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A B S T R A C T

The solid states of crystalline and amorphous phases and their mixtures in room-temperature ionic liquids (RTILs)
were distinguished both at low-temperature (LT) and high-pressure (HP) by X-ray diffraction. Various solidi-
fications of the RTILs were investigated using three cations. These were 1-butyl-3-methylimidazolium, N,N-di-
ethyl-N-methyl-N-(2-methoxyethyl)ammonium and N-2-methoxyethyl-N-methylpyrrolidinium. The common an-
ions were nitrate, tetrafluoroborate, hexafluorophosphate, [PF6]−, trifluoromethanesulfonate, and bis(trifluo-
romethanesulfonyl)imide. The solid states of the RTILs depended on the cation-anion combinations. Crystal poly-
morph formation, cold crystallization on heating, and decompression crystallization on pressure reduction de-
rived from competition among the molecular orientational order, degrees of freedom of cation conformers, and
molecular packing efficiency in addition to the anion effect. In [PF6]−-based RTILs, complex phase behaviors
were observed both at LT and HP.

© 2019

1. Introduction

Room temperature ionic liquids (RTILs) have been developed using
green chemistry [1–3] and electrochemistry [4–6]. A cation-anion com-
bination was optimized to obtain desirable properties for industrial ap-
plications. Variety in the liquid state is identified from the anisotropic
positional distribution and orientational order of the cations and anions
[7,8]. Molecular interactions between a cation and an anion change the
crystal structures at low-temperature (LT) [9,10] or high-pressure (HP)
[11,12]. The anion size effect appeared obviously in the [C6mim][X]
system [13], where [Cnmim]+ is a 1-alkyl-3-methylimidazolium cation,
and n is the alkyl chain length. Also, crystal polymorph (CP) formation
and multiple crystallization pathways at LT or HP suggest that RTILs can
be regarded as ideal non-equilibrium liquids [14–17].

LT-crystalline phases were determined by X-ray diffraction (XRD).
For instance, [C4mim][Cl] [18–20], [C4mim][Br] [20], and [C4mim][I]
[21] were characterized by CP formation related to [C4mim]+ conform-
ers. Halogen positions in crystals changed depending on their species.
Although [C4mim][X] (X = Cl, Br, and I) were crystallized on cool-
ing, at ambient pressure, LT-amorphization of [C4mim][NO3] was ob-
served on cooling process [22,23]. On the other
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hand, by heating of [C4mim][NO3], cold crystallization (c.c.) and LT-CP
formation were detected by simultaneous XRD and differential scanning
calorimetry (DSC) measurements [23]. For [C4mim][BF4], LT-amor-
phous [24], and HP-amorphous [25] phases were formed without crys-
tallization. The tetrahedral [BF4]− anion acted as an amorphous form-
ing factor in the [C4mim]+ system. Conversely, with a different type of
polyhedral anion (octahedral [PF6]−), [C4mim][PF6] exhibits LT-CP for-
mation at ambient pressure [26–29] and HP-CP formation at room tem-
perature [29,30]. The LT-CP was different from the HP-CP. In the LT
phases of [C4mim][PF6] (Table 1), CP + c.c. indicated that, on cool-
ing, supercooled liquid directly amorphized, and c.c. and CP forma-
tion occurred on heating. Each crystal phase was identified by three
types of [C4mim]+ conformers, predicted by ab initio calculations [31].
Single crystal structure analysis confirmed that the [C4mim]+ con-
former changed at each crystal phase transformation, and the position of
[PF6]− was expressed by probability distributions, permitting positional,
and orientational disorder [29]. However, under HP, HP crystallization
was promoted by the order of the [PF6]− anions in the well-packed
structure. Further increasing the pressure caused partial amorphiza-
tion up to 8 GPa. On decompression, the amorphous part crystallized,
defined as decompression crystallization (d.c.). Using lower symme-
try anions such as trifluoromethanesulfonate ([TFMS]−) and bis(tri-
fluoromethanesulfonyl)imide ([TFSI]−), the anisotropic distribution ef-
fect of the anion surface charge was investigated. At ambient pres-
sure, hydrophilic [C4mim][TFMS] crystallized at −20 °C, and the crys-
tal structure of [C4mim][TFMS] was determined as monoclinic (P21/n)

https://doi.org/10.1016/j.molliq.2019.112340
0167-7322/© 2019.
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Table 1
Low-temperature (LT) and high-pressure (HP) solid phases. C and A indicate normal crystallization and amorphization, respectively. CP, c.c., and d.c. indicate crystal polymorph formation,
cold crystallization, and decompression crystallization, respectively.

