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ABSTRACT: We develop coarse-grained force fields
(CGFFs) for computationally efficient and accurate molecular
simulation of imidazolium-based ionic liquids. To obtain
CGFF parameters, we employ a systematic coarse-graining
approach based on the relative entropy (RE) method to
reproduce not only the structure but also the thermodynamic
properties of the reference all-atom molecular model. Our
systematic coarse-graining approach adds a constraint to the
RE minimization using the Lagrange multiplier method in
order to reproduce thermodynamic properties such as
pressure. The Boltzmann inversion technique is used to
obtain the bonded interactions, and the non-bonded and long-

range electrostatic interactions are obtained using the constrained relative entropy method. The structure and pressure obtained
from the coarse-grained (CG) models for different alkyl chain lengths are in agreement with the all-atom molecular dynamics
simulations at different thermodynamic states. We also find that the dynamical properties, such as diffusion, of the CG model
preserve the faster dynamics of bulky cation compared to the anion. The methodology developed here for reproduction of
thermodynamic properties and treatment of long-range Coulombic interactions is applicable to other soft-matter.

1. INTRODUCTION

Room-temperature ionic liquids (RTILs) are an emerging class
of solvents primarily composed of organic cations and inorganic
anions. Due to their structural complexity, they are in a liquid
state at room temperature. RTILs have distinct properties
distinguishing them from conventional electrolytes with
uniform charge density dissolved in a large amount of solvent
or high-temperature molten salts. Their emergence has opened
new avenues for many industrial and scientific applications such
as energy storage in non-Faradaic batteries, electrotunable
friction, drug discovery, and gas capture.' ™ Due to a variety of
cations and anions, an unlimited number of RTILs can be
engineered for various applications, thereby making them
“designer solvents”. However, a lack of fundamental under-
standing of their structural and dynamical behavior hinders
numerous potential applications of the RTILs.

The emergence of advanced computational resources has
allowed researchers to use molecular dynamics (MD)
simulations to study many biological and physicochemical
systems at the nanoscale.® MD simulation of RTILs has
attracted wide attention as it can shed light on the physical
mechanisms governing their behavior.”~"* MD simulations, for
example, are performed to understand the short lifetime of ion
pairs.* In addition to MD simulations, using a combination of
molecular and multiscale coarse-grained (CG) simulations, it
was shown that the neutral tail of cations tends to aggregate
heterogeneously, while the charged head groups of RTILs
distribute uniformly in order to minimize electrostatic
interaction within the system.'*”'® Even though MD
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simulations led to advances in the performance and
fundamental understanding of physical phenomena in various
applications like the electrochemical double-layer (ECDL)
capacitor and drug delivery, many profound questions still
remain to be answered concerning RTILs physical and chemical
behavior.>' %773

The mesoscale study of many systems using classical MD
simulation is hindered by its computational cost. Therefore, CG
models are proposed in order to bridge the length scales for
many phenomena.”*™>® MD simulation of RTILs at the
mesoscale, which requires simulating a large system of
hundreds of thousands of atoms for a long time (micro- to
milliseconds), becomes computationally intractable, especially
because of their slow dynamics. Because of the aforementioned
benefits of coarse graining, development of CG models has
been an active area of research. Two different routes are
pursued to develop CG models, namely, top-down and bottom-
up approaches. In the top-down strategy, the interactions are
parametrized with simple analytical potential forms, and the
parameters in the potentials are determined by reproducing
macroscopic thermodynamic properties obtained from experi-
ments or simulations. This approach typically involves minimal
information regarding the underlying all-atom (AA) model and
usually leads to inaccurate structural representation.

