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Multiscale coarse-grained (MS-CG) molecular dynamics simulations were performed for the-liqaisim
interface of room-temperature ionic liquids having alkyl substituents of different lengths. Surface properties,
such as the number density profile, the orientational ordering, and surface tension, were calculated. Both CG
site and electron number density profiles show that, for the ionic liquids with a long enough alkyl chain, a
unique multilayer ordering occurs. In contrast, ionic liquids with a shorter chain exhibit an interfacial structure
consistent with a monolayer ordering. Detailed analysis indicates that such mono/multilayer ordering results
from the strong electrostatic interactions among the polar groups, and the collective short-range interactions
among the nonpolar groups. Such surface behavior may be interpreted as the two-dimensional manifestation
of bulk spatial heterogeneity in ionic liquids (Wang, Y.; Voth, G.JAAm. Chem. SoQ005 127, 12192).

The orientational behavior of the cation shows that the alkyl chain tends to align parallel to the surface
normal, while the aromatic ring is preferentially perpendicular to the surface normal for all the underlying
species. An analysis for the surface electron density demonstrates that the cation plays a key role in determining
the surface electron density oscillations, while the anion only marginally affects the enhancement. The surface
tension is seen to monotonically decrease and approaches a constant as the chain length increases, in agreement
with Langmuir theory and experiments.

I. Introduction ring tends to point to the surface with the terminal methyl group
on the alkyl chain protruding from the surface. There is also a
region of enhanced number density, in which the vertical
alignment of the molecular planes allows the cation to pack

Room-temperature ionic liquids (ILs) have generated con-
siderable interest both theoretically and experimentally, since

they are potential replacements for traditional solvents used in more closely. Recent MD simulatiofs213 also present a

i 3 )
chemical _process.és. An IL is a salt composed .Of an  similar monolayer-ordering interfacial structure for the BMiM
asymmetric organic cation and, most commonly, an inorganic PFs—. BMIM+/BF,—, and EMIMH/NOs~ ILs

anion, which is at or near room temperature. These solvents
have the ability to dissolve a range of inorganic, organic, and
polymetric materials at very high concentrations. They are
noncorrosive with low viscosities and no significant vapor
pressuré: 8 Other features, such as reusability, better reactivity,
and selectivity, also suggest that ILs may be good candidates
for “green chemistry”.

A rapidly developing application area for ILs are two-phase

Bowers and Vergara-Gutierr@aised neutron reflectometry
(NR) to probe the interfacial structure of the ILs 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF,~) and 1-oc-
tyl-3-methylimidazolium hexafluorophosphate (OMiXPR;™).

Their results suggest that the cationic head groups and anions
are segregated from the alkyl-rich region and with a stratified
structure that exists with at least two tiers of alkyl groups. An

. ; - electron density oscillation near the surface is also evident from
homogeneous catalytic f.ead'm“"h catalytic ProCESSES ar€  yhjg stydy, and so it was supposed that a multilayer ordering
believed to occur at the interface of the ILs and a given organic o\,rs. Gannon et af performed the first direct recoil

liquid. The rate of the chemical reaction depends on the ability spectrometry (DRS) to investigate the molecular composition

of the catalyst to access the surface and the permeation ofyj grientation at the surface of the 1-butyl-3-methylimidazo-

material across the interface. The structure and dynamics of their"um hexafluorophosphate (BMIMPFs-) system. They found
vapor/liquid interface is therefore one of the central concerns. that the number of cations and anions is nea{rly equal at the
_Recer_ltly, tge structur_e of thse vgcuum/_IL |nte|rlfac_:(235 has been surface and, statistically, that the cations tend to lie normal to
Investigate cpmputatlonaﬂyl and experimenta v ) Most the liquid surface while the terminal C2 site points out toward
of these studies focus on 1-alkyl-3-methylimidazolium-based the gas phase. Law and Watddmperformed a systematic

II_Ls._dl\/!oIecfuIar d%/nami?z_(l\l/ll(Dl)_ s_i(rjnulalt_ions for t,cre vacuum/ iy estigation of the surface tensionialkyl-imidazolium ILs
'qlé' Interface o ”—Sk? Iah y 'T\' aﬁobmn; (Der: ) cation employing a conventional ring tensiometer. They found that the
and various anions show that the-N bond of the aromatic ¢ tace free energy always decreases with increasing length of
the alkyl chain in the 1-position. Baldelli and Rivera-RuB3ér8

