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On the Dynamics of Ionic Liquids: Comparisons between Electronically Polarizable and
Nonpolarizable Models 11

I. Introduction

Room temperature molten salts, or ionic liquids (ILs), are
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An electronically polarizable model has been developed for the ionic liquid (IL) 1-ethyl-3-methyl-imidazolium
nitrate (EMIM*/NO;") (Yan et al. J. Phys. Chem. B DOI:10.1021/jp9089112). Molecular dynamics simulations
were then performed with both the polarizable and nonpolarizable models. Both models exhibited certain
properties that are similar to a supercooled liquid behavior even though the simulations were run at 400 K
(89 K above the melting point of EMIM*/NO; ™). The ionic mean-squared displacement and transverse current
correlation function of both models were well represented by a memory function with a fast Gaussian initial
relaxation followed by the two-step exponential functions for 8- and a- structural relaxations. Another feature
shared by both models is the dynamic heterogeneity, which highlights the complex dynamic behavior of ILs.
Apart from the overall slow dynamics, the relaxation of the H-atoms attached to the methyl group demonstrates
a “free rotor” type of motion. Also, the ethyl group shows the fastest overall relaxation, due to the weak
electrostatic interactions on it. Such flexibility enhances the entropic effect and thus favors the liquid state at
room temperature. For the dynamical properties reported in this paper, the polarizable model consistently
exhibited faster relaxations (including translational and reorientational motions), higher self-diffusion and
ionic conductivity, and lower shear viscosity than the nonpolarizable model. The faster relaxations of the
polarizable model result from attenuated long-range electrostatic interactions caused by enhanced screening
from the polarization effect. Therefore, simulations based on the polarizable model may be analogous to
simulations with the nonpolarizable model at higher temperatures. On the other hand, the enhanced
intermolecular interactions for the polarizable model at short-range due to the additional charge-dipole and
dipole—dipole interactions result in a red shift of the intramolecular C—H stretch spectrum and a higher
degree of ion association, leading to a spectrum with enhanced conductivity across the whole frequency
range. The vibrational motion associated with the intermolecular hydrogen bonding is highly IR active,
highlighting the importance of hydrogen bond dynamics in ILs.

replace conventional organic solvents in a variety of applica-
tions.* Therefore, understanding the interplay of the structure—

organic salts composed solely of ions. Compared to their
inorganic salt counterparts, IL.’s melting point is much lower
and exists at liquid state at room temperature. The reason why
ILs are liquids at room temperature is partly due to their bulky
and comformationally flexible ions,' which lead to small lattice
enthalpy and large entropy changes, and such entropic effect
favors melting and stabilizes liquid state.”> The asymmetric
cations also make IL to the liquid state with the intermolecular
dynamics shifted to lower frequencies than the symmetric
cations.? However, the deterministic reason why IL is liquid at
room temperature is still an open question. ILs are “green”
solvents in terms of their low volatility, nonflammability,
reusability, and selectivity. Since the properties of ILs can be
“tuned” with different combinations of cation, anion, and
substitute functional groups, these environmentally benign
liquids, also desired as “designer solvents”, are promising to
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function relationship is of considerable importance toward the
ultimate goal of the systematic design of these charming liquids.
At the current state, the unique microscopic physicochemical
properties of ILs still remain to be revealed, because the
complexity and diversity of ILs raise great challenges to the
scientific community. Over the past decade, an increasing
amount of studies, including experiments and computer simula-
tions, have been devoted to probe the structural and dynamic
properties of this new class of liquids.’ New liquid state theory
and statistical mechanics may be developed to better characterize
these complex systems.®

Because of their nature of having charged ions, ILs generally
exhibit cation—anion association and “remember” their solid
state structure’ although they are liquids at room temperature.
For example, these behaviors are seen in the polymorphic
structural features of ILs; two different crystalline phases of
1-butyl-3-methylimidazolium hexafluorophosphate (BMIM™/
PFs") discovered by calorimetry and X-ray diffraction® as well
as several phase changes over a narrow temperature range
observed in liquid 1-ethyl-3-methylimidazolium butanesulfonate
(EMIM*/BSO;3”) by NMR.? As a result, ILs are good glass
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formers and show supercooled behavior over a wide range of
temperatures. Besides the spatial heterogeneity described in the
accompanying paper,!® ILs also show dynamic heterogeneity,
characterized by the non-Gaussian diffusive behavior at long
time scales.!!~!* Computer simulation of EMIM*/NO;~ at 400
K, which is 89 K higher than its melting point of 311 K, still
shows such behavior.!! The relaxations of ILs are often
described by a stretched exponential, or Kohlrausch—Williams—
Watt (KWW) expression, such as in quasielastic neutron
scattering (QENS) for the structural relaxation,'* in dielectric
relaxation of collective dipole moment relaxation,'>~!7 and in
the computer simulation of single particle rotational dynamics,'3~2!
a characteristic of glass-forming and supercooled behavior. The
temperature dependence of conductivity, diffusion coefficient,
and viscosity is often non-Arrhenius and well fit by the
Vogel—Fulcher—Tammann (VFT) law,”>"> as typically ob-
served in glassy or supercooled states. In a broadband dielectric
spectroscopy (BDS) and depolarized light scattering (DLS) study
on a series of BMIM™ based ILs, it was found that the ionic
translational and rotational motions are strongly coupled,
because of the high viscosity of ILs.? In contrast, a combined
dielectric and NMR study on the low viscous EMIM™ based
ILs with the bis(trifluoromethane sulfonyl)imide (TFSI™) or
dicyanimide [(CN),N7] anion found that the reorientational
dynamics can be well described by the single-particle reorienta-
tion of cations since the static Kirkwood G factor is nearly equal
to unity and the collective dynamics has little contribution.?®
Therefore, the versatility of ILs makes them highly desirable
as designer solvents.

Triolo and co-workers?’ employed QENS to investigate the
structural relaxations of BMIM™*/PF,~. The time scale ranged
from 0.41 to 25 ps, and the temperature ranged from 250 to
320 K. This experiment clearly revealed two relaxation steps,
a fast subpicosecond fS-relaxation and a slow subnanosecond
a-relaxation. The two-step relaxation occurred at all tempera-
tures investigated although BMIM'/PFs~ melts at about 280
K.*" A later QENS study on the same IL identified fast relaxation
dynamics associated with methyl group rotation with very low
activation energy.'* The relatively free “rotation” of the methyl
group was also detected in a '*C NMR relaxation measurement.’
A QENS study on pyridinium-based ILs revealed different
correlation times for the in-plane and out-of-plane reorienta-
tions.?® Dynamic light scattering of ILs, which probes the density
fluctuation over a much larger spatial range than QENS, has
also revealed a dynamic, heterogeneous network, characterized
by long-range density—density correlation (“cluster mode”) and
extending from the supercooled state to above the melting
point.”” Holm and co-workers simulated a series of EMIM™
based ILs and found that the translational and rotational
relaxations correlated well with hydrogen bond dynamics,
illustrating the importance of hydrogen bonds in these systems.*
In the computer simulation of BMIM/PFs~, the cage correlation
function for the ions breaking through a local “cage” surrounding
them revealed a two-step structural relaxation.’!

Femtosecond optical-heterodyne-detected optical Kerr effect
(OHD-OKE) spectroscopy or optical-heterodyne-detected Ra-
man-induced Kerr effect spectroscopy (OHD-RIKES),*> which
mainly probes the collective reorientational dynamics, has been
recently applied to a variety of ILs**73¢ as well as binary IL
mixtures.’” While the studies by Hyun et al.** and Giraud and
co-workers* were focused on the short-time response within a
few picoseconds, Cang and Fayer® detected a long-time decay
from ~1 ps to ~2 ns, reaching the long-time a-relaxation
characteristic of organic glass-forming liquids. By measuring
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the OKE of an IL and its analogous isoelectronic organic binary,
Shirota and Castner®® found that the intermolecular vibrational
frequency of the IL is stronger than the latter, which may be
attributed to the higher viscosity of the IL. The same authors
also found that trimethylsilylmethyl-substituted imidazolium
cations reduce shear viscosity tremendously.** Using MD
simulations, Urahata and Ribeiro compared the calculated
density of state (DOS) with the experimentally measured OKE*
and quasielastic Raman scattering*' in the low frequency region,
in which the reorientation dynamics can be related to the
intermolecular vibrational dynamics for the low frequency
region. Margulis and co-workers performed some of the first
computer simulations of the OKE spectrum.*? Because of the
slow dynamics of ILs, such simulation is extremely time-
consuming. To overcome this problem, an approximation was
adopted to estimate the dipole-induced-dipole (DID) contribution
to the total polarizability in the scattering volume using
molecular polarizabilities instead of the conventional atomic
polarizabilities. The simulation showed that, besides the rota-
tional dynamics, the cage effect is important even in the long-
time decay of the OKE spectrum, in agreement with experi-
ment.*® Similar DID approximation with molecular polarizabilities
was also adopted in Shirota, Ishida, and Nishikawa’ study on
the comparisons of experimental and simulated OKE spectra.*>*

