Z. Phys. Chem. 221 (2007) 785-799 / DOI 10.1524/zpch.2007.221.6.785
© by Oldenbourg Wissenschaftsverlag, Miinchen

Hydrophobic Interactions of Xenon
by Monte Carlo Simulations

By Orkid Coskuner* and Ulrich K. Deiters*

! National Institute of Standards and Technology, Physical and Chemical Properties
Division, 100 Bureau Drive, Mail Stop 8380, Gaithersburg, MD 20889, USA

2 Institute of Physical Chemistry, University of Cologne, Luxemburger Str. 116,
D-50939 KolIn, Germany

(Received November 24, 2006; accepted February 27, 2007)

Xenon / Hydrophobic I nteractions / Chemical Potential / Water /
Monte Carlo Simulation

Hydrophobic interactions of xenon atoms dissolved in liquid water were studied by
NpT Monte Carlo simulations in the temperature range 298.15 to 333 K and at ambient
pressure. Structural properties of dilute xenon solutions were calculated and compared to
those of bulk water in order to show the influence of the hydrophobic solute. It was found
that the xenon atoms tend to aggregate with increasing temperature. At low temperatures
the aggregates are predominantly solvent-separated pairs; at higher temperatures the quota
of contact pairs increases. Furthermore, the residual chemical potentials of xenon and
water were calculated with different methods; it was found that the Widom insertion
methods works best for this system. For the thermodynamic conditions of this work, the
residual chemical potential of water in the presence of xenon was found to be a linear
function of temperature.

1. Introduction

The unusual thermophysical properties of dilute solutions of nonpolar sub-
stances in water have been studied since many decades by experimentalists as
well as theoreticians. They are usually explained with so-called “hydropho-
bic interactions” — special interactions between two or more nonpolar solute
molecules in water, solute interactions with water molecules, and interactions
between water molecules in the vicinity of these solutes. One of the peculiari-
ties often observed with nonpolar solute molecules in water is their tendency to
aggregate — even if the solute—solute pair potential is rather weak. Hydrophobic
association is evidently caused by statistical, solvent-related forces.
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Consequently there have been many attempts to explain hydrophobic ef-
fects quantitatively by means of statistical thermodynamics or computer simu-
lation. The simulations were mostly based on molecular dynamics simulations
and provided valuable insights into the nature of the hydrophobic interactions;
an important result is that the nonpolar molecules can either form contact
pairs or solvent-separated pairs. The approximate integral equation by Pratt
and Chandler was the first theory that demonstrated the importance of solvent-
separated solute pairs in hydrophobic interactions [1].

While hydrophobic interactions of small alkanes, especially methane and
ethane, have been studied extensively, relatively few publications deal with hy-
drophobic interactions of inert gases. An example is the work of Paschek, who
studied solutions of xenon in water and discussed the influence of the water
pair potential model on the structural and thermodynamic properties of water
in the vicinity of dissolved xenon [2]. The hydration properties of xenon in wa-
ter were also studied by Tanaka and Nakanishi [3], who computed enthalpy and
chemical potential values for xenon in water from Monte Carlo simulations.
According to their studies, the structural properties of water in the vicinity of
a xenon atom differ from those of bulk water.

Straatsma et al. performed molecular dynamics calculations for water and
used two different methods — perturbation theory and thermodynamic integra-
tion —to obtain the Gibbs energy required to create a cavity and to insert a noble
gas atom into it. They found a significant difference between the values for
neon and xenon, and attributed it to a size-induced structure change in the water
layers surrounding the cavities [4].

De Souza and Ben-Amotz correlated the attractive solvation energy with
the polarizability of the solute, using a hard-fluid model, and concluded that
the small size of water molecules is even more important for the understanding
of hydrophobic solvation than the hydrogen-bonding pattern of water [5]. Still,
collective motions and energy fluctuations associated with hydrogen-bond net-
work rearrangements contribute significantly to the solubility of inert gases in
water [6].

