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Introduction

Salts are defined as materials composed solely of ions. Since
interactions between cations and anions are governed by strong
coulombic interactions, with the order of magnitudes of several
hundred kJ mol*, melting points of salts tend to be extremely
high. The typical example is table salt (NaCl), whose melting
point is 1073 K. However, in the late 1990s, scientists started to
recognize salts with extremely low melting points correspond-
ing to room temperature or even below. Nowadays, these salts
are called room temperature ionic liquids or simply ionic
liquids (ILs). ILs have attracted considerable attention because
they have several substantial properties, such as negligible
vapor pressure and flammability, high thermal/chemical/
electrochemical stabilities, high ionic/electric conductivity,
and unique solubilities.’” These properties mark ILs as prom-
ising candidates in a wide range of applications, for example,
green solvents, electrolytes, CO, absorbents, and cellulose
solvents.'™

The melting point is considered the most important physical
property of ILs since it distinguishes them from other salts.
Many investigations have been intensively conducted to answer
why ILs have such a low melting point; moreover, various
solutions have been proposed.*® Thermodynamically, contri-
butions to the melting point are divided into two terms, ie.,
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fusion entropy and consequently the low melting point of the ILs.

enthalpic and entropic terms. Although the importance of the
entropic contributions (e.g., conformational entropy stemming
from flexible side groups) were pointed out,"***° the main-
stream discussion thus far has been made on enthalpic
contributions."** Namely, coulombic interaction among ions
and lattice energy are weakened in ILs due to bulky, asym-
metric, and sometimes charge-delocalized ions. In this work, we
demonstrate that this is not the right approach and that the low
melting point is caused due to entropic contribution in the
majority of ILs.

Results and discussion
Alkali halides versus ionic liquids

From a thermodynamical standpoint, melting point (Ty,) of
material is the ratio of fusion enthalpy (Ag,sH) and fusion
entropy (AgsS):

Tm = (1)

This rigorous expression shows that the melting point is low
when Ag,H is small and/or Ag,sS is large. Stating that the
melting point of ILs is “low” requires a reference material for
comparison. NaCl with a melting point of 1073 K is frequently
selected. For statistical comparison purposes, 20 alkali halides
were selected in this study, and their thermodynamic quanti-
ties' were compared with those of 257 ILs."** As the name
suggests, the average T, of ILs is ~3 times lower than that of
alkali halides (Fig. 1A). An average value of Ag,H for ILs, asso-
ciated with interionic interactions in the liquid and crystal
states, is only 0.85 times the Ag,H value of alkali halides

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Histogram comparisons of Ty, AqsH, and Ag,sS. (A—C) 20 alkali halides*® versus 257 ILs**? and (D—F) 84 imlLs versus 12 [C;mim]X. For
[Cimim]X, this work reported 10 data and the two additional data were taken from the ref. 41 and 42 (Table S3+). Bin widths for the T,,,, AqsH, and
A¢ysS histograms were 20 K, 1 kJ mol™%, and 2 J Kt mol™?, respectively. For ILs and imlLs, several data of Ag,sH and A,sS are out of range of the

figures.

(Fig. 1B). Meanwhile, the average Ag,sS of ILs is 2.67 times larger
than that of alkali halides (Fig. 1C), which indicates that, in
general, the large Ag,sS plays a more critical role than the small
AgysH for lowering T, of ILs.

Since the discussion would depend on the ions constituting
the IL, we focus on imidazolium-based ILs (imILs) as the most
representative IL series. Analyzing the available data on 84
imILs,"* the importance of the large A, S is emphasized as
seen in Fig. 1D-F. While Ag,cH values are comparable, their
AgysS values are 3.11 times larger than those corresponding to
alkali halides. Considering the origin of the large Ag,.S of ILs (or
imILs), a prominent contribution may come from conforma-
tional entropy as described above.»***° For example, most IL
cations contain flexible alkyl chains that produce multiple
conformations in the liquid state. This increases the entropy of
the liquid state and consequently Ag,sS. An approach to ther-
modynamically elucidate the role of conformational entropy is
to compare Ag, S of imILs with flexible side chains to those
without flexible groups. However, such data is rare. Therefore,
we synthesized ten 1,3-dialkylimidazolium salts ([C;mim]X)
with no conformational entropy in the cation and the anion and
measured Ty, AgqsH, and Ag,S. The difference in Ty, between
[Cimim]X and imILs is rather low, whereas both Ag,sH and Ag,sS
of [C;ymim]X are smaller than those of imILs (Fig. 1D-F). The
small Ag,H and Ag,sS values would be primarily due to the
losses of inter-chain interactions™*® and (as expected) confor-
mational entropy, respectively. However, even without confor-
mational entropy, not the small AgH (18.2 k] mol™*) but the
large AgsS (54.9 ] K" mol ") seems to prevail in lowering Ty, of
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ILs, compared to alkali halides (Ag,sH = 23.9 k] mol " and AgS
=242 ]JK ' mol™).

