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A recently developed multiscale coarse-graining (MS5) approach for obtaining coarse-grained force fields

from fully atomistic molecular dynamics simulation is applied to the challenging case of the EINDyt

ionic liquid. The force-matching in the MSCG methodology is accomplished with an explicit separation of
bonded and nonbonded forces. While the nonbonded forces are adopted from this force-matching approach,
the bonded forces are obtained from fitting the statistical configurational data from the atomistic simulations.
The many-body electronic polarizability is also successfully broken into effective pair interactions. With a
virial constraint fixing the system pressure, the MSG models rebuild satisfactory structural and
thermodynamic properties for different temperatures. The-KS model developed from a modest atomistic
simulation is therefore suitable for simulating much larger systems, because the coarse-grained models show
significant time integration efficiency. This approach is expected to be general for coarse-graining other ionic
liquids, as well as many other liquid-state systems. The limitations of the present coarse-graining procedure
are also discussed.

1. Introduction of computational efficiency, it is also expected that the CG
models can reveal the essential physical and chemical properties

Molten salts are liquid systems composed only of ions. of ionic liquids by averaging over less important detailed
Inorganic molten salts generally have a melting temperature . q y ging P

much higher than room temperature. However, ionic liquids are g]formation at the atomistic'level.. Several CG'approach.es h.ave
a special kind of molten salts having a melting temperature een developed to treat various kinds of chemlcgl and biological
around room temperature. This is generally achieved by systems (see, e.g., refs_&is .a”d re_ferences there|_n). General_ly

employing a bulky asymmetric organic cation to prevent the speaking, coarse-graining is achieved by grouping atoms into

ions from packing easilyAlthough molten salts in general have fewer interaction sites. As a result, the major challenge is how

been investigated for many decademly recently have ionic t_IE) c_on'lsl,trué::thhe teff(;.‘_ctllve fforce f|eIId kt)eéweenl E[he lC;G sites.
liquids drawn extensive attention and found possible industrial ypically, potentials of a preselected anaiytica’ form are

applications-3# Due to their non-volatile behavior, the most parameterized either to match thermodynamic propértieto
attractive application of ionic liquids may be to replace the reproduce average structural properties. The latter can be

traditional volatile organic solvents, which are harmful to the achieved by using an |nteractlve. adj.ustment of potentl.al
environment. Other features, such as reusability, low viscosity, parameters, stalrtllglg from an approxmaﬂon based on pot.entlals
better reactivity and selectivity, also suggest that ionic liquids of mean force;'2 through the solution of the Ornstein

; P . . i
may be a good candidate to achieve the end goal of “greenz.em'Cke equatiod?® or using the inverse Monte Carlo tech

chemistry” niquel415The applicability of these approaches may be limited
There ar.e numerous ionic liquid systéis be chosen from by the preselected analytical forms for the CG potential, which

to meet specific requirements. However, despite the extensiveutsual.lyt. h:_ast nott_been directly derived from the underlying

experimental and theoretical studies in the past few years, currenftomistic nteractions. o ]

understanding of the physical and chemical properties of ionic  Recently, we have developed thle7 alternative “multiscale

liquids is still insufficient. One problem in theoretical studies coarse-graining” (MSCG) apprgoacW which is based on a

is that bulky cations generally contain tens of atoms, which force-matching (FM) methot=2° The MS-CG approach

makes atomistic_scale Computer Simulations Very expensive' derlveS the effeCtlve fOI‘CG fleld betWeen CG sites SyStematlca”y

Additionally, strong correlations between ions due to long-range from an underlying explicit atomistic molecular dynamics (MD)

Coulomb interactions require long time simulation. Furthermore, Simulation by force-matching the coarse-grained image of

the many-body electronic polarizability, which has been found atomistic trajectory and force data. It divides the radial distance

to have a significant influence on the properties of ionic liquid between pairwise CG sites into bins and fits the force inside
systems7 limits the simulation time step to less than 1 fs. each bin individually, so that the generated force field is no

Coarse-grained (CG) models can provide extensive simulationlonger restricted to a simple analytical form for the range of its
data at a reasonable computational cost. In addition to the benefitradial distance.

In this work the MS-CG approach is applied to coarse-grain
TPart %f the special iSjue “MichhaekIij.] KlecijTj Festsghrifrt]". - the polarizable atomistic mod€l of the 1-ethyl-3-methylimi-
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7272. Fax: (801)5814353. E-mail: voth@chemistry.utah.edu. dazo'“.'lm mt.rate (EM!MNO3 ) !Omc liquid system. A force
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University, Tianjin 300071, China. interactions is used. A method is then introduced to refine
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bonded force field parameters from the atomic configuration = The nonbonded potenti&l, contains the short-range van der
data. It will be shown that, upon application to the ionic liquid Waals potential&/pw and the long-range Coulomb contribu-
system, the MSCG approach maps the many-body polariz- tions Vg between nonbonded atoms, given by

ability into effective pair potentials and leads to CG models

that provide satisfactory structural properties for different Vo = Vvow + Ve ®3)
temperatures. With the system virial also built in, thermody- ) .

namic properties can additionally be reproduced by the CG The van der Waals interactions generally take the-@2
models with good accuracy. The bonded parameters are found-€nnard-Jones potential form,

to be transferable to different temperatures, but the nonbonded o\1z  [o\e
effective potentials are less so because they are approximate Voow = 2246 — —(—= 4)
site—site potentials of mean force (PMF) for the given ther- = i i

modynamic conditions. The errors in the structural properties

and the nontransferability between temperatures can be largelywheree is the depth of the energy minimumjs the minimum
attributed to the isotropic CG representation of anisotropic energy distance;; is the distance between atdnand atory.
atomistic structures, making the sitsite PMF quite different In the Coulomb potentials, the chargeon atomi is the partial

at different temperatures. However, it will be shown that the charge including the permanent dipole effect. The partial charges
MS—CG models are well transferable to different system sizes. can be obtained from an ab initio study of the ions, satisfying
The MS-CG models can easily simulate a system about 200 the constrainiqy = 1 for cation, andZig; = —1 for anion.
times larger than the polarizable atomistic model for a given With those partial charges, the Coulomb potential is written as
amount of CPU time. The MSCG method is expected to be

suitable for other ionic liquids, as well as many other organic ai9;

chemical systems. Ve = zzr_ (%)

