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An effective force coarse-graining (EF-CG) method is presented in this paper that complements

the more general multiscale coarse-graining (MS-CG) methodology. The EF-CG method
determines effective pairwise forces between coarse-grained sites by averaging over the atomistic
forces between the corresponding atomic groups in configurations sampled from equilibrium
all-atom molecular dynamics simulations. The EF-CG method extracts the transferable part of
the MS-CG force field at the cost of reduced accuracy in reproducing certain structural

properties. Therefore, the EF-CG method provides an alternative to the MS-CG approach for
determining CG force fields that give improved transferability but reduced structural accuracy.
The EF-CG method is especially suitable for coarse-graining large molecules with high symmetry,
such as bulky organic molecules, and for studying complex phenomena across a range of
thermodynamic conditions. The connection between the EF-CG and MS-CG approaches as well
as the limitations of the EF-CG method are also discussed. Numerical results for neopentane,

methanol and ionic liquid systems illustrate the utility of the method.

I. Introduction

With the rapid growth of computational power and simulation
methods, computer simulations play an increasingly important
role in the investigation of condensed matter and biological
systems. First principles simulations based on quantum
mechanics very accurately reproduce some molecular properties
of interest. However, because they are very computationally
demanding, first principles simulations are generally only
suitable for simulating systems with hundreds of atoms.
Classical atomistic force fields, such as AMBER,' OPLS-AA>
and CHARMM,? have been developed for simulating much
larger systems with millions of atoms for tens of nanoseconds.
Nevertheless, many interesting phenomena in complex
condensed matter and biological systems occur on mesoscopic
scales involving many millions of atoms evolving on up to
millisecond time scales. In addition, in most cases many of the
atomic details involved in a given process are not relevant to
the theoretical analysis. Just as atomistic molecular dynamics
(MD) simulations have provided a powerful computational
methodology for investigating atomic phenomena that cannot
be adequately studied with quantum dynamics, “coarse-
grained” (CG) models that have integrated out
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much of the atomic detail provide an important tool for
investigating mesoscopic and macroscopic phenomena that
cannot be adequately studied with atomically detailed models.*

Consequently, considerable effort has focused on determin-
ing the effective interactions between sites in CG models.* 8
Many CG models assume that the interactions between CG
sites can be represented by particular analytic functional forms
and then these functional forms are parameterized either with
experimental data or with the results of a more detailed
simulation. However, the assumed functional forms may limit
the accuracy of such CG approaches. Another class of CG
approaches, employing inverse Monte Carlo methods,”!'* are
parameterized to reproduce the radial distribution functions
(RDFs) for the CG sites that are observed in equilibrium
atomically-detailed simulations. The effective interactions
between CG sites are determined through an iterative process
that updates the CG force field after each simulation by
comparing the pairwise potential of mean forces (PMFs)
resulting from a given CG simulation with the PMF measured
in atomically detailed simulations. CG models that are para-
meterized using the inverse Monte Carlo method only consider
the target RDFs, namely the final structure, and as a conse-
quence the physical meaning of the resulting interacting
potentials is somewhat obscure.

Recently Izvekov and Voth have developed a multiscale
coarse-graining (MS-CG) approach'''? based on a statistical
implementation of the force-matching method'>'* to system-
atically determine the low-resolution effective CG force fields
from the high-resolution all-atom force fields. The MS-CG
approach determines the effective CG interactions between
CG sites by optimizing (“matching”) the force on CG sites
with a least squares fitting to the total forces on the underlying
atomic groups. The MS-CG method has been successfully
applied to investigate both liquid'*'® and biomolecular
Recent work®*?! has shown that the
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MS-CG method variationally calculates a rigorous optimal
approximation to the many-body PMF describing the CG
sites. If the CG effective potential function only includes
central pair potentials, the MS-CG method determines an
optimal pair interaction that incorporates critical three-body
information through a mechanism® that is consistent with
well-known theories of the liquid state.>® Like the inverse
Monte Carlo method, the MS-CG method is not limited by
assumed functional forms. In contrast, while the inverse
Monte Carlo method determines a CG force field that by
definition reproduces the pair PMFs, the MS-CG method
determines a CG force field that is a systematic approximation
to the many-body PMF. Moreover, as discussed by Noid
et al.,’® the CG interactions determined by the MS-CG
methodology have clear physical meaning.

However, because the many-body PMF depends upon the
thermodynamic conditions, effective interactions determined
by the MS-CG method at one thermodynamic state point may
not necessarily be readily transferable to other state points.
Consequently it is important to consider mechanisms for
modifying the MS-CG method to optimize the transferability
of the effective CG interactions. The present work introduces a
new effective force coarse-graining (EF-CG) method that
employs the general theoretic framework for the MS-CG
method, but identifies an alternative approximation to the
many-body PMF that determines effective CG interactions
that not only have improved transferability but that are also
much more easily computed. Although at a given thermo-
dynamic state point the EF-CG force field may provide a less
accurate reproduction of average structure than the more
general MS-CG method, the EF-CG interactions may be
employed in CG MD simulations under thermodynamic and
environmental conditions very different from those of the all-
atom MD simulations employed in constructing the CG force
fields. In particular, CG simulations employing the EF-CG
force field determined at a single thermodynamic state point
may be used to investigate systems at different temperatures,
different sizes, and also in surface simulations using the CG
force fields obtained from a bulk all-atom simulation, albeit
with reduced accuracy for a given set of conditions. Moreover,
the underlying simplicity of the EF-CG model allows the
development of CG force fields that can be readily decom-
posed into various contributions and manipulated for use in
different systems.

This paper is organized as follows. In section II the
methodology of the EF-CG approach is described, while in
section III the theoretical connection between the EF-CG
method and the more general MS-CG methodology is derived;
in section IV the EF-CG results for several model systems are
shown, and a discussion of these results and associated
conclusions are provided in section V.

II. Methods

In this section, the EF-CG methodology for systematically
developing effective CG force fields from atomistic force fields
is described. The source of error in the EF-CG method is
analyzed and may be used as a guide for optimizing the CG
strategy. It should be noted that, in comparison to the more

general MS-CG approach,?>*! the EF-CG method relies upon
a number of additional assumptions. The EF-CG method can
only be applied for systems in which the non-bonded interac-
tions in the underlying model are explicitly pairwise decom-
posable and the bonded interactions are treated separately.
Additionally, while the MS-CG method may be applied for
CG models in which certain molecular species have been
entirely integrated out (e.g., solvent-free CG models), the
EF-CG method assumes that each atom describing the system
is involved in exactly one site and that this site is located at the
center-of-mass for the atoms involved in the site. Conse-
quently, the present work only considers systems with explicit
pairwise non-bonded atomistic force fields for which all
molecules will be represented in the CG model. Only mole-
cular dynamics (MD) computer simulations are considered at
both the all-atom and CG simulation levels.

