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ABSTRACT
Liquid hydrocarbons are often modelled with fixed, symmetric, atom-centred charge distributions
and Lennard-Jones interaction potentials that reproduce many properties of the bulk liquid. While
useful for a wide variety of applications, such models cannot capture dielectric effects important in
solvation, self-assembly, and reactivity. The dielectric constants of hydrocarbons, such as methane
and ethane, physically arise from electronic polarisation fluctuations induced by the fluctuating liq-
uid environment. In this work, we present non-polarisable, fixed-charge models of methane and
ethane that break the charge symmetry of themolecule to create fixedmolecular dipoles, the fluctu-
ations of which reproduce the experimental dielectric constant. These models can be considered a
mean-field-like approximation that can be used to include dielectric effects in large-scale molecular
simulations of polar and charged molecules in liquid methane and ethane. We further demonstrate
that solvation of model ionic solutes and a water molecule in these fixed-dipole models improve
upon dipole-free models.

ARTICLE HISTORY
Received 30 November 2020
Accepted 13 May 2021

KEYWORDS
Liquid methane; liquid
ethane; dielectric constant;
solvation; Titan

1. Introduction

Understanding the liquid-state properties of hydrocar-
bons is important for applications in the petrochem-
ical industry [1–3], their use as solvents for synthe-
sis and separations, and as general models for simple,
non-associating liquids [4,5]. Interest in the simplest of
these liquids has been reinvigorated by the discovery
of methane/ethane lakes on the cold (∼94K) surface
of the Saturnian moon Titan [6–13]. The existence of
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liquid reservoirs on Titan’s surface, combined with its
rich atmospheric chemistry, has led many to hypoth-
esise that the hydrocarbon lakes could harbor pre-
biotic chemistry and even non-aqueous life [14–18].
However, any such chemistry would be vastly different
than similar processes in aqueous environments, and
a fundamental, molecular-scale understanding is neces-
sary, beginning with characterising solvation in methane
and ethane [15,19–23]. Such a microscopic picture of
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cryogenic hydrocarbon solutions can be provided by
molecular simulations, but there remains a need to make
these simulations efficient and predictive.

One difficulty presented by modelling liquid hydro-
carbons is a description of their dielectric properties.
United-atom models combine the carbon and hydrogen
atoms into single sites with intermolecular interactions
described by Lennard-Jones (LJ) potentials and cannot
describe dielectric effects by construction [24]. Most
atomically-detailed molecular models of hydrocarbons
describe the intermolecular interactions through atom-
based LJ and electrostatic interactions, with the latter
achieved by assigning a fixed set of point-charges to each
molecule [25–27]. These and similar models have been
reasonably successful, and can adequately describe many
aspects of the structure, dynamics, and thermodynamics
of liquid and solid hydrocarbons, including at conditions
similar to those on Titan [25,28–31]. However, symmet-
ric fixed-charge and charge-free models of methane and
ethane cannot readily describe dielectric effects.Methane
and ethane do not have a permanent dipole moment,
due to symmetry, and consequently any symmetric and
rigid fixed charge model yields a dielectric constant of
unity. Therefore, these standard models cannot properly
describe the response of hydrocarbon solvents to polar
and charged solutes.

Physically, the dielectric responses of methane and
ethane arise from their polarisabilities. The relevant
dipole fluctuations can be accounted for by polarisable
and ab initiomodels [32–37]. However, polarisable mod-
els can be difficult to parameterise and are more expen-
sive than the fixed charge models discussed above. An
intermediate class of models with fixed charges and the
ability to describe dielectric effects was introduced by
Fennell et al., referred to as dielectric corrected (DC)
models [38]. For symmetric molecules without a perma-
nent dipole moment, a DC model breaks the molecular
charge symmetry to create a fixed dipole moment, which
is parameterised to reproduce the dielectric constant of
the liquid phase.

In thiswork,we presentDCmodels for liquidmethane
and ethane at Titan surface conditions. In addition to
describing dielectric constants of the pure liquids, we
find that the DC models provide a good description of
the dielectric constant of methane-ethane mixtures. We
also demonstrate that these models yield structure and
dynamics in good agreement with the original, dipole-
free models, such that the DC models provide a reason-
able description of the two bulk liquids. We then turn to
the solvation of model solutes. We first investigate hard
sphere solvation and the corresponding liquid density
fluctuations, demonstrating that all models studied here
provide good descriptions of apolar solvation. Then, we

investigate the solvation of charged hard spheres asmodel
ionic solutes and the solvation of a water molecule, a
polar solute. In this case, the DC models provide very
different results than the symmetric, dipole-free mod-
els, because the DC models exhibit a larger dielectric
response. Our results suggest thatDCmodels can be used
in place of traditional dipole-free models to predict sol-
vation thermodynamics of polar and charged species in
hydrocarbon solutions, like those on the surface of Titan.

2. Simulation details

All simulations were performed with GROMACS 2020
[39–41]. Simulations of pure liquid methane and ethane
were performed with 697 molecules, and mixture simu-
lations were performed with 697 molecules of one type
and 299 molecules of the other. After constructing the
simulation cells and performing an energyminimisation,
the systems were equilibrated for 1 ns in the canonical
ensemble, followed by equilibration of at least 10 ns in
the isothermal-isobaric (NPT) ensemble. Statistics were
gathered over production runs of at least 50 ns in length
in the NPT ensemble. Equations of motion were inte-
grated using the leapfrog algorithm with a 1 fs timestep.
A constant temperature of 94K was maintained using a
Nosé-Hoover thermostat [42,43] and a constant pressure
of 1 bar was maintained using an Andersen-Parrinello-
Rahman barostat [44,45]. Short-range interactions (LJ
and Coulomb) were truncated at 1 nm, with standard
long-range tail corrections applied for the LJ contribu-
tion to the energy and pressure. Long-range electro-
static interactions were evaluated using the particle mesh
Ewald method [46]. All C–H bond lengths were con-
strained using the LINCS algorthim [47]. All bond, angle,
and LJ parameters were taken from the OPLS force
field [26], to which we compare the results of the DC
models.

