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A B S T R A C T

The anomalous phase behaviors of ionic liquids (ILs) were examined under low temperature (LT) and
high pressure (HP). Under LT condition, crystal polymorphs and multiple crystallization pathways could
be found for protic IL ethylammonium nitrate ([EAN][NO3]). For 1-ethyl-3-methylimidazolium nitrate
([C2mim][NO3]), an aprotic IL, simple LT-crystallization behavior was observed. However, HP conditions
produced complicated phase behaviors. The HP-inherent conformer of the C2mim+ cation governed the crys-
tallization pathways. In the liquid state, a variety of complicated phase transitions were influenced by multiple
passible non-equilibrium degree factors: charge (scalar), dipole moment (vector), conformations (topology),
and proton (transfer/network). The non-equilibrium degrees of protic and aprotic ILs were described by vari-
ous solid phases both at LT and HP.

© 2019.

1. Introduction

In the life sciences, it is well known that, in addition to their inher-
ent properties, proteins acquire water-assisted functions through vary-
ing their hyperstructures at ambient pressure [1–8]. Water channel-
ing/gating, proton transfers, and hydrogen bonding must be consid-
ered in the interpretation of protein hyperstructures and their func-
tions. Many protein folding pathways can be explained using the free
energy landscape (FEL) as a non-equilibrium state [9–13]. In general,
a protein's kinetic properties can be described using many basins and
saddle points on the potential energy surface [14]. Using the FEL has
also been effectively applied to understanding protein folding/unfold-
ing under a high pressure (HP) environment [15]. HP-NMR provides
information about intrinsic fluctuations relating conformations of pro-
tein [16]. Kinetics using pressure jump extracted the intrinsic fluctu-
ations of proteins, which are sensitive to the partial volume changes.
The holding pathways were explained on the FEL. Furthermore, pres-
sure dependence of the mean square displacements as a dynamic prop-
erty of protein was obtained by HP neutron scattering measurements
[17]. HP effect of protein dynamics was described on the modulated
FEL.

In addition to protein-water solutions, pure water can also be char-
acterized as a non-equilibrium liquid. A significant finding in pure
water research was that low-density amorphous ice (LDA) and high-

⁎ Corresponding author.
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density amorphous ice (HDA) appear on the P–T diagram [18–22].
The nano-heterogeneity of LDA reflecting a non-equilibrium state can
be visualized using molecular dynamics (MD) simulations [23,24].
Even under HP, the appearance/disappearance of the nano-hetero-
geneity can be described using the accompanying large volume
changes. A low-density liquid (LDL) and a high-density liquid (HDL)
are predicted to exist between the “second” critical point and the LDA/
HDA [22]. Currently, the “second” critical point is discussed by as-
suming a negative pressure effect [24]. Unfortunately, experiments to
further understand these states are difficult to execute because ice eas-
ily appears around the “second” critical point and the hypothesized
LDL/HDL on the P–T diagram (this region is named “no man's land”)
[22]. Pathway-dependent phase changes and the kinetic phases of ice
on the P-T diagram indicate the intrinsic non-equilibrium behavior of
water [26–28]. However, the polymorphism of ice is still a largely de-
bate question [26]. By changing the pathways using computer simula-
tions, a metastable HP ice phase could be obtained [28].

Ionic liquids (ILs) are also considered to be a non-equilibrium
liquid. An IL consists of a cation and an anion. One notable fea-
ture of ILs is that nano-heterogeneity can be found even in the liq-
uid state [29–32]. Theoretically predicted IL states were proved by
the appearance of prepeaks in small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) experiments [29,30]. The
nano-heterogeneity increases proportionally to the alkyl chain length
(n) of 1-alkyl-3-methylimidazolium (Cnmim+) cations. Theoretically,
nano-heterogeneity is thought to be caused by the coexistence of po-
lar and non-polar moieties on the nano scale [31,32]. A dynamic hi-
erarchy, relating to glass transitions, could be clarified using quasi
inelastic
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neutron scattering (QENS) experiments [33–35]. In [C8mim][Cl], the
hierarchical structure was examined using QENS relaxations [33].

Solid states of ILs indicate the non-equilibrium liquid of ILs in
the same manner with water. LT-crystal polymorphs of [C4mim][Cl]
and [C4mim][Br] were investigated carefully using a nano-watt differ-
ential scanning calorimetry (DSC) [36,37]. The non-equilibrium dy-
namic process of the ILs was clarified by the high-resolution DSC.
Moreover, the rhythmic crystallization and melting of [C4mim][Br]
appeared at 0.02m°C/s [37]. Conformational flexibility of
1-methyl-1-butylpiperidinium bis(fluorosulfonyl)imide
([Pip1,4][FSI]) was relating to LT-crystal polymorph [38]. In addition
to the cation conformations, the FSI− anion has two stable conform-
ers. The LT-crystal polymorph of [Pip1,4][FSI] was influenced by the
cooling rate. A quaternary ammonium cation containing a hydroxyl
group also indicated the LT-crystal polymorphs [39]. Choline bis(tri-
fluoromethylsulfonyl)imide, [Chol][TFSI], possessed the LT-crystal
polymorphs both upon cooling and heating. In contrast,
[N3111][TFSI] (N3111+: N-trimethyl-N-propylammonium) without a
hydroxyl group demonstrated simple crystallization upon cooling.
HP-kinetic phase transition was observed in [C2mim][CF3SO3] [40].
HP-solid states were alternated by the compression rate.