Computing effective forces

Because most atomistic force fields model non-bonded inter-
actions with pair potentials, it is highly desirable to develop
CG force fields with similar pairwise additivity. Early applica-
tions of the MS-CG approach determined the CG pair poten-
tials providing the best fit to the total force on each CG site as
measured in atomistic MD simulations. This optimization
procedure maps contributions from the environment onto
the interaction between each pair of CG sites in such a way
that the resulting CG potential provides an optimal approxi-
mation to the many-body PMF. In contrast, the EF-CG
method explicitly computes the total translational force be-
tween fwo atomic groups and projects this force onto the
radial vector between the centers-of-mass (CMs) for these two
atomic groups. The obtained radial forces are then averaged
over different orientations so that the effective forces only
depend on radial distance between CMs, but do not introduce
contributions from the environment. In this way, the effects of
averaging over internal and orientational degrees of freedom
are confined to the particular pair force being computed and
do not “contaminate” other pair forces. Consequently, the
EF-CG procedure may provide greater opportunity for deriv-
ing transferable CG potentials. This procedure is explained in
detail below.

The EF-CG method employs the same coarse-graining
strategy as previous applications of the MS-CG method. That
is, several bonded atoms are grouped together to define a
single dimensionless CG site. The effective non-bonded forces
between CG sites are assumed to be pairwise and central, so
that the forces between the CG sites are directed along the
vector connecting the CMs, and are a function of the radial
distance between the CMs. This central pairwise approxima-
tion for the non-bonded CG potential is perhaps the most
significant source of errors in both the MS-CG and EF-CG
approaches. However, this assumption affords tremendous
simplification in ensuing MD simulations of the CG model.

For the model systems studied in this paper, the bonded
contributions to the CG force fields are obtained separately
using the two-step Boltzmann fitting procedure described in
ref. 15, after calculating the EF-CG non-bonded forces. The
Boltzmann procedure is suitable for systems in which the
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bonded interactions are only weakly coupled to the remaining
degrees of freedom. For systems with weaker bonded CG
interactions, more fitting steps or even alternative methods
may be necessary. The following discussion concentrates on
obtaining the non-bonded CG forces by the EF-CG method.

Consider a given system described by n atoms with
Cartesian coordinates, r”, and a potential energy function,
u(r"). The total vector force on atom, i, generally depends
upon the coordinates of all the atoms in the system and is
determined from the gradient of the potential energy function
in the standard way:

fi(r") =
A CG model described in terms of N sites may be developed by
partitioning the n atoms into N atomic groups, so that each
atom is involved in one (and only one) group. Each of these
atomic groups is then associated with a single CG site and the
group of n;atoms associated with site / is referred to as the set,
I;, of atoms “involved” in the CG site for each I = 1,... N
The Cartesian coordinates, r}’, for the atoms in set I; then
define the Cartesian coordlnates for coarse-grained (CG) site 7,
R;, through a mapping operator:

Zmlrl /Z m; (2)

iel; icl;

—Ou(r")/or; Q)

R; = Mp(r

In particular, the EF-CG map defined by eqn (2) places
each CG site at the center-of-mass for the associated
atomic group.

The non-bonded interactions between the groups of atoms
involved in two CG sites, 7 and J, determine an atomically-
detailed CG potential u;; that is a sum of pair potentials
between the atoms involved in the two sites:

u (v}’ vy) = EZ”U rif)s (3)

iely jely

where r; is the distance between atoms i and j, and u; is an
atomistic non-bonded pair potential describing the interaction
between atoms i and j (e.g., van der Waals (VDW) and/or
electrostatic).

For an isotropic homogeneous system, the magnitude of the
effective force between CG sites (atomic groups) 7 and J may be
defined in terms of the gradient of the potential in eqn (3),

_< Ouyy (xvy',v5) >
aM]J(I‘?’,l‘"},) Ry

= My (7', x7) L (] 17 ), 4)
where the subscripted angular brackets denote a conditioned

canonical ensemble average over atomistic configurations for
which the two groups are separated by a distance R,

(@), = (a(e")o(My ()", x;") = R))/(6(My (x]',x)") = R)),
(5)

the total force on group I from group J is defined as a sum of
non-bonded forces between pairs of atoms

szl/ (ri, ), (6)

i€l jely

Fij (R) =

f[J I'I 71‘1

and the mapping operator in eqn (2) has been used to define a
vector between CG sites
My, (v, ¥)) = Mps(r}') — Mgy (r}) (7)

My (e vy ) = My (e )], and My, (x) ) =
My, (r7,r})/ My (r7,r})]. An explicit derivation of eqn (4)
is given in the ESI.¥ From eqn (4) it is clear that the EF-CG pair
non-bonded force, F5F(R), is the average projection of the
atomic forces between two groups onto the vector connecting
the center-of-mass for the two groups given that the two center-
of-mass for the two groups are separated by a distance R. Note
that according to eqn (6) f;; = —f;; and f;; = 0.

The EF-CG pair force in eqn (4) is evaluated at discrete
values of R by sampling equilibrium atomistic MD simula-
tions. It should be emphasized that the calculation of the
effective force between a pair of CG sites only explicitly
considers the specific pair of atomic groups. The presence or
absence of other atomic groups only influences the non-
bonded EF-CG force field by altering the probabilities of
different realizations of the internal coordinates for a given
separation of the two atomic groups. This feature improves
the transferability of the non-bonded EF-CG force field.
Moreover, because CG pairs are considered separately, the
calculation of the EF-CG pair forces is computationally
inexpensive.