* Author to whom correspondence should be addressed. E-mail: voth@ performed sum frequency generation (SFG) spectroscopy on
chem.utah.edu. o - . e

T University of Utah. the 1-butyl-3-methylimidazolium bisperfluoralkylimide ILs, and
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Figure 1. CG models of ILs used in the present paper: (a) The CG models,;fan€G; (b) the CG models for § Cio, and G.. Site A represents
the aromatic ring of the cation (head), and site D represents the anion. Site B represents the methyl group bonded to the head. Gpth@
sites G and | represent the tail groups (CH3while the other sites represent the methylene grouwi3{2—). For G, Cio, and G, the extended
sites | demonstrate that they share the same nonbonded force field as the site Tlre @tters outside the sites represent their actual labels used
in the subsequent plots and MD simulations. The numbers on the sites are their partial charges.

of the interface into the vacuum. They also suggested that thebins, and the force inside each bin is fitted individually. The
cation is likely to be segregated on the surface. Limori 82al. force fields so-obtained are tabulated and no longer restricted
further reported that similar interfacial structure exists for IL to a simple analytical form for the range of its radial distance.
species with longer alkyl chains. Solutskin e£&performed It has been shown that the MS-CG models can easily simulate
an X-ray reflectivity (XR) on BMIM/(PR~ and BR™). They a bulk system ten to hundreds of times larger than the polarizable
also found an electron density enhancement. However, none ofatomistic MD model for ILs for a given amount of CPU tirfe.
the three possible molecular arrangements they suggested is in |n this study, we report MS-CG MD simulations of the liquid/
accordance with the other existing results. More interestingly, vacuum interface of IL species with various side-chain lengths
recently Halka and co-worke¥s® have reported an order to provide a clearer picture of lvacuum interface properties.
disorder interfacial phase transition phenomenon. In our previous work? an MS-CG model for EMIM/NOs~
Despite the extensive experimental and computational studieswas successfully developed, which gives good agreement with
in the past few years, the current body of knowledge of the the structural and thermodynamic properties of an atomistic
surface properties of ILs still seems insufficient, with an polarizable MD IL modeP®3°This MS-CG model has also been
understanding of the IL/vacuum interface based mainly on the extended to qualitatively investigate the spatial heterogeneity
short alkyl-chain species. The surface properties of the long in ILs.3! In the present work, an MS-CG procedure similar to
alkyl-chain ILs as well as their intrinsic connection with the that in refs 27 and 31 is applied to the longer-chain IL species
short alkyl-chain species remains to be explored. One of theto develop more accurate MS-CG models. The-VYlacuum
main difficulties is that any reliable IL MD simulation usually  interface MS-CG simulations are then performed using the new
requires at least hundreds of moleculed(*—1C° atoms). In models.
addition, the interface simulation requires a larger system size  The structure of this paper is as follows: In section II, the
than the bulk to eliminate the finite size effect and very long models and simulation methodology are described. Section I1I

simulation times to properly equilibrate the system. Thus, all- reports the simulation results and a discussion is given. Section
atom MD simulations of many IL interfaces are very demanding |v provides concluding remarks.

and even infeasible.

Recently, a “multiscale coarse-graining” (MS-C&¥8 ap- II. Models and Simulation Methodology
proach based on the force-matching (FM) method has been
developed. The MS-CG approach calculates the effective A. The Atomistic Polarizable Model. For ILs, both
pairwise force field between CG sites systematically from an simulationg?-3% and experimen&3” have found that the local
underlying explicit atomistic MD simulation by force-matching environment around the IL ions is highly anisotropic. For such
the coarse-grained image of atomistic trajectory and force data.a system, it is desirable to model the ILs with an electronically
The radial distance between pairwise CG sites is divided into polarizable model, which can model the electron density
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Figure 2. Selected sitesite RDFs from the atomistic simulation
(dashed lines) compared to those from the MS-CG MD simulation (solid
lines), with the four RDFs heathead, heag¢tanion, anior-anion, and
tail—tail shown.