In the bottom-up approach, the essential information of the
AA system is included during the CG model development. The
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main challenge in systematically developing CG models is to
incorporate the average effects of the detailed system into a CG
representation with reduced degrees of freedom. During the
last two decades, several attempts have been made to address
this issue.”” >° The methods are usually based on reproducing
the structural properties or forces of an AA reference system.
Voth et al. proposed the force matching method, and it has
been successfully applied to various soft matter systems such as
synthetic and biological systems.'*** On the other hand,
methods such as the iterative Boltzmann inversion (IBI) and
inverse Monte Carlo reproduce the structure.”’ " CG
methods, however, suffer from problems such as transferability
and representability. For example, a CG model which
reproduces the structure of an AA system is not guaranteed
to preserve other thermodynamic properties of the reference
system such as pressure, energy, and free energy of solvation.*®
In general, the CGFFs work well for the objectives they are
optimized for it. Due to the reduced number of degrees of
freedom and the smoother potential landscape, the time step
for integrating the equations of motion in coarse-grained
molecular dynamics (CGMD) simulations is several times
higher than the reference AAMD simulation, thereby allowing
simulation of systems at larger time and length scales.

Another challenge in the parametrization of CGFFs is to
systematically take into account the long-range interactions in a
high-resolution atomistic system into a low-resolution
representation (CG model). Most of the CG methods rely
on the modification of the short-range pairwise potential in
order to implicitly consider the effects of electrostatic
interactions.'” Recently, there have been attempts to consider
the electrostatic interaction explicitly as it is an ubiquitous
driving force in a variety of biomolecular phenomena including
protein folding and DNA-—protein assembly to mention a
few.**"*° In the case of RTILs, Dong et al. calculated that 70%
of the interaction energy in RTILs is of Coulombic nature, even
though hydrogen-bonding and van der Waals interactions play
important roles in the structure and behavior of RTILs."’
Furthermore, recent studies showed that the net charges of
cations and anions can have significant effects on the behavior
of RTILs."" Thus, arbitrary reduction of charges should be
avoided during parametrization of AA and CG force fields in
order to keep all interactions consistent with the reference
system. We systematically link the long-range Coulombic
interactions between CG and AA models using total
Coulombic interactions calculated based on the particle mesh
Ewald” method. In RTILs, many phenomena occurring at
meso- and macro-scale arise due to their nanostructure
organization,“"44 therefore using a structure-based CG model
can be considered as an attractive approach for multiscale study
of RTILs. Furthermore, multiscale studies using CGMD
simulation are a reliable method to understand many physical
phenomena including charge dynamics mechanisms in nano-
pores®*>*® and formation of micelles in aqueous solution of
RTILs and membrane disruption of bilayers, multilayers, and
vesicles by RTILs.""~*

CG model development for RTILs, has been extensively
studied.*'*'® The force matching technique, for example, has
been applied by Wang et al. to develop a CG model for
[EMIM]*[NO,]"."” Since then, there have been many attempts
to develop CG models for various RTILs like [EMIM]*[BF,]~
and [BMIM]*[BE,]" using different algorithms.*® Wang et al.
introduced an effective force CG model (EF-CG) for
imidazolium-based nitride ionic liquids with various alkyl-
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chain lengths.'® They showed that by sacrificing some accuracy
in the radial distribution function (RDF), it is possible to obtain
a general force field that is transferrable to different
temperatures and various side-chain lengths. Wang et al. used
IBI and inverse Monte Carlo methods to develop structure-
based CG model for [EMIM]*[PF6]™.°° The study concluded
that the presence of explicit charges on the interacting sites
results in a more transferable and realistic force field; however,
a systematic determination of optimal charges remains unclear.
Top-down CGFFs of RTILs have also been developed to
reproduce thermodynamic and dynamical properties. Bhargava
et al. introduced a CGFF for [BMIM]*[PF,]”, using initial
values for CGFF parameters based on the mapped atom
interaction parameters, including charges and Lennard-Jones
(1)) energy and diameter.*® The method relies on scaling the
parameters until the desired properties’' are reproduced. Roy
et al. introduced two CG models based on reproducing density
and diffusion of [BMIM]*[PF]", using the standard 12-6 LJ
potential form and charge reduction. However, the CG
parameters are obtained by hand tuning, focusing on matching
dynamical and thermodynamic properties of RTILs and not
their structure.””**> This model has been successfully used to
study many physical phenomena occurring in supercapacitors.
Nevertheless, the optimal CG parameters, especially charges,
are not obtained systematically, and the procedure is somewhat
ad hoc. Using the same approach, Merlet et al. reproduced the
thermodynamic and dynamical properties for [EMIM]*[BF,]~
and [BMIM]*[BF,]” in the bulk and near graphene
interfaces.”* In spite of prior studies to develop CG models
for ILs, the main shortcoming of these models is the
determination of optimal charges and interaction parameters
to reproduce structure and pressure at the same time.*®

