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A B S T R A C T

Ionic liquids (ILs) have a phase variety due to degrees of freedom of hydrogen bonding and molecular confor-
mations. Liquid, amorphous, and crystal phases of the ILs and their mixtures are connected with the geometri-
cal factors. In the liquid state, the IL nano-structures are spontaneously formed despite their simple molecular
structures. The nano-heterogeneity of pure ILs is related to the glass transition at low temperature (LT) and high
pressure (HP). Multiple glass transitions are induced by the additive water or under HP. Protic and aprotic ILs
indicate crystal polymorphs and/or multiple crystallization pathways at LT or HP. The phase varieties, including
metastable phases, are related to molecular conformations. In the IL-water system, the hydrogen bonding of wa-
ter is modified, and nano-confined water appears in the water-rich region. The static and dynamic behaviors of
the nano-confined water in ILs are clarified.

© 2020

1. Introduction

A non-equilibrium state can be well-observed even in a simple mole-
cular system. An example of a non-equilibrium liquid/amorphous phase
expanding with pressure is water. A complicated phase diagram of ice,
including kinetic phases, was determined on the temperature and pres-
sure scales [1]. The discovery of polyamorphism of water under high
pressure (HP) has had a great impact on fundamental science [2,3]. The
transformation of high-density amorphous (HDA) ice into low-density
amorphous (LDA) ice is accompanied with a large volume change. More-
over, alongside LDA-HDA, a low- and a high-density liquid were pre-
dicted in the phase diagram, and the liquid-liquid critical point (LLCP)
was hypothesized [4]. The scenario of the LLCP is still under discussion
with many proposed models. A reason for the experimental difficulties
is that crystal ice appears at around the LLPC. Concerning the dynamic
property of water, proton transfer is interpreted by the Grotthuss mech-
anism. Fast proton transportation through hydrogen bonding in water
is expressed by an indirect mass transfer in which a protonic charge
defect is permitted. Recently, first-principle simulations have demon-
strated proton wires, including several water molecules, in a simulation
box [5]. High proton conduction, such as Grotthuss-type proton hop-
ping, was detected in 1D nano-confinement using a nanotube [6]. In
molecular dynamics (MD) simulations, proton transportation varied ac-
cording to the geometry of 2D graphyne [7].
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Ionic liquids (ILs) form an attractive novel solvent and simply com-
prise a cation and an anion [8]. Other interesting properties of ILs in-
clude there near-zero vapor pressure, chemical stability, thermal stabil-
ity, electrochemical stability, and non-flammability. Using these prop-
erties, ILs have had several applications, including electrochemical de-
vices [9–11], catalysts [12–14], CO2 capture [15–17], and cellulose
dissolution [18,19]. However, despite a simple molecular system, the
IL structure is characterized by nano-heterogeneity. First, it was demon-
strated, through MD simulations, that the nano-heterogeneity of ILs
comprises polar and non-polar nano-domains even in the liquid state
[20]. 1-Alkyl-3-methylimidazolium hexafluorophosphate
([Cnmim][PF6]) and 1-alkyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide ([Cnmim][TFSI]), where n indicates the alkyl chain
length, have been used as representative ILs to further investigate the
nano-heterogeneity. IL nano-heterogeneity develops over the
medium-range, proportionally to n, through changes in the geometri-
cal nano-assembly [21]. Furthermore, the nano-heterogeneity has been
proven using small- and wide-angle X-ray scattering (SWAXS) [22]. A
prepeak in the SWAXS pattern corresponds to the nano-heterogeneity in
[Cnmim][Cl] and [Cnmim][BF4]. Increasing the combinations of cations
and anions results in various nano-heterogeneities in ILs, as reported in
the literatures [23,24]. In the same manner as that with water, ILs have
been found to be confined in host nanomaterials [25]. Using the IL con-
finement effect, nano-inherent properties have been used in many ap-
plications. Nano-confined ILs tune the ion conductivity, improving the
catalytical ability and gas separation efficiency.

The dynamic nano-heterogeneity of a supercooled liquid (scL) plays
a substantial role in clarifying the non-equilibrium freezing observed
in glass. Nano-heterogeneous fluids, such as scL-water and ILs, are de
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scribed by dynamic and relaxation parts: Local dynamic fluctuations
based on nano-heterogeneity form substantial issues in understanding
the non-equilibrium science [26]. MD simulations of dynamic hetero-
geneities in scLs were performed using simple particles [27]. Locally
mobile or immobile regions were distinguished in a simulation box.
Furthermore, dynamics in the liquid was enlarged into nano-confined
liquids [28]. Concept of bulk liquids are not applicable to liquids in
nano-scale confinement. As nano-confinementco effects, molecular
translational and reorientational dynamics, solvation dynamics, and
hydrogen bond dynamics are summarized in the literature.

2. Glass transitions in ILs

2.1. Fragility and relaxation of grass transition

Glass is a well-known static frustrated system. As a precursor phe-
nomenon of glass transition, the relaxation processes of a supercooled
state provide a clue to resolving the heterogeneous dynamics at a non-
equilibrium state in nature. Dynamic heterogeneity was simulated to
express a fragile-to-strong transition in supercooled water [29]. The
MD (TIP5P) simulations indicated the formation of two states: fast and
slow water. Generally, the glass transition in an scL is explained by the
free-energy landscape (FEL) containing multiple minima (basins) [30].
The types of glasses can be classified as strong and fragile, which are
clearly distinguished if plotted in an Angell plot using the glass transi-
tion temperature (Tg) (Fig. 1) [31]. On the Angell plot (log(viscosity) -
Tg/T plot), the Vogel–Fulcher–Tammann (VFT) and Arrhenius behaviors
are distinguishable. The VFT equation for fluidity, ϕ, can be expressed
as

(1)

where D and T0 are the fitting constants, and D is inversely proportional
to the liquid's fragility. The IL of [C4mim][BF4] is identified as a fragile
glass (Fig. 1).

In ILs, the FEL was further developed into a cage energy landscape
(CEL) [32]. The ionic and organic duality of ILs can be represented by
introducing the CEL (Fig. 2). In case of representative imidazolium ILs
(Fig. 3(a)), the duality is tuned by varying the alkyl side-chain length,

Fig. 1. Angell plot of three of the ILs, compared to liquids of other types. The ILs are
characterized as extremely fragile. Reproduced with permission from Ref. [31] (Copyright
2003 American Chemical Society).

Fig. 2. Cage energy landscape in inorganic salts, ILs, and organic solvents, expressed by
curvature, slope, and depth. Reproduced with permission from Ref. [32] (Copyright 2016
Nature).

Fig. 3. (a) Molecular structure of [Cnmim]+. (b) LT phase diagram of [Cnmim][BF4]: melt-
ing from crystal (closed square), melting from liquid crystal (closed circle), and glass tran-
sition temperature (open square). Reproduced with permission from Ref. [33] (Copyright
1999 Royal Society of Chemistry).

n. In fact, the glass transition of [Cnmim][BF4] was observed at an in-
termediate n (Fig. 3(b)) [33]. At n ≥ 12, a liquid crystal (LC) appeared
besides the crystal, reflecting the organic nature of the IL. A shorter n re-
flects the ionic nature of the IL, which results in a simple crystallization
at LT.

From both solids and liquids, their organic characteristics were char-
acterized by nano-heterogeneity. For instance, using SWAXS, the addi-
tional prepeak of [Cnmim][TFSI] appeared above the crossover point
(nC) nC = 6 [34], where [Cnmim][Cl] and [Cnmim][BF4] possess one
prepeak [22]. Note that nC is regarded as a crossover alkyl chain length
from ionic (high density) to organic (low density). In fact, cold crystal-
lization (c.c.) occurred in pure [C6mim][TFSI], although a glass tran-
sition was induced in [Cnmim][TFSI] (3 ≤ n ≤ 8) except for that at
nC. In addition to pure system, the [Cnmim][TFSI]-alcohol system pro-
vided the density changes depending on the alkyl chain length [35].
The high density regime transfers to a low regime at around nc.
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Fig. 4. Intermediate scattering functions of [C8mim][PF6] at Q = 0.28 Å−1. Reproduced
with permission from Ref. [37] (Copyright 2013 American Chemical Society).

Moreover, the distinct anion size effect on the solid phases only ap-
peared in pure [C6mim][X] [36].

Heterogeneous slow dynamics of [C8mim][Cl], [C8mim][PF6], and
[C8mim][TFSI] was obtained by wide-angle neutron scattering (WANS)
and neutron spin echo [37]. A dynamic property of deuterated
[C8mim][PF6] was expressed by two types of relaxation processes, slow
(α) and fast (β) relaxations [30], which were observed at low Q (Fig. 4).
The α relaxation is expressed by non-Arrhenius behavior and disappears
at Tg, while the β relaxation display Arrhenius behavior and exists even
below Tg. More importantly, anion effect associating with slow dynamic
was distinguished.

2.2. Glass transition in slow-cooled and quenched mixtures

IL solvent mixtures have been investigated as the fourth evolu-
tion of ILs [38]. The possibility for industrial applications is increased
through the use of mixed ILs. In principle, hydrophilic ILs are diluted
by water, whereas hydrophobic ILs are mixed with alcohol. N,N-Di-
ethyl-N-methyl-N-(2-methoxyethyl) ammonium tetrafluoroborate
([DEME][BF4]) is a hydrophilic IL that possesses an ether bond (Fig.
5). According to ab initio calculations, the ether bond is flexible and
oxygen is electronegative [39]. [DEME][BF4] was synthesized in an
electric double-layer capacitor [40], where pure [DEME][BF4] crystal-
lized at −35 °C. The density functional theory (DFT) calculation pro

Fig. 5. Optimized eight conformers of [DEME]+ by DFT. Reproduced with permission from Ref. [41] (Copyright 2012 Hindawi Publishing Corporation).
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vided eight stable conformations of [DEME]+ (Fig. 5) [41]. The de-
grees of freedom in molecular conformations are considered to be one
of the factors for glass forming. Hydrophilic [DEME][BF4] is well-dis-
solved in water, and the Hydrogen bonding of [DEME][BF4]-water was
investigated using Raman spectroscopy [42]. The nearly free hydrogen
bonding (NFHB) of water existed in [DEME][BF4]-water. In DFT calcula-
tions (Fig. 6), NFHB was revealed by the formation of optimized mole-
cular aggregations of [BF4]− - n(H2O). Water molecules bound to [BF4]−

cannot form conventional hydrogen bonding, such as that in bulk wa-
ter. The NFHB of water also contributed to complicated phase behav-
iors at LT [43]. The phase diagram was determined by simultaneous
wide-angle X-ray scattering (WAXS) and differential scanning calorime-
try (DSC) (Fig. 7). Even upon slow cooling, an amorphous phase ap-
peared at 4–10 mol% H2O. By substituting D2O at a fixed water con-
centration (7 mol%), crystallization occurred through a strong hydrogen
bonding of D [44]. The H/D effect was also reflected at the crystalliza-
tion temperature [42].

