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Abstract Coarse-grained studies of CH3;SH, CH;CHO and
CHCI; liquids, based on anisotropic Gay-Berne (GB) and elec-
tric multipole potentials (EMP), demonstrate that the coarse-
grained model is able to qualitatively reproduce the results
obtained from the atomistic model (AMOEBA polarizable force
field) and allows for significant saving in computation time. It
should be pointed out that the accuracy of the coarse-grained
model is very sensitive to how well the anisotropic GB particle
is defined and how satisfactorily the EMP sites are chosen.
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Introduction

With the rapid growth of computation power of computers,
molecular mechanic (MM) force fields, such as CHARMM
[1,2], AMBER [3, 4], OPLS [5, 6], GROMOS [7, 8], and so
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on, have emerged and been used widely to study molecular
liquids and biological systems [9—11]. Since nonpolarizable
force fields only describe the electrostatic interactions solely
in terms of fixed charges [12—14], a variety of polarizable
force fields, such as AMOEBA [15, 16], ABEEM/MM [17]
and others [18-20], have been proposed including multipole
moments and polarization response to the environments.

Even though the above atomistic force fields provide
accurate descriptions about the behavior of a system of
interest, it is still very expensive or even impossible to
surpass the barrier set by the timescale of microsecond and
above, as well as the complexity of the biological systems
containing millions of atoms. Therefore, a variety of CG
models [21-28] have emerged to overcome the obstacle.
Nowadays, different coarse-graining strategies [29, 30] have
been adopted with a reasonable balance between accuracy
and efficiency for different purposes or different applica-
tions, enabling one to simulate much longer time scales and
larger systems to learn the interesting phenomena that are
inaccessible to all-atom models.

In CG models, a group of atoms in a molecule is clus-
tered into a CG site such that the number of degrees of
freedom of the molecule is greatly reduced. In most CG
models, the coarse-grained particle is assumed to have a
spherical shape with fixed point charge, so that the van der
Waals (vdW) intermolecular interactions are usually
described by Lennard-Jones potential while the Coulomb
potential is used to describe the electrostatic interaction.
However, because those models treat the coarse-grained
particle as a sphere with fixed point charge the calculations
of van der Waals (vdW) and electrostatic interactions could
be too approximate, limiting the applicability of the tradi-
tional CG models to investigate a broad range of molecular
systems. In order to improve the accuracy of the coarse-
grained calculations of non-bonded interactions, Golubkov
and Ren [31] suggested that it should be better to take into
consideration the anisotropic shape of the CG particle that
can be characterized correctly by an anisotropic potential,
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then the anisotropic Gay-Berne potential [32, 33] is
employed not only to describe the ellipsoid but also to
represent the rigid bodies with other shapes, such as sphere
and disk. In addition, electric multipole effects of the CG
particle should be considered for the multipole expansion
(including the charge, dipole moment and quadrupole
moment) that gives the charge distribution more accurately
than the fixed point charge for the CG particle.

The anisotropic CG model based on the Gay-Berne
potential (GB) and electric multipole potential (EMP),
termed as GBEMP, has been developed and applied to study
a few molecular liquids [31, 34], such as water, methanol
and benzene. Recently, GBEMP model has been success-
fully extended to study polyalanine folding [35].

In our previous work [36], we have employed the on-center
GBEMP model (both the GB and EMP sites are placed at the
location of the center of mass of the molecule) to study a few
organic molecular systems. Even though the on-center
GBEMP model can obtain the results of some molecular
liquids in good agreement with atomistic study, its perfor-
mance in simulating some other hydrogen-bonding liquids is
unsatisfactory [34]. In order to improve the performance of the
GBEMP model in the simulations of hydrogen-bonding
liquids, the off-center GBEMP model was proposed [34]. In
this study, we are to employ the off-center GBEMP model (the
EMP site is placed at the position away from the center of
mass) to study three polar molecular (methylsulfide: CH3SH,
acetaldehyde: CH;CHO and chloroform: CHCls) liquids.

