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solute probed by simulation of the water hydrogen
bond angle and radial distribution functions
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Abstract

In order to better characterize changes in water structure induced by a hydrophobic solute the oxygen—oxygen and
hydrogen—hydrogen radial distribution functions (g,,(r), g,,(r)) and the hydrogen bond angle distribution function
p(6) for water molecules in the first hydration shell of the tetramethyl ammonium (TMA) cation were computed
using Monte Carlo simulations. g, (r) and g,,(r) were corrected for the effect of solute volume exclusion on the
local solvent density so that intrinsic structural changes independent of local solvent density variations could be
detected. Comparison of g,,,(r) of TMA’s first hydration shell water with g,,,(r) for bulk water shows subtle but clear
evidence of structure formation induced by the ion. These changes in g,,(r) are very similar to those seen
experimentally for larger tetra-alkyl ammonium ions in previous neutron diffraction experiments. Larger changes in
p(6) in the first hydration shell of TMA were seen. Comparison of changes in p(6) with changes in g, (r) and g,,(r)
show that the angle distribution function provides the most sensitive way to analyze water structure changes
associated with hydrophobic solvation. © 1999 Elsevie Science B.V. All rights reserved.
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1. Introduction

Understanding the hydrophobic effect has been
an important goal in physical chemistry and bio-
physics for many decades because of the domi-
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nant role it plays in many important phenomena
in biology, such as protein folding, protein—pro-
tein interactions, protein—DNA interactions and
micelle formation. The original suggestion of
Frank and Evans that the structure of water
changes to a more ordered state around hy-
drophobic groups on their exposure to water [1]
has been widely accepted, and this is supported
by the measured decrease in entropy upon hydra-
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tion of nonpolar compounds at room temperature
[2]. However, many polar and ionic groups also
induce ordering of water since they have negative
entropies of hydration too [3—5]. The distinction
is that polar hydration produces a decrease in
heat capacity, whereas hydrophobic hydration
produces an increase in heat capacity [2,3,6-9],
indicating a qualitative difference in the water
structuring.

In spite of the wide agreement about the gen-
eral features of the hydrophobic effect, there are
remarkably few direct experimental measure-
ments that reveal the specific changes in water
structure around apolar solutes in solution. One
difficulty is that there are many alternative ways
to characterize water structure, including radial
and angular distribution functions, coordination
number, H-bond lengths and angles, and forma-
tion of multimeric water assemblies, such as pen-
tamers and clathrates [10], but few are experi-
mentally accessible. Techniques, such as infrared,
Raman, and magnetic resonance spectroscopy
provide direct evidence of an increase in the
‘strength’ of hydrogen bonds, and a decrease in
motion within the hydration shell of hydrophobic
solutes [11,12], but these changes cannot be easily
translated into specific structural changes and
interpretation of results from these kind of exper-
iments is model-dependent. X-ray scattering can
provide a direct measure of changes in the water
oxygen—oxygen correlation function, g,,(r) [13],
but this proves to be a rather insensitive measure
of structural changes, partly because the scatter-
ing contains signal from both hydration and bulk
(unperturbed) water oxygens, and from radial dis-
tributions for every solute heavy atom-water oxy-
gen. Another persistent difficulty is that it is hard
to dissolve sufficient nonpolar molecules in water
due to the very nature of the hydrophobic effect,
and therefore to produce enough perturbation to
be seen in experimental studies. Thus the bulk of
the work on structure of water in solutions has
been done on polar and ionic compounds.

To date the most sensitive and direct measure
of water structure changes is neutron scattering
using isotope substitution. This allows individual
radial distribution functions to be extracted. In
particular it allows for direct determination of

hydrogen—hydrogen radial distribution function
g,,(r) and, more indirectly, orientational correla-
tion functions [14-16]. These functions are ex-
pected to be particularly informative about struc-
tural changes in hydrating waters since there is a
high degree of orientational or angular ordering
in liquid water. One might conceive, for example,
of changes in hydrogen bond angle that could
result in significant changes in the water g,,(r),
but which lie within very similar g, (r) envelopes,
and thus be largely invisible to techniques that
measure O-O distances, like X-ray scattering or
H-bond length /strength, like IR spectroscopy.

In a series of elegant experimental studies us-
ing the hydrophobic tetra-alkyl ammonium (TAA)
cations Turner et al. have solved the
insolubility /signal sensitivity problem [14-16].
These ions are soluble in water but show increas-
ingly hydrophobic behavior (positive hydration
heat capacities) as the size of alkyl groups is
increased. Using neutron scattering, Turner et al.
saw sharpening in g,,(r) around the larger TAA
cations, indicating increased structure, but the
effects are not large [16]. For the smallest TAA
ion, tetramethyl ammonium (TMA), no significant
change in g,,(r) was seen [14], yet this ion is
‘hydrophobic’ as defined by a negative hydration
entropy and a positive hydration heat capacity
[4,17].