In our framework, the charge of the CG bead is a scaled sum
of the charges of the atoms mapped into a CG bead, where the
scaling factor is optimized within the relative entropy (RE)
framework. Furthermore, by employing the Lagrange multiplier
constraint optimization method, we minimize the relative
entropy objective function such that it reproduces the pressure
of the AA system. By doing so, the resultant CGFF can be used
for simulations in the isothermal—isobaric ensemble (NPT).

In this paper, we investigate the development of a general
CGFF for 1-butyl-3-methylimidazolium hexafluorophosphate
ionic liquid and longer alkyl chains with systematic
consideration of the long-range interaction and pressure
matching within the RE framework. The remainder of the
paper is organized as follows: First, we describe the CG model
development including the treatment of the long-range
interaction and pressure-matching technique. Then, the
transferability and representability of CGFF are investigated
for different thermodynamic states and longer chain imidazo-
lium ionic liquids through calculation of different properties
such as pair and charge radial distribution functions and

density.
2. COARSE-GRAINED MODEL DEVELOPMENT

In this study, we develop CGFFs for imidazolium-based cation
and hexafluorophosphate anion ionic liquids ([C,C,IM]*
[PF¢]7). The minimum chain length we consider in this
study is four (n > 4). As we employ bottom-up coarse-graining,
the information from the fine-grain system is collected from the
AAMD simulations of n = 4 and n = 8 (details of the AAMD
and CGMD simulations are given in the Supporting
Information Section S1).
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For the CG model development, the atoms of the AA system
are lumped into five types of CG beads as shown in Figure 1 for

Figure 1. Schematic representation of AA and CG molecular
structures. All-atom and CG representation of cation for n = 8.

[C5C,IM]* [PE4]™. The structure of the CG model is chosen in
accordance with previous studies including CG, united-atom,
and AA models as well as AAMD results of current
study,"”**~>* while attempting to decrease the degrees of
freedom as much as possible (details are given in Tables S1—S3
of the Supporting Information). Due to the fact that anion has a
rotational symmetry and behaves as a rigid body, we map it to a
single CG bead (AN). In a similar manner, considering the
rotational symmetry in the methyl group near the aromatic
ring, it is grouped as one CG bead (Me). The backbone of the
aromatic ring in the cation also moves as a rigid body, so it is
considered as one CG bead (Ar). The butyl group near the
aromatic ring is considered as another CG bead (Bu) as shown
in Figure 1. The methyl and methylene groups at the tail of the
alkyl chain are considered as one type of CG bead (TM)
mainly because of simplicity of the CG model and its
compatibility with the underlying AA force field. Table 1

Table 1. Bond, Angle, and Dihedral Types for Cation

atoms type atoms type
1 Me-Ar bond 7 Bu-TM-TM angle
2 Ar-Bu bond 8 TM-TM-TM angle
3 Bu-TM bond 9 Me-Ar-Bu-TM dihedral
4 TM-TM bond 10 Ar-Bu-TM-TM dihedral
S Me-Ar-Bu angle 11 Bu-TM-TM-TM dihedral
6 Ar-Bu-TM angle 12 TM-TM-TM-TM dihedral

shows bond, angle, and dihedral types in the CG
representation, and this definition ensures the generality and
applicability of the current CGFF to shorter and longer alkyl
chains. In the CGFF development, we first optimize the non-
bonded interactions of [C,C,IM]*[PF4]~ system. For n > 4, we
further optimize those interactions created by the addition of
the TM beads. In order to determine the bonded interactions,
we study [CgC,IM]*[PF4]™ as it contains all of the possible
conformational distributions (bond, angle, and dihedral angle
distributions).