Model and methods

AMOEBA force field for CHCl; and its atomistic simulations

From the current AMOEBA force field, one cannot find
parameters for CHCl;, so it is necessary to construct

AMOEBA force field for CHCI; in order to perform
the atomistic simulation. The initial structure of CHClj
constructed from GaussView [37] was optimized using
GAUSSIAN 03 package [38] at the quantum mechanics
(QM) level of HF/6-31G*, and then single point QM
calculation was performed on the optimized structure at
a higher QM level of MP2/6-311++G(2d,2p). Multipole
values (charge, dipole and quadrupole moments) for
each atom were calculated with the GDMA method
[39], followed by the optimization of multipole param-
eters for each atom by fitting to QM electrostatic
potential. Parameters for stretching bonds and bending
angles are obtained from other force fields such as
MM3 [40] or OPLS-AA force field [6]. When all above
parameters are determined, initial non-bonded vdW
parameters were obtained by fitting to the QM calcula-
tion (MP2/6-311++G(2d,2p) level) of CHCl; homo-
dimer intermolecular energy profiles, and were fur-
ther refined in following atomistic liquid simulation of
CHCl;. The AMOEBA force field (only non-bonded
parameters) for CHCI; is presented in Table S1 of
Supporting information.

Gay-Berne and electric multipole potentials
Gay-Berne potential

The GB potential between two CG particles i and j has the
form
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where / and d define the length and breadth of each CG
particle, therefore a CG particle can be treated as ellipsoid,
disk or sphere.

The total well-depth parameter & (u;,u;,7;) is written
as

where ;1 and v are empirical exponents, and are cur-
rently set to 2.0 and 1.0, respectively. The terms of &,
and &, are calculated in,
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Where ¢, refers to the well-depth of the cross configu-
ration, g and eg are the well depth of end-to-end
configuration and the well-depth of side-by-side config-
uration, respectively. It should be pointed out that the
Gay-Berne potential will be equivalent to the Lennard-
Jones potential when two particles are treated as
spheres.

Electric multipole expansion potential

Charge distribution around a multipole site (EMP site) can
be described with electric point multipole expansion:

M= (%dmdyvdQOxx;Qxya---szz)a (12)

where ¢, d, O refer to charge, dipole and quadrupole
moments of the EMP site, respectively. The interaction
energy between two EMP sites i and j can be expressed in
the polytensor form:
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On account of the CG particles have anisotropic shapes
as given by the GB potential, a so-called polarization catas-
trophe will occur when interaction in very short range. An
effective solution to this problem through the use of a
damping function to modify the multipole interaction

(<5 A):
A=1—-exp(—au’), (15)

1/6 . o :
where u = r;; / (@) '"® is the effective distance with r;; as

the actual distance between sites i and j. The factor a is
the damping strength, and is set to 0.39 in the present
work.

System minimizations and molecular dynamics (MD)
simulations

The cubic liquid boxes containing 125 molecules are con-
structed by VEGAZZ software [40], and the lengths of sides
are 22.65 A, 22.72 A and 25.56 A for liquid CH;SH,
CH;CHO and CHCIls, respectively. Each atomistic system
is minimized for several hundred steps, followed by
atomistic NPT simulations with the length of 5 ns. In
all atomistic MD simulations, the integration step is set
to 1 fs, and a cutoff value of 12 A is used for non-bonded
interactions.

All initial structures of the liquids for CG simulations are
converted from their corresponding all-atom models. In
each system, the coordinates of all atoms are recorded in a
library that enables us to recover the coarse-grained
representation of the system back to its atomistic repre-
sentation for analysis. For each system, minimizations
have been carried out for several hundred steps, and the
following NPT simulations have been performed for
at least 200 ns with the integration step of 10 fs,
and a cutoff value of 12 A is used for non-bonded
interactions.
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Results and discussion
GB and EMP parameters for small molecules
GB parameters

The determination of GB parameters for small molecules
has been described previously [31, 34]. To construct the
atomistic energy profiles for the vdW interactions of the
homo-dimers, different special configurations for CH3SH,
CH3;CHO and CHCI; homo-dimers, such as cross-shape,
side-by-side, T-shape, end-to-end (or face-to-face), are
selected, and are given in Table S2 of Supporting informa-
tion. The AMOEBA polarizable force field was used to
calculate the vdW interaction energies for each homo-
dimer with different configurations.

