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The structural and thermodynamic properties of liquid water and of the dilute solutions of
methane and ethane in water were calculated by Monte Carlo simulations in the tempera-
ture range 298 K to 318 K and 298 K to 333 K, respectively. The nonpolar molecules were
modeled as one- and two-center Lennard–Jones particles; for the interaction potential of
water a modified TIP5P model was used. The results indicate that the nonpolar solutes
tend to aggregate with increasing temperature. Methane molecules preferably form water-
separated pairs, even at higher temperatures, whereas for ethane contact pairs are more
likely. For the thermodynamic conditions studied here, the residual chemical potential of
water is a linear function of temperature.

1. Introduction

The term “hydrophobic interaction” refers to the structural and energetic re-
sponse of water in the vicinity of hydrophobic solutes. It describes the interac-
tion of nonpolar molecules with water, each other and the interaction between
water molecules in the presence of two or more nonpolar molecules.

Because of the low solubility of nonpolar compounds in water, experi-
mental studies of hydrophobic interactions are rather difficult [1–3]. This low
solubility results from the fact that the transfer of nonpolar molecules from
the gas phase into an infinitely diluted solution involves an increase of the
Gibbs energy. At ambient temperature, this Gibbs energy change is a com-
bination of a small decrease in enthalpy and a larger decrease in entropy,
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350 O. Coskuner and U. K. Deiters

as was observed by Butleret al. [4, 5]. Most structural theories proposed to
account for the thermodynamic observations are based on the idea that a non-
polar molecule increases the degree of hydrogen bonding of water molecules
in its solvation shell [6], and that this gives rise to an increased water–water
attraction. This explanation of the thermodynamic observations by the forma-
tion of ordered structures around nonpolar molecules was nicknamed “iceberg
hypothesis” and became a central feature for the description of hydrophobic in-
teractions [7]. Several authors observed a proportionality between the number
of water molecules in the surface layer and the free energy, enthalpy, or en-
tropy of solvation [8, 9]. The number of water molecules in the first hydration
shell is also a key parameter for the theoretical treatment of aqueous solutions,
e.g., in the significant structure theory of Eyring and coworkers [10] or the
Némethy–Scheraga model [9]. Current literature also contains discussions of
the temperature dependence of thestructural properties [11–13].

Theoretical and computer simulation studies provided a valuable insight
into the nature of hydrophobic interactions, especially for the association of
hydrophobic species. Here it turned out that association can occur in two differ-
ent ways. Either it can produce contact pairs (nonpolar molecules in immediate
contact) or solvent-separated pairs. The approximate integral equation by Pratt
and Chandler was the first theory that demonstrated the existence and im-
portance of solvent-separated nonpolarpairs [14]. When attractive forces are
added to this theory, two additional effects are noted: First, the enthalpy of as-
sociation is in closer agreement with the traditional view and second, contact
pairs are destabilized [14, 15].

Pangaliet al. calculated the potential of mean force of Lennard–Jones
solutes in water and found agreement with the Pratt–Chandler theory [16,
17]. Other attempts to determine the free energy of association of nonpo-
lar molecules predicted stable solvent solvent-separated configurations [12,
18, 19]. Smith and Haymet calculated the potential of mean force for me-
thane molecules in water and concluded that contact-pairs are more stable than
solvent-separated pairs [20]. From molecular dynamics simulations Mancera
and Buckingham reported an increased tendency for methane molecules to
form contact pairs with increasing temperature [21]. The simulations of Dang
showed no such effect, and he therefore attributed the temperature dependence
reported in other publications to density effects [22]. Lüdemannet al. investi-
gated the temperature dependence of the free energy by computer simulation,
using the parameters of Pratt and Chandler, and found a global minimum
at contact distance for methane-like molecules [23]. Hernández-Coboset al.
pointed out that the early simulationsseemed to support the theory of water
structure enhancement, but that it would not be the case for the water–methane
system according to their computer simulations, where the interactions led to
a negative free energy [24].

The temperature dependence of hydrophobic interactions was also inves-
tigated by Skipperet al., who simulated four methane molecules in water
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at a fixed density and concluded that the association tendency of methane
molecules increases with temperature between 275 and 317 K [25, 26]. Some
scientists pointed out, however, that these results contain some ambiguity be-
cause of methane–methane interactions [27].

