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Introduction

Inorganic salts consisting solely of inorganic ions
usually have high melting temperatures because
of the strong Coulomb interactions. Molecular
solvents comprised totally of neutral molecules
typically show low melting points due to the rel-
atively weak van der Waals (VDW) interactions.
Ionic liquids (ILs) consisting of organic ions
inherit both ionic and organic nature from inor-
ganic salts and organic liquids.

The dual ionic and organic nature not only
brings ILs into liquid phase at room temperature
(or below 100 °C) but also provides ILs with
many unique properties, which are distinct from
both conventional inorganic molten salts and
organic solvents. For example, nonflammability,
non-volatility, good stability and conductivity that
are absent in organic liquids originate from the
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ionic nature of ILs, whereas good solvability,
superior tunability, and low melting temperature
that are missing in inorganic molten salts are
ascribed to the organic nature of ILs.

Both ionic and organic features strongly
depend on the interionic interactions and the
underlying liquid structure. Besides charge-
charge interactions, in principle, ILs can have all
types of interactions characteristic to organic lig-
uids in a tunable manner. For example, the pres-
ence and the strength of 7 — wt [1], H-bond [2, 3],
and VDW interactions [4] can be easily tuned by
introducing benzene group, hydroxyl group, and
alkyl chain to ILs, respectively, which in turn
affects the physicochemical properties of ILs.
This structural flexibility makes ILs tunable and
designable. A better understanding of the dual
ionic and organic nature and the underlying inter-
actions is crucial for the theoretical design and
practical applications of ILs.

Basic Methodology

Simulation Method

Classical molecular dynamics simulations, acces-
sible to microscopic structures and interactions,
are powerful tools to study the structure and inter-
actions of liquids at the atomic level. In a classical
force field, the total potential energy is usually
separated into bonded and nonbonded interac-
tions. From now on the term “molecule” will be
used to refer to both “molecule” and “ion” without
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differentiation. In general, the bonded potential
includes intramolecular bond, angle, and dihedral
contributions. The nonbonded one V,;, between
two particles i, j is often described by Coulomb
and Lennard-Jones potentials by:
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where r;; is the distance between two particles i, j;
q; is the partial charge of particle i; €, is the
vacuum permittivity; and €; and o; are the
VDW parameters. A partial charge is assigned
for each particle and a set of VDW parameters
are assigned for each pair of particles in the force
field. Given the potential function and its param-
eters, the Newton’s equation can thus be easily
solved to generate a molecular dynamics trajec-
tory for analysis.
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Calculation of Electric Field

In simulation, the average electric field E experi-
enced by a molecule can be directly calculated
from the intermolecular Coulomb force by:
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where n is the number of atoms in the molecule, g;
is the partial charge, and F; is the Coulomb force
experienced by atom i.

Calculation of Intermolecular Vibrational
Frequency and Force Constant

The vibrational density of state (VDOS) I (w) of a
system can be calculated from the velocity time
correlation function by:

2nkBTZm’J drexp (—iwt) (vi(£)vi(0)),
(3)

where kg is the Boltzmann constant, m; is the mass
of particle i, and v; (¢) is the velocity of particle 7 at
time ¢. Then the average intermolecular vibra-
tional frequency can be calculated as follows:
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In this calculation, a cutoff frequency w, is
chosen (typically 500 cm ™' for molten NaCl and
175 em™' for ionic and organic liquids [5]) to
exclude all the high frequency intramolecular
modes. The mass-scaled vibrational force con-
stant &, under the harmonic approximation, can
be obtained by:

Vk
<w> = e’ (5 )

where c is the speed of light.

Calculation of Activation Energy

Well above the melting temperature 7, the tem-
perature dependence of the liquid dynamics, i.e.,
diffusion coefficient D, generally obeys the
Arrhenius law,

D = Dy exp <— kEBZ")’ (6)

where D, is a constant and E, is the activation
energy. E, can be obtained by fitting diffusion
coefficient data above T}, to the Arrhenius law.