TABLE 1: Simulation Details of Different Systems

equilibration  production
CG ion simulation cell size length length
model pairs X,Y,2) (ns) (ns)
Cs 686  46.3,46.3,139 A 1.0 4.0
Cs 686  49.2,49,2,147.6 A 1.0 4.0
Cs 686 52.5,52.5,157.5A 1.0 4.0
Cw 1029 55.0.55.0,215.0A 15 55
Ciz 1029  57.7,57.7,223.1 A 15 5.0

distortions. Recently, Yan et &.have developed a polarizable
model for ILs, which relies on an extended Lagrangian approach
similar in spirit to the CatParrinello method®3° Despite the

Jiang et al.
Voora= 3 klr =10’ + Y k(0= 09°+ 5 V,cos
bonds angle dihedrals
(np—y) (2)
aij le qiqj
Vhonbond™= DV B )
Z JZ l‘ijlz rijG rIJ
Uit
Ving = — Z uEY — Z z Y e z ; 4)
T B o

The termVpond + VionbondCOmMprises the standard nonpolarizable
model.

In the above equations, the force field parameters for the
nonpolarizable model were provided in the standard Amber
force field'® and have been used in previous wétk241The
partial charges of both cations and anions were obtained by
fitting the ab initio electrostatic potentials (ESP) with the RESP
fitting package!® The ab initio calculations were performed with
Gaussian 032 The ESP grids were generated by the MP2/6-
31G(d) level of theory and fit to the MP2/6-31G(d) optimized
structure. The RESP partial charges are valid for both nonpo-
larizable and polarizable force field models. Vg, the first
term represents chargéipole interactions, the second term
represents dipotedipole interactions, and the last term is the
energy required to induce the dipole. The teéfnis the electric
field on atomi, generated by the partial charges of all other
atoms, excluding those within the same ion of atoirhe dipole
field tensorTj is calculated from the ESE(|ri — rj|) at point
j due to the charge at pointT; = V;Vj¢' (Iri — rj|). The induced
dipole moment isy = oi[Ei + sz:l'j¢iTij°[uj], whereq; is the
isotropic atomic polarizability of atorn The isotropic atomic
polarizabilities were determined by fitting the anisotropic
molecular polarizabilities of the ions, which can be obtained
by an ab initio calculation.

B. CG Procedure. For convenience, the IL systems are
denoted by the number of carbons on the alkyl chain, e.g.,
BMIM */NO3~ is denoted as £and HMIM*/NOs~ is denoted
as G. In the same manner as in ref 27, the atoms fpa@ G
were grouped into 7 and 9 CG sites, respectively. The resulting
structures of the MS-CG models are shown in Figure 1a. The
C4 and G systems composed of 64 ion pairs were equilibrated
with polarizable atomistic models in the constant NPT ensemble
by a Hoover barost&t at a temperaturd = 400 K and a
pressurd® = 1 atm, with a time step of 0.45 fs. With the volume
set to be the average volume obtained from the constant NPT
run, the systems were then equilibrated again, using a constant
NVT ensemble with a NdseHoover thermostat at T =

400 K until a constant diffusion coefficient was observed. After

this equilibration stage, the simulations were further performed

increased simulation time, the polarization caused by the inducedfor an additional 5x 10° MD time steps, and a trajectory of a
dipoles has been shown to have a significant influence on bothttal 2.25 ns in constant NVT ensemble was then produced.

the structural and the dynamical properties of #.sThe

During the simulation, 5000 configurations were sampled at an

polarizable model also brings the atomistic results into closer interval of 1000 steps. For each configuration, the system virial,

agreement with the experimental data.

The total potential energy of the polarizable model is given
by

V,

polar —

Vbond +V

nonbon

d+ Vind (1)

where theVhona Vionbond @ndVing are expressed, respectively,
as

as well as the positions, velocities, and forces of all atoms, were
recorded. The revised DL_POLY 2.13 package was used to
implement the MD simulations for both the atomistic and MS-
CG models.

With the partial charge of each CG site fixed (as the sum of
the underlying atomistic partial charges), the FM and bonded
parameter fitting procedures as described in ref 27 were applied
to the 5000 configurations to find the best fit for both the short-
range nonbonded forces and the intramolecular force field
parameters.
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Figure 3. CG site surface normal DPFs from, @ Cy».

The MS-CG model of gwas then extended with more |
sites to form G, Cip, and G, respectively, with the partial
charges fixed in the same manner agsa@d G. The MS-CG
models for these systems are shown in Figure 1b.