Recently, Graziano investigated the hydration properties of xenon in wa-
ter, using a scaled-particle theory based on the assumption that both solute and
solvent particles can be modelled as spheres [7]. His studies showed the impor-
tance of hydrogen bonding capabilities of various solvents for the solvation of
Xenon.

In spite of insights gained from computer simulations, neither the effect of
temperature on the hydrophobic interactions between xenon atoms in water nor
the influence of xenon atoms on the water structure are quite clear. It is gen-
erally believed that the presence of a nonpolar solute increases the degree of
hydrogen bonding in the first solvation shell [8], an effect that is often referred
to as the “iceberg hypothesis” [9]. The number of water molecules in the first
hydration shell is another key property for the understanding of hydrophobic
interactions [8, 10].
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Because of the strong influence of the water interaction potential on the
outcome of theoretical studies of hydrophobic effects [2], much effort went
into the development of model potentials with which liquid water could be
simulated accurately. Earlier published potential functions for water include
those of Popkie et al. [11] and of Stillinger and Rahman [12]. For quanti-
tative modelling of water and water solutions especially the SPC and SPCE
models of Berendsen et al. [13, 14] and the transferable interaction potentials
of Jorgensen and coworkers proved very useful; especially the transferable in-
teraction potentials (TIPnP) have been widely used in molecular simulations of
water [15-17].

One of the best tests of the quality of water models is their ability to repre-
sent the density—temperature relation of liquid water (for which experimental
data of high accuracy are available). Here it turns out that, except for the five-
site transferable intermolecular potential function (TIP5P) model proposed by
Mahoney and Jorgensen [17], none of the earlier models can reproduce the
well-known density maximum at about 277 K and at normal pressure. The
TIP5P model was also reported to be able to accurately reproduce the experi-
mental value of the density of liquid water at room temperature, 0.997 g/cm?.
However, recent simulations in which the long range interactions were treated
with the Ewald sum method yielded slightly smaller densities for TIP5P wa-
ter [2,18]. Moreover, Paschek was able to reproduce the accepted density
values at various temperatures for TIP4P and SPCE water, but not for TIP5P
water. Recently we presented a modified TIP5P model for water based on ab
initio calculations [19]. This water model yields more accurate thermodynamic
properties such as density and chemical potential between 298.15 and 318 K at
normal pressure.

In this work we present a study of the hydrophobic interactions of xenon
in liquid water by means of Monte Carlo simulations, utilizing various water
interaction potentials, namely SPCE [14], original TIP5P [17], and modified
TIP5P [19]. Structural and thermodynamic data are reported in the tempera-
ture range 298.15 to 333 K and compared with simulation data of bulk water;
several different methods were used to obtain the residual chemical potentials
of water and xenon. The simulation results are analyzed in order to show the
association of xenon atoms and its temperature dependence.

2. Methods

The SPCE [14], the original TIP5P [17], and a modified TIP5P [19] poten-
tial function for water were chosen for studying the influence of these models
on the hydrophobic interactions of xenon atoms dissolved in liquid water. The
SPCE potential function is a three-center point charge potential function for
water and includes a self-energy correction term with a reparametrization of
the SPC (simple point charge) model for water [13]. The original and modi-

“1ap|oy JybuAdoa ayy Aq uoissiwiad uspum yum pamoje Ajuo si asn sayjQ "Ajuo asn jeuosiad inoK 1oy ajaipe siyy aynquysip pue Ados Kew noA ‘mej| JybrAdod uewsas Aq pajosjoud si ajaipe iyl



788 O. Coskuner and U. K. Deiters

Tablel. Lennard-Jones potential parameters and partial charges describing the water—
water and xenon—xenon pair interactions. The xenon-water cross parameters are calculated
from the Lorentz—Berthelot combining rules Eq. (1).

model a/A €/kImol~t gu/e
SPCE 3.166 0.650 0.42348
orig. TIP5P 3.120 0.669 0.241
mod. TIP5P 3.117 0.669 0.239
Xenon 3.975 1.785 0.000

fied TIP5P models for water consist of a Lennard—Jones center representing
the oxygen atom, two equal positive point charges representing the two hy-
drogen atoms, and two negative point charges for the lone electron pairs; the
point charges form a distorted tetrahedron [17,19]. The parameters of these
water models as well as the Lennard-Jones potential parameters used for
the representation of xenon are given in Table 1. It should be noted that the
xenon parameters used in this work were fitted to pure component properties
only [20].

