard core of water on hydrophobic hydration are clarified using
Monte Carlo simulation and the test particle method to compare the cavity formation in water with that in a
Lennard-Jones (LJ) fluid with the same molecular size and density. Similarities and differences in the cavity
formation in the two fluids are examined in terms of the free energy, the energy change, and the change in
the coordination number upon cavity formation. The free energy of cavity formationat a giVen densityand
the decrease in the coordination number around cavities in water are similar to those in the LJ fluid. These
similarities are due to geometrical restriction of the hard core of molecules. The effect of the hydrogen
bonding of water can be seen in the coordination-number dependence of the average energy of one molecule,
regardless of whether water is in bulk or in the hydration shell. The temperature dependence of the correlation
between the coordination number and energy can explain both the temperature dependence of hydrophobic
enthalpy in the thermodynamic level and that of molecular energy changes near cavities in the molecular
level. We conclude that combining the water-specific coordination-number dependence of energy (the
hydrogen-bonding effect) with the decreased coordination number around hydrophobic groups (the hard-core
effect) explains the special characteristics of hydrophobic hydration, such as iceberg formation, the entropy
decrease at room temperature, and the large positive heat capacity change.

1. Introduction

Hydrophobic effects play a very important role in various
molecular phenomena such as protein folding, lipid membrane
formation, and molecular recognition. Elucidating the molecular
mechanism of hydrophobic hydration will contribute to the
understanding of such phenomena. Furthermore, the under-
standing of the mechanism itself is also interesting and a
challenging issue.

Solubility data of nonpolar molecules in water have been
widely used as an indicator of hydrophobic effects.1-8 The
“pseudo chemical potential” proposed by Ben-Naim provides
the theoretical background which bridges the experimental data
and the statistical mechanics.1,2,9-11 Solubility data have been
parametrized in various ways, such as coefficients of solvent-
accessible surface area of molecules, and have been widely
applied to estimation of hydrophobic effects of molecules.3-8

The characteristics of thermodynamics of hydrophobic hydra-
tion are summarized as follows:12 (1) There is a large positive
solvation free energy upon the solution of hydrophobic mol-
ecules. (2) At room temperature, entropy dominates the free
energy. At high temperatures (110-200°C), instead of entropy,
enthalpy dominates the free energy. (3) There is a large positive
heat capacity change of solvation.

To explain these characteristics, numerous theories and
hypotheses concerning the molecular mechanism of hydrophobic
hydration have been proposed over the past several decades.
The most widely accepted explanation is “iceberg formation”.13

The decrease of the entropy upon hydrophobic solution at room
temperature is explained as the formation of an iceberg around
nonpolar groups. The heat-capacity increment is explained as
the iceberg melting. There is experimental evidence of strength-
ening of hydrogen bonds around hydrophobic solutes.14 Re-

cently, using the random network model and Monte Carlo
simulation, Madan and Sharp15,16 observed icelike hydrogen
bonds of water around nonpolar groups.

There is another point of view concerning the effect of the
water structuring (such as the iceberg) on the hydrophobic
effect.12,17,18 At high temperatures, the entropy change becomes
small (or zero at the temperature at which the iceberg is
considered to have melted). However, the free energy change
is larger at high temperatures than at room temperature.
Therefore, it was concluded that the water structuring does not
strengthen the hydrophobic effect but weakens it, and that the
main contribution to the hydrophobic effect comes from the
breaking of the hydrogen bonds.

Both theories, iceberg formation and hydrogen-bond break-
age, are based on the hydrogen bonding of water. However,
there are studies that take another approach concerning the
hydrophobic effect. In these studies, the hard core of water
molecules is more important to the hydrophobic effect than the
hydrogen bonding of water is. Pierotti19-21 showed that the
scaled particle theory (SPT), which is a hard-sphere fluid theory,
can be used to predict the hydrophobic solvation free energy.
The theory only uses the molecular size, density, and pressure
of water as inputs and does not explicitly include any special
features of hydrogen bonding of water. The effect of hydrogen
bonds of water is implicitly taken into account through the size
and density of water. On the basis of the SPT, it was pointed
out that the origin of the hydrophobic effect is the smallness of
water.22,23 The importance of the hard-core overlap between
solvent and solute was also pointed out using methods other
than the SPT by Lee.24 He divided a hydrophobic solvating
process into subprocesses and, using Widom’s potential distri-
bution theory, concluded that exclusion of the hard-core overlap
between solvent and solute is most responsible for the hydro-
phobicity. Madan and Lee25 calculated the free energy of cavity* To whom correspondence should be addressed.
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formation in water and simple Lennard-Jones (LJ) fluids, which
have almost the same size and density as water, and they found
that both free energy values are very similar.