Computer simulations require intermolecular potentials, and consequently
much effort went into the development of intermolecular potential functions
for the water dimer. The number of publications dealing with such potential
functions is rather large. One of the earliest is that of Bernal and Fowler [28];
among the first to be used in computer simulations were those of Popkieet
al. [29] and Stillinger and Rahman [30]. Some recent intermolecular poten-
tials are largely based on quantum mechanical calculations,e.g., those of Kim
et al. [31], Schwegleret al. [32], or Coutinhoet al. [33]. Special importance
attained the “transferableinteraction potentials” of Jorgensen and coworkers,
TIPS, TIP3P, TIP4P, and TIP5P [34–36].

One of the best known properties of liquid water, which therefore serves
as a benchmark for the quality of intermolecular potentials for water, is the
density as a function of temperature or pressure. Water exhibits a density max-
imum at about 277 K and normal pressure [37–39]. However, none of the
water models available in the current literature can reproduce this feature in the
temperature range of interest; the only exception is the TIP5P (5-site Trans-
ferable Intermolecular Potential Function) model proposed by Mahoney and
Jorgensen [36]. The TIP5P model represents not only the density maximum
near 0.1 MPa, but also the pressure dependence of many thermodynamic prop-
erties,e.g., the density of water at 298.15 K is reproduced with an average of
about 2% up to 1 GPa. Furthermore, the expected shift of the temperature of
maximum density to lower temperatures could be obtained with this model.
However, these good results could not always be reproduced. Recent computer
simulation studies in which Ewald sum method was applied to the long-range
interactions reported smaller densities for TIP5P water [40, 41]. Paschek was
able to reproduce the accepted density data for TIP4P and SPCE water, but
not for TIP5P water. We observe, however, that his chemical potential data,
obtained with the Widom insertion method, do not agree with experimental
data.

The principal difficulty in calculations of the chemical potential by com-
puter simulations is the lack of a corresponding microscopic analogue,i.e.,
a function of configuration space variables to be averaged to obtain the re-
quired result. Much effort went into the development of computation methods
that worked around this difficulty, such as thermodynamic integration, particle
insertion, particle deletion, umbrella sampling and perturbation methods (an
overview is given by Frenkel and Smit [42]). Currently no single method for
chemical potential simulation can be considered as clearly superior to others.

In this work we present Monte Carlo simulation results for the liquid den-
sities, chemical potentials, enthalpies, and structural properties of water. Three
different methods for the calculation of chemical potentials were used and
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compared. In order to study hydrophobic effects, further simulations were per-
formed in which two methane or ethane molecules were added to the water.
Structural and thermodynamic data were obtained from which the amount
of hydrophobic association can be seen, either of contact pairs or solvent-
separated pairs.

2. Methods

2.1 Interaction potentials

The TIP5P model for water, developed by Mahoney and Jorgensen [36], con-
sists of a Lennard–Jones center representing the oxygen atom as well as two
positive and two negative point charges representing the hydrogen atoms and
the lone electron pairs. The four point charges form a distorted tetrahedron.
The authors adjusted the oxygen–lone pair distance,rOL, and the partial charges
in order to obtain a dipole moment of 7.34×10−30 C m and a dimerization
energy between−25.0 and −27.2 kJ/mol. Extensive Monte Carlo simula-
tions performed by the authors for several alternative models showed that
a minimal change ofrOL can greatly influence the macroscopic properties of
water [36, 43]. While Mahoney and Jorgensen showed that arOL of 0.7 Å yields
density and potential energy diagrams in agreement with the experimental
data, other thermodynamic properties with this model differ from experimental
values at higher temperatures.