Due in part to lack of direct experimental
measures of water structure changes, there have
been extensive computer simulations of hy-
drophobic hydration. The conclusions about wa-
ter structuring drawn from these studies are not
clear-cut either. For example from analysis of
radial distribution functions Tobias and Brooks
found little ordering of water around butane [18]
and Wallqgvist found little perturbation of water
structure in the vicinity of methane [19]. On the
other hand, by comparing solute-water oxygen
and solute-water hydrogen radial distribution
functions, Pangali et al. concluded that waters
tend to be oriented with hydrogen bonds parallel
to apolar solute surfaces [20]. While many simula-
tion studies have focused primarily on radial dis-
tribution functions, the importance of analysing
the angular component of water structure has
been recognized [21]. Direct analysis of the water
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dipolar and hydrogen bond direction vectors at
solute surfaces shows that waters tend to be ori-
ented with hydrogen bonds parallel to apolar
solute surfaces [22]. However, a different orienta-
tion of water is seen at flat hydrophobic surfaces
[23] and solute surface regions with different cur-
vatures [24]. At the same time, computer simula-
tions produce quite reasonable thermodynamics
of solvation [25-28]. This suggests that sufficient
water structuring to account for the observed
entropy decreases is occurring in these simula-
tions, but is difficult to say what structural changes
are primarily responsible, in part because there
are alternative ways to characterize water struc-
ture.

This study has two goals: first, to simulate the
structure of water around the hydrophobic cation
TMA, and compare g,,(r) in the first hydration
shell to that determined experimentally [14,16].
Second, to compare different measures of water
structuring. In particular, we would like to recon-
cile the apparently small structural changes seen
in some experiments and theoretical simulations
with the significant ordering implied by the unfa-
vorable entropy of hydration. We base our struc-
tural analysis on the random network model
(RNM) of water [29,30]. In this model three water
structure parameters are considered: the mean
and standard deviation in water—water H-bond
length, » and s, respectively, and the root mean
square water—water H-bond angle, (o2, We
have previously analyzed the structure of water
around a variety of polar and hydrophobic solutes
using this model, and have shown that it can
provide a quantitative explanation of observed
hydration heat capacities [31-33]. In this analysis,
changes in (02)/? were found to be the most
important structural perturbation. Of particular
relevance for the present study, RNM reproduces
the observed differences in the sign of heat capac-
ity of hydration for the cations K™ and Cs*
(negative) and TMA (positive). The latter is an
indication that TMA acts as a hydrophobic group.
Since the RNM analysis can account for the in-
crease in heat capacity that characterizes hy-
drophobic solvation, it provides strong evidence
that a structural analysis of hydrating waters based

on this model focuses on the relevant structural
changes.

2. Methods

A dilute solution of TMA was simulated by
inserting one molecule of the solute into a box of
750 molecules of TIP4P water [34]. The OPLS
potential function is used for the interaction
between water and solute molecule [35]. This, in
conjunction with the TIP4P water potential, pro-
vides accurate hydration free energies for a wide
range of solutes. The configurations of the aque-
ous solutions of TMA were sampled using a
Metropolis Monte-Carlo algorithm implemented
in the program BOSS [36]. Periodic boundary
conditions were used with a cutoff of 12.0 A. The
simulations were performed at 25°C and 1 atm.
pressure. Flexibility of the solute molecules was
not included. The systems were first equilibrated
for 5x 107 Monte Carlo steps, following which
data was collected for 10 consecutive runs of
1 X 107 steps each.

From an initial simulation the first hydration
shell of the solute was determined from the first
minimum of the solute /water oxygen radial dis-
tribution function. During the data collection
runs, an instantaneous configuration of the dilute
solution was analyzed every 1000 steps. The val-
ues of the various interaction energies and radial
distribution functions were computed from these
configurations. For each configuration, water
molecules were then classified as belonging to
either the first hydration shell or the bulk water.
The distance between all pairs of first shell water
hydrogen atoms was computed and a distance
frequency histogram accumulated throughout the
whole run. A similar histogram was accumulated
for the first shell oxygen—oxygen distance. A fre-
quency histogram was collected for H-bond an-
gles between two first shell waters (for waters
within the H-bond cutoff distance of 3.4 A. The
H-bond angle, 6 is defined as the angle between
the O—H vector and the O-0O vector, so a linear
H-bond has an angle of zero. For a given water
pair there are four possible O—H vectors—the
one which makes the smallest angle is chosen.
(See Madan and Sharp [31]).
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The first shell hydrogen—hydrogen and
oxygen—oxygen radial distribution functions were
obtained from the distance frequency histograms
and corrected for local solvent density variations
as follows. The radial distribution function for
solvent atom types X and Y, g, (r), is obtained
from the frequency histogram using:

g, =n,r)/(V(r)p,)=p,0)/p, 1)

where n_,(r) is the frequency of finding an atom
of type Y between r and r+ ér of an atom of
type X, p, is the bulk density of atom type Y, and
py,y(r) is the average local density of Y at a
distance r from X. In a homogeneous solvent, we
simply have V(r)=4mr%r, the volume of a
spherical annulus of radius r, thickness ér cen-
tered on X. However, when considering the radial
distribution function within a solute’s first hydra-
tion layer, for a given r only part of the annulus
may lie within the hydration shell depending on
the solute radius, r,, the hydration shell thickness,
t, and the position of the atom X, r, (Fig. 1). The
annulus thus crosses three regions: the hydration
shell, the bulk solvent, and the solute volume.
Only waters within the first region can contribute
to the first shell radial distribution functions. Thus
both solute exclusion and bulk exclusion result in
a lower local density. This effect is independent
of any intrinsic change due to solvent structural
changes and must be corrected for before changes
in radial distribution function reflecting these sol-
vent structure changes can be extracted from the
simulations. Turner et al. corrected their experi-
mental radial distribution functions for solute
volume exclusion assuming a spherical cavity us-
ing a Fourier transform approach [16]. In this
study we used two alternative approaches, an
analytical approximation and a Monte-Carlo
technique, since these can easily be extended to
account for the hydration shell effect too, and in
the case of the Monte-Carlo method, to non-
spherical solute geometries.

The solute cavity radius and hydration shell
thickness, r, and ¢, respectively, are obtained
from the preliminary simulation used to de-
termine the solute-water X (X =H or O) radial

Excluded shell volume

Hydration
Layer

Fig. 1. Correction for variation in local solvent atom density
due to solute volume and hydration shell exclusion.

distribution. r; and ¢ are taken as the inner
boundary and width of the first peak in this radial
distribution function, respectively. A second data
collection simulation is then run. In the analytical
correction method, during accumulation of the
distance frequency histogram the volume of the
spherical annulus around each solvent atom X
lying within the hydration shell, V;, is computed as
a function of r using r,, t and that atom’s current
value of r, using standard geometric formulae:

V,=dmrdr—V, -V, (2
where

V.= 277r8r(r —(rP=r2+ rxz)/er)
for|r, —rl<r. <(r,+r)
=0 forr,> (r,+r)orr,

<lr,—rland r>r, (3)
and

V,= 27Tr8r(r +(r?—rf+ rxz)/er)
for |r, —rl<r . <(r,+r)
=4mr®sr forr <|r,—rland r>r,
=0 for r, <|r, —rland r <r,

4

where r, =r, +t. These annuli volumes are binned
as a function of r and at the end of the simula-
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tion are used to compute the average annulus
volume lying within the hydration shell for each
given r, {V(r)). {V(r)) is then used in Eq. (1) to
obtain the radial distribution function from the
distance frequency histograms.

In the Monte-Carlo method, points are ran-
domly placed in a cubic volume large enough to
enclose the solute and the hydration shell. The
distance of each point from the solute center (r,)
is computed, and then each point is classified as
lying within the solute (r, <r,), within the first
solvation shell (r, <r, <r, +t), or within bulk sol-
vent (r, >r, +t). The radial distribution function
for pairs of points lying within the first hydration
shell, g,.,(r) is computed using Eq. (1) with V(r)
=47r%r. In effect g,,,(r) is the radial distribu-
tion function expected for a structureless solvent
accounting for solute volume and hydration shell
exclusion. The uncorrected solvent radial dis-
tribution function from the solute simulation is
also calculated using V() = 47r?5r and then cor-
rected by dividing through by g,,,(r). Random
configurations are generated until the distribution
function converges. Using 1000 random configu-
rations of 750 solvent points provided a well con-
verged distribution, and took about 500s on a
Silicon Graphics R10000 processor.