The two approaches look very different: one is based on the
hydrogen bonding of water, and the other is based on the hard
core of water. A unified physical picture of hydrophobic
hydration, which includes the essence of both types of theory,
needs to be developed. Numerous computer simulations15,16,26-42

and integral equation studies43-52 have been done on hydro-
phobic effects. Such explicit water simulations and theories
can give insights into such a unified picture. Pohorille and
Pratt37,38studied the cavity formation in various liquids including
water and found that the cavity work predicted by the SPT is
20% below the numerical data of water. They concluded that
the free volume of water is distributed in smaller packets because
of a hydrogen-bonding network and that the hard-sphere liquid
finds more ways to configure its free volume in order to make
a cavity. However, they did not calculate how the hydrogen
bonding of water is changed by cavity formation, and the role
of the hydrogen bond remains unclear. Lazaridis and Paulai-
tis39,40 examined the hydrophobic entropy in terms of the
molecular correlation function. They divided the hydrophobic
entropy into translational and orientational entropy, but a detailed
physical picture of the roles of the hard core and hydrogen bonds
of water was not made clear. Matubayasi41 studied water
geometry around hydrophobic solutes but did not study its
relationship to the free energy or the heat capacity change.
Madan and Sharp15,16 studied the relationship between water
geometry and the heat capacity change using the random
network model but did not consider the free energy of the
hydrophobic solution in their paper.

In this paper, we propose a unified physical picture of the
hydrophobic hydration based on both the hydrogen bonding of
water and the hard-core effect. Cavity formation in the LJ fluid
whose molecular size and density are the same as those of water
is compared with cavity formation in water using the test particle
method. Similarities and differences between the two fluids
are examined in terms of the free energy of cavity formation
and the energy change around cavities, and, then, how change
in the water geometry around cavities causes the energy change
is examined. Furthermore, to understand the mechanism of the
heat capacity change caused by hydrophobic hydration, a
simulation at high temperature was performed. A detailed
picture of iceberg formation around hydrophobic solutes is
clarified from these results.

2. Methods

The free energy upon cavity formation (∆G) was calculated
using the test particle procedure.53,54 First, a Monte Carlo
simulation of the pure liquid was performed, and its configura-
tions were recorded. Then, cavities were generated at random
locations for each configuration and were tested as to whether
they overlapped solvent molecules. From the probability of
success of the insertions, the free energy of the cavity work
was easily obtained using

wherek is the Boltzmann constant,T is the absolute temperature,
and 〈〉0 expresses the ensemble average using the distribution
of solvent configurationsbeforeinsertion of a solute. If one or
more solvent molecules overlap the cavity,∆U becomes
infinitely large; otherwise, it is 0. Therefore, the term exp[-
∆U/kT] is limited to either 0 or 1.

When spherical cavities are inserted, cavities with various
radii can be simultaneously sampled. Letλ beRcavity + Rsolvent,
whereRcavity andRsolvent are the radii of a cavity and a solvent
molecule, respectively. Because any cavity whoseλ is less than
the distance to the closest molecule to a sampled point can be
inserted, a histogram of the distance to the closest molecule
gives the insertion probabilities of cavities with various radii.
Then the free energy of the cavity work for various radii can
be obtained. This method is similar to a method introduced by
Pohorille and Pratt.37 They used a three-dimensional grid to
sample cavities, while we sampled them at random locations.
The efficiency of both methods is almost equal.