Next, the glass transition of [DEME][BF4]-water was investigated us-
ing differential thermal analysis (DTA). Through liquid nitrogen quench-
ing, the [DEME][BF4]-water system caused complicated glass transi-
tions upon heating (Fig. 8) [45]. In [DEME][BF4]-x mol% H2O, a dou-
ble glass transition occurred at 16.5 < x < 30.0 mol%. The first tran-
sition at Tg1 was related to the pure IL, and therefore, the IL-domi-
nant glass occurred at Tg1. The water-dominant glass transition inside
the scL occurred at Tg2, as Tg2 is related to Tg in the water-rich re-
gion. A higher Tg2 implies a hydrogen bonding network developed in
the glass state, which contributes to the formation of a relatively strong
glass. Consequently, the double glass transition could be induced by the
heterogeneity between the IL- and the water-dominant glasses. Frag-
ile and strong glasses coexisted in the [DEME][BF4]-water system. By
the anion type, the anion effect of the glass transition was examined.
The glass transitions of [DEME][I]-water were also determined by DTA
[46]. Water was not dissolved in [DEME][I] below 50 mol% H2O. Ow-
ing to the solution limit, the double glass transition of [DEME][I]-wa-
ter was shifted into the water-rich region (Fig. 8). Using Raman spec-
troscopy, the absence of NFHB in water in [DEME][I]-water was evi-
denced despite the comparable anion size of [BF4]− and [I]−. Unlike the
[DEME][BF4]-water system, a conventional hydrogen bonding network
of water contributed to the double glass transition of [DEME][I]-wa-
ter. It was insufficient to interpret the anionic effect of the double glass
transition from only [DEME][BF4]-water and [DEME][I]-water. Thus,
[Br]− was selected as another halogen for an anion. The glass transi-
tion behavior of [DEME][Br]-water was examined by quenching [47],
where the double glass transition was observable in a narrow region
of water concentration (Fig. 8). From the Raman bands of water in
[DEME][BF4]-, [DEME][I]-, and [DEME][Br]-water, the strength of hy-
drogen bonding in water was in the order of [Br]− > [I]− > [BF4]−

[47]. Consequently, the double glass transition of the [DEME]+ cation-

Fig. 6. Optimized structures of [BF4]−-n(H2O) by DFT. Reproduced with permission from
Ref. [42] (Copyright 2010 American Chemical Society).

Fig. 7. Kinetic phase diagrams of [DEME][BF4]-H2O mixtures on (a) cooling and (b) heat-
ing. xcc and xI are defined to be critical concentrations of c.c. and the formation of ice
crystal, respectively. Tcc is the c.c. temperature with an exothermal peak on heating. Tm1
and Tm2 are the melting temperatures. L, C, A, I and U indicate the liquid, [DEME][BF4]
crystal, amorphous, ice and undefined phases. U is further classified into (I + A), (I + C),
and (I + A + C) phases. Reproduced with permission from Ref. [43] (Copyright 2009 El-
sevier).

based system was found to be governed by the weak hydrogen bonding
of water, whose strength was modified by an appropriate selection of the
anions. Next, the effect of the ether bond in [DEME]+ for the glass tran-
sition was investigated. By using [C4mim][BF4] without an ether bond,
the relation between the double glass transition and the ether bond was
clarified [48]. In the quenched [C4mim][BF4]-water system, there was
no double glass transition over the entire region of the water concen-
tration even though the NFHB of water existed owing to [BF4]−, as ev-
idenced by Raman spectroscopy. Thus, judging from the cationic and
anionic effects, the ether bond of [DEME]+ is the main reason behind
the double glass transition. Theoretically, the MD (TIP3P) simulations of
[C4mim][BF4]-water revealed the molecular interactions between mole-
cules [49]. In particular, the molecular interaction between [C4mim]+

and water is repulsive, whereas that between [BF4]− and water is at-
tractive. The simulation result suggests that water mainly stays around
[BF4]−. If we assume that the electronegative ether bond of [DEME]+

can capture water, we can assume that water moves between [DEME]+

and [BF4]−. Hence, the water fluctuation between [DEME]+ and [BF4]−

can contribute to the double glass transition.

2.3. Glass transition of pure ILs under HP

The conformations of [TFSI]− were determined using Raman spec-
troscopy, combined with DFT calculations [50,51]. The stable confor-
mations were found to be cis (C1) and trans (C2), as shown in Fig. 9(a).
Using ab initio calculations, the global minimum of the dihedral angle
potential was identified for the C2 conformer (Fig. 9(b)) [52]. On the
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Fig. 8. Tg as a function of x. Tg of only one glass transition is expressed by closed circles.
Tg1 and Tg2 of double glass transition are indicated by open squares and open circles, re-
spectively. Reproduced with permission from Ref. [47] (Copyright 2012 Hindawi Publish-
ing Corporation).

other hand, a local minimum appeared at approximately 215° for the
C1 conformer. However, the large C2/C1 ratio indicated a stable liquid
state. Experimentally, the C2/C1 ratio of [TFSI]− was obtained by mea-
suring the Raman spectrum, and the conformation stability was evalu-
ated. At LT, the crystallization of [DEME][TFSI] was suppressed and the
Tg was determined to be −91 °C by DSC [40].

Using a series of phase behaviors at LT and HP [53], [TFSI]− was re-
garded as a glass-forming factor. In [TFSI]−, two degrees of freedom of
the molecular conformations contributed to the entropic stabilization at
LT. Besides the conformers, the electrostatic potential surface of [TFSI]−

indicated the localized and anisotropic charge distribution (Fig. 9(c))
[54]. Except for the central nitrogen and the four sulfonyl oxygen atoms,
most regions shown in green in Fig. 9(c) were nearly neutral. As lo-
calized negative charges were dispersed at five sites, various ion pair-
ings with the cation caused the orientational disorders. Furthermore, the
weak ion pairing was influenced by the negative charge spread on the
molecular surface of [TFSI]−. Here, we confirm that the orientational
disorder and weak ion paring also contribute to glass formation.

Using a diamond anvil cell (DAC) under HP, [DEME][TFSI] was
amorphized at approximately 2 GPa (Pg) [55]. Using an optical micro-
scope, no crystal domain boundaries were observed in DAC. With in-
creasing pressure, the C2/C1 value of [DEME][TFSI] gradually increased
(Fig. 9(d)) [55]. In the same manner as the LT-tendency of C2/C1 [50],
the C2 conformer was preferred under HP if the phase was stabilized.
Thus, the C2 conformer of [TFSI]− is considered to be a stabilization fac-
tor, even at HP.

The representative [Cnmim][BF4] (2 ≤ n ≤ 8) was pressurized using
DAC [56]. Despite the pure system, multiple glass transitions were in-
duced under HP (Fig. 10(a)). The glass transition pressures (Pg, P1, and
P2) were determined using the peak broadening of the ruby R1 fluo-
rescence. Here, two significant points of the HP-multiple glass transi-
tions are highlighted: (i) a triple glass transition induced under HP and
(ii) a crossover point from double to triple glass transition appearing at
n = 5. Focusing on (i), the nano-heterogeneity was investigated using
HP small-angle X-ray scattering (SAXS). A significant finding was that
the nano-heterogeneity disappeared at approximately 2 GPa (Pg), as in-
dicated by the disappearance of the SAXS intensity (Fig. 10(b)). In ad-
dition, Pg determined by the peak broadening of the ruby fluorescence
was comparable to Pg that determined by SAXS. Hence, the HP glass
transition occurred with a loss of nano-heterogeneity. A homogeneous
HP glass of [C8mim][BF4] was formed at Pg. As the non-polar nano-do-
mains consisted mainly of trans alkyl chains in the liquid state, they col-
lapsed under HP amorphization. Thus, we predicted that the HP glass
resulted from the conformational change in [C8mim]+. At Pg, the su-
per-pressurized liquid (spL), exhibiting nano-heterogeneity, transferred
to a randomly frozen folding conformer with orientational disorder.
The recently conducted MD simulations of [C8mim][BF4], as a function
of pressure, exhibited that the gauche conformation increased with the
pressure in the simulation box [57]. Furthermore, experimentally, the
gauche conformer of [C8mim]+ increased close to Pg, as evidenced us-
ing Raman spectroscopy (Fig. 10(c)) [56]. Hence, it is concluded exper-
imentally and theoretically that nano-heterogeneity disappeared at Pg
owing to the folding of the alkyl side chain in [C8mim]+. This is a pro-
totype for the partial folding state of a protein under hydrostatic pres-
sure [58]. Under HP, the alternative pathways to unfolding or partial
unfolding states were expressed in the protein folding landscape. More
interestingly, above P1, the intensity fraction of the gauche conformer de-
creased with increasing pressure. At P1, the folded conformation started
to promote the packing efficiency. By unfolding, the partially unfolded
conformer, as an intermediate, increased above P1. However, each par-
tially unfolded alkyl side chain could not array as trans-like aggregation,
owing to the orientational disorder of the randomly frozen gauche con-
former (Pg < P < P1). If the pressure was increased to P2, gauche and
partial unfolding conformers could be balanced. An entropically stabi-
lized glass state above P2 is driven by various segment formations of
alkyl chains (“conformational glass”). A scenario of multiple glass transi-
tions is illustrated schematically in Fig. 10(d): trans (non-polar nano-do-
main) → gauche → partial unfolding → conformation glass.

Next, we interpret the experimental results by introducing the ag-
gregation model using the schematic illustration in Fig. 10(d). We
discuss (ii) the crossover point from double to triple glass transition
(Fig. 10(a)). As mentioned earlier, the crossover alkyl chain length was
found to be nC = 6 at ambient pressure [34]. The nano-domains of
[Cnmim][BF4] (n < nC) cannot grow completely at ambient pressure, as
the trans conformers of cations are not very dominant. Using Raman
spectroscopy, it was found that the gauche conformers of [Cnmim]+ are
alternated below nC = 5 [59]. For instance, in the spL of [Cnmim][BF4],
an Igauche/Itrans of 1.8 for 3 ≤ n ≤ 4 changed to 1.2 if n ≥ 7. Consider-
ing density, the liquid states are classified as follows: (a) below nC,
no nano-heterogeneity with a gauche-dominant spL (high density), and
(b) above nC, distinct nano-heterogeneity with trans-dominant spL
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Fig. 9. (a) Two conformations of [TFSI]−; C1 (cis) and C2 (trans). (b) Dihedral angle potential energy. (c) Electrostatic potential of [TFSI]−. (d) C2/C1 value of [DEME][TFSI] under HP.
Reproduced with permission from Refs [52] (Copyright 2018 American Institute of Physics), [54] (Copyright 2015 Elsevier), and [55] (Copyright 2012 American Chemical Society).

(low density). Therefore, at n < nC, the conformational change from
trans (low density) to gauche (high density) could not occur at Pg.
Here, we predicted that below nC, an intermediate state between the
gauche-dominant spL and conformation glass appears at Pg < P < P1
(Fig. 10(d)). Therefore, at P1, a conformation glass is also realized be-
low nC.

[TFSI]− is a prototype anion having two stable conformers: C1 and C2
(Fig. 9(a)). The conformational variety of [TFSI]− provides a significant
insight into the solid phases at LT and HP [35,36,54,60]. According to
the literature, [TFSI]− is attributed to a glass-forming factor, excluding
a few ILs. More importantly, at ambient pressure, the liquid structure
of the [Cnmim][TFSI] family was different from that of [Cnmim][BF4]
[34]. Using SWAXS, the nano-heterogeneity of [Cnmim][TFSI] was char-
acterized by two peaks: (i) a prepeak at 2–5 nm−1, caused by the an-
ion-anion correlation through the non-charged tail of the cation, and
(ii) an intermediate peak at 8–9 nm−1, which originated from the an-
ion-anion correlation through the charged head of the cation. More-
over, nC = 5 was found in [Cnmim][TFSI]. Next, we investigated the
HP behaviors of the [TFSI]−-based system. The HP glass indicated that
the different freezing resulted from the competition between the alkyl
chain of the cation and [TFSI]− conformers.Fig. 11(a)–(c) indicate the
pressure dependence of [Cnmim][TFSI] (n = 8–10) in HP-SAXS [61].
As the SAXS intensities did not disappear above Pg, the spL froze with-
out losing the nano-heterogeneity. Not only prepeak intensities but also
prepeak positions were found to be approximately constant over the
pressure scale (Fig. 11(d)). Simultaneously, in [C8mim][TFSI], gauche
did not drastically change above Pg and the C2/C1 value of [TFSI]−

remained roughly constant at Pg, as indicated by the Raman spec-
troscopy [61]. Under further pressure application, other glassy states
were not observed. Only one glass state in [Cnmim][TFSI] (n = 3–10)
indicated that the folding of the cation's alkyl chain was disturbed
by the conformational degrees of freedom of [TFSI]−. Here, we con-
firmed that the [Cnmim][TFSI] family has a single HP glass, which
possesses relatively weak fragility. On the other hand, the

[Cnmim][BF4] family is characterized by multiple HP glasses, which
are identified as the same fragile glass as the LT fragile glass of
[C4mim][BF4] [31]. Besides the conventional strong/fragile glass, the
HP glass of ILs provides a prospect for glass science as a protein proto-
type, i.e., packing efficiency, entropic stability of the orientational disor-
der, various conformations (“conformation glass”), and finally, folding
pathways of unfolding, folding, and partial unfolding.