In this project, we focused on the non-equilibrium states of ILs. In
addition to nano-heterogeneity and the dynamic hierarchy of ILs in the
liquid state, crystal polymorphs and multiple crystallization pathways
to the solid states could be used to measure the degree of the non-equi-
librium state. Non-equilibrium degrees could be adjusted by chang-
ing the IL cation and anion combination, and non-equilibrium factors
were introduced to estimate just how far from an equilibrium state the
test system was. This approach provides a key to understanding the
non-equilibrium behaviors of proteins and water.

2. Experiments

2.1. Materials

Cations: ethylammonium (EAN+), propylammonium (PAN+),
N,N-diethyl-N-methyl-N-2-methoxyethyl ammonium (DEME+),
C2mim+, C4mim+, and C10mim+ (Fig. 1). Anions: chloride (Cl−), ni-
trate (NO3

−), tetrafluoroborate (BF4
−), and hexafluorophosphate

(PF6
−). Ethylammonium nitrate ([EAN][NO3]), propylammonium ni-

trate ([PAN][NO3]), [DEME][BF4], [C2mim][NO3], [C4mim][PF6],
and [C10mim][Cl] are hydrophilic and were supplied from Kanto
Chem. Co. Water contents of the hydrophilic ILs were estimated on
the basis of the Karl Fischer titration method (AQV-300, Hiranuma

Co.). For LT experiments, the hydrophilic ILs were placed put on a
sample pan in a glove box through which helium gas is flowed and in
which relative humidity was suppressed below 10% using silica gel. In
the HP experiments, the samples were loaded into the diamond anvil
cell (DAC) with ruby balls in the glove bag under flowing dry helium
gas.

2.2. Simultaneous wide-angle X-ray scattering and differential
scanning calorimetry measurements

A combination WAXS and DSC (SmartLab, Rigaku Co.) exper-
iment was designed to measure the complicated phase behaviors of
the samples [41,42]. Microscopic and macroscopic properties are ob-
tained simultaneously. For liquid samples, the vertical goniometer and
horizontally-fixed DSC were indispensable. Here the scattering vec-
tor (q) is defined as 4π(sinθ)/λ (nm−1), where the scattered angle is 2θ.
Cu Kα radiation (λ= 0.1542nm) was selected for the incident X-ray.
During the simultaneous measurements, dry nitrogen gas was flowing.
From the WAXS patterns, possible space groups were evaluated using
the Conograph program [43]. The crystal structures were determined
by FOX, a program that employs ab initio crystal structure determina-
tion [44].

2.3. Small-angle X-ray scattering and wide-angle X-ray scattering
under high pressure

A Mao-Bell type DAC was used for the HP-SAXS and HP-WAXS
experiments. The sample and ruby balls were loaded into the 0.35mm
hole of a preindented 0.18mm thick stainless steel gasket, which
was. HP-SAXS and HP-WAXS experiments were conducted on the
BL-18C beamline of the Photon Factory, High Energy Accelerator
Research Organization (KEK) in Japan [45]. The pressure was mon-
itored from the R1 fluorescence line of the ruby balls packed inside
of the DAC. Wavelength and camera lengths were calibrated to be
0.061872nm with a CeO2 standard. 2D SAXS+WAXS diffraction pat-
terns were obtained using an imaging plate (IP) system (BAS2500,
Fuji-Film Co., Japan) [45]. The IP was a digital X-ray film. Subse-
quently, the 2D data were converted to 1D intensity data to mini-
mize the preferred orientation on the Debye rings. To eliminate air
scattering, a vacuum chamber with polyimide (Kapton)-film windows
was used (125μm thickness). The vacuum chamber had two positions
for the IP setting: one for HP-SAXS (d= 1266.3mm) and another for
HP-WAXS (d= 166.3mm); d is the distance between the sample and
the IP. An incident microbeam was obtained using a double collimator

Fig. 1. Molecular structures of the IL cations and anions.
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system, where the first collimator diameter size was 35μm and the
second was 130μm.

2.4. Raman spectroscopy

Raman spectroscopy experiments were carried out using a JASCO
NR-1800 Raman spectrophotometer equipped with a single mono-
chromator and a CCD detector. The 514.5nm/line from a Lexel Ar+

ion laser was used as the excitation source (250 mW power). In the
DAC, a few ruby balls and the sample were sealed by a stainless steel
gasket (diameter, 0.25–0.40mm; thickness, 0.15–0.25mm).

3. Results and discussion

3.1. Crystal polymorphs and multiple crystallization pathways of
protic ionic liquids at low temperature

[EAN][NO3] is a well-known first-generation protic IL (pIL) [46].
A summary of the electrochemical features of pILs can be found
in the cited literature [47–51]. Despite the simple molecular struc-
ture of [EAN][NO3] (Fig. 1), the liquid structure was found to be a
sponge-like nano-structure (~ 1nm) by neutron diffraction [52–55].
By mixing in water, the outstanding protic features were enhanced in
[EAN][NO3]- x mol% H2O [56]. pH rhythmic oscillations and AC im-
pedance anomalies in the water-rich region (70< x < 90mol%) were
observed at a fixed temperature. At LT, a complicated phase diagram
for the [EAN][NO3]-water system was obtained. Upon cooling, crys-
tallization was suppressed discretely at 71< x < 93mol% [58]. The re-
gion of water concentration almost coincided perfectly with that of
the rhythmic pH oscillations in a non-equilibrium steady state. It is
noteworthy that a non-equilibrium property in the liquid state corre-
sponded to the amorphous phase in the solid state at LT. Therefore,
determining the LT-phases of pILs is important.