Another feature of the EF-CG method, which can be seen
from eqn (4), is that the effective CG forces for different types
of interactions can be computed separately. For most chemical
and biological systems, the atomistic non-bonded interactions
are modeled with only VDW and electrostatic interactions.
Because of the linearity of eqn (4), the EF-CG pair force
FEF(R) can be obtained by simply adding the VDW and
electrostatic effective forces, such that

7 (R) = Fir(R) + F)PY(R) ®)

Therefore, the EF-CG approach allows quantitative compar-
isons of these two types of interactions at the CG level. This
relation further ensures the additivity of the EF-CG approach.
Excluded volume effects that prevent atomic groups from
overlapping give rise to a “‘core region” of radius R. around
atomic groups that are not accessible to other groups. Small
inter-group separations R < R. + J (where ¢ is some small
number) are then only rarely sampled by atomistic MD
simulations and, consequently, the EF-CG force field cannot
be accurately determined from eqn (4) in or near the boundary
of this core region. In order to prevent the overlapping of CG
sites in ensuing MD simulations with the EF-CG force field,
the force field must be properly extended into the core region.
This extension must be sufficiently “hard” to ensure the
appropriate excluded volume for the CG sites, while at the
same time being sufficiently ““soft” to ensure energy conserva-
tion is not violated by sites hitting the core region too rapidly.
For the effective forces reported in this paper, the pair force is
linearly extended to Ry = 0 from R.. The force value at Ry is
arbitrarily set to be Fiy (Ry) = For(R.) + 10 eV/A. Never-
theless, our numerical tests have demonstrated that the CG
MD simulations are relatively insensitive to the specific
methods of extending the force field into the core region.
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Treatment of the Ewald sum

For systems modeled under periodic boundary conditions
(PBC), lattice sum techniques based upon the Ewald sum
method?* are frequently employed to calculate the long-range
electrostatic interactions. Such lattice summations necessarily
introduce forces arising from an infinite number of image
atoms. Although it is possible in principle to decompose the
Ewald sum into pair contributions and compute the effective
electrostatic forces according to eqn (4), because the magni-
tude of the forces in the lattice sum depends on the geometry
of the PBC simulation box, an explicit calculation of the
effective electrostatic force based upon the lattice sum may
limit the transferability of the resulting EF-CG force field.
Rather, in the present work the electrostatic forces between
atomic groups considered in eqn (4) are computed directly
according to the Coulomb force between atoms i and j:

- 4i4;
Syt (ry) = K=t ©)
ij

where K. is the appropriate electrostatic constant, and ¢; and g;
are the partial charges on atoms 7 and j, respectively.

The effective electrostatic CG force between CG sites [ and J
may then obtained by substituting eqn (9) into eqn (4). The
ensemble average of eqn (4) is sampled in atomistic MD
simulations employing the Ewald method to evaluate electro-
static interactions. The partial charge on each CG site is
defined as the sum over all underlying atomic partial charges
Qr = > g;. The total electrostatic force between two atomic

iely
groups is generally not equal to the point-charge electrostatic

force between the groups, /71 (R) = K. 2¢% because asymme-
try in the charge distribution introduces contributions from
the dipole and higher moments. Nevertheless, the present
calculations show that, for the systems considered in this
work, the effective electrostatic CG force defined by eqn (4)
and (8) is significantly different from the point-charge electro-
static force only at short range (roughly less than 12 /OX). Thus
the EF-CG electrostatic force can be decomposed in practice
into a long-range monopole electrostatic force and a short-
range effective multipole electrostatic force. In the CG MD
simulations employing the EF-CG force field, the monopole
electrostatic force is calculated via the Ewald sum, while the
short-range contribution from the effective multipole electro-
static force is added to the effective VDW force to define a
total effective short-range CG force. Therefore, the effective
CG forces used in CG MD simulations may be expressed

Flf;)lal(R) = FIEL(R) + FlyDW(R)
FR™™(R) + F7™(R) + Fiy"Y(R)
= F™(R) + Fi7*"(R) (10)

where FP™(R) is the monopole electrostatic interaction treated

by the Ewald sum, and F$3°™(R) is the total short-range inter-
action between CG sites and includes contributions from both
VDW and short-ranged multipole electrostatic interactions.
The above procedure neglects the long-range part of the
multipole electrostatic interactions. For atomic groups with
high symmetry, this does not lead to significant error, because

the electrostatic interaction between two groups is dominated
by the monopole (point charge) at large separation.
Furthermore, in liquid systems, the Debye screening effect®
attenuates the effective multipole interaction rather quickly.
For asymmetric molecules, the central pairwise approximation
employed in the EF-CG force field introduces more significant
errors in modeling the interactions between atomic groups
than neglecting the long-range multipole electrostatic
interactions, as described in the next subsection.

Computational procedure for the EF-CG methodology

The EF-CG forces are constructed in the following steps:

(1) Obtain bonded forces with the Boltzmann fitting method
or other approaches from all the sampled configurations.

(2) Read in one sampled configuration.

(3) Calculate different types of effective CG forces for one
pair of atomic groups.

(4) Accumulate the obtained CG force values in the
corresponding bin.

(5) Repeat steps (3) and (4).

(6) Repeat steps (2) to (5).

(7) Average the accumulated force values and combine the
different types of forces together.

(8) Extend the force field into the core region.

(9) Tabulate the CG forces with a suitable force cutoff.
Along with the bonded interactions obtained in step (1), the
tabulated forces are then ready for CG MD simulations.

Source of errors

In contrast to the MS-CG method, the EF-CG method
calculates an effective non-bonded interaction between CG
sites directly from the forces between the atomic groups
defining the CG sites. Consequently, errors within the
calculated EF-CG potentials may be analyzed by considering
the forces between atomic groups from the perspective of
classical mechanics. In addition to the errors resulting from
neglect of multipole interaction, errors in the EF-CG method
also result from representing CG sites with structureless point
particles.

For a given pair of atomic groups associated with CG sites /
and J, the set of underlying atomic coordinates for these
groups, {r}’,r;}, can be described by a set of collective
coordinates: the internal vibrational coordinates for each
group, d; and dj; the relative orientation w;; of the two groups,
and the distance between the two CMs R;; = M, (ry,r}/) as
defined after eqn (7). Correspondingly, the total atomistic
potential u;; defined in eqn (3) between these two atomic
groups may be represented by potentials describing the inter-
nal vibrations uy3°™4! the rotational torque ujf™9", and the
translational force 5™, such that

np o nyy _ o Internal . Torque .
u (YY) = uy N (dr, dyy o, Ryy) 4wy (0 dr, dy, Ryy)

I 11
+ub" (Ryyy dy, dy, o) (1)

This collective coordinate representation is illustrated schema-
tically in Fig. 1.

Because the CG model represents each atomic group with a
single structureless point particle, the CG model cannot
capture the detailed interactions described in eqn (11).
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Fig. 1 Schematic illustration of the collective coordinate representa-
tion of the force “F”’ between two atomic groups, with internal modes
“I”” and torque “T” shown.