Lorentz—Berthelot combining rules were used for the water-xenon cross
terms,

o= E(GAA"‘GBB)

€ns = (€an€es) %, Q)
where A and B stand for water and xenon, respectively.

The simulations were carried out with an isobaric—isothermal ensemble
Monte Carlo program, HYDRO [19]. The program uses periodic boundary
conditions, the minimum image convention, and Metropolis criteria for accept-
ance or rejection of trial configurations. Coulombic interactions were taken
into account with the Ewald sum method [21, 22], using conducting boundary
conditions, a screening parameter of 6/L (L: simulation box length, a fluctuat-
ing property during the simulation), and a Fourier space vector of k = 10x/L.
From these Monte Carlo simulations the sitesite radial distribution functions,
density, enthalpy, and residual chemical potentials of water and xenon were
obtained.

The lack of a corresponding microscopic analogue, i.e, a function of
configuration space variables to be averaged to obtain the accurate results,
constitutes the principal difficulty in calculations of chemical potentials
and related properties (eg., Gibbs energy, entropy) calculations. Various
methods have been developed for determination of the chemical potential
by computer simulation, such as particle insertion and deletion methods,
or perturbation methods. We calculated the residual chemical potential of
xenon with three different methods: the Widom insertion scheme [23], the
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Widom deletion scheme [24, 25], and the two-step particle deletion scheme
of Boulougouris et al. [26]. For the first method a test particle is added to the
simulation ensemble with N particles, and resulting energy change is recorded.
The Widom deletion method is based on the comparison of the free energies
of ensembles with N and N — 1 particles. The particle deletion scheme of
Boulougouris et al. is similar to the Widom deletion method, but in an inter-
mediate step replaces the particle to be removed by a hard sphere, in order to
avoid the bias that is caused by the remaining hole when a particle is simply
deleted.

The particle deletion scheme of Boulougouris et al. is known to work well
for spherical particles, but was recently shown to yield larger deviations from
the experimental values than the Widom insertion method in simulations of
water using the original or the modified TIP5P potential functions [19].

Simulation runs for hydrophobic interactions were performed with 216 wa-
ter molecules and 2 xenon atoms. A real cut-off of 10 A was applied to short
range interactions, with long range corrections for larger distances. The sim-
ulations consisted of 2.5 x 10° equilibration moves, followed by 9 x 10° pro-
duction moves. Block average analysis was used to determine the statistical
uncertainty, where each run was subdivided into 100 blocks.

Coordination numbers were calculated as integrals over the pair correlation
functions,

N, = 47p / rg(rydr, )

0

where p is the number density at given temperature and pressure.

3. Resultsand discussion

Figure 1 shows simulated oxygen-oxygen radial distribution functions goo(r)
of a liquid xenon-water solution at a mole fraction Xy, = Z—fg = 0.00917 for
temperatures between 298.15 and 318 K, obtained with the modified TIP5P
model. A comparison of the calculated locations of minima and maxima of
these distribution functions and those obtained for pure water, along with the
corresponding experimental values, is given in Table 2. The simulation results
for the three pair potentials do not fully agree with each other nor with the ex-
perimental values for pure liquid water. We notice, however, that our results for
pure liquid water agree well with the latest experimental data of Soper [27] and
of Head-Gordon and Hura [28].