The phase behaviors of pure [EAN][NO3] at LT were examined
precisely by simultaneous WAXS and DSC measurements [57]. The
DSC thermal traces are presented in Fig. 2(a)–(c). The cooling and
heating rates were fixed at 5 °C/min. Upon cooling, crystallization oc-
curred at −14.8°C (TC1) with a distinct exothermal peak on the DSC
thermal trace and sharp Bragg reflections. The crystal structure (LT-α
phase) obtained here was different from the previously determined
structure [58] (Table 1). Upon further cooling, a tiny exothermal peak
was detected at −66°C (TC2). However, no additional Bragg reflec-
tions were observed on the WAXS patterns. The minor change was
attributed to a small portion of HNO3 crystallizing [57–59]. Here,
the minor change was described as LT-α′ phase (Fig. 3(a)). No addi-
tional phase transitions were observed with further decreases (down
to −100°C (Tmin)). Upon heating, a crystal-crystal phase transition oc-
curred at −51°C (TC3) with an exothermal peak on the DSC trace.
The WAXS pattern above TC3 differed significantly from that of the
LT-α′ phase. The new phase was denoted the LT-β′ phase (Fig. 3(b)).
The crystal structure of the LT-β′ phase was determined to be mono-
clinic P21/c, which matched the previously reported crystal structure
(Table 1) [57]. A weak endothermal peak was detected at −41°C (Tm1)
with no change in WAXS pattern. The previous study [58] suggested
that the weak peak at −42°C upon heating was derived from the melt-
ing point of HNO3. The weak endothermal peak at Tm1 corresponded
to the HNO3 crystal melting in the non-melting [EAN][NO3] crys-
tal (β′→β). Density functional theory (DFT) calculations suggested
the possibility of partial crystallization of HNO3 in pure [EAN][NO3]
[60]. Upon further heating, the [EAN][NO3] crystal without the HNO3
crystal (β phase) melts at 12°C (Tm2), as shown in Fig. 2(a). The
LT-phase transitions varied depending on the minimum tempera

Fig. 2. DSC thermal traces of [EAN][NO3] at (a) Tmin = −100°C, (b) Tmin < TB and (c)
TB < Tmin. TB indicates the bifurcation temperature, which determined the pathways of
crystallizations. TC1, TC2, and TC3 revealed crystallization temperatures. Tm1, and Tm2
were the melting points.

ture (Tmin). If Tmin was set to be −100°C, phase transition crystalliza-
tion occurred upon heating. The pathway-dependent crystallizations
are schematically illustrated in Fig. 4. TB indicates the bifurcation tem-
perature and this point determines the crystallization pathways. Upon
cooling near the TB, the WAXS pattern did not change at all. Crystal
changes were not probed using simultaneous WAXS and DSC mea-
surements.

For [PAN][NO3], LT effects were also found. LT-crystal poly-
morphs and multiple LT-crystallization pathways were identified,
similar to [EAN][NO3] [61]. The crystal structures of [PAN][NO3]
upon cooling (LT-α phase) and upon heating (LT-β phase) were dif-
ferent from those of [EAN][NO3] (Table 1). In the LT-multiple crys-
tallization pathways of [PAN][NO3], the bifurcation temperature (TB)
was −74°C while the TB of [EAN][NO3] was found to be −82°C [57].
HP behaviors of [PAN][NO3] were examined by Raman spectroscopy
[62]. Crystallization occurred between 0.9 and 1.5GPa. More impor-
tantly, the solidification processes were greatly influenced by rate of
compression. Despite the simple molecular system of [EAN][NO3] or
[PAN][NO3], non-equilibrium states were dominant both at LT and
HP.

3.2. Crystal polymorphs of [DEME][BF4] under high pressure

[DEME][BF4] is hydrophilic quaternary ammonium IL. A spe-
cific feature of the DEME+ cation is that the ether bond is substi-
tuted in the cation (Fig. 1). As calculated from DFT, the oxygen of
the DEME+ cation is electronegative [63] and there are 8 degrees of
freedom for the DEME+ cation conformers [64]. At LT, [DEME][BF4]
showed simple crystallization behaviors and two melting points [65].
From structure analyses, monoclinic and orthorhombic phases coex-
isted without lattice distortion (Table 1). In regard to the two melt-
ing points, the monoclinic crystal (LT-M) phase was found to be a
metastable phase and the orthorhombic crystal (LT-O) phase was sta-
bilized. The unit cells of the LT-M and LT-O phases are shown in Fig.
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Table 1
Crystal structures of the ILs.