[NO3] − [BF4] − [PF6] − [TFMS] − [TFSI] −

[C4mim] + LT CP + c.c.
[23]

A [24] CP + c.c.
[28]

C [32] A [33]

HP A A [17] CP + A
[22]

CP + d.c. A [34]

[DEME] + LT A C [40] C + c.c. A A [37]
HP A CP + d.c.

[40]
CP. A A [43]

[MEMP] + LT c.c. c.c. CP C A
HP CP A CP A A

[32]. Hydrophobic [C4mim][TFSI] showed neither crystallization on
cooling nor c.c. on heating [33]. HP amorphization of [C4mim][TFSI]
was observed [34]. The [TFSI]− anion has two stable conformers, that
is, cis (C1) and trans (C2) [35,36].

Hydrophilic [DEME][BF4] and hydrophobic [DEME][TFSI] were syn-
thesized for an electrochemical device [37]. [DEME]+ is N, N-di-
ethyl-N-methyl-N-(2-methoxyethyl)ammonium, which is known as a be
quaternary cation containing oxygen. By density functional theory
(DFT) calculations [38], the oxygen of the [DEME]+ cation was deter-
mined as an electronegative part. Furthermore, the [DEME]+ cation has
eight stable conformers based on different DFT calculations [39]. At
LT, [DEME][BF4] crystalized at −35 °C on cooling [37]. The LT crys-
tal structure was evaluated as monoclinic or orthorhombic (Table 2)

[40]. On compression at room-temperature, no HP crystallization was
detected up to 8 GPa [41]. On reducing the pressure, the HP amor-
phization of [DEME][BF4] indicated d.c. and HP-CP formation. A signif-
icant point is that HP crystal structures do not coincide with LT ones
[40]. However, in the [DEME][TFSI] system, LT-amorphous [37,42]
and HP-amorphous [43] phases were observed.

In this study, intrinsic properties of s series of the RTILs were in-
vestigated by determining the LT and HP solid phases. Cation effects
were clarified using [C4mim]+, [DEME]+, and
N-2-methoxyethyl-N-methylpyrrolidinium, [MEMP]+, whose sizes are
almost comparable, but degrees of freedom of conformers are differ-
ent. Geometrical factors of anions were obtained using [NO3]−, [BF4]−,
[PF6]−, [TFMS]−, and [TFSI]− anions.

Table 2
Crystallographic data for [C4mim][X], [DEME][X], and [MEMP][X].

a (nm) b (nm) c (nm) β(°) V (nm 3) Z ρ (g/cm 3) R (%) wR (%)

[C4mim][TFMS]
LT P21/n 1.0222 1.2534 2.2541 93.28 2.8832 8 1.33 7.2 21.8 [32]
HP-α P-1 0.8323 0.8399 0.9167 97.1 0.6010 2 1.59 12.4 12.4

95.0
108.4

[DEME][PF6]
LT-α Fmmm 0.7196 1.062 1.309 90.0 1.001 3 1.45 5.60 6.87
LT-β C2/c 1.282 2.775 0.6103 95.9 2.160 6 1.34 7.91 8.35
HP-α (0.46 GPa) R-3 m 0.8359 0.8359 1.5833 0.958 3 1.51 5.37 10.6
HP-β (1.2 GPa) C2/c 3.256 0.5677 1.7243 102.2 3.114 10 1.55 17.7 18.0
[MEMP][NO3]
LT P21/c 0.6553 1.397 1.198 96.6 1.089 4 1.26 9.95 9.59
HP-α (0.7 GPa) Fmmm 2.380 2.890 3.957 27.215 100 1.26 15.6 17.3
HP-β (3.0 GPa) P-1 0.9205 0.5102 5.062 91.8 2.345 10 1.46 10.5 12.3