In order to improve the representation of thermodynamic properties, the
TIP5P model was modified: Starting from the original TIP5P model, the
oxygen–lone pair distance was allowed to vary between 0.65 and 0.7 Å. The
negative charges were moved towards the oxygen, and the Lennard–Jones pa-
rameters were varied, too. These modified geometries were then used in theab
initio calculations (performed with Gaussian98TM [44]), using Møller–Plesset
perturbation theory at the MP2 level with the 6-311G(d+p)) basis set, to de-
termine the dimerization energies and the dipole moments. Using the same
procedure as Mahoney and Jorgensen, the density, internal energy, and chem-
ical potential of liquid water were then obtained by computer simulation. By
an extensive calculation the internal energies of the water models as well as the
deviations of the thermodynamic properties from experiment were minimized.
The water monomer with a oxygen–lone pair distance,rOL, of about 0.69 Å and
bond anglesθLOL = 109.45◦ andθHOH = 104.5◦ yielded thermodynamic proper-
ties which are closer to the experimental values. The geometric properties and
fitted parameters of this model as well as those of original TIP5P model are
presented in Table 1.

For this model the dimerization energy is−28.2 kJ/mol and the dipole
moment 7.65×10−30 C m. The original TIP5P model yields a lower dimeriza-
tion energy of about−28.4 kJ/mol and a dipole moment of 7.38×10−30 C m.
All modified models withrOL values between 0.65 and 0.7 Å yield dimeriza-
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Table 1. Parameters of the modified and original TIP5P interaction potential of water.
Subscript “L” refers to the negative point charges representing the lone electron pairs of
oxygen.

parameter original [36] this work

qH/e 0.241 0.239
σO/Å 3.120 3.117
εO/kJ mol−1 0.669 0.669
rOH/Å 0.957 0.957
θHOH 104.520◦ 104.500◦

rOL/Å 0.700 0.693
θLOL 109.470◦ 109.540◦

Table 2. OPLS parameters of nonpolar compounds [47].

parameter methane ethane

σ/Å 3.730 3.775
ε/kJ mol−1 1.230 0.866
rCC/Å 1.530

tion energies between−28.07 and−28.4 kJ/mol and dipole moments vary-
ing between 7.52×10−30 and 7.79×10−30 C m. The experimental results are
−22.61 kJ/mol and 6.21×10−30 C m, respectively [45, 46]. The difference be-
tween these values and the TIP5P results are partially due to the fact that the
latter are effective pair potentials optimized for the simulation of liquid water.
Furthermore, recentab initio calculations by Coutinhoet al. with the same mo-
lecular geometry, but different basis sets yielded a dipole moment of 7.79×
10−30 C m with 6-31G(d+p), which agrees with our result, and a value indis-
tinguishable from the experimental one with aug-cc-pVDZ [33]. Aside from
these differences, the TIP5P model for water yields structural and thermody-
namic properties for liquid water, which are in agreement with experimental
data.

OPLS parameters were chosen for methane and ethane,i.e., methane is
represented as a single Lennard–Jones center, and ethane as 2-center Lennard–
Jones particle [47]. The Lennard–Jones parameters for methane and ethane are
displayed in Table 2. Lorentz–Berthelot combining rules were used for the in-
teraction between unlike molecules:

σAB =1

2
(σAA +σBB)

εAB =(εAAεBB)
1/2 (1)

where A and B stand for water and methane or a methyl group, respectively.
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2.2 Simulation details

An isobaric–isothermal ensemble Monte Carlo program, HYDRO, was de-
veloped to investigate the hydrophobic interactions. The program uses periodic
boundary conditions and the minimum image convention. Acceptance or re-
jection of trial configurations is decided by Metropolis criteria. Coulombic
interactions are taken into account by the Ewald sum method [48]. For this
work conducting boundary conditions, a (variable) screening parameter of
6/L, and a Fourier space vectork = 10π/L were used, with the box lengthL
depending on density and fluctuatingduring the simulation. From the Monte
Carlo simulations the pair correlation functions, density, potential energy, en-
thalpy and residual chemical potentials of water and of the nonpolar molecules
were obtained. The residual chemical potential of water was calculated by three
different methods, namely the Widom insertion method, the Widom deletion
method and the particle deletion method by Boulougouriset al. [49–52].