Consequently the effects of vibrational degrees of freedom are
integrated out in determining the effective CG non-bonded
pair forces. Moreover, the orientation for each CG site and
corresponding rotational torque cannot be described by the
CG model. As a result, even though the instantaneous net
force between atomic groups is not necessarily directed along
the radial vector between the groups, these forces that are
orthogonal to the radial inter-site vector cannot be described
in computer simulations of the EF-CG model. The EF-CG
potential resulting from integrating out the interactions invol-
ving these degrees of freedom corresponds to the effective CG
force computed in eqn (4). Note that this interaction is
an ensemble average over all possible relative orientations
between the two atomic groups.

The approximations described above are the major source
of errors in the EF-CG approach and limit its accuracy. In
return, they can be used as a guide for the CG strategy to
obtain the optimized EF-CG force fields. First, the error
introduced by averaging over and neglecting the internal
vibrations included in eqn (11) is minimized if the atoms in
the CG group are well described as rigid bodies. This approxi-
mation also indicates that non-bonded atoms cannot be
grouped into one CG site with the EF-CG method, although
there exist some other CG approaches, such as the BLOB,?
designed for this purpose. Second, neglecting the relative
orientation of CG sites requires that the atomic groups are
as symmetric as possible. Here the “symmetry of an atomic
group” refers to the symmetry of the distributions of the
VDW parameters and the atomic partial charges of the
atomic group.

The rigid body approximation may be satisfied in a liquid
state or a biological system with careful design of the CG sites.
The approximation of discarding the non-central component
of the atomic force is not as bad as it appears. In an homo-
geneous liquid, because the probabilities of having two vertical
forces with the same magnitude but opposite directions are
equal, the effective force resulting from projecting the net force
along the radial direction is exactly the desired average force.
The most significant error of the EF-CG method comes from
averaging out the orientation-dependence of the force between
atomic groups shown in eqn (11). A non-trivial example is the
one-site CG model of water molecules. For two water mole-
cules separated with a fixed distance between their CMs, when
the oxygen atom on one water molecule is closer to the
hydrogen atoms than to the oxygen atom on the other water
molecule, the collective electrostatic interactions are attractive;

when the two oxygen atoms are closer, the electrostatic
interactions are repulsive. In the one-site CG representation,
since the effective force only depends on the radial distance,
the two opposite effects will be averaged and cancelled out,
and thus cannot be correctly represented in a one-site water
EF-CG model.

III. Connection to the general MS-CG theory

MD simulations of a CG model for a given system require an
interaction potential describing the effective interactions
between the CG sites after averaging over atomistic degrees
of freedom. The multiscale coarse-graining (MS-CG) method?%>!
determines this CG force field, F, governing the interactions
between the N CG sites through a variational principle for
minimizing the functional:

N
XZ[F]=§<ZF1<Mﬁ<r">>—f1<r">|2> (12)

1=1

In this equation, fr") is the net force on the atomic group
associated with CG site 7 in a given atomically detailed structure
" *RY = MR(r") is the CG representation of this configuration,
F(R") is the force on CG site 7 in the CG representation R, and
the angular brackets denote a canonical ensemble average eval-
uated for the atomistic model. The CG force field minimizing the
MS-CG functional in eqn (12) is a conditioned canonical en-
semble average of the atomistic forces:

F/RY) = (£,(r")gn. (13)

where the angular brackets subscripted by R represent an
average over all atomistic configurations that map onto the
specified CG configuration:

(a("))ry = (a(")3(MR(")

Thus the MS-CG force field minimizing the functional in
eqn (12) is a many-body mean force: the MS-CG force on
site 7in a CG configuration R" is the average atomistic force
on the same site averaged over all atomistic configurations
that map to the given CG configuration. This MS-CG force
field corresponds to the force field derived from gradients of
the many-body PMF, UMS:

— RY)/(MR(") — RY)) (14)

exp[~ UM (R")/kpT] o (3(MR(") — RY)) (15)

Because pr(RY) = (3(MR(r") — R™)) is the probability dis-
tribution describing the distribution of CG configurations
generated by mapping atomistic configurations that are
sampled according to the atomistic distribution, it follows
that simulations of a CG model employing the MS-CG
potential, UMS, as an interaction potential will sample the
CG configuration space with the same probability distribution
as CG configurations determined by the atomistic model and
CG mapping. Consequently, the MS-CG method provides a
variational procedure for calculating the appropriate inter-
action potential for a CG model that is consistent with a given
atomistic model. Moreover, the MS-CG variational principle
provides a systematic and rigorous approach for deriving an
optimal approximation to this many-body PMF. A more
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detailed and general discussion of the theory underlying the
MS-CG method has recently been presented.?”

As mentioned above, the CG force field defined in eqn (13)
expresses the force on the CG site 7 as a function of the entire CG
structure, RY. Tt is generally not feasible to either solve or to
numerically implement such a many-body interaction potential.
Previous work employing the MS-CG method has approximated
this many-body potential with central pair potentials describing the
non-bonded interactions between CG sites.'"*!>!>161921 Within this
approximation the resulting MS-CG force field may be determined
by solving a system of linear algebraic equations that are related to
the well known Yvon-Born—-Green equation and which incor-
porate critical three-body effects to determine an optimal pair
approximation to the many-body PMF defined in eqn (15).%

The EF-CG force field introduced in section 2.1 may be
derived as a different systematic approximation to the many-
body PMF expressed in eqn (13). For the center-of-mass
mapping defined in eqn (2), the force on the CG site is simply
the sum of the forces on the atoms within the group:
f; = > f;. Because the atomistic non-bonded interactions

iel;
have been assumed to be pairwise additive, the total atomistic
force on each CG site may be decomposed into a force from
bonded interactions, f2°", and a sum of non-bonded pair
interactions between atomic groups associated with CG sites:

fI( )_fbon Zf]] r;l,l"/
J#I

(16)

where f;; has been defined in eqn (6). Accordingly, the many-
body CG force field defined in eqn (13) may also be formally
decomposed into pair interactions:

F/(RY) = F)"(RY) + ) "Fy(RY) (17)
J#I
where
Fy(RY) = (f (v 1))y (18)
and
FP"(RY) = (£7°°("))ry (19)

Note that while this decomposition is exact, it is purely formal
because each interaction depends upon the coordinates of all
N CG sites through the conditional averages defined by
eqn (14). This is an important distinction from the assumed
pairwise decomposition of the atomistic force field in which
each pair interaction is independent of its environment.

