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The time- and length-scale accessible to molecular dynamics simulations of biomolecular systems
using atomic-level (AL) models is most limited by the calculation of the solvent-solvent interactions,
which comprise the majority of the interactions and yet are seldom of specific interest. Coarse-
graining (CG), in which multiple solvent molecules are subsumed into a single bead, provides a
means of overcoming this limitation without resorting to implicit solvation models, which basically
misrepresent the hydrophobic effect. Most existing CG models, however, do not explicitly include
electrostatic interactions, and thus fail to reproduce important properties of the solvent such as
dielectric screening. Moreover, CG models for one type of solvent molecule are seldom compatible
with those for other solvents. Here, we develop polarizable CG models for the solvents dimethyl
sulfoxide, chloroform, and methanol that are compatible with an existing CG model for water.
The inclusion of polarizability greatly improves the reproduction of thermodynamic data measured
experimentally and calculated from AL simulations for both the pure liquids and binary mixtures.
© 2012 American Institute of Physics. [doi:10.1063/1.3681140]

I. INTRODUCTION

The use of atomic-level (AL) models in molecular dy-
namics (MD) simulations of biomolecular systems has a long
history and has been very successful in providing insight into
conformational dynamics on the ns-μs time-scale. The time-
and length-scale of the conformational motions and the sizes
of the systems amenable to exploration using AL models is
limited, however, by the sheer number of inter-particle inter-
actions that must be computed, which in general scales as
ON2, ON lg N , or ON as system size N increases, and by
the rugged nature of the energy landscape on which the con-
formational sampling takes place.

One solution to these problems is coarse-graining (CG),
in which selected groups of atoms are subsumed into larger
interacting beads. This simultaneously reduces the number of
interactions that must be computed and smooths the energy
landscape, thereby allowing longer simulations of larger sys-
tems, as well as enhancing the conformational sampling that
takes place.

While it is possible, in principle, to coarse-grain all as-
pects of a system, in practice, the construction of CG models
for biomolecules such as proteins is fraught with a number
of difficulties. Essentially, the devil is in the details, with the
detailed properties extremely difficult to capture satisfacto-
rily at a CG level. We focus here, therefore, on the develop-
ment of CG models for a number of commonly used solvents,
namely dimethyl sulfoxide (DMSO), chloroform (CHCl3),
and methanol (MeOH). We also develop a CG model of
the nonpolar molecule neopentane (NEOP) in order to com-
pute hydrophobic solvation free energies for DMSO, CHCl3,
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MeOH, and mixtures of DMSO or MeOH with water or with
each other. Coarse-graining of the solvent makes sense be-
cause typically, solvent-solvent interactions comprise the vast
majority of the interactions that must be computed at each
time-step in a typical MD simulation of a solvated biological
macromolecule, but are not the primary focus of such studies.

There is no universally accepted method for developing
CG models; rather, their design and the choice of parame-
terization methodology depends on the intended use of the
model. Here, we use the same methodology already used to
develop a polarizable CG water model that captures many of
the thermodynamic and structural properties of water,1 while
being 1–2 orders of magnitude faster than the atomic simple
point charge2 water model, which is commonly used in AL
simulations of biomacromolecules. A chosen number of AL
solvent molecules are represented by a single polarizable CG
bead comprising two particles. The parameters of the CG sol-
vent models are optimized by fitting to some of the thermo-
dynamic properties of the pure liquids, namely the density,
dipole moment and dielectric permittivity, measured experi-
mentally and calculated from AL simulations. A number of
other thermodynamic properties not used in the parameteriza-
tion are reasonably well reproduced by the CG solvent mod-
els.

Because experimental studies of solute molecules often
use mixtures of solvents rather than pure solvents, it is im-
portant that the CG solvent models are compatible with one
another. Introduction of simple scaling factors in the com-
bination rules for the Lennard-Jones interaction parameters
between particles of different solvents results in the proper-
ties of binary mixtures of CG DMSO:H2O, MeOH:H2O, and
MeOH:DMSO being in good agreement with the experimen-
tal data.

0021-9606/2012/136(5)/054505/11/$30.00 © 2012 American Institute of Physics136, 054505-1
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The CG solvent models developed here will be of use
for computational studies of systems and processes such as
peptide and protein folding and aggregation for which the
large numbers of solvent molecules required limit the ability
to carry out sufficiently long AL simulations using currently
available computational power.

II. METHODS

The same protocol was used for developing the CG sol-
vent models as for the GROMOS CG water model.1 Equilib-
rium properties for comparing the fine-grained (FG) and CG
models were calculated from AL simulations of each solvent
after using a nearest-neighbor clustering algorithm to group
different numbers Nmol of FG solvent molecules into over-
lapping clusters. To calculate time-dependent properties, non-
overlapping clusters were identified, and further simulations,
in which the Nmol molecules comprising a cluster were held
together by half-harmonic distance restraints between the cen-
tral atoms of each pair of molecules, were performed. The
properties calculated from the clusters of FG molecules were
used to select the set of FG molecules to be subsumed by a
CG bead and to tune the parameters of the CG model.

A. Design of the coarse-grained model

Each CG bead consists of two partially charged inter-
action sites, CX and DX, representing a polarizable dipole
(Fig. 1). The central site, CX, where X = D for DMSO, C for
CHCl3, M for MeOH, N for NEOP, and W for water, inter-
acts with the central site of other CG beads through pairwise
Lennard-Jones and electrostatic potential energy functions.
The second, “dipole”, interaction site, DX, carries a charge
opposite to that of the central site and interacts purely elec-
trostatically with the DX and CX sites of other beads. Thus
the Lennard-Jones portion of the CX potential energy func-
tion defines the “size” of the CG bead, and the polarization is
determined by the relative positions of CX and DX.