Key Findings

Molecular Structure and Charge
Delocalization

Seven liquids from three classes were studied [6] by
molecular dynamics simulations at the all-atom
level: sodium chloride (NaCl) as an archetype of
inorganic salts, 1-butyl-3-methylimidazolium nitrate
((BMIm][NO3)), 1-butyl-3-methylimidazolium
tetrafluoroborate ((BMIm][BF,]), 1-butyl-3-methy-
limidazolium hexaftuorophosphate ([BMIm][PF]),
1-butyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide ([BMIm][NTf;]) representing typical
ILs with different anions, and dimethyl sulfoxide
(DMSO) and toluene as widely used polar and
weakly polar molecular liquids, respectively. Their
molecular structures are shown in Fig. 1.
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Molten NaCl, without molecular structure, can
be regarded as point charges and thus has a very
high charge density. ILs, on the other hand, usu-
ally consist of bulky organic ions and thus charges
can easily delocalize on each molecule, analogous
to organic liquids, which largely reduces the local
charge density in ILs. Figure 2a shows the charge
distribution in [BMIm][BF4], compared to that in
DMSO and toluene. It can be seen that, despite of
the net charge carried by ions, ILs indeed have
well-delocalized charge distributions, which is
expected to largely soften the Coulomb interac-
tions between ions in ILs.

Liquid Structure and Cage Energy Landscape
Besides charge delocalization, it is shown in the
radial distribution function (RDF) in Fig. 2 that
ILs have an average ion-ion distance (first peak
position) comparable to organic liquids but signif-
icantly larger than molten salts. According to the
Coulomb’s law, the large separation of ions due to
the excluded volume of bulky organic ions should
further reduces the electrostatic interactions
between ions in ILs. This excluded-volume effect,
together with charge delocalization, further effec-
tively weakens the Coulomb interactions in ILs,
which stems from the organic nature of ILs and is
thus absent in inorganic molten salts.

In liquid state, molecules are always
surrounded by neighbors which spontaneously
form the first coordination shell, resulting in the
rise of the first peak in the RDF. The first coordi-
nation shell, reacting as a cage in the statistical
mechanics manner, encapsulates and traps the
central molecule. At the short-time scale, mole-
cules vibrate inside the cage and occasionally
escape from the cage and diffuse. The central
molecules thus experience an effective cage
potential well U(r), whose curvature (0°U/0r?),
slope (—QU/0r), and depth (Upax — Umin) gener-
ally correspond to the frequency of vibration, the
force, and the barrier to escape, respectively. Fig-
ure 3 exhibits an example of the cage structure for
IL [BMIm][BF,] and the corresponding sche-
matic of the cage energy landscape.

Intermolecular Vibrational Frequency
Intermolecular vibrational frequency reflects the
curvature of the cage potential well. At the
low-frequency region, different intermolecular
vibrational modes coexist [5]. To avoid unfair
comparison of the vibrational frequencies belong-
ing to different modes in different liquids, the first
moment of VDOS, (®), measuring the average
characteristic frequency of intermolecular vibra-
tions, were calculated for inorganic molten salts,
ILs, and organic liquids in Ref. [6] (Eq. 3 and 4).
As listed in Table 1, the calculated average char-
acteristic frequencies (first moment) (w) agree
with experimental data very well. We can see
clearly that ILs show similar vibrational frequen-
cies as molecular liquids DMSO and toluene, but
much lower than molten NaCl. This result agrees
well with the femtosecond Kerr effect spectros-
copy measurements of an IL (1-methoxyethyl-
pyridinium dicyanoamide) and its isoelectronic
1:1 solution of 1-methoxyethylbenzene and
dicyanomethane, which were found to have sim-
ilar vibrational modes and frequencies [7].

Under the harmonic approximation, the char-
acteristic vibrational frequency directly relates to
the vibrational force constant k£ via Eq. (5). The
calculated force constants were listed in Table 1.
Again, ILs have vibrational force constants k sim-
ilar to molecular liquids, but much smaller than
the molten salt, showing the unique organic nature
of ILs.

Force and Intrinsic Electric Field
The organic nature of ILs not only controls the
vibrational motion but also affects the strength of
the intermolecular force. Figure 4a compares the
distribution of the strength of the total
intermolecular force (Fio; = Fejoe T Fyqw) €Xperi-
enced by each molecule in inorganic molten salts,
ILs and molecular solvents [6]. Clearly, the
strength of the intermolecular force in ILs is com-
parable to that in polar molecular liquid DMSO,
slightly larger than weakly polar liquid toluene,
but much smaller than molten NaCl by one order
of magnitude.