3. Crystal polymorphs and multiple crystallization pathways of ILs

3.1. Crystal polymorph and multiple crystallization pathways of
[C2mim][NO3]

Among the asymmetric [Cnmim]+ compounds, [C2mim]+ has the
shortest alkyl chain length. By using Raman spectroscopy, two con-
formations of [C2mim]+ were distinguished planar (P) and non-planar
(NP) (Fig. 12(a)) [62]. Upon cooling, [C2mim][NO3] crystallized at LT
and the crystal structure was determined as monoclinic (P21/n) using
WAXS (Fig. 12(b)) [63]. In the unit cell of the LT crystal structure, the
NP conformer existed. Through simultaneous WAXS and DSC, the phase
behaviors of [C2mim][NO3] were examined at LT, where both the cool-
ing and heating rates were 5 °C min−1 [64]. Simple crystallization and
melting were observed at −10.6 °C (TC) and 42.5 °C (Tm), respectively.
A large hysteresis was interpreted using the following experimental re-
sult. By using optical heterodyne-detected optical Kerr spectroscopy, the
slow orientational dynamics, such as organic glass-forming liquids, were
observed in [C2mim][NO3] [65]. The scL of [C2mim][NO3] existed un-
der competition between the slow dynamics of glass formation and the
ionic interactions of crystal formation. Despite its molecular structure,
[C2mim][NO3] intrinsically possessed little glass-forming ability.

The HP phase behaviors of [C2mim][NO3] were quite different from
those at LT. Using the Raman spectra and optical microscopy, the
HP polymorph was detected up to 8.6 GPa (Pmax) (Fig. 13). Besides
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Fig. 10. (a) Multiple glass transitions of [Cnmim][BF4]. (b) SAXS intensities under HP of [C8mim][BF4]. (c) Trans and gauche fractions as functions of [C8mim][BF4] pressure observed
by Raman spectroscopy. (d) Schematic of multiple glass transitions under HP. For simplicity, anions are omitted. Reproduced with permission from Ref. [56] (Copyright 2015 American
Chemical Society).

the NP and P conformers, the HP-inherent conformation of [C2mim]+

was observed above 4 GPa [66], and identified as planar’ (P′) (Fig.
12(a)). From the ab initio calculation, the torsion profile of the
[C2mim]+ dihedrals was obtained [67]. The torsion potential energy of
P′ conformer was largest among the NP, P, and P′ conformers. Never-
theless, the P′ conformer appeared above 4 GPa. Under HP, the P′ con-
former could be forced to form owing to the high molecular packing. As
the P′ conformer cannot exist at ambient pressure, P′ is permitted only
under HP as an HP-inherent conformer. According to a comparison per-
formed between the torsion potential energy and molecular packing ef-
ficiency, the P′ fraction did not exceed 0.25 even at Pmax (Fig. 13). The
conformers of NP (LT crystal), NP + P (liquid), NP + P (HP crystal), P
(HP crystal), and P + P′ (HP crystal) indicate the important relation be-
tween the molecular conformers and packing efficiency.

The features of the HP crystal polymorph of [C2mim][NO3] were
clarified from the HP crystal structures using HP WAXS [64]. Upon
compression, HP-α, HP-β, and HP-γ phases appeared subsequently (Fig.
14(a)). Each transition pressure was comparable to those determined us-
ing Raman spectroscopy. The crystal structure of the HP-α phase was
not resolved owing to the single crystal-like sharp Bragg spots with-
out Debye rings on the imaging plate (IP). At 1.4 GPa, Debye rings ap-
peared besides the Bragg spots. At 2.1 GP, the sharp spots disappeared
and the HP-β phase was determined as monoclinic (C2/c), which was

different from the LT crystal structure. Above 5 GPa, a new WAXS pat-
tern appeared. The crystal structure of the HP-γ phase was orthorhom-
bic (Pbmn or Pbnn) with large lattice constants. The transition pres-
sure corresponded to the P′ conformer-dominant pressure. Furthermore,
the modulated crystals of HP-γ’ and HP-γ” were identified by additional
Bragg reflections, denoted by the closed red and blue circles, respec-
tively, in Fig. 14(a) and (b). One reason why the P′ fraction was almost
constant above 6 GPa (Fig. 13) is the high torsion potential energy of P′
[67]. By introducing structural modulations of the HP-γ phase, the HP-γ’
and HP-γ” phases could be stabilized without the conformational change
in [C2mim]+. During the decompression process, a different modulated
lattice appeared at 2.8 GPa (Fig. 14(b)). In this figure, the discontinu-
ous peak shifting of Bragg reflection at the phase transition pressure is
denoted by the closed green circles. Moreover, in the WAXS pattern on
the enlarged Q scale (Fig. 14(c)), a distinct peak splitting was observed.
By reducing the pressure, the HP-γ”’ phase transformed into the partial
HP-β phase. Furthermore, on the IP at 0.6 GPa, sharp Bragg spots, rep-
resenting a single crystal (HP-α phase), were detected with Debye rings
(HP-β phase). Note that only three conformers of [C2mim]+ resulted in
the complicated HP crystal polymorph of [C2mim][NO3].

Generally, in protein, multiple pathways on the potential energy sur-
face have been discussed in the multiple conformational transition path-
ways and folding pathways [68]. In case of HP crystals of [C2
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Fig. 11. Pressure dependences of SAXS intensities of (a) [C8mim][TFSI], (b) [C9mim][TFSI], and (c) [C10mim][TFSI]. (d) Prepeak positions as a function of pressure. Close circles, open
circles and closed triangles reveal the positions of [C8mim][TFSI], [C9mim][TFSI] and [C10mim][TFSI], respectively. Reproduced with permission from Ref. [61] (Copyright 2018 Royal
Society of Chemistry ).

Fig. 12. (a) Molecular conformations of [C2mim]+: Planar (P), non-planar (NP), and
planar’ (P′). Arrows indicate the torsion angles of [C2mim]+. (b) Crystal structure of
[C2mim][NO3] at low temperature. Reproduced with permission from Ref. [63] (Copy-
right 1992 Royal Society of Chemical).

mim][NO3], the HP-inherent P′ conformer is a guide for the HP crys-
tal pathways. Here, we define the phase transition pressure from the
HP-β phase to HP-γ phase as the bifurcation pressure (PB). If the pres-
sure was decreased below PB, the reversible β-α phase transition was
observed [64]. Therefore, the phase transition pathways were reversed
at PB. Once the HP-γ phase, including the P′ conformer, was formed
above PB, the hidden HP-γ’, HP-γ”, and HP-γ”’ phases appeared (Fig.

Fig. 13. Pressure dependence of molecular conformational fraction of planar (P), non-pla-
nar (NP), and planar’ (P′). Reproduced with permission from Ref. [66] (Copyright 2016
Elsevier).

15). Although the LT phase transition was simple, the P′ conformer-dri-
ven HP crystallization had multiple pathways accompanying the HP
crystal polymorph. Under HP, the “pathway switching” and phase vari-
eties of [C2mim][NO3] indicate that the ILs possess an inherent flexibil-
ity of conformations and charge network, which are stabilized by chang-
ing the crystal structures or lattice modulations.

3.2. Crystal polymorph of [C4mim][PF6]

[C4mim]+ has been intensively investigated from the viewpoint of
conformational stability. The LT crystal polymorph of [C4mim][Cl] re-
lated to [C4mim]+ conformers has been reported [69–71]. In the crys



UN
CO

RR
EC

TE
D

PR
OO

F

H. Abe / Journal of Molecular Liquids xxx (xxxx) 115189 9

Fig. 14. HP-WAXS patterns of [C2mim][NO3] upon (a) compression and (b) decompression. (c) HP-WAXS patterns of the enlarged Q region upon decompression.

Fig. 15. Schematic pathways of multiple crystallizations and crystal polymorph of
[C2mim][NO3]. The crystallization pathways change at the bifurcation pressure (PB).

tal structures of [C4mim][X] (X = Cl, Br, and I), [C4mim][Cl] was
characterized by the TT conformer, whereas the crystal structures of
[C4mim][Br] and [C4mim][I] comprised the GT conformer (Fig. 16)
[72]. As described in the previous section, [PF6]− was found to be
a typical crystal-forming factor from the anion effect of solid phases
[53]. Besides the TT and GT conformers, G'T conformer was estimated

Fig. 16. [C4mim]+ conformers of TT, GT, and G'T. Arrows indicate the torsion angles of
[C4mim]+.

by the torsion potential energy (Fig. 16). Three types of [C4mim]+ con-
formers were estimated from the ab initio calculations [73]. The LT crys-
tal structure of [C4mim][PF6] was determined to be triclinic ( ) using
WAXS [74,75]. The crystal phase was named the LT-γ phase. In the unit
cell, the G'T conformer was arrayed at LT.

The LT crystal polymorph of [C4mim][PF6] was precisely determined
using supersensitive DSC [76]. By using a slow scanning rate of 5 mK
s−1, the DSC trace was obtained as shown in Fig. 17. Upon heating,
the phase changes (scL → α → β → γ) were clarified. Interestingly, us-
ing Raman spectroscopy, it was found that each crystal has its own
[C4mim]+ conformers; the [C4mim]+ conformer of the LT-α phase is
GT, that of the LT-β phase is TT, and that of the LT-γ-phase is G'T. Re-
garding the LT-α, LT-β, and LT-γ phases, the rotational dynamics of the
alkyl chain were examined using 1H NMR [77]. The slow rotational

Fig. 17. DSC trace of [C4mim][PF6] at a scanning rate of 5 mK s−1. Reproduced with per-
mission from Ref. [76] (Copyright 2010 American Chemical Society).
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motion of the butyl group was classified into two: LT-α (GT) and LT-γ
(G'T), and LT-β (TT). In addition, the rotational dynamics of [PF6]−

were obtained using 31P NMR [78]. The spin-lattice relaxation time,
T1, is shown in Fig. 18. Even in the crystal states, the isotropic ro-
tation of [PF6]− was activated. In the LT-γ phase, the anion was de-
scribed by the slowest rotational motion. The fastest rotational mo-
tion of the LT-β phase influenced the slow segmental motion of the
TT conformer. The NMR experiments suggested a dynamic hierarchy
of [C4mim][PF6]. Besides the crystal structure of the LT-γ phase, those
of the other LT-α and LT-β phases were determined by single-crystal
WAXS [79]. The space groups of the LT-α and LT-β phases were found
to be Pbca (orthorhombic) and (triclinic), respectively. Reflecting on
the isotropic rotation of [PF6]−, a two-site split model was introduced
to consider the dynamic disorder of [PF6]−. The anion disorder in the
unit cells is represented by solvent-accessible void surfaces (Fig. 19).
A double-pocket arrangement of the anion occupancy probability in the
LT-γ phase gradually changed to a single pocket in the LT-β phase. An
individual pocket was formed in the LT-α phase. A wide and double
spread of the anion occupancy of the LT-γ phase was interpreted by
the slow rotational mode of [PF6]− [78]. Moreover, each cation con-
former at each phase was visualized as GT (LT-α), TT (LT-β), and G'T
(LT-γ) in the unit cells. To interpret the LT crystal polymorph, the crystal
structures of [C1mim][PF6] and [C3mim][PF6] were resolved using sin-
gle-crystal WAXS [80]. In the [Cnmim][PF6] (n = 1–4) family, melting
points, space group symmetries, cation conformations, and lattice ener-
gies were compared. The alkyl chain length of [Cnmim]+ had no linear
relation with the lattice energy, indicating that the molecular packing
efficiency is not influenced by the alkyl chain length. Moreover, the LT

Fig. 18. Temperature dependence of T1 by 31P NMR. Red, blue, green, and black closed
circles reveal LT-α, LT-β, LT-γ, and liquid of [C4mim][PF6], respectively. Reproduced with
permission from Ref. [78] (Copyright 2013 American Chemical Society). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

crystal polymorph was not observed in [C2mim][PF6] and
[C3mim][PF6].