The CGFF is comprised of non-bonded and bonded
interactions, and the total potential energy can be written as
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[]total = lJ;’lb + Ub (1)
where Uy, is the energy of the non-bonded interactions
between the CG beads, and U, denotes the bonded potential
energy. The non-bonded potential includes the summation of
the short-range van der Waals (u,qy) and the long-range
Coulombic pair potentials (ucyy). The non-bonded inter-
actions are considered for beads in different molecules or beads
within a molecule with at least three bonds apart. We consider
two forms of short-range vdW interactions: uniform cubic B-
splines (SP) and standard 12-6 LJ. In the case of a SP pair
potential, an interval from zero to a cutoft distance, R, is
discretized into n — 1 segments, {ro, 11, 3, ..., ,_1}, of equal size
Ar=R_,/(n — 1) such that r;= i X Ar, where i € (0, .., n — 1).
The value of the SP pair potential at a distance r can be written
as follows

1 4 1 o] &
W =lee et 0 3 o
P 6 -6 3 0] %+
-1 3 =3 1]¢; 2)

where {cy, ¢}, ¢ vy €1} are the spline knot values, and the
index j is determined such that r ; < r < r;,; and t is given by

r—r
t=—
Ar )
For the LJ potential, we use the standard 12-6 form as
Co G
u,(r) = — — —
Y e 4)

where Cy,(= 4¢06'2) and Cy(= 4€0°) are interaction parameters,
in which € and ¢ are energy- and length-scale parameters for
the LJ interaction, respectively. The long-range Coulombic
interaction is given by

C
4ﬂ€01‘ij

Ucoul (ry) =

©)

where ¢ is the net lumped charge of the AA system in the CG
representation, €, is the permittivity of vacuum, and A, is a
charge scalar factor applied to the Coulombic interactions in
the CGFF. The bonded interactions include only angle and
dihedral terms among the beads of the same molecule. All
bonds are assumed to be rigid and constrained using the
LINCS algorithm. Based on the previous studies and AAMD
simulations of the current study, for short chain imidazolium-
based IL (n = 4), the angle is kept constant.’>***® For longer
chain ILs, we use the Boltzmann inversion to obtain the
dihedral and angle interactions. For this purpose, we assume
that angle, and dihedral angle probability distributions are not
correlated, that is,

P(G) ¢) = Pangle(g)Pdihedral(qﬁ) (6)

where 0 and ¢ denote angle and dihedral angle, respectively.
The resultant potentials are obtained using the Boltzmann
inversion of the target probability distributions, which are
computed using MD trajectories. Thus,

Up = —ksT Z In P(q)
q=0,¢

™)

DOI: 10.1021/acs.jctc.7b01293
J. Chem. Theory Comput. 2018, 14, 3252—3261



Journal of Chemical Theory and Computation
5 — 5 3
(@ o AAMD (b) (©)
4 i —CGMDSP | *
A == CGMD LI 2
oy 3 ;
S
Il I
1 1
LS 1.5 1.5
(d) (e) (f
10 (K1
=
0L 0ns
o0 an
13 20 =
(g) (M
L
E 108
2

r[nm]

r [nm]

Lo 1.5 00

r [nm]

Figure 2. Bead—Bead RDF of C,MIM. (a) AN-Me, (b) AN-Ar, (c) AN-Buy, (d) Me-Me, (e) Me-Ar, (f) Me-By, (g) Ar—Ar, (h) Ar-Bu, and (i) Bu-
Bu. Strong short-range correlation between oppositely charged beads is present in the first row, while for similar charges the short-range correlation
is weak and almost close to 1.0 even though long-range correlation exists for both of them. Circles are AAMD, black solid line is CGMD-SP, and

blue dash dot line is CGMD-LJ.

where g represents a degree of freedom, which can be either
or ¢. The probability distributions are given in Figures S1 and
S2 of the Supporting Information.