In order to simulate a hard-sphere-like solute with a
radius of 3Å in methane and ethane, we created a non-
interacting dummy particle, fixed at the centre of the box,
and we biased the coordination number of this parti-
cle with a harmonic potential using PLUMED [48]. For
the harmonic potential U(Ñ) = κ/2(Ñ − Ñ∗)2, where
Ñ is a smoothed variant of the coordination number
necessary for biasing [49,50], we set κ = 5 kJ/mol and
Ñ∗ = −20 in order to exclude all solvent molecules from
within 3Å of the solute particle. The biasing potential
was applied to solvent carbon atoms only. Simulations
of the methane liquid-vapour interface were performed
in the canonical ensemble using a Nosé-Hoover ther-
mostat [42,43]. A liquid slab was created by elongating
the z-axis of an equilibrated bulk simulation by a fac-
tor of three. Short-range interactions were truncated at



MOLECULAR PHYSICS 3

1 nm, such that the effects of the LJ tails on the interface
are neglected beyond that length. Long-range electro-
static interactions were evaluated using the particle mesh
Ewald method [46] in conjunction with the correction
of Yeh and Berkowitz for slab-like systems [51], and all
other simulation parameters followed those of the bulk
systems.

To simulate solvation of a water molecule in liquid
methane, we employed the widely-used extended simple
point charge (SPC/E) model of water [52]. This model
includes a LJ potential centred on the oxygen site and
point charges qH and qO = −2qH located on the hydro-
gen and oxygen sites, respectively. The LJ interactions
between methane sites and the SPC/E water molecule
were determined using standard OPLS combining rules.
All simulation parameters followed those for the bulk
and hard sphere systems detailed above. Simulations of
charging the SPC/E models from zero (LJ solute only)
to the fully charged water model were equilibrated for
a minimum of 5 ns and production runs were 10 ns in
length.

3. Static dipolar charge distributions can
reproduce the dielectric constant

Due to symmetry, both methane and ethane do not have
static molecular dipole moments, so that the dielectric
constant is determined by electronic polarisation fluc-
tuations. Here, we develop models with fixed, effective
dipole moments – using point charges distributed over
themolecular sites – that can reproduce the experimental
dielectric constant of each liquid. This approach can be
considered a mean-field-like approximation to the polar-
isation fluctuations akin to the distributed-dipole DC
models of Fennell et al. [38]. However, we do not attempt
to fit the temperature dependence of the dielectric con-
stant, as done by Fennell et al. [38], which required alter-
ing LJ parameters in addition to atomic charges. Instead,
we fit the dielectric constant at a single state point and
minimally perturb the model by making small changes
in the atomic charges only.

We tune the fixed point charges on atomic sites accord-
ing to the schemes in Figure 1, where dipoles are created

using a shift parameter δ = q that modifies the charge
on specified sites. Ethane presents more freedom in the
choice of charge distribution, and sowe parameterise two
models: DC andDC2. TheDC ethanemodel has a charge
distribution similar to the DC methane model, while the
DC2 model creates a permanent dipole moment using
the carbon atoms only. We note that these choices are
not unique, and equivalent results can be obtained using
other charge distributions with roughly the same dipole
moment. For example, we also parameterised a methane
model with q = 0.06 and δ = 0.0441 that yields prop-
erties equivalent to the DC model at the focus of this
work.

The magnitude of q is optimised to match the exper-
imental dielectric constants at 94K. These models may
not be readily transferable to different state points,
because only the single state of interest was considered
when determining q, as mentioned above. The resulting
parameters are listed in Table 1. The charges and dipole
moments are smaller than those determined by Fennell et
al. for CCl4, for example [38], and the dipole is simi-
lar to that of the Fox and Kollman model for CCl4 [53].
Altering the atomic charges to create a dipole moment
also changes the quadrupole tensor of the molecule,
where Q andQ are respectively the primitive and trace-
less quadrupole tensors. Therefore, we list the trace of
Q, which is used to estimate the Bethe potential dis-
cussed below in the context of ion solvation [54], and the
off-diagonal elements ofQ, indicated by Q̃.

The dielectric constants and bulk densities of those
models are listed inTable 2, where the dielectric constants
were determined according to

Table 1. Molecular properties for the models studied here:
charge, q (e0), shift parameter, δ (e0), dipole moment,μ (D), trace
of theprimitive quadrupole tensor, TrQ (D·Å), and theoff-diagonal
element of the traceless quadrupole tensor, Q̃ (D·Å).
Liquid Model q δ μ TrQ Q̃
Methane OPLS 0.06 0.0 0.0 1.370 0.0

DC 0.0444 0.0444 0.31 1.014 −0.338

Ethane OPLS 0.06 0.0 0.0 3.00 0.264
DC 0.0576 0.0576 0.426 2.88 1.04 (xy/xz),−1.31 (yz)
DC2 0.06 0.06 0.435 2.35 −0.393