Pressure-dependent experiments are indispensable for changing the
lattice constants directly. The packing efficiency tuned by HP can ex-
tract phase stabilities, coupled with molecular conformations. Using HP
Raman spectroscopy with DAC, the HP crystallization of [C4mim][PF6]
caused an increase in the gauche conformer of [C4mim]+ cation [81].
Higher molecular packing efficiency was obtained by a trans-gauche
transfer in HP crystallization. Furthermore, the P-T phase diagram of
[C4mim][PF6] was determined using Raman spectroscopy, where HP
ranged from 0.1 MPa to 1 GPa and temperature ranged was room tem-
perature to 100 °C [82]. The HP crystal polymorph from trans to gauche
was clarified on the P-T plot. Furthermore, the phase diagram of
[C4mim][PF6] was extended up to 4 GPa by HP Raman spectroscopy us-
ing DAC [83]. The P-T plot of the LT and the HP crystal polymorphs,
related to the LT crystal polymorph, is displayed in Fig. 20. In addition,
the crystal structure of the HP-β phase at 0.07 GPa and 293 K was the
same as that for the LT-β phase at 0.1 MPa and 193 K [79]. To spec-
ify the relation between the LT and HP crystal polymorphs, HP WAXS
was performed using DAC, with the HP-WAXS patterns shown in Fig.
21 [84]. Upon compression, crystallization occurred from the liquid at
0.3 GPa (= PC). The black and red solid curves in Fig. 21 exhibit the
observed and calculated HP-WAXS patterns, respectively. The crystal
structure was orthorhombic (Pbca, Z = 8, where Z indicates the num-
ber of cation-anion pairs per unit cell), which is the same as that in the
LT-β phase; this phase is named HP-β phase for distinction. The crys-
tallography data are listed in Ref. 84. In the crystal structural analy-
sis, the splitting sites of [PF6]− were introduced owing to an intrin-
sic disorder [79]. Under the further application of pressure, other crys-
tal domains grew in DAC at 1 GPa (=P1). In the HP-WAXS pattern,
the new HP phase coexisted with the HP-α phase and was not equiva-
lent to the LT-α, LT-β, and LT-γ phases. Thus, we denote this phase as
the HP-δ phase. The space group of the HP-δ phase was found to be
monoclinic P2/m (Z = 4). At proximately 3 GPa (=P2), a morpholog-
ical change in the crystal domains was observed using an optical mi-
croscope; subsequently, the second crystal-crystal phase transition oc-
curred. In fact, the HP-WAXS pattern at P2 only changed a little. The
new HP phase was monoclinic P2/m (Z = 1), and possessed a similar
lattice to that of the HP-δ phase. Thus, the phase was named HP-δ'.
If the compression reached 5.8 GPa, some sections of the crystal do-
mains in the DAC changed to a transparent section without any crys-
tal domain boundary, as observed using the optical microscope [84].
The transparent part was not a single crystal as there were no sharp
Bragg spots on the IP. Besides the transparent part of the sample, the
following experimental results support the fact that amorphization ap-
peared partially at 5.8 GPa (=Pg): (i) the broad halo in the WAXS pat-
tern gradually increased above 5.8 GPa, (ii) peak broadening and weak-
ening of Bragg reflections were observed, and (iii) the SAXS intensity at

Fig. 19. LT crystal structures of α, β, and γ phases of [C4mim][PF6]. Disorder [PF6]− anion is expressed by yellow parts. Reproduced with permission from Ref. [79] (Copyright 2013 Royal
Society of Chemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 20. Pressure-temperature phase diagram of [C4mim][PF6].

Fig. 21. HP-WAXS patterns of [C4mim][PF6]. Reproduced with permission from Ref. [84]
(Copyright 2013 American Chemical Society).

the low Q component increased. Up to a maximum pressure of 8.2 GPa
(Pmax), no phase change was observed in the WAXS patterns.

Next, we report on the relation between the HP crystal structures
and the molecular conformations of [C4mim]+. The hidden conforma-
tional frustration was clarified by Raman spectroscopy. The spL state of
[C4mim][PF6] at 0.1 MPa was indicated by the Raman bands in Fig.
22(a). The 625 and 600 cm−1 Raman bands were assigned to the trans
(T) and gauche (G) conformers related to N-C-C-C rotation, respectively
[85]. Furthermore, the 560 cm−1 Raman band was identified as the
[PF6]− vibrational mode, indicated by an open circle in Fig. 22(a). At
0.6 GPa (=Pc), crystallization of the HP-α phase occurred and the trans
conformer decreased as indicated in the Raman spectrum. The HP α-δ
phase transition at approximately 1 GPa (=P1) was indicated by the
peak splitting of the [PF6]− Raman band (Fig. 22(a)), which corre-
sponds to the two different lattice sites of [PF6]− in a unit cell. At ap-
proximately around P2 (3 GPa), a new Raman band appeared, whereas
the trans conformer disappeared completely. The new peak could be
attributed to the pressure-inherent gauche conformer, which was spa-
tially constrained, such as that in the P′ conformer of [C2mim]+. Here,
we tentatively name the new peak as Gc. In HP-MD simulations [86],
the folding conformer, which is different from TT, GT, and G'T, was
demonstrated in the simulation box. In fact, through the crystal struc

Fig. 22. (a) Raman spectra of [C4mim][PF6]. (b) Conformational fraction of [C4mim]+, fi.
Reproduced with permission from Ref. [84] (Copyright 2013 American Chemical Society).

ture analysis conducted using the HP-WAXS patterns, the folding of the
butyl chain in [C4mim]+ was simulated on the lattice sites [84]. If we
assume that the calculated folding conformer was similar to the Gc con-
former in this study, a rotational disorder, observed in [C8mim][BF4]
(Fig. 10(d)), could be similar to that induced in [C4mim][PF6]. The
HP-δ-δ’ phase transition at P2 caused a plastic crystal-like orientational
disorder on the lattice sites. By promoting the orientational disorder of
the folding Gc conformer, the lattice of the HP-δ' phase, where Z = 1,
can be explained by the randomly orientated arrays of folding Gc. Above
6 GPa (=Pg), the portion of the Gc conformer increased. Then, the po-
sitional disorder of the folding Gc was superimposed on the orienta-
tional disorder in the same manner as that in the case of HP glass
in [C8mim][BF4]. Hence, folding-driven HP glass appeared partially in
[C4mim][PF6]. To quantitatively estimate the conformational changes
on the pressure scale, the intensity fraction of the i component, fi, was
plotted (Fig. 22(b)), where i indicates the trans (T), gauche (G), and spa-
tially constrained gauche (Gc) conformers [84]. From the plot, the T con-
former was regarded as a dynamic disorder representing the spL state,
whereas the Gc conformer was found to be a static disorder, such as the
glass state.
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3.3. Crystal polymorph and multiple crystallization pathways of
[C10mim][Cl]

The LT phase diagram of [Cnmim][BF4] (Fig. 3(b)) indicated the
long alkyl chains of the cation induced an LC [33]. In addition, the com-
plicated phase diagram of [Cnmim][Cl] was further determined (Fig.
23) [87]. At n ~ 9, an LC phase appeared additionally, and simultane-
ously, Tm, TC, and Tg intersected. At n > 10, LC melting was clearly ob-
served. In the SWAXS pattern, a Bragg reflection for the LC phase ap-
peared at approximately the same prepeak position in the liquid phase
[87]. Hence, the layered structure of the LC phase is connected to
the liquid structures. The liquid structures of [Cnmim][Cl] were sim-
ulated using MD [88]. Nano-heterogeneity developed in the simula-
tion box with long alkyl chains, reflecting their organic nature. Exper-
imentally, the prepeak intensity of [C10mim][Cl] increased in SWAXS
[22]. The LT solid phases of [C10mim][Cl] were determined using si-
multaneous WAXS and DSC measurements [89]. As [C10mim][Cl] is
quite viscus, crystallization or amorphization at LT highly depended
on the cooling rate. With a cooling rate above 10 °C min−1, crystal-
lization was completely suppressed. A second non-equilibrium behav-
ior at LT for the multiple crystallization pathways of [C10mim][Cl] was
observed reproducibly (Fig. 24) [89,90]. The bifurcation temperature
(TB) of [C10mim][Cl] governs the appearance and disappearance of the
LC phase upon heating. The TB of [C10mim][Cl] was determined to be
approximately −63 °C. Here, we predict that the folding state of the
long alkyl chain of [C10mim]+ is related to the alternate LC pathway.
However, the reason for this remains unclear. In the SWAXS pattern
(Fig. 25), the liquid state was characterized by the prepeak, whose
peak position was Q = 2.2 nm−1. In case of LC, the 00ℓ Bragg reflec-
tions at 3.2, 6.2, 9.4, and 12.5 nm−1 revealed the stacking layer of the
LC phase (blue circles in Fig. 25). The LC phase possessed an approx-
imately 2 nm stacking layer at LT. On the other hand, the LT crystal
structure of [C10mim][Cl] was determined to be triclinic with a large
unit cell (c = 2.783 nm) [89]. The lowest Q position of the Bragg re-
flection was the same as the prepeak position for the liquid phase. The
stacking sequence along the c direction was indicated by the peaks at
2.4, 7.4, and 10.2 nm−1, which represent the 00ℓ Bragg reflections ex-
pressed by the red circles in Fig. 25. Consequently, the structures of
the liquid, LC, and crystal phases at LT were reflected by a 2D corre-
lation owing to the long alkyl chain of [C10mim]+. The conformation
of [C10mim]+ could be trans, as the trans conformers of [C16mim][Cl]

Fig. 23. Phase diagram of [Cnmim][Cl]. Liquid crystal (LC) appearing in the long alkyl
chain length. Reproduced with permission from Ref. [87] (Copyright 2015 American
Chemical Society).

Fig. 24. LT multiple crystallization pathways and HP crystal polymorph of [C10mim][Cl].
Reproduced with permission from Ref. [90] (Copyright 2019 Elsevier).

Fig. 25. SWAXS patterns of liquid (L), liquid crystal (LC), and crystal (C) phases. Repro-
duced with permission from Ref. [90] (Copyright 2019 Elsevier).

and [C18mim][Cl] were determined in various solid phases (Fig. 26)
[91].