The only interaction parameters to be optimized are the non-
bonded interactions and the charge scalar factor. In the case of
the SP pair potential, we optimize the knot values (¢;), while in
the LJ form, the optimization parameters are C;, and C4 To
optimize the non-bonded parameters, we use the constrained
relative entropy (CRE) minimization. Originating from the
information theory, the RE method is used to quantify overlap
between two molecular ensembles.”” Through RE, it is possible
to connect AA and CG ensemble averages and such a relation
can be written as follows

ZPAA( )ln [

paa(n)

CG( ( ))] + <Smap>AA

(8)

where the summation proceeds over all the configurations of
the reference AA system, r = {r}(i = 12, ..), M(r) is the
mapping operator from AA to CG configuration, S,,,, is the
mapping entropy that originates from degeneracies in the AA
model mapping, and pAA(ri) and pCG(M(ri)) are the normalized
probability of a configuration i in the AA and CG ensembles,
respectively. In the canonical ensemble, the RE simplifies to
Seel = P{UcG — Unadaa — P{Fcg — Faadaa + (Smaphan
©)

where all the averages are computed in the reference AAMD
ensemble, F is the configurational part of the Helmholtz free
energy, and U is the total energy of the system. In this study,
the total potential energy of the CG system is given by
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N
UCG = l]nb + Z Z (uCouI(rij) + uvdW(rij))

j>i i=1

(10)

Note that the first term in eq 10 is not a function of the
optimization parameters. In this study, in addition to the short-
range interactions, we include optimization of the Coulombic
interactions through a charge scalar factor, A. The current
approach can pave way for more systematic consideration of
the Coulombic interactions in developing the CGFFs, as they
play a key role in many physicochemical and biological
processes. The details regarding calculation of different
quantities in CG and AA ensembles are given in Chaimovich
and Shell.”” The optimization parameters (A) include the knot
values or the L] parameters as well as the charge parameter A..
In the original RE formulation,®® the Newton—Raphson
strategy is used to obtain the optimal parameters, and they
are iteratively refined using the following equation:

d\ = —Hg VS

rel

(11)

where dA is the change of parameters based on the previous
iteration. The original RE, formulated in the canonical
ensemble, does not guarantee that the pressure of the AA
system is preserved, because both the virial and the kinetic parts
of the pressure in the CG system are different from the target
system. Prior work has suggested several methods to reproduce
the pressure of the AA system, and these methods usually rely
on the addition of the pressure correction terms, constrained
optimization of CG parameters, or a volume-dependent
contribution to the potential.>>**~®" In this study, we employ
CRE minimization with Lagrange multiplier to reproduce the
pressure of the AA system.”” In a molecular system, the
pressure is given by

DOI: 10.1021/acs.jctc.7b01293
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where Npqp is the number of degrees of freedom in the system,
and V is the volume of the simulation box. The second term in 3. RESULTS AND DISCUSSION
eq 12 is the virial part of the pressure and f; is the force
between two beads, i and j. The mathematical description of
the Lagrange multiplier is presented in Section S2 of the
Supporting Information. Therefore, the CRE is defined as

The L] CG parameters are given in Tables S4—S6 of the
Supporting Information. The corresponding tables (LJ and SP
potentials) necessary for CGMD simulations are provided in
the Supporting Information. In order to investigate the

follows representability and transferability of the developed CGFF,
Suet = BUcq — Usadaa — BlAca — Aaahaa + (Smaphaa + 28(2) we carry out CGMD' and AAMD simulati.ons of ILs for
(13) different thermodynamic states and alkyl chain lengths. The
structural properties such as pair and charge radial distribution
where g(A) is the constraint, and y is the Lagrange multiplier. functions of both AA and CG models are compared with each
The CRE optimization for pressure-matching and long-range other. The thermodynamic and dynamical properties are
Coulombic interactions is implemented in the VOTCA computed using the CGFF and are determined for different
package.®”** The constraint and parameter refinements can thermodynamic states and longer chain ILs.
be written as 3.1. Structural Properties. In order to quantify the
5 structural properties obtained from AA and CG systems, we
1{ B-g(A) — Py evaluate RDFs between different beads and the center of mass
g(h) = E[Pi) (COM) of the cation (CA) and the anion (AN) in both
A (14) systems. For both AA and CG systems, the RDFs between
different pairs in [C,C,IM]*[PF¢]” and [CyC,IM]*[PF¢]~
dX = dh + H;@JT’G'H;:JT)_I(g(X) +J-d1) (15) systems at the reference T = 400 K are shown in Figures 2
and 3, respectively.
where Pcg and Py, are the pressure in CG and AA systems, The short-range correlation between the oppositely charged
respectively, and J is the Jacobian and is given by CG beads is strong, which can be related to the strong
attractive electrostatic interactions between them (Figure 2a—
j= Feg = Pan |9Fea c). The RDF profiles show long-range correlation, which
Pi, oA (16) persists even beyond 1.5 nm. This phenomenon can be
attributed to the presence of long-range electrostatic inter-
where actions and heterogeneous structure in RTILs.
3256 DOI: 10.1021/acs jctc.7b01293
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Figure 4. Structural properties of the center of mass from AAMD and CGMD. (a—c) AN-AN, CA-AN, and CA-CA RDF for C,MIM. (d—f) AN-