The structure of this paper is as follows. In section 2 the R
nonpolari_zable and the_polarizable atomistic_ ior_1ic liquid models Recently Yan et &7 developed a polarizable model for ionic
are described, along with the mgthod .of retrieving bonded force liquids. Rather than using the simpler but much slower dipole
field parameters frqm the .conf|gurat.|ons and the FM met'hod iteration method, a fast extended Lagrangian appFaimilar
for the nonbon(_:ied interactions. Sect|_on 3 reports the deta_uls ofin spirit to the Car-Parrinello metho# has been used to treat
the coarss-graln_mg_ and _force-matchlng procedures app!led Othe many-body polarizable model. In this method the induced
the EMIM™NOs™ ionic liquid system, as well as the comparison  goe degrees of freedom are coupled to a heat bath with a
of thg §tructura| and thermodynamlc prop.ertles between. the very low temperature~0.1 K) separated from the system heat
atomistic and the CG simulations. Conclusions are then given a4 14 help keep them evolving on the adiabatic surface. Despite
In section 4. the increased simulation time (about a factor of 2), the
polarization caused by the induced dipoles has been shown
2. Models and Methods to have a significant influence on both the structural and the

In this section the nonpolarizable and the polarizable atomistic dynamical properties of ionic liquids. The polarizable model
models for the EMIMNO;~ ionic liquid are first described, also brings the atomistic simulation results into closer agreement
followed by the systematic development of the CG models for With the experimental dafa’
ionic liquids, based on the underlying atomistic simulations. The  In the polarizable model, an induction teMaq is added to
nonbonded interactions are first obtained by the FM method the nonpolarizable potentiafn,. The total potential of the
with explicit separation of bonded and nonbonded forces. The polarizable model is therefore given by
parameters for the bonded interactions are then defined by .
directly retrieving statistical data from the saved atomistic MD Vool = Vip + Ving (6)

configurations. with Ving expressed as
2.1. Atomistic Models. A nonpolarizable atomistic model ind €XP
for ionic liquid! can be expressed as an empirical force field o
potentialV,, with a bonded parVy, and a nonbonded pavhy, V. = — ”_.E_O — ueTop S + (7
such that " Z o Z]ZI S Z 2ai2
Vie=Vo t Vi 1) In the above equatioR® = Zqr;/r;® is the electric field on

atomi, generated by the partial charges of all other atoms,
The termV, generally has the typical bond, valence angle, and excluding those within the same ion of atenThe dipole field
dihedral angle terms among atoms. One widely used choice fortensorT is calculated from the electrostatic potent&(|r; —
ionic liquidst~24 has harmonic terms for bonds and valence rjl) at pointj due to the charge at poiit Tj = ViVig'(|ri —
angles, and cosine terms for dihedral angles, i.e., ril). The induced dipole moment js = oi[E; + Ej’\l:ljzi Tj -

uil, whereq; is the atomic polarizability of atom, E; is the

1 1 electric field on atomi. The isotropic atomic polarizabilities
Vp= z —k(r =1+ Y =ko(0 — 0)° + {o;} are determined by fitting the anisotropic molecular
bond angle polarizabilities of the ions, which can be obtained by ab initio

V, cosfip — y) (2) simulation. Note that all of the terms W, are pair potentials,

difedrals but the induced dipole on each atom depends on the positions
of all atoms, so the polarizability is a many-body effect.
wherek;, kg, V,, are force constants, 6, ¢ are bond, valence 2.2. Force-Matching Method for Nonbonded Interactions.

angle, and dihedral angle, respectively, 6o, and y are The coarse-graining of ionic liquids involves a reduction in the

equilibrium positions, ana is an integer number. number of interaction sites inside of each ion. The center of a
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CG site can be taken to be the center-of-mass of the underlying
atoms. A group of atoms can be most readily coarse-grained as— Z Z ; FLr gt Aoy id Afopy id {fo,id T

one site if there are relatively few degrees of freedom inside  y=nb,B=TKj=INs

that group. For example, an aromatic ring can be considered as Q

one CG site because its backbone structure is almost a rigid ;"Ba N = F9 (10)
body. A methyl group can also be one CG site because in many (o2 ynbfFedl Al e
cases it rotates along its principal axis symmetrically. The anion odl A

of ionic liquids is also generally small and amenable to coarse- it respect to the force parameters subject to thgfis. x,
graining as a single CG site. By contrast, the atoms of the bulky ¢ o Qus}, Wherea = 1, ++, K, i = 1, =+, Ng. In egs 10,

cation generally have to be grouped into several CG S|tes,{(&ﬂi'r} labels theith atom of kinda in the Ith configuration;
connected by new intramolecular bonds and angles at the CGr, 4 is the distance between atorfisi} and{fj} in the Ith

level. In our previous MS CG work1%17bonded and nonbonded coﬁfiguration;Qaﬂ = QuQs With Q, the partial charge of the
interactions were mixed together, with the bond force field cg sites of kindw; Ny andK are, respectively, the number of
parameters being decided according to the matched force, andne CG sites of king3 and the total number of kinds of CG
the angles were treated as harmonic bonds. This approach workgiies in the system.

well for the bonds, but for ionic liquids treating the valence  The method also permits systematic separation of bonded and

and dihedral angles as harmonic bonds may not be a goodnonponded CG forces. This is important for the sites which have
approximation. A different approach of obtaining the bonded 4 overlap in regions of intra- and intermolecular motion,

parameters will therefore be introduced in section 2.3, and the causing the FM force field to be a mixture of bonded and
FM procedure described below will be applied only to the nonhonded components, which then become impossible to
nonbonded CG sites. separate for these regions. To explicitly fit the bonded forces,