The two interaction sites that constitute a CG bead are as-
signed masses, making them dynamic particles. Their masses

FIG. 1. Schematic representation of a CG bead and the associated CG force-
field parameters. m denotes the mass of a particle; the definition of the re-
maining parameters is given in Eqs. (1)–(4). The values of the parameters in
each CG solvent model are given in Table I.

sum to the mass of the number of FG atoms or molecules that
the CG bead represents. The distribution of the mass between
CX and DX is an adjustable parameter of the model.

The two particles making up a CG bead are connected by
an unconstrained bond with a quartic half-attractive potential
energy function

V CG
bond(rij ) = 1

2
KCD(rij − rCD)4, (1)

for rij > rCD, where rCD sets a bound on the distance rij be-
tween the two particles i (CX) and j (DX) making up one
CG bead. Using a quartic rather than a harmonic attractive
potential energy function makes the polarizability nonlinear
and has the advantage that overpolarization due to close dis-
tances between charged particles in different beads is avoided,
because the super-linear increase in the forces for larger CX-
DX distances prevents the dipole particle from moving too far
away from the central particle. The polarizability of the model
arises from the free rotation of the dipole particle around the
central particle and the variation of the length of the bond
connecting them in response to the electric field of the envi-
ronment.

The non-covalent potential energy, i.e., the potential en-
ergy between two particles i and j of different beads has three
components:

V LJ
ij (rij ) =

(
C12(i, j )

r6
ij

− C6(i, j )

)
· 1
r6
ij

, (2)

V C
ij (rij ) = qiqj

4πε0εcs
· 1
rij

, (3)

V RF
ij (rij ) = − qiqj

4πε0εcs
·
( 1

2CRF · r2
ij

R3
RF

+ 1 − 1
2CRF

RRF

)
, (4)

where C12(i,j ) = 4εLJ(i,j )σ 12
LJ (i, j ) and C6(i, j ) = 4εLJ(i,j )

σ 6
LJ(i,j ) are the Lennard-Jones parameters, qi and qj are the

charges of particles i and j, respectively, RRF is the reaction-
field radius, εcs is the dielectric permittivity inside the cut-off
sphere defined by RRF and CRF is the Coulomb reaction field
constant, defined as3

CRF = (2εcs − 2εRF)(1 + κRRF) − εRF(κRRF)2

(εcs + 2εRF)(1 + κRRF) + εRF(κRRF)2 . (5)

The total non-covalent potential energy is obtained by sum-
ming over all N ordered pairs (i, j), thereby taking into account
the different nearest-neighbor and cut-off radius exclusions:

V pot(�rN ) =
N−1∑
i=1

N∑
j>i

rij <Rc
(i,j ) not excluded

(
V LJ

ij (rij ) + V C
ij (rij )

)
(6)

+
N−1∑
i=1

N∑
j>i

rij <RRF

V RF
ij (rij ) (7)

−
N∑

i=1

q2
i

4πε0εcs

1
2

(
1 − 1

2CRF

RRF

)
, (8)
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where Rc is the cut-off radius. For the CG models described
here, Rc = RRF = 2.0 nm. The last term is a constant added
to represent the self-interaction of the charged particles. The
Lennard-Jones part (Eq. (6)) is only used for the central par-
ticles of the CG beads.

In contrast to atomistic models, where the dielectric per-
mittivity inside the cut-off sphere εcs = 1, the CG solvent
models have εcs > 1 to represent the dielectric response of
the inside of a CG bead. For all of the models developed here,
εcs = 2.5.

B. Simulation details

All simulations were performed using the GROMOS
software.4, 5 Unless specified otherwise, simulations were per-
formed under NpT conditions, with the temperature kept
constant at 298 K using the weak coupling method6 with
a coupling time τ T = 0.1 ps and the pressure maintained
at 1 atm using the weak coupling method with a coupling
time τ p = 0.5 ps. Isothermal compressibilities of 8.718
× 10−4 (DMSO), 1.654 × 10−3 (CHCl3), 7.5 × 10−4

(MeOH), 7.51 × 10−4 (H2O), and 5.53 × 10−3 (NEOP)
(Ref. 7) (kJ mol−1 nm−3)−1 were used in the pressure cou-
pling. The force due to atoms outside the cut-off sphere was
modeled by a reaction-field force8 representing a continuum
with a relative dielectric permittivity εRF of 38 (DMSO),9 5
(CHCl3),10 18.6 (MeOH),11 78.5 (H2O),13 or 1.769 (NEOP).
The integration time-step was 2 fs and the pairlist for pairs
inside the short-range cut-off radius Rc and the energies and
forces for pairs outside Rc and within the reaction-field cut-
off radius RRF were updated every 10 fs (5 integration steps).
The energy, atom positions and other relevant quantities were
saved for analysis every 1 ps (500 steps) or 2 ps (1000 steps)
as specified.

1. Fine-grained simulations

The previously published DMSO,9 CHCl3,10 MeOH,11

and NEOP (Ref. 7) models were used for the FG simula-
tions. Bond lengths and bond angles were constrained to their
ideal values using the SHAKE algorithm12 with a relative
geometric tolerance of 10−4. Cubic boxes containing NFG

= 4200 (DMSO and CHCl3), 3750 (MeOH), or 2100 (NEOP)
molecules were simulated at the experimental density (see
Table II) using periodic boundary conditions. Non-covalent
interactions were calculated using a twin-range method with
cut-off radii Rc = 0.8 nm (short-range) and RRF = 1.4 nm
(long-range). After steepest-descent energy minimization,
each box was equilibrated for 100 ps at 298 K, followed by a
5 ns (2 ns for NEOP) simulation.

For the simulations with half-harmonic distance re-
straints between the central atoms (S in DMSO, C in CHCl3,
and O in MeOH) of the molecules forming non-overlapping
clusters, the last configuration of the unrestrained simulation
was used as the starting configuration. In Table S1 (supple-
mentary material13), the number of FG molecules per clus-
ter, Nmol, the ideal distance r0 at which the attractive restraint
sets in, the distance offset �r from r0 at which the restraining
force becomes linear and the final force constant Kd for the
distance restraints are listed for each solvent. The force con-

stant was linearly increased from 200 kJ mol−1 nm−2 to its
final value at a rate of 1.6 kJ mol−1 nm−2 ps−1, before struc-
tures were collected for a further 200 ps.