AN, CA-AN, and CA-CA RDF for CgMIM.

The COM RDFs are shown in Figure 4. It can be seen that
the CGMD simulations are able to capture structural properties
of both C,MIM and CgMIM. For example, the coordination
numbers in both AAMD and CGMD are shown in Table 2, and

Table 2. Coordination Number Obtained from AAMD and
CGMD Simulations for C,MIM and C;MIM

n=4 n=38
C,C,IM PF;, CA-CA CA-AN AN-AN CA-CA CA-AN AN-AN
AAMD 6.87 2.52 5.89 2.72 325 6.19
CGMD-SP 6.91 2.58 5.89 2.05 3.22 6.11
CGMD-LJ 6.91 2.60 5.81 2.03 3.21 6.02

they are in good agreement with each other. Moreover, it can
be seen from Figure 4 that the short-range correlation becomes
much weaker as the alkyl-chain increases. This is more evident
in case of the CA-AN RDF (see Figure 6). This can be
attributed to the decrease in the screening length of the
Coulombic interactions.

In this study, we use charge-ordering to further investigate
screening in RTILs. Previous AAMD and CGMD calculations
have shown charge-ordering in RTILs.>** The charge radial
distribution, Q,(r), can be defined such that 47r%q,Q,(r)dr is the
net charge from a central ion i of charge g; at a distance . The
following relations can be written between the charge radial
distribution and RDFs of cation—cation (CA-CA), cation—
anion (CA-AN), and anion—anion (AN-AN):

Q(r) = p(g () = g*MN() (18)
Q™(r) = p(™ M (r) = gMN(r) (19)
Q(r) = Q™ (r) + Q™ () (20)

where p is the total number density of ions (9 = Peyion + Panion)-
In Figure S, the oscillatory behavior of charge in both
[C,C,IM]*[PF¢]™ and [C4C,IM]*[PF,]” systems are shown.
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Figure S. Charge distribution functions calculated for C;,MIM and
CgMIM at 400 K. The fit has been used to find the screening lengths,
which are found to be 1.19 and 1.03 nm for (a) C,MIM and (b)
CiMIM, respectively.

According to Keblinski et al,** the asymptotic form of the
charge distribution function approaches the general form of eq
21 at high ionic strength:

Q(r) = ée_'M‘Lsin(% + l//)

(€29)

where A is the amplitude of exponentially decaying charge—
charge correlations, d and y are the period of oscillation and
the phase shift, respectively, and Ay is the screening length,
which determines the distance beyond which the local charge
neutrality exits. There is no unique screening length for RTILs
in the literature. Del Pépolo and Voth'® calculated a screening
length of 0.7 nm for [EMIM]*[NO,]~. There are two values
reported for [BMIM]*[PF4]~ (1.45 and 2.5 nm from studies by
Roy et al.>* and Wang et al,*” respectively). In the latter study,
they use AAMD, while in the former study, CGMD was used.
In this study, we use a larger system compared with the
previous studies.”” According to our fit in Figure S, the
screening length for C,MIM and CgMIM are 1.19 and 1.03 nm,
respectively. In addition, the results from longer chain ionic
liquid provide a far more accurate picture regarding screening

DOI: 10.1021/acs.jctc.7b01293
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length in ionic liquid solutions, esépecially as this topic has been
the focus of many prior studies.*>®’

Due to the simplicity of eq 21, it provides only a qualitative
behavior of RTILs which are highly structured liquids. Our
results indicate that the screening length of RTILs decreases
with an increase in the alkyl chain length, which is expected as
the heterogeneity of the system increases due to the interaction
between the alkyl chains. Furthermore, alkyl chain interactions
decrease the correlation due to the Coulombic interactions,
thereby decreasing the screening length. We calculate these
parameters using the CGMD simulation for n = {4, 6, 8, 10}.
The results are provided in Figure 6.