91.1
99.2

HP-γ (4.0 GPa) P-1 0.9801 0.5245 1.8440 91.7 0.933 4 1.47 10.8 10.8
90.3
100.0

HP-δ (1.1 GPa) Fmmm 1.049 1.613 7.336 12.407 50 1.38 16.2 18.4
[MEMP][BF4]
LT C2/m 2.636 0.479 1.338 91.9 1.688 6 1.36 10.0 9.99
[MEMP][PF6]
LT (0.08 GPa) P21/m 0.651 1.251 1.621 93.0 1.318 4 1.46 7.58 5.79
HP-α (1.2 GPa) P21/m 1.034 0.834 1.223 111.8 0.979 3 1.47 4.58 4.58
HP-β (2.0 GPa) Pccm 1.008 1.092 3.993 4.369 14 1.52 3.77 3.76
HP-γ (3.7 GPa) Fmmm 0.990 2.658 3.853 10.142 34 1.61 2.12 2.12
HP-ε (0.5 GPa) P21/m 0.641 0.838 1.153 99.2 0.612 2 1.57 5.42 3.87
[MEMP][TFMS]
LT C2/c 0.6819 3.180 0.6355 120.3 1.190 4 1.64 8.77 8.98
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2. Experimental

The RTILs used in this study were [DEME][PF6], [DEME][TFMS],
[MEMP][NO3], [MEMP][PF6], and [MEMP][TFMS] (Nisshinbo Holdings
Inc.), and [C4mim][TFMS], [MEMP][BF4], and [MEMP][TFSI] (Kanto
Chemical Co.) (Fig. 1). [DEME][NO3] was synthesized in our lab-
oratory. The preparation procedures for [DEME][NO3] were similar
to those for [DEME][I] [44,45]. Since [DEME][NO3], [DEME][PF6],
[MEMP][NO3], [MEMP][BF4], and [MEMP][PF6] are hydrophilic, vac-
uum drying was performed at 80 °C for 24 h to remove water contami-
nation from the as-received samples.

To investigate the LT crystallization/amorphization of the [DEME]+-
and [MEMP]+-based RTILs, we performed in situ observations using si-
multaneous XRD and DSC (SmartLab, Rigaku Co.) It is essential for liq-
uid samples that the sample stage on a vertical goniometer is always
fixed horizontally. The DSC was attached to a goniometer. A one-di-
mensional (1D) detector (D/teX, Rigaku Co.) was assembled on the dif-
fractometer. Dry nitrogen gas was flowed inside the DSC instrument at
20 cc/min. Cu Kα radiation (λ = 0.1542 nm) was selected for the simul-
taneous measurements, where λ is the wavelength. Here the scattering
wavevector, Q, was defined by 4π(sinθ)/λ. The temperature range for
the simultaneous measurements was 50 °C to −100 °C. The cooling and
heating rates were 5 °C/min.

HP XRD measurements were performed with a diamond anvil cell
(DAC) on beamline BL-18C of the Photon Factory at the High Energy Ac-
celerator Research Organization in Japan. The wavelength and camera
length were calibrated as 0.06187 nm with a CeO2 standard. An imag-
ing plate (IP) system (BAS2500, FujiFilm Co., Japan) was placed to ob-
tain two-dimensional (2D) Debye rings [46]. The 2D data were reduced
to 1D diffraction patterns to minimize the preferred orientation on the
Debye rings. HP XRD patterns were obtained with a DAC. A few ruby
balls and the sample were sealed in the DAC using a stainless steel gas-
ket with a diameter of 0.25–0.40 mm and a thickness of 0.15–0.25 mm.
The pressure was monitored from the R1 fluorescence line of the ruby
balls, which were packed inside the DAC.