2. Coarse-grained simulations

Cubic boxes containing NCG = 2100 (DMSO, CHCl3,
H2O, and NEOP) or 1875 (MeOH) CG beads were sim-
ulated at the experimental density using periodic bound-
ary conditions. A pressure correction for multiple-molecule
CG bead models was applied as described by Riniker and
van Gunsteren.1 The dielectric permittivity within the cut-off
sphere εcs was 2.5. The εRF of MeOH was set to the exper-
imental value of 32.63 (Ref. 13) rather than that of the FG
model (18.6 (Ref. 11)). Non-covalent interactions were cal-
culated using a single-range method with Rc = RRF = 2.0 nm
The system was subjected to steepest-descent energy mini-
mization and then equilibrated for 100 ps at 298 K. For the
initial parameter scans, simulations were of length 600 ps, and
once suitable parameters were found, longer simulations of
4 ns were carried out.

To calculate the thermal expansion coefficient α and the
heat capacity Cp, two additional 100 ps equilibrations and
2 ns simulations at 318 and 338 K were carried out. To cal-
culate the isothermal compressibility κT, additional 100 ps
equilibrations and 2 ns simulations under NVT conditions
were performed at 298 K and three different densities, as
given in Table III. To derive the surface tension γ , five ad-
ditional 1 ns NVT simulations with the box length in the
z-direction increased to 35 nm (40 nm for CHCl3) and dif-
ferent initial velocities were carried out. The relative static di-
electric permittivity ε(0) was calculated from simulations in
which a constant homogeneous external electric field of dif-
ferent strengths was applied.

Thermodynamic integration (TI) was used to obtain the
excess free energy �F

liquid→gas
excess of the liquids and the free

energy of solvation of NEOP in the liquids �Gsolv. For
�F

liquid→gas
excess , all NCG CG beads were perturbed to dummy

atoms under NVT conditions and for �Gsolv, one CG NEOP
solvated in one of the liquids was perturbed to a dummy atom
under NpT conditions (1 atm). In both cases, the simulation
temperature was 298 K and the TI was carried out over 21
equally spaced λ-values. At each λ-value, the starting config-
uration was the final configuration of the unperturbed system,
which was equilibrated for 100 ps and then simulated for 1 ns.

For the simulations of binary mixtures of DMSO:H2O,
MeOH:H2O, or DMSO:MeOH, the starting configuration was
from the end of the simulation of pure CG DMSO or MeOH
with the optimal parameters, and the CG H2O model was that
previously described.1 A given number of the 2100 DMSO
or 1875 MeOH CG beads were replaced by H2O or MeOH
beads, where the number of beads to be replaced was calcu-
lated by considering the desired mole fraction of DMSO or
MeOH and the number of FG particles subsumed by the CG
bead of each model. Each mixture was first equilibrated for
100 ps, followed by a 4 ns collection run. The simulations
for calculating the thermodynamic properties of the mixtures
were done in the same manner as described above for the pure
solvents.
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C. Analysis

1. Intercluster or interbead potential energy V pot
αβ (rαβ )

The non-covalent potential energy V
pot
αβ (rαβ) between two

FG clusters or CG beads α and β (α �= β) as a function of
the intercluster or interbead distance rαβ , defined as the dis-
tance between the centers of geometry of the two clusters or
between the central particles of the two beads α and β, was
calculated using Eqs. (2)–(4) and

V
pot
αβ (rαβ) =

Nα∑
i=1

Nβ∑
j=1

V LJ
ij (rij ) + V C

ij (rij ) + V RF
ij (rij ), (9)

where Nα is the number of interaction sites in cluster or bead
α. Note that because the clusters overlap, they can effectively
penetrate one another, resulting in shorter intercluster dis-
tances rαβ than are possible with the corresponding CG beads.

2. Heat of vaporization �Hvap

The heat of vaporization �Hvap was calculated from the
potential energy of a single CG bead Vpot according to

�Hvap = −V pot + RT + QM, (10)

where R is the gas constant, T is the temperature of the simu-
lation, and QM is the quantum-mechanical contribution, esti-
mated as 0.23 kJ mol−1.

3. Radial distribution function g(r)

The radial distribution functions g(r) were calculated ac-
cording to

g(r) = 1
4π (N − 1)ρr2�r

·
N−1∑
α=1

N∑
β>α

δ(rαβ − r), (11)

where ρ is the density and the second part of the equation
counts all clusters or CG beads that are at a distance r for
each other. For the clusters of FG solvent molecules, N = Ncl

is the number of clusters and rαβ is the distance between the
centers of geometry of two clusters α and β. For the CG sim-
ulations, N = NCG is the number of CG beads and rαβ is the
distance between two central (CX) particles belonging to dif-
ferent beads α or β.

4. Dipole moment �μ
The dipole moment �μ of a cluster of FG molecules or

of a CG bead was calculated by summation of the product of
the partial charges and their relative positions in the cluster or
bead

�μ =
Nc∑
i=1

qi · (�ri − �rj ), (12)

where Nc is the number of partial charges in the cluster or CG
bead. In the case of clusters of FG molecules, �ri and �rj are
the positions of each charge i and of the center of geometry of
the cluster, respectively, whereas for CG beads, they represent

the relative positions of the two particles comprising the bead.
The dipole moment was averaged over all clusters or beads
and over time to give 〈 �μ〉.

5. Self-diffusion coefficient D

The diffusion coefficient D was obtained from the long-
time limit of the mean-square displacement using the Einstein
relation

D = lim
t→∞

〈(�r(τ + t) − �r(τ ))2〉τ,clusters|beads

6t
, (13)

where �r(t) is the position of the COG of a cluster or the cen-
tral particle of a CG bead at time t and the averaging was
performed over both time and either clusters or CG beads.
Equation (13) can be applied directly or through fitting of the
linear regime of the time evolution.