Figure 1. Schematics of the charge distributions for (a) the DC model of methane and the (b) DC and (c) DC2 models of ethane.
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ε = 1 + 4πβ

3 〈V〉
〈
(δM)2

〉
, (1)

where β−1 = kBT is the product of Boltzmann’s constant
and the temperature, 〈· · · 〉 indicates an ensemble aver-
age, V is the volume of the simulation cell, δM = M −
〈M〉, andM is the total dipole moment of the system. The
running average of ε is shown in Figure 2 for all models
studied. The dielectric constants of the DCmodels are in
good agreement with those determined experimentally.
TheOPLSmodels have dielectric constants close to unity,
with deviations coming from intramolecularH–C–Hand
H–C–C angle fluctuations. The bulk densities (Table 2)
show that the density is only slightly altered in the DC
models, in comparison to the OPLS models, in agree-
ment with previous work that showed that reasonable
atomic charges have little impact on the thermodynamic
properties of liquid alkanes [55,56].

Although the DC models were parameterised to
match the dielectric constant of pure liquid methane and
ethane, they also make reasonable predictions for the

Figure 2. Running averages of the dielectric constant in the (a)
methane and (b) ethane models studied here, shown for the first
25 ns of a 50 ns trajectory.

Table 2. Bulk properties for the models studied here: predicted
dielectric constants anddensities (kg/m3) for themethanemodels
studied here.

Liquid Model ε ρB

Methane OPLS 1.0073 (0.0007) 499.2 (0.6)
DC 1.680 (0.002) 501.36 (0.03)
Exp. 1.67 447.04

Ethane OPLS 1.0090 (0.0001) 668.38 (0.06)
DC 1.95 (0.01) 664.6 (0.2)
DC2 1.94 (0.01) 663.46 (0.08)
Exp. 1.94 647.65

Note: Experimental dielectric constants [57–59] and densities [60] are also
listed. Error estimates are listed in parentheses and correspond to the stan-
dard deviation among three independent simulations.

Figure 3. Dielectric constant of methane-ethane mixtures as a
function of the methane mole fraction, x, determined via simu-
lation with the DC models developed here and determined by
experiments [59]. Also shown are the predictions fromOster’s for-
mula [61], Equation (2), with the shaded region indicating the
range of predictions consistent with the error bars.

dielectric constant of theirmixtures. To demonstrate this,
we performed simulations of methane-ethane mixtures
with methane mole fractions of x = 0.3 and x = 0.7.
The dielectric constants as a function of x are shown in
Figure 3, along with available experimental data points.
We also show the predictions of Oster’s formula for the
dielectric constant of mixtures [61],

ε(x) − 1
ε(x) + 2

=
∑
i
xi

ρB(x)
ρB,i

εi − 1
εi + 2

, (2)

where xi is the mole fraction of component i, ρB(x) is the
number density of the mixture x, ρB,i is the bulk density
of pure component i, and εi is the dielectric constant of
pure component i. To determine ε for intermediate mole
fractions, we fit the density to a quadratic function of x
and use this as input to Equation (2).

The concentration-dependence of the dielectric con-
stant, shown in Figure 3, is in good agreement with
experimental results and the predictions of Equation (2).
The Oster equation is anticipated to be accurate for
methane-ethane mixtures, because it is an extension
of the Clausius-Mossotti formula [62], which has been
shown to be accurate for pure methane and ethane liq-
uids [58,59]. The good agreement among the predictions
of the DC models, Equation (2), and experiments sug-
gests that thesemodels can be accurately used to simulate
dielectric effects at a range of concentrations, including
the ranges anticipated for Titan’s lakes.

4. Liquid-state structure and dynamics

The OPLS models of methane and ethane yield accu-
rate predictions for the structure and dynamics of these
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Figure 4. Radial distribution functions, g(r), for C–C, H–H, and
C–H (intermolecular) correlations in liquid (a) methane and (b)
ethane. Lines indicate g(r) obtained using the dipole-free, OPLS
model, and those for the DC models are shown with data points.
TheH–HandC–H results are shifted vertically by 0.5 and 1, respec-
tively. Also shown are select g(r) for correlations between H sites
in (c) methane and (d) ethane. H–H indicates the OPLS and site-
averaged DC g(r). For DC methane, (c), H1 is the site with zero
charge and H2 indicates the other H sites. For DC ethane, (d), H1
is the site with zero charge, H2 indicates the sites with charge q +
δ/2, and H4 indicates the H sites with charge q that are bonded to
the other carbon atom in the molecule.

liquids. In this section, we demonstrate that creating the
DC models of methane and ethane leaves the structure
and dynamics nearly unchanged.

We characterise the structure of liquid methane and
liquid ethane through site-site pair distribution func-
tions, gαγ (r), where α and γ represent atomic sites.
The carbon-carbon (CC), hydrogen-hydrogen (HH), and
carbon-hydrogen (CH) pair distribution functions of
liquid methane and ethane are shown in Figure 4 for
the OPLS and DC models. The various gαγ (r) are essen-
tially identical for the two models. This illustrates that
the small change in charge distributions necessary to
obtain the experimental dielectric constant does not sig-
nificantly change the structure of the bulk liquid, result-
ing in fixed-charge models with accurate structure and
dielectric properties. The DC2model yields gαγ (r) indis-
tinguishable from the OPLS and DC models and are not
shown for clarity.