The observed XRD patterns at LT and HP were analyzed by Cono-
graph [47] and FOX [48]. FOX, having global-optimization algorithms,
can determine the crystal structure by an ab initio method.

3. Results and discussion

3.1. LT-crystallization/amorphization of RTILs

The solid phases of [C4mim][X] at LT were determined previously
(Table 1). To clarify the ether bond effect, the LT phase behaviors of
other RTILs were directly compared with those of [C4mim][X] with-
out an ether bond. [DEME][NO3], [DEME][TFMS], and [MEMP][TFSI]
amorphized without crystallization or c.c., as confirmed by simultane-
ous XRD and DSC measurements (Table 1). Except for the [TFSI]−
anion-based RTILs, only [DEME][NO3] and [DEME][TFMS] having an
ether bond could not crystallize at ambient pressure. Additionally, the
[TFSI]− anion was regarded as an amorphous forming factor both at LT
and HP (Table 1). The C1 and C2 conformers of the [TFSI]− anion con-
tributed to the amorphization. Hence, the degrees of freedom of confor-
mations played an important role in the crystallization/amorphization
[16,17].

[DEME][PF6] showed complex phase behaviors at LT (Fig. 2). On
cooling, [DEME][PF6] crystallized at 1 °C (TC1). The crystal phase on
cooling was called the LT-α phase. The crystal structure of the LT-α
phase was determined as orthorhombic (Table 2). Due to the small
number of Bragg reflections, a plastic crystal having orientational dis-
order appeared at TC1. Entropy change, ΔS, of [DEME][PF6] was esti-
mated to be 17.8 J/K/mol. The value of ΔS satisfied the Timmermans
rule [49]. Plastic crystals of RTILs are used in electrochemical devices
[50]. No plastic crystal-crystal phase transitions were observed on cool-
ing, where the minimum temperature was −100 °C. However, on heat-
ing, a small endothermal peak on the DSC trace appeared at −46 °C
(TC2). The intensity modulation of the XRD pattern occurred simultane-
ously. The Bragg reflection indicated by the red closed circle (Fig. 2)
increased obviously. The plastic crystal transformed to the other plastic
crystal accompanied by the orientational disorder of the molecules. The
XRD patterns of the modified plastic crystal are expressed by light blue
curves in Fig. 2. As the temperature increased, c.c. occurred with an
exothermal peak at −12 °C (TCC). Hence, the supercooled liquid trans-
formed to the crystal (LT-β phase), and the LT-α phase and LT β-phase
coexisted at TCC. This coexistence is represented by the green curves
in Fig. 2. On further heating, the Bragg reflections of the LT-α phase
disappeared completely at 3 °C (the gray curves in Fig. 2). The crystal
structure of the LT-β phase was determined as monoclinic (Table 2).

Fig. 1. Molecular structures of cations and anions. [DEME]+ and [MEMP]+ cations possess an ether bond. Oxygen is indicated by the arrows.
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Fig. 2. X-ray diffraction patterns and DSC traces of [DEME][PF6] at low-temperature (LT). Blue and gray curves indicate LT-α and LT-β phases, respectively. Green curves indicate the
coexistence of LT-α and LT-β phases. Open circles and green closed squares correspond to Bragg reflections of the Al sample pan and scattering from the inner shroud of the differential
scanning calorimetry (DSC) instrument. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Finally, [DEME][PF6] melted at 25 °C (Tm). A peculiar property of the
phase transitions of [DEME][PF6] was that heterogeneous crystallization
and amorphization occurred simultaneously on cooling, and subsequent
phase changes such as amorphization-supercooled liquid-c.c. were in-
duced on heating. Therefore, a phase transition of the type shown by
[DEME][PF6] was not classified as LT-CP formation.