Space Group a (nm) b (nm) c (nm) α (°) β (°) γ (°) Z ρ (g/cm3) wR (%) R (%)

[EAN][NO3]
LT-α′ P 0.7521 0.9653 1.1479 111.6 100.4 98.0 6 1.427 9.9 11.8
LT-β′ P21/c 0.9785 1.1447 0.9857 90 112.9 90 8 1.412 8.4 9.5

[PAN][NO3]
LT-α P 0.50467 0.98818 1.2373 106.58 96.591100.98 4 1.406 4.6 8.0
LT-β C2/c 0.80194 0.98641 2.9946 90 95.142 90 16 1.375 12.7 11.1

[DEME][BF4]
LT-M P21/c 1.6782 0.8926 1.0130 90 127.0 90 4 1.278 20.4 16.7
LT-O P212121 1.0128 1.3397 0.8926 90 90 90 4 1.278 19.2 15.4
HP-α P21/c 0.791 1.081 1.342 90 107.9 90 4 1.42 22.3 18.6
HP-β P21 1.032 0.521 1.147 90 107.6 90 2 1.32 27.9 23.9

[C2mim][NO3]
LT P21/n 0.4540(3) 1.4810(9) 1.3445(9) 90 95.74(6) 90 4 1.279 10.4 8.3
HP-β C2/c 1.052 0.6273 1.428 90 121.5 90 4 1.430 19.7 16.5
HP-γ Pbmn 0.670 1.941 2.326 90 90 90 16 1.520 7.9 6.6

[C4mim][PF6]
LT-α Pbca 0.93855(3) 0.97769(3) 2.67170(7) 90 90 90 8 1.540 10.0 3.7
LT-β P 0.93869(8) 0.95879(8) 1.44964(12) 98.492(5) 98.354(6) 101.089(6) 4 1.515 27.5 8.4
LT-γ P 0.88215(8) 0.90796(9) 0.90381(8) 96.671(7) 114.768(6) 103.071(7) 2 1.518 14.5 5.0
HP-β P 0.95818 0.95826 1.45801 99.219 99.252 99.667 4 1.477 21.13 7.4
HP-α Pbca 0.9416 0.9706 2.6806 90 90 90 8 1.541 29.4 36.4
HP-δ P2/m 1.2005 0.7822 1.3016 90 109.5 90 4 1.639 12.8 14.1
HP-δ′ P2/m 0.5683 0.7976 0.6388 90 105.1 90 1 1.688 13.2 15.6

[C10mim][Cl]
LT P 0.4308 0.9631 2.783 80.85 87.23 86.36 6 1.116 4.6 5.1
HP-α P 0.6997 0.8080 4.374 87.11 86.90 63.88 6 1.164 9.4 9.4
HP-β Cmma 0.7672 1.294 4.275 90 90 90 12 1.215 4.2 3.7

Fig. 3. WAXS patterns at the [EAN][NO3] of (a) LT-α′ phase and (b) LT-β′ phase. Red
and black curves indicate calculated and observed WAXS patterns, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

5(a) and (b), respectively. The lattice relationships between the two
phases are presented in Fig. 5(c). The molecular orientational and
positional orders were different between the two phases. By adding
water, the metastable LT-M phase was stabilized proportionally to
the water content [66]. A small amount of water could stabilize the

Fig. 4. Schematic illustration of the crystal polymorphs and multiple crystallization
pathways of [EAN][NO3]. TB indicates the bifurcation temperature for the crystalliza-
tion pathways.

metastable LT-M phase, where the free energy difference between the
two states could be small.

In contrast, complicated phase behaviors were induced under HP.
Upon compression, [DEME][BF4] amorphized at 3.3GPa (Pg) [67].
At pressure up to 8GPa, the amorphized [DEME][BF4] presented
no phase changes. However, decompression-induced crystallization
(d.c.) was observed at 1.4GPa using optical microscopy [66]. The
crystal structure parameters for the HP-α phase are listed in Table
1. The HP-crystal structure was different from the LT-crystal struc-
ture (Fig. 6(a)). Subsequently, a different crystal phase (HP-β phase)
appeared at 0.8GPa (Fig. 6(b)). It is emphasized that this HP-crys-
tal polymorph was only obtained during the decompression process.
The crystal structures of both HP-phases are resolved and illustrated
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Fig. 5. Crystal structures of [DEME][BF4] in (a) metastable phase (LT-M), (b) stable phase (LT-O), and (c) a geometrical relation between the two phases in the unit cell.

Fig. 6. Crystal structures of [DEME][BF4] in (a) a metastable HP-α phase at 1.3GPa
and (b) a stable HP-β phase at 0.8GPa.

in Fig. 6(a) and (b). We predict that the tetrahedral BF4
− anion was af-

fected as a glass forming factor under HP. Upon decompression, the
sudden relaxation causes a molecular rearrangement. Thus, the d.c.
and the HP-crystal polymorph of [DEME][BF4] were regarded as a
non-equilibrium liquid only under HP.

From the crystal structures, metastable phases were found by the
anti-parallel pairing of the DEME+ cation under both at LT and HP
conditions [66]. Obviously, the charge network was partially broken
in the unit cell of the metastable phases. The metastable HP-α phase
could be induced under dense packing conditions. The metastable
phases were reflected by the non-equilibrium states at both LT and
HP. In [DEME][BF4], the anomalous behaviors of the LT- and
HP-phases are summarized in Fig. 7.

3.3. Crystal polymorph and multiple crystallization pathways of
[C2mim][NO3] under high pressure

[C2mim][NO3], whose molecular structure is simple (Fig. 1), is an
aprotic ionic liquid (apIL). The C2mim+ cation has three kinds of con-
formers; that is, non-planar (NP), planar (P), and planar′ (P′) (Fig.
8). It should be noticed that the P′ conformer exists only under HP
[68]. At LT, simple crystallization and melting were observed [69].
The LT-crystal structure was found to be monoclinic (P21/n) (Table 1)
[70]. The LT-crystal structure is characterized by the NP conformer in
the unit cell.