As we have shown above, the charge delocal-
ization and the excluded-volume effect are
expected to significantly reduce the electrostatic
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Fig. 1 Molecular structures of typical molten salts, ionic
liquids, and molecular liquids. From left to right: sodium
chloride (NaCl), 1-butyl-3-methylimidazolium nitrate
([BMIm][NO3]), 1-butyl-3-methylimidazolium tetra-
fluoroborate  ([BMIm][BF,]), 1-butyl-3-methylimida-
zolium hexafluorophosphate ([BMIm][PF¢]), 1-butyl-3-

=) Organic

methylimidazolium  bis(trifluoromethanesulfonyl)imide
([BMIm][NTf;]), dimethyl sulfoxide (DMSO), and tolu-
ene, ordered from more ionic to more organic. (This plot is
adapted from Fig. 1 of Ref. [6]. Reproduced with permis-
sion from Ref. [6]. Copyright 2016 Springer Nature)
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Fig. 2 (a) From left to right, charge distributions of
[BMIm][BF,] ion pair, DMSO, and toluene molecules.
The color bar indicates the amount of partial charge in
the unit of the elementary charge e. (b) Center-of-mass
radial distribution functions (COM-RDFs) of molten

09 12
r(nm)

15

NaCl, [BMIm][NO;], [BMIm][BF,], [BMIm][PFq],
[BMIm][NTf,], DMSO, and toluene. For ionic systems,
cations and anions are treated identically. (Panels (a) and
(b) are adapted from Figs. 2 and 3a of Ref. [6], respectively.
Reproduced with permission from Ref. [6]. Copyright
2016 Springer Nature)



Dual Nature of lonic Liquids: lonic Versus Organic

Dual Nature of lonic Liquids: lonic Versus Organic,
Fig. 3 Cage structure ([BMIm][BF,] as an example) and
cage energy landscape. The cage energy landscape is a
one-dimensional description of the average energy land-

scape experienced by each molecule, which is
Dual Nature of lonic K/
Liquids: lonic Versus (w)/ 1026
Organic, em! &2
Table 1 .A.verage NaCl 162 93
characteristic frequency
(first moment) (w) of ©)
intermolecular vibrational [BMIm] | 86(—) |2.6
mode and corresponding [NOs]
vibrational force constant k.  [BMIm] | 82 (85) | 2.4
The values in parentheses [BF4]
are experimental data. (This  [BMIm] | 76 (78) | 2.0
table is adapted from [PF¢]
Table 2 of Ref. [6]) [BMIm] 76 (77) 2.0
[NTf,]
DMSO |77 (82) 2.1
Toluene | 69 (66) | 1.7

force in ILs. This is confirmed in Fig. 4b by
showing the distribution of the electrostatic con-
tribution (a, see inset of Fig. 4b for the definition)
to the total intermolecular force. It can be seen that
ILs and organic solvents commonly have a sharp
peak around o = 0, indicating strong VDW but
rather weak electrostatic forces in these two clas-
ses of liquids. On the other hand, molten NaCl
shows a much wider distribution of a than ILs and
organic liquids, suggesting its strong ionic nature.
This result is consistent with first principle

Cage Energy Landscape

Curvature: k = 92U/ dr?

Slope: F=-0U/or

Depth: E,=U_. -U.

min

characterized by three parameters: curvature, slope, and
depth, corresponding to the force constant, force, and acti-
vation energy, respectively. (This plot is adapted from Fig.
4 of Ref. [6]. Reproduced with permission from Ref. [6].
Copyright 2016 Springer Nature)

calculations showing that the VDW interaction is
negligible in a NaCl pair but plays an important
role for the interactions between an IL pair [8].

The organic nature of ILs, giving rise to strong
VDW but weak Coulomb interactions, similar to
organic liquids, has been supported by a
corresponding-states analysis of experimental sur-
face tension data. As shown in Fig. 5a, Weiss has
reported that the reduced surface tension y,.q of ILs
follows a universal function y,eq = yo (1 — T/Tp)'"”°
for simple molecular liquids, but deviates from that
of inorganic molten salts, where T, is the critical
temperature and y, is a constant [9].