Although the pair distribution functions averaged
over all sites are equivalent in the OPLS and DC mod-
els, those between nonequivalent sites of the DC models
can differ. For example, gHH(r) differs for the two types
of H sites in DC methane, Figure 4(c). The correlations
between like charged sites are diminished, while correla-
tions between nonequivalent sites are slightly increased

beyond the average. This is indicative of dipolar correla-
tions expected of a dielectric fluid. Similar correlations
between nonequivalent H sites are also found in DC
ethane, as highlighted by select gHH(r) in Figure 4(d).
Correlations between equivalent sites, e.g. H1–H1, are
diminished with respect to the average, H–H, while sig-
nificant correlations between nonequivalent sites can be
enhanced beyond the site-average, H1–H2, again indica-
tive of dipolar correlations typical of dielectric media.

To the extent that liquid structure determines dynamic
properties in equilibrium, the above results suggest that
the DC models should yield liquid dynamics similar to
the dipole-free OPLS models. To characterise the single-
particle translational dynamics of each liquid, we com-
pute the mean-squared displacement (MSD) in each sys-
tem. The MSD is related to the diffusion coefficient, D,
through the Einstein relation, 6Dt = limt→∞ MSD(t),
such that similar MSDs in two systems imply sim-
ilar diffusion coefficients. The MSDs are shown in
Figure 5 for all systems under study. The dynamics of
the DC methane models are slightly slower than the
OPLS models, which can be attributed in part to the
slightly higher density of the DC models. The slower
dynamics of the DC models is reflected in the diffu-
sion coefficients, which we obtained by linear fitting the
long-time behaviour of the MSD to 6Dt+ c. This yields
diffusion coefficients of DOPLS ≈ 2.1 × 10−5 cm2/s and
DDC ≈ 2.0 × 10−5 cm2/s for the OPLS and DC models
of methane, respectively. Both models predict diffusion
coefficients that are slightly smaller than that obtained
at T = 95.94K by Oosting and Trappeniers at coexis-
tence [63], Dexp = 3.01 × 10−5 cm2/s.

The analogous diffusion coefficients for the ethane
models are DOPLS ≈ 0.30 × 10−5 cm2/s and DDC ≈
0.35 × 10−5 cm2/s, respectively. The DC models diffuse
slightly faster than the OPLS model, and we attribute
this small difference to the slightly lower density of
the DC system at the same pressure. In this case,
both models exhibit slightly slower diffusion than that
determined experimentally, Dexp ≈ 0.8 × 10−5 cm2/s,

Figure 5. Mean-squared displacement (MSD) as a function of
time for the (a) methane and (b) ethane models studied here.
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Figure 6. Rotational time correlation functions, C2(t), for (a)
methane and (b) ethanemodels studied here. The methane C2(t)
quantifies the rotation of the C–H bond vector, while that for
ethane quantifies the C–C bond rotation.

by Gaven, Stockmayer, and Waugh at approximately
98K [64].

While the addition of a permanent dipole only slightly
influences translational diffusion, onemight imagine that
it could impact rotational motion. Therefore, we addi-
tionally examined single-molecule rotational dynamics
by computing the rotational correlation function

C2(t) = 〈P2 (n(t) · n(0))〉 , (3)

where n(t) is a C–H bond vector in the case of methane
and the C–C bond vector in the case of ethane at
time t and P2(x) is the second order Legendre polyno-
mial. These rotational correlation functions are shown
in Figure 6 for the methane and ethane models stud-
ied here. For methane, C2(t) is nearly identical for the
OPLS and DC model, illustrating that the addition of a
permanent dipole moment does not significantly affect
rotational motion in the liquid. Exponential fits to the
long-time decay of C2(t) (0.2–2 ps) yield correlation
times of τOPLS ≈ τDC ≈ 0.3 ps, further illustrating that
the DCmodel minimally perturbs the dynamics of liquid
methane. These correlation times are in good agreement
with that of approximately 0.2 ps determined experimen-
tally through Raman spectroscopy [65,66].

For ethane, C2(t) decays slightly faster in the DC and
DC2 models than that for the OPLS model. The long-
time decay of C2(t) for ethane (5–30 ps) is fit well with a
bi-exponential, which we integrate to find the correlation
time. This yields τOPLS ≈ 3.48 ps, τDC ≈ 3.08 ps, and
τDC2 ≈ 3.03 ps. Performing the same fit on the experi-
mental correlation function [67] yields a correlation time
of 2.9 ps, in good agreement with the DC model predic-
tions. The addition of a permanent dipole moment in
the DC models slightly speeds up the rotational dynam-
ics of liquid ethane, in addition to translational diffu-
sion. While this can in part be attributed to a slightly
lower density, the solvent’s dynamic dielectric response,
which involves rotational motion, is inversely related to

its dielectric constant, i.e. higher dielectric constant liq-
uids have faster dielectric response when all other prop-
erties are the same [68]. Thus, it may be expected that the
DC models presented here will have slightly faster rota-
tional dynamics through their connection to dielectric
relaxation.

To summarise, the DC models yield a reasonable
description of the structure and dynamics of liquid
methane and ethane, while also providing an accurate
representation of the static dielectric constant of each
liquid.