Fusion entropy decomposition

To quantitatively unravel ambiguous entropic contributions,
entropy needs to be decomposed into individual components
associated with molecular-level properties. The decompositions
were conducted based on the free energy landscape model™***
(Fig. 2). Absolute entropy (S) can be expressed as the sum of

Coordinate

Free energy

i ° T
" Fos
®.3 .
S Eed
config = 304

Fig. 2 Schematic of entropies based on the free energy landscape.
Absolute entropy is expressed as the sum of kinetic (Skin) and structural
(Sst) contributions. Kinetic entropy corresponds to the number of
distinguishable states where a particle of interest occupies (blue
symbols) in a potential well. Structural entropy, corresponding to the
number of potential wells, is expressed as the sum of conformational
(or intramolecular) (Sconfor) @and configurational (or intermolecular)
(Sconfig) Parts. Sconfig is displayed based on an ion-pair model where an
anion is drawn as a monoatomic ion.
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kinetic (Syin) and structural (Sg,) entropies. The former is
further divided into translational (S.), rotational (S,.), and
intramolecular vibrational (S,;,) terms and the latter is
composed of conformational/intramolecular (Sconfor) and
configurational/intermolecular (Sconsg) entropies. Since we
focus on the difference in entropy between liquids and crystals
at the melting point, by assuming individual terms are inde-
pendent, appropriate equations are as follows:

AfusS = AkinS + AstrS (2)
AkinS = AtraS + ArotS + AVibS (3)
AstrS = AConforS + A(:onﬁgS (4)

To perform the Ag,S decomposition, we have developed
a computational protocol using classical molecular dynamics
(MD) simulations (see the ESIf for details). AgsS and AconforS
were estimated from the thermodynamic integration''® and
conformational analyses, respectively. We employed the two-
phase thermodynamic (2PT) approach, initially developed by
Lin et al., for the kinetic entropy estimations."”** Conventionally,
the entropy of vibrational motions for molecules in a solid state
has been estimated through the density of states functions g(v) by
assuming that all vibrational motions are harmonic oscillators.
However, this technique cannot treat diffusive motions existing
in a liquid state. The 2PT approach enables the estimation of
entropy in a liquid state by dividing g{v) in the liquid state into
solid-like (for harmonic oscillators) and gas-like (for diffusive
motions) components. The remaining AconheS Was obtained
based on eqn (2)-(4) by the deduction of the other terms. For
reliable discussion on results obtained from classical MD
simulations, a selection of force fields is critical. We selected the
force fields developed by Maginn et al. for two prototype imILs as
1-ethyl-3-methylimidazolium hexafluorophosphate ([C,mim|PFs)
and 1-butyl-3-methylimidazolium hexafluorophosphate
([Csmim]PFy).® Partial charges in these force fields were deter-
mined by ab initio MD in the crystal state with periodic boundary
conditions so that the charge transfer and polarization in the
condensed state are implicitly included. Furthermore, MD
simulations on NaCl with the Tosi-Fumi potential** were con-
ducted for comparison. Simulated Ty, Ag,sH, and Ag,S were in
good agreement with the experimental values (Table S77). It is
noted that the absolute entropies also satisfactorily reproduced
experimental data (Table S107).