Under HP, crystal polymorphs and multiple crystallization path-
ways appeared simultaneously [69]. X-ray diffraction patterns upon
compression are presented in Fig. 9(a). At 0.5GPa (PC1), single crys-
tal-like domains appeared in the liquid phase (L), as observed by op

Fig. 7. Schematic pathways of [DEME][BF4] phase changes under of both LT and HP.

Fig. 8. Conformations of C2mim+ and C4mim+ cations. The C2mim+ cation possesses
non-planar (NP), planar (P), and planar′ (P′) conformations. The P′ conformer exists
only under HP. Stable conformers of C4mim+ include TT, GT, and G'T.

tical microscopy. Certainly, sharp Bragg spots reflecting single crys-
tals were detected on the IP. The single crystal-like phase was named
the HP-α phase. Without the Debye rings, the crystal structure of
the HP-α phase was not resolved. By Raman spectroscopy, the HP-α
phase contained NP + P conformers. The crystal structure of the HP-α
phase was different from that of the LT-phase as the LT-phase
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Fig. 9. WAXS patterns of [C2mim][NO3] upon (a) compression and (b) decompression.

only consisted of the NP C2mim+ cation. Further pressing induced a
new crystal phase (HP-β phase) from the L phase at 1.4GPa. Clear De-
bye rings from the HP-β phase could be seen on the IP. The NP con-
former also vanished at this pressure. The crystal structure of the HP-β
phase was found to be a monoclinic structure (Table 1), and only con-
tained P C2mim+ cation [69]. Obviously, the crystal structure of the β
phase was different from that of the LT phase. Once the pressure ex-
ceeded 5GPa (PB), the P′ conformer appeared with a phase transition
to a γ phase. It should be noted that the HP-inherent P′ conformer de-
termined the irreversible pathway of the HP-crystallization (Fig. 10).
Thus, the specific pressure required for this change was named the bi-
furcation pressure (PB). By further pressing, subsequent lattice mod-
ulations (γ′ and γ″ phases) occurred without changing the conforma-
tional fraction of P′ to P. The lattice modulations were indicated by the
additional Bragg reflections in the low q region. Here, we emphasize
that the packing efficiency, including the LT phase, can be expressed
by the order of NP < (NP + P) < P < (P + P′).

Fig. 10. Schematic illustration of the complicated [C2mim][NO3] HP-phase behaviors.

The decompression process of [C2mim][NO3] in Fig. 9(b) clearly
demonstrates the non-equilibrium behavior of [C2mim][NO3]. Down
to 3GPa, no changes were observed in the crystal morphology. How-
ever, at 2.8GPa, the crystal domains were observed to drastically
change using optical microscopy. Simultaneously, a peak shifting to
lower q and peak splitting were observed in the WAXS pattern (Fig.
9(b)). A modulated lattice upon decompression (HP-γ‴ phase) was in-
duced by a sudden lattice expansion. At 0.8GPa, a partial HP-β phase
appeared inside the HP-γ‴ phase. It should be noted that the modu-
lated HP-γ″ phase at 8.4GPa did not return to the HP-γ′ and HP-γ
phases during the decompression process. At 0.6GPa, a coexistence
of the HP-α+ HP-β phases were observed in the same manner as those
upon the compression process. Finally, at 0.5GPa, a L + HP-α phase
was obtained from melting of the HP-β phase. Below 0.8GPa, an in-
verse phase change from the HP-β to HP-α phases occurred.

Our next step was to investigate the influence of the HP-inher-
ent P′ conformer under HP. We carried out a pressure cycle experi-
ment, where the maximum pressure was 2.0GPa. In the pressure cy-
cle, the P′ conformer was not formed. Upon compression, crystalliza-
tion of the HP-α phase took place with the liquid phase (L) at 0.6GPa.
At 1.4GPa, the L phase disappeared and fine crystal domains (HP-β
phase) partially grew in the HP-α phase. Then, the HP-α phase was
fully transformed into the HP-β phase at 2.0GPa. The phase changes
upon compression up to 2GPa were identical to those in the previ-
ous pressure cycle. During the decompression process with no HP-γ,
HP-γ′, HP-γ″, and HP-γ‴ phase formations, phase transition from the
HP-β to HP-α phases occurred reversely. If the P′ conformer was not
formed below the PB, the phase transition became normal and re-
versible.

The HP-phase transitions in the pressure cycles of Pmax = 8.4 and
Pmax = 2.0GPa are schematically compared in Fig. 10. We empha-
size that the presence or absence of the P′ conformer determined the
crystallization pathways under HP. The phase switching uniquely oc-
curred at the PB. The series of phase transitions (to the HP-γ, HP-γ′,
HP-γ″, and HP-γ‴ phases) are regarded as non-equilibrium states un-
der HP. Since the conformation fraction of P′ became constant above
PB, subsequent lattice modulations of the HP-γ, HP-γ′, HP-γ″ phases
were required for higher packing efficiency. During the decompres-
sion process, the metastable HP-γ″ phase suddenly relaxed to the
HP-γ‴ phase at 2.8GPa. This large pressure hysteresis also implies
a large volume change during the phase transition. The decompres-
sion-induced γ‴ phase during the decompression process indicates the
presence of a hidden metastable phase that is determined by the pres-
ence of the P′ conformer.