Another direct experimental support of the
organic nature of ILs comes from the measure-
ment of the intrinsic electric fields in ILs and
organic liquids. By using vibrational Stark effect
spectroscopy, Zhang and coworkers successfully
measured the nitrile stretching frequency vC=N
of a probe molecule in ILs and organic liquids,
which is found to be negatively proportional to the
local electric field in the probed liquids [10]. As
shown in Fig. 5b, the strengths of the electric
fields in a group of ILs with different anions and
different side chain lengths, except for [BMIm]
[C1], all fall in the range of commonly used molec-
ular liquids. Due to the small anion size, [BMIm]
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Fig. 4 (a) Distribution of the strength of the total force
experienced by each molecule in molten NaCl, [BMIm]
[NO;], [BMIm] [BF,], [BMIm][PF¢], [BMIm] [NTf;],
DMSO, and toluene. (b) Contribution of electrostatic inter-
action to intermolecular force. The contribution is
described by a parameter o = Fio - Fejeet/ Flzm. The inset
illustrates the decomposition of total force into electrostatic

and VDW contributions. A peak at a« = 0 suggests a
predominant contribution of VDW interaction to
intermolecular force in ILs and organic solvents. The
width of the distribution (normalized by area) characterizes
the organic and ionic nature of forces in liquids: narrower
means more organic and wider means more ionic. (This
figure is adapted from Fig. 5 of Ref. [6]. Reproduced with
permission from Ref. [6]. Copyright 2016 Springer Nature)

o

5 T T T T T T T 2164
5
4 2
@ 2160f HoO
2 (6)
2 4
3r = ‘ ) Formamide
T 8
o £ 2156 fo)
o
2r e
-
£ 4
© 21521 P
I ® ()
& A5
=
L L 1 1 = 2148 L 1 L
0 0.2 0.3 04 0.5 108 110 112 114 116

Dual Nature of lonic Liquids: lonic Versus Organic,
Fig. 5 (a) Reduced surface tension

(?red = coM??y/ <p§/3Tc>> as a function of the reduced

temperature 7/7T, for the ionic liquids [EMIm][NTf;] (filled
circles), [BMIm][NTf;] (filled squares), [HMIm] [NTf;]
(open diamonds), and [OMIm][NTf,] (open circles),
where y is the surface tension, 7, is the critical temperature,
p. 1s the critical density, M, is the molar mass, and ¢, is a
constant. Lines represent data for typical molecular liquids,
CHCIF, (solid fine), methane (dotted fine), and ethane
(dash dotted fine). Triangles denote data for inorganic
molten salts, such as NaCl (triangles left) and KCI (tri-
angles right). (The panel (a) is reproduced from Fig. 3 of
Ref. [9]. Reproduced with permission from Ref. [9]. Copy-
right 2010 American Chemical Society). (b) Nitrile

13C chemical shift (ppm)

stretching frequencies vVC=N versus '°C chemical shifts
S("3CN) in ILs and molecular solvents. Molecular liquids
(filled black circle): (1) DMSO, (2) DMF, (3) acetone, (4)
CD,Cl,, (5) THF, (6) CDCls, (7) toluene, (8) cyclohexane.
[BMIm][X] ILs (filled red triangle): 1-[BMIm][NT%,], 2-
[BMIm][PF¢], 3-[BMIm][BF,], 4-[BMIm][NOs], 5-
[BMIm][CI]. [CnMIm][BF,4] ILs (filled blue square): 6-
[EMIm][BF,], 7-[HMIm][BF,], 8-[OMIm][BF,], and 9-
[DMIm][BF4]. The black fine shows the best linear fit for
the vC=N versus '>°C NMR data of molecular liquids
excluding H-bonding liquids. (Panel (b) is adapted from
Fig. 2A of Ref. [10]. Reproduced with permission from
Ref. [10]. Copyright 2012 WILEYVCH Verlag GmbH &
Co. KGaA, Weinheim)
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[C]] has an intrinsic electric field slightly larger
than that of molecular liquids. This measurement,
in quantitative agreement with molecular dynam-
ics results [6, 10], strongly suggests the organic
nature of ILs.