A new FM methoé® is the basis of the MSCG approach.  the additional indexy = {nb,5}, which indicates whether the
This FM method is an extension of the least-squares FM site pairail, gjl is bonded (i.e.y = b), is used to distinguish
approach originally suggested by Ercolessi and Ad&fttscan the f, f" parameters in eqs 10 for bonded and nonbonded
determine a pairwise effective force field from given trajectory interactions. For bonded pairs the Coulomb term is absent, which
and force data regardless of their origin, e.g., ab initio MD s enforced by th®, ., term which is unity ify = nb, and zero
simulation}® path-integral MD simulatioR? or coarse-graining  otherwise. It will be assumed that in egs 10 the indlexns
of atomistic MD simulatiort®*"With the FM methodology, the  over a sufficiently large number of the configurationsuch
many-body polarization effects are also able to be representedhat the equations overdetermine the force parameters. Standard
by pairwise effective potentials. equations which are linear with respect{fas , , f'1;,,} must

In the MS-CG methodology, the atoms are first grouped into  also be included in egs 10 to ensure that the first derivative of
CG sites, with the CG force on a CG sitebeing the net force  f (r) is continuous across the boundary between two inteffals.

on all underlying atoms;,°9 = =, wheref' is the force on The MS-CG force fields described above perform well in
the ith underlying atom. The pairwise effective foréé(r;) reproduction of the structural properties; however, in some cases
between CG sitesandj is represented as the sum of a short- they fail to maintain the proper internal pressure in the system,
range part and a long-range Coulomb part, i.e., and as a result the density can be wrong (too low) in constant
NPT simulations. This behavior is attributed to two primary
b QQ; reasons which can be seen from the virial equation used to
fory) = — [F () +—=" |y ®) evaluate the pressure in MD simulation, i.e.,
i
p= (gtE“”m EWE)/V (11)
whererj is the modulus of the vectar; = r; — rj connecting 3

the two CG sitesQ); is the partial charge of CG siie andnj
= ry/rj. The short-range teriin(r;) is represented by third-order ~ Where
polynomials (cubic splined) connecting a set of pointsry}

y
(which meshes the interatomic separation up to the cutoff radius [E"0= Nk T/2 (12)
Ik, thus preserving continuity of its functions and their first o

two derivatives across the junction such that is the average kinetic energy and

f(r{rd {fd {fi}) = Ar{r})f + B(r{rd)fi, + W= Ezfij'riju (13)

Clr{rH)fi'+ D(r{rd)fits (9) o

is the virial of the system. In eq 1R is the number of system
wherer €[rj, ri+1], A, B, C, andD are known functions of, degrees of freedom arilis the system temperature. As seen
{r, {f}, and {f} are tabulations off (r) and its second  from eq 12, because the coarse-graining of the system eliminates
derivatives on a radial mesh grd}. A key property for the some degrees of freedom, the first term in eq 11 is lower
success of this method is that a spline representation dependgompared to atomistic simulation and therefore so is the pressure

linearly on its parameters, which are tabulationd ¢f) and its P. The second reason for an inaccurate density from-Ka&

second derivative{fy, i}, on a radial meskry}. The param- models is related to the second (virial) term in eq 11. The coarse-

eters{fy, f|} are obtained from the fit. graining of the system does not preserve the virial term. In
Equalization of the atomistic MD forceE;® to forces particular, it contracts the system virial of contributions of forces

predicted by using the representation in egs 8 and 9, which actwhich are “intra” with respect to the atomic groups subject to
on theith CG site in thelth configuration sampled along the coarse-graining. Fortunately, because the vi&depends
atomistic trajectories, results in the following set of linear linearly on the atomic forces ari&" does not rely on the forces
equations at all, the FM force field can be constrained to produce the
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correct pressure. This task can be accomplished by adding toeqgs 10. This approximation introduces two sources of error into

egs 10 the constraint the effective long-range interaction. First, the dipole and higher

electrical moments caused by the finite distribution of underlying

., atomic charges on the CG site are neglected. Second, the weak

Z Z ' Zw (i g Popyad Afapid {F g pud Waan g T long-range many-body polarization effects of the CG site are

y=nD,b a=TKI=T Ne not included in the long-range Coulomb part in eq 8. For a fixed
size of periodic boundary box for which the MEG procedure

is used, this approximation does not introduce significant error

B=1Kj=1 Ny

Qs _
——0, ] = 3WA ™+ 2AE" (14)

pooorn into the CG results, because the above interactions are captured
odl Al by the short-range part in eq 8. It may make a difference only
whereW@tm s the “instantaneous” virial for thigh configuration when the MS-CG model is constructed from a smaller atomistic
along the atomistic trajectories, and MD system and then used to simulate a system at a significantly
larger size. Fortunately, this seems to not be a serious problem
AENN = Elk‘”vatm— Elk""CG (15) in practice, because both are weak long-range effects.

It should be noted that the effective CG potentials, constructed
In eq 15, Eknam and EKN.CC are the “instantaneous” kinetic by the FM or any other approach intended to reproduce
energies for thdth configuration along atomistic trajectories structural properties, are actually a many-body-s#tiece PMF.
and its CG representation, respectively. The differeNE&", The vibrational potentials among different CG groups are
which accounts for the change in pressure due to the reductionaveraged out. Although the resulting PMF may reproduce the
in system degrees of freedom, can be calculated less accuratelystructural properties accurately, the neglect of vibrational

but more conveniently, as potentials and the reduced number of system degrees of freedom
» i at ot will cause any CG model to exhibit a faster diffuskSi°Further
AE™ = B ™M1 — NZZINTT) (16) methodological development is therefore necessary to yield

accurate dynamical properties. One possible approach is cou-

whereN™ andN°C are numbers of degrees of freedom of the pling fictitious harmonic oscillators to the CG sites according
atomistic and CG systems, respectively. to the generalized Langevin equation (see, e.g., ref 30). The

The fitted data in eqs 14 depend explicitly on the instanta- diffusion of the CG sites will then be reduced without changing
neous kinetic energy and, therefore, on the temperature in thethe underlying liquid structure. In this paper, however, only the
reference atomistic simulation. This may further reduce the structural and the thermodynamic properties of the-M%
transferability of the MS CG models to other temperatures. In models for ionic liquids are presented. The dynamical properties
particular, thermodynamic properties which rely on the deriva- of the MS-CG model will be the subject of future investigation.
tives of the temperature (e.g., thermal expansion coefficient)  Another general problem that influences the structural proper-
may be less accurate. However, this is not a serious issueties of CG models is that each CG site has been treated as an
because the MSCG potential can be readily refit for different  jsotropic sphere. That s, the CG potentials of mean force depend
thermodynamic conditions, as will be demonstrated later. only on their radial distance, not their mutual orientation.