Dielectric spectroscopy probes collective dipole correlations
and is complementary to OKE spectroscopy, which probes
collective polarization correlations. Weingirtner et al.'> per-
formed the first dielectric spectroscopy on the ethylammonium
nitrate IL between 288.15 and 353.15 K (melting point 287.3
K) and found that there is a distribution of relaxation times and
that the dominant relaxation process within the accessible
frequency range (3 MHz to 40 GHz) can be explained by the
formation of a small amount of dipolar ion complex. The
collective response of the ionic network in the neat IL was also
found using GHz dielectric spectroscopy.* Asaki et al.*®
performed THz transmission spectroscopy on the 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate IL and found that
there exists a fast Debye-type relaxation, which can be attributed
to hydrogen bonding. Because of the conducting nature of ionic
liquids, experimental dielectric spectroscopy measures the
generalized dielectric spectrum, which has overlapping contribu-
tions from both the frequency-dependent dielectric constant &(w)
and the ionic conductivity o(w).*’~* Therefore, caution should
be addressed when interpreting such dielectric spectra since the
moving ions introduce new degrees of freedom that also
contribute to the dielectric response.!®>° Fortunately, computer
simulation can separate the above two contributions. The first
computer simulations of dielectric response of ionic liquids were
conducted by Steinhauser and co-workers.’"3 In these simula-
tions, the contribution from the ionic reorientation was estimated
from the collective rotational dipole moment, which is deter-
mined by subtracting the collective center-of-mass translational
dipole moment from the total system dipole moment. The
translational and rotational contributions to the static dielectric
constant differ for different IL systems,’? while the cross
correlation between them seems to be of negligible importance.!
On the other hand, the experimental dielectric spectra cannot
be solely attributed to the independent ionic rotations, but must
take into account the cooperative motion of the ions.>® Experi-
mentally measured static dielectric constants (&) of ILs typically
range between 8 and 16'%!7%5% and decrease with increasing
alkyl chain length.® Thus, ILs may be classified as solvents of
moderate polarity, which can be tuned by varying cations and
anions.
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The slow dynamics of ILs pose a problem for computer
simulations. Simulations of tens or even hundreds of nanosec-
onds are often needed to explore the relaxation process and
usually have high computational demands.*>33757 Also, because
of the complexity of ILs and the difficulty of simulating liquid
state properties,>® most of the current computer simulations are
based on conventional nonpolarizable forcefields. Simulations
based on nonpolarizable models often predict much lower
diffusion coefficient and higher viscosity than experimental
values.'>”° Holm and co-workers® systematically studied the
structural and dynamical properties of two commonly adopted
nonpolarizable forcefields, one by Pddua and co-workers®%? and
another by Wang and co-workers.> They found that both
forcefields predict too slow dynamics comparing with experi-
mental values.®® To compensate for the charge screening effect,
Morrow and Maginn®' assigned smaller total charges (0.904e
and —0.904e instead of 1e and —1e) to the cation and the anion,
respectively, in their MD simulation of BMIM™/PFs~. These
reduced partial charges mimicked the average charge screening
caused by polarization, as well as the charge transfer effects,
resulting in self-diffusion coefficients in good agreement with
experimental measurements.?? Similar approaches on the as-
signment of the reduced partial charges were also conducted
by Economou and co-workers on the imidazolium(im)-based
ILs and found good agreement with experimental diffusion
coefficients.** Similarly, Bhargava and Balasubramanian® re-
fined P4dua’s®? forcefield parameters for BMIM'/PFs~ with
reduced partial charges on the ions. The ionic conductivities
were found to increase by 3—10-fold, and the agreement with
experiment was greatly improved.®® Since the long-term relax-
ation of IL is mainly governed by the translational motions of
the ions, it is reasonable to see a reduced charge model enhances
dynamics, as indicated in an early MD study by Kim and co-
workers that the monopolar nature of electrostatic interactions
in IL distinguishes itself with polar solvent.®® By adjusting van
der Waals parameters while keeping unit charge on the cations
and anions, Soares and co-workers fit a nonpolarizable forcefield
that reproduces experimental self-diffusion coefficients and visco-
sities.%” It is of interest to note that self-diffusion and viscosity
correlate well with van der Waals parameter ¢, and reduced &
leads to high self-diffusion and low viscosity. Ludwig and co-
workers® refined Padua’s®>® forcefield parameters of 1,3-
alkylimidazoles and fitted the experimental self-diffusion co-
efficient also with reduced Lennard-Jones interactions. The
diffusion coefficients and viscosities were found to be in good
agreement with experimental values.®® On the other hand, it was
found that the cohesive energy of the reduced charge model is
much lower in both crystal and liquid phases.”

It should be emphasized that the above-mentioned nonpo-
larizable models effectively average the polarization effect. It
may be of interest to check if models with reduced charges are
able to represent enhanced hydrogen-bonding structure associ-
ated with polarizable models.!® At this moment, a correlation
between the structure properties with the transport mechanism
is highly desired for this complex system.”! We developed the
first polarizable model for ILs, based on the distributed Thole
smeared dipole model.”> Simulations of the IL EMIM™/NO;~
based on the polarizable model had faster diffusion and lower
viscosity,”>’* and lower surface tension,’* than those with the
nonpolarizable model. Smith and co-workers used a similar
methodology to develop a polarizable forcefield to simulate the
IL N-methyl-N-propylpyrrolidinium(MPPY ")/TFSI~ and ob-
tained good agreement with the experimental diffusion coef-
ficients,'® and their recent simulations of alkyl- and ether-
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derivatized imidazolium/TFSI™ based on polarizable forcefield
found excellent agreement with experimental diffusion coef-
ficients and viscosities.” Initial tests of the polarizable forcefield
by Margulis and co-workers have also suggested that polariza-
tion leads to faster dynamics.** A systematically developed
polarizable force field also demonstrated good agreement in
terms of transport properties, such as diffusion coefficients,
viscosity, conductivity, etc., over many different ILs.”® The
comparison of the polarizable model and the nonpolarizable
model for the interface study also reveal that a polarizable model
is necessary to capture the surplus of positive charge at the
surface, which lowers the surface tension.””” Recently, Tanaka
and Siehl developed a fluctuation charge version of a polarizable
model for the IL guanidinium chloride,’® Piclek et al.”’ and
Dang” developed a point dipole polarizable forcefield for ILs,
and Kato et al. developed a wave function based charge response
kernel (CRK) model for ILs,* respectively. A shell model of
IL developed by Lynden-Bell and Youngs also demonstrate fast
dynamics than the nonpolarizable counterpart, and they con-
cluded that the introduction of polarizability is essential for the
realistic modeling of dynamics.”® Such enhanced ionic dynamics
associated with polarizable models of inorganic molten salts
have been well documented in literature.®! Compared with
polarizable inorganic molten salt models,?>** polarizable force-
fields for ILs are still immature and developing, and a careful
comparison between polarizable and nonpolarizable models of
ILs is still desired.

It is somehow surprising to note that the addition of dipole
causes fast dynamics of ions, while the total energy of the system
decreases with induced polarization. Indeed, it was demonstrated
that the presence of electronic polarizability in polar solvent,
liquid water, effectively depresses the self-diffusivity of the
system.®* In a recent study, Kato et al. attacked this issue and
proposed a nice explanation based on the correlation between
the electrostatic energy and induction energy.® Specifically, they
found that the induction energy tends to be anticorrelated with
the electrostatic energy by the permanent charges, and the net
result is that energy barrier is effectively lowered for an ion
moving from one basin to another. Therefore, ionic motion is
accelerated by the polarization effects.

The methodology for developing the polarizable model of
ILs and a comparison of the structural properties obtained from
the polarizable and nonpolarizable models are given in the
accompanying paper.'® The focus of this paper is on comparing
the dynamical properties of these two models. In Section II,
the simulation details, which are the same as those detailed
in the accompanying paper, are briefly summarized.'? In Section
111, a series of comparisons of the dynamic properties, including
dynamic structure factor for the H-atoms (Section III.1) and
structural relaxations (Section II1.2), are presented. The diffusion
characterized by mean-square displacements (MSD) and a
proposed memory function are discussed in Section IIL.3. In
Section IIL.4, the anisotropic relaxation of the polarizability is
shown. In Section IIL.5, electrical conductivity is discussed. In
Section III.6, the correlation between the electrostatic energy
of the permanent charges and the polarization energy of the
induced dipoles for a probe ion (of charge +1e and —le) is
discussed. This paper is summarized in Section IV. The
Appendix contains a discussion on estimating shear viscosity
with the transverse current correlation function.

II. Simulation Method

Two simulations of an EMIM*/NO;~ IL system were
performed, one using a polarizable model and the other using
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a nonpolarizable model. Detailed descriptions of the polarizable
and the nonpolarizable models are given in the accompanying
paper.!® The IL system was the same for both models and
consisted of 400 EMIM/NO;™ ion pairs (9,200 atoms) with
an all-atom, all-flexible representation. After equilibration at 400
K, which is 89 K higher than the melting point of 311 K, the
production runs were performed with constant NVE simulation.
Periodic boundary conditions (PBC) were applied with a cubic
simulation cell. Long-range charge—charge, charge—dipole, and
dipole—dipole interactions were handled by Ewald summation
with a maximum of eight k vectors along each of the three
directions in reciprocal space. For the polarizable model, the
extended-Lagrangian (ext-L) method for the dipole degrees of
freedom was used.'” The integration time step was 0.4 fs for
the polarizable model and 1.0 fs for the nonpolarizable model.
The simulations of both models were run for 10 ns with phase
space data (velocities, coordinates, and induced dipoles for the
polarizable model) sampled every 4 fs.

Simulations with the iteration method for the polarizable
model were also run for 1 ns with integration time step 1 fs to
compare with the ext-L method for the polarizable model as
well as with the nonpolarizable model. Comparisons of ionic
MSD for the polarizable model, utilizing both the ext-L and
iteration methods, and MSD for the nonpolarizable model, up
to 100 ps, are provided in the Supporting Information. It can
be seen that the overall trend for the polarizable model does
not depend on the choice of integration method, though the
MSDs calculated via the iteration method may not converge
well with 1 ns MD simulation due to the slow dynamics and
dynamical heterogeneity of ILs. Also, the polarizable model,
using either integration method, results in faster MSD than the
nonpolarizable model.

To study the correlation between the electrostatic energy of
the permanent charges and the polarization energy of the induced
dipoles, we set up another two simulations by inserting a
nonpolarizable bare ion (of charge +1le and —le) into the
polarizable IL model constructed above. The probe ion (¢ =
0.24 kcal/mol and o = 3.49 A) is the same as that was adopted
by Lynden-Bell.”%% The simulations with probe ion were run
for 2 ns with phase space data sampled every 20 fs.