The Widom insertion method requires the addition of a particle to the sys-
tem and averages over the energy difference between a system withN and
N + 1 particles [49]. The Widom deletion method is based on the compari-
son between the free energies of a system withN andN −1 particles [50, 51].
Recently, Boulougouriset al. presented a new formulation of the chemical
potential based on the removal of a test particle scheme [52]. This particle dele-
tion scheme is based on the observation that, after the deletion of a particle, the
N −1 molecules can never occupy the remaining hole, which produces a bias
in the Widom deletion method. To remove this bias, Boulougouriset al. deter-
mined the difference betweenN andN −1 particle systems by calculating the
accessible volume for inserting a hard sphere into the system. This method is
based on the following chemical potential calculation definition:

βµ = βµig − ln

(〈 1

V

〉 Z(N, p, T )

Z(N −1, p, T )

)
. (2)

Hereµig represents the chemical potential of an ideal gas under same con-
ditions. The intermediate system ofN −1 molecules and one hard sphere is
introduced via a ratio of the configurational integrals:

βµ = βµig − ln
[ 〈V −1〉N,p,T 〈ΠN−1

i=1 H(ri, N)〉N−1,p,T

〈ΠN−1
i=1 H(ri, N) exp(βUN(ri . . . rN)) /V 〉N,p,T

]
. (3)

Here the ratio of the configurational integrals is written in terms of Heaviside
step functions:

H(ri, N) =
{

0 for | ri − rN |< dcore(β, p)

1 for | ri − rN | ≥ dcore(β, p)
. (4)

The termΠH(ri, N) represents the accessible volume fraction for a molecule
of diameterdcore that is interacting through a repulsive potential [52].
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The residual chemical potential of pure water with the modified TIP5P was
calculated by the three different methods described above. For the calculations
with the original TIP5P model only the Widom insertion method was used. The
simulations were performed with 216 particles at temperatures between 298.15
and 318 K at a pressure of 0.1 MPa.

Simulation runs for the study of hydrophobic interactions were made with
216 water molecules and 2 nonpolar molecules. A real cut-off of 10 Å was ap-
plied to short-range interactions, withlong-range corrections for molecules at
larger distances. Preferential sampling was used for water molecules within
5.5 Å of methane and 6.0 Å of ethane to improve coordination number statis-
tics for the hydration shell region [48]. The simulations consisted of 2×106

equilibration moves, followed by 9×106 production moves for pure water and
12×106 production moves for the water–methane and water–ethane systems.
The statistical uncertainty was calculated by using block average analysis,
where each run was subdivided into 100 blocks.

The coordination numbers were calculated as integrals over the correlation
functions [48],

Nc = 4πρ

rmin∫
0

r 2g(r)dr , (5)

whereρ is the number density.
As long as the vapor pressure is low, the heat of vaporization of pure li-

quid water can be obtained from the simulated potential energy with reasonable
accuracy through the following approximation:

∆vapH ≈ −Um + RT . (6)

3. Results and discussion
3.1 Pure liquid water

Table 3 contains simulation results for the molar volumeVm, the heat of va-
porization∆vapH , the residual enthalpyHres and the chemical potential of pure
water for different temperatures, along with experimental data [53].

The modified TIP5P water yields a density of 0.997 g/cm3 at 298.15 K
and 0.1 MPa. This result is indistinguishable from the experimental value.
The simulations with the original TIP5P model by Paschek gave a slightly
lower value of 0.982 g/cm3 at 300 K [41]. From that publication an enthalpy
of −39.7 kJ/mol can be derived using the basic thermodynamic relationship
H = U + PV . In contrast to this, the molar enthalpy obtained in this work is
−41.7 kJ/mol for the modified water model, which coincides with the experi-
mental value [53], and−41.2 kJ/mol for the original TIP5P model, which is
still closer to the experimental value than Paschek’s result.
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Table 3. Thermodynamic properties of pure water at 0.1 MPa. “TIP5P opt.”: calculated
with the modified TIP5P potential of this work; “TIP5P orig.”: calculated with the ori-
ginal pair potential parameters [36]; “exp.”: obtained from IAPWS reference equation of
state [53].