The EF-CG non-bonded pair force field may be derived as a
mean field approximation to the many-body pair interaction
defined in eqn (18):

FEF(R/,R)) :/dXNpR(XN)FL,(X,,XJ)é(X, —R))6(X; —R))
_ () oMy (') — Rp)O(Mgy (rf) —

(6(Mg;(ry") — Rp)d(Mgy(ry) — Ry))
(20)

R/))

where pr is the CG configuration probability distribution
determined by the atomistic model and CG mapping operators
as defined below eqn (15).

According to eqn (20), the EF-CG force field between CG
sites / and J with coordinates R; and R; is the expectation
value of the instantaneous net force between the two atomic
groups given that the centers-of-mass for the atomic groups
are located at the specified coordinates. For systems described
by an atomistic potential without an external field, the
instantaneous non-bonded force between two atomic groups,
f,;(r7",r7), is independent of translation and rotation of the
system. Consequently it follows from symmetry that, although
the instantaneous atomic force is not necessarily directed
along the vector between the two CG sites and also depends
upon the atomistic degrees of freedom associated with the two
sites, the conditional average of this atomic force is directed
along this vector and depends only upon the distance between
the atomic groups, R;; = |Ryy|. Therefore under these assump-
tions, the EF-CG force as defined in eqn (20) may be
expressed:

BF(RI’R.I) = FEIF(RIJ)ﬁIJ (21

where F7f (R) is defined by (4). Therefore, the EF-CG non-
bonded forces provide a mean field approximation to the exact
many-body MS-CG non-bonded pair force defined by
eqn (18).

IV. Results and discussion

By averaging over atomistic details, coarse-grained interaction
potentials necessarily provide a less accurate model of mole-
cular interactions than atomistic force fields. Based on the
error analysis given in section 2.3, it is clear that the EF-CG
force field provides an exact model for molecular interactions
only for idealized spherically symmetric rigid molecules. For
real molecules, the errors introduced by the EF-CG force fields
may be predicted by considering the deviations of the mole-
cular geometry from the ideal case. In this section three liquid
systems are considered as the test cases for the EF-CG
method: the highly symmetric case of one-site neopentane,
two-site methanol as an asymmetric case with multiple CG
sites and a CG bond, and the EMIM * /NO; ™ ionic liquid as an
example for complex liquids. All of the MD simulations were
performed with the DL_POLY simulation package.’® The
systems were coupled to a Nosé—Hoover thermostat®’ for
simulations in the constant NVT ensemble as well as a Hoover
barostat®® for simulations in the constant NPT ensemble. In
the constant NPT simulations, the pressure was always set to
be 1 atm. The long-range electrostatic interactions were com-
puted with the standard Ewald sum algorithm.>* For all three
systems, unless otherwise specified, both the VDW cutoff and
the real space cutoff for the Ewald sum were 12 A. The
integration timestep of the MD simulations was 1 fs. The
bin size for tabulating the EF-CG force field was chosen to be
0.01 A for all of the three systems.

One-site neopentane

Since neopentane has a symmetric tetrahedron structure and
negligible atomic partial charges, it was selected as a highly
symmetric case for testing the EF-CG method. Due to the high
molecular symmetry, simulations employing the EF-CG force
field were expected to accurately reproduce the structural and
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Fig.2 Molecular structure and atomic partial charges in atomic units
for neopentane. In the one-site CG scheme, the whole molecule is
coarse-grained to be site A.

thermodynamic properties. The molecular structure and the
atomic partial charges of neopentane are shown in Fig. 2. The
force field parameters and atomic partial charges for neo-
pentane were taken from the OPLS-AA force field.2 An atomic
model of the liquid neopentane system with 512 molecules was
first simulated in the constant NPT ensemble at 7' = 270 K for
1 ns. The measured average cubic simulation box size was
Lyeo = 45.19 £0.12 A. All-atom MD simulations of the same
system were then performed for 2 ns in the constant NVT
ensemble at the same temperature and in a cubic simulation
box with sides of fixed length, L,.,. In total, 1000 configura-
tions were sampled at evenly spaced intervals during this
equilibrium run.

The EF-CG approach was then applied to compute the
effective CG forces for one-site neopentane from the 1000
sampled all-atom configurations. The effective VDW, long-
range electrostatic, and total short-range effective forces
(VDW plus multipole electrostatic) obtained by the EF-CG
method are shown in Fig. 3. The effective VDW and electro-
static forces were computed according to eqn (4). The total
effective force was then computed according to eqn (10). It can
be seen that the effective electrostatic force is negligible, since
the net charge of a neopentane molecule is zero, and the
multipole effect is very small due to the small partial charges

0.4 T T T

— VDW
-- Electrostatic

=
—
T

3 12 16
r(A)
Fig. 3 Effective CG forces for one-site neopentane. Since the electro-

static force (dashed line) is negligible, the total effective force is almost
identical to the effective VDW force (solid line).

of each atom and the symmetric distribution of the partial
charges. As a consequence, the total effective force between
two neopentane molecules is dominated by the effective VDW
force. The cutoff distance for the total effective force is chosen
to be 16 A, beyond which the force value is basically zero.

The total effective CG force field for a one-site model of
neopentane was then used to perform constant NPT CG MD
simulation at 7 = 270 K for 1 ns. All simulation parameters
were the same as in the all-atom NPT MD simulations. Note
that, since the CG sites diffuse faster in a CG MD simulation
than in an all-atom MD simulation, the 1 ns of CG simulation
sampled as much conformational space as several ns of an all-
atom simulation. Moreover, the timestep employed in the CG
MD simulation could be increased due to the larger mass of
the CG sites. However, for the purposes of comparing the two
simulations, the same timestep of 1 fs was employed in both
the all-atom and CG MD simulations. The average side length
of the cubic simulation box obtained from this constant NPT
CG MD simulation was L$%a = 45.69 4 0.13 A, which is 1.1%
greater than the equilibrium obtained L, from the all-atom
MD simulation. A constant NVT CG MD simulation was
then simulated at the same temperature with the side length of
the cubic simulation box set to LSS. The radial distribution
function (RDF) obtained from the CG simulation is plotted in
Fig. 4 and compared with the RDF obtained from the all-
atom MD simulation. There are only very slight differences
between the two RDFs, showing that the EF-CG force field is
able to accurately rebuild the structural properties of the
neopentane system.

The above results for neopentane show that the EF-CG
method determines a very good effective CG force field for
neopentane. CG MD simulations employing the EF-CG force
field reproduce both the structural and thermodynamic prop-
erties of the atomistic model with high accuracy. This indicates
that the EF-CG method works particularly well for highly
symmetric molecules.