With increasing temperature the first peak of goo(r) of the xenon solution
decreases in height and shifts outward. It is significantly higher than the cor-
responding peak of pure water under the same thermodynamic conditions (e.g.,
3.2 at 298.15 K for the xenon solution, in contrast to 2.9 for pure water), which
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Fig. 1. The oxygen—oxygen radial distribution function of water, goo(r), in (xenon + wa-
ter) mixtures with xx, = 0.00917 at 0.1 MPa and 298.15, 313, 323, and 333 K, calculated
by Monte Carlo simulation; the arrows indicate increasing temperatures.

indicates a change in the water structure induced by the xenon atoms. This in-
crease is also observed with the SPCE and original TIP5P models for water
(Table 2). These results agree with those of Tanaka and Nakanishi [3], who
performed simulations for xenon-water solutions using the TIP4P water model
and found a goo (r) first peak location and height of 2.8 A and 3.1, respectively,
which is higher than that of bulk water.

The differences of the heights and widths of the first peak of goo(r) also
point to a change in the coordination number N.. A coordination humber be-
low five indicates that liquid water preserves much of its ice structure, although
with differences in hydrogen bonding patterns it might also include deformed
hydrogen bonding. Head-Gordon and Hura [28] reported values of 5.1, 5.2
and 4.7 based on the experiments by Narten et al. [29], Soper et al. [30], and
Hura et al. [31, 32], respectively. Our value for pure liquid water is 4.7 with the
SPCE model and 4.8 with the modified and the original TIP5P models. These
results indicate a more structured liquid water, in agreement with the results of
Head-Gordon and Hura [28]. In the presence of xenon, however, the coordi-
nation number calculated for the first peak of goo(r) of water increases to 5.2
with the SPCE and modified TIP5P model for water, and to 5.3 with the ori-
ginal TIP5P model, which shows the influence of xenon on the structure and
hydrogen bonding pattern of water.
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Figures 2 and 3 show the oxygen—hydrogen and hydrogen-hydrogen radial
distribution functions, gon(r) and guy(r), of water containing xenon. Table 3

lists simulation and experimental results for the peaks of these functions. Ev-
idently, gon(r) of water changes significantly upon the addition of xenon. The

behavior of gy (r) is similar to that of goo(r). All these results indicate that
the xenon atoms exert an influence on the structure of the surrounding water

molecules and on their hydrogen-bonding pattern.

The calculated oxygen-hydrogen coordination numbers in the hydration
shell of water are shown in Table 4 for pure water as well as for the water-xenon

system. For the latter there is again an increase in comparison to pure water.
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Fig.2. The oxygen-hydrogen radial distribution function of water, gon(r), in (xenon +
water) mixtures with Xy, = 0.00917 at 0.1 MPa, calculated by Monte Carlo simulation.
See Fig. 1 for an explanation of the symbols.
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Fig. 3. The hydrogen—hydrogen radial distribution function of water, gy (r), in (xenon +
water) mixtures with Xy, = 0.00917 at 0.1 MPa, calculated by Monte Carlo simulation.
See Fig. 1 for an explanation of the symbols.
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Table3. Maxima of the oxygen—hydrogen and hydrogen-hydrogen radial distribution
functions of water, gon and gy, for (xenon + water) mixtures with xy, = 0.00917 and
pure water at 298.15K and 0.1 MPa.

source 9on(r) Ghn(r)
1st max. 2nd max. 1st max. 2nd max.

/A gmy /A o /A g /A g

simulation results for (xenon + water)

SPCE [14] 18 16 33 18 23 16 37 14
orig. TIP5P [17] 17 16 32 18 24 18 38 13
opt. TIP5P [19] 18 15 32 17 24 17 37 13

simulation results for pure water

SPCE [14] 1.9 1.4 35 1.6 24 1.8 3.8 1.2
orig. TIP5P [17] 1.9 1.3 3.5 1.8 2.3 1.7 3.8 14
opt. TIP5P [19] 1.9 1.3 3.5 1.7 2.3 1.7 3.8 13

experimental results for pure water

Soper et al. [30] 19 16 33 15 25 12 39 11
Soper [27] 18 12 37 13 23 13 38 13

Table4. Hydrogen bonding in the first shell: O—H coordination numbers of (xenon + wa-
ter) mixtures (xx. = 0.00917) and of pure water for various temperatures.