6. Thermal expansion coefficient α

The thermal expansion coefficient α was obtained using
the finite-difference expression

α = 1
V

(
∂V

∂T

)
p

≈
(

ln
(

ρ2

ρ1

)
T2 − T1

)
p

, (14)

where V is the volume of the system, T the temperature, and
ρ is the density.

7. Heat capacity Cp

The heat capacity at constant pressure Cp can be approx-
imated using the relation

Cp ≈ U tot
2 − U tot

1
T2 − T1

, (15)

where Utot is the total energy per molecule or bead.

8. Isothermal compressibility κT

The isothermal compressibility κT was calculated using
the finite-difference expression

κT = − 1
V

(
∂V

∂p

)
T

= 1
ρ

(
∂ρ

∂p

)
T

=
(

∂ ln(ρ)
∂p

)
T

≈
(

ln
(

ρ2

ρ1

)
p2 − p1

)
T

. (16)

9. Surface tension

The surface tension γ was obtained through time-
averaging over the diagonal elements pαα of the pressure
tensor using

γ = Lz

2

〈
pzz − 1

2
(pxx + pyy)

〉
, (17)
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FIG. 2. Distributions of the atom-positional root-mean-square deviation (rmsd) between all atoms of a cluster and its COG, averaged over the total number
of clusters Ncl and over 10 configurations of the unrestrained FG MD simulations, for clusters comprising two (solid), three (dashed), or four (dotted) FG
molecules for DMSO, CHCl3, and MeOH as labeled.

where Lz is the box length in the z-direction. The surface ten-
sion was further averaged over five simulations with different
starting velocities.

10. Relative static dielectric permittivity ε(0)

The relative static dielectric permittivity ε(0) was calcu-
lated by applying a constant homogeneous external electric
field �Eext and measuring the response of the polarization �P
(Ref. 3)

ε(0) = 1 + 4π
〈Pz〉
Eext

z

, (18)

where �P can be calculated from the total dipole moment �M
of the system and its volume V

�P = �M
V

= 1
V

N∑
i=1

qi�ri . (19)

For small field strengths, the response of �P to �Eext is linear
and can be fitted with linear regression.

D. Comparison of values of observable properties or
quantities measured experimentally and calculated
from simulations

For most of the quantities discussed here, the average val-
ues calculated from a simulation using a CG model can be
directly compared to the corresponding average values mea-
sured experimentally. However, for quantities such as the heat

of vaporization, which is linked to the potential energy Vpot

of a liquid, the excess free energy �Fexcess of a liquid, or
the free enthalpy of solvation �Gsolv of a solute in a liquid,
that are defined as a difference between an energy or free en-
ergy in the liquid phase and the gas phase, the value obtained
from a simulation using a CG model, in which a bead rep-
resents more than one molecule, i.e., with Nmol > 1, cannot
be compared to the experimental value, because the energy or
free energy of a cluster of more than one molecule cannot be
measured.

III. RESULTS AND DISCUSSION

A. Analysis of fine-grained simulations

1. Choice of coarse-grained bead size

The number of FG molecules represented by the CG
model of each solvent were chosen such that the CG beads
of all four solvent models were of a similar size to each other
and to that of the previously developed CG water model1 to
facilitate use of the different solvent models in mixtures. For
each configuration of the (unrestrained) FG trajectory, clus-
ters comprising Nmol FG molecules were identified as de-
scribed previously.1 An estimate of the size of a cluster was
obtained from the atom-positional root-mean-square devia-
tion (rmsd) of all atoms belonging to the cluster from its cen-
ter of geometry. The distributions of the rmsd over all clusters
of a given size Nmol are shown in Fig. 2. It was decided that
for DMSO and CHCl3, each CG bead should envelop two FG
molecules, and for MeOH, each bead should represent four
FG molecules (Table I). All subsequent cluster analyses refer

TABLE I. Optimized parameters for the CG models of DMSO, CHCl3, MeOH, and NEOP. Nmol is the number of FG
molecules represented by each CG bead, m denotes the mass of the particles, and the other quantities are defined in
Eqs. (1)–(4). All models were parameterized under NpT conditions at 298 K and 1 atm, using an intra-bead relative
dielectric permittivity εcs of 2.5 and a non-covalent interaction cut-off radius Rc of 2.0 nm.

mCX mDX qCX qCX rCD KCD σLJ εLJ

Solvent Nmol (u) (u) (e) (e) (nm) (106 mol−1 nm−4) (nm) (kJ mol−1)

DMSO 2 78.2588 78.0 − 0.642 0.642 0.2 20.0 0.575 2.440
CHCl3 2 119.7560 119.0 − 0.190 0.190 0.2 0.2 0.603 3.500
MeOH 4 64.1696 64.0 − 0.560 0.560 0.2 2.0 0.580 2.100
NEOP 1 72.1510 0.000 0.549 3.350
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FIG. 3. Intercluster non-covalent potential energy V
pot
αβ (black) and its components V LJ

αβ (red) and V CRF
αβ (green), averaged over all pairs of clusters (α, β) and

over a 5 ns MD simulation at 298 K, plotted as a function of the intercluster distance rαβ between the COG of clusters of size Nmol = 2 (DMSO and CHCl3) or
Nmol = 4 (MeOH).

to clusters of these chosen sizes. An initial estimate σ est
LJ of

the Lennard-Jones parameter σ LJ was obtained by doubling
the rmsd value at the peak of the distribution for the chosen
number of FG molecules.