Because of the limited number of fitted atomistic MD However, the atomistic potentials between atomic groups
configurations, the matched nonbonded forces contain somegenerally depend on the mutual spatial orientation. A matched

statistical noise that makes the force profiles somewhat rough. cG forcef P(rj) is therefore effectively averaged over the spatial
The roughness can be smoothed out by using a least-squaregyientations, i.e.,

fit with a proper set of analytical functions. For ionic liquids,
the matched nonbonded forces are usually quite regular, so a b b
polynomial function is more than adequate for the least-squares FA(ry) = fP(Qii)f (rij €2;) d<; (19)
fit of the spline data in eq 9, i.e.,
whereQ; is the relative spatial angle between two CG sites
M - andj, f P(r;,S2;) is an orientation-dependent mean force, and
fi(r) = > AjIr (7) P(Q;) is the normalized probability distribution &;. Such
n= an approximation may be significant, so in the following sections
this will be referred to as the “anisotropy effect”.

wheref;(r) is the short-range term of the matched force between X -
the CG sites andj defined in eq 8 is the radial distance'—,\,? 2.3. Bonded Coarse-Grained Force Field Parameter3he

is the coefficient for thenth polynomial itemM is the highest FM method allows one to explicitly separate the bonded an_d
order of the power. For the EMIFNO;~ ionic liquid, M = 16 _nonbon_ded forces. The bonded force_s are _nee_ded to describe
interactions between bonded CG site pairs in a CG MD
simulation. All bonds might be described at the simplest level
by harmonic potentials. In principle, the harmonic bonded
potentials can then be obtained through least-squares fit of the
FM bonded forces to a harmonic force (i.e., by a linear function).
However, as seen from Figure 1, the CG bonded forces for ionic
liquids often deviate from being harmonic, and some further
generalizations are required. Therefore, in the present work a
systematic and accurate way of retrieving effective bonded force
field parameters from the saved MD configurations is described.
This new approach is based on an existing method applied by
Q.= =0y (18) several other authof; 33 but a further refinement of the method
leads to better accuracy. An example is given below by applying
Equation 18 works as a constraint in addition to eqs 14 to solve the method to a bond interaction, but it is also valid for the

is found to provide good accuracy.

For systems with no more than 3 sites, e.g., Wétand
hydrogen fluoridé? the partial chargegQ,} can be recovered
by solving the nonlinear equatior@,s = QuQp With Qg
obtained from egs 10. For CG models of ionic liquids, which
generally contain more than 3 CG sites, it is more difficult to
solve the partial charges explicitly from eqgs 10. Fortunately,
the partial charge of each CG site can be simply fixed to be the
sum from the underlying atoms in the atomistic representation,
ie.,
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Figure 1. Matched bonded force by the FM approach between CG
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sites B and E (shown in Figure 2b). The error bars are the standard

deviations. By contrast, a harmonic force would be linear with a constant
slope.
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Figure 2. (a) Atomic structure of the EMIMNO;™ ionic liquid. (b)
Coarse-grained EMINNO;™ ionic liquid structure. The numbers shown

valence and dihedral angles. The only difference is the choice on the CG sites are their partial charges.

of the functional forms of the potentials for the different classes
of bonded interactions.

If an isolated bond with a bond potentiaV/y(r) is in the
canonical ensemble, with being the bond length, then the
probability P(r) of r obeys the Boltzmann distribution

P(r) = C exp(—Vy(r)/ksT) (20)

whereC is a constantks is Boltzmann’s constant, anfdis the

designated system temperature, which is a constant in the

canonical ensemble. The distributi®(r) of the bond length
can be obtained from the configurations saved during the
atomistic MD simulation. With an appropriate functional form
of Viy(r) assumed, its parameters are determined by fitdifrg
according to eq 20.

The above procedure has been employed by offiet3,

0.012F B
T =400 K

0.009k Site A-SiteA ]
=
£ 0.006F B
S - Before smoothing

0.003f_feore | — After smoothing

0 A 1
1 1 1 1
0 3 9 12

6
r(A)
Figure 3. Matched force of CG sites AA at T = 400 K before and
after smoothing out by the polynomial function in eq 17.

wherec, = k/k2, andc, = rot — rg?. This determines the
desired CG set

where the isolated system parameters are first obtained and used
as the input to the condensed phase CG simulations. However, o) = {k° = ck'= (kH)k> r’=c, +r, = 2rs' — 7}

the above procedure is incomplete. Since the bond in a

condensed phase system is not isolated, the parameters thus

obtained may deviate from the actual equilibrium parameters
due to the environment. Supposas the functional representing
the effect of the interaction with the environment. Near
equilibrium it is assumed that this functional does not change
the functional form of the bond, but only the parameter values
of the functional. Now supposéy is the parameter set at
equilibrium, andA; is the apparent fitted set obtained by the
described procedure in the previous paragragh, tRér(Ao,r)}

= Vp(Aq,r). Now the question is how, with an appropriate
assumed functional forv,(A,r) and a set of apparent fitted
parametersA;, one determines the actual desired gt or
equivalently, the functional”.