III. Dynamical Properties

III.1. Dynamic Structure Factor and Vibrational Density
of States of the H-Atoms. Quasielastic neutron scattering
(QENS) experiments mainly probe incoherent scattering, which
represents the loss of the local density self-correlation of the
H-atoms.?” The incoherent dynamic structure factor is given by

S(k,w) = Re [~ dte""F (k. 1) (1)

where “Re” is the real part operator for a complex variable,
andF(k,t) is the incoherent intermediate scattering function

F((k, 1) = (explik+(r(n) — r(O)]) @)

In the above equation, k is the wave vector, r{(?) is the position
of ion i at time ¢. The angular brackets represent an ensemble
average over all ions and over all wave-vectors of the same
magnitude.

Figure 1 shows S(k,w) and F(k,t) for all H-atoms in the IL
system at the principal peak position of k = 1.04 A~! for both
the polarizable and nonpolarizable models. Comparing S(k,w)
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Figure 1. (a) Dynamic structure factor and (b) incoherent intermediate
scattering function of all the H-atoms in the system at k = 1.04 A~
for both the polarizable model (solid line) and the nonpolarizable model
(dashed line). The angular frequency is related to the wavenumber by
o = 2mve, in which ¢ is the speed of light.

for the two models, the polarizable model shows a faster
relaxation than the nonpolarizable model. Such a feature can
also be seen clearly from the intermediate scattering function.
F(k,t) for the polarizable model decays much faster than that
of the nonpolarizable model. Both models exhibit a distinct two-
step relaxation process, a fast S-relaxation followed by a slow
o-relaxation. Although simulations were at 7 = 400 K, a
temperature much higher than the ~311 K melting point, the
IL system still showed features of a supercooled liquid,
consistent with previous MD simulation study'! as well as the
experimental QENS study of BMIM*/PFs~.>7

Figure 2 shows S(k,w) and F(k,t) at k = 1.04 A-! for
individual H-atoms for both the polarizable and nonpolarizable
models, respectively. The H2 atom is the most polar H-atom in
the system; it forms stronger hydrogen bonds than the other
H-atoms and thus moves slower, leading to slow relaxation
dynamics. The relaxation curves of the H4 and HS5 atoms nearly
overlap, indicating similar dynamic relaxation processes for
these two H-atoms. The oscillations at ~0.1 ps for the F(k,f)
of H2, H4, and H5 shown in Figure 2b,d may be attributed to
their librational motion from hydrogen bonds. The H-atoms on
the alkyl side-chains all show faster relaxations than those
on the imidazolium ring with H8 on the ethyl side-chain showing
the fastest relaxation. Interestingly, the H6 atom shows the
fastest initial relaxation and then a slower relaxation than the
H-atoms on the ethyl side-chain, as can been seen from the line
crossings for both S(k,w) and F(k,t) in Figure 2. The fast initial
relaxation of H6 is attributed to the rotational relaxation of the
methyl side-chain on the imidazolium ring, which is a free-
rotor type motion in the subpicosecond time scale due to its
weak hydrogen bond, as discussed in QENS'* and NMR’
studies. For the long time scale, the translational motion of the
H6 atom follows that of the imidazolium ring and is thus slower
than that of the H-atoms on the ethyl side-chain. Therefore, it
can be concluded that different H-atoms move on different time
scales. This feature is well captured by both the polarizable
model and the nonpolarizable model. The overall relaxation of
individual H-atoms in the polarizable model is consistently faster
than in the nonpolarizable model.
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The vibrational density of states (DOS) of the individual
H-atoms, whose labels are shown in the inset of Figure 2b, is
depicted in Figure 3a—f. The DOS is shown on a semilog plot
to emphasize the low frequency portion related to intermolecular
motion. The full spectrum of the total H-atom DOS, as well as
the low frequency portion, that is, < 350 cm™!, is shown in
Figure 3g,h, respectively. The DOS may be compared with IR
and Raman/OKE spectroscopy, as will be discussed below. The
overall intensity of the polarizable model is slightly lower than
that of the nonpolarizable model, similar to the comparison of
intensity at higher and lower temperatures. The H-atoms attached
to the imidazolium ring exhibit slightly higher frequencies than
the alkyl H-atoms, as shown in previous simulations® and IR
spectra.¥” A distinct feature can be seen in the C—H stretch
mode in Figure 3g from 2800 to 3200 cm™': the polarizable
model is “red shifted” compared to the nonpolarizable model.
Since the intramolecular forcefield parameters are the same for
both models,'” such red shifting must be caused by the
polarization effect. Because of the additional charge—dipole and
dipole—dipole interactions, the short-range electrostatic interac-
tion between cations and anions is enhanced, effectively
reducing the intramolecular C—H stretching. The low frequency
portion of the total H-atom spectrum in Figure 3h also
demonstrates a slight red shift for the polarizable model and
highlights fast translational and reorientational motion of the
polarizable ions. The broad band from 0 to 200 cm™! was also
observed in the experimental OKE spectrum.?*3? The band at
~500 cm ™! is related to the librational motion from intermo-
lecular hydrogen bonding and is strongly IR active, as will be
shown below.

II1.2. Structural Relaxations. To obtain further information
on the structural relaxation, the self-part of the van Hove
correlation function was calculated, which can be expressed by
the spatial Fourier transform of eq 2 as

1.0 L
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G%(r,1) = L Y olr — ") — <m0l (3)

ion V i=1

where r{™(f) denotes the center-of-mass position of the ith ion
at time ¢ and o denotes the type of the ions, either EMIM™ or
NO;™. The mean-square displacement (MSD) (Ar2(f)) is the
second moment of the above probability distribution function.

Figure 4 shows 4mr*G¥r,f) for EMIMT and NOs™ at nine
different values of ¢ for both the polarizable and the nonpolarizable
models. The curves are normalized with a unit integration area for
better comparison. It can be seen that the polarizable model diffuses
much faster than the nonpolarizable model at all time scales. Thus,
the ions simulated with the polarizable model are more mobile;
the simulation with the nonpolarizable model is qualitatively
equivalent to that with the polarizable model at a lower temperature.
For both the polarizable and nonpolarizable models, we see that
NOs™ diffuses faster at short time intervals, that is, approximately
t < 1000 ps for the polarizable model and ¢t < 50 ps for the
nonpolarizable model, as shown in Figure 4. At longer time
intervals, EMIM™ diffuses slightly faster than NO;™. Since the short
time quadratic behavior in MSD only lasts less than 0.1 ps,” the
faster motion of NO;™ in the short time scale occurs mainly in the
intermediate region, possibly because the smaller size of NO;™
allows for easier breakage of the local “cage”. Such non-Gaussian
heterogeneous dynamic behavior of 4772G%(r,?) in the intermediate
region has been studied in detail in previous study."!

Figure 5 shows F(k,r) with several selected wave-vectors for
both the polarizable and nonpolarizable models, obtained by
eq 2 with the positions of the ions being their center-of-masses,
ri(t) = ri™(7). A two-step relaxation can be seen from this figure,
and the faster relaxation of the polarizable model is also evident.
A two-step relaxation was also observed with QENS for
BMIM*/PFs~ (~280K melting point) at 320 K.>” The initial
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Figure 2. (a) Dynamic structure factor and (b) incoherent intermediate scattering function (right column) of indistinguishable H-atoms for both the
polarizable model and the nonpolarizable model. (a) S (k,w) for the polarizable model; (b) F; (k) for the polarizable model; (c) S (k,w) for the

nonpolarizable model; (d) F; (k,7) for the nonpolarizable model.
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Figure 3. The vibrational density of states (DOS) of the indistinguishable H-atoms for (a) H2; (b) H4; (c) HS; (d) H6; (e) H7; and (f) H8. The full
spectrum of total H-atom DOS, as well as the low frequency portion, are shown in (g) and (h), respectively. The spectrum of the polarizable model
is shown in solid line, and that of the nonpolarizable model is shown in dashed line. The H-atoms are numerated as the inset of Figure 2b.

fast decay due to the short time quadratic motion in the
microscopic region (~0.1 ps) followed by a fast S-relaxation
leads F(k,f) to a plateau in the intermediate region, which is
stretched and more pronounced for the nonpolarizable model.
For the final complete decay of Fy(k.r), that is, o-relaxation,
the nonpolarizable model takes much longer than the polarizable
model.

The presence of the two relaxation processes may be further
quantified by the susceptibility spectrum, defined as

¥ (k,w) = wRe j(‘f’ dee"'F(k, 1) 4)

where o is the frequency. Figure 6 shows the frequency-
dependent susceptibilities at k = 1.04 A~', with the inset
containing the corresponding F(k,t). The first peak for the
nonpolarizable model is located at a much lower frequency than
the polarizable model, indicating that, for the nonpolarizable
model, both a-relaxations occur at a much longer time scale
than the polarizable model. The first minimum between the low
frequency a-peak and the high frequency microscopic region
reflects the fB-relaxation plateau in Fy(k,r). The shift of the first
minimum to the higher frequency value also indicates a faster

p-relaxation for the polarizable model. The shape in the
microscopic region, which is characterized by subpicosecond
dynamics, is similar for both models. Thus, the major difference
for the two models is found to occur at long time relaxations.
For the nonpolarizable model, it can be seen from the inset of
Figure 6 that the initial decay of F(k.r) for the anions is faster
than that for the cations. This trend changes at ~50 ps after
which the cations decay faster than the anions. For the
polarizable model, the anions decay consistently faster than the
cations during the whole time window for the specific wave-
number k = 1.04 A",

The above analyses demonstrate that the EMIM*/NO;~ IL
behaves like a supercooled liquid with both the polarizable and
nonpolarizable models. Such behavior is more significant with
the nonpolarizable model. It should be noted that it is not clear
whether a Boson peak exists in the simulation results at 400 K.
By taking a closer look at F(k,7) for the nonpolarizable model
shown in the inset of Figure 6, a weak “bump” can be seen at
~2 ps. Such a “bump” in F(k,r) would be represented by a
Boson peak in the susceptibility spectrum as a lower frequency
shoulder on the second peak. This feature has been observed in
many experimental studies of supercooled inorganic molten



6892 J. Phys. Chem. B, Vol. 114, No. 20, 2010

4nr’G (r,t)

1000 2000

polarizable model 3

EMIM’

5000 3

1E-3 T
0 10 20 30 40
ri A
-—02 (©)
-—1 3
Hh = 10 non-polarizable model
— N EMIM"
N
= N
N
- L
o
o~
1 53
[
<
15 20 25

ri A

0
1000 2000

4nr’G (r,t)

3

5000

polarizable model
NO,

4nr’G (r,t)

15

ri A

20

25

Yan et al.