In the calculations, the CG particles of both CH3;SH and
CH;CHO molecules were treated as ellipsoids, while the
CG particle of CHCl; molecule was considered to have
disk-like shape. By employing a generic algorithm, the GB
parameters were obtained by fitting to the atomistic energy
profiles of special configurations in gas phase and were
further refined in the following liquid simulations, and the
final GB parameters are listed in Table 1.

The vdW interaction energy profiles for CH;SH,
CH;CHO and CHCIl; obtained from AMOEBA all-atom
model and the GB coarse-grained model are shown together
in Fig. 1. In Fig. 1a, the vdW interaction energy curves of
the CH3SH homo-dimer given by the GB model on the
whole reproduce the results from all-atom model, especially
for cross and side-by-side configurations. Although the
energy curves of the end-to-end and T-shape configurations
are observed to have differences between the CG and all-
atom models, previous experiences told us that the end-
to-end and T-shape configurations of a rod-like molecule
should make less contribution to the accuracy of GB param-
eters compared to the cross and side-by-side configurations.
From Fig. 1b, one can see that only the cross-shape energy
curves from CG and all-atom models are fitted well. For
other configurations, there are some deviations that are
acceptable because the energy differences within 1 kcal
mol ™! are observed near the bottom of potential wells. In
Fig. 1c, it is shown that the interaction energy of the CHCl;
homo-dimers given by the GB model is not accurate

Table 1 The GB parameters for CH;SH CH3;CHO and CHCl; in
GBEMP model

d (A) [ (A) dy, o (kcal/mol) cg/es
CH3;SH 2.385 3.450 1.250 1.306 0.664
CH;CHO 2.615 4.050 1.152 0.830 0.599
CHCl; 5.209 2.683 0.757 0.500 1.616

@ Springer

compared with all-atom model for face-to-face configura-
tion. On account of the CHCI; molecule was treated with
disk, the CG particle is viewed as an integrated molecule,
and the internal information about the rigid body molecule
is frozen or screened, so that the mass distribution inside the
CG particle is assumed to be uniform. However, in the all-
atom model of CHCI; molecule, one can see that the mass
distribution is significantly dominated by one side having
atoms of chlorine (Cl). In addition, three chlorines of CHCl;
are indistinguishable in the CG model but are distinguish-
able in the atomistic model. In this situation, special care
should be considered in future works. There are several
ideas we are going to test, such as the contributions of the
end-to-end and T-shape configurations have to be sacrificed
to achieve the best fitting of the face-to-face configuration
that has the deepest well-depth, or, the CHCl; molecule can
be treated with more than one CG particle, etc.

EMP parameters

The atomic electric multipole moments can be directly cal-
culated from the ab initio QM methods in gas-phase. How-
ever, we need to consider the contribution of induced
dipoles to improve the accuracy of the EMP parameters that
can be obtained by averaging electric multipole moments in
solvent. According to previous works, point multipole sites
(EMP sites) are placed on the atoms possessing the most
electronegativity. Based on the charge parameters of
CH;SH, CH3CHO and CHCl;, listed in Table S3 of Sup-
porting information, the EMP sites are placed on the carbon
atom (C) of CH;SH, the oxygen atom (O) of CH3;CHO, and
the carbon atom (C) of CHCl; in this work, respectively, and
the final EMP parameters are given in Table 2.

Liquid simulation results
Radial distribution function (RDF)

To evaluate the performance of the GBEMP model for three
molecular liquids (CH3;SH, CH3;CHO and CHCl5), the mac-
roscopic properties, such as the radial distribution functions
(RDF), liquid densities, self-diffusion coefficients and aver-
age potential energies, were calculated and compared to
atomistic results. In advance of computing the macroscopic
properties, each CG trajectory represented by Euler coordi-
nates was converted into the corresponding atomistic trajec-
tory depicted by Cartesian.