Cage Energy

The cage energy U, is defined as the average
two-body interaction energy between the central
molecule and the neighbors in the first coordina-
tion shell, characterizing the energy scale of the
local intermolecular interactions in the liquids. A
molecule has to overcome the cage energy to
escape the cage and make a translational and/or
rotational motion. Therefore, the cage energy is
linked to the dynamic properties of a liquid. The
calculated cage energy and its electrostatic and
VDW contributions are listed in Table 2 [6]. It
can be seen that ILs, similar to inorganic salts,
commonly have much lower (negative) cage ener-
gies than molecular liquids. The low cage energy
in the molten NaCl and ILs predominantly comes
from the long-range Coulomb interactions,
whereas the VDW force only has a minor contri-
bution. On the other hand, the electrostatic contri-
bution to the cage energy is very small and
comparable to the VDW contribution for the
strongly polar liquid DMSO, and even smaller
than the VDW one for the weakly polar liquid
toluene.

The long-range Coulomb interactions stabiliz-
ing the cage structure are responsible for the slow
dynamics of ILs. This can be seen from the larger
activation energy of ILs than organic liquids,
which leads to a much larger viscosity of the
former than the latter. The viscosity of molten
NacCl is small, simply because it is measured at a
very high temperature above the melting point.

Tune the Dual Nature of lonic Liquids

The introduction of bulky organic ions effectively
weakens the Coulomb interactions between ions,
giving rise to the dual ionic and organic nature of
ILs. Such a physical mechanism generally applies
to ILs composed of organic ions. On the other
hand, the dual nature of ILs can be tuned in a

specific manner by chemical substitutions. For
example, introduction of the ether [11-14] or
hydroxyl groups [2, 15, 16] to the alkyl chain of
cations can substantially change the structure and
dynamics of ILs by forming additional hydrogen
bonds between the functional groups and the ions,
which is characteristic of the organic/molecular
liquids.

Changing the length of the alkyl chain of the
cation and/or anion is another way to tune the dual
nature of ILs. As the length of the alkyl chain
increases, ionic liquids form nanoscale aggrega-
tions of nonpolar alkyl chains separated by the
continuous charge network [17-19]. A typical
snapshot from coarse-graining molecular dynam-
ics simulation [20] for the nanoscale aggregations
is shown in Figure 7a. Such spatially heteroge-
neous structure, featuring a sharp prepeak in the
structure factor [21], has been confirmed by the X-
ray scattering experiments [22] (see Fig. 7b). Fur-
ther increase of the length of the alkyl chain can
lead to the formation of ionic liquid crystals of
smectic type [4, 23-31] (see Fig. 7c for an exam-
ple of [C;,MIm][NO;] ionic liquid crystal). The
emergence of such unique structure features
(nanoscale aggregations and smectic phase) as a
consequence of the competition between the elec-
trostatic and VDW interactions [4] reflects the
dual nature of ILs.

Tuning the dual nature of ILs can have signif-
icant impact on the physicochemical properties of
ILs. For example, it has been shown that the
solubility of benzene in viologen bistriflimide
increases linearly with the alkyl side-chain length
[32]. The benzene molecules are favorably
absorbed inside the nanoscale domains of the
alkyl side chains due to their organic nature,
which effectively fluidize the viologen salt and
lead to the formation of a sponge-like liquid
phase [32] (see Fig. 7d). Not only the static prop-
erties but also the dynamics are strongly affected
by the dual nature of ILs. For example, it has been
shown that the local friction experienced by a
small tracer molecule is higher in the charge net-
work than the nonpolar aggregation regions [33—
36], well known as the dynamic heterogeneity
[37]. Understanding the dual nature and its intrin-
sic relation to the physicochemical properties of
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Dual Nature of lonic Liquids: lonic Versus Organic, Table 2 Cage energy U,,,. With its electrostatic U% and VDW

Uvdw

component Uy s

cage

in kJ/mol from simulations, experimental viscosity 7 in mPas, experimental activation energy for

diffusion E, in kJ/mol (averaged over cation and anion), and experimental melting temperature in K. The VDW interaction
is further decomposed into the attractive and repulsive parts, respectively, as listed in the parentheses. The data were
calculated or measured at around 1150 K for NaCl and 300 K for other liquids. (See Ref. [6] for the details. This table is

adapted from Tables 1, 4 and S1 of Ref. [6])