[C10mim][Cl] provided the hybrid stacking sequence of crystal struc-
tures at HP [89]. Although the trans conformer in the liquid phase
of [C10mim][Cl] was dominant at ambient pressure, the folding con-
former existed in the unit cell under HP. The HP-SWAXS patterns are
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Fig. 26. Schematic of crystal phases of [C16mim][Cl] and [C18mim][Cl]. Reproduced with permission from Ref. [91] (Copyright 2005 American Chemical Society).

shown in Fig. 27. At 0.15 GPa, the crystal phase appeared upon the
compression process. Notably, the peak position at the lowest Q
(1.4 nm−1) was different from the prepeak position observed in the liq-
uid state (2.3 nm−1). The 00ℓ Bragg reflections (denoted by the closed
circles in Fig. 27) indicated that a long stacking layer was induced un-
der HP, and that the HP-crystal structure was different from the LT-crys-
tal structure. Using crystal structure analysis [89], a hybrid layered

Fig. 27. HP-SWAXS patterns of [C10mim][Cl]. Red and black closed circles reveal the pre-
peak positions and 00ℓ Bragg peak positions, respectively. Reproduced with permission
from Ref. [90] (Copyright 2019 Elsevier). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

structure with a long lattice constant of (c) of 4.3 nm was obtained
(Fig. 28). The layered structure can be divided into two: a folding
layer and a stacking layer. The folding layer comprises a gauche con-
former. Even in the stacking layer, only the trans conformer cannot ex-
ist. Above 3 GPa (P1), the peak broadening of the Bragg reflections oc-
curred. However, in the low-Q region, the 00ℓ Bragg reflections were
sharp. The crystal structure analysis indicated that the triclinic crystal
transformed to an orthorhombic one at P1. The broad hk0 Bragg reflec-
tions at high Q imply that the orientational disorder of [C10mim]+ oc-
curred on the (hk0) plane. Here, we deduce that the spherically changed
gauche conformer in the folding layer lost its orientational and posi-
tional orders, but the 2D layered structure was sustained by the trans
conformer in the stacking layer. Here, HP-driven folding, unfolding
and refolding of proteins are key to understand the above phenomena
[58]. Using FEL, conformational effects and compressibility effects in
proteins are clarified. Recently, the folding transitions of the protein
in the HP phase transition at P1 have been described [92]. The four

Fig. 28. Crystal structure of [C10mim][Cl] at 2 GPa. Reproduced with permission from
Ref. [89] (Copyright 2018 Wiley-VCH Verlag GmbH).
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states of the protein crystal, collapsed crystal, spherical, and swollen
unfolded are schematically illustrated on the pressure scale in Fig.
29. Above the critical point, the three conformational states fluctuated
extensively by changing their conformations. The hybrid structure of
[C10mim][Cl] could be caused by a competition between conformations
and compressibility in the same manner with the folding and unfolding
of the protein under HP. As the hybrid structure of [C10mim][Cl] was
not been observed at LT, the spherical gauche conformer was indispens-
able for the HP-driven layered structure. Even at 5.1 GPa (Pmax), the 00ℓ
Bragg reflections remained sharp, although the other hk0 Bragg reflec-
tions became much broader. Thus, it is thought that the hybrid structure
plays a significant role in preventing the collapse of the layered struc-
ture with permitting 2D disorders on the (hk0) plane.

3.4. Crystal polymorph and multiple crystallization pathways of protic ILs

ILs are divided into two: aprotic ILs (apILs) and protic ILs (pILs).
Ethylammonium nitrate ([EAN][NO3]) was synthesized as the first IL
by Paul Walden [93,94], where [EAN][NO3] is a pIL. The features of
pILs include ionicity [95–97], proton transfer, and hydrogen bonding.
The ionicity of ILs allows ion dissociation [95], and is defined using the
molar conductivity ratio obtained by the ionic conductivity and ionic
self-diffusion coefficients. Not only pILs but also the conventional ILs are
categorized by ionicity (Fig. 30) [98]. Focusing on the proton dynamics
of pILs, a Grotthuss-like proton conduction is proposed. The Grotthuss
transportation mechanism was originally constructed to explain fast pro-
ton transfer in water [99,100]. The proton conductivity in pILs was
investigated by quasi-elastic neutron scattering (QENS) and 1H NMR
[101]. A long-range diffusion of protons was described by a relatively
slow process. Moreover, the relation between the ionicity and proton
transfer of pILs was clarified using the gas-phase proton affinity [102].

The liquid and crystal structures of pILs were examined using WAXS
and WANS, respectively. Besides [EAN][NO3], methylammonium ni-
trate [MAN][NO3], dimethylammonium nitrate ([DAN][NO3]), propy-
lammonium nitrate ([PAN][NO3]), and butylammonium nitrate
([BAN][NO3]) were also examined and regarded as representative pILs
(Fig. 31) [103]. The hydrogen bonding-inherent liquid structures in
these ILs have been demonstrated experimentally and theoretically. The
detailed liquid structures of partially deuterated [EAN][NO3] [104] and
[PAN][NO3] [105] were visualized using WANS with an empirical po-
tential structure refinement. Fig. 32 reveals sponge-like nano-struc

Fig. 29. Phase diagram of the protein conformations. The critical point is indicated by a
red closed circle. Reproduced with permission from Ref. [92] (Copyright 2019 American
Physical Society). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 30. Ionicity on the Coulombic (Lewis acidity/basicity) and van der Waals interac-
tions. Good and poor ionic liquids are classified according to their ionicity. Reproduced
with permission from Ref. [98] (Copyright 2010 Royal Society of Chemistry). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 31. Solid and liquid pILs at room temperature. Solid pILs are characterized by the
plastic crystals, while liquid pILs possess multiple crystallization pathways. Reproduced
with permission from Ref. [103] (Copyright 2018 Elsevier).

tures of [EAN][NO3] [104]; moreover, the prepeaks of [PAN][NO3] and
[BAN][NO3] were observed using high-energy WAXS [106]. Combined
with the MD simulations, liquid structures of the pILs were analyzed
and a strong hydrogen bonding was estimated. Using Raman spectra and
DFT calculations, the optimized clustering of [EAN][NO3], [PAN][NO3],
and [BAN][NO3] was demonstrated [107]. The DFT calculations, which
coincided with the observed Raman bands, indicated an asymmetric
hydrogen bonding network. Electrochemically, the acid–base proper-
ties of [EAN][NO3], representing the proton behaviors, were obtained
by potentiometric titration [108], where the pH value windows of
[EAN][NO3] were first determined.

Generally, a crystal structure contains orientational and positional
orders of molecules in a unit cell. The order information reveals the
molecular interactions in the liquid state. The crystal structure of
[MAN][NO3] was determined using single-crystal WAXS, allowing bond-
ing distances in the unit cells to be precisely estimated [109]. In ad-
dition, Raman spectroscopy and DFT calculations provided evidence of
a hydrogen-bonding network, and the crystal structure of [EAN][NO3]
was resolved by single-crystal WAXS (Fig. 33) [110]. In spite of a
small molecular system, the large unit cell of [EAN][NO3] was induced
by hydrogen bonding. Sinusoidal modulation of [NO3]− in the unit
cell satisfies the hydrogen bonding network. More interestingly, a crys-
tal polymorph and multiple crystallization pathways for [EAN][NO3]
were observed at LT using simultaneous WAXS and DSC measurements
(Fig. 34) [111]. Upon cooling, crystallization (I phase) occurred at
−14.8 °C (TC1) (Fig. 35). The crystal structure of the I phase was not
P21/c, as determined using single-crystal WAXS [110]. Upon cooling,
the I phase was found to be triclinic (P ) [111]. At −66 °C (TC2),
a minor phase transition was detected with a small exothermal
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Fig. 32. Sponge-like liquid structure of [EAN][NO3]. (a) Total molecules, (b) non-polar domains only, and (c) [NO3]− only. Reproduced with permission from Ref. [104] (Copyright 2011
Royal Society of Chemistry).

Fig. 33. Crystal structure of [EAN][NO3] by single-crystal WAXS. Reproduced with per-
mission from Ref. [110] (Copyright 2012 Royal Society of Chemistry).

peak. As the WAXS pattern only minimally altered at TC2, we call this
modified phase the I′ phase. Upon heating, a crystal-crystal phase tran-
sition occurred at −51 °C (TC3), as indicated by an exothermal peak on
the DSC trace and new Bragg reflections on the WAXS pattern (Fig. 35);
the I′ phase transformed to a new phase (II′ phase). The crystal structure
of the II′ phase was exactly the same as the previously reported crystal
structure (P21/c) [110]. Tm1 at −41 °C indicated a weak endothermal
peak; however, no change in the WAXS pattern was indicated. Consid-
ering the melting point of HNO3 (Tm = −42 °C), a weak endothermal
peak at Tm1 indicated that a little HNO3 crystal melted without includ-
ing a phase transition in [EAN][NO3]. Here, a new crystal without HNO3
is named II phase. The melting of II′ → II upon heating suggests that,
upon cooling, a little HNO3 crystallization (I → I′) occurred at TC2. Fi-
nally, [EAN][NO3] melted at Tm2 (12 °C). Despite a simple molecular
structure, [EAN][NO3] had a complicated crystal polymorph induced by
the proton behavior.

The proton dynamics could alternate the crystallization pathways in
[EAN][NO3]. The partial of HNO3 at TC2 indicated that a small amount
of proton was frozen inside the I phase. To clarify partial freezing of
the proton, we performed different thermal cycles by setting the min-
imum temperature (Tmin) above TC2 (TC2 < Tmin). As illustrated inFig.
34, simple and reversible phase transitions occurred without the for-
mation of a HNO3 crystal and the II phase. Then, we noticed the bi-
furcation point (TB), which is the point at which the II phase ap-
pears upon heating. TB, as the phase switching point, was found to be
−82 °C. However, at TB, the simultaneous measurements did not de-
tect any phase change. Conventional X-ray cannot probe the hydrogen,
and the proton freezing energy of [EAN][NO3] is potentially quite small
[112]. Thus, we deduce that proton freezing below TB causes a differ

Fig. 34. Schematic of LT and HP crystal polymorphs, and LT multiple crystallization path-
ways in [EAN][NO3]. TB reveals the bifurcation temperature. Reproduced with permission
from Ref. [113] (Copyright 2020 Elsevier).

ent crystallization pathway upon heating. Besides [EAN][NO3], the crys-
tal polymorphs of [DAN][NO3], [MAN][NO3] and [PAN][NO3] were de-
tected using simultaneous WAXS and DSC measurements [103]. The
solid states of [DAN][NO3] and [MAN][NO3] at room temperature pos-
sessed plastic crystals, although the liquid states of [EAN][NO3] and
[PAN][NO3] at room temperature were characterized by multiple crys-
tallization pathways (Fig. 31). Furthermore, the crystal
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Fig. 35. WAXS patterns and DSC thermal traces of [EAN][NO3]. Reproduced with permis-
sion from Ref. [111] (Copyright 2017 Elsevier).

polymorphs and multiple crystallization pathways of the pILs were quite
different from those of apILs. In case of apILs such as [C4mim][PF6]
[76], various crystal structures are connected through molecular con-
formations. In contrast, the liquid state of [EAN][NO3] as one of pILs
is characterized by incomplete and asymmetric the acceptor−donor net-
work of hydrogen bonds [107]. The local disorder of [EAN][NO3] gov-
erns the complicated crystal polymorph and crystal structures [110].