The energy change∆E upon cavity formation can be
calculated from the pure liquid simulation by

whereU denotes the potential energy of the pure liquid. If
molecules outside a certain hydration shell are assumed to be
energetically equivalent to bulk molecules, the energy change
equals the following energy change in the shell around a cavity
∆Eshell

where∑i∈shell denotes the summation for molecules within the
shell andnshell is the number of molecules within the hydration
shell. ei is the energy of the moleculei and is defined by

whereuij(r i, r j) is the potential function between moleculesi
and j, and r i and r j are coordinates of moleculesi and j,
respectively. Of course, if one chooses a hydration shell that
covers the overall system, eq 2 is exactly equivalent to eq 3. In
this paper, the shell width for∆Eshell was set to 2.8 Å to
correspond to the first shell of water around cavities, because
the statistical uncertainty of∆Eshell becomes large if more than
one water shell are included. For valid calculation of∆Eshell

when more shells are included, a longer simulation is need.
Previous studies, however, suggest that the first water shell
contributes about 70% of the hydration-energy change.41 We
believe that the energetics of the first water shell reasonably
represent the characteristics of hydrophobic hydration as
discussed in section 3.

All Monte Carlo simulations were done under the following
conditions: A system of 216 TIP4P56 water molecules and a
system of 216 LJ particles were considered. A periodic
boundary condition was applied. All simulations were done
under a constant pressure of 1 atm. Parameters of the LJ
potential were the same as those used by Pratt and Pohorille.38

The parameters were set so that the mean particle-particle
distance at 1 atm would be the same as the oxygen-oxygen
distance of water. LJ interactions and electrostatic interactions
were truncated at 8.5 Å. During each run, at least 4 million
configurations were generated for equilibration, and 20 million
configurations were generated as sampling configurations. To
estimate the statistical uncertainty of the statistical values, we
divided one sequential run into five subruns and obtained the
minimum and maximum values for each run. Coordinates were
recorded at every 2000 configurations. For isobaric sampling,

∆G ) -kT ln〈exp[-∆U/kT]〉0 (1)

∆E )
〈Ue-∆U/kT〉0 - 〈U〉0〈e

-∆U/kT〉0

〈e-∆U/kT〉0

(2)

∆Eshell )
〈(∑i∈shell ei)e

-∆U/kT〉0

〈e-∆U/kT〉0

- nshell 〈ei〉0 (3)

ei )
1

2
∑
j*i

uij(r i, r j) (4)
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we attempted to scale the system volume at every 600
configurations.

3. Results and Discussion

3.1. Cavity Formation in Water and in the Lennard-Jones
Fluid at 300 K. The free energy (∆G) and∆Eshell of inserting
cavities withλ of 0-3.0 Å in water at 300 K were calculated.
To analyze the role of the special liquid structure of water,∆G
and∆Eshell of cavity formation in a simple LJ fluid, which did
not have the special liquid structure (unlike water), were also
calculated and compared with that in the case of water. Figure
1 displays the correlation functions of water and the LJ fluid.
The exclusive distance 2.4 Å of the LJ fluid is observed to be
the same as that of water. The correlation functions beyond
2.4 Å are different, which express the difference of the liquid
structures such as the hydrogen-bonding network of water.

∆G and∆Eshell of cavity formation are shown in Figure 2.
In water,∆Eshell is much smaller than∆G, and this corresponds
to the large entropy decrease at room temperature in hydro-
phobic hydration. On the other hand, in the LJ fluid,∆Eshell is
larger than∆G, which suggests that cavity formation in the LJ
fluid is rather enthalpic. While∆Eshell is very different between

water and the LJ fluid,∆G in water is only slightly larger than
in the LJ fluid. We attempted to clarify the difference between
∆G in water and in the LJ fluid in more detail. In Figure 3,
∆G of cavity formation withλ of 2.5 Å is plotted against the
density of both fluids. Because the density of the system
fluctuates in the isobaric Monte Carlo simulation, configurations
with various densities around the mean value could be sampled.
Both in water and in the LJ fluid,∆G of cavity formation is
the same for the densities 52-56 mol/L. The difference in∆G
of the two fluids in Figure 2 is due to the difference in the
mean densities of the two fluids. Madan and Lee25 also
calculated the free energy of cavity formation in LJ fluids under
constant volume and obtained a free energy close to that of
water. However, they did not adjust the LJ parameter so that
the density was comparable to water at 1 atm. The pressure of
their system is suspected to have been high, and theP∆V term
would not be negligible in such a case. (See the comment in
the ref 25). Because our simulation was performed under
constant pressure and we used an LJ parameter so that the
density is comparable to that of water at 1 atm, theP∆V term
is negligible. Pratt and Pohorille38 adjusted the LJ parameters
and did their simulation under a constant pressure, but they only
compared the average free energy at 1 atm. Our analysis reveals
the density dependence of the free energy of cavity formation.