3.4. Crystal polymorphs of [C4mim][PF6]

[C4mim][PF6] possesses nano-heterogeneity in the L state [71].
From ab initio calculations, the stable conformations of the C4mim+

cation were estimated in detail [72]. TT, GT, and G'T, as shown
in Fig. 8, are stabilized in the simulation box. More importantly,
LT-crystal polymorphs of [C4mim][PF6] were discovered upon heat-
ing the IL [72,73]. The crystal structures of the LT-α, LT-β and LT-γ
phases were determined to be Pbca, P , and P , respectively (Table
1) [74–76]. The crystal structures of the LT-α, LT-β, and LT-γ phases
were characterized by the GT, TT and G'T conformers of the C4mim+

cation [74,77]. By single crystal structure analysis, the PF6
− anion

was found to be distributed in the unit cell with losing orientational
and positional orders [77]. The disorder of the PF6

− anion revealed
the specific features of the non-equilibrium liquid. Therefore, the LT-
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crystal polymorph can be described by (i) crystal structures, (ii)
C4mim+ conformations, and (iii) distributions of the PF6

− anion.
The HP-phase changes of [C4mim][PF6] at room temperature pro-

vided different results from the LT experiments [78]. HP-WAXS pat-
terns upon compression are presented in Fig. 11. Liquid [C4mim][PF6]
crystallized at 0.3GPa (= PC). Crystallographic data is summarized
in Table 1. The crystal structure of the HP-α phase was identical to
that of the LT-α phase. Here, we could not observe the previously re-
ported HP-β phase (0.07 GPa) [77]. Further compression caused the
discovery of a monoclinic crystal structure above 1GPa (=P1), co-
existing with the HP-α phase. Herein, we denote this phase as the
HP-δ phase (monoclinic) to distinguish it from the HP-α and HP-β
crystals. At 2.8GPa (=P2), the second solid−solid phase transition oc-
curred (Fig. 11). At this phase transition, Z = 4 became Z = 1 with the
same space group, where Z is the number of cation and anion pairs
in the unit cell (Table 1). Thus, the modified crystal was referred to
as the HP-δ′ phase. We noticed that sharp Bragg peaks still exist at
3.6GPa (Fig. 11). This implies negligible lattice distortions or ex-
ternal hydrostatic pressure applied to the crystal. Upon further com-
pression, partial amorphization was observed at 5.8GPa (=Pg), which
was quite different from the phase changes at P1 and P2. The HP-par-
tial amorphization could be explained as follows: (i) the broad dif-
fraction halo gradually increases above 5.8GPa, (ii) peak broadening
and a decrease in the intensity of Bragg reflections can be observed,
(iii) the low q component, which is indicated by the arrows in Fig.
11, increases above 5.8GPa, and (iv) the sample is transformed to a
partially transparent state, as observed from optical microscopy [78].
Result (iv) implies a state change of the sample at the macroscopic
level. Before compression, the transparent sample in the liquid and
ruby balls can be monitored clearly. When crystal growth occurred in
the liquid, the movements of the crystal domains could be easily ob-
served using optical microscopy. After full crystallization, the crys-
tal domain boundaries in the optical image become darker. Above
Pg, a gradual appearance of the amorphous phase inside of the crys-
tal was indicated by the partial brightness in the sample. This opti-
cal transparency of the amorphous phase was based on the concept

Fig. 11. HP-WAXS patterns of [C4mim][PF6] during the compressing process. The
black and red solid curves indicate the observed and calculated patterns, respectively.
All pressures measured in GPa. PC is the crystallization pressure. P1 and P2 stand for
the first and second solid−solid phase transition pressures, respectively. Pg is the amor-
phous appearance pressure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of a homogeneous and non-boundary state of the amorphous phase.
Result (iv) did not contradict with results (i) − (iii).

The conformational changes of the C4mim+ cation were exam-
ined under HP using Raman spectroscopy [78]. HP-MD simulations of
[C4mim][PF6] suggested that the C4mim+ cation could fold [79]. Ob-
viously, the conformation of the folded cation was different from that
of the TT, GT, and G'T conformers. Since the folding conformer could
be induced only under HP, we named this the spatially constrained
gauche (Gc) conformer. To further understand the results, a variety
of conformations should be analyzed quantitatively. Focusing on the
C4mim+ conformer, we calculated the intensity fraction of the i com-
ponent (fi), where i stands for the trans (T = TT), gauche (G = GT or
G'T), and spatially constrained gauche (Gc) conformers. The Raman
bands of GT and G'T could not be distinguished in the Raman spectra
[78]. Here, fi (i = T, G, and Gc) is defined as,

The fi, as a function of pressure, is shown in Fig. 12. At 0.6GPa
(=Pc), crystallization (HP-α phase) occurred and the fG ratio increased
discontinuously with decreasing fT. If the fT was <0.1, the TT con-
former was not probed even by single X-ray structure analysis. Thus,
the HP-α phase consisted mainly of the G conformer and was equiv-
alent to the LT-α phase structure. In the first solid−solid phase transi-
tion at around 1GPa (=P1), no distinct conformational changes were
observed for the C4mim+ cation. Above 2.8GPa (=P2), the TT con-
former (having a straight alkyl chain) vanished in the Z = 1 lattice
(HP-δ′ phase). Instead, a new Raman band appeared at a lower
wavenumber. The new Raman band could be attributed to the gauche
conformer rather than the trans conformer, such as the Gc at HP. The
folding Gc conformer of the C4mim+ cation was experimentally ob-
served only under HP, like the P′ conformer of the C2mim+ cation.
The HP-inherent Gc conformer can be regarded as one of the factors
leading to the Z = 1 lattice. Above 6GPa (=Pg), a significant experi-
mental finding was clearly obtained. The peak intensity of the Gc con-
former increased drastically. The sudden increase of the folding Gc
conformer corresponded to the partial appearance of an amorphous
phase. We predict that the folded C4mim+ cation loses orientational

Fig. 12. Pressure dependence of the intensity fraction (fi) of [C4mim][PF6] Raman
bands. fT, fG, and fGc indicate the intensity fractions of the trans, gauche, and the spa-
tially constrained gauche conformations, respectively.