2. Intercluster potential energy

The intercluster non-covalent potential energy is plotted
in Fig. 3 as a function of the distance between the COG of
pairs of clusters rαβ . Separation of the total non-covalent
potential energy V

pot
αβ into the Lennard-Jones V LJ

αβ and
electrostatic V CRF

αβ = V C
αβ + V RF

αβ contributions highlights
the differences between the three solvents. For DMSO,
both components contribute almost equally, whereas for
CHCl3, the non-covalent potential energy is dominated by

the Lennard-Jones function, and for MeOH, the electrostatic
energy dominates. These differences are reflected in the final
parameters of the CG model for each solvent (Table I).

The expected non-covalent potential energies (total,
Lennard-Jones, and electrostatic) between CG beads were es-
timated from the values of V

pot
αβ , V LJ

αβ , and V CRF
αβ at rαβ = σ est

LJ .
These values were used during the parameterization of the
CG models to ensure that the partitioning of the potential en-
ergy was similar to that in the corresponding FG models (see
Table II).

3. Distance-restrained fine-grained simulations

The right-hand edge of the rmsd distribution for the
clusters comprising the appropriate number of molecules

TABLE II. Comparison of the density ρ, intercluster or interbead potential energy Vpot and its Lennard-Jones and Coulomb reaction field components VLJ and
VCRF, average dipole moment 〈 �μ〉, relative static dielectric permittivity ε(0), surface tension γ , and self-diffusion coefficient D measured experimentally and
calculated from simulations using FG and CG models of each solvent. All experiments and MD simulations were conducted at 298 K and 1 atm unless specified
otherwise. Note that the values given in the first line of the FG data are for individual FG molecules, whereas the second line, labeled FGcl, gives values for
clusters of FG molecules, meant for comparison to the CG value.

ρ Vpot VLJ VCRF 〈 �μ〉 γ D

Solvent (g cm−3) (kJ mol−1) (kJ mol−1) (kJ mol−1) (d) ε(0) (mN m−1) (10−5 cm2 s−1)

DMSO EXPa 1.095 3.96 46 42.92 0.8
FGb 1.096 4.51 38 41.97 1.1
FGcl −21 −13 −9 5.98 0.5
CG 1.096 −19 −13 −7 5.98 39 20.10 6.1

CHCl3 EXPc 1.479 1.04 4.81 26.67 2.3
FGd 1.495 4.31 2.45 24.94 2.5
FGcl −14 −13 −0.5 1.47 1.8
CG 1.479 −20 −20 −0.2 1.80 2.70 26.97 3.3

MeOH EXPe 0.787 1.7 32.6 22.07 2.4
FGf 0.786 2.29 18.6 21.85 2.3
FGcl −21 −14 −7 5.40 1.0
CG 0.787 −14 −10 −5 5.49 25.4 21.26 10.9

aρ and ε(0) are from Ref. 15, μ and γ are from Ref. 13, and D is from Ref. 16.
bFrom Ref. 9, except 〈 �μ〉, which was from this work.
cFrom Ref. 13, other than D, which is from Ref. 17. ε(0) and D were measured at 293 K.
dFrom this work, except D, which was calculated from simulations at 293 K.10

eFrom Ref. 13 other than D, which is from Ref. 18.
fFrom Ref. 11 other than γ , which is from this work.
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TABLE III. Comparison of the isothermal compressibility κT determined
experimentally with those calculated from FG and CG simulations of each
solvent. The density ρ and pressure p of the simulations from which κT was
calculated by interpolation are given where known; a “−” indicates that the
value of this property was not reported.

ρ p κT

Solvent (g cm−3) (atm) (10−5 atm−1)

DMSO EXPa 1.095 1.00 5.3
FGb 1.041 –

5.1
1.151 –

CG 1.065 −94.68
23.4

1.095 −13.44
30.2

1.125 115.67
CHCl3 EXPc 1.489 1.00 9.8

FGd 1.489 7
9.0

1.560 542
CG 1.449 −98.93

20.4
1.479 1.65

16.7
1.509 122.14

MeOH EXPe 0.787 1.00 12.3
FG 0.757 −272.26

15.2
0.787 −16.62

10.9
0.807 214.40

CG 0.757 −98.91
39.4

0.787 −0.18
26.2

0.817 142.84

aFrom Ref. 15.
bFrom Ref. 9; p not reported.
cFrom Ref. 13, measured at 293 K.
dFrom Ref. 10.
eFrom Ref. 13.

was used as an initial estimate of r0, the ideal distance be-
tween the central atoms of each molecule of a cluster to be
used in the distance-restrained FG simulations. Where nec-
essary, r0 was then refined, along with the other parameters
of the half-harmonic attractive distance restraining function
(Table S1, supplementary material13), until the rmsd dis-
tribution calculated from the distance-restrained trajectory
matched that calculated from the unrestrained configurations.
The resulting distance-restrained trajectories were used for
the calculation of the diffusion coefficients and radial distri-
bution functions for comparison with those of the CG models.

B. Coarse-grained models

The parameters of the CG model for each solvent were
initially refined by comparing the density ρ, the average
dipole moment 〈 �μ〉, and the approximate value and partition-

TABLE IV. Comparison of the thermal expansion coefficient α and the heat
capacity Cp determined experimentally with those calculated from FG and
CG simulations of each solvent. The temperature T and density ρ of the simu-
lations from which α and Cp were calculated by interpolation are given where
known; a “−” indicates that the value of this property was not reported.

T ρ α Cp

Solvent (K) (g cm−3) (10−3 K−1) (J mol−1 K−1)

DMSO EXPa 298 1.095 0.93 153
FGb 273 –

0.86 139
323 –

CG 298 1.096
2.08 66

318 1.052
2.40 69

338 1.002
CHCl3 EXPc 293 1.489 1.27 –

298 1.479 – 114
FGd 293 1.502

1.23 –
320 1.442

CG 298 1.479
1.40 51

318 1.438
1.50 52

338 1.396
MeOH EXPe 298 0.787 1.49 81

FG 288 0.803
1.84 355

298 0.788
1.33 292

318 0.768
CG 298 0.787

3.79 76
318 0.729

6.08 93
338 0.646

aFrom Ref. 15.
bFrom Ref. 9; ρ not given.
cExperimental values at 293 K are from Ref. 16 and those at 298 K are from Ref. 13.
dFrom Ref. 10.
eFrom Ref. 13.

ing of the interbead non-covalent potential energy to the ex-
perimental values and to values calculated from FG simula-
tions (Table II). They were then further honed following com-
parison of the remaining properties shown in Tables II–IV.
The final optimized parameters for each solvent model are
given in Table I.