The similarity of the free energy in water and the LJ fluid is
thought to be related to the fact that the hydrophobic free energy
can be predicted by the scaled particle theory (SPT).19-21 In
Figure 3,∆G as predicted by the SPT is also plotted. We set
the solvent radius in the SPT as 1.35 Å, as Pierotti did. As
pointed out by Pohorille and Pratt,37 near the density of water
(55 mol/L), ∆G of the SPT is lower than the numerical data
for water. Considering that the LJ fluid has the same∆G as
water, the small∆G of the SPT may be due to the difference
between the hardness and softness of the potential function. In
consequence, our results support the hypothesis that the
hydrophobic free energy is mainly determined by the molecular
size and density, and less by the special liquid structure of water.
To understand the molecular mechanism that accounts for the
similarity of the free energy and the difference in the∆Eshell, it
is very important to develop a total view of hydrophobic
hydration, including both hard-core theories, such as the SPT,
and hydrogen-bonding theories, such as iceberg formation.

3.2. The Coordination Number and the Energy Change
upon Cavity Formation. To analyze the relationship between
∆Eshell and the geometrical change of the solvent in the vicinity

Figure 1. Correlation functions of water and the LJ fluid. 3.4 Å is the
threshold distance for calculation of the coordination number. The
numbers on top of this plot are the average coordination numbers of
two liquids. For the LJ fluid, the number of neighboring molecules
within the first minimum of the distribution function is also presented.
(See text in detail.)

Figure 2. Free energy∆G and energy change∆Eshell in the hydration
shell upon cavity formation in water and in the Lennard-Jones fluid at
300 K. λ is the sum of the radii of the cavity and solvent.

Figure 3. Free energy∆G of cavity formation for various densities.
Cavity formation in water (solid line) is compared with that in the
Lennard-Jones fluid (dashed line). The result from the scaled particle
theory (SPT) is also plotted.
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of cavities, the local density is more useful than the global
density used in the above analysis of the free energy. The
coordination number of water, which is defined as the number
of neighboring molecules within 3.4 Å (the first minimum
distance of the water-water correlation function (Figure 1)), is
introduced as a measurement of the local density. To compare
the LJ fluid with water in the same condition, the threshold
distance of the coordination number of the LJ fluid is also set
to 3.4 Å in this paper. Because 3.4 Å is not the minimum
distance of the LJ-LJ correlation function (Figure 1), the LJ
coordination number used in this paper is not the usual LJ
coordination number. However, for convenience, we use the
term “the coordination number” as a measurement of the local
density of the LJ fluid in this paper.

The average energy of one moleculeeave(cn) is plotted against
the coordination numbercn in Figure 4. In the case of bulk
water (Figure 4a), the average energy linearly decreases with
the coordination numbers from 1 to 4 but increases from 5 to
9. This behavior can be explained in terms of the tetrahedral
hydrogen-bonding nature of water. One water molecule can
make a maximum of four hydrogen bonds. Therefore, the
energy linearly decreases with the coordination numbers from
1 to 4. When the coordination number is 5 or more, the water
molecule cannot make hydrogen bonds with all the neighboring
water molecules. The excess neighboring water molecules thus
prevent the stable tetrahedral hydrogen bonding, and the average
energy of one water molecule increases for the coordination
numbers from 5 to 9. On the other hand, in the bulk LJ fluid,
the average energy has no minimum and linearly decreases as
the coordination number increases, because the LJ potential is
isotropic. The average energy for each coordination number
clearly expresses the characteristics of both water and the LJ
fluid.