5. Density fluctuations and hard sphere
solvation

We now evaluate how altering the charge distribution
of the methane and ethane models impact solvation of
small apolar solutes. To do so, we quantify density fluc-
tuations in each liquid through the probability distribu-
tion, Pv(N), of observing N heavy atoms in a spherical
probe volume, v. For small v, Pv(N) is expected to follow
Gaussian statistics [49,69–71]. In this limit,

Pv(N) = 1√
2π

〈
(δN)2

〉
v

exp

[
− (N − 〈N〉v)2

2
〈
(δN)2

〉
v

]
, (4)

where 〈N〉v = ρBv is the average number of solvent
molecules in v at a bulk density ρB. The variance in the
number fluctuations,

〈
(δN)2

〉
v, is given by

〈
(δN)2

〉
v =

∫
v
dr

∫
v
dr′

〈
δρ(r)δρ(r′)

〉
, (5)

where the bulk density-density correlation function is〈
δρ(r)δρ(r′)

〉 = ρBωCC(
∣∣r − r′

∣∣)
+ ρ2

B
[
gCC(

∣∣r − r′
∣∣) − 1

]
(6)

and ωCC(r) is the carbon-carbon intramolecular pair
correlation function, equal to a delta function for
methane [72–74]. Therefore, if Pv(N) is Gaussian, we
would expect the OPLS and DC models to yield equiv-
alent distributions, because both yield liquids with the
same structure.

The computed distributions, Pv(N), are shown in
Figure 7(a,b) for liquid methane and ethane models and
representative spherical probe volumes, where N cor-
responds to the number of carbon atoms in the probe
volume. For small v, we find that the distributions are
approximately Gaussian, and that the OPLS and DC
models yield equivalent distributions. This is expected
based on the discussion above; both sets of models pro-
duce the same gαγ (r) and therefore the same density
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Figure 7. (a,b) Probability distribution, Pv(N), of the number of
solventmolecules,N, within a spherical volume, v, for (a)methane
and (b) ethane models. From left to right, the spherical volumes
have radii of RHS = 2 Å, RHS = 3 Å, and RHS = 4 Å. OPLS model
results are shown as circles, DC model results are shown as dia-
monds. Solid lines correspond the predictions of Equation (4).
(c,d) Hard sphere solvation free energy, �μv , as of function of
the solute radius for both models (points), as well as their respec-
tive Gaussian approximations (thin solid/dashed lines). The thick
gray line in (c) is the prediction of the theory of Chen and Weeks
(CW) [75], Equation (9).

fluctuations. However, for larger volumes, close to RHS ≈
3Å and larger, Pv(0) is overestimated by the Gaussian
prediction.

The solvation free energy of a hard sphere of volume v,
�μv, can be obtained from the quantification of density
fluctuations using Widom’s particle insertion [76]

β�μv = − ln Pv(0) (7)

≈ ρ2
Bv

2

2
〈
(δN)2

〉
v

+ 1
2
ln

(
2π

〈
(δN)2

〉
v
)
, (8)

where the second line is obtained using the Gaussian
approximation toPv(N) in Equation (4).Hard sphere sol-
vation free energies as a function of solute size are shown
inFigure 7(c,d) for liquidmethane and ethane, alongwith
the predictions of Equation (8). The free energies are in
agreement for the two sets of charges, suggesting that the
DCmodels can be used for studying the solvation of apo-
lar solutes. Moreover, the Gaussian approximation holds
for hard sphere radii less than about 2.75Å, suggesting
that Equation (4) can be used to predict solvation free
energies in this range of solute sizes. Above this size, the
Gaussian approximation underestimates the free energy,
as expected by the overestimate of Pv(0) by the Gaussian
approximation in Figure 7(a,b).

These deviations from Gaussianity at low N are also
observed for hard sphere fluids [71,77,78]. Within the
perspective of Weeks-Chandler-Andersen (WCA) the-
ory, the pair correlations in liquid methane and ethane
are determined mainly by the short-range, rapidly-
varying repulsive cores of the molecular sites, while the
slowly-varying, long-range attractions provide essentially
a uniform background potential [72,73,79–81]. There-
fore, themolecular liquid can be accurately approximated
by its purely short-ranged counterpart at the same bulk
density. WCA also showed that the correlations within
this short-ranged reference system can be further approx-
imated by those of an appropriately chosen hard sphere
reference solvent [79,81,82]. Within this level of approx-
imation, we can approximate the hard sphere solvation
free energy, �μv, by that in an appropriate hard sphere
reference fluid. An analytic expression for this solvation
free energy was derived by Chen and Weeks (CW) [75],

β�μCW
v = −η(2 − 7η + 11η2)

2(1 − η)3
− ln(1 − η)

+ 18η3

(1 − η)3
RHS

σ
− 18η2(1 + η)

(1 − η)3
R2HS
σ 2

+ 8η(1 + η + η2)

(1 − η)3
R3HS
σ 3 , (9)

where η = πρBσ
3/6 is the packing fraction, σ is the sol-

vent hard core diameter, andRHS is the hard sphere solute
radius. Equation (9) was obtained following the ‘com-
pressibility route’ described by CW, which was found to
be the most accurate of several routes to the free energy
explored in that work [75]. We set σ = 3.7 Å, which is
roughly the hard sphere diameter of the carbon atom
plus half the C–H bond length and is close to the first
peak in gCC(r). The predictions of Equation (9) are shown
as a gray solid line in Figure 7(c) and agree well with
the simulation results for all values of RHS studied here.
For larger RHS values, long-range solvent-solvent inter-
actions become increasingly important, but these can be
accounted for using recent theoretical approaches [83].
These results suggest that small-scale density fluctuations
in atomistic models of liquid methane are analogous to
those of their hard sphere counterparts, and solvation of
small apolar solutes can be described within this level of
approximation with reasonable accuracy. We expect that
liquid ethane will follow similar principles – apolar sol-
vation can be described using a hard diatomic fluid – and
we leave the extension of the CW theory [75] and com-
plementary approaches [72,73,84,85] to treat diatomic
solvents with varying bond length for future work.
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6. Free energy of hard sphere charging in liquid
methane

The results above demonstrate that the structure and
dynamics of liquid methane and ethane, and conse-
quently apolar solvation in these two solvents, are essen-
tially unaltered by introducing a small, fixed dipole
moment on each molecule. Thus, the DC models can
describe the properties of liquid methane and ethane as
well as earlier dipole-free fixed charge models, with the
additional advantage of providing a reasonable descrip-
tion of the static dielectric constant. As an example of
where dielectric response is significant and therefore dif-
fers between the two models, we examine the process of
charging hard sphere solutes in liquid methane.