Entirely different crystal polymorph of [EAN][NO3] was observed
under HP (Fig. 34) [113]. One is that HP crystal polymorph was
non-reversible. The other is that the HP crystal structures did not co-
incide with the LT ones. Generally, under HP, hydrogen bonding in
crystals is flexible by changing networks [113]. The HP-α phase of
[EAN][NO3] was formed upon the compression process. The space
group was C2/c (monoclinic) [113]. By further pressing, crystal do-
mains changed and new Bragg reflections appeared in the X-ray dif-
fraction pattern. By the structure analysis, the lattice parameters of
the new phase were similar to those of the HP-α phase except for
the β angle. Thus, the lattice is

named HP-α’ phase. Proportionally to pressure, the β angle of the HP-α’
phase gradually increased. At 8.1 GPa, a distinct phase transition was
observed by optical microscopy. Simultaneously, in the X-ray diffraction
pattern, additional peaks appeared and peak broadening occurred. The
crystal structure was also monoclinic, and this phase was named HP-β.
On the other hand, upon decompression process, HP-β phase did not
show any changes down to 2.8 GPa. At 1.0 GPa, a drastic morphologi-
cal change observed by optical microscopy implies a decompression-in-
duced phase transition. The different X-ray diffraction pattern provides
the different molecular arrangement in the crystal was induced by a
large volume change. The space group of the crystal structure was P21
[113]. Therefore, in case of [EAN][NO3], HP-crystal polymorph was not
reversible. It is deduced that distance-tunable hydrogen bonding under
HP can compensate the large volume change. Moreover, the hydrogen
bonding network could be modified by the molecular orientational and
positional orders. The LT and HP phases are characterized by the crys-
tal structures (Fig. 36(a)–(c)). For simplicity, hydrogen is omitted. For
comparison, one of LT-phases (phase I) obtained in a previous study
[111] is also shown in Fig. 36(a). A zigzag 1D chain-like order was de-
veloped for the [NO3]− anion in the unit cell. In addition, the different
[NO3]− order is visualized in the HP-α’ phase at 6.2 GPa (Fig. 36(b)). A
2D network of [NO3]− anions is expressed by the 2D [NO3]− sheets on
the (h0ℓ) planes stack along the b-direction. In contrast, a 3D network
of [NO3]− appeared in the HP-γ phase at 1.0 GPa upon decompression
(Fig. 36(c)). Here, LT- and HP-crystal polymorphs of [EAN][NO3] are
characterized by dynamic proton transfer and static compressible hy-
drogen bonding, respectively. In spite of small molecular size and lit-
tle molecular conformations of [EAN][NO3], LT and HP phase complex-
ity of [EAN][NO3] reflects the various molecular interactions in liquid
[EAN][NO3].

3.5. Crystal phases of ether-functionalized ILs

Ether-functionalized ionic liquids (eILs) with high electric conduc-
tivity and low viscosity were synthesized for an electrolyte [114,115].
The eILs were phosphonium and ammonium cations with [TFSI]−. The

Fig. 36. Unit cells of (A) phase I at LT, (B) HP-α’ phase (6.2 GPa), and (C) HP-γ phase (1.0 GPa) of [EAN][NO3]. Reproduced with permission from Ref. [113] (Copyright 2020 Elsevier).
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electrochemical properties of eILs were investigated for electrochemi-
cal capacitors [116]. In fundamental science, the cation−anion inter-
actions of eILs are clarified using NMR [117]. It is found that molec-
ular conformations control the ion mobility and charge transport. Be-
sides the phosphonium and ammonium cautions, the liquid structures of
the imidazolium eILs have been determined using SWAXS and MD sim-
ulations [118,119]. The eILs are [(C1OC1)(n/3)mim][TFSI] (n = 3, 6,
9) with oxygen-substituted alkyl side chains. A scorpion-like molecular
shape is demonstrated, as shown in Fig. 37. Compared to conventional
ILs, the prepeak of eILs is weakened by the scorpion-shaped cations.
The nano-heterogeneity almost disappears in eILs. Ether-linked chains
are flexible, and a curl shape is induced by the interactions between
the ether-substituted chains (electronegative) and the imidazolium ring
(electropositive) [120]. The structural and transport properties of imi-
dazolium and pyrrolidinium eILs have been investigated systematically
[121]. Low viscosities are explained by the reduced segregation of the
cation side chains. Furthermore, the pressure effects of [C10mim][TFSI]
and [C7O3mim][TFSI] were obtained using SWAXS and MD simulations
[122], where the prepeak of [C10mim][TFSI] decreased with increasing
pressure. In contrast, a minimal intensity change in [C7O3mim][TFSI]
was observed under HP. The different pressure dependences between
conventional ILs and eILs are derived from conformational flexibil-
ity. At ambient pressure, all trans conformers of [C10mim]+ contribute
to the nano-heterogeneity. The pressure-induced folding conformer of
[C10mim]+ resulted in a less-polar network, thus reducing the nano-het-
erogeneity. In case of [C7O3mim][TFSI], the nano-heterogeneity was not
influenced by pressure, as [C7O3mim]+ has a folding conformer even at
ambient pressure.

The solid phases of eILs have been investigated both at LT and
HP by changing the combinations of cations and anions (Fig. 38)
[54]. The cations are [C4mim]+, [DEME]+, and
N-2-methoxyethyl-N-methylpyrrolidinium, [MEMP]+, and anions are
[NO3]−, [BF4]−, [PF6]−, trifluoromethanesulfonate ([TFMS]−), and
[TFSI]−. Systematic experiments indicated that [PF6]− acts as a crys-
tal-forming factor, whereas [TFSI]− contributes to forming amorphous
phase at both LT and HP. More importantly, LT and HP crystal poly-
morphs appeared in

Fig. 37. Scorpion-shaped [C6O3mim]+. Reproduced with permission from Ref. [119]
(Copyright 2013 Royal society of Chemistry).

Fig. 38. Solid phases of cation-anion combinations. Reproduced with permission from Ref.
[54] (Copyright 2020 Elsevier).

[C4mim][PF6], [DEME][PF6], and [MEMP][PF6]. The LT polymorph of
[PF6]−-based ILs was different from the HP polymorph. In particular, HP
crystal polymorphs of [MEMP][PF6] became complicated (Fig. 39). The
difference in the molecular structures between [DEME]+ and [MEMP]+

is the presence and absence of the five-membered ring, respectively
(Fig. 38). The structural difference provides the different electrostatic
potential by DFT calculations (Fig. 40). A larger electronegative oxy-
gen of [MEMP]+ is attracted to the positive nitrogen. The curled chain
is demonstrated in [MEMP]+, whereas [DEME]+ has a straight chain
(Fig. 40). In addition, the large electronegative oxygen in [MEMP]+ is
repulsive to [PF6]−. As the shorter molecular distance is realized under
HP, the curled molecular shape and repulsive molecular interaction of
[MEMP]+ may cause a complicated HP crystal polymorph. The other
feature of eILs is the HP-induced plastic crystal [54]. Generally, a plas-
tic crystal is represented by a relatively free rotation on the lattice site.
Recently, in ILs, a new disorder mechanism of the plastic phase was ob-
served in calorimetry, impedance spectroscopy, WAXS, NMR and Raman
spectroscopy [123]. In the HP-β phase of [MEMP][PF6], the HP plastic
crystal was formed at 1.8 GPa. This crystal was expressed by the ran-
domly frozen [MEMP]+, where the curled [MEMP]+ under HP easily
lost its orientational order. Coupled to the rotational disorder of [PF6]−,
[MEMP]+ contributed to the HP-inherent crystal polymorph including
the plastic phase.

[DEME][BF4] as an eIL possesses various solid phases both at LT
and HP [90]. Although [BF4]− acts as a glass-forming factor, only
[DEME]+ combined with [BF4]− caused LT- and HP-crystallizations
(Fig. 38). At LT, [DEME][BF4] simply crystallized. However, upon
heating, two melting points were observed (Fig. 41). Through struc-
ture analyses, monoclinic (LT-M) and orthorhombic (LT-O) phases co-
existed without lattice distortion [124]. The two melting points cor-
responded to the metastable LT-M and stable LT-O, respectively. The
crystal structure of the metastable LT-M is represented by the antiparal

Fig. 39. HP crystal polymorphs of [C4mim][PF6], [DEME][PF6], and [MEMP][PF6].

Fig. 40. Electrostatic potentials of [DEME]+ and [MEMP]+ cations.
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Fig. 41. Schematic pathways of [DEME][BF4] phase changes under both LT and HP. Re-
produced with permission from Ref. [90] (Copyright 2019 Elsevier).

lel pairing of [DEME]+ without [BF4]− [124]. In the cation pairing, the
electropositive part of the cation is partially compensated by the elec-
tronegative ether bond of the other cation. In addition, the antiparal-
lel pairing is permitted by a weak interaction with [BF4]−, which be-
longs to the low-interaction-energy group (Fig. 42) [125]. Further-
more, [BF4]− is repulsed by the electronegative ether bond of [DEME]+.
The metastability of LT-M is derived from the exclusion of [BF4]−.
More interestingly, the LT-M phase was stabilized by the amount of
water additive [124]. Water-mediated hydrogen bonding, which ex-
cludes [BF4]− [42], contributes to the reduction in the lattice energy
of the LT-M phase. On the other hand, under HP, crystallization was
suppressed upon the compression process and HP amorphization of
[DEME][BF4] occurred at 3.3 GPa (Pg), Pmax was 8 GPa [126]. How

ever, decompression-induced crystallization (d.c.) was observed at 1.4
GPa using optical microscopy. The crystal structure of the HP-α phase
was different from the LT-crystal structures. Subsequently, a different
crystal phase (HP-β phase) appeared at 0.8 GPa. Besides the LT-M phase,
the crystallographic feature of the HP-α phases is described by an an-
tiparallel pairing of [DEME]+ [124]. Thus, the HP-α phase is also re-
garded as a metastable phase, which can be induced under dense pack-
ing conditions. The metastable phases were reflected by the non-equilib-
rium states at both LT and HP. The LT- and HP-phases are schematically
illustrated in Fig. 41. Notably, the complicated d.c. and HP-crystal poly-
morph of [DEME][BF4] appeared as a non-equilibrium liquid only under
HP.

3.6. Non-equilibrium factors of ILs

The crystal polymorphs and multiple crystallization pathways of pILs
and apILs are summarized in Table 1. The systematic investigations
at both at LT and HP prove that an IL is regarded as a non-equi-
librium liquid. In general, the complicated P-T phase diagram of wa-
ter suggests that water is regarded as a typical non-equilibrium liq-
uid. However, it is difficult to change the non-equilibrium degree of
water. In contrast, ILs possess various cation-anion combinations, and
thus, the non-equilibrium degree can be easily varied through the se-
lection of the cations and anions. As mentioned earlier, the non-equilib-
rium state can be explained theoretically by FEL [30] and CEL [32]. In
CEL, a local minimum on the free energy surface is drastically changed
by the duality of ILs. For instance, [C2mim]+ is an ionic-side cation,
whereas [C10mim]+ is an organic-side cation. On the other hand, [Cl]−

is attributed to the strong interaction energy group (Fig. 42). Hence,
in the case of [C10mim][Cl], a combination of an organic-side cation

Fig. 42. Anion ranking of interaction energy coupled with Hofmeister ranking, and hydrogen bond basicity ranking. Reproduced with permission from Ref. [125] (Copyright 2018 Royal
Society of Chemistry).

Table 1
Crystal polymorphs and multiple crystallization pathways at LT and HP. ○ and × reveal presence and absence, respectively. The anion interaction energy is estimated in Fig. 42 [125].

Anion interaction energy Cation conformation LT HP

Polymorph Multiple Polymorph Multiple

pIL
[EAN][NO3] medium ○ ○ ○ ?
[PAN][NO3] medium gauche, anti ○ ○ ? ?
apIL
[C2mim][NO3] medium NP, P, P′ × × ○ ○
[C4mim][PF6] weak TT, GT, G'T, Gc ○ ○ ○ ?
[C10mim][Cl] strong × ○ ○ ?
[DEME][BF4] weak 8 × × ○ ?
[DEME][PF6] weak 8 ○ ? ○ ?
[MEMP][NO3] medium × × ○ ?
[MEMP][PF6] weak × × ○ ?
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and a typical ionic-side anion causes non-equilibrium behaviors, such as
LT-multiple crystallization pathways and HP-crystal polymorph.