We also calculated the average energies of shell molecules
around a cavity withλ of 2.5 Å as well as those of bulk
molecules. However, the difference between the values for the
bulk and the shell was small and almost within the statistical
uncertainty, particularly for water (Figure 4a). Therefore,∆Eshell

is not due to the average energy change for each coordination
number but rather to the distribution change of each coordination
number. Figure 5 shows the distribution of each coordination
number,D(cn), in bulk and shell molecules around a cavity with
λ of 2.5 Å. The distribution of the LJ fluid is broader than that
of water, because the volume fluctuation in the LJ fluid is larger.
In Figure 5a, shell water molecules have a larger distribution
of coordination numbers that are 4 or less and a smaller
distribution of coordination numbers of 5 or more compared to
the bulk water molecules. Our results are qualitatively similar
to those of Okazaki et al.28,29 and Chau et al.,42 although they
used different intermolecular potentials. In addition, we
compared the distribution change of the LJ fluid with that of
water. The distribution change of the LJ fluid shows a trend
similar to that of water. The distribution change occurs because
of the geometrical restriction and is not a special feature of
water. If a liquid has the same molecular size and the same
density as water, the liquid will show a similar trend in the
distribution change.

Combining the average energy with the distribution of the
coordination number, we can obtain the energy change for each
coordination number∆Ec

shell(cn). The summation of∆Ec
shell(cn)

is ∆Eshell as follows

Figure 4. Average energy of one molecule against the coordination
number for (a) water and (b) the Lennard-Jones fluid. The energies of
the bulk molecules are compared with those of the shell molecules
around a cavity withλ of 2.5 Å.

Figure 5. Distribution of the coordination number of (a) water and
(b) the Lennard-Jones fluid. Distribution in the bulk molecules is
compared with that in the shell molecules around a cavity withλ of
2.5 Å.

∆Eshell
c (cn) ) {eave

shell(cn) Dshell(cn) - eave
bulk(cn) Dbulk(cn)}nshell

(5)
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wherenshell is the number of water molecules in the hydration
shell. For example,nshell is 20 for a cavity withλ of 2.5 Å in
water. In eq 5,eave

shell(cn) andeave
bulk(cn) are the average energies

of one molecule with the coordination numbercn in, respec-
tively, the shell and the bulk, as shown in Figure 4.Dshell(cn)
andDbulk(cn), respectively, are distributions of the coordination
numbercn in the shell and the bulk, as shown in Figure 5. Figure
6 shows∆Eshell

c (cn) for water and the LJ fluid. In both cases,
∆Eshell

c (cn) for a coordination number of 4 or less is negative
and∆Eshell

c (cn) for 5 or more is positive. That is because the
distribution of coordination numbers of four or less increases,
and the distribution for five or more decreases, upon the change
of the molecular state from bulk to shell, as shown in Figure 5.
Table 1 shows the summations of∆Eshell

c (cn) for cn from 1 to 4
(∆Eshell

1-4) and from 5 to 9 (∆Eshell
5-9). In water,∆Eshell

1-4 is balanced
with ∆Eshell

5-9. In the LJ fluid,|∆Eshell
5-9| is about double|∆Eshell

1-4|.
The reason for this difference is that the average energy for
each coordination number has a minimum at 4 or 5 in water
but linearly decreases in the LJ fluid as shown in Figure 4.

3.3. Physical Picture of Hydrophobic Hydration at Room
Temperature. On the basis of the above results, we can draw
a picture of the hydrophobic hydration as follows: When a
cavity is formed in the liquid, the coordination number of the
molecules around a cavity decreases compared to that of bulk
molecules because of the geometrical restriction (the hard-core
effect). What occurs upon cavity formation isnot an energy
change for each coordination numberbut a decrease in the
coordination number around the cavity. The coordination
number of water can decrease with little energy loss at room
temperature, because the average energy for each coordination
number has a minimum at 4 or 5 in water. In other words, the
linear correlation between the coordination number of water and
the molecular energy is weak at room temperature because of
anisotropic nature of water hydrogen bonding. When a cavity
is formed in water, the number of the water configurations that
have similar energy levels decreases. This leads to the entropy
decrease in hydrophobic hydration at room temperature.