Urage Ve Ui " E, T
NaCl —453.7 —464.5 10.8 (—1.6, 12.4) 0.891 34.0 1073.15
[BMIm][NO;] —217.4 —213.9 —3.5(—11.4,7.9) 165.3 - 309.2
[BMIm][BF,] —162.8 ~159.3 —-35(-10.7,7.2) 90.04 33.45 188.15
[BMIm][PF] —238.4 -233.8 —4.6(—13.5,8.9) 228.8 38.35 283.15
[BMIm][NTH] —226.4 —215.6 —10.8 (—23.8, 13.0) 45.7 28.15 270.15
DMSO -72 -3.6 —3.6 (—7.6,4.0) 1.97 19.0 291.65
Toluene —45 —0.4 —4.1(-7.2,3.1) 0.56 10.6 178.15
Inorganic Salts Molecular Liquids
Cage Energy g q
Landscape ° =4
oce o, e V7 /
[
U =

lonic -:» Organic
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Fig. 6 Schematic illustration of cage structures and cage
energy landscapes in inorganic molten salts, ionic liquids,
and molecular liquids. Inorganic molten salts have much
steeper and deeper cage energy landscapes than molecular
liquids. On one hand, the cage energy landscape of ionic

ILs is therefore crucial for designing new ILs with
optimized performance.

Future Directions

Taken together, a microscopic physical mecha-
nism of the dual nature of ILs emerges from the
above discussions, in terms of the cage energy
landscape (see Fig. 6). On one hand, the

liquids has similar slope and curvature to molecular lig-
uids; on the other hand, its depth is comparable to molten
salts. (This figure is adapted from Fig. 6 of Ref. [6].
Reproduced with permission from Ref. [6]. Copyright
(2016) Springer Nature)

curvature-related properties of an IL, such as
vibration, and slope-related ones, such as electric
field, of the cage energy landscape show typical
behaviors as polar organic liquids, which reflects
the organic nature of ILs. On the other hand, the
dynamic properties of an IL, linked to the height
ofthe cage energy landscape, show unique behav-
iors, e.g., conductivity and slow mobility, differ-
ent from organic liquids, characterizing the ionic
nature of ILs.
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Fig. 7 (a) A snapshot from coarse-graining molecular
dynamics simulation showing the nanoscale aggregations
of alkyl side chains (see blue ellipses) The white, yellow,
red balls represent alkyl side chains, cationic head groups,
and anions, respectively. (Reproduced with permission
from Ref. [20]. Copyright (2007) American Chemical
Society). (b) Structure factor of 1-alkyl-3-methylimi-
dazolium tetrafluoroborate measured by X-ray scattering
experiment at ambient condition [22]. The sharp prepeak
signals the formation of nanoscale aggregations of alkyl

The competition and balance between the
organic and ionic nature determine the overall
properties of an IL. For example, the ionic nature
gives rise to nonflammability, non-volatility, good
stability and conductivity of ILs, but also leads to
slow dynamics, which greatly retards the applica-
tion of ILs as electrolytes in energy-storage
devices. How to design optimized ILs for a
given application by tuning molecular structure,
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side chains. (Reproduced with permission from Ref. [22].
Copyright (2012) American Chemical Society). (¢) A
snapshot from coarse-graining molecular dynamics simu-
lation illustrating the structure of ionic liquid crystal.
(Reproduced with permission from Ref. [4]. Copyright
(2013) American Chemical Society). (d) Schematic illus-
tration of the structure of benzene/viologen bistriflimide
mixture. Benzene molecules preferentially stay in the non-
polar aggregation region of alkyl side chains. (Reproduced
with permission from Ref. [32]. Copyright (2020) Ameri-
can Chemical Society)

interactions, and consequently the balance
between the dual nature of ILs still remains a
major challenge in both academia and industry.
The mixing of IL with another (or more) com-
ponent to make IL-IL mixtures [38], IL-molecular
solvent mixtures [39], and solvate ILs [40, 41]
provides additional degree of freedom, i.c., the
composition of the mixture, to tune the balance of
different nature and the underlying interactions of



10

different components and thus control the physico-
chemical properties of the system. Another inter-
esting direction is to generate and explore the
biological nature of ILs with tunable biocompati-
bility and bioactivity [40, 42]. Knowledges on the
specific IL-biomolecule interactions are crucial for
the exploration and design of bioactive ILs.
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Molecular Dynamics Simulation Method
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