Two-site methanol

The above results for a one-site CG model of neopentane
verified the accuracy of the EF-CG model for systems with
high symmetry and negligible electrostatic interactions. Here,
the EF-CG method was tested to develop a CG force field for

N T T N I T A A N B I
3r Neopentane ]
: -- All-atom ]
2'_ — EF-CG
& |
s |
1
G' PR R T | PRI (N SR TR S NN SR ST S NN ST S T N
0 4 8 12 16 20
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Fig. 4 Radial distribution functions from both the all-atom and the
EF-CG MD simulations with 512 neopentane molecules.

2008 | Phys. Chem. Chem. Phys., 2009, 11, 2002-2015

This journal is © the Owner Societies 2009



Fig. 5 Molecular structure, atomic partial charges in atomic units,
and two-site CG scheme for methanol. According to the atomic partial
charges, site A is quite symmetric, while site B is very asymmetric.
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a two-site model of methanol. This test case provides a slightly
more complicated system because methanol is an asymmetric
molecule and the CG model must incorporate bonded inter-
actions and non-zero partial charges on each CG site. The
OPLS-AA force field> was again used in the all-atom MD
simulations of methanol. The molecular structure and atomic
partial charges of the methanol molecule are shown in Fig. 5.
A liquid system containing 1000 atomically-detailed methanol
molecules was simulated first in the constant NPT and then
the constant NVT ensemble at T = 300 K according to the
procedure outlined for neopentane. One thousand configura-
tions were evenly sampled during the 1 ns constant NVT run.

As also shown in Fig. 5, the CHj3 group is represented as CG
site A with a net partial charge of 0.265 atomic units, and the
OH group as site B with a net partial charge of —0.265. The
CG bond between sites A and B was modeled by a harmonic
bond V(r) = %k(r — ro)* and the two parameters for the A—B
bond were determined to be k = 25.5537 eV A2 and ro =
1.50779 A via the two-step Boltzmann fitting procedure'®
using the distribution of distances between the CMs of the
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Fig. 6 EF-CG forces for two-site methanol. The difference between the point charge and the effective electrostatic forces are added to the VDW

forces to form the total effective short-range CG forces.
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two CG sites observed in the atomistic MD simulations. The
EF-CG non-bonded force field was computed using the 1000
saved all-atom configurations. The effective CG forces are
shown in Fig. 6. From these plots, it is clear that the effective
electrostatic interactions, especially those between CG sites B
and B, deviate significantly from the Coulomb interaction for
point charges, given by eqn (9), at short distances, due to the
strong dipole interactions. At medium to long range, the B-B
effective electrostatic interaction is well described by the point
charge interactions, since the orientation dependence of the
electrostatic interactions, i.e. the effect of multipole inter-
actions, are very weak when the distance between the CMs
is sufficiently large.

The EF-CG force field for the CG two-site methanol model
was then employed in corresponding CG MD simulations at
T = 300 K. The simulated time is 1 ns for each run. The average
side length of the cubic simulation box was 40.59 + 0.13 A in
constant NPT CG MD simulations, a relative error of 0.8%

4_ = - T L ¥ T L = T ¥ ¥ T ) i T L L T x ]
Site A-Site A @ 3
3f — EF-CG ]
[ -- All-atom ]
_ ]
o2
IF
. '3”6“9;&'12"15”18'
r(A)
4_ v T T o T SR S DT T
_ Site A-Site B ® ]
3F — EF-CG 1
[ -- All-atom ]
- ]
61)2_ ]
Ir
%3 '6“9}"1'2"1'5”1'8'
r(A)
4_ T T =T r L' "I L]
o, Site B-Site B © ]
3F — EF-CG 1
[ -- All-atom ]
5.t ]
= [ 1
Ir
=36 "9 12 15 18

9
r(A)

Fig. 7 Radial distribution functions from the all-atom and two-site
EF-CG MD simulations of methanol with 1000 molecules.

with respect to the all-atom value of 40.93 4+ 0.11 A. The RDFs
from both the all-atom and CG MD runs are compared in
Fig. 7. Although the relation between the RDF and the pair
interaction is complicated, the connection between them may be
qualitatively explained for the two-site methanol. Since the CH3
group has a much higher symmetry than the OH group, the
RDF for A—A sites obtained in the CG MD run agrees much
better with the all-atom result than that for B-B sites. The
agreement between the A—-B RDF measured in CG and all-atom
simulations is intermediate between the above two.

In order to test its transferability for simulations of different
system sizes, the EF-CG force field obtained from the system
with 1000 methanol molecules was used in the same simulation
procedure as before, but for a smaller system with only 343
molecules. The corresponding all-atom simulations were also
performed for comparison. The side length of the cubic
simulation box for the CG MD simulation is 28.40 + 0.15 A,
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Fig. 8 Radial distribution functions from both the all-atom and the
EF-CG MD simulations with 343 methanol molecules. The EF-CG
force field was constructed from the all-atom system with 1000
methanol molecules and transferred to the smaller system.
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Fig. 9 Running average of the surface tensions of the methanol
surface from both the all-atom and the EF-CG MD simulations.
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Fig. 10 (a) Molecular structure and atomic partial charges in atomic
unit of the EMIM ¥ /NO;~ ionic liquid. (b) Corresponding coarse-
graining scheme.

a relative error of 1.0% compared with 28.70 4+ 0.12 A for the
all-atom MD simulation. The RDFs computed for the CG and
atomistic model are compared in Fig. 8 and agree quite well.

From these results, it can be concluded that the EF-CG force
fields have good transferability between different system sizes.

The transferability of the EF-CG force field between bulk
and surface environments was also tested. For both all-atom
and CG models of 1000 methanol molecules, two vacuum
spaces of the same size as the bulk system were added above
and below the methanol fluid along the z-axis. After short
equilibration runs, both systems were simulated in the con-
stant NVT ensemble for 1 ns to sample the surface tension.
The running averages of the surface tensions computed for
both simulations are compared in Fig. 9. The surface tension
observed in the all-atom MD simulation is approximately
20 mN m~', while that in the CG MD simulation is roughly
16 mN m ™. The noticeable difference may be explained by the
asymmetry of the CG sites, especially site B. Nevertheless, the
surface tension measured in the CG simulation still semi-
quantitatively agrees with that measured in all-atom simulation.
Considering the sensitivity of the surface tension to the effective
CG forces, the EF-CG model can be considered to provide
good transferability between bulk and surface environments.