We consider inserting a point charge at the centre of
a hard sphere of radius RHS = 3Å in solution and evalu-
ate the corresponding free energies of charging the solute
to a charge Q. We obtain the charging free energy by
linearly coupling the charge to a parameter λ, such that
λ = 0 corresponds to the uncharged hard sphere and
λ = 1 indicates the fully charged solute. Through ther-
modynamic integration, the charging free energy is given
by [68,86,87]

�Gc(Q) =
∫ 1

0
dλ

∫
dr

∫
dr′

ρQ(r)ρq
λ(r

′)
|r − r′| , (10)

where

ρ
q
λ(r) = 〈

ρq(r;R)
〉
λ
, (11)

〈· · · 〉λ indicates an ensemble average over configurations
sampled in solute charge state λQ, ρq

λ(r;R) is the charge
density in a single configuration R, such that ρ

q
λ(r) is

the ensemble averaged solvent charge density at coupling
parameter λ, and ρQ(r) = ρ

Q
λ=1(r) is the charge density

of the solute in the fully coupled state (λ = 1). For a point
charge fixed at the origin, like those used here, ρQ(r) =
Qδ(r), which reduces the charging free energy to

�Gc(Q) = Qv̄q(0), (12)

where

v̄q(r) =
∫ 1

0
dλvqλ(r) =

∫ 1

0
dλ

∫
dr′

ρ
q
λ(r

′)
|r − r′| (13)

is the λ-averaged electrostatic potential of the solvent.
The charging free energies that we report are the ‘Bulk’

free energies as defined previously [54,87–91],

�Gc
Bulk(Q) = �Gc(Q) − Q�HW, (14)

where �HW is the electrostatic potential difference
between the bulk liquid and vacuum (separated by

Figure 8. Charging free energy as a function of the solute charge.
Solid lines are predictions of the Born model with RB = 3 Å. The
Born model curve for the OPLS methane model uses a larger
dielectric constant (1.02) than that explicitly calculated for the
uniform bulk liquid.

a hard wall, for example), which serves to appropri-
ately reference the electrostatic potential to the vacuum.
Here, we approximate �HW by the potential difference
across the liquid-vapour interface of each model, as
done in previous work [54,87–90,92,93]. For the mod-
els studied here, this is also equal to the Bethe poten-
tial of the model because there is no preferential ori-
entation of dipole moments at the liquid-vapour inter-
face [54,87–89,91,94–96]. We compare the simulation
results to the Born model of charging [97],

�GBorn(Q) = − Q2

2RB

(
1 − 1

ε

)
, (15)

whereQ andRB are the charge and Born radius of the ion.
While the Born radius can be estimated from simulations
in several ways [54,87–89], we approximate it by the hard
sphere radius of the solute, RB ≈ RHS = 3Å.

The charging free energies are shown in Figure 8
for both models. The Born model provides a good
approximation to the magnitude of the charging free
energies, although the simulated free energies display
a slight asymmetry with respect to Q. This asymme-
try is becoming increasingly well understood and arises
from the asymmetric charge distribution of the molecu-
lar model [54,87–89,98], in addition to the asymmetric
nature of the solute-solvent excluded volume interac-
tions [99,100].

Importantly, �Gc
Bulk(Q) obtained for the DC model

is roughly a factor of 20 larger in magnitude (more
favourable) than that obtained for the OPLS model. This
is consistent with the inability of the dipole-free OPLS
model to describe the dielectric response of the solvent to
charged andpolar solutes. A similar increase in the charg-
ing free energy magnitude from the dipole-free OPLS



MOLECULAR PHYSICS 9

model to the DC model can be expected for dipolar
solutes as well, based on the Bell model [68,101], the ana-
logue of the Bornmodel for dipolar hard sphere solvation
in a dielectric.

The inability of the dipole-free models to respond to
solute charging is further demonstrated by the densities
and charge densities in Figure 9. The density, ρ(r), of
the OPLS methane molecules (Figure 9(a)) displays only
slight changes upon charging the solute, while ρ(r) for
the DC model (Figure 9(b)) displays a large response to
charging; the first peak triples in magnitude, for exam-
ple. The differences in the nonuniform density ulti-
mately arise from the ability of the DC model to interact
with charged solutes via charge-dipole interactions, while
these are absent in the OPLS model. This point is fur-
ther exemplified by the charge densities for the OPLS
and DC models shown in Figure 9(c,d), respectively.
The OPLS model does not have a permanent dipole to
preferentially orient, so little change is observed in the
solvent structure as the charge state of the solute is var-
ied. The DC models exhibit very significant differences
in the charge densities around the cationic, anionic, and
uncharged hard spheres, which originate from the pref-
erential orientation of the solvent dipole moments in the
solvation shell in response to a solute charge. A large pos-
itive peak is observed close to the anionic solute, and
this peak is replaced by a large negative peak around the
cationic solute, as may be expected for dipolar molecules
with opposite orientations in the solvation shell. This
suggests that the DC models developed here can pro-
vide an approximate microscopic description of dielec-
tric response that is lacking in conventional hydrocarbon
models.