(1)
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and positional orders in the amorphous part. Even in the crystal part,
the molecular orientational order could diminish on the lattice sites in
the same manner as the plastic crystal. Thus, the Z = 1 lattice can be
explained by a disorder in the Gc conformer. In fact, the folded Gc was
simulated with reference to the HP-WAXS patterns [78]. The idea of
a “conformation glass” of C4mim+ was introduced to express the par-
tial amorphization. Considering the L phase as a dynamic disorder and
the amorphous phase as a static disorder, the TT and Gc conformers
can be regarded as the dynamic disorder and static disorder factors, re-
spectively (Fig. 12). The pressure dependence of the Raman bands co-
incided with that of the HP-WAXS patterns. Both the LT-crystal poly-
morph and the HP-crystal polymorph are summarized in Fig. 13. The
hidden frustrations are represented by the HP-inherent Gc conformer
and extracted exactly by HP-WAXS and HP-Raman spectroscopy.

Fig. 13. Schematic drawing of the LT-crystal polymorph and HP-crystal polymorph of
[C4mim][PF6].

3.5. Crystal polymorphs and multiple crystallization pathways of
[C10mim][Cl]

[C10mim][Cl], having a long alkyl chain (Fig. 1), is a highly vis-
cus liquid at room temperature. The L structure of [C10mim][Cl] was
determined by SAXS and WAXS [80]. The nano-heterogeneity of
[C10mim][Cl] was evident even in the L state. A broad prepeak, de-
rived from the nano-heterogeneity, was located at q= 2.3nm−1. The
LT-phase change of [C10mim][Cl] has already been investigated [81]
and the literature TC and Tg were found to be −2.1 and − 46.0°C,
respectively. Generally, a liquid crystal (LC) phase is observed in
Cnmim+ cations having long alkyl chain [82–84]. The long alkyl chain
promotes the creation of non-polar domains. Lastly, QENS has been
used to examine the ILs dynamics of Cnmim+ cation [85].

We carried out simultaneous WAXS and DSC measurements to
clarify the complicated LT-phase behaviors of [C10mim][Cl] [86].
Since [C10mim][Cl] was so viscus, crystallization was sensitive to
the cooling rate. For instance, above 10°C/min, crystallization was
completely suppressed [86]. Thus, we chose the cooling and heating
rate of 5°C/min (Fig. 14). Upon cooling, crystallization occurred at
−10.4°C (TC). The crystal structure of the LT-phase was determined
to be triclinic (Table 1). When crystallization occurred, the broad pre-
peak changed to a sharp Bragg reflection at the same peak position
of q= 2.3nm−1. When the minimum temperature (Tmin) was set to be
−100°C, the LT-LC phase appeared upon heating. The phase transi-
tion temperature of the LC phase (TLC) was 32.2 °C, which was just
below the Tm. From the few Bragg reflections, the crystal structure
of the LT-LC phase could not be determined. The Bragg reflection
at q= 2.3nm−1 disappeared once the LT-LC phase occurred. Since the
TLC was close to the Tm (=34.0 °C), the phase transition was not de-
tected previously from DSC measurements alone. Another significant
observation from the LT-phase transition of [C10mmim][Cl] was that
multiple crystallization pathways could be observed by changing the
Tmin (Fig. 15). The TB of [C10mim][Cl] was determined to be approxi-
mately −63°C. It is emphasized that the TB governs the LT-LC forma-
tion.

HP-SAXS and HP-WAXS experiments were carried out using
[C10mim][Cl] at room temperature [86]. The HP-SAXS and
HP-WAXS patterns are presented in Fig. 16. At 0.15GPa, crystalliza-
tion of [C10mim][Cl] was observed with ideal Debye rings (labeled the

Fig. 14. WAXS patterns and DSC thermal traces of [C10mim][Cl] upon (a) cooling and (b) heating.
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Fig. 15. Schematic illustration of the LT-multiple crystallization pathways and HP-crys-
tal polymorph of [C10mim][Cl].