The results of the Ag,sS decompositions for NaCl and the two
ILs are presented in Fig. 3. In NaCl that is composed of mon-
oatomic ions, the following stands: Ag,sS = AyinS = AraS. For the
ILs, AyinS is smaller than that of NaCl, even though the ILs have
larger absolute entropy than NaCl in any state of matter, mainly
due to the presence of S, and Sy, (Fig. S147). There are three
reasons for this counter-intuitive behavior. First, A,;,S of the ILs
does not contribute to Ay,S, or they are even slightly negative.
This would result from the fact that intramolecular vibrations are
mostly unchanged by melting, as suggested by previous
reports.>»* The second reason is related to the difference in
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Fig. 3 Decomposition of simulated Ag,S. For [Comim]PFg and
[C4mim]PFg, AyipS shows slight negative values, hence AyinS (=Ag.S +
AotS + AypS) is displayed in (A). Individual Ay,S, ArotS, and AypS are
shown in (B).

melting point. Since the melting points of the ILs are intrinsically
lower than that of NaCl, diffusive motions (translational + rota-
tional) represented by g(0) (density of states at zero frequency) are
not activated by melting in the ILs, compared to NaCl (Fig. S11-
S13 and Table S121). The slow diffusive motions are also ex-
pected for other ILs since their viscosity is generally as high as
several tens or more mPa s at the melting point. Third, the
spherical PFs~ anions already gain rotational diffusivity in the
crystal state (Fig. S12C and S13Ct), consistent with previous
NMR observations,* resulting in lowering AS.

Despite the small Ay;,S of the ILs, the presence of large Ag,.S
(=AconforS * AconsigS) is the cause for the large Ag,sS. The pres-
ence of AconforS has been previously pointed out by several
groups.”**° The calculated AonforS values were 6.8 ] K~ ' mol !
for [C,mim]PFs and 18.0 ] K~' mol™" for [C;mim]PF,. These
values are slightly smaller than the previously reported Sconfor in
the gas state (8.3 J K~* mol ' for [C,mim]PF, and 22.8 J K *
mol " for [C;mim]PFg).>* This would result from the fact that
Sconfor i the crystalline state was calculated to be non-zero due
to the slight disordering of the alkyl group in the cation (Tables
S8 and S97). A significant feature in Fig. 3A is that Acong,S plays
amore prominent role in lowering Ty, than AconforS. The AconsigS
(=here Sconfig in the liquid state) values of [C,mim]PFs and
[Csmim]PF, were estimated to be 30.0 ] K~ mol™' and 28.1 ]
K™ ! mol ', respectively. Assuming Sconfig = R In W, where W is
the number of distinguishable microscopic states, at least 30—

© 2022 The Author(s). Published by the Royal Society of Chemistry
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40 potential energy basins exist for these ILs in the liquid state.
Although multiple configurations in ILs were already pointed
out, and they were associated with the low melting point in
a few papers,®*® we quantitatively demonstrate the dominant
role of AconfigS in the low melting point of ILs. The origin of
multiple configurations is considered to come from the delo-
calized charges in the ion and the asymmetric ion structure.”® It
is worth noting that these characteristics of ILs have been
previously considered to contribute to lowering the melting
point enthalpically by reducing coulombic interactions and
packing efficiency.»**° Our findings indicate that the delo-
calized charge and the asymmetric ion structure can be entro-
pically, rather than enthalpically, important for the low melting
point. Since large Ay;,S cannot be expected for general ILs,
because of close-to-zero A;,S and high viscosity (small A,S +
AoeS), large AgS (particularly large AconggeS) is the key for the
large Ag,sS and the consequent low melting point of ILs.

Conclusions

In this work, we have discovered that the low melting point of ILs
is mainly driven entropically, i.e., the large Ag,S dominantly
decreases the melting point of ILs. To unravel the origin of the
large Ag,sS, imILs as the most representative IL series were
focused. With the developed protocol based on MD simulations,
AgysS of the two imlILs as well as NaCl were successfully decom-
posed into individual components with a clear physical origin.
The simulations indicated that, somewhat counterintuitively,
not the kinetic but the structural part, particularly A onggS, Was
the main contributor to the low melting point of the ILs.
Breaking the mainstream of the previous “enthalpic” discussion,
our findings based on the “entropic” contributions can change
the bottom concept for designing ILs and could consequently
accelerate the production of a number of novel functional ILs.

Experimental
Selection of thermodynamic data of ILs

The thermodynamic data, Ty,, AgsH, AgsS for ILs were taken
from the ILThermo database as summarized in Table S1.7*** (It
is noted that Ty, AgsH, AgsS for alkali halide are also
summarized in Table S27)." The ILThermo database seems to
contain some inappropriate data for discussion, i.e., Ty, is too
high to be ILs, or Ag,sH or Ag,sS is too low to be considered as
enthalpy/entropy difference on melting. In this work, we
excluded the data with T, > 373.2 K, AgyH < 3 k] mol™%, or Ag,sS
<10 J K ' mol™ from the discussion. In some cases, several
different data were reported in one IL because of, e.g., differ-
ences in experimental conditions, experimental error, and
purities as well as the existence of polymorphism. Considering
the purity and thermodynamic stability of polymorphs, we
selected the one with the highest melting point.