1. Pure liquids

In comparison to the CG water model,1 where the mass is
unevenly distributed between the central and dipole particles,
it was not necessary to alter the initial equal distribution of
masses for any of the CG solvent models described here. The
value of KCD varies by two orders of magnitude between the
different CG solvent models. For CHCl3, which has the lowest
partial charges and highest masses, a low value of KCD, large
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σ LJ and large εLJ were required to induce sufficient polariza-
tion to adequately reproduce properties such as the surface
tension.

The experimental density ρ and the partitioning of the
intercluster potential energy V

pot
αβ , average dipole moment 〈 �μ〉

and dielectric permittivity ε(0) of the FG simulations are well
reproduced for DMSO, although the ε(0) of the FG model is
smaller than the experimental value. The surface tension γ ,
however, is only approximately half of its experimental value,
and the isothermal compressibility κT and thermal expansion
coefficient α are higher and the heat capacity Cp lower than
their experimental values. For all of these properties, the val-
ues calculated from the FG simulation match the experimen-
tal data reasonably well. As expected, the diffusion coefficient
D is about five to six times larger than that of individual FG
molecules.

For CHCl3, ρ and γ match the experimental values well,
and the partitioning of V

pot
αβ is similar to that observed for the

FG model. 〈 �μ〉, however, is larger than the experimental and
FG values and ε(0) lies between the FG and experimental val-
ues, highlighting the difficulties of matching different proper-
ties simultaneously. As for DMSO, κT is larger than the exper-
imental value and Cp is smaller, but α is only slightly larger.
The D of the CG model is only moderately larger than that
calculated from the FG simulations.

The CG MeOH model is in good agreement with the ex-
perimental data and FG simulations in terms of ρ and γ and
the partitioning of Vpotαβ

. Despite its large 〈 �μ〉 value, its ε(0) is
still smaller than the experimental value. This is an improve-
ment on existing FG models of MeOH, which have an ε(0)
significantly lower than the experimental value. Again, κT and
α are too large, but Cp is close to its experimental value, un-
like that of the FG simulations. The CG value for D is about
four times larger than that of the individual FG molecules. The
low D of the FG clusters is due to the difficulty in holding four
MeOH molecules together.

The CG model of NEOP was only developed in order to
calculate �Gsolv of NEOP for the other CG solvent models.
NEOP has no partial charges, and each CG bead represents
just one FG molecule, simplifying the parameterization and
analysis. The model parameters were chosen by optimizing
the density ρ and heat of vaporization �Hvap to match the
experimental values. The resulting model has ρ = 0.585 g
cm−3, equal to the experimental value, and �Hvap = 21.8 kJ
mol−1, also equal to the experimental value. The excess free
energy �F

liquid→gas
excess = 10.9 kJ mol−1 at T = 298 K and

1.7 atm, which may be compared with a value of 7.9 kJ mol−1

at 300 K and 1.8 atm derived from experiment.29

The �F
liquid→gas
excess and �Gsolv calculated using thermo-

dynamic integration (TI) for each of the other CG solvent
models are shown in Table V, along with the experimental
data where available. The �F

liquid→gas
excess calculated from the

CG simulations are uniformly lower than their experimental
counterparts, because the difference in intra-cluster free en-
ergy cannot be accounted for. For �Gsolv, the calculated val-
ues are mostly reasonable, given that the error is of the order
of 1–2 kJ mol−1 for both the calculated and the experimen-
tal values. The worse performance in the case of MeOH and

TABLE V. Excess free energies �F
liquid→gas
excess and NEOP solvation free en-

ergies �Gsolv calculated from the simulations of pure CG liquids and mea-
sured experimentally. All values are in kJ mol−1.

Solvent �F calc
excess �F

exp
excess �Gcalc

solv �G
exp
solv

H2O 11.1a 24.0b 9.1 10.5/11.2c

DMSO 9.7 30.5b 10.4 9.3d

MeOH 6.9 17.9e 10.2 7.2d

CHCl3 11.7 13.1 . . .

aFrom Ref. 1.
bFrom Ref. 9.
cFrom Refs. 19 and 20.
dFrom Ref. 21.
eFrom Ref. 11.

H2O is most likely due to an inappropriate representation of
hydrogen bonding at the CG level.

2. Mixtures

The solvents DMSO and MeOH are often used in com-
bination with water or with each other, thus the proper-
ties of the binary mixtures DMSO:H2O, MeOH:H2O, and
MeOH:DMSO were also characterized. In GROMOS, the
combination rules used to determine the σ and ε of the
Lennard-Jones potential energy function V LJ

ij describing
the interaction between two different types of atoms or CG
beads i and j are of the form:

σij = √
σi

√
σj , (20)

εij = √
εi

√
εj . (21)

The results of applying these standard combination rules to
mixtures of CG solvent models are shown in Figs. 4–6 (open
circles, solid lines). It was clear that further adjustment was
required in the case of CG models, as was already men-
tioned by Kunz et al.4 Ultimately, introducing separate scal-
ing factors CX:W

εLJ
and CX:W

σLJ
to the εLJ and σ LJ of the Lennard-

Jones potential energy function between co-solvents X (D
= DMSO or M = MeOH) and Y (D = DMSO or W = H2O)
was found to give the best reproduction of the experimen-
tal properties of the mixtures (open triangles, dashed lines,
Figs. 4–6). The final scaling factors, which were tuned for
each binary mixture, were CD:W

σLJ
= 1.09, CD:W

εLJ
= 2.05, CM:W

σLJ

= 1.06, CM:W
εLJ

= 1.55, CM:D
σLJ

= 1.016, and CM:D
εLJ

= 1.15.
While it would of course be tedious to derive such scaling fac-
tors for all possible solvent combinations, it is an appropriate
solution in cases such as this where only a limited number of
combinations are required.