NMR and FT-IR experiments showed that the hydrogen bonds
of water around hydrophobic groups are strengthened.14 This
strengthening can be interpreted as a decrease in the coordination
number.41 According to Matubayasi’s study,41 the water
geometry can be classified into two types, matching and
mismatching. Matching molecules have strong hydrogen bonds,
and mismatching molecules do not. In terms of the coordination
number, matching geometry corresponds to a coordination
number of 4 or less, and mismatching geometry corresponds to
a coordination number of 5 or more. The decrease of the
number of molecules with a coordination number of 5 or more
means a decrease in the mismatching geometry, which leads to
the strengthening of hydrogen bonds around hydrophobic
groups.

From the point of view of dynamics, some experiments have
revealed that water around hydrophobic groups becomes
slower.57 This decreased mobility can also be interpreted in
terms of the coordination number.58,59 Through a molecular
dynamics simulation, Sciortino et al. showed that molecules with
five neighbors diffuse faster than four-coordinated molecules.59

Therefore, the water around hydrophobic groups would become
slower as a result of the lower coordination number.

3.4. Heat Capacity Change of Hydrophobic Hydration.
The change in heat capacity is one of the most important

characteristics of hydrophobic hydration. We applied the
coordination number approach in our analysis of the heat
capacity change during cavity formation.

Heat capacity is a temperature derivative of enthalpy. Two
simulations at slightly different temperatures allow us to
calculate the temperature derivatives of properties theoretically,
but because of statistical uncertainty, it is difficult to obtain
significant values. In this paper, therefore, we chose a high
temperature of 363 K (90°C) for the simulation, so that the
thermodynamic properties could be clearly distinguished from
those at room temperature.

Figure 7 shows∆G and∆Eshell at 363 K. At 363 K,∆G is
slightly larger than at 300 K, but∆Eshell at 363 K is significantly
larger than at 300 K. The change of∆Eshell can be considered
an indicator of the large heat-capacity increment of hydrophobic
hydration. Figure 8 shows the average energy for each
coordination number at 363 K. The minimum again occurs at
the coordination number 5, but the difference in the energy
between 4 and 5 (1.5 kcal/mol) is larger than that (0.08 kcal/
mol) at 300 K. This means that the coordination number 4 has
become less stable. Figure 9 shows the distribution of each
coordination number. The changes in the distributions from
bulk to shell, that is, the increase for coordination number 4 or
less and the decrease for 5 or more, are qualitatively similar to

∆Eshell ) ∑
cn

∆Eshell
c (cn) (6)

Figure 6. Contribution of each coordination number to∆Eshell in (a)
water and (b) the Lennard-Jones fluid.

TABLE 1: ∆Eshell of Water and of the Lennard-Jones Fluids
for the Coordination Numbers 1-4 and for 5-9

∆Eshell
1-4 ∆Eshell

5-9 ∆Eshell
total

water -10.46a (45%f 51%)b 11.18 (55%f 49%) 0.72
LJ fluid -2.83 (43%f 56%) 5.74 (57%f 44%) 2.91

a The unit of the energy is kcal/mol.b The ratio change of distribution
(bulk f shell) of the coordination numbers from the bulk state to the
shell around a cavity withλ of 2.5 Å.
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those at 300 K. However, the distribution change for the
coordination number 4 was smaller than at 300 K.

We also calculated∆Eshell
c (cn) from eq 5 at 363 K and

compared it with the value at 300 K. Figure 10 shows∆
Eshell

c (cn), and we can see that most of∆Eshell
363 K - ∆Eshell

300K is due
to ∆Eshell

c (cn) for the coordination numbercn of 4. The
coordination number of ice is 4, so the increment of∆Eshell

c (4)
reminds us of the melting of ice. From these results, we

developed an understanding of the heat capacity change in
hydrophobic hydration that goes as follows: When a water
molecule changes its state from bulk to shell, its coordination
number changes from 5 or more to 4 or less because of the
geometrical restriction. When the coordination number changes
to 4, the energy becomes more stable or, at least, does not
become unstable. When the coordination number changes to 3
or less, the energy increases. At room temperature, the change
to 4 energetically balances with the change to 3 or less. At
higher temperatures, the coordination number 4 is less stable,
and the ratio of the change to the coordination number 4
becomes smaller than at room temperature. Then∆Eshell

increases. In other words, the linear correlation between the
coordination number and energy becomes stronger at high
temperature than at room temperature. The change of the
coordination number to 4, when water molecules change their
state from bulk to shell, is considered iceberg formation in terms
of the coordination number of water. Thus, the iceberg
formation originates from the geometrical restriction of the hard
core of molecules and the coordination-number dependence of
the energy of water.