[MEMP][NO3] showed no crystallization down to −100 °C (Fig. 3).
Although amorphization occurred on cooling, a glass transition was ob-
served at −76 °C (Tg) on heating. On further heating, the supercooled
liquid transformed to crystals at −47 °C (TCC) with distinct Bragg re-
flections and an exothermal peak (Fig. 3). The crystal structure of
[MEMP][NO3] was determined as monoclinic (Table 2). The c.c. of
[MEMP][NO3] was simple, compared with that in previous studies [23].
The crystal melted at 1 °C (Tm). The tetrahedral anion effect was then in-
vestigated using the [MEMP]+ cation. Results for [MEMP][BF4] shown
in Fig. 4 show the c.c. resembling that for [MEMP][NO3]. However,
[MEMP][BF4] and [MEMP][NO3] differed in melting on heating.

In contrast to the simple melting of [MEMP][NO3], two endothermal
peaks were observed for [MEMP][BF4]. The characteristic temperatures
on heating were −89 °C (Tg), −59 °C (TCC), −11 °C (Tu), and 21 °C (Tm).
Tu indicates the unknown temperature. At Tu, the Bragg reflections did
not change drastically (Fig. 4). Since the endothermal peak at Tu was
so small, the volume of the new phase was small. It was thus consid-
ered that a small amount of the new crystal phase could not contribute
to Bragg reflections. The crystal structure of the crystal phase was de-
termined as monoclinic (Table 2). [MEMP][PF6] showed LT-CP for-
mation on cooling (Fig. 5). TC1 and TC2 were determined as 19 and
7 °C, respectively. Despite distinct exothermal peaks, a few Bragg reflec-
tions were obtained during several thermal cycles. Thus, a single crys-
tal-like morphology could be formed. LT crystal structures were not de-
termined as there were few Bragg reflections. On heating, simple melt-
ing occurred at 42 °C. In [MEMP][TFMS], normal crystallization was
observed at −46 °C (TC) on cooling (Fig. 6). The crystal structure of
[MEMP][TFMS] was determined as monoclinic (Table 2). However, on

Fig. 3. Phase changes of [MEMP][NO3] at low-temperature (LT). On heating, simple cold crystallization appeared at TCC. Tg and Tm indicate the glass transition and melting point, respec-
tively.
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Fig. 4. XRD patterns and differential scanning calorimetry (DSC) traces of [MEMP][BF4]. Crystallization was suppressed upon cooling. TCC indicates cold crystallization on heating. Un-
known temperature and melting temperature are represented by Tu and Tm.

Fig. 5. Differential scanning calorimetry (DSC) traces of [MEMP][PF6]. Crystal polymorph formation at TC1 and TC2 was observed on cooling.

heating, two kinds of the endothermal peaks were observed: Tu and Tm
were −17 and 9 °C, respectively. At Tu, some phase transition occurred,
but no phase change was detected in the XRD in the same manner with
[MEMP][BF4]. As mentioned earlier, [MEMP][TFSI] amorphized at LT.
Crystallization was completely suppressed on both cooling and heating.

3.2. HP-crystallization/amorphization of RTILs

[C4mim][NO3] did not crystallize up to 8 GPa (Table 1). Also, no
d.c. was observed by XRD on decompression. Therefore, a HP-amor-
phous phase appeared in [C4mim][NO3]. Under HP, the [NO3]− anion
could be influenced by the inherent HP conformations of the [C4mim]+

cation. In the other [C4mim]+-based systems, [C4mim][TFMS] amor-
phized on compression. The maximum pressure (Pmax) was 14.3 GPa.
Based on XRD, there were no Bragg reflections at Pmax. Conversely, on
decompression, d.c. occurred at 1.2 GPa as shown in Fig. 7. The decom-
pression-induced crystal was identified as HP-α phase. The crystal struc-
ture of the HP-α phase was determined as triclinic (Table 2). On slightly
decreasing the pressure, the domain structures of [C4

mim][TFMS] changed significantly. A crystal-crystal phase transition
was observed at 0.2 GPa by XRD (Fig. 7). The second crystal phase was
called the HP-β phase. After the measurement, the HP-β phase partially
melted. Thus, the crystal structure of the HP-β phase remained undeter-
mined. In addition to d.c., HP-CP formation in [C4mim][TFMS] occurred
on decompression.