If it is first assumed that, near equilibrium, the functional
does not change in the simulations with different set of
parameters, ther¥ can be determined from a further CG run.
By performing a CG run using the obtained set of parameters

A:; (presuming the nonbonded interactions have already been

determined by the procedure described in section 2.2), the fitting
of the resulting CG configurations gives another set of param-
etersA,. 7is then determined from these two known sV,
(A1,N} = Vu(Az,r). OnceZis known, the desired sé can be
determined byp(Ao,r) = 7 Y Vp(As1)}.

For example, given a harmonic bond potentig(r) = 1/2
k(r — ro)? the set of parameters from the atomistic configura-
tions isA; = {k1,ro%}, that from the subsequent CG runAs
= {k2ro%}, so then

TV} ={k — &k, ro— ¢ + 1o} (21)

(22)

No systematic way has been established to determine the
actual best functional fornvy(r) for the bonded interactions.
In a practical sense, several possible forms may be fitted to the
distributionP(r) from the atomistic MD simulation to see which
one yields the best fit. The results in section 3.1 will show that,
for the present system being studied, this method is complete
and accurate.

3. Results and Discussion

In this section the MSCG procedure is applied to con-
struct CG models for the EMINNO;™ ionic liquid system at
two different temperature§, = 400 and 700 K. The experi-
mental melting temperature of this liquid is313 K34 The
CG simulations are then compared with the results of
atomistic MD simulations for different sizes. The DL_POLY
progrant® was used to perform the MD simulations for both
the atomistic and the CG models. Periodic boundary conditions
were employed within a cubic cell. The long-range charge
charge, chargedipole, and dipole-dipole interactions were
treated using the Ewald suth.The system was coupled to
either a NoseHoover thermostdt for the constant NVT
ensemble or a Hoover barosfatfor the constant NPT
ensemble. Another Noddoover thermostat or Hoover barostat
with a very low temperature of = 0.1 K was used for the
induced dipole degrees of freedom to treat the electronic
polarizability®7? A cutoff of 12.17 A was applied to the short-
range interactions.
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Figure 4. Matched short-range nonbonded forces between CG sifEs=a#00 K (dashed lines) and 700 K (solid lines). Only six out of fifteen
possible site-site forces are shown. Most of the forces are different for the two temperatures, indicating that the nonbonded forces have limited
transferability between temperatures.

The choice of T = 400 K is based on the fact that is designed so that the number of CG sites is as few as possible,
EMIM*NO;~ has been studied extensively at this temperature but also with no significant degrees of freedom inside of each

by MD simulations with both nonpolarizaBBfeand polarizabl@’ CG site. Because the anion and the backbone of the aromatic
atomistic models. The results at a higher temperaturé of ring in the cation are almost rigid bodies, each of them has
700 K are compared here with those &t= 400 K to been considered as one CG site (Site A as the aromatic ring,

demonstrate that the MSCG approach works well for different  sjte D as the anion). As the methyl group and the two methylene
temperatures, and also that the major error of the present CGgroups are rotationally symmetric to their principal axes, they
model comes from the anisotropy effect described in section haye been coarse-grained as sites C, B, and E, respectively. For
2.2. Although experimentally 700 K might be higher than the he cG cation, there are three bonds-®, A—C, and G-E),

decomposition temperature of EMIMIOs™, it is not an issue  v5 valence angles (BA—C and A-C—E), and one dihedral
with the present MD simulations, because the intramolecular angle (B-A—C—E)

bonds in the atomistic-level force field are not allowed to break.
The higher temperature results are to be taken as illustrative
results only.

3.1. Coarse-Graining and Force-Matching Procedures.
As stated earlier, the EMINMNO;~ ionic liquid has been
studied with both nonpolarizat¥and polarizabl&’ atomistic
models afl = 400 K. The Amber force field parametétfiave

An atomistic-scale EMIMNO;™~ system with 64 ion pairs
under cubic periodic boundary conditions was first equilibrated
with the polarizable atomistic model in the constant NPT
ensemble at a temperatureTof= 400 K and a pressure &f=
1 atm. The presence of polarizability limited the time step to
0.45 fs. The system size of 64 ion pairs was chosen because it

been used in these models. While both models have yielded!S Small enough for easy manipulations of the force-matching
satisfactory results, the results for the polarizable model are €duations, while still large enough so that the pairwise effective

closer to the experimental data, demonstrating that electronic Short-range interactions are well sampled up to the point where

polarizability can play an important role in ionic liquid systems. the force can be truncated as 0.

Figure 2a shows the atomic structures of the EMIhtion The system was then simulated using a constant NVT

and the N@™ anion. The atomic polarizabilities reported in ref ensemble al = 400 K, with the volume set to be the average

7 have been adopted in this work. The force field parameters volume obtained from the constant NPT rivh= a, wherea

and the atomic polarizabilities are listed in the Supporting = 25.0155 A is the side length of the boundary cube. After

Information. equilibration, 3x 10° MD time steps were simulated, propagat-
For the MS-CG models, the atoms have been grouped into ing the system for a total of 1.35 ns. During the simulation, a

5 CG sites, as illustrated in Figure 2a. The resulting structure total of 4000 configurations were evenly sampled with an

of the MS-CG models is shown in Figure 2b. This CG structure interval of 750 steps. In each configuration, the system virial,
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0'0%00 _1'00 (') 160 200 Figure 6. Bond and angle distributions (dotted lines) derived from
o) the first CG run with the fitted parameters from Figure 5 and their fits

(solid lines). They deviate from those retrieved from the atomistic run

Figure 5. Bond and angle distributions (dotted lines) from the atomistic - _ .
MD simulation and their fits (solid lines). Only the-AB bond, the gc:%sige;irgnseﬁ())war.lIgniéBa?gns?r,ntﬁlaer.ArC E angle, and the dihedral

A—C—E angle, and the dihedral angle are shown. Others are similar.

as well as the positions, the velocities, and the forces of all angles, and dihedral angles were comp_uted. The distributior_]s
atoms. were recorded of bonds and valence angles were then fitted with the harmonic