3. Results

The hydrogen—hydrogen radial distribution
function for the first hydration shell water
molecules and for pure water are shown in Fig. 2.
The peak corresponding to hydrogen—hydrogen
distances for both the hydrogen atoms lying on
the same water molecule (the intramolecular
peak) is not shown in this figure because we use a
rigid model of water, TIP4P, in our Monte Carlo
simulations. Thus the first and second peaks in
Fig. 2 should be compared to the second and
third peaks, respectively in the corresponding ra-
dial distribution functions from neutron diffrac-
tion data. For the TMA hydration shell water
results are shown for both the analytically cor-
rected and Monte-Carlo ccgrrected distribuotions,
using the values r,=4.5 A and =64 A de-
termined from the simulation. The two curves are
indistinguishable and go to the expected limit of 1
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Fig. 2. The water hydrogen—hydrogen radial distribution func-
tion for pure water (--+), for the first shell of TMA™ using the
analytical correction (O) or the Monte Carlo correction (0).
The intramolecular peak has been suppressed on this plot.

at large distances, providing confirmation that the
solute volume and hydration shell exclusion cor-
rections are being applied correctly. The slight
oscillations at large r probably result from sam-
pling error, since the number of solvent pairs that
lie within the hydration shell at larger distances is
very small.

Relative to pure water the first peak of the
radial distribution function for the hydrogen
atoms in the hydration shell of TMA is higher
than the corresponding function for pure water,
while the first trough is deeper. The peak to well
ratio for the two peaks are: 1.64 for pure water,
1.73 for the distribution function computed using
an analytical correction for the solute
volume /hydration shell exclusion, and 1.79 for
the distribution function computed using a Monte
Carlo correction. This sharpening is an indication
of structure formation among water molecules in
the hydration shell of TMA. This is clear evi-
dence for the hydrophobic behavior of the TMA
ion. This behavior for an ion, however, is not
surprising in spite of the fact that ions normally
do not show hydrophobic behavior. Experimental
data show that TMA has a large and positive heat
capacity of hydration of 36 cal /mol /K compared,
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for example, to the value of —17 cal/mol /K for
K* [4]. We previously computed the RNM
parameters for the hydrogen bonds formed
between water molecules in the hydration shell of
the TMA ion [33]. We observed that the mean
H-bond length decreased from 2.95 A in pure
water to 2.92 A around TMA, while the RMS
H-bond angle decreased from 29.4° in pure water
to 25.0° around TMA. These decreases in H-bond
angle and length are again characteristic of a
hydrophobic solute and produce a calculated
positive heat capacity of hydration [31-33].

The restructuring of water around solutes is
sometimes described in terms of an effective tem-
perature [37], a lower temperature indicating more
structure. In Fig. 3 the hydrogen—hydrogen radial
distributions for pure water at 25°C and 5°C, and
TMA hydration water at 25°C are compared.
Lowering the temperature and introducing a hy-
drophobic solute have qualitatively similar effects
—a sharpening of the radial distribution function,
although the details are different. The effect of
the solute occurs primarily in the first trough,
while the temperature affects both first peak and
first trough equally. The most widely used mea-
sure of water structure changes in simulations is
the water oxygen—oxygen radial distribution func-
tion. Fig. 4 shows this radial distribution function
for pure water at 25°C and 5°C, and TMA hydra-
tion water at 25°C. Lowering the temperature
sharpens the distribution, as does introduction of
TMA, but, in agreement with other studies [18,19],
the structuring effect of a hydrophobic solute as
judged by this measure is rather small. The mean
H-bond length decreases to 2.93 A at 5°C, com-
pared to the value of 2.92 A for water around
TMA.

The effect of TMA on the H-bond angle
probability distribution, p(6), is large in contrast
to the situation with the radial distribution func-
tions (Fig. 5). In pure water at 25°C p(6) shows a
bimodal distribution, with a predominant popula-
tion of nearly straight H-bonds peaking at 12°C,
and a smaller population of more bent H-bonds
centered at 55°C. Lowering the temperature by
20° decreases the population of more bent H-
bonds slightly, resulting in a decrease in the RMS
angle to 28.3°. However, introduction of TMA
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Fig. 3. The water hydrogen—hydrogen radial distribution
function for pure water at 25°C (———), pure water at 5°C (-
- -), and for the first shell of TMA™ at 25°C (---). The
intramolecular peak has been suppressed on this plot.

nearly eliminates the more bent H-bond popula-
tion, resulting in a considerably smaller RMS
angle of 25.0°.

4. Discussion

The picture that emerges from Figs. 3-5 is one
in which the effect of TMA on the hydrating
water structure is comparable to that induced by
a 20°C temperature drop from room temperature
(25°C) using radial distribution functions as a
probe of water structure. In contrast, the effect
on the H-bond angle is much greater than that
induced by a 20°C temperature drop. Thus the
H-bond angle is several times more sensitive a
measure of structural changes induced by a hy-
drophobic solute. In addition, it is not necessary
to correct p(6#) for variation in local H atom
density due to solute and hydration shell exclu-
sion, so it is simpler to obtain than solute hydra-
tion shell radial distribution functions. The cor-
rection for radial distribution functions is rela-
tively simple for the spherical solute studied here,
but becomes more difficult to evaluate accurately
for more complex solute shapes.