125} A AAMD A
a v CGMD
¥
z
h, &
ML o]
(nm) ]
T
075} ¥ -
4 6 8 10

n

Figure 6. Screening length of ILs as a function of alkyl-chain length.

3.2. Thermodynamic and Dynamical Properties.
Thermodynamic and dynamical properties obtained from
bottom-up CGFF are usually different compared with those
obtained from the reference AAMD simulations. It is, however,
possible to add correction to the interactions in order to
reproduce several properties.*”®® In this study, we use CRE
minimization to reproduce pressure of AAMD simulation. We
also study transferability and representability of the CGFF to
obtain other thermodynamic and dynamical properties at
different thermodynamic states and varying alkyl chain lengths.

3.2.1. Density. The CRE approach developed here is
expected to reproduce the target pressure and density in the
isothermal—isobaric ensemble. Therefore, we study trans-
ferability and representability of CGFF parameters by
calculating density of CGMD simulation in the NPT ensemble
for different alkyl-chains and at different thermodynamic states.
Tables 3 and 4 show the results obtained from AAMD and
CGMD for different temperatures and alkyl-chains, respec-
tively. Densities obtained from CGMD simulations are in good
agreement with those obtained from AAMD simulations with a
maximum relative error of about 3% compared with AAMD
results.

3.2.2. Thermal Expansion and Compressibility Coeffi-
cients. We compare the thermal expansion coefficients

Table 4. Transferability of CGFF for Different Alkyl-Chain
Lengths Based on the Number Density

C,C,IM
PF, n 4 6 8 10
AAMD density 2.71 2.33 2.05 1.75
density 2.71 227 2.05 1.77
CGMD SP
relative error ~ (0.00%)  (2.64%)  (0.00%)  (1.14%)
densi 2.69 2.26 2.05 1.78
cempy ™Y
relative error  (0.6%) (3.00%) (0.00%) (1.71%)

obtained from the CGMD simulation with experimental values.
The thermal expansion coeflicient is defined as

a= i(d_V) ~ (ln(pz/pl))
war), " m=1), @
where p is the density obtained from CGMD simulations. The
thermal expansion coefficients are determined based on the
densities provided in Table 3. In a similar manner, we also

evaluate the isothermal compressibility based on the densities at
P =1 atm and P = 100 atm, using the following equation:

. __i(a_V) _l(d_p) _(aln(p)) %[ln(pz/pl))

7 wv\lor ), plor), P ), B-R ),
(23)

The computed values along with the experimental data are
given in Table 5. The derivative quantities like thermal
expansion and isothermal compressibility coeflicients are harder
to reproduce from MD simulation and show higher depend-
ency on the packing as mentioned in previous studies.'>*’
Furthermore, CG model representability problem for different
quantities stems from the state dependency of 1potential of
mean force as noted by many previous studies.””’" In general,
matching pressure between CG and AA models leads to
deviation of compressibility obtained from AA and CG
models.*”

3.3. Diffusion Coefficient. Transport properties of RTILs
play a crucial role in many microscopic and macroscopic
phenomena, especially in slit pores, where the diffusion can be
1-2 orders of magnitude smaller than bulk or even faster
compared to bulk.”*””® Diffusion is also of significant
importance in the charge dynamics of ECDL capacitors."”
MD simulations provide the trajectories of the molecules from
which diffusion coeflicients can be extracted. The diffusion
coeflicient can be determined using the Einstein relation:

—limi r 2=limir —r >
D = —lim —(IA Ol o m =l (t) — x(0)l)
(24)

where the diffusion coefficient is the mean slope of the mean-
squared displacement as time goes to infinity. Figure 7 shows

Table 3. Transferability of CGFF for a Temperature Range of 300—450 K*

C,CiIM PFg, p (nm™)

C4CiIM PFy, p (nm™)

T (K) AAMD CGMD SP
300 2.89 2.82 (2.31%)
350 2.80 276 (1.21%)
400 271 271 (0.00%)
450 262 265 (1.14%)

“Number density for C, and Cg at different temperatures obtained from CGMD simulations using SP and L] pair potentials.