From Fig. 2, excellent agreement between the CG and
all-atom models is found for the RDFs of liquid CH3SH in
term of C-C and C-S pairs. Two models arrive at the peaks
simultaneously round the separation of 4 A. The C-C and
C-S RDFs of the CG model are in good agreement with
those of the all-atom model before the peaks and after the
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Fig. 1 Comparison of vdW
intermolecular interaction
energies calculated from the CG
and all-atom simulations for (a)
CH;SH (b) CH;CHO and (C)
CHCIs. As for CH3SH and
CH;CHO (rod-like molecules)
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lines) T-shape configurations
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configuration (pink lines) were
selected. The results of the CG
model are represented with
solid lines and the dash lines are
the results from the all-atom
model

separation of 6 A, except the atomistic results have demon-
strated some fluctuations in the range from 4 to 6 A. The
RDFs in terms of C-H and S-H pairs calculated from the CG
simulations are comparable to atomistic results. In the short
range from 3 to 6 A, the deviations between two models in
the C-H and S-H RDFs may be ascribed to the multipole
effect. From Table S3, one can find that the hydrogen atom
of the (SH)- group has negative charge (—0.11359), and
increasing the number of multipole sites can improve the
result but would sacrifice the efficiency of the CG model. In
the long range (after 6 A), the multipole effects have little
impact on the RDFs, so that excellent agreement between
CG and all-atom models is observed in both C...H and S...
H RDFs.

In Fig. 3, the C-C, C-O and C-H RDFs of the CG model
of CH3CHO have shown good agreement with atomistic
results. In the range from 4 to 5 A, the C-C RDF of the
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Distance (A)

all-atom model exhibits two peaks, and the CG model result
displays just clearly one peak, but this is inevitable for the
CG model because two carbon atoms are grouped into one
site. In Fig. 3, there also is an obvious deviation between
two models. The O-H RDF of the all-atom model displays
two peaks in the range from 2 to 6 A, where the peak of the
first shell is located at around 2.5 A and another peak is
found at round 5.5 A. The first shell should be related to the
hydrogen atom of the (COH)- group while the second shell
is associated with the hydrogen atom of the (CHj3)- group.
However, in the CG model, all those hydrogen atoms are
united into a CG site, so that the CG model result of the O-H
RDF only displays one peak at 4.5 A.

In the CG simulation of the CHCI; liquid, only the C-C
RDF of the CG model is able to reproduce the all-atom
result, shown in Fig. 4. In the short range from 2 to 6 A,
the C-CI and CI-CI RDFs of the CG model have poor

Table 2 The EMP parameters

for CH;SH CH;CHO and Charge (e) Dipole moments Quadrupole moment Inertia
CHCl; in GBEMP model (Debyes) tensor (Buckinghams) (g-A*mol)
C(CH;SH) 0.0 1.835 —-3.216 —3.722 0.203 4.883
0.950 —-3.722 4.552 —0.209 39.220
—0.041 0.203 —0.209 —-1.335 40.935
O(CH;CHO) 0.0 2.964 3.325 —2.778 0.262 8.857
-1.560 —2.778 —-1.093 0.213 50.427
0.025 0.262 0.213 —2.231 55.902
C(CHCly) 0.0 0.023 —-1.574 0.163 0.054 170.482
-0.031 0.163 —2.180 0.145 170.482
-1.358 0.054 0.145 3.754 329.170
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Fig. 2 Comparison of RDFs of [ Ten tet T T [ T '
C-C C-S C-H and S-H for i5ra 1r 118
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performance due to the three chlorines being clustered into
just one pseudo-atom at the center of mass of CHCl;.
Because of the coarse-graining approach, the three chlorines
are indistinguishable in the CG model but are distinguish-
able in the all-atom model. Therefore, the differences be-
tween two models for the C-Cl and Cl-Cl RDFs are
inevitable if CHCIl; is treated as one GB particle. To im-
prove the performance of the CG model, high resolution
coarse-graining approaches are needed, such as treating
CHCI; with two or more GB particles. However, such an
approach would impair the efficiency of the CG model.
Finally, the absolute coordination numbers of the first
and second salvation shell in RDFs are examined for three
organic molecules, and the results are listed in Table S4 of

Distance (A) Distance (A)

Supporting information. By comparing the coarse-grained
results to atomistic calculations, only slight discrepancy was
found in the coordination numbers of the first solvation shell
for three molecular liquids. As for the second solvation
shell, both models give the same results. This indicates that
our coarse-grained model is able to quantitatively reproduce
the macroscopic property calculated from atomistic model
and the differences found in RDFs are unavoidable due to
the inherent feature of coarse-graining.