T/K Ncl,pure Ncl,mix
SPCE orig. TIPSP mod. TIP5SP  SPCE orig. TIP5P  mod. TIP5P

298.15 3.3 3.2 3.3 3.7 3.9 3.8
303 3.2 3.1 3.3 3.7 3.8 3.7
308 3.2 3.1 3.2 3.6 3.7 3.7
313 3.2 3.0 3.2 3.6 3.7 3.7
318 3.1 3.0 3.2 3.6 3.7 3.6
323 3.5 3.7 3.6
328 3.5 3.6 3.6
333 3.5 3.5 3.6

The original TIPSP model leads to a slightly higher temperature dependence of
the coordination numbers for pure liquid water as well as for the water-xenon
system than the modified TIP5P and SPCE potential functions. This observa-
tion is in agreement with the results of Paschek [2] in which the original TIP5P
and the SPCE models for water were used.

Table 5 shows the oxygen-hydrogen coordination number in the second
hydration shell for pure water and for the water-xenon system. This number
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Table5. Hydrogen bonding in the second shell: O-H coordination numbers of (xenon +
water) mixtures (Xx. = 0.00917) and of pure water for various temperatures.

T/K ch,pure ch‘mix
SPCE orig. TIPSP mod. TIP5P  SPCE orig. TIP5P  mod. TIP5P

298.15 6.2 6.3 6.3 5.6 5.8 5.7
303 6.1 6.1 6.0 55 5.7 5.7
308 5.9 6.0 5.9 5.4 57 5.7
313 5.9 5.8 5.8 5.4 5.6 5.7
318 5.8 5.6 57 5.4 55 5.6
323 53 55 5.6
328 53 5.4 5.6
333 53 5.4 55

Table6. Coordination numbers of xenon in the first and second coordination shells (Xyx. =
0.00917).

T/K SPCE orig. TIP5P mod. TIP5P
N Ne N Ne N Ne

298.15 0.38 041 0.31 0.46 033 044

303 0.40 0.38 0.34 0.45 035 043
308 0.40 0.37 0.37 0.42 036 0.39
313 0.41 035 0.37 0.40 036 0.39
318 0.42 034 039 0.38 036 0.37
323 0.42 034 0.40 0.33 037 0.35
328 0.42 033 0.41 0.30 037 034
333 0.43 031 0.43 0.27 0.37 0.32

decreases with increasing temperature for bulk water as well as for the water-
xenon system; the decrease is more pronounced for the original TIP5P water
model. In general, these simulation results are in agreement with the nuclear
scattering results of Koh et al. [33], which show an overall decrease of hydro-
gen bonding between the water molecules in the vicinity of apolar particles.
Table 6 shows the xenon—xenon coordination number in water over a range
of temperatures. The first shell coordination number, N, calculated by inte-
grating over the first peak of the radial distribution function, represents contact
pairs, whereas the second shell coordination number, N.,, represents solvent-
separated pairs. All calculations point to a tendency of xenon atoms to form
contact pairs with increasing temperature, which is in agreement with the simu-
lation results of Paschek [2], who observed that contact pairs are stabilized
with increasing temperature, whereas solvent-separated xenon pairs become
more and more destabilized. Again we notice that the coordination numbers
calculated with the original TIP5P model for water show a higher temperature
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Fig. 4. Change of the chemical potential of liquid water at 0.1 MPa caused by the addition
of xenon (xyx. = 0.00917). O0: SPCE, A: original TIP5P, v: modified TIP5P.

dependence than those obtained with the SPCE and modified TIP5P potential
functions, which demonstrates the importance of the water pair potential model
for studies of hydrophobic interactions.

In our previous study of hydrophobic interactions of methane and ethane
molecules in water [19] it was found that, with increasing temperature, both
systems tend to form contact pairs. Methane molecules, however, preferably
form solvent-separated pairs, even at high temperatures, whereas for ethane
contact pairs are more likely. The quota of xenon atoms forming contact pairs
is higher than those of methane (N.; = 0.11 at 298.15 K). This might be due
to the difference of cavity sizes between xenon atoms and methane particles,
which must have a strong influence on the structural properties of the surround-
ing water molecules.