Figure 4. Self-part of the center-of-mass van Hove function at 10 selected time lags (in ps) for both the polarizable model and the nonpolarizable
model. (a) EMIM™ of the polarizable model; (b) NO;~ of the polarizable model; (c) EMIM™ of the nonpolarizable model; (d) NOs;~ of the

nonpolarizable model.
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Figure 5. Center-of-mass incoherent intermediate scattering functions at eight wave-vectors, which from the top curve to the bottom curve are

0.14, 0.31, 0.51, 0.78, 1.04, 1.40, 1.88, 2.32, and 3.03 10%", respectively. (a) EMIM™ of the polarizable model; (b) NOs~ of the polarizable model;
(c) EMIMT of the nonpolarizable model; (d) NO;™ of the nonpolarizable model.

salts.%® However, because of the noi

se in this susceptibility

spectrum, such a feature cannot be clearly identified in this

study.

The relaxation of the cation—anion association may be
characterized by the distinct part of van Hove correlation

function, that is
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Figure 7 shows the cation—anion Gg(r.f) at several time lags
for both the polarizable model and the nonpolarizable model.
It can be seen from Figure 7 that the polarizable model fills the
repulsive region much quickly than the nonpolarizable model,
due to the fast diffusion of the former. Finally, the polarizable
model shows a nearly flat G4(r,f), indicating the decay of the
cation—anion associate is completely vanished at 1 ns, while a
flat Gy(r,r) is shown at 2 ns for the nonpolarizable model.
Therefore, the polarizable model shows much faster relaxation
of the cation—anion association than the nonpolarizable model.
Furthermore, the simultaneous decaying of the peaks means that
the uncorrelated cation and anion diffusions without a preference
of a specific cation—anion pair association. Otherwise, the first
peak is expected to decay slower than the others. Therefore,
the cation—anion association is not likely to last for time longer
than nanosecond scale at 400 K, which is in good agreement
with the finding of Zhao et al. on similar ILs.%

III.3. Mean-Square Displacements. On the basis of the
above discussion of the susceptibility spectrum, there are three
relaxation steps for the IL system, an ultrafast relaxation within
0.1 ps, followed by a two-step complete structural relaxation,
that is, a fast 3-relaxation, and then a slow a-relaxation. A two-
step phenomenological memory function model was presented
in our previous study.”? Here, a further generalization is made
to a three-step memory function, which takes the form

M) = wglM\(1) + Myt) + My(0)]

— wgl(1 = B — @) exp(—ar’/4t]) + (6)
Bexp(—t/tg) + oexp(—1/1,)]

where w3 is the second frequency moment.®"% In the above
expression, a fast decaying Gaussian function M(f) is used to
represent the initial ultrafast relaxation, when the dynamical
variables lose their memories rapidly. Two slow decaying
exponential functions, Mp(#) and M,(?), are used to represent
the complete structural relaxations denoted by - and o-relax-
ations for the supercooled liquid. Equation 6 has five parameters,
B, o, Ty, T, and T4, which can be determined by fitting the
MSD, given by

(Ar(2)y = (Ir(0) — rO)F) (7)

Equation 7 is related to the velocity autocorrelation function
(VACF) by (Ar(t)*) = 6% 4 df'(t — ¢)C,(t’), where C(t) =
(v(£)+v(0))/3{(+?) is the normalized VACF and (%) = kgT/m.
Following the memory function approach, that is, C() = — [}
d‘'M(t — )C(¢), the above convolutions may be solved by
taking the Laplace transform on both sides and then taking the
inverse to give

(A = 6<u2>,;/’*‘[ @®)

1
s°(s + M(s)]

where /! denotes the inverse Laplace transform, and s is the
Laplace variable. The Laplace transform of M(r) defined in eq
6 may be written as
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M(s) = wilM,(t) + My(t) + M (0)]

= w[(1 — B — )1, exp(risderfe(r,s/7'"?) +
artg 0T,

Ltz 1+,

&)

where w§ = (*/¢?) is calculated via MD simulation and erfc(z;s/
7'?) is the complementary error function. The inverse Laplace
transform in eq 7 is solved numerically by Stehfest’s algorithm.”!
The MSD in eq 8 is fitted with the parameters (5, Qx, Tix, T,
and 7,) to the MSD from the MD simulation given by eq 7. A
similar procedure has been applied to the MSD of the BMIM*/
PF¢~ IL by Margulis et al.??
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Figure 6. Frequency-dependent susceptibility at the wave vector of
1.04 A~!, which is close to the principal peak in the static structure
factor for both the polarizable model (red line) and the nonpolarizable
model (blue line), in which both the EMIM™ (solid line) and NOs~
(dashed line) are shown. The inset shows the intermediate scattering
function at the same wave vector.
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Figure 8. Mean-squared displacements of EMIM™ (a) and NOs~ (b)
for the polarizable model (black line) and the nonpolarizable model
(red line) in which the solid line denotes the MSD estimated by eq 6
from the MD simulations and the dashed line denotes the fitted MSD
of eq 7 by utilizing the memory function given by eq 5. The blue dotted
lines with slope = 1 and slope = 2 are guides for the eye, which mark
the regions corresponding to (Ar(t)%) o t and (Ar(t)%) o £, respectively.

The mean-square displacements (MSD), given by eq 7, are
shown in Figure 8 as log—log plots for EMIM™ and NO;,
respectively. The ultrafast initial relaxation that obeys (Ar(f)?)
o< £ (characterized by slope = 2 in the log—log plot) lasts only
~0.1 ps for both the polarizable and nonpolarizable models.
However, at longer time scales, the self-diffusion of the two
models is quite different. At the longest time scale of 2 ns for
the MSD calculations, the MSD of the polarizable model is
about 2.5—3 times larger than that of the nonpolarizable model,
consistent with our previous study.”” Comparison of the MSD
estimated by the polarizable model, in which the induced dipoles
were calculated with the iteration method'? and the system was
“locked” on the desired Born—Oppenheimer surface, shows
similar trends, as demonstrated in the Supporting Information.
The intermediate region may be understood by the combination
of the two-step structural relaxation as described above. The
relaxation at the long time scales is dominated by o-relaxation,
and the MSD eventually approaches the slope = 1 region with
(Ar(t)?) o< t. It should be noted that the self-diffusion coefficients
listed in Table 1 are smaller than those reported previously.”?
Considering the slow dynamics and dynamical heterogeneous
behavior of the system!! as well as the longer MD simulations
of this study (10 ns compared to 1.2 ns in our previous study),
the MSD results of this study should be better converged and
more accurate. However, caution should be exercised when
interpreting the self-diffusion coefficients listed in Table 1
because much longer MD runs may be needed to get fully
converged self-diffusion coefficients. In a MD simulation of a
pyridinium-based IL from 298 to 423 K, Maggin and co-workers

Yan et al.

demonstrated the difficulty of getting reliable self-diffusion
coefficients from simulations as long as 20 ns; even for the
longest reported times, the system still exhibited subdiffusive
behavior."

The fits given by eq 8 for both the polarizable and nonpo-
larizable models are also shown in Figure 8 with the fitted
parameters listed in Table 1. It can be seen that the memory
function proposed in eq 6 fits MSD reasonably well up to 5 ns
and is comparable to the fitting done by Margulis et al.”> From
the fitted parameters given in Table 1, it can be seen that the
relaxation times 7 and 7, of the polarizable model are smaller
than those of the nonpolarizable model, indicating that the /-
and o.- relaxations for the polarizable model are faster than those
for the nonpolarizable model, while the small 7, for both models
indicates that the initial ultrafast relaxation of the ions explores
the local potential energy basin area. The fitted parameters are
listed in Table 1, along with the self-diffusion coefficients
estimated by the Einstein relation D = (1/6)d(Ar(¢)*)/dt and
those estimated by D = (2)/M(0)*° with

M©0) = og[(1 = B — o), + Bry + oz,]  (10)

The self-diffusion coefficients computed with the above two
methods agree well with each other for both the polarizable
and nonpolarizable models, indicating reasonably good fitting.
It is interesting to note that the self-diffusion coefficient of the
cation is slightly smaller than that of the anion for the polarizable
model, while the opposite is true for the nonpolarizable model.
According to the self-diffusion coefficients estimated by the
Einstein relation from the MD simulation data, which are listed
in Table 1, the cationic transference numbers, D qyion/(Deaion +
Dgnion), are 0.51 for the polarizable model and 0.56 for the
nonpolarizable model. The experimental study®* by Watanabe
and co-workers on C,MIM™/TFSI~ with n = 2—8 shows that
the cationic transference number is larger than 0.5 over the
temperature range from 260—350 K, but the temperature versus
cationic transference number plot has a negative slope, indicating
that the rate of change, dD,,on/dT, of the self-diffusion coef-
ficient of the anion is larger than that of the cation. Watanabe
attributes the large cationic transference number to the planar
structure of the imidazolium ring. In the simulations of this
study, the anion NO;~ was also planar, possibly reducing the
transference number. Therefore, for the EMIM™/NO;~ IL, it
seems reasonable that the cationic transference number is close
to 0.5, that is, nearly equal self-diffusion coefficients for both
the cation and the anion. Also, if the polarizable model behaves
as if it were run at a higher temperature than the nonpolarizable
model, the rate of change of the anion’s self-diffusion should
be larger than that of the cation, as consistent with the 0.51
and 0.56 cationic transference numbers, respectively, for the
polarizable and nonpolarizable models.