Diffusion constants and average potential energy

In order to investigate other macroscopic properties of
CH;SH, CH5;CHO and CHCI; liquids, gained through two

Fig. 3 Comparison of RDFs of — T

C-C C-O C-H and O-H for
liquid CH3CHO from up to
down obtained from GBEMP
coarse-grained (CG) and
AMOEBA all-atom (AA)
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Fig. 4 Comparison of RDFs of C-C C-Cl and CI-Cl for liquid CHCl;
from up to down obtained from GBEMP coarse-grained (CG) and
AMOEBA all-atom (AA) models respectively. The results of the CG
model are represented with red solid lines and the black lines corre-
spond to the results of AA model

models, we again have made comparative calculations of
self-diffusion coefficients, densities, and average potential
energies of three molecular liquids, which are given in
Table 3. It presents that the CG model results in general
inosculate atomistic or experimental ones, especially for
densities. Even though the self-diffusion coefficient for the
CHCI; liquid calculated from the CG simulation is over-
estimated compared to the experimental value [41], the all-
atom (AMOEBA) result exhibits similar behavior. Among
three liquids, the CHCIl; liquid displays the largest differ-
ence of the self-diffusion coefficient between the CG and
all-atom models. As discussed above, the current treatment
of the CG model of CHCI; with one GB particle may be the
reason. As for average potential energies, a good agreement
between the two models is observed. In order to further
examine our coarse-grained model, we have carried out
some calculations on the mixtures CH3;CHO:CHCI; and
CH;SH:CHCI3 (with molar fraction 2:3), respectively, and
the results are listed in Table S5 of Supporting information.
Similarly, the CG model results are comparable to atomistic
results, indicating that our coarse-grained model is able to
calculate the solvation free energy with reasonable accuracy.

Conclusions

In this article, a physics-based coarse-grained model, based
on anisotropic Gay-Berne and electrostatic multipole poten-
tials, is employed to study the macroscopic properties of
three molecular liquids (CH3SH, CH3CHO and CHCIs).
The CH;SH and CH;CHO molecules were treated with
ellipsoidal GB particles while the GB particle of CHCl;
was considered to have disk-like shape. In the GBEMP
model, GB site is placed at the center of mass of the
molecule, and the GB parameters were obtained by fitting
to the atomistic calculations of the vdW interaction energies.
The EMP sites of the GB particles were placed at the
locations of the atoms possessing strong electronegativity,
and the EMP parameters were calculated from multipole
expansion at the EMP sites including the contribution of
induced dipoles in solvent. The RDFs, self-diffusion

Table 3 The self-diffusion coefficients, densities and average potential energies of CH;SH CH3CHO and CHCl; liquids obtained from coarse-

grained and atomistic models

Self-diffusion coefficient (10 °cm */s)

Density (g/cm’)

Potential energy (kcal/mol)

Expt. All-atom. CG Expt. All-atom. CG All-atom. CG
CH;SH - 6.3606 6.6144 0.8599 0.8318 0.8607 -3.715 —3.556
CH;CHO - 2.0819 2.1135 0.7800 0.7797 0.7842 —6.316 —6.104
CHCl; 2.45+0.04° 3.0480 3.4011 1.483 1.447 1.481 —3.844 —3.622
Ref. [41]
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coefficients, liquid densities and average potential energies
for three molecular liquids were calculated from the MD
simulations based on GBEMP CG and AMOEBA all-atom
models. In general, the CG results have shown good agree-
ment with atomistic calculations. Although some results
from the CG model are unsatisfactory, the development of
a coarse-grained model is not to aim at reproducing all
atomistic features but to try and reproduce the main atom-
istic features. In practice, we can increase the accuracy of
the coarse-grained model by defining the anisotropic GB
particle at higher resolution level or by adding more EMP
sites inside the GB particle. Nevertheless, the consequence
of such approaches would be to diminish the efficiency of
the CG model. In fact, making the effort to find the optimal
balance between the accuracy and efficiency is one of the
most important goals of developing a coarse-grained model,
but it is quite challenging.
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