3.5. Physical Picture of the Temperature Dependence of
Hydrophobic Hydration. To show a clearer unified physical
picture of the hydrophobic hydration based on the hydrogen
bonding of water and the hard-core effect, we examine the
relationship between the temperature dependence of the free
energy of cavity formation (related to the hard-core effect) and
the energy change near cavities (related to the hydrogen
bonding). The enthalpy change∆H upon cavity formation,
which is supposed to be closely related to∆Eshell, is derived
from ∆G as follows

where the differential is performed under constant pressure. The
right-hand side of this equation is divided into a constant-density
term and a density-dependent term as follows

whereF is the density of the fluids. To estimate the contribu-
tions of the first and second terms on the right-hand side of eq
8 to ∆H, the density dependences of∆G/kT at 300 and 363 K
are shown in Figure 11. For a given density,∆G/kT at 363 K
differs only slightly from∆G/kT at 300 K. Thus, ((∂∆G/kT)/
∂T)F is expected to be positive and small, which means that the

Figure 7. Free energy∆G and energy change∆Eshell in the hydration
shell upon cavity formation in water at 363 K. The values are compared
with those at 300 K.

Figure 8. Average energy of one water molecule against the coordina-
tion number of the water molecule at 363 K. The energies of the bulk
molecules are compared with those of the shell molecules around a
cavity with λ of 2.5 Å. The average energy of one bulk molecule at
300 K is also plotted for comparison.

Figure 9. Distribution of the coordination numbers of water at 363
K. The distribution in the bulk molecules is compared with that in the
shell molecules around a cavity withλ of 2.5 Å.

Figure 10. Contribution of each coordination number to∆Eshell in water
at 300 K and at 363 K.

∆H ) -kT2 (∂∆G/kT
∂T )P

(7)

∆H ) -kT2 (∂∆G/kT
∂T )F

-kT2 (∂∆G/kT
∂F )T (∂F

∂T)P
(8)
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first term on the right-hand side of eq 8 is negative and small.
In Figure 11 it is evident that the slope ((∂∆G/kT)/∂F)T has little
dependence on density and temperature. Thus, the remarkable
temperature dependence of hydrophobic∆H is mainly due to
the term (∂F/∂T)P. The term (∂F/∂T)P for water is zero at 4°C
(at which water has the maximum density) and decreases rapidly
as temperature increases. This is the reason that∆H is small
at room temperature and becomes large at high temperature.
Lee22 and Soda,23 reasoning on the basis of SPT, also pointed
out that the term (∂F/∂T)P makes the leading contribution to the
temperature dependence of∆H. In SPT, the first term is exactly
zero, because SPT is a theory for hard spheres. It is emphasized
that our conclusion that the leading contribution to the temper-
ature dependence of∆H is from (∂F/∂T)P is not based on a hard-
sphere theory but on the more realistic potential of water.

We then examine the relationship between (∂F/∂T)P and
∆Eshell. The term (∂F/∂T)P is expressed as the correlation of
enthalpy and density as follows