Comparing our hydrogen—hydrogen radial dis-
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Fig. 4. Water oxygen—oxygen radial distribution function for
pure water at 25°C (———), pure water at 5°C (- - -), and for
the first shell of TMA™ at 25°C (---).

tribution functions to those determined by neu-
tron diffraction, the results for pure water are
very similar (omitting the comparison of the in-
tramolecular H-H peak), with peaks at 2.2 A and
37 A, and a trough at 2.9 A, indistinguishable in
position from those obtained from neutron
diffraction [16]. This provides further evidence of
realistic water structure produced by the TIP4P
model. Comparing the results for water around
TMA with pure water, we see significant sharpen-
ing of g,,(r) in the simulations, the peak to
trough ratio increasing from 1.64 to 1.79, a 10%
increase. The experimental results for TMA are
indistinguishable from pure water [14]. However,
in a later study on tetra-butyl and tetra-propyl
ammonium, Turner et al. [16] saw a similar de-
gree of sharpening to that seen in these simula-
tions, the peak to trough ratios changing from
approximately 1.58 in pure water to 1.67 for water
around tetra-butyl ammonium. The 6% increase
is somewhat smaller than that seen in the simula-
tions of TMA. Our explanation of the null experi-
mental result in the TMA solution is that at the
concentration of the experiment (data for 1M
TMA is shown by Turner et al. [14]) there are
approximately 55 waters per solute. However, the
approximate number of waters in the first shell of

TMA is 30, so the structural changes could be
masked by approximately 50% of the water that is
outside the hydration shell. The competing effect
of water structuring around the chloride anion
may also further mask the hydrophobic ion struc-
turing in the experiment. The later studies with
the larger TAA ions were done at concentrations
where on average all waters were in the first shell
of the cation [16], so a significant ordering effect
is seen, although the presence of the anion may
still reduce its magnitude. Since in the simula-
tions we directly analyze the structure of water in
the first hydration shell of an isolated cation, the
structural changes are not diluted by these other
effects, and are larger than those seen experimen-
tally. Another likely source of discrepancy
between the simulation results and the experi-
mental results is the fact that the simulation
models for TMA as well as TIP4P water are by no
means perfect. It is also noteworthy to point out
that the results shown here for g,,(r) and for
RNM parameters are for the first-shellfirst-shell
(1-1) interactions. However, we have found that
the RNM parameters for the hydrogen bonds
belonging to other classes, such as 1-2, 2-2, 2-3
etc. are not different from the RNM parameters
for the hydrogen bonds in bulk water.

12.00 12.00

10.00 - -110.00

p(®)

0.0 . t + 0.00
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00

0 (degrees)

Fig. 5. The water H-bond angle probability distribution for
pure water at 25°C (———), pure water at 5°C (- - -), and for
the first shell of TMA™ at 25°C (---)
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5. Conclusions

Experimental data on the specific way water is
structured by hydrophobic solutes is sparse, the
most informative data coming from g,,(r) de-
terminations using neutron scattering. Simulation
of g,,(r) of water around the hydrophobic ion
TMA™ shows evidence for ordering similar to
that seen in neutron scattering studies of the
larger tetra alkyl ammonium ions TBA* and
TPA™, but the effects are not large. For this
reason in TMA™, the smallest of the tetra alkyl
ammonium ions, we surmise that these changes
might be masked experimentally by remaining
bulk water or water structuring around anions,
which would explain why no changes were seen
for this ion in earlier neutron scattering studies.
Changes in simulated g, (r) indicating an in-
crease in order are also seen, but again the ef-
fects are rather small. In contrast, much larger
changes for the hydrogen bond angle distribution
function p(@) seen in the simulations indicate
significant ordering; ordering, moreover, which is
responsible for the positive hydration heat capac-
ity characteristic of the hydrophobic effect. There
is a high degree of orientational ordering in wa-
ter, and changes in this ordering appear to play a
dominant role in structure and heat capacity
changes associated with solvation [33]. Since these
changes can occur with relatively small changes in
H-H and O-O radial distribution functions, we
argue that radial distribution functions are inher-
ently insensitive measures of the relevant struc-
tural changes. This may also account for conclu-
sions from some previous simulations of hy-
drophobic solvation that there is little increase in
water structure.
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