For better understanding, the possible non-equilibrium factors for
the degrees of freedom and scale plot should be considered (Fig. 43)
[90]. In pILs, proton dynamics are directly related to their non-equi-
librium behaviors. Locally, a direct proton transfer is dominant in the
liquid state. On the other hand, indirect proton transportation, such as
the Grotthuss-type mass transfer described by proton wires [5], is ac-
tivated as a collective motion. Considering a sponge-like nano-hetero-
geneity of pILs, a proton-mediated network develops over the medium
range. The proton transfer/network, as a dynamic property, contributes
to the non-equilibrium degree in pILs. Next, as a topology factor, mole-
cular conformations are considered. Particularly under HP, the degrees
of freedom of the molecular conformers [127] govern the phase sta-
bilities, which are related to the molecular packing efficiency. For in-
stance, the P′ conformer of [C2mim]+, the Gc conformer of [C4mim]+,
and the folding [C10mim]+ conformer are preferred only under HP to
achieve a higher molecular packing efficiency (Table 1) [127]. In ad-
dition, the conformational changes lead to modifications in the electro-
static potential. Consequently, the dipole moment (vector) of the cations
is influenced by the molecular conformations. The dipole moment, cou-
pled with the conformations, has been discussed theoretically [128]. Di-
pole-dipole interactions are related to the nano-heterogeneity of ILs. As
a scalar factor, charge (scalar), which interacts over a long range, should
be introduced in ILs. As described in Fig. 42, the interaction energy
is tuned through appropriate anion selection. Moreover, the charge in-
cluding charge transfer governs diffusion, conductivity, and vaporiza-
tion. The charge-transfer force is considered the most difficult term to
be identified [129,130]. As the charge transfer between ions occurs
through a weak covalent bond, it changes the electronic polarization and
conformation. Thus, conformation and dipole moments are influenced
by the charge. In the metastable phases, the charge network is partially
broken, with preference given to increasing the packing efficiency. As a
result, proton, conformation, dipole moment, and charge are all consid-
ered non-equilibrium factors.

4. Nano-confined water in ILs

4.1. Partial refolding protein in IL-water

In biochemical engineering, choline-based ILs are potential types of
biocompatible solutions. Particularly, in choline dihydrogen phosphate
([Chol][dhp]), a protein was preserved in its native holding over a long

Fig. 43. Non-equilibrium factors of proton, conformation, dipole moment, and charge on
the degrees of freedom and scale plot. Scale means hierarchal sizes of each components.
Reproduced with permission from Ref. [90] (Copyright 2019 Elsevier).

period [131,132]. The thermal stability of the [Chol][dhp] aqueous so-
lution is also a significant point. A denatured protein only appears above
100 °C. [Chol][dhp] aqueous solutions have been found to be useful in
biochemical engineering.

[C4mim][NO3]-D2O was selected to investigate the protein folding/
unfolding properties. D2O is indispensable for a complementary use of
SAXS and small-angle neutron scattering (SANS). The contrast of the
X-ray and neutron can extract hidden information from a loosely packed
nano-confined water. Moreover, the H/D-exchange effect was not ob-
served in [C4mim][NO3]-x mol% D2O [133]. In other ILs, the hydrogen
in the imidazolium ring was exchanged with D in D2O. In an MD sim-
ulation, the water confined in [C8mim][NO3] was demonstrated (Fig.
44(a)–(f)) [134]. Below 80 mol% H2O, bulk water was not formed. Wa-
ter was confined near the nano-domain boundaries between the polar
and non-polar components. In this paper, we call this nano-confined wa-
ter a water pocket. Above 95 mol%, water is percolated and bulk water
appears.

Using SAXS, the structure of an egg white lysozyme from a chicken
egg in [C4mim][NO3]-x mol% D2O was examined [135]. The Kratky
plots of the lysozyme in [C4mim][NO3]-D2O indicated globular, inter-
mediate, and unfold protein states, depending on the water concen-
tration. The structures are simulated using bead modeling in the AT-
SAS program package (Fig. 45) [136]. The ab initio shape determi-
nation program can visualize the lysozyme shapes in solutions. A par-
tial globular state (an intermediate state) of lysozymes is realized in
[C4mim][NO3]-80 mol% D2O. As shown in Fig. 44(e) (80 mol%), water
in the MD simulation is confined even at a high concentration. Thus, we
predict that the water pocket contributes to the partial globular state of
lysozymes, where the mean diameter of the lysozyme is 3.8 nm.

4.2. Static structure of nano-confined water in IL

The theoretically predicted water pocket is key to interpret a partial
globular state of protein (Fig. 45). Hydrogen is not probed in X-ray, and
the neutron scattering cross section of hydrogen is relatively large. It is
well-known that neutrons are useful for hydrogen science. Therefore, we
conducted a complementary application of SAXS and SANS [137,138].
Fig. 46 indicates the SAXS and SANS intensities of [C4mim][NO3]-D2O
[139]. A distinct SANS peak appeared in the 77.8 mol% mixture, al-
though no SAXS peak was observed at room temperature. From the peak
position, the average size of the water pocket was estimated to be ap-
proximately 2 nm. Using the ATSAS program package [136], the ob-
served SANS peak was well-fitted. In the inset of Fig. 46, the pair-dis-
tance distribution functions, P(r), are introduced for the fitting. The
smooth P(r), which contains the domain size and shape, corresponds to
the distribution of the inter-atomic distance inside a domain as a form
factor; P(r) is sensitive to the domain shape.

The water concentration dependence of the SANS peak is expressed
in Fig. 47 [139]. With decreasing water concentration, the SANS peak
shifted to higher Q positions. At room temperature, the size of the wa-
ter pockets depended on the water concentration. Using the bead mod-
eling in the ATSAS program package [136], the shapes and distribu-
tions of the water pockets were reconstructed (Fig. 48, where cations
and anions are omitted) [138,139]. The simulated water pockets are
derived only from the SANS peak. Therefore, isolated waters, which
cannot contribute to the SANS peak, are not displayed. This is because
the D-enhanced SANS peak contains information about D2O aggrega-
tion alone. The simulated water pocket is similar to the MD simulation
results (Fig. 44(e)) [134]. A picture of the partially globular state of
lysozymes is considered as follows: a double-sized lysozyme (approxi-
mately 4 nm) is partially immersed in the water pocket (approximately
2 nm), and the immersed part contributes to the partial refolding of
the lysozyme. Notably, the almost mono-dispersive distribution of the
water pockets is spontaneously formed in [C4mim][NO3]. Moreover,
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Fig. 44. Snapshots of [C8mim][NO3]-x mol% H2O by MD. The polar groups, non-polar
groups, and water are colored red, yellow, and dark blue, respectively. (a) Pure IL, (b)
20 mol%, (c) 50 mol%, (d) 75 mol%, (e) 80 mol%, (f) 95.2 mol%. Reproduced with per-
mission from Ref. [134] (Copyright 2007 American Chemical Society). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 45. Lysozyme shapes in [C4mim][NO3]-x mol% D2O. Partial refolding occurs in the
80 mol% mixture. Reproduced with permission from Ref. [135] (Copyright 2012 Ameri-
can Chemical Society).

Fig. 46. SAXS of [C4mim][NO3]-80.0 mol% D2O and SANS of [C4mim][NO3]-77.8 mol%
D2O. Blue curve reveals ab initio simulation results (ATSAS program package). Pair-dis-
tance distribution function, where P(r) of [C4mim][NO3]-77.8 mol% D2O is inserted. Re-
produced with permission from Ref. [139] (Copyright 2019 Elsevier). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 47. Water concentration dependence of SAXS peak at room temperature. Reproduced.
Reproduced with permission from Ref. [139] (Copyright 2019 Elsevier).

coarsening of the water pockets was obtained at lower temperature and
higher water concentration. The loosely packed water pocket is size-
and distribution-tunable through modification of the water concentra-
tion and temperature.

The cation effect for the water pocket formation was also exam-
ined using [DEME][NO3] [137,139]. In [DEME][NO3]-D2O system, a
SANS peak was not detected. Considering that the common [NO3]−

and D2O are present in both systems, the presence or absence of the
water pocket can be alternated by [C4mim]+ or [DEME]+. From the
MD simulation of [C4mim][BF4]-water [49], [C4mim]+ is repulsed by
water (Fig. 49). Then, we deduce that, based on the molecular in-
teraction, water additives can be excluded from the [C4mim]+-domi-
nant nano-domains. The excluded water contributes to the water pocket
formation near the boundaries between polar and non-polar nano-do-
mains. On the other hand, [DEME]+ behaves opposite to water. As the
ether bond of [DEME]+ is electronegative (Fig. 40), the oxygen of
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Fig. 48. Water pockets obtained by referring to the SANS peak. Shape and size distrib-
utions of the water pocket depend on the water concentrations and temperature. Repro-
duced with permission from Ref. [139] (Copyright 2019 Elsevier).

Fig. 49. Molecular interactions among the cations, [NO3]− anion, and water. Reproduced
with permission from Ref. [139] (Copyright 2019 Elsevier).

[DEME]+ is regarded as a water-capturing site (Fig. 49). Owing to the
attractive interaction between [DEME]+ and water, the water molecules
potentially fluctuate between [DEME]+ and [NO3]−. The reason for the
absence of the water pocket in [DEME][NO3] is fluctuations between
two capture sites of water. Note that the cation effect can determine the
nano-confinement of water.

4.3. Phase behaviors of [C4mim][NO3]-water

The spontaneous formation of a water pocket in [C4mim][NO3] was
clarified using SAXS and SANS. Next, we focus on the relation between
the solution property and water pocket. The kinetic phase diagrams of
[C4mim][NO3]-x mol% D2O were determined using simultaneous WAXS
and DSC measurements (Fig. 50(a)–(b)) [140]. Both the cooling and
heating rates were fixed at 5.0 °C min−1. In pure [C4mim][NO3], crys-
tallization did not occur upon cooling and c.c. appeared upon heating.
Subsequently, another crystal (CII phase) was observed in the WAXS
pattern and DSC trace at 5.9 °C. Even after water addition, the phase
behaviors of the mixtures remained almost the same as those of pure
[C4mim][NO3] below 70 mol% D2O (xIL). Below 70 mol%, crystal ice
did not form in the mixtures, owing to the lack of Bragg reflections
for crystal ice. Therefore, excess water transformed the amorphous ice
at LT. On the other hand, above 90 mol% D2O (xI), crystal ice ap-
peared upon cooling, without IL crystallization. Bragg reflections on the
WAXS patterns can distinguish the crystal ice from [C4mim][NO3] crys-
tal. Hence, [C4mim][NO3] was amorphized above 90 mol%. An inter-
mediate state at xIL < x < xI is regarded as a crossover region from
IL-like to water-like. Some additional fluctuations could be induced at
the crossover region, and both [C4mim][NO3] and D2O were almost
amorphized discretely upon cooling (Fig. 50(a)). The DSC thermal
traces also provide significant information about phase transition. The
enthalpy difference, ΔH, from the liquid state to the solid state was
obtained on the water concentration scale (Fig. 51). Obviously, ΔH

Fig. 50. Kinetic phase diagrams of [C4mim][NO3]-D2O upon (A) cooling and (B) heating.
Reproduced with permission from Ref. [140] (Copyright 2016 European Chemical Society
Publishing).