In order to show the influence of small amounts of xenon on the thermody-
namic properties of water, the change of the chemical potential of water upon
addition of the apolar solute at various temperatures is considered:

Ap = Mmix — Mpure (3)

Here wnmic refers to the mixture of 216 water molecules and two Xxenon
atoms studied. For g, Values from Ref. [19] were used. The results are shown
in Fig. 4. The SPCE and the modified TIP5P models give similar trends for the
change of chemical potential between 298.15 and 318 K, whereas the original
TIP5P model shows a higher temperature dependence.
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Fig. 5. Residual chemical potential of xenon in water at 0.1 MPa predicted with the SPCE
potential for water. v: Widom insertion, o: 2-step deletion, A: Widom deletion method,
e exp. data [34].

For all three models the residual chemical potential of xenon increases
with temperature, which means that the solubility of xenon in water decreases.
This tendency was also observed by Paschek for the SPCE potential [2]. Fi-
nally it must be noted that, as in our previous study on methane and ethane
in water [19], the chemical potentials calculated with the Widom insertion
method come closest to the experimental data [34]. Of the three pair poten-
tial models for water, the modified TIP5P model gives the best results (see
Figs. 5-7).

A comparison of the recent results for xenon in water with previous results
for methane and ethane reveals some interesting differences:

1. The first peak of the oxygen—oxygen radial distribution function of xenon
solutions is about 17% higher than that of methane solutions, but 12%
smaller that that of ethane solutions.

2. The oxygen-hydrogen coordination number in the first shell is also slightly
higher for the xenon systems than for the methane systems.

3. In the second shell, the xenon and the ethane systems have oxygen—
hydrogen coordination numbers about 9.5% larger than those of the me-
thane system.

4. The change of the chemical potential of water caused by the addition of
solute molecules is for ethane twice as large as for methane or xenon.
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Fig. 6. Residual chemical potential of xenon in water at 0.1 MPa predicted with the ori-
ginal TIP5P potential for water. For an explanation of the symbols see Fig. 5.
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Fig. 7. Residual chemical potential of xenon in water at 0.1 MPa predicted with the modi-
fied TIP5P potential for water. For an explanation of the symbols see Fig. 5.
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It seems that the chemical potential change depends mostly on the size
of the solute molecule (which is similar for methane and xenon), whereas the
water structure around a xenon atom differs significantly from that around
a methane molecule.

4. Conclusion

The structural and thermodynamic properties of the dilute solutions of xenon
in water were studied by NpT Monte Carlo simulations and compared with
simulation results for pure water. Three different pair potential functions for
water were used: SPCE, original TIP5P, and a modified TIP5P. From the sim-
ulations site-site radial distribution functions, average coordination numbers,
and residual chemical potentials were obtained.

The structural parameters show that xenon atoms in water show a tendency
to aggregate, which becomes more pronounced with increasing temperature.
The aggregation leads to contact pairs as well as solvent-separated pairs. The
guota of the latter decreases with temperature. Similar tendencies had previ-
ously been observed for methane and ethane in water; with regard to the ability
to form solvent-separated pairs, xenon falls between methane and ethane. It
must also be noted that even a small amount of xenon has a significant influ-
ence on the site—site radial distribution functions of water.

The chemical potential difference of water shows an approximatively lin-
ear dependence on temperature between 298.15 and 318 K. All pair potential
models yield residual chemical potentials for water increasing with tempera-
ture, but the original TIP5P model shows a stronger temperature dependence.
The calculated residual chemical potentials of xenon are in general agree-
ment with experimental data, and the Widom insertion, Widom deletion, and
two-step particle deletion methods yield similar trends, although the Widom in-
sertion method usually gives the best results. The pair potential model for water
has an influence on the calculated residual chemical potential of xenon; simu-
lation results obtained with the modified TIP5P potential usually come closer
to the experimental data than those obtained with the SPCE potential or the
original TIP5P potential.
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