From the results for methanol, it can be concluded that the
EF-CG method determines an accurate model for systems
composed of molecules with bonded and electrostatic inter-
actions. The errors in CG MD simulations may be understood
by considering the geometry of the atomic groups: the more
asymmetric the atomic group is, the more significant are
the errors in the EF-CG model. These results also verify that
the EF-CG force fields may be successfully transferred between
different system sizes and the bulk/surface systems.

Tonic liquid

Ionic liquids have important applications in many different
fields,”3? and have been studied as potential solvents,
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Fig. 11 Sample effective short-range EF-CG forces for the EMIM */NO; ™ ionic liquid.

This journal is © the Owner Societies 2009

Phys. Chem. Chem. Phys., 2009, 11, 2002-2015 | 2011



T+ T T r 1 v T rr 1 r T 11171 L BN I e S DL AL B S
Site A-site A @ ] 3r & Site A-site D ®)1]
1.5¢ — EF-CG 1 : — EF-CG
[ -- All-atom L -- All-atom
-
w [
osf | )
" :u | IS T S T T T T T N TR N SN S N T T ] L 1
% 5 10 1577720 %
r(A) r(A)
25 . . ; 2 - e
Site D-site D @3 Site E-site E @]
2 —Ercc 1 15F — EF-CG
-- All-atom [ H -- All-atom q
_ 15} s R S |
® 1= @
P 1= I
1 [
0.5
0.5F F
" L4 vy P LN | RO |
05 0 5 015 20

r (}f\)

Fig. 12 Sample radial distribution functions for the EMIM */NO; ™~ ionic liquid at 7 = 400 K from both the all-atom and the EF-CG MD

simulations.

2 T T T 3 T T T T
Site A-site A @1 . Site AssiteD ®
i ] A
i — EF-CG [ A _
sk [ . EF-CG
5t -- All-atom »L ". -- Allatom 4
e S :
=0 \
1 \
0.5F [
1 A P B B (’)- L
0 5 015 20 )
r(z\) I’(A)
2' T T T T ] 2 T L S Bt
: Site D-site D © ] Site E-site E @
1.5F —EF-CG 4 15F —EF-CG A
[ -- All-atom -- All-atom
c 12 4
&0 1F 1 o 1
0.5_‘ 0.5r
L. g Js s s e e e e g S
% 05 5 10 5
r(A)

Fig. 13 Sample radial distribution functions for the EMIM " /NO; ionic liquid at 7 = 700 K from both the all-atom and the EF-CG MD
simulations. The EF-CG force field was constructed from the all-atom MD simulation at 7 = 400 K and transferred to the higher temperature.

lubricants and energetic materials. The EMIM © /NO5 ™~ ionic
liquid has been successfully coarse-grained by the MS-CG
approach.'®> However, because the MS-CG force fields
incorporate entropic effects, at least in principle, the MS-CG
interaction depends upon the thermodynamic conditions

employed in the parameterization. In this subsection, it is
shown that, with little loss in the accuracy of reproducing local
structure, the EF-CG force field obtained for this ionic liquid is
reasonably transferable between different temperatures, albeit
at a reduced degree of accuracy for any given temperature.
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The molecular structure, atomic partial charges, and the
coarse-graining scheme for the EMIM " /NO; ™ ionic liquid are
shown in Fig. 10. The AMBER' force field parameters were
used in the all-atom MD simulations. Although it has been
shown that many-body electric polarization effects are impor-
tant for ionic liquids,33 because the EF-CG method has been
developed for atomistic force fields with explicitly pairwise
additive non-bonded interactions, a non-polarizable model
was used in the current study, using force-field parameters
listed in ref. 15. An atomically-detailed model of the ionic
liquid system with 512 ion pairs was simulated at constant
NPT for 1 ns followed by a 1 ns simulation at constant NVT
simulation at 7 = 400 K. The EF-CG force field was then
obtained by computing the effective forces based on the 1000
evenly sampled configurations during the NVT run. The
effective forces between A—A sites and E-E sites are shown
in Fig. 11. The strong orientation dependence of the electro-
static interaction between sites A—A at short range causes the
total short-range effective force to have a much deeper
well than the effective VDW force. Therefore, the inter-
action between the polar cationic rings is dominated by the
electrostatic interactions. In contrast, although the effec-
tive electrostatic interaction between E-E sites slightly
deviates from a point charge interaction, the effective short-
ranged electrostatic interaction is much smaller than the
effective VDW interaction. Therefore, the total short-range
effective force between sites E-E is very similar to the
VDW force.

The EF-CG force fields for the EMIM " /NO; ™ ionic liquid
were then used in CG MD simulations for 512 ion pairs at
T = 400 K. A 1 ns constant NPT CG simulation gave an
average side length of the cubic simulation box of 50.63 £ 0.08 A,
a relative error of 1.3% with respect to the average side length
of 50.00 + 0.05 A determined from all-atom MD simulation.
Some of the RDFs from all-atom and CG simulations are
compared in Fig. 12. The RDFs for A-A, A-D, D-D, and
E-E sites obtained from the CG MD simulations have lost
some detailed structure, and the peak positions have shifted
slightly to larger distances. The most significant errors appear
in the RDF for D-D sites. These errors may be expected to
arise due to the planar structures of the A and D sites and the
strong correlation of the relative orientations between charged
groups in the ionic liquid system.

The EF-CG force field for the EMIM */NO;~ ionic liquid
obtained at T = 400 K was also used to simulate the same
system with 512 ion pairs at 7 = 700 K. The equilibrium side
length of the cubic box in the CG runis 53.11 £+ 0.16 A, which
represents a relative error of 6.6% from the equilibrium box
length of 52.76 + 0.12 A measured in the atomistic simula-
tions. Some of the RDFs computed in the all-atom and the
EF-CG MD simulations at 7 = 700 K are compared in
Fig. 13. The CG and all-atom RDFs agree even better at
T = 700 K than those at 7 = 400 K shown in Fig. 12. This
might be attributed to the fact that, at such a high tempera-
ture, the atomic groups, especially the cationic rings and the
anions, have more uniform relative orientation distributions.
Because the EF-CG force fields are transferable between
temperatures, the EF-CG force field parameterized at
T = 400 K provides almost as accurate a treatment of the

interactions of the ionic liquids at 7 = 700 K as an EF-CG
force field parameterized at 7' = 700 K.

The example of the EMIM/NO;™ indicates that the
EF-CG method also works well with complex fluids, such as
ionic liquids, for which the molecules are comparably large
and strong electrostatic interactions are present in the system.
It also shows that the EF-CG method has good transferability
between different temperatures.