T/K method Vm/cm3 mol−1 ∆vapHm/kJ mol−1 H res
m /kJ mol−1 µres

m /kJ mol−1

298.15 TIP5P opt. 18.05±0.1 44.2±0.2 41.7±0.1 23.06±0.2
TIP5P orig. 18.01±0.1 43.7±0.1 41.2±0.1 22.72±0.1

exp. 18.07 43.99 41.73 26.47

303.00 TIP5P opt. 18.21±0.1 43.7±0.1 41.1±0.1 22.67±0.1
TIP5P orig. 18.20±0.2 43.5±0.2 41.0±0.1 21.91±0.2

exp. 18.09 43.78 41.57 26.22

308.00 TIP5P opt. 18.28±0.1 42.7±0.1 40.9±0.2 22.04±0.2
TIP5P orig. 18.27±0.1 43.6±0.1 40.2±0.2 21.34±0.2

exp. 18.12 43.56 41.38 25.97

313.00 TIP5P opt. 18.34±0.1 43.5±0.1 40.9±0.1 21.59±0.1
TIP5P orig. 18.36±0.2 42.5±0.2 40.0±0.1 20.86±0.2

exp. 18.16 43.35 41.19 25.72

318.00 TIP5P opt. 18.39±0.1 43.4±0.2 40.8±0.1 21.14±0.2
TIP5P orig. 18.41±0.1 42.1±0.1 39.7±0.1 20.32±0.2

exp. 18.19 43.14 40.86 25.48

Recently Rick presented a comparison of the original TIP5P and a modified
TIP5P model which included different treatments of the long-range interac-
tions [54] (reaction field and an Ewald sum method similar to the one used
by Paschek); his results for the density of original TIP5P water agree with
each other as well as with our results (see Table 3). The enthalpy and chem-
ical potential values with the modified TIP5P water model are slightly closer
to experimental results than the results computed with the original TIP5P water
model at higher temperatures. It seems therefore likely that the deviations of
Paschek’s work were not caused by faulty long-range corrections, but by insuf-
ficient statistical averaging.

As explained before, the residual chemical potential of water was calcu-
lated by three different methods; the Widom insertion method, the Widom
deletion method and the particle deletion scheme by Boulougouriset al. [49–
52]. Fig. 1 depicts the results for the modified TIP5P water between 298.15 and
318 K at a pressure of 0.1 MPa. The Widom insertion method comes closest to
the experimental results; it needs, however, 10–20 % more CPU time than the
particle deletion schemes. That both particle deletion schemes give large devi-
ations from the well-established insertion method is surprising. Both schemes
had been tested before on the Lennard–Jones fluid and had been found to give
satisfying results. But the deletion schemes fail for dense TIP5P water. This
may be due to the fact that the removed water molecule is a soft molecule with
long-range interactions, and evidently the bias introduced by particle deletion
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Fig. 1. The residual chemical potential of liquid water at 0.1 MPa with different methods:
: Widom insertion method, : Widom deletion method, : Theodorou deletion method,

— empirical equation of state (IAPWS).

could not be fully compensated. Similar systematic deviations of the dele-
tion methods for molecules with long-range potentials have been also been
observed by other authors [55, 56]; the phenomenon is recently under investi-
gation.

Ji et al. determined the chemical potential of water at room temperature
by molecular dynamics simulations and obtained a value of−23 kJ/mol [57].
Our Monte Carlo simulations with the Widom insertion method gave a value
of −23.1 kJ/mol with the modified TIP5P water model (−22.7 kJ/mol with the
original TIP5P water model), whereas the experimental value at room tempera-
ture is−26.5 kJ/mol [53].

Figs. 2–4 show the oxygen–oxygen, oxygen–hydrogen and hydrogen–
hydrogen pair correlation functions of pure liquid water for temperatures be-
tween 298.15 and 318 K. A comparison of the location of the maxima and
minima of the oxygen–oxygen pair distribution function with various water
model simulations and experimental observations is given in Table 4. Table 5
lists simulation and experimental results for the peaks of the oxygen–hydrogen
and hydrogen–hydrogen pair distribution functions.

It turns out that there are some discrepancies between previous simulation
results from literature as well as between experimental results for the pair dis-
tribution functions of water. We observe, however, that the simulation results of
this work agree well with the latest experimental data of Soper [58] and Head-
Gordon and Hura [59]. Moreover, our results are also in good agreement with
theab initio calculations of Schwegleret al. [32].
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Fig. 2. The oxygen–oxygen pair distribution function of liquid water at 0.1 MPa. —–:
298.15 K, – – –: 308 K,· · · · ·: 318 K.