7. Solvation free energies of idealised ionic
solutes in liquidmethane

The results of the previous two sections can be com-
bined to estimate the solvation free energy of charged
hard spheres in liquid methane using the OPLS and DC
models. The total solvation free energy of a charged hard
sphere,�G(RHS,Q), can be approximated by a combina-
tion of the CW and Born theories for inserting the solute
core and subsequently charging it, respectively,

�G(RHS,Q) ≈ �μCW
v (RHS) + �GBorn(RHS,Q), (16)

where we have emphasised that the first term does not
depend on solute charge and we use the hard sphere
radius as the Born radius. The total solvation free ener-
gies are shown in Figure 10 for the two methane mod-
els. For the dipole-free model, only small charged hard
spheres have a favourable solvation free energy. In con-
trast, the DCmodel favourably solvates monovalent ions

Figure 9. Nonuniform (carbon) density profiles, ρ(r), for the (a)
OPLS and (b) DC methane models around a hard sphere with
radius RHS = 3 Å and charges of Q = 0,±1, as well as the cor-
responding charge densities, ρq(r), for the (c) OPLS and (d) DC
models.

Figure 10. (a,b) Total solvation free energies for charged hard
spheres, β�G(RHS,Q), in the (a) dipole-free OPLS and (b) DC
models of methane, predicted using Equation (16)(c,d) The total
solvation free energies for charged hard spheres with a Lennard-
Jones attractive potential for (c) OPLS and (d) DC models of liq-
uid methane. The contribution to the free energy from turning
on the Lennard-Jones solute-solvent attraction is estimated fol-
lowing Equation (18). Solid/dashed contour lines indicate posi-
tive/negative free energies.

of all sizes studied here, as well as partially charged ions
approaching |Q| = e0/2 for RHS < 3Å.

We can also add attractive van der Waals-like interac-
tions between the solute and solvent in order to better
mimic a physical solute. This is accomplished by con-
sidering one additional step at the end of the solvation
process, in which the solute-solvent attractive interac-
tion u1(r) is turned on, after charging. Within linear
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response theory, the free energy change of turning on this
attractive interaction is

�G1 ≈
∫

drρ(r)u1(r), (17)

where ρ(r) is the solvent density around the solute and
the attractive interaction is given by the attractive portion
of a Lennard-Jones potential,

u1(r) =

⎧⎪⎨
⎪⎩

−ε, r < RHS

4ε

[(
RHS

r

)12
−

(
RHS

r

)6
]
, r ≥ RHS

In order to examine the qualitative effects of adding u1(r)
for many values of RHS, we further approximate �G1 by
taking a sharp-kink approximation to the induced sol-
vent density, ρ(r) = ρB�(r − RHS), where �(r) is the
Heaviside function. This enables the free energy to be
evaluated analytically,

�G1 ≈ −32
9

πβε̃ρBR3HS. (18)

The effective well-depth, ε̃ = 0.86 kJ/mol, was chosen so
that �G1 obtained via Equation (18) agrees with that
determined by evaluating Equation (17) using the sim-
ulated density of the OPLS model for RHS = 3Å and
ε = 0.7 kJ/mol.

We show the total solvation free energy of charged
hard spheres with LJ attractions in Figure 10(c,d) within
this crude level of approximation for the two liquid
methane models. As may be expected, attractive interac-
tions ensure that small uncharged solutes are favourably
solvated. Large, even partially charged attractive hard
spheres are unfavourably solvated in the OPLS model.
Attractive solutes in the DC model are favourably sol-
vated for nearly the entire range of RHS studied here.

To summarise, the predicted �G(RHS,Q) highlight
the importance of dielectric effects in determining even
the qualitative behaviour of the thermodynamics gov-
erning simple solute solvation in liquid hydrocarbons, in
addition to the large quantitative differences between the
two types of models.

8. Solvation free energy of water in liquid
methane

The importance of dielectric response in solvation ther-
modynamics is also apparent when the solute is neutral
but polar, as is the case for water. Water is prevalent
on Titan, as a subsurface ocean as well as ice on its
surface [15], and understanding the solvation thermody-
namics of water in liquid methane is a prerequisite for
predicting water’s role in more complex chemical pro-
cesses. In this section, we compute the solvation free

energy of a water molecule in the OPLS and DC models
of liquid methane.

We model water using the SPC/E model [52], which
interacts with methane via a LJ potential centred on the
oxygen site and point charges qH and qO = −2qH located
on the hydrogen and oxygen sites, respectively.We divide
the solvation free energy into two components, the free
energy of inserting the LJ core into the solvent, �GLJ,
and the free energy of charging the H and O sites, �Gμ,
where μ indicates the dipole moment of the solute. The
total solvation free energy is then given by�G = �GLJ +
�Gμ.

The first, LJ term in the solvation free energy can be
obtained by standard Widom particle insertion [76],

β�GLJ = − ln
〈
e−β�ULJ

〉
B , (19)

where the subscript B indicates that the average is per-
formed over configurations of the bulk solvent,

�ULJ =
N∑
i=1

uiW(|ri − rW|) (20)

is the interaction energy between the LJ core and the
N atoms of the solvent, and uiW(r) is the LJ interaction
potential between solvent atom i and LJ core (W), each
located at ri and rW, respectively.

