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Abstract
We present a refined alkane charge equilibration (CHEQ) force field, improving our previously
reported CHEQ alkane force field[1] to better reproduce experimental hydration free energies.
Experimental hydration free energies of ethane, propane, butane, pentane, hexane, and heptane are
reproduced to within 3.6% on average. We demonstrate that explicit polarization results in a shift in
molecular dipole moment for water molecules associated with the alkane molecule. We also show
that our new parameters do not have a significant effect on the alkane-water interactions as measured
by the radial distribution function (RDF).
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1. Introduction
Alkanes are an important class of compounds with a variety of commercial and industrial uses,
such as in petroleum refining, as industrial solvents, and in a wide range of products including
oils and cosmetics[2,3]. Aliphatic groups are also widely present in organic and biological
systems; therefore, accurate representations of alkanes and aliphatic groups are desirable
towards the goal of efficient molecular modeling of such systems. Another consideration is the
treatment of electrostatic interactions in molecular simulations; traditionally, atoms are
assigned fixed charges which interact via a Coulomb potential. Recent efforts have led to the
development of polarizable force fields that explicitly model non-additive electrostatic effects
arising from polarization. In the coarsest sense, these models attempt to capture changes in
molecular electrostatic properties with changing local (electro)chemical environment;
moreover, these are implemented within a classical, deterministic formalism. One such model
is the charge equilibration (CHEQ) model, which is described in detail elsewhere[4,5,6,7,8].
Our previous studies have focused on refining the CHEQ hexane force field of Patel and Brooks
[9] for more accurate bulk property predictions of larger n-alkanes[1] and extending the CHEQ
model for more accurate modeling of phospholipid bilayers[10]. In this work, we present a
revision to the alkane force field of Davis et al [1] to obtain more accurate hydration free
energies.
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We consider polarizable models for alkanes (as has been done in the past by several groups)
as it has been shown that incorporating such effects improves the prediction of alkane dielectric
constants. Accurately capturing the dielectric environment in alkyl environments has
implications in modeling processes involving strongly charged systems within phospholipid
bilayer systems (see for instance, Allen et al [11], Roux et al [12], and Bucher et al [13]).

2. Hydration Free Energy Calculations
The free energies of hydration are computed by decoupling a single alkane molecule from bulk
TIP4P-FQ[14] water by thermodynamic integration (TI) [15]. A more detailed explanation can
be found elsewhere[1]. Briefly, we followed a two-step path in which the electrostatic terms
were first decoupled before decoupling the Lennard-Jones (LJ) interactions. This two-step
scheme prevents the polarization catastrophe that could result from close range charge-charge
interactions in the absence of LJ repulsion. Using the TI approach, the total hydration free
energy can be expressed as

(1)

where λ1 and λ2 are path variables representing the electrostatic and LJ decoupling processes,
respectively, and H(λ) is the λ-parameterized Hamiltonian of the system. Each path was divided
into windows corresponding to a specific value of λ over which ensemble averages were
sampled. Along the λ1 path, the solute-water electrostatic interactions were decoupled by
linearly scaling them to zero. For the LJ terms, a soft-core potential was used since linear
scaling of the LJ terms along the λ2 path leads to a rapidly changing Hamiltonian near λ2 = 0
that is difficult to sample. Therefore, we use the separation-shifted scaling method of Zacharias
et al [16], in which the λ-dependent LJ terms are expressed as

(2)

where the summation is over all solute-water interactions. Ai and Bi are the atom-specific LJ
parameters, r is the interaction distance, and the shift parameter δ attenuates the potential for
a given solute model. As in our previous study[1], we found that shift parameters in the range
of 7–8 Å2 were suitable for the alkanes presented here.

3. Simulation Methods
Free energy calculations were carried out in the NPT ensemble using the CHARMM molecular
modeling package[17]. The simulation system consisted of a single alkane molecule and 256
TIP4P-FQ water molecules with cubic periodic boundary conditions. The alkanes investigated
were ethane, propane, butane, pentane, hexane, and heptane. Temperature was maintained at
298 K using the Nosé-Hoover method[18,19] with a thermal piston mass of 500 kcal mol−1

ps−2. Pressure was kept constant at 1 atm using the Langevin piston method[18] with a piston
mass of 300 amu. Long-range electrostatics were accounted for by the Particle Mesh Ewald
method[20,21] with a screening parameter κ = 0.320, a 40 × 40 × 40 Fast Fourier Transform
grid, and fourth-order B-spline interpolation. The LJ interactions were smoothly tapered over
a 1 Å region to a cutoff of 12 Å. The leapfrog Verlet integrator[18] with a time step of 0.5 fs
was used to propagate the dynamics. The fluctuating charges were thermostatted using a 1 K
Nosé-Hoover bath, with a charge mass of 8.9 × 10−4 ps2 e−2 for the alkane charges and a charge
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mass of 3.9 × 10−5 ps 2 e−2 for the TIP4P-FQ charges; we find no difference using these slightly
smaller charge massess for water relative to the original model of Rick et al [14].