With the partial charge of each CG site fixed as the sum of functions
the respective atomistic partial charges, the FM procedure 1
described in section 2.2 was applied to the 4000 configurations V(r) = Ek,(r - ro)2 (23)
to find the best fit of the short-range nonbonded forces for each
pair of CG sites. The forces so obtained were then smoothed 1 )
using the polynomial expansion in eq 17. In Figure 3 theAA V(0) = Eko(e — 6p) (24)
force before and after smoothing is shown. The other force
profiles look similar. The polynomial function is seen to smooth while the distribution of the dihedral angle was fitted with the
out the noise quite well. The error bars on the curve can be harmonic cosine function
inferred from the spread in the FM data points.
Also seen from Figure 3, there is a small distance reere 1 2
that cannot be sampled by the FM procedure without some sort V() = 5k,(cos@) — cosey)) (25)
of additional enhanced sampling procedure. The FM force field
should therefore be somehow extrapolated. The specific choicewherek;, kg, andk; are harmonic constants, 6, and ¢ are
of the force atr < reore is expected to have little impact on  bond length, valence angle, and dihedral angle, respectively,
system properties, so in the present work the force field is andrg, 6o, andgg are their equilibrium positions. The distribu-
assumed to be constant within the core region. The constanttions and their fitting functions are plotted in Figure 5. Only
force is chosen in such a way that it is neither too large to affect the results for the AB bond, the A~-C—E angle, and the
the conservation of total energy because of the finite MD time dihedral angle are shown, but the others are similar. Note that
step interval, nor too small to allow the CG sites to get so deep the exact bonded forces of CG models may not necessarily have
into the core region that the simulation collapses. Six out of the above harmonic functional forms, but the simulations show
fifteen of the smoothed and extended forces between CG sitesthat these choices of functional forms yield only small errors.
are plotted in Figure 4. The fitted bonded parameters along with the matched
From the same atomistic MD configurations used to carry nonbonded forces were then used in the M5 model to
out the force-matching, the distributions of bonds, valence perform the first CG run. The bond and the angle distributions
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Figure 7. Bond and angle distributions (solid lines) derived from the second CG run with the adjusted parameters. The distributions from the
atomistic run (dotted lines) are seen well to be reproduced by the new parameters.

obtained from this CG run were fitted and compared again to TABLE 1. Bonded Force Field Parameters for the CG

the atomistic MD results in Figure 6. It is clearly seen that the Models of EMIM "NO;™ at T = 400 and 700 K.

originally fitted parameters result in a deviation from the T=400K T=700K
atomistic MD run and therefore require adjustment. According  pong/angle K rolfolcbo K rolfo/cbo
to the method described in section 2.3, the bonded parameters

: : . A-Bbond  18.282eV/A 2.705A 17.960 eV/A 2.700 A
were adjusted by eq 22. The same adjustments were also applied _c pond  19.050 eV/A 2694 A 18048 eV/A 2638 A

to the valence and dihedral angle parameters by the transforma-c—E bond 25.814 eV/IA 1.658 A 24.319 eV/A 1.657 A
tions B—A-Cangle 12.054eV/r&d 142.383 12.604 eV/rad 142.109
A—C-Eangle 5.921eV/réd 109.448  6.195eV/rad 109.276
0_ 1 12y 2 0_nptl 2 Dihedral angle  0.088 eV 97.806 0.120 eV 94.800
kg = (ky)Tky™s 0y =204 — 6y (26) 9

Since the system equilibrates faster at 700 K, shorter °

MD steps were simulated, propagating the system for 720 ps.The
k¢° = (k¢1)2/k¢2, b = 205" — (27) parameters of both CG models at these two temperatures will

be given in the next subsection.

The superscripts have the same meaning as in eq 22. The 3.2. CG Models for the lonic Liquid. The bonded force
adjusted bonded parameters were then put into the-®1S field parameters of the CG models for the two temperatures
model to perform the second CG run. The bond and angle are listed in Table 1. Because the parameters at these two
distributions obtained from the latter run are compared with temperatures are very close, it may be concluded that the bonded
those from the original atomistic MD simulation in Figure 7. It part of the CG model only very weakly depends on temperature.
is seen that the distributions in the second CG run are almost The nonbonded parameters obtained from the smoothing of
identical with those from the atomistic run. These results suggestspline data according to eq 17 are listed in the Supporting
that the method of deriving bonded CG parameters describedinformation. As one might expect, the force fieldTat= 700 K
in section 2.3 is complete and accurate. is different from that atT = 400 K. One reason for this
The same procedure was also applied to the 64 ion pair systendifference is the previously mentioned anisotropy effect (see
at T = 700 K to get the bonded CG parameters and the eq 19). The orientational distributioR(€2;) is temperature
nonbonded CG potentials at that temperature. The time step ofdependent, so that & = 700 K, it is closer to a uniform
the atomistic run was restrained to be even smaller, 0.36 fs, (isotropic) distribution. By contrast, & = 400 K, the planar
because of the electronic polarizability at the higher temperature.imidazole ring and the anion structures are more likely to be

and
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parallel. So even if the orientation-dependent mean force L5 T T T T T
fP(r;j, Q) is temperature independent, the isotropic CG force g;ii‘:f’ca’(lim <

field fP(rj) adopts a dependence on temperature because of

P(€2j). Itis hard to say iff P(r;j,Q2;;) depends on temperature as
a result of neglecting the vibrational forces, the constraint of
the system virial, or from other sources.

g (1)

0.5- /

The CG models accelerate the simulation by about 40 times : T Rolarizable e
as compared to the polarizable atomistic model for the same
MD time step. In addition, the interval for each time step in 0 R S S S T Y
the CG models can be at least 5 times larger, so the CG model 3 . : . . T
is at least 200 times faster for the same system size. For larger 2.5—2:;22120" e ® 1
system sizes, this increase in efficiency may be significantly |\ -- Polarizable

--- Non-poarizable

large. Nevertheless, in the following results, for the sake of
careful comparison, the same time interval and number of time
steps were used for both the CG models and the atomistic MD
model.