The similarity between the properties of the scaled mix-
tures and the experimental data is particularly striking when
the degree of simplification inherent to these CG models is
taken into account. The performance is particularly good for
the density ρ, excess volume of mixing �Vmix and excess
enthalpy of mixing �Umix of the DMSO:H2O mixtures, the
ρ and �Umix of the MeOH:H2O mixtures and the ρ of the
MeOH:DMSO mixtures. Despite the good agreement with
the magnitude of the �Umix, the ε(0) of all of the scaled
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FIG. 4. Properties of mixtures of CG DMSO and H2O as a function of
the mole fraction of DMSO xDMSO. (a) density ρ, (b) dielectric permittivity
ε(0), (c) excess volume of mixing �Vmix, and (d) excess enthalpy of mixing
�Umix: (filled circles, solid line) experimental data, (open circles, solid line)
values calculated from CG simulations using the standard GROMOS mixing
rules and (open triangles, dashed line) values calculated from CG simula-
tions using optimized mixing rules. The experimental values of ρ, �Vmix,
and �Umix are from Cowie and Toporowski23 and those of ε(0) are from
Kaatze et al.24

mixtures are not markedly different from those of the un-
scaled CG simulations. In the case of MeOH:H2O, however,
the performance of the CG model is similar to that of the
FG model.9 The relationship between the mole fraction xMeOH

FIG. 5. Properties of mixtures of CG MeOH and H2O as a function of
the mole fraction of MeOH xMeOH. (a) density ρ, (b) dielectric permittivity
ε(0), (c) excess volume of mixing �Vmix, and (d) excess enthalpy of mixing
�Umix: (filled circles, solid line) experimental data, (open circles, solid line)
values calculated from CG simulations using the standard GROMOS mixing
rules and (open triangles, dashed line) values calculated from CG simulations
using optimized mixing rules. The experimental values of ρ and �Vmix are
from Mikhail et al.,25 values of ε(0) are from Kanse et al.26 and those of
�Umix are from Beggerow.27

FIG. 6. Properties of mixtures of CG MeOH and DMSO as a function of
the mole fraction of MeOH xMeOH. (a) density ρ, (b) dielectric permittivity
ε(0), (c) excess volume of mixing �Vmix, and (d) excess enthalpy of mixing
�Umix: (filled circles or squares, solid line) experimental data, (open cir-
cles, solid line) values calculated from CG simulations using the standard
GROMOS mixing rules and (open triangles, dashed line) values calculated
from CG simulations using optimized mixing rules. The experimental val-
ues of ρ, �Vmix, and ε(0) are from Romanowski et al.28 and the two sets
of �Umix are from (circles) Quitzsch et al.29 and (squares) Drinkard and
Kivelson,31 as published in the Handbook of Heats of Mixing.32

and �Vmix of MeOH is slightly skewed compared to the ex-
perimental data, with a minimum at xMeOH ≈ 0.6 rather than
0.5. Some skew is also seen for the �Umix and �Vmix of the
MeOH:DMSO mixtures, although the experimental data are
also skewed, and for �Umix, the CG results are within the ex-
perimental error of the Drinkard and Kivelson data set.30

The structure of the mixtures can be probed using radial
distribution functions (Figs. 7–9). For both the DMSO:H2O
and the MeOH:H2O mixtures, the H2O:H2O radial distri-
bution function varies most with xDMSO or xMeOH, with the
height of the first peak increasing dramatically as x in-
creases. This preference of water molecules to associate with
each other has also been seen experimentally in 7:3 mix-
tures of MeOH:H2O.14 Correspondingly, the second peak of
the DMSO:H2O and MeOH:H2O radial distribution func-
tions shift towards slightly larger distances and the height

FIG. 7. Radial distribution functions g(r) of mixtures of CG DMSO and
H2O, where r represents the distance between the central particle of pairs
of CG beads of the same or different type as labeled, for (black) xDMSO
= 0.000, (red) xDMSO = 0.188, (green) xDMSO = 0.349, (blue) xDMSO
= 0.478, (violet) xDMSO = 0.814, and (cyan) xDMSO = 1.000.

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.123.104.22 On: Thu, 07 Nov 2013 19:24:45



054505-10 Allison, Riniker, and van Gunsteren J. Chem. Phys. 136, 054505 (2012)

FIG. 8. Radial distribution functions g(r) of mixtures of CG MeOH and
H2O, where r represents the distance between the central particle of pairs
of CG beads of the same or different type as labeled, for (black) xMeOH
= 0.0, (red) xMeOH = 0.1, (green) xMeOH = 0.2, (blue) xMeOH = 0.3, (yellow)
xMeOH = 0.4, (violet) xMeOH = 0.5, (cyan) xMeOH = 0.6, (magenta) xMeOH
= 0.7, (orange) xMeOH = 0.8, (indigo) xMeOH = 0.9, and (turquoise) xMeOH
= 1.0.

and depth of the peaks and troughs in the DMSO:DMSO
and MeOH:MeOH radial distribution functions increase as
the concentration of H2O decreases. For the MeOH:DMSO
mixtures, only the MeOH:MeOH radial distribution func-
tions change noticeably with respect to xMeOH, but overall the
changes are small, indicating a similar structuring of the mix-
tures at all mole fractions.