V. Conclusions

In this paper it has been shown that the EF-CG method can
obtain transferable CG force fields for liquid systems. The
EF-CG force fields can reproduce both structural as well as
thermodynamic properties of atomistic models with reason-
able accuracy. Moreover, the errors resulting from the EF-CG
treatment may be predicted by considering the symmetry of
the coarse-grained atomic groups.

Coarse-graining approaches generally effectively integrate-
out less-important atomic details and thereby enhance the
computational efficiency substantially. Both the MS-CG and
the EF-CG methods take advantage of the reduced molecular
description, larger timesteps, and faster diffusion of CG
models to simulate systems much more efficiently than is
possible in all-atom MD simulations. However, all CG meth-
ods average over high-resolution details, and so can only
reproduce certain physical properties with satisfactory
accuracy. The EF-CG method was designed to capture the
transferable part of the atomistic force fields. Therefore, it is
especially suitable in situations when the transferability,
for example, between different system sizes, between diffe-
rent temperatures, and between bulk/surface systems, is
more important than the detailed accuracy of the structural
properties for any given set of conditions.

The simplicity of the EF-CG approach is a considerable
advantage of the method. As discussed previously and also
described in the ESI,i the MS-CG method requires the?!
solution of high-dimensional linear least squares problem,
which can become a challenging numerical task for complex
systems. Moreover, because the MS-CG method provides an
optimal approximation to a many-body PMF.,%° extensive
sampling is required to accurately determine the statistical
correlations between the many interactions included in the
potential energy function for a complex system. In contrast,
because the EF-CG method provides a mean-field approxima-
tion to the many-body PMF, so that each pair interaction in
the CG force field is calculated separately by simply evaluating
the correlation function in eqn (4). The EF-CG method does
not require the solution of a high dimensional and potentially
ill-conditioned matrix problem and also does not require
accurate determination of the statistical correlation between
various interactions (albeit at the potential risk of reduced
accuracy in the CG force field for a given thermodynamic
condition).

The simplicity of the EF-CG method also allows for a
relatively simple interpretation and manipulation of the results.
The considerations discussed in section II clearly guide the
construction of CG mappings and also allow intuitive insight
into the errors implicit in the method. Moreover, the EF-CG
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pair forces can be readily decomposed into contributions
from, e.g., electrostatic or VDW interactions. This simple
decomposition suggests that particular contributions to the
EF-CG pair forces between a pair of site types can be
separately treated and manipulated to predict the EF-CG pair
forces between slightly different types of site types in slightly
different environments. In fact, recent work has demonstrated
that this approach provides a reasonably accurate and highly
efficient approach for studying the complex properties of
various ionic liquid systems.** Tt is anticipated that this
method will continue to be particularly useful for especially
large and complex systems for which more accurate methods,
such as the MS-CG method, may be difficult to implement
numerically.

The thermodynamic properties and the transferability of the
EF-CG and MS-CG models for neopentane, methanol and the
ionic liquid system are further compared in the ESI.{ It is seen,
for example, that MS-CG models constructed in bulk cannot
be readily applied to perform interface simulations (e.g.,
calculate the surface tension) without additional modifica-
tions. Somewhat surprisingly, the calculations in the ESI
demonstrate that both the MS-CG and EF-CG force fields
may have reasonable temperature transferability. One motiva-
tion for the EF-CG method is that, by simplifying the aver-
aging involved in calculating the CG force field, the EF-CG
force field should be less temperature dependent, and thus it
should exhibit greater temperature transferability than the
MS-CG force field. However, while this is the case sometimes
it is not always the case for all of the examples studied. It is
possible that the comparable temperature transferability of
the two methods may result from the errors intrinsic to the
EF-CG method. Regardless, the temperature transferability of
each CG method likely depends strongly upon the system
studied, the temperature range, and also the choice of mapping
from atomistic to CG coordinates.

Besides having reduced accuracy for structural properties,
the EF-CG method, which has been developed as a comple-
ment to the general MS-CG approach, also has several other
limitations that may be addressed in future work. First of all,
the EF-CG method can only be applied to coarse-grain
atomistic force fields. In contrast the general MS-CG approach
can be applied to many systems regardless of the origin of the
underlying forces. In comparison to the variational MS-CG
method, the EF-CG method relies upon the center-of-mass
mapping and treats bonded interactions separately from non-
bonded interactions. The EF-CG method cannot effectively
decompose many-body interactions into pairwise interactions,
as the MS-CG approach does. Consequently, the EF-CG
method cannot incorporate the many-body dispersion interac-
tions that may be important for modeling, e.g., polarizable
nanoclusters.*> Finally, in the MS-CG approach, it is possible
to eliminate some atoms or entire molecules from the coarse-
grained description, while the EF-CG method requires all
underlying atoms to be represented explicitly at the CG level.

The central pairwise approximation for the CG forcefield
limits the accuracy of both the EF-CG and the MS-CG
approaches. However, it may be possible to add orientational
degrees of freedom by fixing a local coordinate system on each
CG site. In MD simulations, explicit computations of torques

are necessary to propagate the orientations. This complexity
can be avoided in Monte Carlo simulations, when the local
coordinates are rotated randomly. In either case, the compu-
tation of non-central interactions is much more demanding
than the calculation of central pairwise interactions in CG
models. Therefore, CG simulations considering site orienta-
tion are only useful when the orientational information is
crucial for the target problem.

A promising application of the EF-CG method is for the
systematic design of materials. Two examples are the design of
ionic liquids to meet customized requirements, such as given
viscosity and melting point, and the design of biomaterials to
form designated shapes by self-assembly processes. In these
applications, the materials must be constructed by developing
appropriate building blocks. Thus the transferability and
additivity of the effective CG forces are essential.

It may also be helpful to combine the EF-CG and MS-CG
methods together. One of the largest challenges in bio-
molecular simulations is that much of the computational
expense arises from modeling a large amount of water, even
though the detailed properties of the water molecules are not
necessary for many applications. It is possible to eliminate
water molecules at the CG level by using the MS-CG method.
On the other hand, in some applications, such as the systematic
design of biomolecules, the transferability and additivity of
CG sites corresponding to biomolecules are necessary. The
EF-CG method is suitable for building such CG force fields.
By combining the EF-CG and MS-CG approaches together,
the effective CG forces may have both good transferability and
increased efficiency. This research direction is currently being
pursued in our group.
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