The insertion of water’s LJ core into liquid methane
does not involve water-methane electrostatic interac-
tions. We can then expect that OPLS and DCmodels will
yield similar values of�GLJ, as is the case for hard sphere
insertion. Indeed, evaluating Equation (19) over 50 ns
trajectories in each methane model results in similar LJ
core insertion free energies, as listed in Table 3.

To determine �Gμ, we first define the electrostatic
interaction energy between the water solute and liquid
methane as

�Uμ =
N∑
i=1

3∑
j=1

qiqj∣∣ri − rj
∣∣ , (21)

where qi is the charge on solvent atom i and qj is the
charge on solute atom j, located at ri and rj, respectively.
We then linearly couple this energy to a coupling param-
eter, λ, such that λ = 0 corresponds to the uncharged
LJ core and λ = 1 corresponds to a fully-charged SPC/E
water molecule. Through thermodynamic integration,
the free energy of charging the water molecule is given by

�Gμ
sim =

∫ 1

0
dλ

〈
�Uμ

〉
λ
, (22)

where 〈· · · 〉λ indicates an ensemble average over config-
urations in the system with coupling parameter λ and
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the subscript sim indicates that the free energy is deter-
mined in a finite-size simulation box. To correct for the
finite size of the simulation cell, we add a long range cor-
rection to the free energy determined by the Bell model,
which describes solvation of a fixed dipole inside a cavity
of radius R within a dielectric,

�Gμ

Bell(R) = − ε − 1
2ε + 1

μ2

R3
, (23)

where μ is the dipole moment of the solute. The finite
size correction is obtained by setting the radius equal to
the average length of the cubic simulation cell, R = L.
Then, �Gμ

Bell(L) accounts for solute-solvent interac-
tions beyond the box length, such that �Gμ = �Gμ

sim +
�Gμ

Bell(L).
The λ-dependent average interaction energy,

〈
�Uμ

〉
λ
,

is linear to a good approximation in both the OPLS
and DC models (Figure 11(a)). This suggests that linear
response theories are applicable to the solvation of small
polar molecules in liquid methane, and the free energy
is quadratic inμ, as shown in Figure 11(b) and predicted
by dielectric continuum theories. The response of theDC
model is larger than that of the OPLS model, consistent
with the DCmodel’s larger dielectric constant. The finite
size-corrected free energy is roughly eight times larger
in magnitude in the DC model, Table 3. This is again
consistent with the larger dielectric response of the DC
model and expectations from dielectric continuum the-
ory. However, the Bell model itself underestimates the
charging free energy in both the OPLS and DC mod-
els, where the Bell model results were obtained using
R = 2.5 Å for both models, and a higher dielectric con-
stant of 1.02 for the OPLS model, as done above for the
Born model. The differences can be attributed to the
neglect of short range molecular details and higher order
multipolar interactions in the Bell model.

The total solvation free energies, �G, obtained by
summing the LJ and charging free energies are listed
in Table 3. The resulting solvation free energy in the
OPLS model is nearly three times smaller in magnitude
than that of the DC model. This illustrates that the lack
of a physical dielectric response in symmetric models
like OPLS can result in predictions that significantly
underestimate solvation free energies and, consequently,
solution-phase binding free energies. The significant dif-
ference in solvation free energies found here emphasises

Figure 11. (a) Average water-methane electrostatic interaction
energy evaluated as a function of λ and (b) the corresponding
charging free energy evaluated by thermodynamic integration.
Data points correspond to simulation results, solid lines corre-
spond to linear fits in (a) and their integral in (b), and the dashed
line in (b) corresponds to predictions of the Bell model for a solute
radius of R = 2.5 Å and a box size equal to that of the simulation
cell,�Gμ

Bell, sim = �Gμ

Bell(R) − �Gμ

Bell(L).

the importance of including dielectric response inmodels
of liquid hydrocarbon solutions.

9. Conclusions

We have developed models of liquid methane and ethane
in which molecular charge symmetry is broken by cre-
ating a fixed dipole moment in order to describe the
dielectric constant of the liquid. The resulting DC mod-
els accurately describe the structure and dynamics of the
liquids, while gaining the ability to estimate dielectric
response, in a mean-field-like manner, by replacing the
polarisability fluctuations of the real systemwith effective
permanent dipole moments. Finally, we demonstrated
that these new models can describe solvation of charged
and polar solutes, such as water, for which solvent dielec-
tric response is critical.

We expect these new DC models to be useful in the
study of solvation and assembly of polar and charged
solutes in liquid methane and ethane, both of which
require a description of dielectric response [23,83,102–104].
In particular, there is great interest in understanding
chemistry that could be occurring in the liquid hydrocar-
bon lakes on the surface of Titan. The first step in achiev-
ing this goal is understanding the solvation structure
and thermodynamics of relevant molecules. Such infor-
mation is difficult to gather experimentally, due to the
cryogenic conditions needed to mimic Titan’s lakes, and
predictive molecular simulations enabled by DC models

Table 3. Solvation free energies and its components for a SPC/E water molecule
in liquid methane. Error bars represent one standard error.

Model β�GLJ β�Gμ
sim β�Gμ β�G β�GBell

OPLS −2.387 ± 0.007 −0.70 ± 0.01 −0.77 ± 0.01 −3.16 ± 0.01 −0.18
DC −2.358 ± 0.005 −4.50 ± 0.02 −6.26 ± 0.02 −8.75 ± 0.02 −4.25
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will play an important role in characterising solvation and
assembly in these liquid hydrocarbon environments.
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