In our previous study’? of the same IL system, a two-step
phenomenological memory function kernel was proposed and
fit to the transverse current correlation function, from which
the shear viscosity was estimated. In the current study, a second
generation polarizable model has been developed, and a three-
step memory function has been proposed. Thus, a re-examina-
tion of viscosity is also desired with the three-step memory
function given in eq 6. The shear viscosities estimated via eq 6
are higher than the values reported previously, especially for
the nonpolarizable model, as shown in the Appendix.

The center-of-mass velocity autocorrelation functions (VACEF)
Cy(1) = {v¢(1)*v*(0))/3{v?), in which v(f) denotes the COM
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TABLE 1: The Fitted Parameters of MSD and Self-Diffusion Coefficient

Polarizable model

wo® (ps~2)° B o 7; (ps) % (Ps)  Ta(ps)  D(A2psTY D (A2psTl)y

EMIM™* 182.7 4.52 x 1072 8.98 x 1072 7.77 x 1072 1.81 39.95 7.80 x 1073 8.05 x 1073

NOs~ 216.2 4.42 x 1072 0.125 6.27 x 1072 3.50 61.64 7.68 x 1073 771 x 1073
Nonpolarizable model

wo? (ps™2)¢ B a 71 (ps) 74 (ps) 7o (ps) D (A?ps™y D (A2psly

EMIM™ 185.4 5.59 x 1072 7.68 x 1072 7.12 x 1072 3.76 84.93 3.09 x 1073 3.16 x 1073

NO;™ 226.4 7.19 x 1072 891 x 1072 7.50 x 1072 6.50 121.06 2.61 x 1073 253 x 1073

a cgoz = (1) is calculated by taking the numerical derivatives of the MD simulation data. b Self-diffusion coefficient calculated by D =
(¥*)M(0), where M(0) is given by eq 10 with the fitted parameters in this table and (v*) = kgT/m. ¢ Self-diffusion coefficient calculated by D =

(Ar(t)?/6t, where (Ar(t)%) is given by eq 7.
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Figure 9. Center-of-mass velocity autocorrelation functions for EMIM™ (a) and NOs™~ (c) for the polarizable (solid line) model and the nonpolarizable
model (dashed line). Their Fourier transforms for the density of states are shown in (b) and (d), respectively.

velocity at time ¢, as well as its Fourier transform—vibrational
density-of-states (DOS), for both the polarizable and nonpo-
larizable models, are given in Figure 9. It can be seen that the
minimum of the VACF for the polarizable model is shallow
and occurs at a later time than that for the nonpolarizable model,
indicating that the local cage effect is less pronounced for the
polarizable model. The low frequency peak is associated with
the collective motion of the ions, and the shoulder at ~100 cm ™!
corresponds to single ion motion as the ions rattle in the local
cage. The translational motion caused by the intermolecular
interactions shifts to lower frequencies due to screening of long-
range electrostatic interactions, similar to a study at high and
low temperatures.*? The spectral shift to the lower frequencies
for the polarizable model implies the weaker intermolecular
interactions compared with the nonpolarizable model.* Thus,
the presence of electric polarization makes the model softer and
easier to escape from the local cage.

I11.4. Polarizability Anisotropic Relaxation. The frequency
domain depolarized light scattering (DLS), or equivalently
the time domain optical Kerr effect (OKE),*? can probe the
fluctuation of the collective polarizability, I, (f) within the
scattering volume from which the system dynamic information
can be probed. In the condensed phase, the molecular polariz-

abilities of the interacting molecules are different from those
of the isolated molecules due to the collision induced (CI) effect,
which is known to be important.”® This complicates the situation
because in experiments it is difficult to separate the CI signal
from those contributed by the collective orientation relaxation
of the molecules.* It was found that the CI polarizability makes
a substantial contribution to the DLS signal on all relevant time
scales.’** In computer simulation, the separation of these two
contributions may be estimated by the dipole-induced-dipole
(DID) approximation.®*~® As the molecules interact with each
other, their molecular polarizability should be different than their
isolated molecular polarizability due to the CI effect, and the
effective polarizability may be written as’’

Ninol
() (n=1) &
o =0, + o }51}&7

JEi

(11)

where the CI effect is calculated iteratively, that is, the all-DID
approximation. Because of the extreme computational demand
for estimating DID with atomic polarizability, the anisotropic
molecular polarizability in eq 11 is adopted, similar to Margulis*?
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and Ishida’s** treatment of a similar IL system. Therefore, in
the above expression, 0" is the effective molecular polarizability
of the ith molecule after the nth iteration, o, is the isolated
molecular polarizability given by eq 6 of the accompanying
paper,'® and @, represents the molecular polarizability of the
jth molecule, which could be the result after the nth or (n —
1)th iteration depending on the order of the update. For a system
of rather high molecular polarizability (c.f. Table 1 of the
accompany paper'?), it was found that it is difficult to get the
converged molecular polarizability by using a point dipole
model.”® Therefore, in eq 11, Tj is still subjected to Thole
smearing and calculated by eq 7 in the accompanying paper,'”
in which o; and o, are instead given by the isotropic molecular
polarizability, that is, a; = Tr{a,)/3, for the Thole smearing
factor A;; = (a,0,)"%. It should be noted that only in determining
Aj; the isotropic molecular polarizability a; scalar was used,
while in eq 11 the molecular polarizability @ is a tensor. Similar
approach was also adopted in Ishida and co-workers’ study,*
but with a different Thole smearing function (linear decay vs
exponential decay in this study) to prevent the induced dipole
from divergence with all-order DID approximation. By using a
convergence criterion XN >3 33 (ol — ol V)Y /9N < 1078,
where a{; is the yz Cartesian component of the molecular
polarizability tensor of the ith molecule after the nth iteration,
eq 11 usually converges in 6—8 cycles. Equation 11 can be
applied on both the polarizable and nonpolarizable models. For
the latter, the atomic polarizabilities given in Table 1 of the
accompanying paper were adopted.!” In this study, it was found
that the ratio of the effective isotropic molecular polarizability
to the isolated molecular polarizability was between 93.5 to
94.1% for the EMIM™ and NO;~ for both the polarizable and
nonpolarizable models.

From eq 11, the collective polarizability within the scattering
volume can thus be separated into two contributions, one from
the isolated molecular polarizability and the other from the CI
polarizability, such as

o Nmol Nmo
n=n"+mn'= Zla + 2 2a(")T o (12)
=1 j=i

The third-order nonlinear response of the system probed by
the OKE consists of two parts, the zero-time electronic response,
which may be represented as a delta function and which contains
no information about molecular dynamics,” and the longer time
nuclear response.’>?7%1% The anisotropic polarizability response
function, probed by the depolarized Raman scattering, may be
written as?>969899

EOX)
kgT 0t
0o M M
= o, ra OO +
<n§g<f>n§,<0)> + ()T} (0)))

= ™) + RM() + R")

R(S) nuc( )

aniso

(I (OIT,.(0))

(13)

where IT,; is the off-diagonal Cartesian component of eq 12
and 6(r) is the heaviside function. Equation 13 contains the
autocorrelation of the isolated molecular polarizability and CI
polarizability, as well as the cross-correlation between them.
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Figure 10. Anisotropic nuclear OKE response function within 2 ps.
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The real-time OKE response functions given by eq 13 for
both the polarizable and nonpolarizable models are shown in
Figure 10, in which the high frequency (v > 1000 cm™!)
contributions are filtered out. The contributions from different
correlations are also shown. It can be seen that the CI
polarizability contributions are across the entire time window
with the molecular polarizability, and the cross-correlation
between CI and molecular polarizability attenuates the total
response function. Therefore, the CI and molecular contributions
to the OKE signal are strongly coupled.

For the response functions shown in Figure 10, a peak within
~10 fs for both models is well separated from the rest of the
signal. This fast response may be attributed to the intramolecular
vibrational motions due to bond stretching. Experimentally, this
fast response may possibly merge into the zero-time instanta-
neous electronic response. Apart from that, the response
functions contain the high-frequency underdamped oscillations,
with a period of ~0.037 ps (~900 cm™"), superimposed on the
slowly varying damped responses for the collective liquid
response. The frequency for the above oscillation corresponds
to the intramolecular bending modes. The occurrence of the
broad main peak around 0.06 — 0.12 ps corresponds to the
experimental one and is due to nuclear response to the ultrafast
librational dynamics, found in the experimental studies of
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Figure 11. Orientational relaxation function P,[6(f)] for EMIM™ and
NO;™, where 6(¢) is the angle between the unit vector u perpendicular
to the molecular plane at time O and time 7.

C,MIM*/TFSI™ with n = 2—10** and BMMIM*/TFSI3* at
room temperature.

Figure 10c shows the comparison of the total response
functions for the polarizable and nonpolarizable models in a
semilog plot. While the initial ultrafast response below 0.1 ps,
which is characteristic of the intramolecular vibrational and
librational motions, is similar for both models, the polarizable
model shows a stronger signal at longer time in the subpico-
second time scale. Since OKE measures the negative time
derivatives of the polarizability-polarizability time correlation
function, or equivalently, the negative time derivatives of the
collective orientational correlation function for the long time
tail,'®! the stronger signal at the long time tail indicates a faster
relaxation of the molecular reorientation for the polarizable
model. Experimental studies show that CsMIM™/TFSI™ has a
stronger signal than CgMIM™/TFSI,** and the 1-methoxy-
ethylpyridinium dicyanoamide (MOEPy"/DCA™) IL also has a
stronger signal than its analogous isoelectronic charge neutral
organic binary mixture, due to the slower reorientational
relaxation of the bulky CsMIM™* and the charged IL MOEPy*/
DCA"™. In both cases, the sample with a faster orientational
relaxation exhibits a stronger signal at the subpicosecond time
scale.