Of the [DEME]+-based RTILs, [DEME][NO3], [DEME][TFMS], and
[DEME][TFSI] [37] amorphized at HP. We have already reported the
HP phase behaviors of [DEME][BF4] (Table 1) [40]. Under HP, the
amorphized [DEME][BF4] crystallized on decompression. However,
[DEME][PF6] simply crystallized in the liquid at 0.15 GPa on compres-
sion (Fig. 8). The HP crystal was identified as HP-α phase. Several
sharp Bragg spots on the 2D diffraction pattern (IP) indicated that sin-
gle crystal-like domains were formed in the DAC. These were also ob-
served by optical microscopy (Fig. S1(a) of Supporting Information). At
0.3 GPa, [DEME][PF6] was fully crystallized, and the crystal domains
rotated (Fig. S1(b)). The XRD pattern was then modified by the sin-
gle crystal rotations. Up to the maximum pressure (Pmax = 7.1 GPa),
no additional phase transition appeared. On decompression, a drastic
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Fig. 6. Phase behaviors of [MEMP][TFMS]. TC, Tu, and Tm are the crystallization temperature, unknown temperature, and melting point, respectively.

Fig. 7. High pressure (HP) phase transition of [C4mim][TFMS] on decompression.

phase change was detected at 1.6 GPa both by XRD (Fig. 8) and op-
tical microscopy (Fig. S1(c)). The HP-β phase was identified as a new
HP phase. Fine crystal domains were formed, and Debye rings without
sharp Bragg spots were monitored on the IP. A crystallographic feature
of the HP-β phase is relatively large lattice constants, where the Bragg
reflection locates in low-Q regions. The crystal structure was determined
as monoclinic, and the lattice constants became large (Table 2). On de-
creasing the pressure to 0.5 GPa, different types of Debye rings appeared
due to the changing morphology (Fig. S1(d)). The diffraction pattern at
0.5 GPa on decompression (Fig. 8) was explained by the superposition
of the XRD patterns of the HP-α phase at 0.15 and 0.3 GPa on com-
pression. Here, we deduced that the HP-β phase returned to the HP-α
phase at 0.5 GPa. Since the diffraction pattern of the HP-α phase on de-
compression possessed the nearly ideal Debye rings, the crystal structure
(rhombohedral) of the HP-α phase was obtained (Table 2). The HP-α
phase could consist of plastic crystals due to the small number of Bragg
reflections. It is noteworthy that the plastic crystals contributed to both
LT-CP and HP-CP formations in [DEME][PF6]. Finally, the HP-α phase
melted at 0.15 GPa.

[MEMP]BF4], [MEMP][TFMS], and [MEMP][TFSI] amorphized on
compression, and d.c. was suppressed on decompression (Table 1).
Conversely, [MEMP][NO3] crystallized at 0.6 GPa. On the IP, Bragg

Fig. 8. Phase changes in [DEME][PF6] at high pressure (HP). The colors indicate the HP
phases.

spots appeared clearly. Here, we identified the HP-α phase. The XRD
patterns are shown in Fig. 9. Using optical microscopy, we observed
single crystal-like domains (Fig. S2(a)). Thus, the crystal structure of the
HP-α phase on compression remained unresolved. On further increasing
the pressure, microscopic observation indicated a morphological change
at 2.0 GPa (Fig. S2(b)). The fine crystal domains of [MEMP][NO3] cor-
responded to the appearance of Debye rings on the IP. A new poly-
crystalline phase was defined as the HP-β phase, which was charac-
terized by Bragg reflections in the low-Q region. Relatively large lat-
tice constants were obtained by X-ray structure analysis, and the crys-
tal structure was determined as triclinic (Table 2). At 4.0 GPa, domain
wall motion was observed by optical microscopy (Fig. S2(c)). A new
HP-γ phase (triclinic) was explained by the disappearance of the Bragg
reflection in the low-Q region. Structural analysis of the HP-γ phase
showed that the unit cell was much smaller than that of the HP-β phase.
Pmax was 5.3 GPa for [MEMP][NO3]. On decompression, the low-Q
Bragg reflections appeared again at 1.1 GPa. The decompression-in-
duced phase was named the HP-δ phase. Although the low-Q Bragg
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Fig. 9. High pressure (HP) crystal polymorph of [MEMP][NO3]. Low-Q Bragg reflections
appeared at low pressure.