We calculate the long-range correction (LRC) to the LJ potential using the approach previously
described by Anisimov et al[22]. Briefly, a normal (without TI modifications) 500 ps
simulation was performed for each system (single alkane molecule in 256 waters). For a given
trajectory snapshot, the LRC was calculated as the difference in the LJ energy using nonbonded
cutoffs of 12 Å and 30 Å. The LRC was then averaged over the entire trajectory.

Since adequate convergence of free energy calculations is a common problem [23] and since
a single trajectory is not statistically meaningful[24], uncertainties were estimated from the
standard deviation of multiple independent trajectories using the approach previously
described by Warren et al[25]. Five replicate trajectories, each approximately 20 ns in length,
were used to determine the total hydration free energy for each alkane. Along the electrostatic
decoupling path, 10 linearly spaced windows were used, each consisting of 25 ps of
equilibration followed by 100 ps of sampling time. For the LJ decoupling path, much more
sampling was required for the desired convergence. Therefore, 15 windows were used, each
consisting of 200 ps of equilibration and 1 ns of sampling time. The LJ decoupling windows
were spaced nonlinearly such that the window density increased quadratically near full
decoupling, allowing more complete sampling of the regions of greatest curvature in λ.
Statistical uncertainties were calculated by adding the variances from the two paths.

4. Force Field Parameterization
The parameterization of the CHEQ force field for alkanes is discussed in detail in our previous
study[1]. Carrying over the alkane electrostatic and polarization model from that work [1], we
here present a modification to the water-alkane Lennard-Jones interaction parameters that
results in more accurate alkane hydration free energies in water. The functional form of the
potential between two sites, i and j separated by a distance rij, is given by,

(3)

where ∈ij and  are the interaction potential well depth and the distance at which the potential
is at a minimum, respectively. Since traditionally the cross-interaction parameters are derived

from the values for the individual interacting atoms,  and , the

adjustable parameters are ∈i, ∈j, , and .

For the present work, in order to retain the previously refined alkane atomic Lennard-Jones
parameters (thus retaining the alkane-alkane interaction) [1], we consider specific Lennard-
Jones interaction parameters (NBFIX) between the alkane carbons and the water oxygens. This
need for unique interaction parameters between certain atom types to achieve better agreement
with target data has been demonstrated and validated by Vorobyov et al[26].

We consider several reasons for adopting such an approach, again emphasizing the earlier use
of such a protocol by Vorobyov et al[26]. First, as suggested by Equation 3, the Lennard-Jones

interaction depends on atom-pair parameters, ∈ij and . These cross interaction parameters
between atoms of different types have traditinally been determined from the individual atom-
type parameters using empirical combining rules for purposes of convenience (thus obviating
the need for explicitly determining individual atom-pair interaction parameters); however,
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there is no a priori requirement for using a particular combining rule. Thus, the current approach
merely derives Lennard-Jones interaction parameters between heterogeneous atom-type pairs
explicitly without relying on restrictive empirical combining rules. Second, when
implementing polarizable force fields within a point-charge formalism (as considered presently
with the charge equilibration model), molecules naturally encounter changes in charge
distribution (coarsely represented as changes in partial charges at atomic sites) when placed in
different media (solvents). Since the Lennard-Jones and electrostatic interactions are coupled,
it is clear that for a particular atomic site within a molecule, changing the partial charge of the
site requires attention to the attendant change in the Lennard-Jones parameters for the site.
Thus, using a single Lennard-Jones parameter set for a given atom type and invoking a
(restrictive) empricial combining rule may not afford the flexibility to accurately represent
relevant interactions. Thus, we adopt an approach that allows greater flexibility to this end. We
note that in the ideal case, one would use a more flexible interaction model that couples the
electrostatic and Lennard-Jones parameters (see for instance, Chen et al [27]; Bauer et al
[28]). However, such models may become prohibitively costly and cumbersome; the current
approach is a lower-level approximation to such a force field. We assert that further studies
along these lines are needed and would prove insightful.

Returning briefly to the parameterization strategy, the adjustable parameters are ∈CT2−OT,
∈CT3−OT, , and . CT2 and CT3 represent the methylene and methyl carbons,
respectively, while OT represents the water oxygens. Taking ∈CT2−OT and ∈CT3−OT to be
equivalent results in a total of three adjustable paramters. Briefly, ∈ was first adjusted to make
the hydration free energy more favorable overall. Then, the CT2−OT rmin was adjusted to attain
a more accurate hydration free energy for ethane. Finally, various values of the CT3−OT
rmin were tested for propane and hexane; short simulations were used to obtain several values
of the hydration free energy as a function of rmin. Linear regression of this data allowed
extrapolation to a set of parameters that minimized the error in the hydration free energy for
both propane and hexane. The final parameter set is shown in Table 1.

5. Results
5.1. Hydration Free Energies

The hydration free energies computed using the refined parameters are shown in Table 2. The
values are in very good agreement with experiment, with an RMS error of 3.6% over the series.
This is a significant improvement over our previous study[1] in which we calculated hydration
free energies for pentane, hexane, and heptane using our alkane force field without the
modification described in this work. For example, we previously obtained a hydration free
energy of 1.80 ± 0.5 kcal mol−1 for hexane, compared to the value of 2.507 ± 0.200 kcal
mol−1 from Table 2. Even taking into consideration the fact that our previous analysis used
less sampling resulting in a larger error, it is clear that the current force field gives much more
accurate results.