Fig. 16. Pressure dependence of the HP-SAXS and HP-WAXS patterns. Black and red
lines indicate the observed and calculated curves, respectively. The lower curve is the
WAXS pattern in the liquid state. The solid black and red dots represent the 00ℓ Bragg
reflections and the prepeak, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

HP-α phase). The peak position at the lowest q (=1.4 nm−1) was dif-
ferent from that of the prepeak observed in the liquid state (2.3 nm−1).
This indicated that the HP-α phase is characterized by an extremely
long periodic lattice. Structural analysis of the HP-α phase identi-
fied it to be triclinic (Table 1). The HP-crystal structure differed from
the LT-crystal structure. Peaks in the low q region were assigned
as 00ℓ Bragg reflections, which are indicated by black closed cir-
cles in Fig. 16, and the resulting crystal structure of [C10mim][Cl]
is presented in Fig. 17. Under HP, stacking layers developed along
the c direction. The HP-α crystal presented a layered structure com-
prising of cation-stacking and cation-folding layers (hybrid-stacking
layer). The hybrid-layered structure was characterized by a long lat-
tice constant of c = 4nm. Under HP, we believe that the stacking lay-
ers are formed to allow for greater molecular packing. On the other
hand, the folding layer could not be deformed against the shear stress.
The stacking sequence along the c-direction is indispensable for pro-
moting the packing efficiency (the stacking layer) and to prevent
a collapse of the C10mim+ cation's alkyl chain (the folding layer).
Above 2GPa, the contraction rate along the c direction decreased with
increasing pressure [86] and a phase transition occurred at around
2.5GPa (PC) (labeled the HP-β phase). The crystal structure of the
HP-β phase was orthorhombic with changing molecular positional and
orientational orders on the a-b plane (Table 1). The HP-polymorph of
[C10mim][Cl] in Fig. 15 was obtained by an orientational disorder of
the folded C10mim+ cation. In fact, above 3GPa, peak broadening of
the hk0 Bragg reflections became dominant, although peak widths of
the 00ℓ Bragg reflections were small [86]. The layered structure of
[C10mim][Cl] was sustained even though orientational disorder was
promoted on the a-b plane. Consequently, the non-equilibrium behav-
iors of [C10mim][Cl] can be represented by the LT-multiple crystal-
lization pathways and the HP-crystal polymorph (Fig. 15).

3.6. Non-equilibrium factors of ionic liquids

Systematic investigations on the crystal polymorphs and the mul-
tiple crystallization pathways of pILs and apILs prove that an IL
is an ideal non-equilibrium liquid. On the temperature and pressure
scales, water is regarded as a typical non-equilibrium molecule. How-
ever, in water, it is difficult to change the non-equilibrium degree. In
case of the ILs, the non-equilibrium degree can be easily varied by

Fig. 17. Triclinic crystal structure of the HP-crystal at 2.0 GPa.
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changing the cation and anion combination. Theoretically, a non-equi-
librium state can be explained by FEL [14]. Recently, the cage energy
land scape [87] concept was introduced for ILs. A local minimum on
the free energy surface is calculated separately. Simple ionic solvents
are given deep and steep local minimums, while organic solvents are
represented by shallow and wide minimums. The local IL minimum is
estimated as an intermediate basin between these extremes. Therefore,
we can tune the basin on the cage energy landscape by changing the
cation type. For instance, C2mim+ is ionic-like cation, while C10mim+

is organic-like cation.
For better understanding, possible non-equilibrium IL factors can

be considered on the degrees of freedom and scale plot (Fig. 18). In
pILs, a proton plays a significant role for non-equilibrium behaviors.
Locally, direct proton transfer is dominant in the liquid state. On the
other hand, indirect proton transportation such as the Grotthuss-type
mass transfer [88–90] is a collective motion. Thus, a proton-mediated
network develops over the medium-range. The proton transfer/net-
work as a dynamic property contributes to the non-equilibrium degree
in pILs. Conformation (geometry) is a key factor for understanding
the multiple crystallization pathways available, particularly under HP.
The P′ conformer of C2mim+, the Gc conformer of C4mim+, and fold-
ing C10mim+ conformers are only induced under HP to achieve higher
molecular packing efficiency. If the conformation is modified, the di-
pole moment (vector) of the cations is influenced. The dipole moment
coupled with conformations has been discussed theoretically [91]. Di-
pole-dipole interactions have some relation to the nano-heterogene-
ity of ILs. Charge (scalar), which interacts over a long-range, should
be considered in the ILs. Charge including charge-transfer governs
diffusion, conductivity, and vaporization. The charge-transfer force
is considered to be the most difficult term to identify [92,93]. Since
the charge-transfer between ions occurs by a weak covalent bond, the
charge transfer causes to change the electronic polarization and con-
formation. Thus, conformation and dipole moment are influenced by
charge. In the metastable phases, the charge network is partially bro-
ken with preference given to increase packing efficiency. As a result,
proton, conformation, dipole moment, and charge are all considered
non-equilibrium factors.

4. Summary

The complicated phase behaviors of ILs at LT and HP have been
examined to clarify non-equilibrium degrees. [EAN][NO3] and
[PAN][NO3], as pILs, indicated a proton-driven crystal polymorph
and multiple crystallization pathways at LT. Obviously, the proton

Fig. 18. Non-equilibrium factors of proton, conformation, dipole moment, and charge
on the degrees of freedom and scale plot.

transfer/network was found to be a strong non-equilibrium factor. In
a series of Cnmim+-containing apILs, a variety of the conformations
directly correlated with solid phase stabilities. Under HP, metastable
conformers were found. The cations containing longer alkyl chain
tended to fold with a corresponding loss in orientational order. New
concept, “conformation glass” under HP, was used to explain the well
packed system that contained a combination of folded cations and
molecular orientational disorder. Non-equilibrium factors were impor-
tant for interpreting the ILs as an ideal non-equilibrium liquid. Esti-
mating of the kinetic pathways as a typical non-equilibrium state will
be very important for understanding the control functions of biomole-
cules. Pressure-induced holding of compounds in a simple molecular
system may provide clues for examining the pressure stability of pro-
tein folding.
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