To gain further insight, the reorientational relaxation was
calculated, as defined by the second Legendre polynomial as

P0G = 303 cos 0 = 1) = 330 -u(O)F — 1)
(14)

where u(f) is defined as the unit vector perpendicular to the
molecular plane, which accounts for the largest change in the
molecular anisotropic polarizability, at time ¢ (see Figure 4 of
the accompanying paper'®). Figure 11 shows the self-reorien-
tational relaxations for the cations and anions. The distinct
difference between the two models is that the reorientational
relaxations for the polarizable model are much faster than those
for the nonpolarizable model, consistent with the OKE signal
shown in the inset of Figure 10c. Another feature is that the
reorientational motion of NO;~ relaxes much faster than
EMIM™, due to the smaller ion size of NO5™.

The response function expressed in the frequency domain is

given by the imaginary part of the Fourier transform of eq 13,
253299
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—Im[y(@)] = =Im [ dte""ROS“(1) = wlpy ()

aniso

15)

where Ipis(w) < Re [ dee™(T1, ()11, (0)) is the intensity of
DLS at frequency w.>*!%? This definition contains information
of the polarizability fluctuations. Considering the Bose-Einstein
correction, eq 15 may be written as**?° — Im [y”(w)] = (1 —
e~ "ksr)[nes(w), which reduces to eq 15 by considering — Im
[x”(w)] =< wlpLs(w) in the classical high-temperature limit.

Figure 12a,b shows the total response functions in the
frequency domain for both the polarizable and nonpolarizable
models. The spectra show a rapid peak at ~10 cm™! and a broad
band extending to ~300 cm™'. The full-width-half-maximum
(fwhm) is ~160 cm™!. The difference in the spectrum between
the polarizable and nonpolarizable models is shown in Figure
11c as a semilog plot. It can be seen that the major difference
between the two models arises at the low frequency region,
attributed to the fast diffusive reorientation of the polarizable
ions.”” As shown in Figure 3 for the vibrational density of states
(DOS) of individual H-atoms, the bands at ~240, ~330, and
~375 cm™! in the response spectra may be attributed to the
intramolecular bending motions of the methyl and ethyl
groups,'® which can be seen clearly in Figure 3g,h. The weak
band at ~500 cm™! is strongly IR active, as shown in the next
section. The weak band at 535 cm™! is attributed to the twisting
of the imidazolium ring, when H4 and H5 make a dominant
contribution. The bump at 595 cm™! is due to the twist motion
of the imidazolium ring involving H2, HS, and H7. The band
at 665 cm™! in Figure 11c may be attributed to the torsional
motion involving C5—(C7, C8)—C2—N1, which is verified by
the fact that H5, H2, H7, and H8 make the main contribution
for this band, as seen in Figure 3g,h. The broad band at
800—1000 cm™! is associated with the intramolecular motions
of the imidazolium ring.!%

IIL.S. Ionic Conductivity. The conductivity spectrum for the
nonpolarizable model may be written as

_ 1 i iwt . — 1 .
o(w) = TV Jo dee g (1)~ J(0)) —3kBTV<J(r) J(0)),,
(16)

where J(1) = XX 1q;vi(?) is the total charge current of the system
at time ¢. For the polarizable model, an additional term due to
the induced dipole is added, so that the conductivity spectrum
for the polarizable model may be written as**82104

1 . .
0@ = 3O + OO + O,
Lo :
= ) + 0O, +

2i(J (1) m(0)),, + & (m(t)-m(0)),)
(17)

where m(f) = YNaymp (1) is the total induced dipole in the system
at time 7. The phase space time reversible symmetry for the
correlation function,”® that is, {m(£)+J(0)) = {J(t)*m(0)) and
(m(1)+J(0)) = —(J(t)m(0)), are used to obtain eq 16. Equations
16 and 17 may also be interpreted as the far-infrared (FIR)
spectrum without the Bose-Einstein correction in arbitrary
units.xz*l(’4*l(’5

Figure 13 shows the real part of the conductivity spectrum,
given by eq 16 and 17, for both the polarizable and nonpolar-
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Figure 12. The negative imaginary part of the Fourier transform of
the total nuclear OKE response functions. (a) The polarizable model
with the total—Im [y(w)] (black), and individual contributions by Fourier
transformation of the individual contributions in eq 12, —Im [™Y(w)]
(red), —Im [¢"(w)] (green), and —Im [yM(w)] (blue). (b) The
nonpolarizable model with the total and individual responses. (c) The
total responses for the polarizable model (black), the nonpolarizable
model (red), and the difference between them (green).

izable models. For the nonpolarizable model, the only contribu-
tion is {J(¢)*J(0)),. For the polarizable model, there are three
contributions, {J(1)*J(0))y,, {m(t)-m(0)),, and {J(7)-m(0)),.
J(0)+J(0)), contributes the most to the spectrum, while the latter
two cross the whole spectrum. The cross-correlation (J(z) m(0)),,
enhances the intensity of the spectrum, which means the cross-
correlation between the charge and the induced dipole moves
toward the same direction as the system evolves in time.
Although the direct correlation of the induced dipoles contributes
moderately to the spectrum, the cross-correlation between
charges and dipoles contributes more than one-third of the
intensity to the spectrum, as found previously.!** Thus, the
inclusion of induced dipoles significantly enhances the conduc-
tivity spectrum.

The conductivity spectrum may be compared with the DOS
for the center-of-masses of EMIM™ and NOs~ in Figure 9, as
well as the DOS for H-atoms in Figure 3. The single-ion motion
produces a relatively strong intensity in the conductivity
spectrum. As can be seen from Figure 13, there is a broad band
in the low frequency region, whose peak position is at ~120
and ~100 cm™! for the polarizable and nonpolarizable models,
respectively. In response to the single-ion motion, the induced
dipoles, as well as their cross-correlation with the moving
charges, also enhance the intensity of the conductivity spectrum,
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Figure 13. The real part of the conductivity spectrum for the
polarizable model and the nonpolarizable model. (a) The polarizable
model with the total spectrum (black) and the individual contributions
from{J(1)+J(0)),, (red), wXm(1)-m(0)),, (green), and iw{J(t)*m(0)),
(blue). (b) The nonpolarizable model for which the only contribution
is from (J(2)*J(0)),, (red).

as shown in Figure 13a. There are several bands in the H-atom
DOS for both the polarizable and nonpolarizable models, as
shown in Figure 3. For the band at ~500 cm™' in the
conductivity spectrum, normal-mode analysis shows that this
vibration can be attributed to the in-plane librational motions
of the imidazolium ring of the EMIM™ ion,'® which involves
all the ring H-atoms. Such motion interacts with the hydrogen
bonding network and gives a relatively strong intensity, similar
to the IR peak seen at ~600 cm™!' in water.'® The higher
frequency bands peaked at ~530 and ~595 cm™! in the H-atom
DOS may be attributed to the bending motion of the imidazo-
lium ring and are also captured in the conductivity spectrum.
The bands at 790 and 950 cm™!, which are related to H7-atoms
twisting and C7—C8 stretching motions, make negligible
contributions to the spectra.

The zero-frequency cases for eqs 16 and 17 give the Green-
Kubo relation for the static (dc) conductivity oy, =
1/GBkgTV) f5dJ(£)+ J(0)).81197 Note that the contribution from
the induced dipole, m, vanishes at zero frequency for the
polarizable model, because the static electrical conductivity is
solely determined by the motion of individual ions. However,
the presence of the polarizable sites can alter (J(r)+J(0)),, and
thus contribute to 0y in an indirect way. Unfortunately, because
of limited MD simulation time, the integrated oy by the Green-
Kubo relation is very difficult to fully converge. Therefore, for
the IL system at room temperature, it is difficult to estimate oy
by the Green-Kubo relation from current 10 ns of equilibrium
MD simulation data, as also reported by Urahata and Ribeiro
with a united-atom model.'”® Madden and co-workers utilized
the transverse conductivity spectrum with small & and @ to
evaluate the static electrical conductivity,'”* similar to the
method of estimating the shear viscosity (see the Appendix).
This method is not further pursued here, but may be of interest
to investigate in further studies. Alternatively, o, may be
estimated by the Einstein-Helfand relation with gy = 1/(6kgTV)
lim,—.. (d/de)(AM ()%, where (AM(2)*) = (M (1) — M,(0)*)
is the mean-square collective charge displacement, and M,(t)
— M,0) = fuJ()dr". Note that M(r) by the above equation is
different than the value given by the charge distribution at time
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Figure 14. Conductivity estimated by the Einstein relation for the
polarizable model (solid) and the nonpolarizable model (dashed). This
figure shows the integration up to 1194 ps.

£,% that is, M (1) = YNaymqr(1). For the latter, the use of periodic
boundary conditions complicates the definition as it varies
discontinuously while ions leave one side of the simulation cell
and re-enter from the other side.'™ Also note that M,(0), that
is, the total system dipole moment at time O due to charge
distribution, cancels and does not come into the final expression.

Figure 14 shows the mean-square collective charge displace-
ment. The direct conductivity oy, estimated via the slope of
(AM(£)%), is 0.019 S/cm (molar conductivity Ag—yg = 2.78 S
cm?/mol) and 0.0084 S/cm (Ag_g = 1.35 S cm*mol) for the
polarizable and nonpolarizable models, respectively, which fall
in the range of experimental measurements of slightly different
ILs.">'% Since each individual trajectory runs for 10 ns, gg. may
still not be well converged. However, a qualitative comparison
can still be made. The dc conductivity of the polarizable model
is about 2 times larger than that of the nonpolarizable model.
This is consistent with the self-diffusion constants in Table 1,
which shows that the polarizable model leads to about 2.5—3
times faster diffusion than that of the nonpolarizable model.