At room temperature, because the absolute value of (∂F/∂T)P is
small, eq 9 implies that enthalpy is insensitive to perturbation
of density. At high temperature, the absolute value of (∂F/∂T)P

becomes large and thus enthalpy becomes more sensitive to
perturbation of density. Soda compared the correlation coef-
ficients of the fluctuations in enthalpy and density of organic
liquids and water and pointed out that the correlation coefficients
of water are remarkably more temperature dependent than those
of organic liquids.60 The correlation between water energy and
density also explains the temperature dependence of∆Eshell, as
discussed in section 3.3. In the vicinity of cavities, the
coordination number of water (which can be considered as the
local density of water) becomes lower than that of bulk water,
but the energy change (∆Eshell) is small at room temperature,
because of the weak correlation between the coordination
number and molecular energy. At high temperature, the
correlation of water energy and the coordination number of
water becomes stronger and thus∆Eshell becomes larger. We
emphasize that both the temperature dependence of∆H in the
thermodynamic level and that of∆Eshell in the molecular level
can be explained from the same viewpoint: the temperature
dependence of the correlation between energy and density. And,
the temperature dependence of the correlation is due to the
anisotropic nature of the hydrogen bonding of water, as seen in
sections 3.2 and 3.4.

It is necessary to note that our analysis is limited to small
cavities, and our conclusion may not apply to larger cavities.
We can nonetheless discuss the relation between our results and
the insights obtained from previously reported publications
concerning water near large cavities or a planar wall. Computer
simulations61,62 and integral equation studies63-65 indicate that
water molecules close to large cavities or a planar wall form
the “icelike” structure and that water-density profiles near large
cavities are characterized as the significant “dewetting” (the
decrease of local density). When an idealized icelike struc-
ture61,62,64is in contact with a surface, water forms two layers
separated from each other by about 0.5 Å. Water molecules in
the first layer have the coordination number 3, and water
molecules in the second layer have the coordination number 4.
This is consistent with our result, which is that the number of
4-or-less coordinated molecules increases around small cavities.
Water molecules in the two idealized layers form normal
hydrogen bonds to the neighbor molecules. Hydrogen bonds
of many (e.g., 6 or more) coordinated molecules near surfaces
may be strained. Considering the dewetting at surfaces,
however, we expect probability of molecules with such high
coordination numbers to be very small.

4. Conclusion

In this paper, the free energy and the energy change of cavity
formation in water and in an LJ fluid whose size and density
are the same as those of water were calculated using the test
particle approach. Our understanding of the effect of the
hydrogen bonds and the hard core of molecules on the
hydrophobic hydration can be summarized as follows:

(1) The free energy of cavity formation in waterat a giVen
densityis mainly determined by the hard-core effect.

(2) The leading contribution to the temperature dependence
of ∆H of cavity formation is from the temperature dependence
of density; that is, from the correlation of enthalpy and density.

(2.1) At room temperature, the small∆H is due to the weak
correlation between enthalpy and density.

(2.2) At high temperatures, the large∆H is due to the stronger
correlation between enthalpy and density.

(3) Near cavities, the coordination number of water (which
can be considered as the local density of water) becomes lower
than the coordination number of bulk water because of the hard-
core effect.

(4) The effect of the hydrogen bonding of water can be seen
in the coordination-number dependence of the average energy
of one molecule, regardless of whether water is in bulk or in
the hydration shell.

(5) Combining the water-specific coordination-number de-
pendence of molecular energy with the decreased coordination
number around cavities explains the temperature dependence
of the energy change∆Eshell near cavities.

(5.1) At room temperature, the energy change near cavities
(∆Eshell) is small because the coordination number can decrease
with little energy loss. The correlation between the energy and
the coordination number (local density) of water is weak.

(5.2) At high temperatures, the decreased stability of 4-co-
ordinated water caused the stronger correlation between the
energy and the coordination number (local density) of water.
And then the energy change near cavities (∆Eshell) becomes
large.

(6) Both the temperature dependence of∆H in the thermo-
dynamic level and that of∆Eshell in the molecular level can be
explained from the same viewpoint: the temperature dependence
of the correlation between energy and density.

Figure 11. Free energies of cavity formation for various densities at
363 and 300 K.
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(7) The correlation between energy and density is determined
by hydrogen bonding of water. This is the major role that the
hydrogen bonding of water plays in hydrophobic hydration.

Coordination-number analysis is a simple but powerful way
to examine the hydrophobic-hydration mechanism because the
coordination number provides a link between the density of
liquid and the energetics. In the future, adding some parameters
of the hydrogen bonds of water will extend our method to the
solvation of polar groups, and this will provide an analysis
method for various solvation phenomena, such as protein
folding.
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