In Figure 2, the four most representative CG -siée
distribution functions of @ Cs, Cg, and G, are compared with
their corresponding atomistic MD radial distribution functions
(RDFs), indicating that not only the fitted bonded and matched
nonbonded MS-CG force fields are able to reproduce the IL
structural properties accurately for, @nd G, but also the
extended MS-CG models are quantitatively reasonable.

C. MD Simulation Methodology for the CG Models. As
the cationic side-chain length increases, the number of CG sites
increases with the given number of ion pairs. For the interfacial
simulations, systems with longer alkyl chains may have a more
significant finite size effect in a finite simulation box that is
big enough for systems with shorter chains. However, obtaining
fully equilibrated IL systems with a large enough simulation
size is not easily done. In this study, an equilibration strategy
aimed to accelerate the equilibration in the MD simulations was
performed and consists of three distinct steps: In step 1, an
initial configuration containing 343 ion pairs was manually
constructed, with the ions positioned on the select lattice
positions within a large cubic simulation box. The initial
configuration was then equilibratedt= 400 K with a constant
NPT simulation for 1 ns. The final configuration &t= 400 K
was then re-equilibrated under constant NVT conditions, as done
previously. In step 2, the fully equilibrated configuration with
343 ion pairs was duplicated once in tiadirection for G, C,
and G to obtain an initial configuration with 686 ion pairs; for
Cio and Gy, the configuration was duplicated twice to obtain
an initial configuration with 1029 ion pairs. The new configura-
tions with either 686 or 1029 ion pairs were equilibrated at 1000 Figure 4. A snapshot for & at the end of the MD trajectory data:

K under constant NVT conditions. The final configuration at () all CG sites are shown; (b) the sites A, D, and O are shown; (c) the
1000 K was then cooled down sequentially to 400 K, at intervals Sites A and D are shown; (d) the sites O are shown. The head groups
of 200 K. At each different temperature, the system was (sites B have beerj put into thg head groups for convenience), D, O,
- . . . and all the other sites on the side chain are colored red, purple, dark
equilibrated for 500 ps, adding up to a total pre_-equn_lbratlon blue, and light blue, respectively.
run of 2 ns. In step 3, the pre-equilibrated configuration was
then placed at the center of a larger supercell with elongateddimensional rectangular boundary conditions. The distance
z-cell length and the samey cell dimensions. The result is  between two neighboring slabs is set to be 50 A to eliminate
two equivalent Il-vacuum interfaces within a single supercell. the long-range interaction between them. The parameters for
MD simulations were then performed on these generated bythese simulations are summarized in Table 1. The choice of
the planar IL slabs in a constant NVT ensemble at 400 K. In the supercell sizes is aimed to keep a well-stabilized bulk-like
all the simulations, the supercell was set up using three- region in the middle of the system as well to prevent the two
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Figure 5. Orientational ordering of the various cations at the interface. The cosine of the angle between the alkyl chain vector and the surface
normal as a function of the height related to the interface is reported. The chain vector is defined as the vector pointing from the head to the alkyl
terminal site. The ordering parameter was calculated by a histogram method with a bin width 0.1 A. The existence of a head group depletion region
at the interface causes poor statistics; therefore the ufealong the surface normal was removed for each panel.

equivalent interfaces from interacting with each other. The surface layering of ILs may be explained as a two-dimensional

integration time step was 1.0 fs, and after the equilibration run sub-representation of the three-dimensional microscopic phase
of the simulation, configurations from the MD trajectory were separation.

stored every 0.1 Ps during the prOdUCtion run. No detectable A more physica| exp|anation of the phenomena described

vaporization was observed during the simulation. above is as follows: For the polar groups, the hydrogen bond
) ) interactions, which have been force-matched into a short-range
lll. Results and Discussions force, as well as the strong Coulomb interactions, make the

A. CG Site Number Density Profile. Figure 3 shows the anions. and the heaq groups aIway; fqrm a stable qual structure
CG site number density profiles (DPFs) for IL species of various for various side-chain lengths, as indicated by the single sharp
alkyl chains with the same anion, NO The surface layering peak in the A-D RDFs of Figure 2. Glpbally, these |nt.eract|(_)ns
phenomena can be seen for all of the species. The surface normdiake the polar group form a continuous three-dimensional
inhomogeneity extension ranges tens of angstroms as the sideD€twork in the bulk and the nonpolar groups permeate the polar
chain length increases, and is accompanied by stronger and'€twork. Therefore, both the nonpolar and polar groups form
stronger surface number density enhancement. More impres-their own three-dimensional heterogeneous structures. Figure
sively, from G onward, a multilayer ordering occurs with a 4c shows only th.e heterogeneous distribution of terminal sites
decaying DPF that extends into the bulk. of the alkyl chain for clearer identification, and Figure 4d