IL syntheses and characterizations

The ILs [C;mim]X were synthesized following standard proce-
dures.' The detailed procedures were described in the ESI.T The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ILs were vacuum-dried with heating for several days (typically
353 K for 2 days) before use. The synthesized ILs were charac-
terized with NMR spectroscopy (JEOL, JNM-ECA300W). No
recognizable impurities were observed via NMR spectra except
for water. The water content of the ILs was determined by Karl
Fischer titration (MKC-501, Kyoto Electronics). When an IL was
in the crystal state at room temperature, the water content
measurement was conducted by dissolving it in anhydrous
acetonitrile. Several ILs potentially contain a slight amount of
alkali halides as a byproduct, the content of which was deter-
mined by Na" meter (LAQUAtwin Na-11, Horiba) or the Mohr's
method.

DSC measurements

Differential scanning calorimetry (DSC) measurements were
performed with a DSC7020 (Hitachi High-Tech Science). A dried
IL was sealed in an Al pan in an Ar-atmosphere glovebox. In the
measurements, the sample was first melted by heating, and
data was subsequently collected by cooling down to 175 K and
re-heating above the melting point at a scanning rate of 5
K min~". The obtained DSC traces are shown in Fig. S1,7 and
the numerical values are listed in Tables S3 and S4.7

Quantum chemical calculations

Quantum chemical calculations were performed to estimate
absolute entropies of NaCl, [C,mim]PF,, and [C,mim]PF in the
gas phase with Gaussian09*” program package. B3LYP***°
combined with GD3 (ref. 31) correction at 6-311++G(d,p) level
were employed for the calculations. Full geometry optimization
and subsequent vibrational frequency analyses were performed.
The initial structure of the IL ion pairs for the geometry opti-
mization was referred to the ones reported previously®
(Fig. S27). It is noted that no imaginary frequency was obtained
for the optimized structures, which confirms that they are local
minima. The absolute entropies and the decomposed kinetic
entropies (Sea, Sror, and Syp) for NaCl, [C,mim]PFs, and
[Csmim]PF, are summarized in Table S5.1

Molecular dynamics simulations

Classical MD simulations were performed with Gromacs 2018.4
Software package®?* (single precision) with the periodic
boundary condition. Newton's equation of motion was solved in
1 fs time step with the leap-frog algorithm unless otherwise
stated. Cut-off radii for both coulombic and L] potentials were
set to be 1.2 nm. Long-range dispersion corrections were
applied. Long-range coulombic interactions were treated with
the particle mesh Ewald summation method.***® Temperature
and pressure were controlled with Nose-Hoover thermostat and
Parrinello-Rahman barostat, respectively. No constraint was
applied for intramolecular bonds and angles.

Ion pairs of 2048 (NaCl), 400 ([C,mim]PFs), and 250
([C4smim]PFg) were used in MD simulations. The force field of
NaCl was based on the Tosi-Fumi potential.* The ones devel-
oped by Maginn et al.>® with the aid of the general AMBER force
field*** were used for the two ILs. A crystal structure with fcc
lattice was employed for the NaCl crystal. Crystal structures of

Chem. Sci., 2022, 13, 7560-7565 | 7563
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[C,mim]PF, (ref. 39) and [Cymim]PF, (ref. 40) were taken from
the references. For liquid state simulations, ions were randomly
placed into a cubic cell. After energy minimizations with the
steepest descent algorithm, an initial simulation box was first
equilibrated in the NPT ensemble until system energy became
constant, at least for 2 ns. If necessary, a subsequent NVT
ensemble simulation was conducted with the equilibrated cell
size. For statistical error estimation, a production run after the
equilibration was equally divided into 4 blocks. The standard
deviation based on 4 simulations was taken as the statistical
error. It is noted that in the figures displayed in the main text
and the ESI,;f the average data of the 4 blocks are shown.
Detailed procedures of estimations of Ty, Ag,sH, AgysS, and the
entropies were described in the ESL{

Data availability
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