3.3. Comparison of CG and Atomistic MD Simulations.
a. Structural PropertiesThe structural properties were com-
pared by calculating radial distribution functions (RDFs), which
are defined a¥

T =

v
g(r) = F[E > o(r —ry0 (28) o

- ggarizablg
whereV is the system volume\s is the total number of sites, ++- Non-polarizable
r is the radial distance,; is the distance vector between sites 0 L ——
i andj. For ionic liquids, the RDFs have been calculated for &)

cation-cation, anior-anion, and cationanion pairs. The  mg,6 g RDFs of 64 ion pairs aT = 400 K from the CG model
positions of the cations and the anions have been described bysojid lines), the polarizable atomistic MD model (dashed lines), and

their center-of-mass. the nonpolarizable atomistic MD model (dotted lines).

_The RDFs for the CG model at = 400 K are shown in o5 than at 400 K. Thus the CG modelTat= 700 K better
Figure 8. The RDFs for both the nonpolarizable and the egicts the atomistic structure, as illustrated in Figure 9.
polarizable atomistic MD models are also shown in the same ' The RDFs between individual CG sites Bt 400 K were

figure for comparison. The catiercation and catioranion 5150 computed and compared to those from the polarizable
RDFs for both atomistic models have some slight differences, 4tomjstic MD simulation. The results are shown in Figures12

and those from the CG model deviate somewhat from them both. 14 The Site D-Site D plot is not shown because it is the same

For the atomistic cationcation RDF, the characteristic second o< the anioranion RDF shown in Figure 8c. The bonded peaks
peak appearing at abbd A'is due to theparallel packing of  re aimost identical for both models, so in the figures they are
the planar-like cations. The CG model shifts this peak to a larger {ryncated to better demonstrate the nonbonded parts. It can be
distance, which is a consequence of the missing anisotropy 0fseen that the CG sitesite RDFs are closer to the polarizable
the CG site A. The radial inhomogeneity of the atomistic aiomistic MD results than the catieration center-of-mass
aromatic ring in the cation cannot be fully rebuilt by the isotropic  RpEs. The results fof = 700 K are similar and at least as
CG site A. The higher peak intensity of the CG model for the 5. rate as those @ = 400 K.
cation—anion RDF can be explained by the same argument. The CG models &af = 400 and 700 K, which were generated
In Figure 8c, the anionanion RDF for the polarizable model  ysing the system with 64 ion pairs, were also applied to systems
is quite different from the nonpolarizable model, because the with the larger sizes of 128, 216, and 400 ion pairs. Only the
large polarizability of the bulky cations changes the distribution results for 400 pairs are plotted here because those for 128 and
of the polarizable anions around thérixcept that the first 216 pairs are quite similar. The RDFs are compared with those
peak is a little higher, which can also be explained by the from the atomistic MD runs. The resultst= 400 K are shown
anisotropy effect for CG site D, the anieanion RDF from in Figure 10, while those &t = 700 K are shown in Figure 11.
the CG model successfully reconstructs that of the polarizable Although atT = 400 K the long-range tails of the RDFs from
atomistic MD model. This demonstrates that the M35 the CG model are a little out of phase with the atomistic MD
approach succeeds in this case in incorporating the many-bodyresult, the long-range spatial correlations still exist, with the
polarization effects into the effective pair potential. oscillations extending to 23 A, or about the half-length of the
The RDFs from the polarizable atomistic model and the CG simulation box. On the other hand, the maxima and the minima
model atT = 700 K are compared in Figure 9. At such a high of the RDFs are not very far from unity, indicating that the
temperature, the characteristic peak in the catication RDF short-range correlations are relatively weak, compared to the
and the plateau in the aniernion RDF disappear, because inorganic molten saft? The first maximum of the cationcation
the high temperature allows the cations and the anions to moveRDF is broader and weaker than that of cati@mion RDF,
and rotate more randomly, so that the orientational correlation which might be expected from the fact that the ions of ionic
is no longer significant. In other words, the orientational liquids are quite bulky.
distribution P(2;;) in eq 19 is almost uniform, and the simple At T = 700 K, the RDFs in Figure 11 from the CG model
isotropic CG forcd P(rj;) better represents the underlying atomic  are again very close to those from the atomistic MD simulation.

4

ok
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Figure 9. RDFs of 64 ion pairs al = 700 K from the CG model ) ) ) ) ]
(solid lines) and the polarizable atomistic MD model (dashed lines). Figure 10. RDFs of the system with the larger size of 400 ion pairs
at T = 400 K from the CG model (solid lines) and the polarizable

Due to higher entropy, the catiercation and anioranion atomistic MD model (dashed lines).

RDFs lose their short-range structure and have only one regular

peak in the region < 10 A. The long-range spatial correlations, ~data from the MS-.CG models are in good agreement with those

however, are still present, indicated by the oscillating tails. ~ from the atomistic MD model. Similar to water, which has the
b. Thermodynamic Propertie¥he MS-CG models were  experimental values afr = 4.58 x 10 ° atm* anda = 2.0 x

also studied in the constant NPT ensemble to test their 10 % K 142 EMIM*NO;" is also a liquid with small compress-

thermodynamic properties. With the pressur®cf 1 atm, for ~ ibility and coefficient of thermal expansion.

the systems with 64, 128, 216, and 400 ion pairs, the average From the above results, it can be concluded that the-MS

volumes vs number of ion pairs are plotted in Figure 15. The CG models constructed from smaller systems can be used to

fitted slopes give the average densitie§ at 400 and 700 K. study larger systems, and with the system virial built in as

The densities from the CG models and the atomistic models described in egs 14, the M&G approach gives quite satisfac-

are compared in Table 2. The CG models give acceptable errorgiory thermodynamic properties. The MEG approach permits

of 1.2% at 400 K and 4.2% at 700 K. The densitie3 at 400 one to systematically construct a CG force field which is able

K and P = 100 atm have also been computed and listed in to reproduce both the structural and key thermodynamic