The electric conductivity can also be related to the diffusion
constant as ggq. = (1/kgT)(grp+ D+ + ¢>p— D-)(1 — A), where
g, p, and D are the charge, number density, and self-diffusion
constant for the cation and the anion,respectively, and A is a
factor related to the cross-correlations between different charged
particles.?"""'% Assuming that the term A is negligible, corre-
sponding to the ideal Nernst—Einstein behavior, and utilizing
the self-diffusion constants in Table 1 estimated by the Einstein
relation, the computed dc conductivity is 0.030 S/cm (Anx—g =
4.39 S cm?mol) and 0.011 S/cm (Ax—g = 1.77 S cm?*/mol) for
the polarizable and nonpolarizable models, respectively. Previ-
ous simulation demonstrated that oppositely charged ion pairs
due to cross-correlation of different charged particles and the
term A > 0 deviating from ideal Nernst—Einstein behavior make
the electric conductivity calculated by the ideal Nernst—Einstein
equation the upper bound.!! Specifically, A ~ 0.37 and 0.24,
respectively, for the polarizable and nonpolarizable models.
Therefore, ion association and local cluster formation is
important in this IL even at 400 K. In addition, the degree of
ion association is larger for the polarizable model, and such
behavior is consistent with stronger spatial heterogeneity,
estimated via heterogeneity order parameters (HOPs) in the
accompanying paper.'°

The frequency-dependent dielectric constant &(w) is related
to o(w) by Z(w) = e(w) — 1 + idmo(w)/w,3*821% in which
3(w) is the generalized dielectric constant accessible experi-
mentally, o(w) is the contribution from conductivity, as given
by eq 16 for the nonpolarizable model and eq 17 for the
polarizable model, respectively. Rich amounts of information
may be obtained via detailed dielectric response, which for the
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polarizable model includes the cross-correlation between the
molecular dipole, the induced dipole, and the current as well
as the approximate molecular dipoles for the reorientational
contribution. Detailed dielectric study, which separates the
contribution of translational, rotational, and induced dipole
moments, as well as cross-correlations among them, deserves
further investigation. One point to note, however, is that, for
the polarizable model, the contribution from {(m?) in eq 17
denotes the instantaneous electronic response and thus gives
the high frequency optical dielectric constant, that is, €. = 1
+(4{m?))/(3kgTV) = 3.35, which is in good agreement with
experimental measurement, fitted by the multiterm Debye model,
for slightly different ILs.'>#6>* Therefore, the polarizable model
utilized in this study produces reasonable e...

IIL.6. Correlation between Electrostatic Energy and Po-
larization Energy. In this section, we analyze the electrostatic
energy by the charge—charge interactions and the induction
energy by the charge-dipole interactions, by inserting a probe
ion into the IL bulk system, stimulated by the study of Kato et
al.%° The average electrostatic energy on the probe ion i, caused
by the charge—charge interactions with charge j, is given by u,
= (Xj=iqiq;/r;»- The average induction energy on the probe ion
i, caused by the charge-dipole interactions with dipole j, is given
by u, = (—X=u;"e;), in which e; = gr;/r3 is the electric field
on j caused by the charge ¢;. Note that there is no dipole—dipole
interactions between the probe ion and IL, since the probe ion
is nonpolarizable. Since dipole—dipole interactions is propor-
tional to 1/r°, the contribution is of tertiary compared to
charge—charge and charge-dipole interactions. u, and u, are
calculated by Ewald summation'®!"! during simulation.

Figure 15 shows the two-dimensional distribution of u, versus
u,, of the probe ion, which was obtained by averaging the 2 ns
simulations of a nonpolarizable probe ion (of charge +1e and
—1le) in the polarizable IL model. It can be seen that the overall
electrostatic energy is lower for the positive probe ion than the
negative one. This may be attributed to the smaller size of the
IL anion NO;~, as compared to the bulky IL cation EMIM™,
on which the charge is sparsely distributed. NO3;™ can have a
closer contact with the positive probe ion, which is stabilized
by lower electrostatic energy. However, the low electrostatic
energy is compensated by the relative higher induction energy.
Though the overall trend of u, is to lower the electrostatic
energy, it can be seen that u, works against u, and even
becomes positive at very low u,. The above observation, together
with the negative slope for the distribution of u, versus u, is in
good agreement with the study by Kato et al. using a CRK
model.®° The slope is approximately —0.5 for both the probe
ion of +1e and —1le charges, which means that two configura-
tions of energy difference —10 kcal/mol by charge interactions
becomes —5 kcal/mol upon dipole interactions added. Therefore,
the induction energy tends to be anticorrelated with the
electrostatic energy by the permanent charges, and the net result
is that energy barrier is effectively lowered for an ion moving
from one basin to the other. The above analyses demonstrate
that ionic motion is accelerated by the polarization effects. The
origin of such anticorrelation between u, and u, is of interest
to pursue in further study.

IV. Summary

In the current study, a second generation of a polarizable
model for the IL EMIM™/NO;~ was developed, and the
dynamical properties for both the polarizable and nonpolarizable
models were compared. The comparison of the structural
properties was reported in the accompanying paper.'? For the
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Figure 15. Two-dimensional statistical distribution of the electrostatic
energy by the permanent charge interaction, u,, vs the induction energy,
u,, of a probe ion of partial charge —1le (a), and +1e (b).

dynamical properties investigated in this paper, the polarizable
model always shows faster relaxation, including translational
and reorientational motions, than the nonpolarizable model.
Thus, the polarizable model gives higher self-diffusion coef-
ficients, ionic conductivity, and lower shear viscosity than the
polarizable counterpart. The analysis shows that the polarization
energy caused by induction is anticorrelated with the electrostatic
interactions by the permanent charges, and the net result is that
the energy barrier is effectively lowered for an ion to move
from one basin to the other. Therefore, the ionic motion is
accelerated by the polarization effect. Such enhancement of the
ionic mobility due to the polarization effect was also nicely
explained by Hansen and McDonald.?! For the nonpolarizable
model, the local charge neutrality around a diffusing ion can
only be maintained by the displacement of its neighbors; when
polarization is allowed, an additional screening mechanism is
present that does not require the movement of the ions. The
net result is that the cage effect is smaller for the polarizable
ions, which may bring simulation results with the polarizable
model in better agreement with experimental measurements.®!

Nevertheless, both models exhibit slow dynamics, character-
ized by two-step relaxation besides the fast initial collision in
cage. Both models show certain properties that are similar to a
supercooled liquid behavior, even though the simulations were
run at 400 K, which is 89 K above the melting point of EMIM*/
NO;~. The structural relaxations, that is, ionic MSDs and
transverse current correlation functions, are well modeled by a
memory function, with a fast Gaussian initial relaxation followed
by the two-step exponential functions for - and o~ structural
relaxations. The self-part of the van Hove functions strongly
deviate from ideal Gaussian behavior and thus highlight the
dynamical heterogeneity in ILs. On the other hand, the distinct
part of the van Hove function does not show apparent trend of
cation—anion association for both the nonpolarizable and the
polarizable models. Apart from the overall slow dynamics, the
relaxation of the H-atoms attached to the methyl-group dem-
onstrates a fast initial relaxation, which is attributed to the “free-
rotor” type of motion. Also, the ethyl-group shows the fastest
overall relaxation, probably due to the spatial heterogeneity from
the separation of the polar and nonpolar regions. Thus, the
nonpolar ethyl side-group relaxes fast due to the weak electro-
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static interactions. Such flexibility may enhance the entropic
effect and favor the liquid state at room temperature.

For the polarizable model, the contribution from the
charge—dipole cross-correlation and dipole—dipole autocorre-
lation is found to enhance the conductivity spectrum across the
whole frequency range. The hydrogen-bonding dynamics pro-
duce high intensity in the conductivity spectrum. The additional
charge—dipole and dipole—dipole interactions enhance the
intermolecular interactions, as evidenced by the red shift of the
intramolecular C—H stretch modes. Furthermore, the degree of
ion association is larger for the polarizable model, and such
behavior is consistent with the stronger spatial heterogeneity,
which is highlighted by the heterogeneity order parameters
(HOPs) described in the accompanying paper.'® Therefore, ion
association and local cluster formation is significant in this IL
even at 400 K.

On the basis of the above discussion, the electronic polariza-
tion effect is two-faced. On one hand, the polarizable forcefield
results in faster relaxation due to the induction effect which
effectively screens the electrostatic interactions, and simulation
based on the polarizable model may be analogous to simulation
at higher temperatures with the nonpolarizable model. On the
other hand, the enhanced short-range intermolecular interactions
due to the additional charge-dipole and dipole—dipole interac-
tions for the polarizable model result in a higher degree of ion
association. Such combination of enhanced short-range elec-
trostatic interaction and attenuated long-range electrostatic
interaction, introduced by the polarization effect, may challenge
the validity of using a nonpolarizable forcefield, which balances
these two features.

The major shortcoming of the polarizable model is that it
requires much more computational resources than the nonpo-
larizable model, due to the additional long-range charge-dipole
and dipole—dipole interactions introduced by the polarization
effect. A recently developed multiscale coarse-graining meth-
odology!'? was successfully applied to ILs,''* which reproduces
very well the structural properties given by the all-atom
polarizable model and may be promising for simulating complex
IL systems over much larger spatial scales with a reasonable
amount of computational expense.
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Appendix

Estimating Shear Viscosity by Transverse Current Cor-
relation Function. Because of the difficulty of obtaining the
shear viscosity by the Green-Kubo method utilizing the stress
tensor correlation function, we adopt an alternative method to
estimate it by fitting the transverse current correlation function
with a memory function kernel reported in our previous study.”?
The memory function, which is more general than the correlation
function, should take a simple form. Ailawadi, Rahman, and
Zwanzig'* proposed and tested the exponential and Gaussian
memory functions in their study of the viscosity of liquid argon
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TABLE A.1: The Fitted Parameters for C,(k,w) with k = 0.014 A1 and the Shear Viscosity, Using the Memory Function Given
in Equation 5

of (ps~)* Br o i (pS) 7o (ps) T (ps) (k) (cp)’ 7 (cp)F

polarizable model 15.721 6911 x 1072 5.040 x 102 3.720 x 102 0.687 9.972 7.54 18.03
o (ps~)* Br o Tie (ps) T (pS)  Tw (pS) k) (cp)’ 7 (cp)

nonpolarizable model 19.578 6.937 x 1072 3984 x 1072 3.039 x 107> 0.755 12.720 11.65 47.42

“w? = U, (kHPYT(k0)?) is calculated by taking the numerical derivatives of the MD simulation data. » Wave-vector dependent shear
viscosity calculated by eq A.1 using the fitted parameters in this table. ¢ Shear viscosity estimated by the Stokes—Einstein relation, eq A.4, with

the self-diffusion coefficient of the cations listed in Table 1.

and found that the Gaussian function gives the best fit. Levesque,
Verlet, and Kiirkijarvi'"® proposed a two-step exponential decay
function in their study of Lennard-Jones fluids. The same
function was also used by Balucani, Pasqualini, and co-workers
in their study of the shear viscosity of HC1.!'® Here, we adopt
the three-step memory function M,(k,f), defined in eq 5, to
replace the two-step memory function proposed in our previous
study.”