5.2. Radial Distribution Functions
Next, we consider the water-alkane interactions as measured by the radial distribution function
(RDF). For all systems, we have calculated the RDFs for water oxygen to alkane carbons using
both the original model and our revised model. The system of a single alkane molecule with
256 TIP4P-FQ waters was simulated for ~ 5 ns for each alkane to obtain these results, shown
in Figure 1. It is clear from these profiles that the changes made to the model have virtually no
effect on the solvation structure of the alkanes in water. This is important, since in
parameterizing a model it is possible to reproduce some properties very accurately while others
very poorly. We wish to ensure that increasing the accuracy of the free energies does not affect
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how accurately the alkane-water interactions are captured. Therefore it is encouraging that the
radial distribution functions are virtually unchanged compared to the original model.

5.3. Enthalpy of Solvation
We also measured the change in enthalpy upon solvation, ΔHsolv of the alkanes in water. This
data was obtained from 5 ns simulations of a single alkane molecule in water (without TI
modifications) as well as pure water as described in Section 3. ΔHsolv was calculated as

(4)

where 〈U + PV〉a+w is the average system enthalpy of the simulation of a single alkane molecule
in water, 〈U + PV〉w is the average system enthalpy of the pure water simulation, and 〈U +
RT〉a is the average gas phase enthalpy of the single alkane molecule (where RT = 0.58 kcal
mol−1 at 298 K). The calculated values of Hsolv are shown in Table 3. For comparison, we also
show the values computed using our original alkane model. Experimentally derived values
[30], also shown in Tble 3, exhibit a more negative trend as alkane size increases. Our results
show more fluctuation as a function of alkane size and do not quite follow this trend. However,
comparing to the values of ΔHsolv calculated from our original model, we see a significant
improvement. Neither model is able to accurately capture the experimental trend, but the
magnitudes predicted by our revised model are more in line with experiment.

5.4. Polarization Effects
Since the CHEQ model is a polarizable model, we wish to probe the effects of explicit
polarization on the alkane-water systems. Specifically, we have investigated the shift in the
molecular dipole moment of water when associated with an alkane. This is shown by the water
molecular dipole moment distributions in Figure 2. It is clear that there is a nontrivial shift in
the molecular dipole moment (~ 0.06 D) for water molecules associated with the alkane. This
is because water molecules surrounded by bulk water experience stronger polarization effects
than those associated with the nonpolar alkane molecule. It is encouraging that the CHEQ
model can capture even the subtle polarization effects caused by a single alkane molecule in
bulk water.

6. Conclusion
We have presented a revised set of nonbonded parameters for our CHEQ alkane force field.
The CHEQ force field can capture subtle polarization effects of a single alkane molecule on
nearby waters as shown by water dipole moment distributions. Furthermore, we have shown
that our force field modfications have not affected the alkane-water interactions as measured
by the RDF. Finally, our revised force field gives more accurate hydration free energies. The
hydration free energy is important for modeling the interactions of water with aliphatic groups.
Specifically, our previous work has shown that inclusion of polarization enhances the amount
of water penetration into phospholipid bilayers compared to traditional fixed-charge force
fields[10]. While it is difficult to ascertain whether this is a favorable result, we believe that
the current force fields are deficient in their treatment of the interactions between water and
the nonpolar interior of the bilayer. More rigorous treatment of the hydration free energy, and
therefore the solvation process in general, is an important step towards a better representation
of the interaction of water with the bilayer interior. Future work will explore the application
of the refined parameters to bilayer simulations.
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Figure 1.
Radial distribution functions for water oxygen to alkane carbons; T denotes the average of
terminal carbons (i.e. C1 and C6 for hexane) while C denotes the average of center carbons
(i.e. C3 and C4 for hexane).
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Figure 2.
Water molecular dipole moment distributions averaged over all alkane-water systems. We
show the distribution over all water molecules (“bulk”) as well as only those waters within 3
Å of an alkane terminal carbon (“near alkane”). The “near alkane” distribution has been
smoothed by fitting to a gaussian function.
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Table 1

NBFIX terms applied to the LJ interactions between alkane and water. CT2 and CT3 represent methylene and
methyl carbons, respectively, while OT represents the water oxygens.

∈ (kcal mol−1) rmin (Å)

CT2−OT -0.14525 3.5347

CT3−OT -0.14525 3.6294
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Table 3

Change in enthalpy (in kcal mol−1) upon solvation (ΔHsolv) for the series of alkanes. Results from both the original
and revised models are shown, as well as experimental data[30] for comparison.

ΔHsolv ΔHsolv (orig) ΔHsolv (expt)

ethane -2.82 -4.13 -1.14

propane -4.33 -6.17 -1.92

butane -3.61 -5.84 -2.69

pentane -4.02 -7.43 -3.47

hexane -3.72 -7.58 -4.24

heptane -4.32 -7.24 -5.01
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