A common feature in these DPFs is the microscopic phase demonstrates the heteroge_neous_ netw_ork_formed by _the charged
separation between the polar groups (head-groups and thdoolar groups._At the two-dlmensmnal I_|qU|d/vacuum mterface_,
anions) and nonpolar groups (alkyl tail) at the interface. For however, beS|d_es the mechanlsm mentioned above, the collective
example, within the surface monolayer of, Ghe methyl and van der Waals interactions of nonpolar groups make them result
polar groups (CG sites B, A, and D) tend to be located at the in a lower energy surface than that of the charged polar groups.
bulk side, while the butyl groups are on the vacuum side. For AS a result, the nonpolar groups segregate to the vacuum side,
each BMIM" at the interface, the butyl group has a strong While the polar groups protrude into the bulk, forming a typical
tendency to lie upright. This result is consistent with the Langmuir monolayer at the interface. Additionally, the intramo-
atomistic level observations by Lynden-Bell and Del Popblo lecular interactions lead to the observed progressive alignment
for Ca. of the sites within each cation.

To better understand the interfacial microscopic phase separa- In addition, from G onward, the large surface normal
tion, a snapshot of G from the MD trajectory data is shown in  inhomogeneity extension in the top layer forms an obvious
Figure 4. Figure 4a demonstrates that the polar and nonpolarmultilayer ordering. As previously mentioned, the phase separa-
groups form separated heterogeneous structures in the bulk, agon exists in the whole system, and in the sub-space just below
observed by Wang et &:** and Lopes and Rma“® At the the top layer it inevitably “feels” the geometrical influence from
interface, the nonpolar and polar groups form their own the top layer. As a result, just below the top layer, there are
respective domain layers, with the alkyl chains protruding. A additional narrower layers. Between any two neighboring layers,
clearer phase separation picture is shown in Figure 4b, wherethe phase of the respective site number density oscillation is
it can be seen that the head groups and the alkyl terminal sitesalways opposite to each other, in accordance with the micro-
form an even more prominent separation. As the phase separascopic phase separation. This indirect dimensionality effect is
tion extends to the surface, the polar groups form a domain more significant as the alkyl chain length (asymmetry) increases.
layer under the alkyl-rich layer, in which each site is progres- It can also be noticed that, in;€and Ga, strong density
sively nearer to the vacuum side from the methyl group to the oscillations persist into the bulk. Compared with &d G,
alkyl terminal site within each cation (Figure 3). Therefore, the such a non-vanishing density oscillation can be attributed to
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Figure 6. Electron DPFs from €to G0 (a) various cations with the same anion NO(b) for C4, Cg, and G, with three types of anions as
shown.

the much larger characteristic length scale of nanostructuralto ~100%; on the other side, the top layer width increases
organization than in the liquid bulk. As a result, within the time  simultaneously, resulting in a broader and broader orientation
scale of the MD simulation, the strong heterogeneity in the bulk zone.
part of the simulation cell cannot be effectively averaged out,  an additional ordering parameter is the orientation behavior
even with the MS-CG models being used. of the aromatic ring. In both Yan et al%and Lynden-Bell et

B. Orientational Ordering. Figure 5 shows the orientation  al.’s!01work, the interfacial orientation behavior of the aromatic
ordering of the alkyl chains at the interface. In accordance with ring for the short-chain species was examined within ring sizes
the progressive alignment of the cation sites in Figure 3, the that were similar to the alkyl chain. In the present MS-CG
alkyl chain is shown to be preferentially aligned parallel to the models, however, the cation ring has been coarse-grained into
surface normal, with the angle between the chain vector anda single site, so calculating the ring orientation is not straight-
the surface normal approaching0°® for Cio and G2. Another forward as in the full-atom simulations. Rather, it had to be
prominent feature is that the interfacial alkyl orientation zone inferred from the two adjacent sites connected to the ring.
becomes broader and broader as the chain length increases, witRrevious MD simulation and ab initio calculations demonstrate
the width of the interfacial orientation zone bein@ A for C,, that the two adjacent-€N bonds are almost located in the same
~8 A for Cs and G, and~15 A for Cyp and G». This trend plane as the ring; the present MS-CG models can therefore use
follows along with the augmentation of surface layering. In the A—B and A—C bonds as an approximate representation.
Figure 3, it can be seen that the number density enhancemeniAs shown in Figure 3, it is observed that along the surface
of the top layer related to the bulk gradually rises frem5% normal, the sites B, A, and C are progressively separated by
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90 cause subtle difference given the same imidazolium-based
cation, as shown in many IL simulatiofs:#8 Figure 6b shows
the electron DPFs for £ Cg, and G2 with the three types of
80 anions. For @ the electron density still does not show any
oscillation at the interface, but the enhancement becomes distinct
as the electron number of the anion increases. Fer,RRe
interfacial sharp peak is’10—15% higher related to the bulk,
which is consistent with the experimefit.For BF,~, the
enhancement is’5%. For G and G, the electron density shows
the same oscillation behavior, though the interfacial enhance-
ment is much different due to different anions.