We follow the method described in our previous study,’?
which employs the transverse current correlation functiAon Cyk,p)
= (k1) J(—k,0)), where J(k,) = (D/(N)"* ZiLik x mv:
(Hexplikry(?)] is the transverse current, m;, v;, and r; are the mass,
center-of-mass velocity, and position of the ith ion, respectively.
Wave vectors of the same magnitude are averaged over in the
calculation of Cy(k,). By utilizing the memory function approach
given by dC(k,)/dr = — [ dt’ M(k,t — 1)C(k,t'), the wave-
vector dependent shear viscosity is given by®"%

n(k) = lim %M,Uc, w) = ﬁ 1(k,0) (A

where M,(k,0) is given by eq 9, and M,(k,w) is the Laplace
transform of eq 5 with s = iw. M(k,f) may be obtained by fitting
the transverse current correlation function C,(k,?), or its spectrum
Cyk,w), so that

2M/(k, )

C[(k’ C()) = ’” 2 ’ 2
[ — M/ (k,w)]” + M/(k, w)

(A.2)

In the above equation, M/ (k,w) = [& dt cos wtM(k,t) and
M/ (k,w) = [5dt sin wtM (k,t) are the real and imaginary parts
of the Laplace transform of M,(k,t), respectively, which are
further expressed as

M/ (k, ) = w?[(l — a — BT exp(— Ty m) +

BTy ]

o’ + 115,

/Ty

o’ + 15,

M/ (k, ) = w?[(l — o — BT exp(— Ty’ /m) X

oy B

erfi(t, w/7"?)+
8 o+ 12, o+ 1

] (A.3)

where erfi(tyw/'?) = erf(ityw/m")i = 2/7'?) f{)'k‘”’“'izexp (A)dy
is the imaginary error function and exp(—thw*7) [§*™ exp(y*)dy
is Dawson’s integral.'!”

The factor 2 on the right-hand side of eq A.2 accounts for the
one-side Laplace transform. Extrapolation of eq A.1 to the k—0
limit gives the hydrodynamic value of shear viscosity. Here, we
further approximate the hydrodynamic (long time, long distance)
shear viscosity by the wave-vector dependent shear viscosity at k
= 27/L(1,0,0) = 0.14 A~!. Similar approximation has been used
by Madden and co-workers for estimating the static electric
conductivity.!™ If C(k,w) is fully converged, the zero frequency
value wave-vector dependent shear viscosity may be directly
evaluated by (k) = (o/k*)(1/C/(kw = 0)), where C/(k,w = 0) =
J& dt cos wtC(k,t). This method has been used by Urahata and
Ribeiro to estimate shear viscosity for other ILs.!%!!8

Figure 16 shows the normalized transverse current correlation
function C/(k,t) (insets), as well as C(k,w) and its fit by eq 11,
for both the polarizable and nonpolarizable models. The wave
vector k = 2m/L(1,0,0) = 0.14 A" with L~ 46 A side length
of the cubic simulation box is the smallest wave vector in the
current simulation. It can be seen that the three-step memory
function, given by eq 5, fits C,(k,w) reasonably well and the
inverse cosine transform to the time frame is also in good
agreement with C,(k,f). The fitting parameters, as well as the
wave vector dependent shear viscosity 7(k) given by eq A.1 at
k= 0.14 A7', are also shown in Table A.1 It can be seen that
the initial ultrafast relaxation time 7, in the 1072 ps range is
similar for both the polarizable and nonpolarizable models,
indicating that the initial ultrafast relaxation, when the ions
explore the local potential energy basin, occurs in a similar time
scale for both models. The relaxation times 7g and 7,, character-
izing the two-step structural relaxations for the polarizable
model, are shorter than those for the nonpolarizable model,
indicating that the polarizable model has a faster relaxation.
Since k = 0.14 A" represents the smallest wave vector for our
system, we adopt 7(k) calculated by eq A.1, using the fitted
parameters listed in Table A.1, as an approximation to the
hydrodynamic (long time, low wave-vector) shear viscosity,
which is 7.54 c.p. and 11.65 c.p. for the polarizable and
nonpolarizable models, respectively. Using 5(k) with k = 27/
L(1,1,0) = 0.19 Al gives similar results.

Seddon and co-workers''® measured the viscosity of EMIM™/
NO;™ and fitted the Vogel—Fiilcher—Tammann (VFT) empirical
equation of viscosity versus absolute temperature by In(1) = k/(T
— Tp) + 172 In(T) + In(A), with k = 1447 K, Tp = 113.6 K, and
In(A) = —6.5624. By feeding the viscosity value calculated by eq
A.1 into the above relation, one can estimate that the simulation
with the polarizable model corresponds to an experimental tem-
perature of ~370 K and the simulation with the nonpolarizable
model corresponds to an experimental temperature of ~351 K.
Therefore, although the MD simulation is performed at 400 K for
both the polarizable and the nonpolarizable models, they behave
as if they were run at lower temperatures, with the polarizable
model ~30 K below and the nonpolarizable model ~49 K below
the experimental temperature of 400 K. Considering the melting
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Figure 16. Fourier transform of the normalized transverse current
correlation function C,(k,w) obtained from the MD simulations as well
as from the fit by eq A.2, for the polarizable model (a) and the
nonpolarizable model (b), respectively. The open circles are the discrete
Fourier transform of C,(k,t) from the MD simulation data. The solid
line is the fitted C(k,w) by eq A.2, with the total (black) and the
individual contributions from the fast Gaussian decay (red), f-relaxation
(green), and o-relaxation (blue) in eq 5, individually. The insets show
Cy(k,t) from the MD simulation data and from the fit with eq A.2 using
the memory function defined in eq 5.

point of EMIM'/NO;™ at ~311 K, the effective temperature is
~40 K and ~59 K above the melting point, respectively, for the
nonpolarizable and the polarizable models. It is of interest to note
that the polarizable model, although it is effectively ~59 K higher
than the melting point, still exhibits supercooled behavior, char-
acterized by the 8- and o-relaxations in the incoherent intermediate
scattering function F(k.f). Thus, supercooled behavior may be one
of the fundamental properties associated with ILs even at consider-
ably higher temperatures than the melting point. Triolo and co-
workers performed a quasielastic neutron experiment on BMIM ™/
PFs~ and also found supercooled behavior at 320 K.?” which is
about 40 K higher than the melting point of BMIM/PFs~ at ~280
K.

The hydrodynamic shear viscosity and diffusion constant is
related via Stokes—Einstein (SE) relation, that is®!

kgT
cnDa

n= (A4)

where ¢ is 6 for stick boundary condition or is 4 for slip
boundary condition, and a can be interpreted as the hydrody-
namic radius of the diffusing ion in the system. The use of slip
boundary general leads to good estimation of molecular radius.®!
Watanabe and co-workers adopted the van der Waals radius of
EMIM™* of 3.03 A and estimated that ¢ = 2.9 for EMIM*/TFSI™
via the slope of D — # relation at different temperature.?*

Yan et al.

Alternatively, once a is known, eq A.4 may be used for a rough
estimation of the shear viscosity. Here, we use self-diffusion
coefficient of the cation in Table 1, and the van der Waals radius
of EMIM™ 3.03 A2 and ¢ = 4.0, and obtain the shear viscosity
18.03 c.p. for the polarizable model and 47.42 c.p. for the
nonpolarizable model. It is notable that the shear viscosities by
SE relation are 2.4 and 4.1 times larger than the viscosities
obtained by eq A.l, respectively, for the polarizable and
nonpolarizable models, as listed in Table A.1. The difference
for the shear viscosity estimated by eq A.1 and eq A.4 may be
sealed by increasing the hydrodynamic radius a. In a study on
the Li/KClI eutectic inorganic molten salt, Madden and coworks
showed that the hydrodynamic radius with slip boundary
condition, ¢ = 4 in eq A.4, is considerably larger than the bare
ionic radius.'® Recently, Ludwig and co-workers systematically
studied the relation between viscosity and diffusion coefficient
ILs and found that SE relation can not be applied to such a
system with highly dynamical heterogeneity.'?!

It should also be emphasized that the shear viscosity estimated
in this study is higher than the previously reported results,
especially for the nonpolarizable model.”” The three-step
memory function kernel, given in eq 5, may give a larger
viscosity compared to the two-step memory kernel used in our
previous study because the long time memory accounts for
higher friction and thus larger viscosity. In equilibrium MD
simulations, long time simulation is needed to get fully
converged dynamical properties. Because of the slow dynamics
of room temperature IL systems, the current simulation time of
10 ns may still not be long enough to compute the fully
converged dynamical properties, especially for the nonpolariz-
able model, to permit a quantitative comparison with experi-
mental values. At this point, estimating shear viscosity with
nonequilibrium MD (NEMD)'*3122 may be an alternative
choice. Interestingly, a recent study on EMIM"/TFSI™ using a
polarizable model shows that the viscosity, estimated by Einstein
relation with both the diagonal and off-diagonal stress tensor
in an equilibrium MD, is essentially the same as the viscosity
estimated by NEMD simulation.”®'?* This method may be
adopted in an equilibrium MD simulation to estimate viscosity
due to its accuracy as well as relatively less demand on the
computational resource.

Supporting Information Available: Figure S1 compares
the MSDs of the polarizable model with both the iteration
method and the ext-L method for the dipole degrees of freedom,
and the nonpolarizable model. This material is available free
of charge via the Internet at http://pubs.acs.org.
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