�F
liquid→gas
excess and �Gsolv for NEOP were calculated using

TI for all DMSO:H2O, MeOH:H2O, and MeOH:DMSO mix-
tures (Fig. 10). Unfortunately, no experimental data is avail-
able for the mixtures for comparison. DMSO exhibits clear
trends in �F

liquid→gas
excess and �Gsolv for hydrophobic solvation

with respect to xDMSO, with a maximum in �F
liquid→gas
excess and a

minimum in �Gsolv at xDMSO ≈ 0.2, and in general a higher
�F

liquid→gas
excess for the mixtures than for the pure liquids. The

contrast between the initial steep drop in �Gsolv for NEOP
as the concentration of DMSO increases from zero and the
subsequent slow increase at higher concentrations of DMSO
is mostly due to a favorable NEOP-DMSO energy being op-
posed by a decrease in entropy, thus it is remarkable that it is
observed in the case of CG models, where the entropic con-
tributions are much smaller. The changes in �F

liquid→gas
excess and

�Gsolv with respect to xMeOH for the MeOH:H2O mixtures is
smooth, similar to that of the DMSO:H2O mixtures, with a
maximum in �F

liquid→gas
excess at xMeOH ≈ 0.2 and a minimum in

�Gsolv at xMeOH ≈ 0.3. For the MeOH:DMSO mixtures, nei-
ther �F

liquid→gas
excess nor �Gsolv show clear trends with respect to

xMeOH.

FIG. 9. Radial distribution functions g(r) of mixtures of CG MeOH and
DMSO, where r represents the distance between the central particle of pairs
of CG beads of the same or different type as labeled, for (black) xMeOH
= 0.0, (red) xMeOH = 0.2, (green) xMeOH = 0.4, (blue) xMeOH = 0.5,
(violet) xMeOH = 0.6, (cyan) xMeOH = 0.8, and (magenta) xMeOH = 1.0.

FIG. 10. Excess free energy �F
liquid→gas
excess and free energy of solvation

�Gsolv of a NEOP bead for mixtures of CG DMSO:H2O, MeOH:H2O, or
MeOH:DMSO as a function of the mole fraction of DMSO (xDMSO) or
MeOH (xMeOH) as labeled.

IV. CONCLUSIONS

In any simulation study of the properties of particular
compounds based on a particular sub-molecular, molecular,
or supra-molecular model, the question arises as to how well
the underlying physical mechanisms are represented by the
model and to which degree the measured values of the var-
ious observable quantities or properties of the compounds
should be reproduced in the simulations. Any modeling in-
volves a selection of the relevant degrees of freedom and
types of interactions governing these with an eye to ade-
quately representing particular mechanisms and properties of
the compounds of interest. The more coarse-grained a model
is, the more difficult, if not impossible, it will be to prop-
erly represent the mechanisms and observables of interest.
In the process of coarse-graining from a FG, e.g., atomic,
level of modeling to a CG, e.g., supra-molecular, level of
modeling as presented here, the parameters of the CG model
are so-called effective parameters, i.e., they include the mean
effect of the degrees of freedom that are taken out of the
FG model when coarse-graining to obtain the CG model.
CG model parameters therefore need not match the corre-
sponding FG ones. They are generally determined by cali-
bration of the calculated values of a particular set of observ-
able quantities to measured values or are chosen to optimize
the representation of the FG mechanisms at the CG level of
modeling.

In the present case of atomic FG modeling of liquids
and liquid mixtures versus supra-molecular CG modeling, the
choice of the same functional form of the interaction func-
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tion, i.e., a van der Waals and Coulomb plus reaction field
distance dependence, at both levels is physically justified,
because the distance dependence does not change when av-
eraging over clusters of FG molecules. In addition, the use
of a damped, sub-linear polarizability is also physically jus-
tified, because neither molecules nor clusters of molecules
possess a linear polarizability for larger electric-field
strengths.

Using a physically reasonable interaction at the CG
level of modeling, it remains a matter of debate how well
particular properties of the compounds can and should be
reproduced. In the present case, we focused on a few
thermodynamic properties, specifically the density ρ, en-
ergy, Vpot and surface tension γ , and dielectric proper-
ties, namely the average dipole moment 〈 �μ〉 of a CG bead
and the static dielectric permittivity ε(0), as these proper-
ties are more important to a proper representation of con-
figurational equilibria of liquids than secondary thermody-
namic properties such as the heat capacity Cp, the thermal
expansion coefficient α, or the isothermal compressibility
κT, which depend on fluctuations of particular quantities,
or dynamic quantities that do not influence thermodynamic
properties.

Coarse-graining is as much an art as a science, with
the design of the model and the means used to parameter-
ize it depending on the eventual purpose of the model and
the philosophy of the researcher. Our aim was to produce
simple CG models of (co-)solvents commonly employed in
biomolecular studies that are compatible with one another, so
that mixtures as well as pure solvents can be simulated. The
CG models of DMSO, CHCl3, and MeOH developed here
are compatible with our recently reported CG water model,
and were designed and parameterized using the same proto-
col as was used to derive the water model. Unlike many avail-
able CG models, electrostatic interactions and polarizability
are explicitly included. Considering the difficulties inherent
in coarse-graining, namely the loss of degrees of freedom
and the associated entropy and specific interactions, these
models perform remarkably well, reproducing equilibrium
thermodynamic properties such as ρ, γ , ε(0), and 〈μ〉 often
better than or equivalently to FG models. As expected, the
diffusion coefficient of the CG models is much larger than
that of the FG models; indeed, this is another reason why
much longer time-scales and larger length-scales are acces-
sible in CG simulations. A key reason for the strong per-
formance of the CG models developed here is their polariz-
ability, which greatly increases their accuracy at little com-
putational expense. The experimentally determined thermo-
dynamic properties of binary mixtures of DMSO or MeOH
with H2O or with each other are also mostly reproduced upon
adding an empirical scaling factor to the Lennard-Jones po-
tential functions governing the interactions between pairs of
central particles of the CG beads. Overall, the presented CG
solvent models have much promise with regard to simula-
tion of polypeptide and eventually also protein folding and
aggregation.
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