Fig. 51. Water concentration dependence of enthalpy, ΔH. Enthalpy for
[C4mim][NO3]-D2O crystallization was obtained from the DSC traces. Reproduced with
permission from Ref. [140] (Copyright 2016 European Chemical Society Publishing).

was nearly zero, revealing that no crystallization appeared at
xIL < x < xI. Moreover, this specific region of water concentration co-
incided with the presence of the water pocket. Thus, we confirmed that
the water pocket disturbs the crystal nucleation of [C4mim][NO3] and
the size of the water pocket is smaller than the critical size of ice crystal
nucleation. Here, we introduce models of the liquid states to interpret
the anomalous experimental results (Fig. 52). As a crossover phenome-
non from IL- to the water-dominant region, some additional fluctuations
can be induced spontaneously. Here, we introduce the correlated water
pocket having a long lifetime, where some water pockets may interfere
with others. The cooperative fluctuations among the water pockets can
develop a network over the medium range. Through additional fluctua-
tions in the correlated water pocket, the mixture at
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Fig. 52. Schematics of three types of water states in [C4mim][NO3]. Water pocket at
xIL < x < xI could fluctuate cooperatively. The mono-dispersive size distribution of the
water pocket is realized by a crossover behavior from IL- to water-dominant states. Repro-
duced with permission from Ref. [139] (Copyright 2019 Elsevier).

xIL < x < xI becomes unstable in the same manner as that with mul-
tiple relaxation processes for pure ILs as a glass-forming factor [37].
Other experimental evidence supports the correlated water pocket. The
cooling rate dependence of the solidifications was observed in the
[C4mim][NO3]-80.0 mol% H2O mixture (Fig. 53) [139], where the ki-
netic behavior reflects the non-equilibrium state. Here, we emphasize
that not only static nano-confinement but also a dynamic correlated wa-
ter pocket prevents crystallization.

4.4. Dynamic property of nano-confined water in IL

The dynamic property of nano-confined water in single-wall carbon
nanotubes (SWNTs) was examined using QENS [141]. An incoherent

Fig. 53. Cooling rate dependence of WAXS patterns of [C4mim][NO3]-80.0 mol% H2O.
Blue closed circles reveal the ideal positions of Bragg reflections of crystal ice. Bragg re-
flections from Al sample pan are represented by red closed circles. Reproduced with per-
mission from Ref. [139] (Copyright 2019 Elsevier). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

QENS extracted the diffusion of the confined water. By varying the tem-
perature and pressure, a faster diffusion component and a slower compo-
nent of the relaxation process were decomposed. By introducing a jump
diffusion model [141], the half width at half maximum (HWHM), Γ(Q),
can be obtained as

(2)

where D and τ indicate the diffusion coefficient and mean residence time
of water, respectively. The residence time represents a sequence time of
jumps from one equilibrium site to another. In the fast process, an Ar-
rhenius temperature dependence of τ was observed, (Fig. 54) while the
slow relaxation obeys the VFT law [31]. As the slow component is de-
rived from the free water molecules in the SWNT matrix, the slow dif-
fusing component was influenced by pressure (Fig. 54).

The dynamics of a correlated water pocket provided a significant in-
sight into the non-equilibrium nature of the IL-water system. To clar-
ify the diffusion process of water inside the water pocket, QENS ex-
periments were conducted [142]. Using a contrast of incoherent scat-
tering cross sections, σinc, between H and D, the diffusion of the con-
fined water was evaluated. A contrast of σinc between H (80.27 b) and
D (2.05 b) is useful for extracting the hidden information about the wa-
ter pocket. As [C4mim]+ includes H and [NO3]− has no H, the QENS
in [C4mim][NO3]-80.0 mol% H2O contains information about the cation
and water; we denote σinc(total) using [C4mim][NO3]-80.0 mol% H2O.
In case of [C4mim][NO3]-80.2 mol% D2O, only H of the cation was
probed by neglecting the σinc of D. σinc(cation) was obtained when we
measured [C4mim][NO3]-80.2 mol% D2O. Our concept is that σinc(H2O)
was calculated by subtracting σinc(cation) from σinc(total). The incoher-
ent dynamic structure factor, Sinc(Q,ω), is depicted in Fig. 55(a)–(c),
where the circles indicate the water pocket and the outer part indi-
cates [C4mim]+. In addition, the blue color in the insets of the figure
indicates the observable parts of Sinc(Q,ω). Therefore, Fig. 55(a) cor-
responds to σinc(total), whereas Sinc(Q,ω) of [C4mim][NO3]-80.2 mol%
D2O is denoted by the white circle (Fig. 55(b)). The subtracted com-
ponent clearly appears in the ħω-Q plot (Fig. 55(c)). The decomposed
Sinc(Q,ω) contains dynamic information about the

Fig. 54. Temperature dependence of residence time, τ. The slow and fast diffusion com-
ponents appear in the nano-confined water in the nanotube. Reproduced with permission
from Ref. [141] (Copyright 2013 American Physical society).
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Fig. 55. Dynamic structure factors, Sinc(Q,ω), of (a) [C4mim][NO3]-80.0 mol% H2O, (b) [C4mim][NO3]-80.2 mol% D2O, and (c) the difference between the H2O- and D2O-based mixtures.
Circles in the figures reveal water pocket. Outer parts indicate nano-domains of the IL. Blue color means the observable parts. The intensity is plotted on a logarithmic scale. Reproduced
with permission from Ref. [142] (Copyright 2018 Elsevier). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

self-diffusion of the water molecule in the water pocket. Γ(Q) was ob-
tained through the peak profile fitting of the observed data [142]. After
subtracting the σinc(cation) component, the calculated HWHM provided
ΓΗ2Ο(Q) of the water pocket, which is plotted on the Q2 scale in Fig. 56;
the solid line is obtained using the jump diffusion model based on Eq.
(2). DH2O was found to be 1.8 × 1010 Å2 s−1, and τ was calculated to be
20.0 ps [142]. For comparison, the Γbulk(Q) value of bulk water [143] is
represented by the red line in Fig. 56. As the Dbulk and τ values of bulk
water were found to be 4.2 × 1010 Å2 s−1 and 22.7 ps, respectively, the
water molecules confined in the water pocket displayed slower dynam-
ics than those of bulk water.

To interpret the slow dynamics of the water pocket, we clarified
the relation between hydrogen bonding and nano-confinement of wa-
ter. The Raman spectroscopy provided the hydrogen bonding states. Fig.
57(a) reveals the Raman spectra of the OD stretching mode of water
in [C4mim][NO3]-x mol% D2O [144]. The Raman bands changed dras-
tically above 70 mol%. For further analysis, these bands were decom-
posed into weak, medium, and strong hydrogen bonding (SHB) through
peak profile fitting (Fig. 57(b)). Obviously, the Raman intensity of SHB
of the water pocket (70–90 mol%) became weaker than that of pure
water. In the nano-confined region, the hydrogen bonding of water be-
came weaker. Moreover, the MD simulations of the confined water in-
side the carbon nanotube [145] supported the experimental result. In
the MD simulations, a relative number of hydrogen bonds decreased

Fig. 56. Q2 dependence of HWHM, ΓH2O(Q), at −20 °C. The solid curve reveals that the
fitted values are based on a jump diffusion model (see text for details). The broken line
represents the Γbulk(Q) of bulk water at −20 °C for comparison. Reproduced with permis-
sion from Ref. [142] (Copyright 2018 Elsevier).

Fig. 57. (a) Raman spectra of the OD stretching band in [C4mim][NO3]–D2O at room tem-
perature. (b) Decomposed Raman bands at 90 mol% D2O by peak profile fitting. SHB,
medium hydrogen bonding, and weak hydrogen bonding bands are identified. Reproduced
with permission from Ref. [143] (Copyright 2015 Elsevier).

drastically below 2 nm. Here, it was confirmed that, in the confined wa-
ter on the nano-scale, not only a static average size but also slow dy-
namics (weak hydrogen bonding) were significant. Next, proton trans-
fer in the water pocket is discussed for further understanding. In bulk
water, a fast proton transfer is explained by the Grotthuss-type trans-
portation mechanism. The recent first-principles simulations revealed
that the proton transfer is activated by forming proton wires (Fig. 58)
[5]. In the simulation box (15.6404 Å), 128 water molecules were in-
volved. More importantly, a critical number of rings for protons ap-
peared in the simulations. If the proton wires were formed above a crit-
ical size, fast proton transportation was activated. Here, we assumed
that, at a critical size, the direct mass transfer of proton changed to in

Fig. 58. Snapshots of (a) H3O+ and (b) OH−. Proton wires are formed, where OH− accepts
four hydrogen bonds and H3O+ accepts three hydrogen bonds. Reproduced with permis-
sion from Ref. [5] (Copyright 2013 American Chemical Society).



UN
CO

RR
EC

TE
D

PR
OO

F

24 H. Abe / Journal of Molecular Liquids xxx (xxxx) 115189

direct, such as Grotthuss-type transportation (Fig. 43). As the size of
the water pocket (approximately 2 nm) was too small, the proton wire
in bulk water could not be activated. Then, the diffusion process be-
came slow because only a direct mass transfer was permitted in the wa-
ter pocket.

The intrinsic properties of the water pocket were enhanced by the
nano-confinement in the IL. The anomalous features of the nano-con-
fined water are as follows: (i) spontaneous formation, (ii) weak hydro-
gen bonding of water, (iii) slow diffusion of water, (iv) mono-disper-
sive distribution, (v) variable shape, (vi) tunable size, (viii) long life-
time of the water pocket, (vii) non-equilibrium state, and (viii) sup-
pression of Grotthuss transportation. The non-equilibrium state in
[C4mim][NO3]-water was derived from the above anomalies. The
size-tunable nano-confinement is a primary strategy for controlling the
functions of biomolecules. For nano-heterogeneity engineering in the
next generation, using a non-crystal form, a loosely packed water pocket
can be applied in the cryopreservation of the proteins.

5. Summary and outlook

Static frustrations and dynamic fluctuations of conformers in the ILs
and their mixtures contribute directly to the complicated phenomena.
The former corresponds to the multiple glass transitions of pure ILs un-
der HP and water-induced double glass transitions at LT. The latter is
related to torsional degrees of freedom and a barrier on a dihedral angle
potential, which determine the crystal polymorphs and multiple crys-
tallization pathways. The barrier controls flexibility of an alkyl chain
of cations in the apILs or proton transfer in the pILs. As an ether bond
of alkyl chain makes it more flexible, plastic crystals easily occurred
in eILs. If each dihedral angle potential is involved in the CEL, kinetic
pathways depending cooling and pressing rates are easily changed on
the complicated free energy surface. Particularly under HP, a metastable
phase at ambient pressure is stabilized with changing the conformation.
HP-inherent conformers for high molecular packing can determine the
pathways. Furthermore, hybrid stacking sequence (folding and stacking
layers) appeared in the HP crystal structure of [C10mim][Cl] with a long
alkyl chain. Two roles of each layer under HP provide a hint to interpret
the HP` hyper structures of proteins. In the loosely packed nano-con-
fined water inside the ILs, the conventional Grotthuss mechanism as fast
transportation could not be activated. In fact, slow diffusion of water
was observed by QENS. Non-crystallization of the water pocket is orig-
inated from (i) its small size below critical size for crystal nucleation,
(ii) weak hydrogen bonding, and (iii) slow diffusion. Compared with
bulk water, an intrinsic property of the water pocket can be utilized as
promising nano-heterogeneity engineering.

In this review, the experiments with constant cooling and heating
rates were mainly focused. However, in a recent trend, non-equilibrium
behaviors have been highlighted in many research fields. Non-equilib-
rium crystallization pathways [146] and kinetic crystallization path-
ways [147] were reported as a roadmap for non-equilibrium science. Ki-
netic process on the nano-scale and metastable energy landscapes is ex-
pressed by a competition between diffusive and displacive motions. For
instance, gold nano prisms are well-explained by nano-scopic pathways
of phase transitions. Furthermore, polymorph screening of pharmaceu-
tical compounds under HP is an urgent task to improve the therapeutic
performance [148]. Computer-aided crystal structure prediction is car-
ried out using computationally generated crystal energy landscape. Ki-
netic pathways and their pathway analysis become increasingly signifi-
cant in future, although it is quite difficult to control the pressing rate
experimentally. Under HP, non-equilibrium pathways influenced by the
molecular conformations are a grand challenge for the nano-heterogene-
ity engineering.
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