CGMD L]

2.93 (1.51%)
2.81 (0.44%)
2.69 (0.6%)
2.58 (1.64%)
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AAMD CGMD SP CGMD 1]
220 2.13 (3.18%) 222 (0.91%)
213 2.09 (1.88%) 2.14 (0.47%)
2.05 205 (0.00%) 205 (0.00%)
1.98 2.01 (1.52%) 1.97 (0.51%)
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Table S. Thermal Expansion (@) and Isothermal Compressibility (k) Coefficients Obtained from CGMD Simulation and

Compared with Experimental Values” (ref 72)

C,C,IM PF, C4C,IM PF,
exp. AAMD CGMD SP CGMD LJ exp. AAMD CGMD SpP CGMD 1J
ax 1074 K! 5.95 6.54 4.1 8.5 5.80 7.09 39 8.0
Kkp, GPa™! 0.498 0455 0.85 1.97 0.491 0.971 0.71 1.17
“The experimental thermal expansion and isothermal compressibility coefficients are obtained at temperatures of 343.2 and 323.2 K for C, and Cg,
respectively.
P value, the diffusion coeflicient is overestimated by a factor of 2
1E9 b ® 3 E and S times for the SP and the L] potentials, respectively.
8 s 8 However, the faster dynamics of bulky cations compared to
. i 3 8 anion are captured by the CG model, which demonstrates that
T EOF 8 3 the dynamical properties of the system are qualitatively
E ° O Exp.CA reproduced.
a ® ¢ Exp. AN
1E-11 | ® CGMD-SPCA |
3 @ CGMD-SP AN B ASSOCIATED CONTENT
B CGMD-LJCA
¥ CGMD-LJ AN © Supporting Information
B 300 350 4200 450 500 The Supporting Information is available free of charge on the
T (K) ACS Publications website at DOI: 10.1021/acs.jctc.7b01293.

Figure 7. Comparison of diffusion coefficient between the experi-
ment®” and CGMD simulations as a function of temperature for
C,MIM.

the diffusion coefficient of C,MIM obtained from CGMD
simulations and experiments. CGFFs usually lead to faster
dynamics as many degrees of freedom are removed and the free
energy landscape is smoothened out during the coarse-graining
process. There have been attem7pts to reproduce the underlying
reference dynamics in CGFFs.”””? The values obtained using
SP pair potentials are in a better agreement with the
experimental values compared to the LJ functional form. This
can be explained from the more accurate free energy landscape
reproduced by using the B-spline potential. Even though the
diffusion coefficients are higher for the SP and the L] potentials
compared to the experimental values by a factor of 2 and $§
times, respectively, they capture the faster dynamics of bulky
cations compared to anions, which can be related to high
charge concentration on anions. CGFF with similar structural
behavior and physically consistent transport properties is of
significant importance in understanding many physical
phenomena such as charge dynamics.

4. CONCLUSION

We have systematically developed a structure-based coarse-
grained force field (CGFF), for simulation of imidazolium-
based ionic liquids, which has a good transferability across
different chain lengths. The force field is developed using
constrained relative entropy (CRE) minimization method in
order to reproduce structure and thermodynamic property such
as pressure. The structure of ionic liquids and charge ordering
are investigated using both AAMD and CGMD simulations.
Representability of CGFF for other thermodynamics properties
is investigated by computing diffusion coeflicient, thermal
expansion, and compressibility coeflicients. The density
obtained from the CG model shows a maximum error of 3%
for various thermodynamic states and alkyl chain lengths. The
compressibility and thermal expansion coefficient deviate (by a
factor of 2) from the experimental value, indicating that the
pressure constraint does not necessarily guarantee accuracy of
other thermodynamics properties. Compared the experimental
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Potential parameters and running file for GROMACS are
provided for C8 both in L] and B-Spline form in order to
facilitate simulation and later usage (ZIP)

Bonded distributions and the mathematical description
of Lagrange multiplier (PDF)
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