reflections of the HP-δ phase were located at almost the same posi-
tions as those of the HP-β phase on compression, the crystal structure
of the HP-δ phase (orthorhombic) was completely different from that
of the HP-β phase (triclinic) as shown in Table 2. In the high Q-re-
gion, the Bragg reflections disappeared. The optimized crystal structure
of [MEMP][NO3] is shown in Fig. 10. For simplicity, hydrogen and
[NO3]− are omitted. The molecular orientational disorder of [MEMP]+

cations such as that in the plastic crystal is represented by superposi-
tion of the cations. The large unit cell is represented by two types of
disordered sites of the cations. Thus, a modulated plastic crystal was
induced under HP. Generally, a smaller unit cell is favored under HP.
For [C2mim][NO3] under HP [16], a large unit cell was induced by
accompanying the lattice modulations. This is considered to be due
to the inherent HP molecular conformation of the [C2mim]+ cation.
In another case, [C10mim][Cl] appeared under HP [12]. The larger
unit cell could be derived from a HP-driven hybrid stacking sequence.
The hybrid layered structure of [C10mim][Cl] comprised cation-stack-
ing and cation-folding layers. When the pressure was slightly reduced,
another HP phase appeared at 0.7 GPa (Fig. S2(d)). On the IP, the dif-
fraction pattern at 0.7 GPa was different from that of the HP-δ phase.
Since the phase transition pressure was almost the same as that on
compression (0.6 GPa), the new phase on decompression could be the
HP-α phase. The difference in diffraction patterns between the com-
pressed- and decompressed-α phases originated from the preferred ori-
entations of the Debye rings. On decompression, the HP-α phase grad-
ually formed from the solid HP-δ phase. However, the HP-α phase was
formed from the liquid on compression. The strongly preferred orienta-
tion lacked Bragg reflections. Despite the polycrystal-like decompressed
HP-α phase, the crystal structure remained undetermined due to the in-
herent complex structure. By reducing the pressure, the melting pressure
of [MEMP][NO3] was determined as 0.1 GPa.

[MEMP][PF6] indicated HP-induced CP formation, which was sim-
ilar to that of the other [PF6]−-based RTILs. On compression, crystal-
lization (Fig. S3(a)) occurred at 0.3 GPa as shown in Fig. 11. The crys-
tal structure was determined as monoclinic (Table 2), and the crystal
was identified as HP-α phase. A solid-solid phase transition occurred
at 1.8 GPa (Fig. S3(b)). An orthorhombic lattice (HP-β phase) was de-
termined (Table 2). A crystallographic feature of the HP-β phase was
its relatively large lattice constants. More importantly, a much larger
unit cell of [MEMP][PF6] (HP-γ phase) appeared at 3.1 GPa as shown in
Fig. 11. No drastic changes in the XRD pattern were detected, but the

Fig. 10. The optimized crystal structure of the unit cell of [MEMP][NO3], projected on the
b-c plane. A modulated plastic crystal with large lattice constants is shown.

morphological change was observed (Fig. S3(c)). Based on peak shift-
ing, the space group of the HP-γ phase was different from that of the
HP-β phase, although both crystals were orthorhombic. The obtained
crystal structure is shown in Fig. 12. The HP-β phase of [MEMP][PF6]
showed similar tendencies to that of the modulated plastic crystal of
[MEMP][NO3]. A plastic crystal of the HP-β phase is represented by su-
perimposed cations. The [MEMP]+ cation easily lost its orientational
order. The [PF6]− anions were distributed in the vacant space. Appar-
ent peak broadening of the Bragg reflections was observed at 4.6 GPa
(Fig. 11). Also, peak splitting at the lowest Q became distinct above
4.6 GPa. The slitting is shown by open circles in Fig. 10. The new
phase was identified as HP-δ phase (Fig. S3(d)). The crystal structure of
the HP-δ phase remained unresolved due to peak broadening and peak
splitting. Pmax was 5.9 GPa. On decompression, the HP-δ phase existed
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Fig. 11. Crystal polymorph of [MEMP][PF6] under high pressure.