Table 2. properties. Moreover, this method can be equally well applied
The isothermal compressibilityr at T = 400 K can be to systems in which the long-range electrostatics play an
evaluated from the densitiesRt= 1 atm and® = 100 atm, by important role. These features provide the potential advantages

the expressioh of the method over several previously developed approécHes

for coarse-graining. To our knowledge, this is also the first

1{av 1 dp aln(p) In(p,/p,) successful development of a CG model for ionic liquid systems.
“1="Wapl, = plop). ~ \ P |, \B,—p, ), @9
T AT T 2 T 4. Conclusions
whereV is the system volume and is the system density. The MS-CG method has been applied to the polarizable
Similarly, the thermal expansion coefficieatat P = 1 atm atomistic model of the EMIMNO;~ ionic liquid system. The
can be evaluated from the densitiesTat 400 K andT = 700 FM method has been used to fit the effective bonded and
K by the expressioft nonbonded pair interactions separately. By this FM method the
many-body polarization effects were also successfully incor-
_1fav) In(p,/p1) (30) porated into effective CG pair interactions. The bonded force
V\aT/p T,—T./p field parameters were then refined by retrieving the parameters

from the saved atomic MD configurations.
The computedt at T = 400 K ando. at P = 1 atm are listed The MS-CG models were run in both the constant NVT and
in Table 2. Despite the fact that the system virial constraint of the constant NPT ensembles. They reproduce satisfactory
the MS-CG models depends on temperature (see eqgs 14), thestructural properties for different system sizes. With the system
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Figure 11. RDFs of the system with the larger size of 400 ion pairs
at T = 700 K from the CG model (solid lines) and the polarizable

compared with the polarizable atomistic MD results. (continued).
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Figure 15. System volume vs. number of ion pairs from the CG models
ol (solid lines) and the polarizable model (dashed linesy a 400 K
and 700 K. The densities are obtained by fitting the slopes of the lines
L2 and listed in Table 2.
i}os N TABLE 2: Densities p (g/cm®), Isothermal Compressibilities
: kT (x1075 Atm 1), and Thermal Expansion Coefficients
o (x 1074 K1) from the CG Models and the Polarizable
ot——1L Atomistic MD Model
0 2 12
r(A) r(A) CG atomistic
Figure 12. Site—site RDFs between the CG sites Bt= 400 K o (T=400K,P=1atm) 1.1933 1.1791
compared with the polarizable atomistic MD results. p (T=700K,P =1 atm) 1.0488 1.0070
o (T=400K,P =100 atm) 1.1977 1.1830
virial built in, the effective pair interactions retain the system kr (T =400 K) 8.7177 3.3355
a (P=1atm) 4.3025 5.2592

densities and other thermodynamic properties with only small
errors at different temperatures. The MSG models are at least  represented by a single CG site. This leads to a relatively small
200 times faster than the polarizable atomistic MD model. deviation of the liquid CG structures from the atomistic

In the present application of the MEG method, the major  structures and contributes to the reduced transferability of the
source of error, which is a general issue of most CG approachesponbonded parameters between temperatures. Another possible
is the “anisotropy effect”, which comes from the approximation source of error is that the effective partial charges of the CG
that all interactions between CG sites are radially symmetric, sites have been simply set to be the sum of the partial charges
namely, orientation-independent. This behavior in CG models of the underlying atoms in the present application. By this
arises when the coarse-graining has been particularly “aggres-approximation the long-range polarizability and the dipole and
sive”, i.e., in the present case an entire imidazole ring has beenhigher electric moments originating from the finite distribution
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of the underlying atoms are approximated by short-range  (9) Stevens, M. J.; Hoh, J. H.; Woolf, T. Bhys. Re. Lett.2003 91,

effective pair interactions. This seems to not be a serious 188102 , e e ,

problem, as both are weak long-range interactions. Co(nlé)gng.ell\lﬂsaet?e,g%og.,lléoszeé,l.C. F.; Srinivas, G.; Klein, M. L.Phys.:
Another general challenge for CG approaches is that the CG  (11) Meyer, H.: Biermann, O.; Faller, R.; Reith, D.;"Mar-Plathe, F.

sites generally dynamically diffuse faster than the underlying J. Chem. Phys200Q 113 6264.

atomistic MD model. This comes from the fact that the  (12) Shelley, J. C; Shelley, M. Y.; Reeder, R. C.; Bandyopadhyay, S.;

interactions between CG sites are effectively-sitiée potentials Kle('fé)MH'e‘éj_'Gpo%zncﬁn;ﬁﬁgoér 125H44£ﬁém Phys1993 95, 3313

of mean force, which do not contain an effective time-dependent  (14) Garde, S.; Ashbaugh, ,3 $. Chem. PhyéZOO)g, 115 977.

frictional forces between the CG sites. This dynamical incon-  (15) Murtola, T.; Falck, E.; Patra, M.; Karttunen, M.; Vattulainena, I.

sistency in CG models is the subject of future research in our J. Chem. Phys2004 121, 9156.

group. (16) lzvekov, S.; Voth, G. AJ. Phys. Chem. B005 109 2469.

. . 17) lzvekov, S.; Voth, G. AJ. Chem. Phys2005 123 134105.
One of the advantages O.f the M_SG methoéis’l?ls that it §18; Izvekov, S.; Parrinello, M.; Burnham),/C. J.5;Vot3F\, G.JAChem.
constructs the nonbonded interactions systematically from the phys 2004 120 10896.
atomistic MD model and is not limited by a pre-selected function  (19) Izvekov, S.; Voth, G. AJ. Phys. Chem. R005 109, 6573.
form for these interactions. It is therefore expected to be a good  (20) Hone, T. D; Izvekov, S.; Voth, G. Al. Chem. Phys2005 122,
CG approach for other ionic liquids, as well as many other liquid 4195

state system¥:1” These applications are currently also underway gg gre?r;f‘qgls ,3'/' 'é'k\ﬁ[ﬁ ’ g ) E_ﬁ;&?n&h;?ﬁggi ﬁg ﬁii:

in our group. (23) Margulis, C. J.; Stern, H. A.; Berne, B.Jl.Phys. Chem. R002
106, 12017.
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