Fig. 3. The oxygen–hydrogen pair distribution function of water. For an explanation of the
symbols see Fig. 2.

Differences in the height and the width of the first peak of the oxygen–
oxygen pair distribution function indicate a change in the coordination
numberNc. Head-Gordon and Hura [59] calculated values of 5.1, 5.2 and 4.7,
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Fig. 4. The hydrogen–hydrogen pair distribution function of water. For an explanation of
the symbols see Fig. 2.

Table 4. Extrema of the oxygen–oxygen pair distribution function of pure water,gOO(r), at
298.15 K and 0.1 MPa. Entries are in chronological order; “TIP5P opt.” refers to this work.

source 1st peak 1st min. 2nd peak 2nd min. 3rd peak

r/Å g(r) r/Å g(r) r/Å g(r) r/Å g(r) r/Å g(r)

simulation results

ST2 [30] 2.8 3.2 3.5 0.7 4.6 1.2 5.7 0.9 6.9 1.1
SPC [68] 2.8 2.8 3.5 0.9 4.5 1.0 5.7 0.9 6.8 1.0
TIP5P orig. [36] 2.7 2.9 3.4 0.8 4.5 1.2 5.6 0.9 6.7 1.0
TIP5P opt. 2.9 2.9 3.4 0.8 4.5 1.2 5.5 1.0 6.6 1.1

experimental results

Nartenet al. [60] 3.0 2.2 3.5 0.8 4.5 1.2 5.6 0.9 6.9 1.1
ALS [59, 62, 69] 2.7 2.8 3.4 0.8 4.4 1.1 5.5 0.9 6.7 1.1
Soperet al. [58] 2.8 2.2 3.5 0.8 4.5 1.2 5.5 0.9 6.7 1.1

based on experiments by Nartenet al. [60], Soperet al. [61], and Huraet
al. [62], respectively. A coordination number below five indicates that liquid
water preserves much of its ice-like tetrahedral structure, but with differences
in hydrogen bonding patterns that would also include deformed hydrogen
bonding [59]. Our value for the first hydration shell of the oxygen–oxygen pair
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Table 5. Extrema of the oxygen–hydrogen and hydrogen–hydrogen pair distribution func-
tions of pure water,gOH(r) andgHH(r) at 298.15 K and 0.1 MPa. “TIP5P opt.” refers to this
work, the data of Soper are experimental values.

source gOH(r) gHH(r)

1st peak 2nd peak 1st peak 2nd peak

r/Å g(r) r/Å g(r) r/Å g(r) r/Å g(r)

TIP5P opt. 1.9 1.3 3.5 1.7 2.3 1.7 3.8 1.3
Soper 1996 [70] 1.9 1.6 3.3 1.5 2.5 1.2 3.9 1.1
Soper 2000 [58] 1.8 1.2 3.7 1.3 2.3 1.3 3.8 1.3

Fig. 5. The oxygen–oxygen pair distribution function of water containing methane (me-
thane mole fraction 0.0917) at 0.1 MPa. —–: 298.15 K, – – –: 308 K, –· –: 318 K, · · · · ·:
333 K. (These functions were computed with a significantly larger number of Monte Carlo
moves than the corresponding distribution functions of pure water; hence the reduced sta-
tistical noise at long distances.)

distribution function is 4.8, which indicates a more structured liquid water, in
agreement with the work of Head-Gordon and Hura.

3.2 Hydrophobic interactions

Figs. 5 and 8 show the oxygen–oxygen pair correlation functions of water
in the water–methane and water–ethane systems. The first maximum of the
oxygen–oxygen pair correlation function is higher for the water–ethane sys-
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Fig. 6. The oxygen–hydrogen pair distribution function of water containing methane. For
further explanations see Fig. 5.

Fig. 7. The hydrogen–hydrogen pair distribution function of water containing methane.
For further explanations see Fig. 5.

tem; the decrease of the peak height and outward shift of the peak with in-
creasing temperature are more pronounced for this system, too. The second
maximum of the oxygen–oxygen pair distribution function of water also shows
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Fig. 8. The oxygen–oxygen pair distribution function of water containing ethane (ethane
mole fraction 0.0917) at 0.1 MPa. —–: 298.15 K, – – –: 308 K, –· –: 318 K,· · · · ·: 333 K.

a stronger temperature dependence for the water–ethane system than for the
water–methane system (Figs. 5 and 8).