Fig. 12. Unit cell of [MEMP][PF6] on the b-c plane.

at around 1 GPa. However, at 0.5 GPa (Fig. S3(e)), a new phase (HP-ε
phase) appeared. The crystal structure of the HP-ε phase did not coin-
cide with those of the other HP phases and was determined as mono-
clinic (Table 2). In [MEMP][PF6], complex HP-CP formation was de-
scribed by five subsequent phases. At 0.08 GPa, phase transition oc-
curred. Since the pressure was almost ambient pressure and the crystal
melted just below 0.08 GPa, it could be equivalent to the LT crystal. In

fact, LT-crystallization was observed at TC = 19 °C. The LT crystal struc-
ture was also monoclinic.

3.3. Ether bond effect on cations at low temperature or high pressure

Solid phases are classified into three types, considering the degrees
of non-equilibrium of the RTILs in the liquid states (Table 3). Using
only the liquid states, we cannot extract various non-equilibrium states.
In this study, c.c., d.c., and CP formations were regarded as non-equi-
librium factors. The c.c. was clearly observed in many systems. For in-
stance, isothermal and non-isothermal c.c. of tetrabenzofluorene was
systematically investigated by changing the alkyl chain length [51].
Flexibility, molecular packing, and orientational order, which were sen-
sitive to cooling and heating rates, controlled the nature of c.c. based
on the non-equilibrium state. The d.c. under HP was reported for RTILs
[30,40,41]. In [C4mim][PF6], the conformation glass is a possible rea-
son [30]. CP formation coupled with multiple crystallization pathways
[14–17] is caused by many local minima on the free-energy landscape
(FEL) [52–55]. The FEL, which is directly related to non-equilibrium,
can explain the multiple crystallization pathways.

The ether bond effect on [DEME]+ cations under HP contributes to
the antiparallel pairing of the [DEME]+ cations in the unit cell by induc-
ing partial charge neutralization [40]. The electronegative ether bond
of the cation could compensate the charge network without the anion.
The metastable pairing in the crystal contributes to the c.c., d.c., and
CP formations including in the metastable phases. However, only under
HP, the [MEMP]+ cation caused orientational disorder in lattice sites in
large unit cells. The two types of disordered sites mean that lattice mod-
ulations occur in the crystal. In previous studies [56,57], folding con-
formers of ether-bonded cations were reported theoretically and exper-
imentally. Thus, for the [MEMP]+ cation system, the flexibility of the
alkyl chain could be enhanced under HP. The degrees of freedom of the
folding alkyl chain are regarded as an intrinsic property of the [MEMP]+

cation. We confirm that, under HP, the packing efficiency in the confor-
mation glass is promoted by losing orientational order.

4. Conclusion

The cation effect of the RTIL solid phases was clarified by LT- and
HP-XRD. Crystal structures of the [DEME]+ cation were represented
with antiparallel paring between the cations, and the [MEMP]+ cation
was characterized by plastic crystals having large unit cells. A signif-
icant finding was that crystal structures having large lattice constants
were observed under HP despite the medium size of the [MEMP]+

cation, while the crystal structures with small ([C2mim][NO3]) and large
([C10mim][Cl]) molecular sizes possessed large unit cells under HP. The
lattice modulations in the unit cells were derived from competitive in-
teractions.

The [PF6]− anion with any cation is a typical crystal forming fac-
tor both at LT and HP. However, the [TFSI]− anion caused amorphiza-
tion under all conditions. Two types of conformers such as C1 and C2
provided entropic stabilization without crystallization. The [PF6]− and
[TFSI]− anions were not influenced by the type of cation. Various so-
lidifications of the RTILs were derived from a cation-anion combina-
tion, and we could achieve desirable liquid properties by tuning the
cation-anion combination.
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Table 3
Solid types and non-equilibrium states of the room-temperature ionic liquids (RTILs).
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