From the above results, a systematic conclusion for the
4 6 g 10 12 electron density behavior resulting from different cations and

n anions can be provided: The cation exclusively controls the
Figure 7. Surface tensions for {0 Ci.. The horizontal axis is the  electron density oscillation for any species, while, for the species
number of the carbon atoms on the side chain. The values shown, frombefore G, the anion determines the enhancement at the interface:
acr‘,‘]éos(;l;ﬁeoégéoﬁ\loﬁ?}" i%;fcg;ii’fl'o‘& 059, 57.94+ 0.52, for the species from £and beyond, both the cation and anion
contribute to the enhancement.

~2.5 A, close to the fitted AB and A—C bond lengths. It can D. Surface TensionFigure 7 shows the surface tensions from
be thusqualitatively concluded that the ring normal tends to be Ca to Cp2. It can be observed that the surface tension decreases
perpendicular to the surface normal for all the species. This as the alkyl chain length increases. Fromt€ G, the surface
tendency is consistent with the compact packing of the alkyl tension curve descends rapidly and then tends to approach a

Y/ mNm
2
=)

60

50

chains closer to the vacuum, as well as with experifieht. ~ constant value from {5 onward. Such a trend is in good
C. Electron DPF. Figure 6a shows the surface normal agreement with the Langmuir principig,as well as with
electron DPFs from £to C;» with the anion N@~. For C,, the experiment>50The Langmuir principle staté%that, “each part

profile demonstrates that there is no electron density oscillation of a molecule possesses a local surface free energy and the
and only a small{3%) density enhancement at the interface. measured surface tension should correspond to the part of the
From G, corresponding to Figure 3, the electron density shows molecule that is actually present at the interface”. In Figures 3,
obvious oscillations extending into the bulk and an enhancement4, and 5, it can be clearly observed that the alkyl tail plays a
at the interface. This result is in good agreement with the significant role in determining the surface structures due to the
experimental observation of Bower et?4lOn the basis of the  two-dimensional microscopic phase separation. Correspondingly,
multilayer ordering phenomena, the physical interpretation of the polarity of the surface is weaker and weaker, causing the
the electron density oscillation is straightforward: an alkyl rich surface tension to decrease. It is natural to consider that, with
region is located on top of a region consisting of the headgroupsa species having a long enough alky! tail, where the polar groups
and the anions, which is, in turn, on top of an inner alkyl-rich are far enough away from the surface, the surface will be
layer. nonpolar, and its stability is controlled by the mixing of the
For a better comparison with the relevant experimental results outer most methylene and methyl groups. It is likely thag C
and to more accurately investigate the roles that the cation andhas played the role of such a species from our simulations.
anion play in affecting the surface normal electron density, the  One problem with the above discussion is that our surface
electron number of N&@ was replaced by that of BF and tension calculation isemiquantitatie. Note that each value in
PR, respectively, with the same trajectory data used. This Figure 7 is~150% larger than the corresponding experimental
replacement can be justified by the packing behavior of the valuel>*This effect can be attributed to the MS-CG methodol-
anion, the aromatic ring is mainly determined by the strong ogy: the CG scheme cannot completely capture the permanent
electrostatic attraction, and, in general, different anions can only dipole interaction that is modeled with the all-atom model. The

DnommOorw
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Figure 8. A comparison of the surface normal DPFs qf f6r MS-CG and all-atom nonpolarizable and polarizable models.
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