The behavior of the oxygen–hydrogen and hydrogen–hydrogen pair corre-
lation functions is similar to that of the oxygen–oxygen function, as can be seen
in Figs. 6–7 and 9–10. Table 6 shows the oxygen–hydrogen coordination num-
bers in the first hydration shell of bulk water as well as the water–methane and
water–ethane systems. For the water–ethane system there is a slight increase
in coordination number with comparison to bulk water at 298.15 K. For the
water–methane system there is a slight decrease in the coordination number,
which becomes more significant at higher temperatures, in agreement with the
results of Dillet al. [63].

Table 7 presents the oxygen–hydrogen coordination numbers in the sec-
ond hydration shell for bulk water and the water–methane and water–ethane
systems. There is no increase of this coordination number in the water–ethane
system with respect to bulk water as was observed for the first hydration
shell. Instead, the coordination number decreases for bulk water as well as for
the water–methane and water–ethane mixtures. The decrease becomes more
significant with higher temperature for the water–ethane system. In general,
these results are in agreement with the nuclear scattering findings of Kohet
al., which showed an overall decrease in hydrogen bonding between water
molecules with increasing temperature in the vicinity of apolar molecules [64].

Table 8 shows the solute–solute coordination numbers for methane and
ethane in water over a range of temperatures. The first shell coordination
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Fig. 9. The oxygen–hydrogen pair distribution function of water containing ethane. For
further explanations see Fig. 8.

Fig. 10. The hydrogen–hydrogen pair distribution function of water containing ethane. For
further explanations see Fig. 8.

numberNc1, calculated by integrating over the first peak of the pair distribu-
tion function, represents contact pairs,whereas the second shell coordination
number, Nc2, represents solvent-separated pairs. Both systems show an in-
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Table 6. Hydrogen bonding in the first hydration shell: O−H coordination number for var-
ious temperatures.

T/K Nc1

bulk water water+ methane water+ ethane

298.15 3.3 3.2 3.5
303.00 3.3 3.2 3.4
308.00 3.2 3.0 3.3
313.00 3.2 2.9 3.2
318.00 3.2 2.8 3.2
323.00 2.8 3.2
328.00 2.8 3.1
333.00 2.7 3.1

Table 7. Hydrogen bonding in the second hydration shell: O−H coordination number for
various temperatures.

T/K Nc2

bulk water water+ methane water+ ethane

298.15 6.3 5.2 5.6
303.00 6.0 5.1 5.2
308.00 5.9 5.1 4.8
313.00 5.8 5.0 4.7
318.15 5.7 5.0 4.5
323.00 4.9 4.4
328.00 4.9 4.3
333.00 4.9 4.2

Table 8. Coordination numbers of methane and ethane in the first and second coordination
shells.

methane ethane

T/K Nc1 Nc2 Nc1 Nc2

298.15 0.11 0.50 0.78 0.44
303.00 0.13 0.43 0.79 0.41
308.00 0.16 0.41 0.79 0.37
313.00 0.22 0.40 0.83 0.23
318.00 0.26 0.38 0.86 0.21
323.00 0.27 0.42 0.87 0.21
328.00 0.27 0.43 0.91 0.20
333.00 0.29 0.39 0.94 0.18
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Table 9. Residual chemical potential of methane and ethane in water at 0.1 MPa predicted
with the optimized TIP5P model.

T/K µres
CH4

/kJ mol−1 µres
C2H6

/kJ mol−1

298.15 9.12±0.2 8.65±0.1
303.00 9.16±0.3 8.73±0.1
308.00 9.41±0.2 8.75±0.1
313.00 9.66±0.1 8.79±0.3
318.00 9.99±0.2 8.88±0.2
323.00 10.04±0.2 8.91±0.1
328.00 10.09±0.1 8.93±0.1
333.00 10.11±0.2 9.02±0.2

creased tendency to form contact pairs with increasing temperature, which
is more pronounced for ethane than for methane. These results are in partial
agreement with the MB water model calculations of Dillet al., who pro-
posed that two small apolar molecules prefer a solvent-separated state, whereas
larger solutes tend to get into contactat room temperature [63]. Further-
more, Smith and Haymet [20], Mancera and Buckingham [21] and Lüdemann
et al. [23] also reported an increased tendency for small molecules to form
contact pairs with increasing temperature, which is in agreement with our
results.

The residual chemical potential of methane and ethane in water were cal-
culated with the Widom insertion method; the results are shown in Table 9.
The residual chemical potentials increase with temperature, which is in agree-
ment with experiments. Furthermore, these results indicate that the solubility of
these apolar molecules in water decreases with temperature since their chem-
ical potential increases.

The simulated residual chemical potential of methane at 0.1 MPa with
the modified TIP5P at 323 K is about 10 kJ/mol, whereas Paschek obtained
a value of 9.4 kJ/mol at 325 K [41]; the experimental value is approximately
9.65 kJ/mol. Experimental data were obtained from Henry’s constants ac-
cording to Fernandez-Prini and Crovetto[65], employing the water densities
from the IAPWS equation of state [53]. For ethane the simulation result is
8.6 kJ/mol at 298.15 K, whereas the experimental result is 7.6 kJ/mol [66].

The chemical potential calculations of nonpolar molecules in water show
a strong dependence on the chosen model for the solutes as well as for
water. Hernandez-Coboset al. studied the hydration properties of methane
using the OPLS model in TIP4P water and obtained a chemical potential
of 31.4 kJ/mol at 300 K, which is larger than the experimental value [24].
This might be attributed to the difficulties associated with sampling the phase
space. Gallicchioet al. calculated the chemical potential values for methane
and ethane in TIP4P water, applying a perturbation method to the OPLS
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Fig. 11. Change of the chemical potential of liquid water at 0.1 MPa caused by the add-
ition of a nonpolar solute. : methane, : ethane.

models for the solutes, and obtained higher values than the experimental ones,
too [67]. Ravishankeret al. used the MCY model for water and reported
that the solvent-separated methane pair has a lower energy than the contact
pair [19].

In order to study the effect of apolar solutes on water, it is interesting to
consider the change of the chemical potential of water upon addition of the
apolar species:

∆µ = µpure−µmix . (7)

Here µmix refers to the mixtures of 216 water and 2 apolar molecules
studied in this work. The results are shown in Fig. 11. The change of the chem-
ical potential of water∆µ is much larger with ethane than with methane. The
residual chemical potential change of water together with the pair distribution
functions indicate that the water molecules are more affected when the size of
the apolar molecule increases.

4. Conclusion

The structural and thermodynamic properties of liquid water and of the dilute
solutions of methane and ethane in water were studied by Monte Carlo sim-
ulations for different temperatures. A modified TIP5P model for water was
developed which, although deviating only minimally from the original TIP5P
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model, gives significantly better predictions of the liquid phase chemical po-
tential and the enthalpy. The new model accurately describes the structural and
thermodynamic properties of liquid water between 298.15 and 318 K at ambi-
ent pressure.

The hydrophobic interactions were investigated for various temperatures
and for solutes of different size, namely methane and ethane. These nonpolar
molecules show a tendency to aggregate that increases with temperature. Me-
thane as a solute forms mostly solvent-separated pairs at low temperatures, but
with increasing temperature contact pairs are preferred. However, for ethane
the quota of contact pairs is always high. Our results are in agreement with
previous results from molecular simulations [20–22, 63].

The oxygen–hydrogen coordination numbers of the water–methane and
water–ethane systems, averaged over the whole ensemble, are less than those of
bulk water. The decrease of the coordination number with temperature is more
pronounced for the water–ethane system, which is probably due to the larger
size of the ethane molecule. Furthermore, the change of the chemical poten-
tial for water in the vicinity of ethane molecules is more significant than with
methane molecules. The calculated chemical potential values for methane and
ethane increase with temperature, which indicates a lower solubility of these
solutes with increasing temperature.

Simulations with the Widom insertion method, using the modified TIP5P
model for water and OPLS models for apolar molecules yield chemical poten-
tial values in agreement with experimental data.
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